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RÜDIGER AUTSCHBACH
Clinic for THG Surgery
University of Aachen
Aachen
Germany

JOAN R. BADIA
Unitat de Vigilancia Intensiva Respiratòria
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Università degli Studi
Milan
Italy

ABELARDO CAPDEVILA
French Authority For Health
Haute Autorité de santé
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Hôpital Font-Pré
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Charité Campus Benjamin Franklin Infection Control
Program, Division of Infectious Diseases
Geneva University Hospitals and Medical School
Geneva
Switzerland

DONALD P. LEVINE
Department of Medicine
Wayne State University
Detroit, MI
USA

ANDREW G. LEE
Department of Radiology
University of Calgary
Calgary, AB
Canada

PHILLIP D. LEVY
Department of Emergency Medicine
Wayne State University
Detroit, MI
USA

JONG O. LEE
Department of Surgery
Medical Branch University of Texas
Galveston, TX
USA
CEDRIC W. LEFEBVRE
Emergency Medicine
Wake Forest University School of Medicine
Winston Salem, NC
USA
SEBASTIANO LEONE
U.S.C. Malattie Infettive
Ospedali Riuniti
Bergamo
Italy
ANDREW S. LEVEY
Division of Nephrology
Tufts Medical Center
Boston, MA
USA
MARCEL M. LEVI
Department of Medicine
Academic Medical Center
University of Amsterdam
Amsterdam
The Netherlands

MITCHELL M. LEVY
Brown University School of Medicine
Rhode Island Hospital
Providence, RI
USA

RICHARD J. LEVY
Division of Anesthesiology and Pain Medicine (RJL)
Children’s National Medical Center
Washington, DC
USA
and
Stavropoulos Sepsis Research Program (AJR, RJL, CSD)
University of Pennsylvania School of Medicine
Philadelphia, PA
USA

DAVID LEWINSOHN
Portland VA Medical Center
Portland, OR
USA

LUCAS LIAUDET
Adult Intensive Care Medicine Service and Burn Center
CHUV (University Hospital)
Lausanne
Switzerland

ELAINE CHIEW-LIN LIEW
Department of Anesthesiology
Keck School of Medicine of the University of Southern
California
Los Angeles, CA
USA

List of Contributors

RICHARD W. LIGHT
Division of Pulmonary/Critical Care Medicine
Vanderbilt University Medical Center
Nashville, TN
USA

IAN LOFTUS
St. George’s Healthcare NHS Trust
London
UK

TOM LIM
Department of Internal Medicine
University of Calgary
Calgary, AB
Canada
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AAST Spleen Injury Scale
The American Association for the Surgery of Trauma
sponsored an expert panel that described five categorizes
of progressively more severe spleen injury which correspond to prognosis, and have been used to guide decisions
regarding nonoperative management.

Abbreviated Injury Scale
HOWARD R. CHAMPION
Uniformed Services University of the Health Sciences,
Bethesda, MD, USA

Synonyms
The Abbreviated Injury Scale has no synonyms. It is
commonly known by its acronym (AIS), however, with
versions noted by year, for example, AIS 2005

describe the force applied to the body and indicate site
of injury and extent of damage. Physiologic scores
(discussed elsewhere) attempt to summarize the body’s
response to injury (e.g., changes in blood pressure, respiratory rate, and responsiveness).
Injury severity scores are used to characterize injury
severity and predict patient outcome; to aid health-care
personnel in making triage and patient management
decisions; in objective assessment of prehospital, trauma
center, and trauma system care; and in clinical research,
quality assurance/improvement, and resource allocation.
Anatomic scores are used to compare injuries for the
purposes of quantifying outcomes for quality assurance
and epidemiologic studies. The AIS is one of the most
commonly used anatomic scoring systems.

Abbreviated Injury Scale (AIS)
The AIS is a method of ranking anatomic injury in nine
body regions along a six-point scale of severity. Promulgated in 1971 by the Association for the Advancement of
Automotive Medicine (AAAM) in response to the growing
number of worldwide vehicular injuries and deaths, it
provided for the first time a simple, standardized vocabulary for describing injuries and a numerical method for
ranking and comparing injuries by severity [1]. At present,
the AIS is still used as a primary measure of injury severity
in clinical research, trauma registries, government, academia, and industry [2].
AIS severity
1

Minor

2

Moderate

3

Serious

4

Severe

5

Critical

6

Maximal (currently untreatable)

Definition
Injury Severity Scoring

▶ Injury severity scoring systems are used to measure the
impact of injury both in terms of physical damage and of
response of the body to that damage. Anatomic scores

AIS Components
AIS 2005, Update 2008, the most recent version, comprises
six values, a dot, a one-digit severity code, and eight
optional values (see Table 1). The injury descriptor
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comprises the six digits to the left of the dot; this pre-dot
code contains values indicating AIS body region injured,
type of structure injured, specific anatomic structure
injured, and level of injury. The post-dot code contains
the severity score, and may also contain optional descriptors indicating location of injury, whether it was intentional or unintentional, cause of injury, etc. Example
injuries coded in AIS 2005 Update 2008 (using all but
the optional components) are parsed out in Table 2.

Of the components of the AIS, the severity score (first
post-dot code) is the most widely used and reflects injury
severity by body region along a six-point ordinal scale
ranging from minor to untreatable. Severity scores are
determined via expert consensus using the criteria of
threat to life, permanent impairment, treatment period,
and energy dissipation [2]. The severity score component
is the feature for which the AIS is most well known and
was the starting point for the expanded versions that
followed as the AIS evolved.

Abbreviated Injury Scale. Table 1 AIS components

Evolution of the AIS: 1971–Present

Code

Description

Pre-dot code
1

AIS body region/chapter: (1) head, (2) face,
(3) neck, (4) thorax, (5) abdomen/ pelvis, (6) spine,
(7) upper extremities, (8) lower extremities,
(9) external/burns, (0) other trauma

2

Structure type: (1) whole area, (2) vessels,
(3) nerves, (4) internal organs, (5) skeleton, (6) skin

3, 4

Specific anatomic structure: (00–99), for example,
30 = femur

5, 6

Level of injury: (00–99), e.g., 01 = proximal portion
of bone

Post-dot code
7

Injury severity: (1) minor, (2) moderate, (3) serious,
(4) severe, (5) critical, (6) maximal (currently
untreatable), (9) unknown

Optional post-dot codes
8, 9

Injury location: Side and aspect of injury location
(01–99)

10, 11

Injury location: Used with 8, 9 for more specific
location information (00–99)

12

Volition: 0 = non-intentional, 1 = intentional (0–1)

13, 14

Cause of injury (01–99)

15

0 or specific situations (e.g., infant seat) (0–?)

The initial iteration of the AIS contained five body region
classifications (head/neck, chest, abdomen, pelvis/extremities, and general) and a dictionary of 73 blunt injuries,
with each assigned a severity score ranging from 1 (minor)
to 6 (maximal, untreatable). The scores were determined
by a group of experts who ranked each injury based on
threat to life, permanent impairment, treatment period,
and energy dissipation. Since its introduction, the AIS has
been revised and updated several times (Table 3). The
dictionary listing grew from its original 73 descriptions
of primarily blunt injury to approximately 500 by the
time the 1976 version was published to more than 2,000
descriptors by AIS 2005 Update 2008.
AIS 1985 marked an important shift in the AIS progression. Not only were penetrating injury descriptions
included, but numeric codes designating specific injuries
were added (the pre-dot code) and initial attempts to
indicate injury location were made [3]. In AIS 1990,
more than 100 injury descriptors (particularly head injuries) were added, the pre-dot code was expanded from five
to six digits, and computerized injury location analysis by
body chapter was made available.

Use of AIS in Risk Analysis
The AIS has been shown to be a good predictor of
mortality. An analysis of National Trauma Data Base

Abbreviated Injury Scale. Table 2 Explanations of AIS 2005 codes for sample injuries
Post-dot code

Pre-dot code
AIS 751251.2: Simple humerus shaft fracture
7

5

1

Upper
extremity

Skeletal injury

Humerus

2

5

1

●

Fracture type (simple, oblique,
or transverse)

2
Moderate severity

AIS 140692.5: Penetrating injury to cerebrum > 2 cm deep
1

4

0

Head

Organ

Cerebrum

6

9

2

Penetrating injury (depth of
penetration)

●

5
Critical injury

Abbreviated Injury Scale
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Abbreviated Injury Scale. Table 3 Evolution of the AIS (Adapted from [4])
Revision year

Description

1971

● Original AIS
● Standardized system for classifying type and severity of vehicle crash injuries
● 73 injuries classified

19751976

● First injury coding dictionary (~500 injuries and severity levels 16) published
● AIS adopted as standard for US crash investigation teams

1980

● Injury dictionary tripled in scope
● Injury descriptions improved
● Brain injury section updated

1985

● Nonimpact injury descriptions included
● Increased specificity of injury descriptions, especially thoracic and abdominal
● Unique code assigned to each injury for computerization
● Descriptors for coding penetrating injuries added

1990

● Expanded descriptions
● Coding guidelines developed for standardization
● Descriptors useful for nonfatal outcome determinations added
● Further expansion of penetrating injury descriptors
● Inclusion of pediatric injuries
● Numerical identifier system improved

1998

● Clarification of 1990 version
● Linked with the Organ Injury Scale (OIS)

2005

● Dictionary expanded to ~2,000 injury descriptors
● Enables precise location of injury using numerical identifier system
● Addresses injury bilaterality
● Includes blast and other nonmechanical injuries
● Linked with the Orthopedic Trauma Association Fracture Classification System (FCS)
● Maps to AIS-98
● Includes optional injury locators (e.g., aspect, side)

2005-Military

● Enables coding of external injuries from multiple fragment wounds
● Includes codes for soft-tissue fragment wounds
● Includes descriptors for blast overpressure lung injury
● Includes descriptors for injuries due to explosions

2005 update 2008

● Includes additional codes (multiple fractures of orbit, palate, appendix)
● Includes clarifications for certain codes

(NTDB, which contains data on patients presenting to US
trauma centers) data from 181,707 patients with single
injuries revealed mortality risk ratios that clearly increased
with AIS severity (Fig. 1) [4].
The AIS is an ordinal scale with values assigned in rank
order of increasing severity. Therefore, the mortality risks
at each severity level are not consistent, i.e., mortality
risk is not evenly distributed across each severity level.
For example, the increase in mortality between AIS 4
and 5 (23.5%) is much greater than the increase between
AIS 1 and 2 (0%) [5]. This reveals that lower AIS scores are
influenced by factors other than mortality [4]. Further,
the same score may represent a different mortality risk
depending on body region. For example, an AIS 3 injury

to the head/neck has a different risk of mortality than an
AIS 3 injury to the extremities. These limitations, which
are echoed in morbidity risk assessment as well, make the
AIS insufficiently sensitive to discern changes at the same
severity level within and among body regions, particularly
when evaluating effects of interventions. Because a myriad
of anatomic scoring systems (a prime example being the
Injury Severity Score [ISS]) are based on the AIS, its
limitations are magnified when these derivative scores
are calculated.

AIS-Based Scoring Systems
As discussed above, the AIS is best suited for characterizing single injuries but does not reliably characterize
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Abbreviated Injury Scale. Figure 1 Correlation between AIS 1990 severity and mortality (NTDB data) [4]

multiple injuries by summarizing severity (e.g., AIS
3 + AIS 4 = 7, with 24% mortality, but AIS 5 + AIS 2 =
7, with 54% mortality). The ISS was introduced in 1974
as a summary measure of injury severity that would take
into account the contribution to mortality of second
and subsequent injuries. Perhaps the most ubiquitous
▶ injury severity score, the ISS (see separate entry) has
been described as the “gold standard” of severity scoring.
The ISS uses six rather than the nine AIS body regions and is
calculated by (1) squaring the three highest AIS scores in
three different body regions (which do not exactly correspond to AIS body regions), and (2) adding the three
values to obtain a total that falls along an ascending scale of
severity from 1 (minor) to 75 (maximally injured). The
simplicity of the ISS is one of its best features, enabling
quick calculation of injury severity from a simple list of
patient injuries. A variation called the New Injury Severity
Score (NISS) was developed to improve the ability of the ISS
to predict mortality by considering the three highest AIS
values regardless of body region. Other AIS-based systems
include the Anatomic Profile (AP, an equation containing
summary scores of all severe injuries) and the Modified
Anatomic Profile, which consists of components of the AP
combined with ▶ maximum AIS (MAIS) scores across all
body regions.

AIS Variations

● Maximum AIS (MAIS)
The MAIS is the highest AIS severity score when multiple injuries are present. It has been used for many
years as an effective abbreviated method for assessing
overall injury severity and probability of survival.
The MAIS is a simple, reliable indicator of outcome
that is used extensively in vehicle crash, general
morbidity/mortality, and combat injury classification

Abbreviated Injury Scale. Table 4 Characteristics of the
AIS [4]
Simple

Straightforward method of ranking
injuries by severity

Standardized

Injury descriptions use standardized
terminology

Versatile

Usable for many causes of injury

Flexible

Suitable for small and large datacollection efforts

Anatomic

Injury descriptions organized
anatomically, not physiologically

Unique

Each score reflects one injury

Independent

Each score is a single timeindependent value

Current

Each score represents current injury,
not its sequelae

Expanded

Each score reflects morbidity as well as
mortality

Singular

Each score reflects injury severity in an
adult with no co-morbidities

Relative

Injury severity relative to importance to
whole body

and analysis. Although a myriad of scoring systems
have been developed to estimate injury probability, the
more basic questions of survivability and general
injury severity following vehicle crashes are answered
using the MAIS. The MAIS is used throughout the
world and is the primary indicator of injury severity
in vehicle crash injury research. It is frequently used as
a measure of injury severity in cases of multiple injuries and is used in US Department of Transportation
(DOT) databases and analyses.

Abdominal Aortic Aneurysm: Diagnosis and Management

● AIS 2005-Military
Since the addition of descriptors for coding penetrating injuries with the AIS 1985 edition, researchers have
had a tool for evaluating both blunt and penetrating
injuries. These codes, however, did not adequately
describe commonly seen penetrating combat injuries
such as soft-tissue fragment wounds, high-velocity penetration, and/or bilateral and multiple injuries resulting
from improvised explosive devices (IEDs). To address
these issues, ▶ AIS 2005-Military was developed to
code combat injuries, especially explosion-related
injuries. AIS 2005-Military codes were derived by
identifying each combat injury that is more severe
than the corresponding civilian injury, and increasing
the AIS code by one or two increments of severity.

A

Abdominal Aortic Aneurysm
▶ Vascular, True Aneurysms

Abdominal Aortic Aneurysm:
Diagnosis and Management
NOVA L. PANEBIANCO
Department of Emergency Medicine, University of
Pennsylvania, Philadelphia, PA, USA

Synonyms
Characteristics

The AIS is characterized as “. . .an anatomically based,
consensus derived, global severity scoring system that
classifies each injury in every body region according to its
relative importance on a 6 point ordinal scale” [4]. Its
distinguishing features are listed in Table 4.

References
1.
2.

3.

4.
5.

Committee on Medical Aspects of Automotive Safety (1971) Rating
the severity of tissue damage. JAMA 215:277–286
Expert Group on Injury Severity Measurement. Discussion document on injury severity measurement in administrative datasets.
May 5, 2005. http://www.cdc.gov/nchs/data/injury/DicussionDocu.
pdf. Accessed 17 Mar 2010
Gennarelli TA, Baker SP, Bryant TW et al (1985) Abbreviated Injury
Scale 1985 Revision. American Association for Automotive
Medicine, Arlington Heights
Gennarelli TA, Wodzin E (2006) AIS 2005: A contemporary injury
scale. Injury 37:1083–1091
Copes WS, Champion HR, Sacco WJ et al (1988) The injury severity
score revisited. J Trauma 28:69–77

Abbreviated Laparotomy
▶ Abdominal Trauma, Damage Control
▶ Damage Control Surgery
▶ Open Abdomen

AAA; Triple-A

Definition
As we age, the walls of the abdominal aorta weaken and
become prone to dilatation. While there is no strict definition, it is widely accepted that the abdominal aorta is
considered aneurismal once the maximal diameter reaches
3 cm or greater, or, when there is an infrarenal to suprarenal diameter ratio greater than 1.2–1.5 [1]. Abdominal
aortic aneurysms (AAAs) are most commonly located in
the distal aorta, inferior to the renal arteries. A true
AAA involves all layers of the tunica, otherwise it is a
pseudoaneurysm. Most commonly, AAAs are fusiform in
morphology involving the vessel as a whole. However, less
commonly, a saccular aneurysm including only part of the
aortic circumference is formed. Most AAAs are asymptomatic until their moment of rupture.

Epidemiology
Abdominal Aortic Aneurysms are the tenth most common
cause of death in men over 55 and the incidence of disease
is increasing in Western Countries. A ruptured AAA is
often a catastrophic event with a mortality rate as high as
85% and an estimated 9,000–15,000 deaths in the USA per
year. Even for those who present urgently without evidence of shock have a mortality rate approaching 50%.
The elective operative 30-day mortality rate is much less
dismal with endovascular repair mortality rates as low as
1.4% and open repair rates as low as 4.7% [1].

Evaluation/Assessment

ABCDEs
▶ Initial Trauma Management, ABCs

Signs and Symptoms
Without screening, the majority of patients with AAA do
not know they have the condition. Sir William Osler
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wrote, “Aneurysm of the abdominal aorta is very often
diagnosed when not present, and when present the symptoms may be so obscure that the nature of the trouble is
overlooked.” The clinical triad of hypotension, abdominal
or back pain, and a pulsatile abdominal mass seen in
acute rupture is unreliable and occurs in only 25–50% of
patients. Patients can present with vague abdominal pain,
back pain, syncope, limb ischemia, and flank pain among
other symptoms that carry a broad differential diagnosis.
The signs and symptoms of a ruptured AAA may depend
on the location of rupture. Eighty percent of infrarenal
AAA rupture posteriorly into the retroperitoneal cavity,
manifesting typically with back pain and hypotension. In
some patients, the limited space of the retroperitoneum
allows for tamponade of the bleeding, providing time for
surgical repair. Anterior wall rupture typically results in
intraperitoneal bleeding. This type of tear often causes
severe abdominal pain and rapid cardiovascular collapse
from hypovolemic shock. Approximately 4% of AAAs leak
slowly into the retroperitoneum, with no signs of hemodynamic instability, and thus do not raise the red flags of
a catastrophic leak. These patients are particularly at risk
for misdiagnosis of renal colic, musculoskeletal back pain,
or nonspecific abdominal pain.

ultrasound is relatively inexpensive, noninvasive, and does
not expose the patient to ionizing radiation, making it an
excellent surveillance tool for the presence of AAA. Its
drawbacks include that imaging is operator dependent,
and while ultrasound is excellent for the detection of
AAA, it cannot reliably be used to determine the presence
or abscess of retroperitoneal rupture. However, in the
scenario of acute rupture, an unstable patient and an
ultrasound positive for the presence of AAA is enough to
activate the operating room.
CT of the abdomen is very sensitive for AAA. In
addition, it provides information regarding the extent
of the lesion, which may aid the operative strategy

Imaging: Ultrasound Versus Computer
Tomography (CT)
In a meta-analysis of AAA surveillance it was found that
abdominal ultrasound can reliably visualize the abdominal aorta in 99% of people (Figs. 1–3) [1]. Abdominal

Abdominal Aortic Aneurysm: Diagnosis and Management.
Figure 1 Ultrasound of a AAA in transverse plane. Notice that
the vessel lumen is relatively small secondary to surrounding
plaque and thrombus. Measurements should be made from
outer-wall to outer-wall to avoid underestimation of the size of
the aorta

Abdominal Aortic Aneurysm: Diagnosis and Management.
Figure 2 Ultrasound of a AAA in transverse plane with
anterior-posterior and horizontal calipers

Abdominal Aortic Aneurysm: Diagnosis and Management.
Figure 3 Ultrasound of a AAA in longitudinal plane. Caliper
measurements should not be made in this plane as a
tangential measurement will underestimate the vessel size

Abdominal Aortic Aneurysm: Diagnosis and Management
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Figure 4 CT of the abdomen reveals a AAA with calcifications
in the vessel wall, intravascular thrombus, and small internal
lumen diameter

Abdominal Aortic Aneurysm: Diagnosis and Management.
Figure 6 CT of an AAA in coronal plane

Effectiveness/Tolerance/Pharecoeconomics
Screening

Abdominal Aortic Aneurysm: Diagnosis and Management.
Figure 5 CT angiogram of an AAA

(Figs. 4–6). Additionally, if AAA is not detected on CT
scan it often provides the clinician with an alternative
diagnosis. Its drawbacks include cost, the need for contrast, taking a potentially unstable patient out of the
department, and exposure to ionizing radiation. In the
stable patient, CT is warranted but one must remember
that a leaking AAA can rupture at any moment.

There is debate as to who should have screening for this
condition, and once pathology is detected, what the
appropriate surveillance intervals are. A screening exam
for a given condition should have a high sensitivity, target
the population most at risk for the condition, be costeffective, and be well tolerated by the subject of the exam.
Age 65 has been proposed as an ideal age to begin screening for AAA because 95% of patients dying of AAA rupture are older than 65 years, and future death from AAA
is rare after a negative ultrasound result at this age [1]. In a
Cochrane review “Screening for Abdominal Aortic Aneurysm” the authors determine that men aged 65–79 years
who undergo ultrasound screening for AAA have a significant reduction in mortality. However, there was insufficient evidence to demonstrate benefit in women. The
Multicenter Aneurysm Screening Study (MASS) in the
Cochrane review describes a study of 67,800 men aged
65–74 years; half of the participants were invited to have
ultrasound screening for AAA and the other half (the
control group) were simply followed. They found that
the risk of dying from an AAA over 4.1 years is reduced
from 3.3/1,000 to 1.9/1,000 among those invited for
screening. In other words, 710 men would need to be
screened to prevent one death in this time frame.
The Emergency Department (ED) is a portal of
care for the underprivileged and vulnerable populations.
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It is conceivable that patients who use the ED for their
primary care have less access to preventative services, and
thus a higher rate of undetected AAA. Because of the high
mortality rate of ruptured AAA and the curable nature of
the disease when detected early, there is a clear public
health incentive to capture these at-risk patients for
screening. Ultrasound screening in the emergency department of asymptomatic high risk patients is a fast and
accurate method for identifying patients with AAA
who may benefit from follow-up or intervention. Screening for a disease can burden a population with the cost of
the test and provoke anxiety in those being tested. Patients
who received an ED ultrasound screening for AAA tolerated the study well, felt that it improved the quality of their
care, and improved patient satisfaction. However, ED
clinician sonographers reported that the ED was not an
appropriate setting for AAA screening and would not
recommend that other EDs adopt a routine AAA screening program because it reduced the operational efficiency
of the ED [2].

Surveillance
The natural history of an AAA is typically slow steady growth
followed by an acceleration in expansion. Small AAAs typically enlarge by 0.2–0.3 cm in diameter/year and rarely
rupture before a diameter of 6.0 cm. Because of the increased
risk of rupture, elective surgical repair is recommended for
aneurysms greater than 5.5 cm. A statement from the Joint
Council of the American Association for Vascular Surgery
and Society for Vascular Surgery estimated the annual rupture risk according to AAA diameter [3]:
● Zero percent in aneurysms less than 4.0 cm in
diameter
● 0.5–5% for those 4.0–4.9 cm
● 3–15% for those 5.0–5.9 cm
● 10–20% for those 6–6.9
● 20–40% for those 7.0–7.9
● 30–50% for those 8 cm in diameter
Maximum aortic diameter is the best determinant of
the risk of rupture. In a study by Ernst, he found that
during the 5 years following diagnosis, aneurysm rupture
occurred in about 2% of aneurysms less than 4 cm and in
25% of aneurysms larger than 5 cm [1]. The rate of
expansion tends to accelerate as the maximum diameter
increases. In a review by Brady et al. [4] the rates of
expansion from the UK Small Aneurysm trial are noted
below:
● 0.19 cm per year for aneurysms 2.8–3.9 cm in baseline
diameter

● 0.27 cm per year for those 4.0–4.5 cm in baseline
diameter
● 0.35 cm per year for those 4.6–8.5 cm in baseline
diameter
The average rate of expansion across all patients with
a known AAA was 2.6 mm/year, however, there was a wide
range of variability (95% reference range: 1.0–6.1 mm/year).
Individuals that were self-reported smokers had 15–20%
faster AAA expansion (by approximately 0.4 mm/year)
than those who did not report active tobacco use. They
offer a scientific basis for screening intervals in surveillance
programs based on the criteria that less than 1% of patients
would have an aneurysm that exceeded the 5.5 cm threshold
at the subsequent visit. Using this criterion, the authors
found that patients with AAA less than 4 cm could have
rescreening at 24 months. Patients with AAA 4.1–5.0 cm
could be safely returned for surveillance at 12-month intervals. Patients with AAA greater than 5.0 cm should be
evaluated at 3-month intervals.

Risk Factors
Non-modifiable risk factors include age, male gender, and
Northern European dissent. A history of smoking (current
or historic) is the greatest risk factor for the presence of AAA,
and active smokers are at increased risk for AAA expansion,
rupture, and have a worse clinical prognosis. In fact, smoking
was found to be the only modifiable factor associated with
AAA expansion. Other variables significantly related to AAA
include a history of angina, myocardial infarction, lower
ankle-arm blood pressure ratio, higher maximum carotid
artery stenosis, greater intima-media thickness of the internal carotid artery, higher creatinine, lower HDL levels, and
higher LDL levels. There is a strong association of cardiovascular risk factors, measures of clinical and subclinical atherosclerosis, and the prevalence of aneurysms [5]. This may
be secondary to shared common risk factors such as
tobacco, sedentary life style, and hypertension. Individuals
with AAA are more likely to have cardiac disease and are
more likely to experience a cardiac event putting them at
risk for sudden death unrelated to their AAA.
While women are less likely to have AAA than men,
they have rupture at smaller diameters. For example,
women rupture at a rate four times greater than men for
aneurysms 4.0–5.5 cm in diameter [4]. This may be
because women have smaller vessel diameters than men,
and thus a diameter of 6.0 cm represents a greater degree
of dilatation in women than it does in men. Women
account for one-third the number of AAA ruptures and
almost as many deaths as men. Given that women have
a longer life expectancy than men, and they are at equal
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risk of death from rupture, developing screening recommendations for women may be of value.

Treatment and After-care
Medical Therapy
Patients that are hemodynamically stable with AAA
less than 5.5 cm, or who are not surgical candidates, may
be medically managed. As stated above, smoking is
the most important modifiable risk factor to prevent
rupture. Smoking also puts one at risk for significant
comorbidities including hypertension, ischemic heart
disease, lung cancer, and stroke. Any patient actively
smoking should be aggressively counseled as to the benefits of cessation.
It is common to treat individuals with AAA similarly to
the way one would treat an individual with other cardiovascular risk factors including hypertension and dyslipidemia.
In a small study of individuals with AAA, the portion of
patients that were treated with a beta blocker had significantly lower expansion rates than those who did not receive
a beta blocker (0.36 cm versus 0.68 cm per year). However, in
the Cochrane review the authors discuss a subgroup report
of people with aneurysms between 3.0 and 4.9 cm who
participated in a double blind trial of the impact of propranolol versus placebo on the expansion rate of small AAAs. The
trial was stopped after 2 years because the propranolol group
had significantly higher rates due to difficulty breathing,
decreased pulmonary function, and death [1]. In the paper
by Gollegde et al. they report that patients with high
cardiac risk on beta-blockers have a tenfold improved
perioperative morbidity and mortality than those not on
beta-blockers. Additionally, they report that the use of
statins in perioperative patients improved the risk of
stroke with 30 days of surgery from 11% to 3.7% [5].
Statin drug therapy has been shown to improve survival
after AAA repair with a threefold reduction in risk of
cardiovascular death [5].

Surgery
AAAs less than 5.5 cm in men have a low rate of rupture, less
than 1% per annum, and elective surgery for aneurysms less
than this size has not shown improved survival. Patients,
however, who are symptomatic from their AAA should
undergo repair, regardless of aneurysm diameter, as long as
there are no major contraindications to surgery. While it is
generally recommended that asymptomatic individuals do
not consider elective surgery until after an AAA diameter of
5.5 cm, it may be beneficial in those patients whose aneurysm increases more than 0.5 cm diameter in 6 months [3].
The risk of mortality from elective surgery, however, is not

A

insignificant at 1–5% and thus must be balanced with the
risk of acute rupture. Most operative mortality and morbidity are secondary to cardiac events. The benefit of
coronary artery revascularization before surgery remains
unclear and there is no consensus on the optimum strategy for preoperative cardiac management in patients
undergoing elective AAA repair.
Open surgical AAA repair requires general anesthesia,
a large midline incision, and often an extended intensive
care unit and hospital stay. The 30-day mortality rate of
elective open repair is roughly 3–5%. The mortality rate is
highest when surgery is performed by general surgeons
(5.5%) and lowest when performed by vascular surgeons
(2.2%). Additionally, the in-hospital mortality is related to
the volume of procedures performed at the hospital. Not
surprisingly, the more often the procedure is performed at
the institution, the better the outcomes. Additional considerations should be given to the specific morbidities from
surgery, which include left colon ischemia, renal failure
(secondary to thromboembolic events) and, infrequently,
paraplegia. Patients with significant comorbidities may not
be ideal candidates for open AAA repair.
Endovascular repair uses the deployment of stent
grafts typically via iliofemoral cannulation and has
become a widely practiced alternative to open repair. The
advantages are that the procedure is less invasive, has
a more rapid recovery time, and has a lower perioperative
mortality rate. Roughly 40–80% of AAAs are amenable to
endovascular grafting based on the aneurysm anatomy. At
this time, the long-term advantages of endovascular repair
are unknown. A portion of the endovascular grafts fail,
either by rupture or required conversion to open repair. In
a study where over 1,000 patients were either randomized
to open or endovascular repair (EVAR), there is no advantage to endovascular repair with respect to all cause mortality and quality of life compared to open repair. Within
4 years of randomization 41% of patients in the EVAR
group had a postoperative complication versus 9% in the
open repair group (hazard ratio 4.9, 95% CI 3.5 – 6.8, P =
0.0001). There were no significant differences in healthrelated quality of life between the two groups after
12 months. Additionally, hospital costs were higher in
the EVAR group out to 4 years [6]. The decision to have
open repair versus EVAR ought to be considered on a caseby-case basis.

Prognosis
A ruptured AAA is a catastrophic event with 80–90%
mortality. With early detection, AAA is a treatable disease
with a relatively low mortality rate. Screening for AAA
with abdominal ultrasound is a well tolerated, high yield,
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cost-effective way of preventing mortality from this condition. Addressing modifiable risk factors particularly
smoking and cardiovascular disease, one can potentially
improve outcomes. If surgery is required, the advantages
and disadvantages to open or endovascular surgery should
be determined on a case-by-case basis.
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Synonyms
Complicated
intra-abdominal
abdominal infections; Peritonitis

infections;

Intra-

Definition
“Abdominal cavity infection” or “intra-abdominal infection” usually refers to infections that spread to the peritoneum, the virtual space between the visceral and parietal
peritoneum, and that usually originate from the gastrointestinal tract. They should be discerned from intraabdominal solid organ infections, although these also may
lead to peritonitis.
Peritonitis can be classified based on the origin (primary, secondary, and tertiary peritonitis) as well as on the
extent of the process (localized or diffuse peritonitis).

In primary peritonitis, no evident source can be identified, and no anatomical disruption of the gastrointestinal
tract is present; this includes spontaneous bacterial peritonitis (which is a typical complication in patients with
liver cirrhosis and is considered to be the consequence of
bacterial translocation through the bowel wall) continuous ambulatory peritoneal dialysis related peritonitis
(which occurs in chronic renal failure patients with an
indwelling intraperitoneal catheter) and rare conditions
such as streptococcal peritonitis that occurs in young
female patients. Secondary peritonitis is much more common and is the consequence of a local infectious process
within the abdominal cavity, with or without a hollow
viscous perforation, and can lead to localized or diffuse
peritonitis. Tertiary peritonitis is increasingly observed in
critically ill patients who survive an episode of secondary
peritonitis; it is generally referred to as a persistent or
recurrent peritonitis after initial adequate treatment for
secondary peritonitis.
When the infection is contained within one of the
abdominal quadrants, localized peritonitis is present;
this may develop in diffuse peritonitis when it spreads to
the rest of the abdominal cavity. When the process can be
controlled by the inflammatory reaction of the peritoneum and omentum, an abscess may form.
The term “complicated” intra-abdominal infection
often causes confusion and should be avoided in critically
ill patients, as most (if not all) of these patients who
require critical care have complicated abdominal infections with established MODS. In “uncomplicated” intraabdominal infection, the infectious process is contained
within a single organ, e.g., gastroenteritis or simple appendicitis and cholecystitis, and no anatomical disruption is
present. In “complicated” intra-abdominal infection, the
infectious process extends beyond the primary focus of the
infection and enters the peritoneal space. Although
patients with uncomplicated disease may present with
(severe) sepsis symptoms, full-blown MODS rarely
develops without the extension of the disease in the
peritoneum.
The most common causes of cIAI are perforation (due
to breakdown of a surgical anastomosis, a peptic ulcer, or
after trauma), intestinal ischemia, cholecystitis, and postoperative abscesses. Special attention should be paid to
patients with recent GI anastomoses, who develop organ
dysfunction or require vasoactive drugs as the probability
of leakage is higher in these patients.

Evaluation/Assessment
The care for the intensive care patient with cIAI
has changed significantly in recent years. Due to
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improvements in critical care and surgical strategies,
patients are more likely to survive the initial phase of
critical illness, and are often left with complex residual
abdominal situations including short bowel syndrome,
enteric and pancreatic fistulas, and open abdomens.
These patients are posing unique challenges for surgeons
involved in the definitive repair of the injuries, but also
make diagnosis and management of new abdominal complications difficult. Not only the patient, but also the
infecting organisms are changing. Multidrug-resistant
(MDR) organisms are posing important problems in
most intensive care units, and as patients with cIAI have
multiple risk factors for colonization and infection with
MDR bacteria, antibiotic treatment has also evolved. The
same is true for invasive candidiasis, but for these infections, new antifungal drugs have become available. Also,
the increase in patient requiring bariatric surgery is
expanding the spectrum of patients and complications in
the ICU.

Clinical Signs and Symptoms
The diagnosis of abdominal cavity infections in the critically ill patient is often challenging. Medical history can
often offer a clue and should always be checked, e.g., in
patients with documented liver cirrhosis, and the diagnosis of primary peritonitis should be actively sought after
when sepsis is present; similarly, in a patient with previous
abdominal or gastrointestinal surgery, a local complication such as perforation or postoperative abscess should
be excluded. Surgical history and especially information
on previous abdominal surgery should be obtained, as
well as exposure to antibiotics in previous months to
identify patients at risk of infection with antibiotic resistant organisms.
Clinical signs and symptoms are the key to the diagnosis in most patients and usually consist of abdominal
pain and a systemic inflammatory response, including
fever, tachycardia, and tachypnea. On clinical examination, there may be localized or diffuse tenderness on palpation or even signs of peritoneal irritation such as
rebound tenderness. Clinical examination of the abdomen
can often help to locate the source of the infection and
direct imaging studies to confirm the diagnosis. Sedation
and analgesia may minimize or completely suppress local
symptoms in the ICU patient.
The course of hospital-acquired intra-abdominal infections is often atypical, and may lead to considerable delay
in recognition of the problem, especially in sedated patients.
Also, concomitant infections may blur the clinical picture.
When intra-abdominal infections affect hospitalized
patients, it often involves a complication of a preexisting
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disease or a surgical intervention. The most common
problem is anastomic leakage of enteric anastomoses.
A low index of suspicion for anastomic leakage in patients
after abdominal surgery who are treated for severe sepsis
or septic shock is appropriate. Also in other patient categories, the possibility of complicated intra-abdominal
infection should be considered when (severe) sepsis
develops.
In patients after previous abdominal surgery, careful
examination of the surgical wound and abdominal drains
if present is mandatory. If obvious signs of gastrointestinal
perforation such as gas, or intestinal content are present, reexploration is necessary in case of recent surgery. If this
occurs in the late postoperative course, the presence of
ongoing contamination of the peritoneal cavity should be
excluded, and management should be adapted accordingly.
Diffuse abdominal pain and generalized (rebound)
tenderness often are signs of complicated peritonitis, and
appropriate action should be undertaken. Additional
imaging techniques are not always indicated in these
patients as this may delay the definitive management,
and these patients should be considered candidates for
immediate surgery.

Imaging
The role of imaging techniques to guide the management
of patients with (suspected) cIAI in the ICU is very important. It will not only help to confirm the diagnosis but also
will guide surgical therapy.
Ultrasound can be a very useful tool to detect intraabdominal fluid collections and may help to determine
a safe location of diagnostic fine needle aspiration. The
absence of fluid or other abnormalities on ultrasound does
not exclude a cIAI at all.
Contrast-enhanced (orally, rectally, and, if necessary,
intravenously) CT scan will detect most if not all abdominal mishaps. Signs may be subtle though, especially in the
early stages of cIAI. The need for intravenous contrast is
decided on after an unenhanced examination. As there
may be overt signs of ongoing contamination dictating
a surgical intervention on nonenhanced CT (see Fig. 1),
and as the risk for contrast nephropathy is often significant, we do not advise to routinely give IV contrast at this
stage. When the nonenhanced CT scan is equivocal or
non-diagnostic, IV contrast should be administered.
When suspected, immediate percutaneous drainage of
abdominal collections should be available.

Diagnostic Strategy
Figure 2 summarizes our current diagnostic strategy in
patients with suspected cIAI in the ICU. Ultrasound is
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Abdominal Cavity Infections. Figure 1 Non-enhanced
abdominal CT scan demonstrating free intraperitoneal air;
explorative laparotomy confirmed intestinal perforation

used as an early screening technique and abdominal CT
scan is performed when US or FNA is negative.

Treatment
In the context of intra-abdominal infections, adequate
treatment is more than choosing the right antimicrobial.
The choice of the procedure that controls the source of
infection with minimal damage to the patient’s physiology
is important, and appropriate supportive treatment
should be provided.

General Approach
Timely hemodynamic resuscitation and support of vital
functions is important in the treatment of all types of
infections. Patients with cIAI may be more prone to
hypovolemiea due to the fluid loss in the GI system and
reduced intake in previous days. Early administration of
antibiotics also is an important element and should not be
delayed if simultaneous source control cannot be
obtained. However, as outcome will mainly be determined
by the of source control of the infection, the focus should
be on rapid diagnosis and above all definitive control of
the source of the infection.

Antibiotics
The main objectives of antimicrobial therapy in the treatment of intra-abdominal infections are to prevent local
and hematogenous spread, and to reduce late complications. Antibiotics should be administered upon the diagnosis, and intraoperative confirmation should not be
awaited. Oral administration is to be avoided as absorption will usually be unreliable, and the effect may be

delayed. Patients with severe sepsis and septic shock may
have altered physiology that requires higher doses of antibiotics; for some antibiotics, such as penicillins and
carbapenems, extended or continuous infusion may be
preferable.
In critically ill patients, the threshold for starting antibiotics may be lower as the delayed treatment of infections
is associated with considerable morbidity and mortality.
Still the decision to start antibiotic therapy should not be
taken too lightly, and the duration of antimicrobial therapy should ideally be defined from the start of the treatment. Although only limited data are available, it appears
that the overuse of antibiotics in this setting is considerable, resulting in unnecessary costs and, more importantly, increased resistance. The start of antibiotics
should, on the other hand, not give the treating physicians
a sense of security. If an intra-abdominal infection is
present, source control is more important, and antibiotics
alone will not be able to cure the patient in most cases.
Not all patients undergoing surgery for intraabdominal infection need antimicrobial therapy, and this
decision should be made intraoperatively by the surgeon.
These patients will be treated following local guidelines to
prevent wound infections. A number of diagnoses were
identified that do not preclude the need for antibiotic
treatment (Table 1).
Several schemes for antibiotic therapy have been proposed for the treatment of complicated intra-abdominal
infections, and none these has proven to be superior
(Table 2). These infections always require coverage for
both gram-positive and gram-negative bacteria, as well
as a drug active against anaerobe bacteria. In case of
prior antibiotic exposure, a drug of the same antibiotic
class should be avoided. Most importantly, the choice of
empiric antibiotic treatment should be guided by the local
resistance patterns that is expected and may include resistant gram-positive coverage; local guidelines should be
developed and used accordingly.
Although there is no relation between the severity of
an infection and the degree of antimicrobial resistance and
the presence of nosocomial organisms in patients with
cIAI, it may be prudent to initiate a broad spectrum
antibiotic that also covers more resistant organisms such
as Pseudomonas (see Table 2). Procurement of
intraoperative samples is imperative in order to deescalate
antibiotic treatment at a later stage.

Duration of Antibiotic Treatment
In case of intra-abdominal infections with prompt
surgical intervention and adequate source control, antimicrobial therapy is generally recommended to continue
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Abdominal Cavity Infections. Figure 2 Diagnostic approach in suspected cIAI
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Abdominal Cavity Infections. Table 1 Conditions for which
therapeutics antibiotics (>24 h) are generally not
recommended
● Traumatic and iatrogenic small and large bowel enteric
perforations operated on within 24 h (including
intraoperative contamination)
● Gastroduodenal perforations operated on within 24 h
● Acute or and gangrenous appendicitis without
perforation
● Acute and/or gangrenous cholecystitis without
perforation
● Transmural bowel ischemia and necrosis from embolic,
thrombotic, or obstructive vascular obstructive vascular
occlusion without perforation or established peritonitis or
abscess

Abdominal Cavity Infections. Table 2 Antibiotic treatment
of cIAI
● Recommended regimens: single agents
● b Lactam/b lactamase inhibitor combinations: ampicillin/
sulbactama, amoxycillin/clavulanic acida, ticarcillin/
clavulanic acida, piperacillin/tazobactam
● Carbapenems: doripenem, ertapenema, imipenem,
meropenem
● Quinolones: moxifloxacina
● Tigecyclinea
● Recommended regimens: combination regimens
● Cephalosporin based: cefazoline or cefuroxime +
metronidazolea, CF3 or CF4 + metronidazole
● Quinolone based: FQ + metronidazole
● Others: aztreonam + metronidazole
a

Pseudomonas spp. not covered, not recommended for empiric treatment in nosocomial infections

for 5–7 days, and even shorter courses have been proposed. As a guideline for clinical practice, antimicrobial
therapy for established infections can safely be stopped
after resolution of clinical signs of infection. Once symptoms such as fever and leucocytosis disappear, and the
patient tolerates enteral feeding, recurrent infection is
not likely to occur. It should be added that in critically ill
patients, the use of these clinical parameters is often not
useful. In some cases, an abdominal CT scan is the only
means to demonstrate resolution of the infection. Positive
cultures from abdominal drains or open wounds should
not solely be used to prolong treatment; colonization,
often with organisms like coagulasenegative staphylococci,

fungi, and nosocomial gram-negative organisms, is common and can usually not be eradicated with antibiotic
treatment.
In patients with persistent sepsis after initiation of
antimicrobial therapy, antibiotic therapy should not
merely be continued as this frequently points to failed
source control or another focus of hospital-acquired infection. Repeat contrast examination and an active search for
a persistent focus of infection should not be delayed.
In selected patients, prolonged antimicrobial therapy
up to several weeks may be necessary, especially when
source control is impossible or too risky to obtain;
infected pancreatic necrosis is a typical example.

Source Control
The focus of the treatment of infections, including cIAI,
currently is mostly on the management of organ dysfunction and antibiotic treatment. Let there be no misunderstanding, although these aspects are important, outcome
is mainly determined by appropriate control of infection.
Source control consists of all physical measures intended
to eliminate a source of infection, to control ongoing
contamination, and to restore premorbid anatomy and
function. When applied to critically ill patients, the elimination of the source and the control over ongoing contamination are most important and determine early and
long-term success of the treatment. Restoration of anatomy and complete function can be performed at a later
stage when prolonging the surgical intervention is often
harmful to the patient at the first operation.
Source control is based on three principles: drainage,
debridement, and restoration of anatomy and function.
All three principles are important as such, but in the
individual patient, they can be applied independently
and at different moments.
Drainage is defined as the evacuation the contents of
an abscess. The efficiency of the drain is determined by its
size and should allow complete evacuation of the abscess.
If the abscess cannot be drained completely, source control
will be unsuccessful. The use of additional drains can be
considered in these patients, but some abscesses or infections cannot be drained adequately, with diffuse peritonitis as an example. In these patients, proper debridement of
necrotic tissues or removal of gastrointestinal contents
may be necessary.
Drainage of an abscess can be performed surgically or
percutaneously, using ultrasound or CT scan. In critically
patients, especially after previous abdominal surgery, percutaneous drainage (PCD) has become very popular. It
can be successful provided that adequate drainage is
possible, and no debridement or repair of anatomical
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structures is necessary. When percutaneous drainage fails
or cannot be performed, for example, when multiple
abscesses are present, surgical drainage is indicated.
Debridement or removing dead tissue and foreign
material from the abdominal cavity is often necessary
in case of cIAI. This can only be accomplished surgically,
and the extent to which this should be done remains
a controversial topic. Some surgeons favor a minimalistic
approach, which consists of removing dead tissue and use
gauze to remove any pus present, whereas others promote
an aggressive approach of high volume peritoneal lavage
and meticulously removing all fibrin adherents to the
intestines or abdominal wall.
Restoration of anatomy and function is the final step
in the management of intra-abdominal infections, and as
such, often the goal of the surgical intervention. In most
patients, it can be established at the first operation, but in
some patients, it needs to be delayed until the condition of
the patient allows a sometimes lengthy procedure and
until tissue healing is adequate. In some patients, this
delay of a definitive procedure can take months, and the
patient may even be discharged home before reconstruction is finalized.
The application of source control in critically ill
patients is often delayed. This is most often due to failure
to recognize the disease and reluctance to intervene until
diagnosis is confirmed. Sometimes patients are considered
too sick to undergo surgery, and stabilization is desired
first; in patients with diffuse peritonitis, these attempts
will most likely be futile, and surgery should not be
delayed.
Resuscitation
should
be
continued
intraoperatively.
When choosing the means to obtain source control,
benefits and risks for the patients at that particular
moment should be carefully considered. The method
that causes the least collateral damage to reach the goal
at that moment should be preferred. Any intervention
may cause bleeding and additional organ damage;
impaired coagulation or previous abdominal procedures
may be indications to prefer percutaneous over surgical
abscess drainage. PCD can also be used as a temporizing
strategy; definitive management is delayed until appropriate treatment is better tolerated by the patient. The role of
the intensivist is essential to determine the optimal
method to obtain source control in the critically ill
patient – close interaction with the surgeon is mandatory.
There is an ongoing debate whether on-demand
relaparotomy is better than planned relapatomy. A recent
RCT could not show a mortality difference, but an ondemand approach was associated with decreased length of
stay in the ICU and in the hospital. The number of
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laparotomies was significantly reduced, with percutaneous drainage procedures were more frequent in the ondemand group. Except for patients with suspected ongoing ischemia, an on-demand approach is to be preferred.

Fungal Infections
Candida species are often involved at some stage in ICU
patients with cIAI, and mortality rates of 50–75%
have been reported. Often it is difficult to distinguish
infection from colonization. Predictive factors of Candida
isolation are female gender, hemodynamic compromise,
ongoing antimicrobial treatment, and upper GI-tract perforation. The high risk for candidiasis in these patients
has led to an increased use of antifungal prophylaxis.
Often, multiple risk factors for invasive candidiasis are
present in patients with cIAI. Also, in a placebo-controlled
trial, it was demonstrated that prophylaxis with fluconazole reduces the rate of intra-abdominal candidiasis in
patients with gastrointestinal perforations and anastomotic leakage. Based on these considerations, prophylaxis
in these high-risk patients is justified. Routine treatment
of Candida isolated following surgery for cIAI, on the
other hand, cannot be recommended in otherwise
healthy patients.

Intra-abdominal Hypertension (IAH)
IAH has recently been identified as an important source of
morbidity in the ICU. Due to fluid accumulation, ileus
and bowel wall edema, critically patients with cIAI seem to
be particularly at risk for IAH and abdominal compartment syndrome (ACS). Intra-abdominal pressure (IAP)
measurement is imperative and can reliably be done in the
ICU using the bladder as a route. Several techniques for
IAP measurement have been described and are commercially available. Also intraoperatively, the possibility of
subsequent ACS should be considered and open abdomen
treatment used when necessary. When IAH develops,
medical treatment options, including percutaneous drainage of fluid collections, nasogastric suctioning, or neuromuscular blockers, should be considered before surgical
decompression is performed. If open abdomen treatment
is necessary, all attempts should be aimed at early closure
of the abdomen; prolonged open abdomen treatment is
associated with increased complications and often
requires planned hernia repair later.

Fistula Care
The presence of fistulas is often a challenging issue in
patient with cIAI after previous gastrointestinal surgery.
Fluid losses can be considerable, and in some patients,
the use of antisecretory drugs may be indicated. The
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presence of fistula often prohibits enteral nutrition; however, the possibility of enteral nutrition should carefully be
explored, and when necessary, nasogastric or biliary aspirate can be reinfused with the nutrition in the small bowel.
Fistulas in patients with an open abdomen pose a particular challenge in this setting.
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Synonyms
While there are no accurate synonyms, the term intraabdominal hypertension (IAH) is often used to describe
one of the two required key elements for the syndrome to
occur – Intra-Abdominal Hypertension (IAH). IAH is
defined as an intra-abdominal pressure (IAP) that persistently equals or exceeds 12 mmHg (see Intra-Abdominal
Pressure Monitoring) [1]

Definition
The World Society of Abdominal Compartment Syndrome
(www.WSACS.org) has derived a consensus statement
with definitions of IAH and ACS [1]. The ACS is defined
as an intra-abdominal pressure that exceeds 20 mmHg
and is accompanied by an attributable organ failure. This
definition acknowledges that the syndrome may occur
with or without an abdominal perfusion pressure (APP)
<60 mmHg. The APP can be calculated by subtracting
the IAP from the mean arterial pressure (MAP), APP =
MAP – IAP. The formula for APP is similar to the one
used to assess intracranial pressure (ICP) and cerebral perfusion pressure (CPP = MAP – ICP) and also provides
a therapeutic target for maintaining visceral perfusion
when IAP is greater than 12 mmHg but less than 20 mmHg.
ACS may occur with primary or secondary IAH. Primary IAH is generally related to injury within the
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abdomino-pelvic region and mostly reflects blood or clot as
the primary etiologic agents for increased IAP [1]. Secondary IAH on the other hand generally relates to extraabdominal disease with capillary leak and the formation
of large volume ascites that raises the IAP [2]. A common
example is secondary IAH after Early Goal Directed
Therapy driven plasma volume expansion for pneumonia
complicated by septic shock. However, secondary IAH
may also be related to intra-abdominal disease processes,
usually infectious or ischemic in nature that result in visceral edema before or after surgical therapy and are also
accompanied by ascites formation. Common surgical processes at-risk for secondary IAH include perforated diverticulitis, mesenteric ischemia, and necrotizing pancreatitis.

Treatment
Treatment of the ACS when it is diagnosed is dictated by
the patient’s physiologic status as well as the underlying
cause of the syndrome. For instance, a trauma patient who
has undergone a damage-control laparotomy for hepatic
injury and who develops ACS 4 h postoperatively should
be reexplored, have bleeding controlled, and a temporary
abdominal wall closure reapplied (Fig. 1). Figure 1 represents a schematic of a method of achieving temporary
abdominal wall closure. In contrast, the medical patient
with pneumonia and ascites as the proximate cause of
their ACS should be considered for percutaneous catheter
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drainage of the ascites. In both circumstances, the therapeutic goal is to relieve IAH and restore venous return and
cardiac performance to support end-organ oxygen delivery and utilization.
However, not all patients present for therapy with an
established ACS. Many present with IAH that is progressive, and if left untreated, will result in the ACS. The
management of patients with IAH is based on the following four principles: (1) specific procedures to reduce IAP
and the consequences of ACS, (2) general support and
medical management of the critically ill patients, (3) surgical decompression, and (4) optimization after surgical
decompression. The WSACS has created an algorithmic
approach to the medical management of such patients
that may be practically utilized at the bedside (Fig. 2)
[1]. This approach is based on five principles: (1) improvement of abdominal wall compliance, (2) evacuation of
intraluminal contents, (3) evacuation of abdominal fluid
collections, (4) correction of capillary leak and positive
fluid balance, and (5) specific treatment to support endorgan function. Thus this approach recognizes the contributions of: (1) excessive fluid (especially crystalloid)
administration on visceral edema and ascites formation,
(2) inadequate sedation and analgesia of abdominal and
thoracic wall muscular tone, (3) space occupying lesions
in the abdominal cavity (including the enterally nourished
intestine and gas filled colon), and (4) the role of
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Abdominal Compartment Syndrome. Figure 2 Stepwise management of intra-abdominal hypertension

myocardial contractility and its assessment by flow-based
volumetric monitoring in the genesis and management of
IAH and the evolution of the ACS in at-risk patients (see
▶ Intra-Abdominal Pressure Monitoring).
Below are some recommendations that direct endorgan support in patients with IAH as well as those who
have required therapy for the ACS:

Neurologic Function
– Because of the interactions between IAP, ITP, and ICP,
–

–

–
–

accurate monitoring of IAP in head trauma victims
with associated abdominal lesions is worthwhile.
The presence of increased IAP can be an additional
“extracranial” cause of intracranial hypertension in
patients with abdominal trauma without overt craniocerebral lesions.
Laparoscopy in the acute post-traumatic phase is
more foe than friend and recent head injury should
be considered a contraindication for laparoscopic
procedures.
The same principles are responsible for the development of idiopathic intracranial hypertension
(pseudotumor cerebri) in morbidly obese patients.
Weight loss by bariatric surgery is associated with
improvements in ICP and CNS symptoms (although
this is not an acute management strategy).

Respiratory Function
– IAH decreases total respiratory system compliance by
a decrease in chest wall compliance, while pulmonary
parenchymal compliance remains unchanged.

– Best PEEP should be set to counteract IAP while in the

–

–

–

–

–

same time avoiding over-inflation of already wellaerated lung regions. In some circumstances, Best
PEEP = IAP, but IAP is not the sole determinant of
Best PEEP and flow-based monitoring should be considered to optimize PEEP titration.
The ARDS consensus definitions should take into
account PEEP and IAP values (as well as other relevant
factors such as gas flow rate, ventilator mode, waveform, and inspiratory time).
During lung protective ventilation, in the setting of
IAH, consideration should be made to increasing
the limits for the transmural plateau pressures below
35 cm H2O. In order to use this formula, one must
convert the mmHg of IAP to cm H2O pressure using
the conversion factor of 1.36.
● Pplat™ = Pplat – IAP/2
The PaOP criterion in ARDS consensus definitions is
often not useful in patients with IAH and should be
revised as most patients with IAH and secondary ALI/
ARDS will have a PAOP above 18 mmHg.
IAH increases extravascular lung water and thereby
renders monitoring of extravascular lung water index
(EVLWI) a potentially useful parameter in guiding
fluid balance
Body position affects IAP
● Placing an obese patient in the upright position
can cause ACS.
● The abdomen should optimally hang freely during
prone positioning instead of resting directly
against a mattress, regardless of the pressure relief
characteristics of the surface.
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● Reverse Trendelenburg positioning may improve
respiratory mechanics, but may decrease splanchnic perfusion, create subclinical tissue ischemia,
and engender an ischemia-reperfusion injury
with positional change that augments visceral
edema and capillary leak.
– Consideration of neuromuscular blockade should balance the potentially beneficial effects on abdominal
muscle tone resulting in decreased IAP and improved
APP against the potentially detrimental effect on lung
mechanics, peripheral neuromuscular function, pressure ulceration, and deconditioning that culminate in
atelectasis, hypoxic pulmonary vasoconstriction, right
ventricular ejection fraction decrease, and ultimately
pulmonary superinfection in unventilated areas with
nosocomial pathogens.
– The presence of IAH will lead to pulmonary hypertension via increased ITP with direct compression on lung
parenchyma and vessels and via the diminished left
and right ventricular compliance.
– The effect of IAP on parenchymal compression is exacerbated in cases of hypovolemia regardless of cause.

–

–
Cardiac Function
– Cardiovascular dysfunction and failure (low cardiac
output) are commonly observed in patients with
IAH or ACS.
– Accurate assessment and optimization of preload,
contractility, and afterload is essential to restore endorgan perfusion and function.
– Our understanding of traditional hemodynamic monitoring techniques and parameters, however, must be
reevaluated in IAH/ACS since pressure-based estimates of intravascular volume as pulmonary artery
occlusion pressure (PaOP) and central venous pressure (CVP) are readily misinterpreted. Instead, strong
consideration should be made to utilize flow-based
monitoring techniques instead of relying on pressure-based modalities.
● The clinician must be aware of the interactions
between ITP, IAP, PEEP, and cardiac chamber filling pressures.
● Misinterpretation of the patient’s minute-tominute cardiac status may result in the institution
of inappropriate and potentially detrimental therapy, generally additional volume expansion.
● Transmural™ filling pressures, calculated as the
end-expiration value (ee) minus the ITP better
reflect preload but require monitoring with an
esophageal balloon device:

–

–

A

● CVP™ = CVPee – ITP
● PAOP™ = PAOPee – ITP
● A quick estimate of transmural filling pressures
can also be obtained by subtracting half of the
IAP from the end-expiratory filling pressure since
abdomino-thoracic pressure transmission has
been estimated to be around 50%.
● CVP™ = CVPee – IAP/2
● PAOP™ = PAOPee – IAP/2
● The surviving sepsis campaign guidelines targeting
initial and ongoing resuscitation toward a CVP of
8–12 mmHg and other studies targeting a MAP of
65 mmHg should be interpreted with caution in
case of IAH/ACS to avoid unnecessary over- and
under resuscitation. These recommendations may
be inappropriate in the case of patients who sustain
injury but do not have sepsis as their diagnosis.
Volumetric estimates of preload status such as right
ventricular end diastolic volume index (RVEDVI) or
global end diastolic volume index (GEDVI) may be
especially useful because of the changing ventricular
compliance and elevated ITP.
Functional hemodynamic parameters such as stroke
volume (SVV) or pulse pressure variation (PPV) may
be useful in determining the need for plasma volume
expansion to support volume responsive cardiac performance or the initiation of pressure agent administration; systolic pressure variation (SPV) may not hold
similar clinical utility as it may be relatively insensitive
to changes in stressed volume.
The cardiovascular effects of IAH are aggravated by
hypovolemia and the application of PEEP, whereas
hypervolemia has a temporary protective effect in
a similar fashion to plasma volume expansion in
patients with evolving cardiac tamponade.
Analogous to the widely accepted and clinically utilized concept of cerebral perfusion pressure, calculated
as mean arterial pressure (MAP) minus intracranial
pressure (ICP), abdominal perfusion pressure (APP),
calculated as MAP minus IAP, has been proposed as
a more accurate predictor of visceral perfusion and
a potential end point for resuscitation.
● APP = MAP – IAP
● APP, by considering both arterial inflow (MAP)
and restrictions to venous outflow (IAP), has been
demonstrated to be statistically superior to either
parameter alone in predicting patient survival
from IAH and ACS.
● A target APP of at least 60 mmHg has been demonstrated to correlate with improved survival from
IAH and ACS.
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Renal Function
– Decreased renal perfusion pressure (RPP) and renal
filtration gradient (FG) have been proposed as key
factors in the development of IAP-induced renal
failure.
● RPP = MAP – IAP
● FG = GFP – PTP = (MAP – IAP) – IAP = MAP –
2∗IAP
● GFP = Glomerular Filtration Pressure
● PTP = Proximal Tubular Pressure
Thus, changes in IAP have a greater impact upon renal
function and urine production than will changes in MAP.
It should not be surprising, therefore, that decreased renal
function, as evidenced by development of oliguria, is one
of the initial signs of IAH. Conversely, therefore, it
behooves us as clinicians to be cognizant that elevated
IAP and its effect on renal function is often the first sign
of impending ACS. Other key points to remember are as
follows:

– The prerenal azotemia seen in IAH is unresponsive to
plasma volume expansion to a normal or supranormal CO, or loop diuretics.
– Renal function may be improved by paracentesis of
ascitic fluid and reduction in the IAP in patients with
secondary ACS.
– Prompt reduction of IAP has dramatic beneficial effect
on urine output in patients with primary and secondary ACS after trauma provided that the genesis of the
oliguria is IAH associated decreased cardiac performance and decreased stroke volume and renal perfusion. In patients with ATN, decreases in IAP are not
likely to augment urine flow.
– Within the capsule of the kidney, hematoma formation after injury may have an adverse affect on tissue
perfusion causing a local renal compartment syndrome.

Hepatic Function
– Close monitoring and early recognition of IAH,
followed by aggressive treatment may confer an outcome benefit in patients with liver disease.
– In this unique patient population, it may be useful to
measure the plasma disappearance rate (PDR) for
indocyanine green (ICG) as this correlates not only
with liver function and perfusion but also with IAP.
The authors recognize that the ability to do so is not
universally available.
– Since cytochrome P450 function may be altered
(diminished) in case of IAH/ACS, medication doses
should be adapted accordingly.

– Within the capsule of the liver, hematoma formation
following injury may have an adverse affect on tissue
perfusion causing a local hepatic compartment
syndrome.
– With increasing IAP there is decreased hepatic arterial
flow, decreased portal venous flow, and increased
portacollateral circulation. In turn, physiological
effects include
● Decreased lactate clearance
● Altered glucose metabolism
● Altered mitochondrial function
A common theme with all of the end-organ support measures is management of microcirculatory delivery and
utilization of oxygen. Further data are needed to enable
the clinician to better support end-organ function and
avoid the downstream sequelae of IAH and the ACS. At
present, when the ACS is recognized, management strategies become streamlined.
While abdominal decompression via a decompressive
laparotomy is the gold-standard against which all other
therapeutic undertakings for the management of
established ACS are measured, many other methods of
management have been proposed. The most effective
of these alternative methods is percutaneous decompression when ascites is large in volume and may be the major
etiology of the IAH and ACS. Other investigators have
noted that a central feature of decompressive laparotomy
is to enlarge the peritoneal cavity. Therefore, some have
proposed a laparoscopic approach to increase the size of
the peritoneal envelope by performing a component separation of parts expansion of the anterior abdominal wall.
While technically possible, this is not a standard approach
and requires a hemodynamically appropriate patient and
a unique surgical skill set [3].
In a related circumstance, since IAH and the ACS may
recur even in a patient with a temporary abdominal wall
closure from progressive visceral edema and ascites, some
have proposed routine application of a negative pressure
device to create a fluid sump effect. The goal is to reduce
visceral edema and evacuate ascites to reduce the likelihood of IAH. While some authors have identified success
with this approach, it is unclear whether the utility of this
approach stemmed from negative pressure or concomitant plasma volume reduction with diuretics or renal
replacement techniques [3]. Nonetheless, as a means of
managing the usually large volume of ascites, either
a “home-made VAC” as in Fig. 1 or utilizing the KCI
Corporation’s proprietary VAC system provides effective
transudate control. Furthermore, application of negative
pressure across an open wound has been associated with
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a greater likelihood of primary fascial closure after injury
or critical illness when a patient required an open abdomen management approach [4]; although this technique
has also been related to a higher incidence of fistulae if
applied improperly.
The reader should note that negative pressure management is ineffective for hemorrhage related IAH;
hemorrhage should prompt reexploration that may be
complemented by intra- or post-operative angiography
and embolization. This technique is particularly effective
for solid organ injury recurrent hemorrhage management.
While most patients are reexplored in the OR, decompression may also be effectively and safely performed at the
bedside in the ICU. At one of the author’s (LJK) institutions, bedside reexploration is more the rule rather than
the exception, as these patients are often unstable and on
advanced ventilation rendering transport to the OR
frankly dangerous. This trend follows the increased utilization of the ICU for a host of procedures including open
as opposed to percutaneous tracheostomy, fasciotomy, or
endoscopic gastrostomy placement, as well as planned
abdominal or thoracic reexploration. Furthermore, these
procedures may be safely performed without support
staff from the OR in environments supplemented by
nonphysician providers, residents, or fellows in addition
to the Attending physician especially if the Attending is
also a surgeon (e.g., in the USA, generally a trauma, general, and critical care surgeon).

A

Evaluation/Assessment

effective as a means of determining the presence of the
ACS. In fact, at present, there is no other reliable means of
establishing that the syndrome is present and the cause of
the patient’s abnormal physiologic profile. Physical examination has been documented to be notoriously unreliable
as a guide to IAP assessment [3].
The efficacy of decompressive laparotomy at relieving
the ACS is 100%. However, one must remain vigilant for
recurrence due to recurrent hemorrhage, visceral edema,
gaseous hollow viscus distension, or ascites formation.
The frequency of this diagnosis is directly related to the
frequency of monitoring for IAH. A recent review noted
that most ICUs do not have an established protocol for
monitoring for IAH and the ACS. A sample protocol is
attached (Fig. 3). Moreover, regardless of the efficacy of
decompression at relieving the syndrome, organ failure
may not readily improve, as an attributable organ failure is
part of the definition of the syndrome. Additionally, the
at-risk patient population is the identical group of patients
in whom organ failure is likely to occur due to the underlying disease process that established hypoperfusion in the
first place. Thus, acute lung injury, acute kidney injury,
and the like are common prior to the syndrome occurring.
The reader should recall that mortality directly correlates
with an increasing number of organ failures. Importantly,
an organ failure that is not incorporated into the Sequential Organ Failure Assessment score (SOFA) but is a direct
reflection of IAH is GI failure [5]. GI failure may be readily
recognized by the bedside provider as intolerance of enteral
feedings whether they be elemental or non-elemental.

Effectiveness

Tolerance

The combination of intra-vesical pressure (IVP) monitoring and a high index of suspicion in an appropriate patient
set for the development of IAH is highly effective and
accurate (see ▶ Intra-Abdominal Pressure Monitoring).
Combining IVP with organ failure evaluation is highly

There is no tolerance of the ACS by the patient, and as
such, the ACS should be regarded as a surgical emergency
by the physician. Thus, emergent relief of the increased
IAP is appropriate and required for management. Tolerance of the aftermath of decompressive laparotomy

Monitor for ACS

Frequency

Termination

Obtain admission IAP

Q2h⫻8h

Q4h⫻8h

Q 8 h ⫻ 24 h

D/C when no IAH ⫻ 24 h

Notify MD for all IAP > 12

Abdominal Compartment Syndrome. Figure 3 Bladder pressure monitoring scheme
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depends on whether or not the patient’s abdominal wall
may be primarily closed or not. This topic will be further
explored in Aftercare but suffice it to note that the incidence of complications is vastly different between those
able to undergo primary closure and those who require
delayed reconstruction.

Pharmacoeconomics
The pharmacoeconomic impact of the ACS is currently
unclear, but is generally believed to increase total
healthcare costs as a result of intensive medical and surgical care. Nonetheless, certain observations are germaine to
this topic. First, if left untreated, the ACS will result in
death, the rapidity of which is related to the rate of progression of IAH. Of course, rapid death results in a lesser
total economic expenditure for the healthcare system.
Second, with increased awareness of the ACS, more
patients (trauma, general surgery, vascular surgery, obstetrics, gynecologic oncology, and medical patients) are
undergoing decompressive procedures. As a result, these
patients remain alive to require care for their organ
failure(s), as well as their acutely open abdomen. Third,
these patients generally require intensive care management as well as relatively long general ward stays followed
by rehabilitation facility inpatient care. Readmissions for
complication management as well as reconstructive procedures further increase the healthcare system burden.
Fourth, it is unclear how many of these patients return to
gainful employment at present. There are no appropriately
powered longitudinal studies to conclusively answer this
financially relevant question. Fifth and finally, the system
and physician reimbursement of these procedures and
management is often regional and patient population
specific depending on the local penetrance of appropriately insured, underinsured, and uninsured patients. As
the US Centers for Medicare and Medicaid Services
(CMS) threatens to not pay for the management of “complications,” the reimbursement for providing the complex
and intense care required by this critically ill patient population may garner a zero reimbursement, rendering this
care increasingly difficult to support at all but large and
financially successful institutions. If so, increased regionalization of specialty care may readily follow in the wake of
the proposed CMS action, even if the CMS defined “complications” are not the direct result of inappropriate or
ineffective physician or system care, but are instead commensals of the underlying disease process. At present, the
US system is ill-prepared to handle the relocation of all
such patients to regional resource centers due to lack of
space, nursing staff, as well as appropriately trained
surgeons.

The American Association for The Surgery of Trauma
in conjunction with the American College of Surgeons
Committee on Trauma has proposed a new designation
and training program for surgeons who will provide
trauma, general surgery, and critical care. This surgeon
will be termed an Acute Care Surgeon. As current interest
in trauma surgery and critical care is relatively low,
the deliberate inclusion of emergency general surgery
into the surgeon’s purview may increase the appeal,
stabilize the specialties’ workload, and provide a cadre of
appropriately trained surgeons to care for patients with
progressive IAH and the ACS. While there are many hurdles to overcome to implement such a paradigm, training
programs are being approved and the first trainees
will soon graduate. The effectiveness and economic
impact of these programs appear excellent at centers that
have adopted such a model, but they have all been
tertiary or quaternary referral academic training centers
to date. Its impact in the community remains to be
determined.
In Europe the socioeconomic burden of IAH and ACS
patients is even more diverse. In some countries like the
UK and The Netherlands, so-called abdominal rehabilitation or acute intestinal failure units have been formed
under the auspices of the National Health Insurance
(NHI) so that only doctors treating patients in those
centers will be reimbursed, while in other countries no
reimbursement or liberal reimbursement policies inconsistently apply.

After-care
Aftercare is identical to that of other critically ill patients
with a few notable exceptions. Generally, patients with
a temporary abdominal wall closure undergo abdominal
cavity lavage every day or every other day during the early
portion of their care as needed to evaluate injury, evacuate
clot, or reduce bacterial burden to obtain adequate source
control. The goal is to control the underlying disease
process, while maintaining the fascial margins as close
together as possible without allowing underlying adhesions or fistulas to develop and limit medial motion of
the abdominal wall. The repeated washouts aid in limiting
adhesions to the posterior aspect of the anterior abdominal wall and are augmented by placing a non-adherent
barrier as far laterally under the anterior abdominal wall as
possible at each reexploration (Fig. 1). A host of management methods to preserve fascial approximation exist and
include the vacuum methods mentioned above, the application of a Wittman patch (two-layer hook and loop
device) sewn to the fascia to progressively pull the fascia
closer together, or other similar home-made device such
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as a piece of polypropylene mesh inside a bowel bag sewn
to the fascia that is progressively tightened. Other methods
such as a Bogota bag may provide temporary abdominal
wall closure, but do not routinely provide for progressive
fascial tightening (Fig. 4).
The rest of the aftercare will depend on whether or not
the abdominal wall may undergo primary fascial closure
or not. This key feature divides patients into two rather
distinct groups based on length of stay, resource utilization, complications, and mortality. Patients who are able
to undergo primary fascial closure generally do so within
two weeks of having their abdomen opened or reopened.
Increasingly, the primary fascial closure is buttressed with
an underlay with a regenerative tissue matrix or a prosthetic mesh placed using nonabsorbable sutures creating
a layered approach to closure (skin, subcutaneous tissue,
fascia, mesh, and then abdominal contents). This technique has arisen from the observation that some of the
patients who undergo primary closure present later with
a ventral hernia, as well as the universal observation that
all of these patients have some degree of protein-calorie
malnutrition. Recall that the protein losses via the open
abdomen are not measured, may be prodigious, and are
not accounted for in the nutritional prescription. Thus,
a buttress may help avoid wound failure; long-term data
regarding outcome is currently being acquired. An alternative technique for those with closely opposed fascial
margins that are unable to meet without tension is
a variety of component release techniques, the review of
which is beyond the scope of this chapter. These releases
also utilize an underlay buttress closure technique in general, but some authors have successfully applied an overlay

Abdominal Compartment Syndrome. Figure 4 Bowel bag
and mesh temporary closure

A

patch technique instead. These patients have similar
courses to other ICU patients with respect to complications as adjusted for ICU length of stay.
Should the abdomen not be able to be primarily
closed, delayed reconstructive techniques are required.
Generally, but not universally, abdominal contents are
constrained by applying an absorbable mesh constructed
from polyglycolic acid (PGA) and sewn to either the fascia
or skin using polyglycolic acid suture (Fig. 5). Quite commonly, the PGA mesh is then covered with a layer of
Vaseline impregnated gauze to help prevent desiccation.
This layer is then covered with a vacuum closure device,
such as the KCI VAC to help draw the subcutaneous space
together (Fig. 6). After granulation tissue begins to form,
a split thickness skin graft (STSG) may be applied and
then held in place with a VAC for 3 days prior to inspection. Alternatively, for heavily contaminated peritoneal
spaces, no PGA mesh is applied and the STSG is directly

Granulation
tissue

Ungranulated
mesh

Abdominal Compartment Syndrome. Figure 5 PGA mesh
temporary closure

Abdominal Compartment Syndrome. Figure 6 KCI VAC
temporary abdominal wall closure
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applied to granulating bowel, omentum, or both and
similarly held in place with a VAC.
Patients in this group generally have a longer ICU and
total hospital length of stay than other patients with similar injuries or surgical diagnoses. This group is at
increased risk for nosocomial infection, prolonged ventilator length of stay, tracheostomy, organ failure, and in
particular enteroatmospheric fistula (EAF) and the occurrence of tertiary IAH as well as the “frozen abdomen.” In
particular, EAF is related to anastomoses that are not
covered by vascularized tissue, multiple manipulations of
friable tissue, and severe protein-calorie malnutrition as
well as access sites for enteral feeding catheters. Therefore,
long-term open abdomen patients may benefit from
enteral access using nasojejunal tubes rather than catheters
than cross the abdominal wall, especially since such catheters cross the rectus abdominous muscle rendering component separation difficult during later reconstruction.
Mortality rates are increased with increased numbers of
complications and organ failures in this group as well.
A recent review of patients managed with an open
abdomen at a high volume trauma center noted that
readmission for infection and management of enteroatmospheric fistula was common, but manageable allowing
excellent outcomes to be enjoyed. However, intense
resource utilization was the rule for those who could not
undergo primary fascial closure.
The maxim that “the longer one may wait prior to
STSG removal and abdominal wall reconstruction the
better” reflects the intense inflammatory response that
underlies the reason that a patient has been managed
with an open abdomen. Usually 9–12 months is a standard
waiting period prior to undertaking the final reconstruction; generally patients have developed a giant ventral
hernia by that time (Fig. 7). Such reconstructive procedures usually involved removing the STSG, employing
a component separation of parts, abdominal wall release,
and an underlay buttress reconstruction. Many of these
patients also require restoration of GI continuity at the
same operative sitting, thus making the use of prosthetic
material for reconstruction more problematic than regenerative tissue matrixes with regard to infection. Involvement of a plastic surgeon with a focus on soft tissue
reconstruction is often invaluable in this challenging
patient population.

Prognosis
Since the mortality from unrelieved ACS approaches
100%, prognosis for survival is vastly improved with
emergent relief. However, as noted above, the prognosis

Abdominal Compartment Syndrome. Figure 7 Typical
anterior abdominal wall giant ventral hernia

is often more related to concomitant organ failure, and
less to the open abdomen itself. A recent review showed on
average a mortality of 50% in these patients [6]. Instead,
ACS is a marker for the severity of the primary disease
process and its interplay with host defense and host
inflammation. We are unfortunately in our infancy with
regard to understanding the inflammatory response,
let alone possessing a therapeutic tool with which to
manipulate its complex interacting pathways. Nonetheless, since we are currently identifying the ACS as
a combination of an increased IAP coupled with an attributable organ failure, we may be identifying it too late to
abrogate other organ failures or progression of the attributable one. Ongoing investigation into renal biomarkers
(like NGAL, cystatin C, and others) associated with AKI,
or alveolar or plasma markers of pulmonary, gastrointestinal (citrulin), or other organ injuries may allow earlier
identification of incipient organ failure, affording the clinician with an early warning signal that could trigger
earlier decompression. Thus, much like the initial diagnosis of the syndrome, a firm grasp of the prognosis from
ACS remains in flux.
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Definition
Anatomy
Abdominal trauma is any injury to the abdominal wall or
organs within the abdominal cavity. External landmarks
for the abdomen are the transnipple line superiorly, the
anterior axillary lines laterally, and the inguinal ligaments
and pubic symphysis inferiorly. Between the anterior and
posterior axillary lines, from the sixth intercostal space to
the iliac crest, is the flank. The back is the region posterior
to the posterior axillary lines, from the inferior tip of the
scapulae to the iliac crests [1]. These landmarks are relevant primarily in terms of diagnostic evaluation for penetrating abdominal trauma.
The abdominal cavity contains three components – the
peritoneal cavity, the retroperitoneum, and the pelvic
cavity – and includes everything between the diaphragm
superiorly, and the pelvic floor inferiorly. The upper peritoneal cavity is partially within the lower thoracic cage and
is commonly referred to as the thoracoabdominal region
[1]. It is covered by the lower portion of the bony thorax
and contains the diaphragm, liver, spleen, stomach, and
transverse colon. The lower peritoneal cavity contains the
small bowel, portions of the ascending and descending
colons, and the sigmoid colon. The retroperitoneal space
is the region posterior to the peritoneal lining of the
abdomen. It completely contains the abdominal aorta,
inferior vena cava, iliac vessels, adrenal glands, kidneys,
ureters, and bladder. In addition, the retroperitoneum
contains part of the lower esophagus, the posterior aspects
of the ascending and descending colon, as well as most of
the pancreas, duodenum, and rectum. Many of the retroperitoneal and peritoneal organs are also found within the
pelvic cavity, which also includes the female reproductive
organs. The pelvic cavity is surrounded by the pelvic bones
and rests on the pelvic floor.

Injury Mechanism
Blunt abdominal trauma refers to a direct blow or crushing
mechanism that can injure organs or lacerate blood vessels
in spite of an intact abdominal wall. Typically, blunt
trauma results in multiple, widely spread injuries to
organs less capable of an elastic deformation that might
sustain impact [2]. Therefore, the most common organs
injured in blunt trauma are the spleen (40–55%), liver
(35–45%), and small bowel (5–10%) [1]. When surveying
for blunt trauma, specific trauma mechanisms can suggest
particular constellations of injuries. For example, frontal
trauma often results in multisystem injury whereas collisions with side impact can fracture the pelvic ring and
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rupture the diaphragm, but solid organ injury is typically
limited to liver or spleen [2]. Keeping specific mechanisms
in mind, presentation of certain injuries can suggest evaluation for other injuries that typically accompany them.
Shearing injury is a form of blunt trauma that occurs when
a shearing force is applied to a body part (e.g., following
improper use of restraint devices), typically resulting in
displacement or deformity. Deceleration injury is often the
result of a collision with a stationary object or the ground
(e.g., falls). In addition to injury to the body part directly
colliding with the object, this mechanism may result in
lacerations at the junction of fixed and mobile portions of
organs. Lacerations of the liver and spleen at the site of
their supporting ligaments are common sites for deceleration injuries.
Penetrating abdominal trauma refers to a mechanism
by which an object (e.g., knife, bullet) penetrates the
abdominal wall, often causing laceration of organs. Penetrating wounds are classified by weapon, or agent, and
gunshot wounds are then further divided into low versus
high velocity. Classification is important in determining
the likelihood of involvement of structures lateral to the
missile path. Additional injuries resulting from ricochet,
fragmentation, and the transfer of kinetic energy are possible and should be considered whenever high-velocity
gunshot wounds are encountered. It is also important to
keep in mind that torso wounds below the nipple line and
fractured ribs can likewise result in penetrating injury to
abdominal structures, particularly the diaphragm, liver,
and spleen. In general, penetrating trauma most commonly
injures those organs with largest surface area when viewed
from the front [2]. For stab wounds, the most likely organs
involved are the liver (40%), small bowel (30%), diaphragm (20%), and colon (15%); while gunshot wounds
injure the small bowel (50%), colon (40%), liver (30%),
and major abdominal blood vessels (25%) [1].

Treatment
For adult patients with abdominal trauma, widely
accepted indications for exploratory laparotomy include:
hemodynamic instability with clinical evidence of intraperitoneal bleed (e.g., positive focused abdominal sonography for trauma (FAST), or diagnostic peritoneal lavage
(DPL)), regardless of mechanism; gunshot wounds penetrating the peritoneal cavity; and stab wounds with
evisceration or peritonitis [1, 3]. For hemodynamically
stable patients without evidence of peritonitis, injuries
to solid organs are managed nonoperatively in the
majority of cases, while hollow viscera generally require
operative repair. Although penetrating trauma is more
often managed surgically, isolated solid organ injuries

following gunshot wounds are increasingly being managed nonoperatively.

Evaluation/Assessment
In the initial evaluation, the most important early decision to be made is whether exploratory laparotomy is
emergently indicated [2, 3]. This may be determined on
the basis of peritonitis on physical exam, or shock in the
presence of penetrating abdominal trauma or blunt
abdominal trauma with hemoperitoneum (see Diagnostic
Evaluation, below). If the patient does not have immediate
indications for laparotomy, further diagnostic evaluation
is warranted. The physical exam is unreliable as altered
mental status due to intoxication, central nervous
systeminjury, severe associated injuries, or shock is common. Furthermore, the patient may lose a significant
amount of blood into the abdominal cavity without
shock or any signs of peritoneal irritation. As a result,
overlooked and unrecognized abdominal injury continues
to result in poorer outcomes and preventable death following trauma [1, 2].

Diagnostic Evaluation
There are a number of adjuncts to the physical exam that
are useful to the clinician. These include devices, laboratory tests, endoscopy, and imaging studies.
Devices. Gastric tubes can be diagnostic as well as
therapeutic. Decompression of the stomach can help
avoid aspiration. In addition, the detection of blood in
the gastric aspirate is a sign of esophageal or gastric injury
and must be investigated. Urinary drainage catheters are
important in the monitoring of organ perfusion and the
response to resuscitation. In addition, the presence of
hematuria is a sign of injury to the genitourinary system.
Laboratory tests. Serial monitoring of the blood hemoglobin concentration is important to detect occult bleeding before the patient develops shock. The white blood cell
count is nonspecific in the first 24 h, but a progressively
rising count >20103/mm3 may be associated with hollow viscus injury. Another nonspecific test is the serum
amylase level, which may be elevated in the setting of
occult pancreatic injury [4]. Urinalysis may reveal microscopic hematuria, and aid in the diagnosis of genitourinary injury. Arterial blood gas provides a great deal of
information. Metabolic acidosis may be a harbinger of
ongoing shock, hemorrhage, or hollow viscus injury.
A diagnostic peritoneal lavage is helpful to clarify an equivocal ultrasonographic exam or suspected hollow viscus
injury (see below).
Endoscopy. Endoscopy may be employed to diagnose
hollow viscus injuries to the esophagus, stomach, or
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duodenum in the presence of bloody gastric aspirate.
Similarly, it is used to evaluate the integrity of
rectosigmoid in the setting of severe pelvic fracture or
penetrating pelvic trauma.
Imaging studies. During the primary survey, the Focused
Abdominal Sonographic examination for Trauma (FAST)
is performed; the identification of hemoperitoneum
mandates laparotomy in the presence of shock, and
should be further evaluated with computed tomographic
(CT) scanning in a stable patient (see below). Chest and
pelvis radiographs are an important component of the
initial evaluation. Although not particularly sensitive or
specific for significant abdominal injuries, these x-rays
and can identify pneumoperitoneum, diaphragmatic
rupture, or pelvic fractures. With advancing imaging
technology and whole-body techniques, CT scanning is
being used more and more broadly in trauma, supplanting
plain radiography and arteriography for many applications. CT scanning is reserved for the stable patient without indication for immediate surgical intervention. It
provides information about injuries to specific organs,
allowing selection of patients for safe nonoperative
management.

After-care
Following operative management ongoing resuscitation is
critical to reverse shock. Patients who are being managed
nonoperatively must be monitored for hemorrhage or
missed hollow viscus injury. Recuperation from laparotomy takes a couple of weeks. Solid organ injuries that are
managed nonoperatively have a low bleeding incidence
over the first 2 weeks, with the spleen being the most likely
to bleed after the first 2–3 days. The tensile strength
of solid organs is returned to premorbid levels by
2–3 months, allowing safe return to vigorous activities.

Prognosis
There is little permanent morbidity following abdominal
trauma. Most injuries can be repaired, with complete
recovery. There are special circumstances, such as immune
compromise in a splenectomized patient, or short bowel
syndrome following extensive small bowel resection.
Overall, however, the patient who avoids exsanguination,
sepsis, or multiple organ failure is likely to recover fully.
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Synonyms
Abbreviated laparotomy

Definition
The term “damage control” was coined by the US Navy
during World War II, and was defined as those procedures
and skills employed to maintain or restore the watertight
integrity, stability, or offensive power in a warship. This
military term is used today to describe the management of
the surgical equivalent of a sinking ship. The concept was
introduced by Stone et al. in 1983 [1] and promulgated by
the Ben Taub General group [2]. The fundamentals of
damage control surgery (DCS) are to limit the operation
to essential interventions, namely, controlling hemorrhage, shunting major vascular injuries, and limiting
enteric contamination, in patients who are dying due to
the bloody viscous cycle (the lethal triad of hypothermia,
coagulopathy, and acidosis) (Fig. 1) [3]. Aborting the
operation enables one to return the patient to the surgical
intensive care unit (SICU) for resuscitation and correction
of the coagulopathy. Once physiologic restoration is complete, the patient is returned to the operating room for
definitive repair of injuries.

Indications
A progressive and recalcitrant coagulopathy is the most
common and compelling reason for an abbreviated laparotomy. Indications to limit the initial operation and
institute damage control surgery techniques is a clinical
decision, typically considering the objective signs of persistent temperature <35 C, arterial pH < 7.2, base deficit
> 15 mmol/L, and INR or PTT > 50% of normal. The
decision to abbreviate a trauma laparotomy is made
intraoperatively as the patient’s clinical course becomes
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Abdominal Trauma, Damage Control. Figure 1 The bloody vicious cycle

defined. Laboratory results for the standard measurements of coagulation capability (i.e., INR, PTT, and platelet count) require approximately 30 min, so the decision
to abort the full operative plan usually needs to occur
before confirmatory evidence of the patient’s physiologic derangements. The recent introduction of rapid
thromboelastography may provide earlier objective measures to warrant damage control.

Application
The goal of damage control surgery is to control surgical
bleeding, revascularize with shunts, and limit gastrointestinal spillage. The operative techniques employed are temporary measures, with definitive repair of injuries delayed
until the patient is physiologically replete [2–5]. Controlling surgical bleeding while preventing ischemia is of
utmost importance during DCS. Aortic injuries must be
repaired using an interposition PTFE graft. Although
celiac artery injuries may be ligated, the superior

mesenteric artery must maintain flow and the insertion
of an intravascular shunt is advocated. Similarly, perfusion of the iliac system and infrainguinal vessels can be
restored with a vascular shunt, delaying interposition
graft placement until hours later. Venous injuries are
preferentially treated with ligation in damage control
situations, except for the suprarenal IVC. For significant
injuries to the spleen, excision is indicated rather
than attempting repair such as splenorrhaphy. Renal
hematomas should not be explored unless actively
expanding. For hepatic injuries, packing of the liver
will usually tamponade bleeding. Translobar gunshot
wounds of the liver are best controlled with balloon
catheter tamponade, while deep lacerations can be controlled with Foley catheter inflation deep within the tract.
Selective operative ligation of hepatic arteries and
preperitoneal pelvic packing for recalcitrant bleeding
should not be forgotten in this era of reliance on Interventional Radiology and angioembolization.
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For thoracic injuries requiring DCS several options
exist. For bleeding peripheral pulmonary injuries, wedge
resection using a GIA stapler is performed. In penetrating
injuries, pulmonary tractotomy is used to divide the
parenchyma; individual vessels and bronchi are then
ligated using a 3-0 PDS suture, and the tract is left open.
Patients that sustain more proximal injuries may require
pulmonary lobectomy or pneumonectomy to control
bleeding. Cardiac injuries may be temporarily controlled
using a running 3-0 prolene suture or skin staples. If this
technique does not definitely control hemorrhage,
pledgeted repair of the injury should be performed.
The second key component of DCS is limiting enteric
content spillage. Small gastrointestinal injuries (stomach,
duodenum, small intestine, and colon) may be controlled
with a rapid whipstitch of 2-0 prolene. Complete transection of the bowel or segmental damage is controlled using
a GIA stapler, often with resection of the injured segment.
Alternatively, open ends of the bowel may be ligated using
umbilical tapes to limit spillage. Pancreatic injuries,
regardless of location, are packed and the evaluation of
ductal integrity is postponed.
Although moving the patient from the operating room
to the SICU for resuscitation is the goal, leaving the operating room too early is also problematic. One should
ensure that the lack of hemostasis is due to coagulopathy
rather than ongoing mechanical bleeding. Mechanical
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bleeding must be controlled before proceeding to the
SICU, or the vicious cycle will only continue. One option
is temporary closure of the abdomen with a towel clip (if
bowel egress allows you to do so) for 30 min while
allowing anesthesia and the blood bank to maximally
correct the acidosis and coagulopathy (Fig. 2). The abdomen is then reopened and evaluated for control of
mechanical bleeding, whether or not packs are actually
needed, and a repeat look for any missed gastrointestinal
injuries that need to be controlled.
Before transport to the SICU, the abdomen must be
temporarily closed. Currently, ioban closure of the abdomen is performed for temporary closure (Fig. 3). In this
technique, the bowel is covered with a fenestrated
subfascial 1010 steri-drape (3M Health Care, St. Paul,
MN) and two Jackson-Pratt drains are placed along the
fascial edges; this is then covered using an ioban, allowing
closed suction to control reperfusion-related ascitic fluid
egress while providing adequate space for bowel expansion to prevent the abdominal compartment syndrome.
Following normalization of physiologic parameters, typically after 12–24 h in the SICU, the patient is returned to
the operating room for pack removal and definitive repair
of injuries. Occasionally, ongoing bleeding will necessitate
repeating the earlier steps of this algorithm and angiography should be considered in recalcitrant cases. Although
patients ideally remain in the ICU for approximately

Abdominal Trauma, Damage Control. Figure 2 Towel clip closure of the abdomen allows intraoperative resuscitation of the
patient
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Abdominal Trauma, Damage Control. Figure 3 Temporary closure of the abdomen entails covering the bowel with a
fenestrated 1010 drape (a), placement of JP drains and a blue towel (b), followed by ioban occlusion (c)

24 h during resuscitation and stabilization, early return to
the operating room should be considered in patients with
ongoing transfusion requirements despite correction of
temperature and coagulation abnormalities.
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Abscess
▶ Anaerobic Infections

Abscess, Epidural
PARITA BHUVA, BARNETT R. NATHAN
Division of Neurocritical Care, Departments of neurology,
University of Virginia, Charlottesville, VA, USA

Synonyms
Intracranial epidural abscess; Spinal epidural abscess

Definition
Spinal epidural abscess (SEA) is a suppurative collection
in the space surrounding the spinal cord located between
the dura mater and the vertebral periosteum.
Spinal epidural infections are rare with an incidence
of 0.2–2 cases per 10,000 hospital admissions. Most
cases of SEA occur in patients aged 30–60 years. The
most common risk factors for SEA are diabetes mellitus,
followed by trauma, intravenous drug abuse, and
alcoholism.

Treatment
Spinal epidural abscess is a neurosurgical emergency due
to the potential for rapid deterioration to severe spinal
cord dysfunction. The goal of surgery is immediate
decompression and drainage. Posterior epidural abscesses
are usually treated with decompressive laminectomy

Accessory Splenic Tissue

followed by irrigation through extradural drains for several days. In cases of anterior SEAs, anterior decompression is usually performed along with a partial or complete
anterior or anterolateral corpectomy, because the infection usually extends to the vertebral column [1].
Antibiotic therapy should be based on the organisms
most likely to be involved. An acceptable empiric regimen includes a third-generation cephalosporin along
with an antistaphylococcal agent. If an organism or
organisms are identified from culture, antibiotic therapy
should be tailored based on susceptibility patterns. The
adequate duration of antibiotic therapy for SEA has not
been determined with certainty; however, a minimum of
6–8 weeks of treatment is the accepted standard of care,
especially in cases managed medically. This recommendation is largely based on expert opinion and on the
frequency of concomitant vertebral osteomyelitis seen
in patients with SEA.

Evaluation/Assessment
The presenting signs and symptoms of a spinal epidural
abscess can vary significantly. Back pain is the most common initial complaint. Other findings may include fever/
chills, paresthesias, weakness, and difficulty ambulating.
An established staging system outlines the progression of
symptoms and physical findings:
Stage 1, back pain at the level of the affected spine
Stage 2, nerve-root pain radiating from the involved spinal
area
Stage 3, motor weakness, sensory deficit, and bladder and
bowel dysfunction and
Stage 4, paralysis [2]

signal on T2WI, with enhancement of the thickened dural
surface.
Because most predisposing conditions allow for invasion by skin flora, Staphylococcus aureus causes about two
thirds of cases. Less common causative pathogens include
coagulase-negative staphylococci, such as S. epidermidis
and gram-negative bacteria, particularly Escherichia coli
and Pseudomonas aeruginosa [3].

After-care
Rehabilitation for any residual neurologic deficit may be
necessary. This would include restrengthening programs
and ambulation retraining. The many complications
of spinal cord injury include bladder dysfunction,
decubiti, supine hypertension, recurrent sepsis, and
other problems.

Prognosis
The outcome of spinal epidural abscess is directly related
to timely diagnosis. Patients diagnosed before the development of significant neurologic deficits fare better than
those with weakness or paralysis for greater than 36–48 h
at the time of diagnosis [4]. Other factors such as older
age, septicemia, and greater degree of thecal sac compression are also associated with a worse outcome.
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▶ Enhanced Recovery After Surgery Intervention

Accessory Splenic Tissue
Naturally occurring heterotopic splenic tissue in the peritoneal cavity.
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Acetaminophen Overdose

Acetaminophen Overdose
MICHAEL E. SILVERMAN, RICHARD D. SHIH
Department of Emergency Medicine, Morristown
Memorial Hospital, Morristown, NJ, USA

Synonyms
APAP; Tylenol

Definition
Acetaminophen overdose is the ingestion of
supratherapeutic doses; this can be done as a one-time
ingestion defined as acute overdose, or this can occur over
extended periods of time, which is defined as chronic
overdose.
Acute acetaminophen overdose causing toxicity is
unlikely to occur in an acute ingestion in which less than
7.5 g is ingested in an adult or 140 mg/kg in a child [1].
Chronic acetaminophen overdose is the use of
supratheraputic doses over an extended period of time.
Nearly all reported cases of chronic acetaminophen toxicity involve patients who ingested supratherapeutic doses
and had factors that potentially predisposed them to acetaminophen-induced hepatic injury [1]. There is no clearly
defined amount of acetaminophen ingested or duration of
ingestion to define a chronic overdose.
There are multiple factors that likely increase your risk
for toxicity to acetaminophen; they include chronic alcoholism, inducers of the enzyme P450 metabolic pathway,
and malnutrition [1].

Treatment
N-acetylcysteine (NAC) in either intravenous or oral formulation is the treatment of choice for acetaminophen toxicity.
Activated charcoal may be efficacious in the acute setting, it
is most effective if given within 1–2 h after drug ingestion but
may still have some efficacy if given in the first 4 h.
The Rumack–Matthew nomogram is utilized to assess
patients for potential acetaminophen toxicity after a single
ingestion. This nomogram utilizes a serum level of acetaminophen and the patient’s time of ingestion [2]. If the
patient’s risk of acetaminophen toxicity is found to be
either in the possible or probable risk, the antidote,
n-acetylcysteine (NAC) is recommended for administration. N-acetylcysteine is most efficacious if used early
after the acetaminophen ingestion and ideally within
8–10 h [2]. However, if the patient’s time of ingestion is

later than this time frame, NAC usage continues to have
efficacy, albeit, not as great.
There are a number of presently utilized different NAC
treatment protocols. The 20-h intravenous one appears to
be most commonly utilized for uncomplicated cases of
potential toxicity. This protocol involves the administration of an initial dose of 150 mg/kg over 15 min, followed
by 50 mg/kg of NAC infused over the next 4 h. Over the
remaining 16 h, an additional 100 mg/kg are administered
as a constant infusion [1]. For patients with continued
signs of toxicity after the 20 h period, some advocate
continued NAC therapy. Other published protocols
involve oral routes of NAC administration and longer
durations of therapy. Controversy remains regarding the
preferred route of NAC administration, duration of therapy, and when to discontinue therapy in complicated
cases. The traditional 72-h oral NAC protocol is generally
not completed for the entire duration in uncomplicated
cases with negative follow-up acetaminophen levels and
no liver function abnormalities.
In complicated cases of acetaminophen toxicity with
ongoing hepatic toxicity, NAC therapy is continued
beyond any predetermined time period. This is generally
continued until the prothrombin time is near normal (PT
< 1.5) [3]. For patients who do not develop liver failure
but with elevated AST concentration, NAC may be continued until significant improvement, liver transplantation, or death [1]. However, these criteria for NAC
discontinuation remain under debate.
Antiemetics may be necessary, especially when treating
with the oral formulation of NAC, due to the nausea and
vomiting associated with acetaminophen toxicity.
The decision whether to use oral or intravenous routes
of administration rests with the clinician. Head-to-head
comparisons have not been performed. However, observational studies involving both routes of administration
suggest that either route is equally efficacious. Theoretical
advantage for the oral route includes the decreased cost of
the medication and potentially higher hepatic levels of
NAC due to first-pass metabolism. In critically ill patients,
the few studies available involve the use of intravenously
administered NAC. Additionally, with possible decreased
GI absorption in critically ill patients, the intravenous
route would be preferred [4].
Few side effects are associated with the use of NAC.
The most commonly reported adverse effects of intravenous acetylcysteine are anaphylactoid reactions, including
rash, pruritus, angioedema, bronchospasm, tachycardia,
and hypotension [4].
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Evaluation/Assessment
A thorough history from patient, family, or other care
providers can be helpful in determining events of ingestion, including amounts, timing and potential co-ingestions. Physical findings should be noted, although
a complete physical examination is important in any
potential overdose patient; in the setting of an acute acetaminophen overdose, there may be little if any abnormal
initial physical examination findings. Right upper quadrant abdominal pain and tenderness may be present as
acetaminophen-induced hepatotoxicity ensues.
Laboratory testing should include an acetaminophen
level. Levels taken between 1–4 h can be difficult to interpret; however, an unmeasurable level at this time excludes
a significant acute overdose. In an acute overdose patient,
a measurable level drawn before 4 h mandates a repeat
level at 4 h and needs to be assessed on the Rumack–
Matthew nomogram. The nomogram can be used for
levels up to 24 h post-ingestion [5].
In patients where it is unknown when the time of
ingestion has occurred, liver transaminases should be
measured. If there is an elevation of these tests, NAC
should be administered regardless of what the measured
acetaminophen level is. If the transaminases are negative
with a negative acetaminophen level, toxicity is excluded.
In patients that demonstrate hepatoxicity, additional
laboratory tests that are useful for assessing the degree of
toxicity and prognosis include liver transaminases, prothrombin time, bilirubin level, serum glucose, serum
blood urea nitrogen, serum lactate, serum creatinine, arterial pH, and individual clotting factor activity. Severe
toxicity and increased mortality is seen in patients with
metabolic acidosis, hepatic encephalopathy, elevated prothrombin times, and poor clotting factor activity [6].
Patients receiving intravenous acetylcysteine for severe
hepatotoxicity need aggressive monitoring and supportive
care provided in a critical care setting. Determining
the length of NAC treatment in patients with severe hepatotoxicity can be difficult and is controversial. Most experts feel
that NAC should be continued intravenously until encephalopathy resolves, there is no acidosis, the transaminases are
improving, and the prothrombin time is improving.
One additional treatment modality available to severely
poisoned patients is hepatic transplantation. A number of
such patients have been successfully treated with this intervention. In one database, 40% of patients of liver transplants
for drug-induced acute liver failure were due to acetaminophen [7]. An important factor involved in caring for severely
acetaminophen-toxic patients is the rapidity that patients
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evolve from ingestion to hepatic toxicity to hepatic failure
and death, if it occurs. One study revealed that acetaminophen-toxic patients that met criteria for liver transplantation
developed surgical contraindications 30% of the time prior
to transplant [8]. Given this, it is important to identify
patients that are severely toxic and rapidly deteriorating
for early referral for transplantation assessment.

Epidemiology
The incidence of acetaminophen toxicity continues to be
one of the most common pharmaceutical ingestions as
well as the most common cause of medication exposure
toxicity. The 2008 Annual Report of the American Association of Poison Control Centers’ National Poison Data
System (NPDS): 26th Annual Report noted that the most
common exposure-related fatalities by type was analgesics
with acetaminophen being the most common as a single
agent alone, followed by in combination [9].

After-care
Patients showing evidence of severe of significant liver
toxicity or encephalopathy, and those at risk for hepatic
failure may require ICU care. Consultation with a regional
poison center, gastroenterologist (or hepatologist) consultant, and liver transplant center may be important to help
plan treatment. As NAC is a very effective antidote, the
vast majority of patients recover from their toxic ingestion. Once the medical issues have been resolved, if is
important to assess any psychiatric issues that are present.

Prognosis
The prognosis of patients with acetaminophen overdose is
based on their degree of liver dysfunction, as well as, the
presence of additional comorbidities. Patients that do not
develop significant liver toxicity have excellent prognoses.
Patients who develop fulminant hepatic failure have significant morbidity and mortality. N-acetylcysteine therapy and liver transplantation may significantly reduce this
mortality.
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Synonyms
Acid–base assessment; Blood gas analysis

Acetylsalicylic Acid Overdose
▶ Salicylate Overdose

Definition
During the past years, different definitions of acid and base
have been developed as shown in the following table [1]:

Acid Fast Bacilli (AFB)
Mycobacteria are aerobic bacteria with a specially adapted
cell wall containing characteristic pepitdoglycolipids that
render the bacteria somewhat resistant to gram staining.
The term “acid fast bacteria (AFB)” refers to special
procedures that allow for arylmethane dye uptake and
retention, despite exposure to acid. Bacteria appear in
a red–pink color by light microscopy.

Acid–Base
▶ Urine Electrolytes and Acid Base

Acid–Base Assessment
▶ Acid–Base Evaluation

Base

1887

Arrhenius

Hydrogen
ion donor
(aqueous
medium)

Hydroxyl ion
donor
(aqueous
medium)

1921

Van Slyke

Anion (apart
from OH)

Cation (apart
from H+)

1923

BronstedLowry

Hydrogen
ion donor

Hydroxyl ion
donor

1938

Lewis

Electron
acceptor

Electron
donor

1939

Usanovich

Cation
donor, anion
or electron
acceptor

Anion donor,
cation
acceptor

Ache
▶ Chest Pain: Differential Diagnosis

Acid

The definition proposed by Arrhenius considers acid
as a substance capable of dissociating in water that gives
up hydrogen ions (H+), while base as a substance that gives
up hydroxide ions (OH). This definition, however, limits
acids and bases to substances that can dissolve in water.
The definition of Bronsted and Lowry includes even
substances that are insoluble in water. The most general
definition was introduced by Lewis, which defines an
acid as an electron-pair acceptor and a base as an electronpair donor. According to this definition, acids are also
substances that do not contain any hydrogen atoms.
Usanovich developed an even more general approach to
acid–base theory that consolidated all the different
approaches.

Acid–Base Evaluation

We may wonder, however, how these definitions are
important in biology and medicine. For example, carbon
dioxide, a compound of paramount importance in human
physiology and acid–base equilibrium, per se, is not an
acid; in contrast, when hydrated it behaves as such as it is
transformed into carbonic acid. In general, we believe that
the acid operational definition as proposed by Stewart in
1981 covers, in practice, all acid–base physiology and
pathophysiology as encountered in biology and medicine.
In fact, Stewart defined acid as any substance that added to
a solution brings about an increase in hydrogen ion concentration of that solution, all the other independent variables remaining constant [2].
It must be pointed out that in solution the protons
(H+) are associated and react with the surrounding water
molecules. This reaction is often represented by the hydronium ion (H3O+), while even this 1:1 relationship is not
accurate. Moreover, the real behavior of solutions deviates
from the ideal one because of the interactions between
molecules. The ionic strength is a parameter that allows
quantifying the effect of interionic interactions (molecular
attraction and repelling). Ionic strength is computed as:
I¼

n
X

½i  zi2

Pre-existing Condition
Acid–Base Strength
Several substances acting as acids or bases are normally
present in human plasma. As defined operationally above,
an acid is a substance, which increases proton concentration in a solution. The strength of an acid (or a base) is the
measurement of the tendency to release (dissociate) protons in solution, and is expressed as KA. In fact:
KA ¼

½Hþ   ½A 
½AH

ð3Þ

The above equation set also the relationship between
pH and pK. In fact:
KA
½Hþ 
þ ¼
½H  ½AH

ð4Þ

and in logarithmic form:
log10 KA  log10 ½Hþ  ¼ log10

½A 
½AH

ð5Þ

as

where n denotes the number of ions in the solution, i
denotes each specific ion in the solution, and z denotes
the charge. Accordingly, greater is the ion concentration in
solution and the ion charge, greater are the forces of
attraction and repulsion, which are present in the solution. The relationship between concentration and activity
is expressed as:
Activity ¼ f  concentration

ions and pH refer to the concentration of the former
instead of their activity.

ð1Þ

i¼1

A

ð2Þ

where f denotes the activity coefficient. This indicates that
activity and concentration are the same only in the case of
extremely diluted solutions, where f = 1. Although the
plasma ionic strength is not irrelevant (around 0.145
mmol/L) and the ion activity remarkably differs from
their concentration (<0.76), in biology and medicine the
activity is usually ignored as whatever change induced in
physiological fluids by therapeutic interventions, such as
hydratation or dehydratation or by the disease itself (if in
limits compatible with life) do not modify remarkably the
ionic strength. It is important to note, however, that pH,
which is a key measurement for defining acidosis/alkalosis, measures the protons activity instead of their concentration. In fact, only the “active ions” may cross the glass
electrode initiating the process finally leading to the pH
measurement. In summary, although the pH measures the
protons activity, all the derived computations involving

 log10 ½Hþ  ¼ pH

ð6Þ

 log10 KA ¼ pK A

ð7Þ

and

it follows that:
pH ¼ pKA þ log10

½A 
½AH

ð8Þ

Indeed, greater is the KA, lower is the pKA and greater
is the acid strength. In chemical textbooks an acid is
usually defined as “strong” when its pKA << 2. Therefore, strictly speaking, only few “strong acids” are actually
present in the plasma, as hydrochloric acid (pKA = 9.3)
and sulfuric acid (pKA = 3). Some other acids of biological importance, however, do have a pKA between 2 and 4,
which is greatly higher than the pKA threshold for strong
acid, as previously defined. For example, lactic acid has
a pKA equal to 3.8. At plasmatic pH, however, lactic acid is
almost completely dissociated as the ratio [A]:[AH] is
3981:1. Therefore, in medicine the concept of “strong
acid,” i.e., fully dissociated, must be considered relatively
to the pH of the biological fluid. In contrast, weak acids
are usually defined in medicine as those for which pKA is
between 6 and 7. In human plasma these are the carbonic
acid (pK  6.1), the phosphoric acid (pK  6.8), and
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the imidazole groups of histidine residues of albumin (pK
 6.8). These weak acids, in the traditional terminology,
are named as buffers, as they may be present at plasmatic
pH in their dissociated or undissociated forms, being their
dissociated/undissociated ratio ranging between 4 and 20.

Determinants of Plasma pH
To understand the pH determinants it may be useful to
reconstruct, step by step, the human plasma, which may be
modeled as a water solution in equilibrium with the alveolar gases, in which acids and bases of different strength
are mixed throughout. Let us assume that we want to
prepare 1 L of solution resembling human plasma artificially. For the sake of simplicity we will consider only the
compounds that are more relevant for the acid–base
equilibrium.

Adding Strong Acids and Bases: Generation
of Strong Ion Difference
The first step is to add 145 mmol of NaOH and 5 mmol of
KOH to water. These two strong bases fully dissociate in
water, and in the solution will be present 150 mmol of
positive “strong ions” (145 mmol of Na+ and 5 mmol K+)
as well as 150 mmol of OH. As the ionic product for
water, i.e., K’w = [H+]  [OH] may be considered
constant (at 37 C, 2.39  1014), the pH may be easily
computed. In fact [H+] = K’w/150 = 1.59  1013 mol/L,
and pH = 12.798. Of note, the strong bases generated
positive strong ions. Let us now add 110 mmol of HCl,
a strong acid. In the new solution will be present 150
mmol of positive strong ions, 110 mmol Cl (strong
negative ion), and 40 mmol OH (as 150 mmol OH +
110 mmol H+ will produce 110 mmol H2O and 40 mmol
of OH). The difference between the positive strong ions
and the negative strong ions is called, by Stewart, strong
ion difference (SID) [2]. In this new solution the [H+] =
K’w/40 = 5.98  1013 mol/L and pH = 12.224. It must be
stressed that SID may only be changed by removing strong
ions, primarily through the kidney, or adding strong ions
(metabolism and food). Note that SID may also be seen as
the difference between strong bases and strong acids.

Adding Fixed Weak Acids (Buffers or ATOT)
Now let us add to the solution weak acids whose functional pKA is between 6 and 7. According to Stewart’s
terminology, weak acids are named as ATOT [2], while
according to the traditional terminology, they are named
as buffers. The most important weak acids in plasma are
phosphoric acid and albumin (both at pKA  6.8). The
albumin molecule includes amino acid residues, which

behave as strong acid or base, and other residues which
behave as a weak acid. In particular, at plasmatic pH,
arginine and lysine (pKA  10–12) always behave as strong
bases, so that the –NH2 residues are present only
as –NH3+. On the contrary, the –COOH residues of
aspartatic and glutamic acid (pKA  4.4) are always present in their dissociated form –COO. The net charge due
to the difference of strong acids and bases present in albumin molecule is 21 Eq/mol, independent on the pH value.
From this point of view, albumin may be considered
a strong acid. On the other hand, the molecule of albumin
presents also 16 imidazole groups in the histidine residues
(pKA  6.8), which are in the range of weak acids, thereby
acting as buffers. Now we will add to our solution, characterized by SID 40 mEq/L and [OH] 40 mEq/L, further
40 g albumin and 2 mEq of phosphate. These are equivalent to 17.8 mmol of ATOT. The small part of ATOT, which
is undissociated at pH of 12.224 will react with part of the
40 mmol of OH according to the following reaction:
½AH þ ½OH  ¼ ½A  þ ½H2 O

ð9Þ

As a result, the pH will slightly decrease down to 11.967,
while the [OH] will drop from 40 to 22.16 mEq/L.

Adding a Volatile Weak Acid
Let us now equilibrate the solution with alveolar gases, in
which PCO2 is equal to 40 mmHg. Gaseous CO2 in part
dissolves in water solution where it stays unmodified
(CO2dissolved), while, in part, will react with waterforming carbonic acid (H2CO3, pK  6.1). This wellknown reaction, extremely accelerated by the carbonic
anydrhase is summarized as follows:
CO2 þ H2 O , H2 CO3 , HCO3  þ Hþ

ð10Þ

Most of the protons produced will react (buffering
action) with the dissociated form of ATOT, accordingly to
the following reaction:
½HCO3   þ ½Hþ  þ ½A  ¼ ½AH þ ½HCO3  

ð11Þ

The above equations explain why the buffer base,
which (see below) is the sum of [A]+[HCO3], is independent of the CO2 variation. In fact, if 1 mmol of protons
is generated by the hydration of 1 mmol of CO2, 1 mmol of
bicarbonate is produced, while 1 mmol of A is consumed. However, the sum of [A] and [HCO3] remains
constant. Therefore, when CO2 changes only the composition of buffer base changes, while its total value remains
constant. The addition of CO2 at 40 mmHg to our solution will result in a solution with SID 40 mEq/L, [A]=
14.6 mEq/L, [AH] =3.95 mmol/L, and pH=7.413.
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The Physicochemical (Stewart’s) Approach [2]
Stewart’s Independent Variables: SID
Step 1 – We may note that in the “preparation” of human
plasma explained above, we have observed a change of pH
at each step of the preparation. In the first step the pH was
determined by the positive difference between the strong
bases and strong acids, which generated an amount of
OH equal to the observed difference. This strong ion
difference (SID), therefore, is an independent variable
that determines the pH (dependent variable).

Stewart’s Independent Variables: ATOT
Step 2 – In the second step, we added a physiological
amount of weak acids. The dissociation of part of these
substances led to a decrease of [OH], with an increase of
protons and a further decrease of pH. The total amount of
weak acids, indeed, is the second independent variable,
which may affect the pH (whatever is the value of SID).

Stewart’s Independent Variables: PCO2/CO2
Content
Step 3 – In the third step, we added another weak acid, the
carbonic acid, which derived from CO2 hydration. Adding
this acid led, as a final result, to a further decrease of pH.
Therefore, the PCO2 or, more properly, the total CO2
content is the third independent variable, which may
affect the pH. What we have described so far is nothing
else than what has been called the Stewart’s approach or
physicochemical approach to the acid–base equilibrium.

The Traditional Approach
Henderson–Hasselbach Equation
The traditional approach is based on CO2 equilibrium,
and relies on Henderson–Hasselbach equation [3] and the
Van–Slyke equation [4]. The former tells us that pH is
a function of the ratio between bicarbonate and PCO2:
½HCO3  
pH ¼ pK þ log10
ð12Þ
a  PCO2
where a denotes the solubility coefficient for CO2. It is
worth noting that the term a  PCO2 is used as substitute
for carbonic acid. As shown, the Henderson–Hasselbach
equation is the specific application to the carbonic buffer
pairs (HCO3/H2CO3) of the general equation of acid
dissociation (Eq. (8)). The problem of this equation is
that it includes both PCO2 (a marker of respiratory problems) and HCO3, which depends either on PCO2 (i.e.,
ventilation), or on metabolic alkalosis/acidosis, as we will
see below.

A

Buffer Base and Base Excess
As the Henderson–Hasselbach equation is inadequate to
assess metabolic acidosis/alkalosis, Singer and Hastings
introduced the concept of buffer base [5] to rid off the
problem of “respiratory” CO2. Buffer base, in fact, is
defined as the sum of the dissociated forms of fixed and
volatile weak acids (A + HCO3). As whatever change of
PCO2 changes the concentration of HCO3 stoichiometrically with the concentration of A, with the opposite
sign (i.e., D[HCO3]=D[A]), their sum, the buffer
base, remains constant and independent of CO2 changes
(see Eqs. (10 and 11)). Buffer base value may only change
when strong acids or bases are added/removed, consuming/increasing both [A] and [HCO3]. To assess the
metabolic acidosis/alkalosis Siggaard–Andersen introduced the concept of base excess [1] as the difference
between actual and normal buffer base values. Therefore,
to compute the base excess, we have to know which are the
normal values (the reference) and to compute the actual
buffer base. The normal values refer to an ideal situation
in which, at 37 C, the PCO2 = 40 mmHg, pH= 7.4
and plasma proteins (ATOT) = 70 g/L. In these conditions,
the bicarbonate portion of the buffer base equals
24.8 mmol/L, as computed by Henderson–Hasselbach
equation, while the [A] portion of the buffer base =
17.2 mmol/L, resulting in a normal buffer base of
42 mmol/L. To compute the base excess the formula
recommended by Clinical and Laboratory Standards Institute, conceptually similar to the Van Slyke equation, is
as follows:
BE ¼ D½HCO3   þ b  DpH

ð13Þ

where b is the buffer power of non-carbonic buffers. To
estimate b in vivo we have to consider subjects in which
the base excess is normal (i.e., equal to 0). It follows that:
b ¼ D½HCO3  =DpH

ð14Þ

Changing the HCO3 by changing the PCO2 through
variation of ventilation it is possible to determine b
according to Eq. (14). The b value has been determined
by Siggaard–Andersen in 11 normal subjects and was
found equal to 16.7 mmol/L [1]. This represents the
change of A for a unitary change of pH. Now it should
be easy to understand Eq. (13). The first part:
D½HCO3   ¼ ½HCO3  actual  24:8

ð15Þ

tells us how much of the buffer base variation is due to the
bicarbonate changes.
The second part of the equation:
D½A  ¼ b  ðpHactual  7:4Þ

ð16Þ
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tells us how much of the buffer base variation is due to the
change of A. Indeed the formula:
ð17Þ

140

estimates the buffer base variations compared to normal
in its two determinants, i.e., [HCO3] and [A]. It is
worth noting that the value of b, which is properly defined
as the buffer power of non-carbonic acids, relates to normal subjects. In intensive care, the concentration of ATOT,
primarily in its albumin content, is usually lower than
normal and this should be associated with a decrease of
b. In clinical practice, however, all these subtle differences
are not taken into account.
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After a brief exposition of the two main approaches to the
evaluation of acid–base equilibrium, it is worth noting
that the Stewart’s approach and the traditional approach
are, in a sense, similar. In fact, the independent variables
regulating pH according to the Stewart’s approach are all
present in the traditional approach. Namely:
1. The SID is equal to the buffer base, which may be easily
estimated from the actual base excess. In fact
BE ¼ Buffer baseactual  Buffer baseideal
¼ SIDactual  SIDideal

ð18Þ

2. The PCO2 is equally considered an independent variable in the two approaches.
3. The ATOT value is substituted, in the traditional
approach, by the non-carbonic buffer power b. This
is the only real difference between the two approaches:
the Stewart’s approach requires the understanding and
the measure of ATOT, while the traditional approach
considers it (measured by b) constant (70 g/dL).
A schematic representation of the two approaches is
presented in Fig. 1.

Application
Sources of Error in the Preanalytical Blood
Gas Analysis
Blood gas analysis is the most widely applied methodology
to assess the acid–base status of critically ill patients, for
the diagnosis, the clinical treatment, and during the subsequent clinical follow-up. The absolute values of the
measured parameters are crucial to perform a correct
diagnosis and during the follow-up, especially in lifethreatening conditions. The preanalytical phase plays
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Acid–Base Evaluation. Figure 1 The figure shows an
exemplificative gamblegram. SID denotes strong ion
difference, [A] the dissociated part of non-carbonic buffer
concentration, [HCO3] the bicarbonate concentration, [H+]
the proton concentration, [OH] the hydroxyl ion
concentration, and K’w indicates the ionic product of water.
PCO2 increase causes [HCO3] to increase, [A] and [OH] to
decrease, while buffer base remains constant. As [OH]
decreases, [H+] increases to maintain K’w constant. This leads
to a decrease of pH. Therefore, the final result increased PCO2,
decreased pH, unchanged buffer base (and base excess). This
is called respiratory acidosis. On the other hand, if SID
decreases, as an example increasing the negative strong ion
column, this will cause a decrease of [HCO3], [A] (buffer
base), and [OH]. The [OH] decrease is associated with [H+]
concentration increase and pH decrease. This is typical of
metabolic acidosis

a major role in the source of error in blood gas analysis.
A typical preanalytical error is the presence of air bubbles
in the blood sample. An air bubble of 0.5–1% left into the
syringe for some minutes may seriously affect the pO2
value measured. For what the storage is concerned, the
collecting device, storage conditions, and time from the
sample withdrawn to the analysis can cause significantly
different measurements. When blood samples are collected in plastic syringes, they must be kept at room
temperature and immediately analyzed. If the analysis is
going to be delayed the sample should be stored in glass
syringes and cooled with ice. The glass syringe is better
than the plastic one for preserving arterial blood gas,
especially for oxygen partial pressure determination. This
phenomenon may be explained by the nanomaterial composition of the syringe itself. An excessive use of heparin
solution as anticoagulant may cause dilution of the
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sample; therefore, it would be better to minimize the
anticoagulant to sample volume ratio. The sample volume
too can be a source of error if it is too small. This may
affect the value of measured pO2, BE of the total blood,
and hemoglobin-related parameters, due to the analyzer
used and to the fact that the plunger of the syringe is very
close to the needle of the analyzer. Finally, the performance of precision of the analyzer has to be considered
as it varies through the range of concentrations and values
measured.

Directly Measured Variables
Hydrogen Ion Concentration: pH
As previously described, the pH, usually measured by glass
electrode, expresses the activity of protons free in the
plasma. A pH value of 7.4 corresponds to [H+] of
39.8*109 mol/L, i.e., 39.8 nanomoles per liter. It is worth
noting that this order of magnitude is one-million-time
lower than the CO2 or electolytes concentration, which are
in the order of millimoles per liter. Normal values for
arterial pH range from 7.35 to 7.45; pH values lower
than 7.35 indicate acidemia and suggest a process called
acidosis, while values greater than 7.45 indicate alkalemia
and suggest a process called alkalosis.

Carbon Dioxide Tension (Arterial Carbon
Dioxide Partial Pressure)
The partial pressure of CO2 (PCO2) measures the activity
of CO2 molecules dissolved into the plasma. PCO2 is
measured by the Stow–Severinghaus’ electrode. Normal
values of PaCO2 range from 35 to 45 mmHg. The solubility coefficient is 0.0306 mmol/mmHg/L. Indeed, at 40
mmHg PaCO2, CO2 molecules dissolved as such into the
plasma will amount to 1.224 mmol/L. As 1 mmol of gas
occupies 22.414 mL, the normal amount of dissolved CO2
corresponds to 27.4 mLCO2/L or to 2.74 mL. Of note
22.414 L is the volume of 1 mol of CO2 in standard
pressure/temperature condition, i.e., 760 mmHg and
0 C. The actual volume occupied by 1 mol of CO2 at the
body temperature of 37 C will be 25.455 L, according to
the general equation of gases PV = nRT, in which R =
0.08207 L*atm/mol/K. A PCO2 greater than 45 mmHg
indicates hypercapnia and suggests a process called respiratory acidosis, while a PCO2 lower than 35 indicates
hypocapnia and suggest a process called respiratory
alkalosis.

Electrolytes
The most important electrolytes, which participate in the
formation of strong ion difference (SID) are sodium,
potassium, and chlorine, which should be always assessed

A

for a full understanding of acid–base equilibrium. In addition, lactate measurement is also indicated as it frequently
causes a decrease of SID in critically ill patients. An exact
computation of SID would require the analysis of all
the strong ions present in the plasma. In practice, this is
impossible and the electrolytes quoted above are sufficient
for an “apparent” SID estimation in most clinical circumstances occurring in critically ill patients.

Weak Acids (ATOT) and Buffers
The most important “weak acid,” which contributes to
buffer base in its dissociated form is albumin [2].
As discussed above the net charge of albumin at pH
7.4 is negative. Hypoalbuminemia is therefore associated,
per se, with alkalosis. Although albumin concentration is
usually expressed in terms of g/L or g/dL (normal values
40–50 g/L or 4–5 g/dL) in the acid–base context it must be
considered in term of mmol/L (1 g/L = 0.38 mmol/L,
normal values 15.2–19 mmol/L). Moreover, since what
accounts for the buffer base is the dissociated form of
albumin, it can be computed (in mEq/L) rearranging
Eq. (8) and the conservation mass equation:
½ATOTAlb  ¼ ½AHAlb  þ ½A Alb 

ð19Þ

as follows:
pH ¼ pKAlb þ log10

½A Alb 
½ATOTAlb   ½A Alb 

ð20Þ

where pKAlb  6.8 and the footnote “Alb” denotes
albumin.
The second weak acid, which contributes to the buffer
base is the phosphate. Phosphate charge have two components: a fixed charge that functions as a strong ion (due to
PO43 components) and a variable charge, which is
responsible for the non-carbonic buffer behavior
(HPO42/H2PO4 pair). Normal values of inorganic
phosphorus are 0.81–1.4 mmol/L or 2.5–4.3 mg/dL, and
its pK value is 6.8. The third weak acid, which contributes to the buffer base formation is the dissociated
form of carbonic acid, i.e., bicarbonate, which will be
discussed below.

The Computed Variables
Carbon Dioxide Content
The total CO2 content (tCO2) in plasma includes various
species in which the CO2 is present [1]:
½tCO2  ¼ ½dCO2  þ ½HCO3   þ ½CO3 2 
þ ½PrNHCOO  þ ½NaCO3  

ð21Þ
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in which tCO2 denotes the total CO2, dCO2 the dissolved
form of CO2, HCO3 bicarbonate, CO32 the carbonate,
PrNHCOO the carbamino compound, and NaCO3
denotes the sodium carbonate.
The three last species are usually ignored in human
plasma and the [tCO2] provided by the blood gas machine
is the sum of the [dCO2] and [HCO3]. This amount,
in normal plasma at pH 7.40, equals 1.224 + 24.8 =
26.02 mmol/L, which is equivalent to 58.28 mLCO2/dL.
It is worth reminding that the total CO2 content given by
the blood gas machine refers to the CO2 content of plasma
and not of the whole blood. In fact, for the same PCO2, the
content of CO2 into the red cells is lower than in plasma
as the red cell pH is lower. The order of magnitude of
the total CO2 difference at similar PCO2 between 1 L of
plasma and 1 L of blood with a normal hematocrit is of
5–10 mmol/L, depending on PCO2 and pH.
The primary variable derived from PCO2 and pH
measurement is the bicarbonate concentration. Rearranging the Henderson–Hasselbach equation:
½HCO3   ¼ 10pHpK 0:0306 PCO2

ð22Þ

The problem is the pK value. In some blood gas
machine the algorithm for HCO3 computation includes
the pK variations with pH. Some others use slightly
different pK values. It is out of the purposes of this chapter
to discuss the biochemistry of the carbon dioxide
hydratation (see Siggaard–Andersen [1]). It is therefore
sufficient to say that different blood gases machines, measuring exactly the same pH and PCO2, may provide different values of HCO3 due to the differences of the
implemented algorithms. The differences are minimal
around the physiological pH and PCO2 but may be as
high as 2 mmol/L in case of severe alkalosis or acidosis.
As in intensive care unit what is important is the trend of
variables over time, if only one blood gas machine is
employed this problem is irrelevant. It may become
important if two blood gas machines with different
implemented algorithms are used to follow the clinical
course of a given patient.

extracellular fluid, in which, by convention, hemoglobin
contribution to the BB is assumed to be equal to 6 g/dL.
BE (positive and negative) is a measure of how much,
compared to the normal, the BB is increased (alkalosis) or
decreased (acidosis). Indeed the concept of BE implies the
knowledge of a “normal reference state,” i.e., what is the
value of BB in standard condition. The reference state is
the BB when PaCO2 is 40 mmHg, the pH is 7.4 and the
temperature is 37 C and the values of ATOT (i.e., protein) is
normal (70 gr/dL).
Normal BE is equal to 0 in arterial blood. It is important to note that the normal BE in the venous blood is
1.5 mmol/L greater than arterial one. This difference is
not due to the “production” of positive bases in the venous
side, but simply to an “artifact” related to the reference
value. To exactly compute the venous BE the reference
normal values should be the ones of the venous and not
of the arterial blood, i.e., pH  7.38 instead of 7.4, and
[HCO3]  25.7, instead of 24.8 mmol/L. These new
reference values should be used in formula (17) to compute the exact base excess in the venous blood. Doing so,
the BE will be the same both in arterial and venous side as
it should be.

Strong Ion Difference
As discussed above, the apparent strong ion difference
(SID) may be used in clinical practice, due to the impossibility of measuring all the ions present within the
plasma. It must also be remembered that strong ion difference, buffer base, and BE are all related. In fact:
SIDactual  BE þ 42mEq=L  ½A  þ ½HCO3  

ð23Þ

This is the reason why we believe that the Stewart’s
approach helps in understanding the acid–base equilibrium. In fact, if one of the above identities is not verified
suggesting that unmeasured substances (either positive or
negative ions) or even abnormal proteins are present
within the plasma, the problem deserves attention and
investigation. Normal SID should be around 42 mEq/L;
its decrease indicates metabolic acidosis, while its increase
indicates metabolic alkalosis.

Base Excess
The base excess (BE) is a parameter aimed to quantify the
presence of strong acid (metabolic acidosis) or strong
basis (metabolic alkalosis) either in the whole blood (in
this case it is named as BE blood (BE(B)) or actual BE
(ABE)) or in the extracellular fluid (named as extracellular
BE (BEecf) or standard BE (SBE)). The difference is due to
the presence of hemoglobin in the whole blood (a component of total weak acids [ATOT] concentration). The BB
of the whole blood, indeed, is higher than the BB of the

Anion Gap
Anion gap is computed as the sum of the most representative positive strong ions ([Na+]+[K+]) minus the most
representative negative strong ions ([Cl]) and bicarbonate. It is therefore a mixture between SID and carbonic
buffer. In an ideal situation in which pH equals 7.4, PCO2
40 mmHg and SID 42 mEq/L, the anion gap will be equal
to 17 mEq/L, which is the amount of [A] (albumin +
phosphate). As each of the above normal values has its
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own standard deviation it follows that the “normal” anion
gap ranges between 10 and 20 mEq/L when including
potassium and 8–16 mEq/L when potassium is excluded.
Since anion gap includes the bicarbonate, it depends in
part on respiratory status, although an increase in bicarbonate due to CO2 retention is usually associated, after
few days, to a chloride decrease. As shown, also the anion
gap is easily understandable mixing the traditional and the
Stewart’s approaches. The following relationships, in fact,
hold true:
Anion gap  SIDactual  ½HCO3  




 BE þ 42  ½HCO3   ½A 

ð24Þ

As anion gap is [A], it is easy to understand how
the albumin, the primary component of ATOT, may affect
the anion gap. Normal anion gap with acidemia usually
indicates that bicarbonate loss has been replaced by chlorine, while high anion gap with academia indicates that an
“unknown negative ion” has “consumed” the bicarbonate,
while the chlorine stays normal or even decreases.
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Synonyms
Acinetobacter ICU-acquired infection; Acinetobacter bacteremia; Acinetobacter ventilator-associated pneumonia;
Acinetobacter urosepsis; Acinetobacter urine tract infection; Acinetobacter wound infection; Acinetobacter central venous catheter infection; Acinetobacter meningitis;
Acinetobacter cholangitis; Acinetobacter peritonitis;
Acinetobacter skin infection

Definition

Acinetobacter Bacteremia
▶ Acinetobacter Infections

Any nosocomial infectious disease owed to this specific
Gram-negative pathogen is defined Acinetobacter
baumannii infection. It is usually a hospital-acquired
infection. It affects primarily critically ill patients of intensive care units, mainly in tropical climates.

Identity of Pathogen

Acinetobacter Central Venous
Catheter Infection
▶ Acinetobacter Infections

Acinetobacter Cholangitis
▶ Acinetobacter Infections

The genus Acinetobacter consists of pleomorphic Gramnegative coccobacilli that are strictly aerobic, nonmotile,
catalase positive, oxidase negative, nitrate negative,
non-fermentative, sometimes difficult to decolorize, and frequently arranged in pairs. The word Acinetobacter originates
from the Greek adjective “Akinetos” which means unable
to move and the Greek noun “bacterion” which means
rod. So, Acinetobacter means a nonmotile rod.
The genus Acinetobacter comprises 33 different types
(species), of which 17 have been assigned valid. The term
“A. calcoaceticus – A. baumannii” complex is often used to
group the most clinically relevant species.
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Acinetobacter spp. have been widely found in nature,
mostly in water and soil. A. baumannii preferentially colonizes aquatic environments such as intravenous solutions.
A. baumannii is most often associated with hospitalacquired infections and does not typically colonize healthy
people. The main characteristic of A. baumannii is the
capability to survive for weeks in the environment.
A. baumannii is commonly isolated from the hospital
environment and hospitalized patients. A. baumannii isolates have been detected on hospital bed rails until 9 days
after the discharge of an infected patient, suggesting that
hospital equipments could serve as a secondary reservoir
for the transmission of infection.

Sensitivity of Pathogen
A. baumannii is usually a multidrug-resistant (MDR)
Gram-negative pathogen which has always been inherently resistant to multiple classes of antibiotics.
Multidrug-resistant Acinetobacter is not a new or emerging
pathogen. To date, some strains of A. baumannii have
become resistant to almost all antimicrobial agents that
are currently available.

Mechanisms of Resistance
Acinetobacter has a tendency to develop resistance to
antimicrobials rapidly. Resistance mechanisms that are
expressed frequently in strains of A. baumannii involve
antimicrobial-degrading enzymes (b-lactamases including
serine and metallo-b-lactamases, which confer resistance to
carbapenems), efflux pumps and target modification, and
cell-wall channels (porins). The acquisition of a MDR phenotype can be caused by mobile genetic elements such as
plasmids, transposons, and integrons. Classes I and II
integrons have been closely associated with MDR A.
baumannii [1]. They are mostly acquired by contact with
other bacteria, such as Pseudomonas aeruginosa. One example of integron transfer between Pseudomonas spp.
and A. baumannii is the acquisition of the class
I integron carrying the VEB-1 extended-spectrum ßlactamase. A. baumannii can become resistant to
quinolones through mutations in the genes gyrA and
parC and can become resistant to aminoglycosides by
expressing aminoglycoside-modifying enzymes. A recent
report described a “resistance island” containing 45 resistance genes within the Acinetobacter genome. Resistance
islands comprise one or more virulence genes located in
a mosaic distribution within a large genomic region.

Pathogenicity and Virulence of Acinetobacter
Acinetobacter has emerged during the past 3 decades from
an organism of questionable pathogenicity to an important

pathogen for patients in hospitals worldwide. The factors
influencing the pathogenicity of Acinetobacter were identified as the susceptibility of the host and the virulence potential of the organism, along with other factors, such as
antimicrobial resistance and desiccation tolerance. Host factors include the immune status, particularly of patients in
intensive care units, and the presence of foreign materials,
such as central intravenous catheters. Many patients
have lowered “colonization resistance” mainly owing to
prolonged administration of multiple antibiotics. The recent
availability of the full genome sequence of A. baumannii
represents a huge opportunity to identify more specific
virulence factors and establish their role in disease.
Virulence factors in A. baumannii include adhesions
necessary for the formation of biofilm, the production of
lipases which damage tissue lipids, and the elaboration of
siderophores to scavenge iron and promote survival. In
addition, the outer membrane of A. baumannii contains
lipopolysaccharide (particularly S-form) which is a major
stimulator of the immune response. This also confers
resistance to the natural bactericidal action of human
serum, thus promoting the survival of A. baumannii in
the human bloodstream. Most strains of A. baumannii
appear to produce a polysaccharide capsule that renders
the cell surface more hydrophilic and enhances virulence.

Acinetobacter Colonization
Acinetobacter commonly colonizes patients in the intensive care unit (ICU) setting especially those who are hospitalized for prolonged period, who are intubated for
prolonged period, and those who have central venous
catheters, intravenous monitoring devices, surgical drains,
or indwelling urinary catheters. In the ICU setting, digestive tract colonization is common, with rates as high as
40%. Wounds can be contaminated with dirt and debris
containing Acinetobacter at the time of injury.

Acinetobacter Infection
Acinetobacter infections have been documented worldwide.
They are more common in patients in tropical or subtropical
climates. Acinetobacter infections occur almost exclusively in
hospitalized patients. High-risk patients for development of
an Acinetobacter infection are usually critically ill hospitalized for prolonged period in intensive care units. Numerous
studies have supported that A. baumannii is the main genomic species associated with outbreaks of ICU-acquired infections in many settings.
The term “multidrug-resistant” (MDR) A. baumannii
although does not have a standard definition universally
acceptable is generally defined in the presence of
carbapenem resistance or resistance to at least three classes
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of antimicrobials that would otherwise serve as treatment for Acinetobacter infections (e.g., cephalosporins,
quinolones, aminoglycosides, and carbapenems). The
term “pan-drug resistant, PDR” Acinetobacter has been
used to describe strains of pathogen that are resistant to
all standard antimicrobial agents (including polymyxins).
Multidrug-resistant (MDR) A. baumannii is a rapidly
emerging pathogen in healthcare settings, where it causes
infections that include bacteremia, pneumonia, meningitis,
and urinary tract as well as wound infections mainly in
tropical countries and during wars and natural disasters.
Susceptibility of A. baumannii varies between countries,
with some regions having an increased prevalence of MDR
A. baumannii.
The most frequent infections due to A. baumannii are
ventilator-associated pneumonia (VAP), central venous
catheter–related infection, and bloodstream infection
(bacteremia). VAP due to Acinetobacter occurs predominantly in critically ill ICU patients with history of diabetes
mellitus, who require mechanical ventilation for prolonged
period. VAP is often characterized by a late onset.

Acinetobacter Infections. Table 1

Type of Infections

concluded that acquisition and spread of A. baumannii
appear to be related to a large number of variables. Among
the most important were deficiencies in the implementation of infection control guidelines and the prolonged use
of multiple antimicrobials, especially broad-spectrum
antibiotics, such as third-generation cephalosporins,
quinolones, and carbapenems, in critically ill ICU patients
who remain ventilated for many days [2].

Acinetobacter is associated with a broad spectrum of
nosocomial infections, including VAP/pneumonia/
tracheobronchitis, urinary tract infections that are urine
catheter–associated, bloodstream infections, central
venous catheter–related infections, wound infections,
and meningitis that mainly occurs in colonized neurosurgical patients with external ventricular drainage tubes.
Rarely, Acinetobacter causes other infections including
cellulitis, ocular infections, native and prosthetic valve
endocarditis, osteomyelitis, septic arthritis, and pancreatic
and liver abscesses (Table 1).
The respiratory system is the most common site for A.
baumannii infection. Hospital-acquired Acinetobacter
pneumonia or VAP are frequently multi-lobar and complicated. Secondary bacteremia and septic shock are usually associated with a poor prognosis.

Risk Factors
Risk factors for hospital-acquired Acinetobacter infection
include length of stay in the ward and in the ICU, previous
mechanical ventilation for many days, previous infection
necessitating treatment with broad-spectrum antibiotics,
previous surgery, wounds, previous colonization with
Acinetobacter, parenteral nutrition (TPN), and presence
of intravascular devices. In a systemic review published in
2006, 55 studies were identified referring to A. baumannii
(28 with case-control methodology and 27 outbreak investigations without case-control methodology). It was

Main types of Acinetobacter infections
Ventilator-associated pneumonia (VAP)
Pneumonia/tracheobronchitis
Central venous catheter-related infection
Bloodstream infection (bacteremia)
Urinary tract infection
Wound infection
Meningitis
Ventriculitis
Cellulitis
Ocular infection
Native and prosthetic valve endocarditis
Osteomyelitis
Septic arthritis
Pancreatic abscess
Liver abscess

Incidence of Nosocomial Infections
Over the past 2 decades, Acinetobacter infections have
become an increasingly common nosocomial problem,
especially in temperate climates. Over the past decade,
the proportion of nosocomial infections caused by
Acinetobacter spp. has increased worldwide. In the
National Nosocomial Infections Surveillance System
(NNISS) among Gram-negative bacilli isolated in ICU
patients with pneumonia/VAP, Acinetobacter spp. ranked
fourth (6.9%) during the period of 1986–2003, and it was
the only Gram-negative organism with a significant
increase in prevalence during the same period. A.
baumannii is a common cause of late-onset VAP. The
Surveillance and Control of Pathogens of Epidemic
Importance (SCOPE) prospective surveillance study of
nosocomial bloodstream infections (BSIs) classified A.
baumannii as the tenth leading cause of bacteremia in
the USA. In addition, there are also several reports from
many countries worldwide suggesting that there is
a substantial increase during the last decade in the
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incidence of nosocomial infections, predominantly due to
Gram-negative isolates, mainly A. baumannii, Klebsiella
pneumoniae, and Escherichia coli. Increased resistance in
many classes of broad-spectrum antibiotics was also noted
in A. baumannii hospital-acquired infections.

Treatment
Acinetobacter spp. is intrinsically MDR pathogen
presenting with resistance to multiple antimicrobial
agents. For this reason, the treatment should be carefully
considered.
Medications to which Acinetobacter is usually sensitive
include the following: polymyxins B and E (colistin),
carbapenems, sulbactam, aminoglycosides, and tigecycline
(Table 2). In general, first-, second-, and third-generation
cephalosporins, macrolides, and most penicillins have little or no anti-Acinetobacter activity, and their use may
predispose to Acinetobacter colonization.
Carbapenems still represent the treatment of choice,
even if increasing carbapenem-resistant Acinetobacter isolates are reported worldwide. Doripenem, imipenem, and
meropenem are equally active against carbapenemasenegative A. baumannii isolates. Although there are no
randomized controlled studies on the treatment of
Acinetobacter spp. infections, carbapenems have been considered the antimicrobial class of choice for the treatment
of patients with severe nosocomial infections due to A.
baumannii. Although they are considered to be the most
effective antibiotics against Acinetobacter spp., an increasing number of carbapenem-resistant Acinetobacter isolates
has been reported worldwide, thus reducing the existing
therapeutic options. Carbapenems are inactive against
A. baumannii isolates expressing plasmid-mediated
carbapenemases [3].
Acinetobacter Infections. Table 2
Currently available antimicrobial classes/agents
potentially effective against Acinetobacter baumannii
1. Sulbactam
2. Anti-pseudomonal penicillins
3. Anti-pseudomonal cephalosporins
4. Anti-pseudomonal carbapenems
5. Monobactams
6. Aminoglycosides
7. Fluoroquinolones
8. Tetracyclines
9. Glycylcyclines
10. Polymyxins

Recently, intravenous colistin which is polymyxin E
has been administered in many ICUs worldwide for
the treatment of hospital-acquired infections due to
MDR A. baumannii. The increasing incidence of MDR
A. baumannii, in addition to a lack of new antimicrobial
agents, has revived interest in the utilization of colistin
due to its good activity against this pathogen. Colistin is
a potent antimicrobial polypeptide with specific activity
against many Gram-negative bacilli. This agent was originally used in various parts of the world during the
1960s and 1970s, but it was not prescribed frequently
during the 1980s and 1990s because of concerns about
nephrotoxicity and neurotoxicity. However, given its
potent activity against many Gram-negative bacilli, the
role of colistin in serious nosocomial Gram-negative
infections has been reappraised. Recently, colistin and
polymyxin B have been used in various countries
for the treatment of nosocomial infections due to
A. baumannii. This is largely because many nosocomial
isolates of A. baumannii are MDR and sometimes susceptible only to polymyxins. Most clinical studies investigating the use of polymyxins for the treatment of infections
due to MDR Gram-negative bacilli refer to colistin
(colistimethate sodium, colistin sulfomethate) rather
than polymyxin B. Daily colistin dosing ranges from
six to nine million international units in patients with
normal renal function (usually divided in three doses).
Especially for the management of VAP due to MDR
A. baumannii, there are few reports indicating that aerosolized colistin may be a beneficial and safe additional
therapeutic intervention.
Sulbactam is a ß-lactamase inhibitor which has specific
intrinsic bactericidal in vitro activity against many MDR
Acinetobacter strains, which is related to its affinity for
penicillin-binding proteins. Sulbactam has been demonstrated to be effective against infections caused by moderately imipenem-resistant Acinetobacter isolates. The
presence of a ß-lactam agent does not increase activity of
sulbactam. In many countries, sulbactam is commercially
available only in combination with ampicillin. It is given in
a fixed 2:1 ratio of ampicillin/sulbactam every 6 h in patients
with normal renal function. Earlier studies showed high in
vitro susceptibility rates of A. baumannii isolates, including
multidrug-resistant ones, to sulbactam or ampicillin/
sulbactam combination. However, in recent studies, the
antimicrobial activity of sulbactam against A. baumannii
isolates has declined substantially. Still, sulbactam has
been found active against a rather small proportion of
carbapenem-resistant A. baumannii isolates.
Tigecycline, a glycylcycline with a theoretical broad
spectrum of activity against susceptible and MDR
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Gram-positive and Gram-negative pathogens, has been
administered for the management of MDR A. baumannii
infections. However, tigecycline has FDA approval only for
complicated intra-abdominal, skin, and skin-structure
infections. Large surveillance trials have shown high
rates of susceptibility of A. baumannii to tigecycline.
Tigecycline has been found to be active against
minocycline-resistant, MDR, and imipenem-resistant isolates. However, there are recently a substantial number of
reports indicating that tigecycline may not be consistently
active against the imipenem-resistant isolates. The development of resistance in A. baumannii strains in tigecycline
suggest that it should be always used in combination with
other antimicrobial agents active against Acinetobacter
spp. In addition, there are some recent clinical studies
indicating poor clinical or microbiological outcomes
with tigecycline therapy. Data from more studies are
needed before tigecycline can be recommended for the
treatment of MDR Acinetobacter infections.
Although mild to moderate infections may respond
to monotherapy, serious A. baumannii infections should
be treated with combination therapy. Bactericidal
synergy occurs when several antimicrobials (e.g.,
carbapenem, sulbactam, tigecycline) are combined with
an aminoglycoside, colistin, or rifampin. These therapeutic agents demonstrated in vitro synergism against A.
baumannii infections. The presence of a ß-lactam agent
in combination did not appear to contribute to the
synergy.
Rifampin administered in combination with other
antimicrobial agents, such as colistin, has been shown to
be synergistic or additive against MDR isolates of A.
baumannii. Rifampin may be a good alternative for the
treatment of MDR A. baumannii infections, provided that
the adequate dose is defined. However, the frequent development of high-level rifampin-resistant A. baumannii and
the consequent risk of therapeutic failure suggest limitations of this regimen in clinical practice. By now, the best
combination of rifampin in order to increase effectiveness
and to avoid development of rifampin-resistant strains is
not known.
The assessment of in vitro synergy of the combination
of imipenem with a polymyxin against carbapenemresistant A. baumannii strains has provided controversial
findings. The combination of imipenem with rifampin,
although synergistic in vitro, was not associated with
clinical benefits in a small study. The combination of
imipenem and tigecycline has not been shown to be
synergistic. Regarding polymyxin-based combination
regimens, the best studied one involves rifampin,
which has shown synergistic in vitro activity against
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multidrug-resistant A. baumannii strains in most studies,
although not consistently.

VAP
Acinetobacter spp., a common pathogen in patients with
VAP in some ICUs is becoming more resistant to first-line
agents such as carbapenems. Sulbactam has good in vitro
activity against A. baumannii; thus, the combination of
ampicillin with sulbactam may be a good treatment alternative. In a retrospective study comparing the efficacy of
imipenem/cilastatin and ampicillin/sulbactam in critically
ill trauma patients with VAP due to A. baumannii, treatment efficacy was found to be similar in both groups. No
statistically significant differences were found between
the groups with regard to mortality, duration of mechanical ventilation, or length of ICU or hospital stay. In
another randomized trial, critically ill patients with
MDR A. baumannii VAP were randomly assigned to
receive either 18/9 g or 24/12 g daily dose of ampicillin–
sulbactam. There was no difference in clinical improvement between groups (66.7% and 64.3%, respectively).
Bacteriological success was achieved in 77.8% of the
study population, while the 14-day mortality rate was
25.9% and all-cause 30-day mortality rate was 48.1%.
A prospective study compared the effectiveness of
colistin versus imipenem/cilastatin for the treatment of
VAP due to MDR A. baumannii. VAP was considered
clinically cured in 57% of cases in both groups. The
VAP-related mortality rate was 38% in the colistin group
versus 35.7% of imipenem group, while the in-hospital
mortality rate was high in both groups (61.9% vs. 64.2%,
respectively). There were no differences in clinical cure, inhospital mortality rates, or toxicity. In another matched
case-control study examining the safety and effectiveness
of colistin compared with imipenem in the treatment of
VAP caused by MDR A. baumannii or P. aeruginosa,
a favorable clinical response occurred equally in both
groups (75% in the colistin group compared with 71.7%
in the imipenem group). During the antibiotic course,
none of the patients in either group developed renal
failure.

Bacteremia
In a retrospective cohort study of hospitalized (mainly
critically ill) patients (n=39) with A. baumannii bacteremia, 64% of patients had bacteremia due to colistin-onlysusceptible A. baumannii and 36% had bacteremia due to
both colistin- and carbapenem-susceptible A. baumannii
strains. All-cause mortality rate was 56% and 35.7%,
respectively (p=0.22). The multivariate analysis showed
that only exposure to fluoroquinolones was associated
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with development of a colistin susceptible-strain A.
baumannii bacteremia.
In patients suffering from MDR A. baumannii bacteremia, the combination of a carbapenem and ampicillin–
sulbactam was associated with a better clinical outcome
than the combination of a carbapenem and amikacin or
a carbapenem alone. The overall 30-day mortality rate was
high (49%). In another study, the 30-day mortality rate of
patients with imipenem-resistant A. bacteremia was higher
compared with the control group (matched subjects with
imipenem-susceptible A. bacteremia) (57.5% vs. 27.5%;
p = 0.007). The rate of discordant antimicrobial therapy
was higher in the imipenem-resistant group (p<0.001).
Some authors have found higher all-cause 30-day mortality
associated with nosocomial bacteremia due to A. baumannii
compared with bacteremia due to K. pneumoniae.

Central Nervous System Infections:
Meningitis/Ventriculitis
A systematic review of the literature showed that 64 episodes of Gram-negative meningitis in both children and
adults were treated with polymyxins administered intravenously and/or via the intraventricular or intrathecal
route. Cure was achieved in 10 of 11 episodes of CNS
infections (91%) due to Acinetobacter spp. The most common complication when a polymyxin was administered
via the intraventricular or intrathecal route was the meningeal irritation. Regarding hospital-acquired meningitis
caused by MDR or carbapenem-resistant A. baumannii,
the available clinical experience with the use of ampicillin/
sulbactam or other antibiotics is limited and rather
nonconclusive. Treatment options against multidrugresistant A. baumannii CNS infections seem to be limited.

Evaluation/Assessment
The main differential diagnostic problem presented by
Acinetobacter is to differentiate colonization from infection. The pathological changes associated with A.
baumannii infection are normally not distinguishable
from those caused by other aerobic Gram-negative bacilli.

Effectiveness
A. baumannii has become a serious nosocomial pathogen
due to its persistence in the hospital environment and its
broad antimicrobial resistance patterns. Carbapenems,
aminoglycosides, sulbactam, polymyxins (colistin and
polymyxin B), tetracyclines, and tigecycline are often
active against A. baumannii clinical isolates. However,
carbapenem resistance or multiple-drug resistance in
Acinetobacter spp. is at present an emerging problem
worldwide. It should be noted that there are no

randomized controlled trials on the treatment of patients
with Acinetobacter spp. infections. In addition, it is not
clear whether combination therapy is more effective than
monotherapy against such infections. The optimal treatment for serious MDR A. baumannii infections and the
role of combination therapy should be urgently addressed
in randomized clinical trials.
Acinetobacter infections have become more difficult to
treat owing to the emergence of MDR isolates which are
resistant to many of the commonly prescribed antimicrobial agents. In addition, one more concern has been the
acquisition of carbapenem resistance, mainly by means of
class B and D carbapenemases. During the last years,
A. baumannii present resistance to multiple antimicrobial
agents, occasionally including polymyxins (colistin) and
tigecycline [4].
In 2000, few A. baumannii isolates were resistant to
carbapenems, with little impact in the hospital setting. By
2006, two carbapenemase-producing clones (SE and
OXA-23 clone 1) spread in many hospitals. Of these, the
OXA-23 clone 1 is only susceptible to polymyxins and
tigecycline in vitro. Recently, a large number of class
D OXA-type enzymes with activity against carbapenems
were characterized in Europe, Japan, China, and Brazil.
Some Acinetobacter isolates express class B metallo-ßlactamases, such as VIM and IMP, which hydrolyze
a broad array of antimicrobial agents, including
carbapenems.
Although the controversy remains, ICU-acquired
infections due to A. baumannii are associated with considerable attributable mortality. However, inappropriate
antibiotic treatment is associated, among other factors,
with mortality. Several studies evaluated the usefulness
of diverse antimicrobial agents in cases of carbapenemresistant A. baumannii. Some agents, such as sulbactam
and colistin, have shown similar efficacy to imipenem, in
the treatment of severe infections such as bacteremia,
VAP, or meningitis. However, a significant proportion of
patients die from nosocomial infections caused by
A. baumannii. It should therefore be considered that,
at present we do not have optimal treatment for
A. baumannii nosocomial infections.
Well-designed clinical studies are necessary to answer
questions relative to the effectiveness of combination therapy associated with fewer complications and lower rates of
development of MDR or PDR A. baumannii strains.

Tolerance
The major adverse events of colistin are nephrotoxicity,
neurotoxicity, and neuromuscular blockade leading to
respiratory failure. However, several recent clinical studies
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found much less colistin-associated nephrotoxicity and
neurotoxicity than originally reported. To avoid the
adverse events, physicians should hydrate well their
patients while maintaining a consistently satisfactory central venous pressure (CVP). In addition, if it is possible
physicians should consider using alternative routes for
colistin administration, including the inhaled and intraventricular routes. Colistimethate sodium (colistin) has
been used via the respiratory tract or via the intraventricular route for the treatment of VAP or ventriculitis, respectively, due to MDR carbapenem-resistant A. baumannii
with satisfactory results.
The most common adverse events associated with
tigecycline are nausea (30%), diarrhea (16%), and
vomiting (16%), which are usually mild or moderate in
severity.

Pharmacoeconomics
Economic analyses performed in eight studies dealing
with infections caused by extended-spectrum betalactamase-producing Enterobacteriaceae, MDR P.
aeruginosa, and Acinetobacter spp. indicated that these
resistant Gram-negative infections are associated with
increased patient charges or hospital care costs. However,
associations sometimes disappear in multivariate analyses
after adjusting for significant variables in univariate
analyses.

After-care
Persistent colonization of the respiratory tract with
A. baumannii after improvement of patients with pneumonia may occur and lead to recurrence of the infection.

Prognosis
Mortality and morbidity rates remain high especially in
critically ill patients with multiple organ failure treated in
the ICU. Deaths due to Acinetobacter infections had risen
from the 1990s onward. Collective findings from 21 relevant original studies and a meta-analysis, suggest that
Gram-negative bacterial resistance increases the burden
in the ICU as measured by mortality, length of stay, and
charges [5]. Recently, severe ICU-acquired infections such
as bacteremia or meningitis are associated with a mortality
rate approximately 40%. However, mortality is increased
mainly because of inappropriate therapy.
Nevertheless, because of limitations in the relative studies
(e.g., small sample sizes, retrospective studies, failure to
control for severity of illness before infection and exclusion
of patients who are colonized but not infected with
Acinetobacter, and inappropriate treatment), the exact
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attributable mortality of Acinetobacter infections and the
burden of MDR or PDR Acinetobacter pathogens on
patient outcomes still remain controversial. However, it
should be emphasized that there are no randomized controlled trials comparing various antimicrobial treatment
regimens of patients with pneumonia or VAP caused by
Acinetobacter spp. Instead, only prospective or retrospective
observational studies have been published. The discovery of
new therapeutic agents coupled with randomized controlled
clinical trials testing new agents or combinations of antibiotics targeting Acinetobacter spp. are urgently needed.
Alternative treatment approaches, such as the antibiotic
lock therapy and continuous intravenous antibiotic
administration should be also carefully examined. In
addition, greater emphasis should be given on the prevention of healthcare-associated transmission of MDR
Acinetobacter infection. Well-designed research is also
needed to determine the cost-effectiveness of appropriate
empiric therapy with broad-spectrum agents active
against resistant Gram-negative bacteria followed by deescalation.
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Acquired Aneurysm

ACT Analyzer
ACT analyzer provides the time in seconds from the activation of the sample until the beginning of a fibrin formation, named activated clotting time (ACT).

Active Surveillance Cultures
Universal or targeted microbiological screening cultures of
patients on admission for the purposes of detecting
asymptomatic MRSA colonization. Samples are usually
collected from the anterior nares and other sites, including
the perineum and wounds. In addition to specimens collected on admission, periodic specimens may be collected
during hospital stay in high-risk patients who are not yet
known to be colonized, to detect MRSA carriers who may
have acquired the organism during their hospital stay.

Acute Abdomen
▶ Acute Abdominal Pain: General Approach
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▶ Vascular, True Aneurysms

Synonyms
Abdominal pain; Acute abdomen; Peritonitis

Definition

Acquired Immunodeficiency
Syndrome
▶ HIV Infections
▶ HIV, Pneumonic Complications

In the United States, more patients seek emergency care
annually for abdominal pain than for any other chief
complaint. Abdominal pain accounted for eight million
(7%) of the 119 million Emergency Department (ED)
visits in 2006 [1]. The differential diagnosis is wide
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and ranges from benign, self-limited diseases to lifethreatening conditions requiring urgent intervention.
A patient’s demographic characteristics (e.g., age, sex,
race/ethnicity, family history) may influence the incidence
and clinical presentation of abdominal disease. Diagnosis
may be difficult as various factors may obscure the clinical
scenario and lead to a delay in diagnosis or a misdiagnosis.
While the cause of abdominal pain may not always be
identified, the clinician’s role is to identify life-threatening
causes and to narrow the differential diagnosis for further
evaluation. Up to 40% of patients may be discharged with
a diagnosis of nonspecific abdominal pain. This chapter
will summarize general information and the approach
regarding acute nontraumatic abdominal pain in adults
with a focus on the history and physical examination.
Imaging modalities utilized in the diagnosis of abdominal
pain will be discussed in a separate chapter.

Differential Diagnosis
The initial evaluation of the patient with undifferentiated
acute abdominal pain includes an assessment of the severity of illness, as patients with life-threatening disease may
require resuscitation concomitant with their evaluation
and workup. In some patients, the constellation of symptoms may point to a specific diagnosis. If they do not, the
history and physical examination should be used to generate a focused and targeted workup, since indiscriminate
testing has been shown to be of little utility to either rule in
or exclude disease in patients with abdominal pain.

History
A thorough yet focused history is often the foundation of
an accurate diagnosis. This includes a detailed understanding of the nature and course of the patient’s symptoms combined with the past medical, surgical, and social
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history. Pain assessment should include onset, prior episodes, provocative, palliative and positional features, the
quality of the pain, its region and patterns or radiation and
referral, its severity, and temporal features such as whether
it is intermittent or continuous, progressive, or waxing
and waning. It may be helpful to remember these historical features (as listed) using the mnemonic “OPQRST.”
Noxious stimuli from organs arising from the embryological gut are mediated by visceral fibers. Pain is usually
perceived as dull, poorly localized, and in the midline.
Foregut structures (lower esophagus, stomach, pancreas,
liver, biliary system, proximal duodenum) produce pain in
the epigastric region. For this reason, gallbladder inflammation, until it extends to the somatic fibers of the parietal
peritoneum, is perceived in the epigastrium or lower chest
and rarely in the right upper quadrant [2]. Midgut organs
(remaining small bowel, proximal third of colon) generate
pain perceived in the periumbilical area. This is the basis
for the typical history of appendicitis with onset of pain in
the periumbilical region, only localizing to the right lower
quadrant when inflammation has extended to somatic
nerve fibers of the parietal peritoneum. The hindgut structures (bladder, distal two-thirds of colon, intraperitoneal
genitourinary organs) cause pain in the suprapubic area.
Visceral pain fibers are triggered by distension, stretch,
vigorous contraction, or ischemia. The retroperitoneal
organs (aorta, kidneys) often cause back pain. Table 1
provides a differential diagnosis of major causes of
abdominal pain by pain location.
Acute onset of severe pain should alert the clinician to
an intra-abdominal catastrophe such as a vascular emergency (e.g., ruptured abdominal aortic aneurysm [AAA],
aortic dissection). Occasionally perforated viscus, volvulus, mesenteric ischemia, and torsion may also cause pain
of sudden onset, but more commonly symptoms develop

Acute Abdominal Pain: General Approach. Table 1 Differential diagnosis by location of acute abdominal pain
Diffuse pain

Abdominal aortic aneurysm, aortic dissection, appendicitis (early), bowel obstruction,
gastroenteritis, ileus, mesenteric ischemia, metabolic acidosis, peritonitis, sickle cell crisis

Epigastric pain

Biliary colic, cholecystitis, gastritis, myocardial ischemia, pancreatitis, peptic ulcer disease

Right upper quadrant pain

Biliary colic, cholecystitis, hepatitis, hepatic abscess, hepatic congestion, herpes zoster,
myocardial ischemia, right lower lobe pneumonia

Left upper quadrant pain

Gastritis, herpes zoster, left lower lobe pneumonia, myocardial ischemia, pancreatitis, peptic
ulcer disease, splenic infarction, splenic distention or rupture

Right lower quadrant pain

Appendicitis, cystitis, diverticulitis, ectopic pregnancy, endometriosis, inflammatory bowel
disease (ileitis), inguinal hernia, ovarian torsion, pelvic inflammatory disease, ruptured
ovarian cyst, testicular torsion, ureteral calculi

Left lower quadrant pain

Cystitis, diverticulitis, ectopic pregnancy, endometriosis, inguinal hernia, ovarian torsion,
pelvic inflammatory disease, ruptured ovarian cyst, testicular torsion, ureteral calculi
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gradually. Thus, while severity of the patient’s pain and
underlying condition are often correlated, milder symptoms are never grounds for complacency since they do not
exclude serious disease, especially in older patients.
Obtaining a history of radiation patterns and referral
of pain may also be helpful. Diaphragmatic irritation,
often from free intraperitoneal blood or a contiguous
inflamed organ, may cause shoulder pain and is referred
to as Kehr’s sign. Biliary disease may lead to ipsilateral
scapular pain, and acute ureteral obstruction may be associated with ipsilateral testicular pain. Pain radiation may
also be a sign of disease progression such as with active
aortic dissection or the passing of a ureteral stone.
The course of the patient’s symptoms may also be
helpful. Persistent worsening pain is concerning while
pain which is resolving is often reassuring. While initially
presenting as intermittent colicky pain, untreated small
bowel obstruction causes increasingly severe constant pain
as it progresses through the stages of distension, ischemia,
inflammation, bacterial translocation, and necrosis. While
symptomatic gallstones have traditionally been said to
cause “colicky” pain, the symptoms actually described by
patients with this condition, while episodic, usually last
5–16 h in a constant crescendo-decrescendo pattern.
Pain which is exacerbated with jarring movements
such as walking or coughing suggests peritonitis. Biliary
colic may be induced by eating. Upper abdominal pain
worsened with eating may also suggest a gastric peptic
ulcer while that relieved with eating may suggest a duodenal ulcer.
Abdominal diseases cause a variety of associated symptoms within and outside the abdomen. Unfortunately,
the common associated symptoms of anorexia, nausea,
vomiting, and diarrhea are neither sensitive nor specific in
the diagnosis of abdominal pain. Anorexia is only reported
in 68% of patients with appendicitis, with even lower rates
among the elderly [3]. Vomiting may be present in almost
any abdominal disease. In surgical conditions, pain often
precedes vomiting. When vomiting precedes pain some
degree of reassurance is warranted, since this is more often
seen with self-limiting conditions such as gastroenteritis.
In small bowel obstruction, the length of time prior to the
onset of emesis may suggest the degree as well as the level
of obstruction. Large bowel obstruction usually presents
very indolently with vomiting occurring late in the course,
or not at all. Important constitutional symptoms include
fever and cardiopulmonary symptoms, and those relating
to dehydration. Syncope may be caused by an etiology
stemming from the chest (e.g., pulmonary embolism,
aortic dissection) or the abdomen (e.g., ectopic pregnancy, abdominal aortic aneurysm).

Genitourinary tract diseases, especially pelvic inflammatory disease, endometriosis, and ovarian pathology in
women, cause lower abdominal pain. Testicular torsion
frequently presents with poorly localized abdominal
pain, nausea, and vomiting, especially among children.
Chronic prostatitis may also be poorly localized causing
nonspecific back pain, malaise, and fever. In pregnant
women the enlarging uterus may itself lead to pain and
also interfere with the recognition of diseases in other
abdominal organs due to their dislocation. For these reasons, and due to the high prevalence of genitourinary
diseases, a careful menstrual, sexual, and genitourinary
history is essential in the evaluation of abdominal pain.

Past Medical History
Prior surgical exploration of the abdomen is perhaps the
most important part of the medical history since it reveals
diseases that may be recurrent as well as being the
commonest cause of bowel obstruction. Many chronic
medical conditions (diabetes, cancer) and medications
(steroid and nonsteroidal anti-inflammatory drugs, antineoplastic agents) impair the immune response leading to
both increased susceptibility to intra-abdominal infections and impaired ability to detect them. A social history
might prompt investigation of any of the many possible
gastrointestinal (GI) complications of alcohol abuse.

Physical Examination
In the physical examination well-appearing patients, particularly older ones, may have serious abdominal pathology causing their pain. Thus, while fever suggests an
infectious etiology, acute appendicitis presents without
an elevated temperature in approximately one third of
cases and in the majority of patients with acute cholecystitis [3]. Conversely, while tachypnea and tachycardia are
frequently present in any painful condition, they may be
essential clues to suggest metabolic acidosis due to ischemic bowel, diabetic ketoacidosis, or a pulmonary process
contiguous with the diaphragm.
The abdominal examination, while often guiding the
seasoned clinician in the workup and sometimes providing clues to the diagnosis, has many limitations. Interrater agreement regarding findings in ED patients with
acute abdominal pain is only moderate in most of the
exam components. Even in patients subsequently determined to have surgical abdominal conditions, inter-rater
agreement is only fair [4].
Abdominal wall and flank inspection includes evaluation for surgical scars, masses, and a skin examination for
rash (e.g., herpes zoster), signs of liver disease (e.g., caput
medusa), and hemorrhage (e.g., Grey Turner’s sign of
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flank ecchymoses indicating retroperitoneal bleeding,
Cullen’s sign of umbilical discoloration with intraperitoneal hemorrhage). Percussion of the distended abdomen
may distinguish between bowel distension (tympany) and
ascites (shifting dullness). Auscultation is often of limited
diagnostic utility in the emergency evaluation of abdominal pain.
Palpation of the abdomen is primarily used to localize
abdominal tenderness, detect abdominal guarding, and
identify peritonitis. As such, palpation should consist of
light and sensitive palpation to identify regions of maximal tenderness. Patients with voluntary guarding, or
abdominal wall muscular contraction in anticipation or
in response to palpation, may be asked to flex their knees
and hips to decrease this contraction. Initial palpation
of non-painful areas with progression to areas of pain
may also aid in the examination. In contrast, deep palpation, traditionally required to physically palpate intraabdominal organs and detect abnormal masses, is an
anachronism in the age when these conditions can be
much more accurately identified by widely available diagnostic imaging modalities. As such, deep palpation causes
severe discomfort without any justifying diagnostic utility
and has no place in a modern clinician’s physical
examination.
Peritonitis is suggested by rigidity, or involuntary
guarding or reflex spasm, of the abdominal wall. However,
the detection of peritoneal irritation, while of primary
importance, is also subject to the inherent limitations of
the physical examination of the abdomen. In older adults,
abdominal wall muscular laxity may undermine this finding. Rebound tenderness is elicited by gentle abdominal
pressure for approximately 20 seconds with sudden
release. Rebound tenderness is present if greater pain is
perceived on release than with direct pressure. Some
authors condemn this test as unnecessarily painful while
others have found it to be highly reliable. The positive
likelihood ratio in patients with rebound tenderness varies
greatly in appendicitis and is completely nondiscriminatory in the diagnosis of acute cholecystitis [2, 3].
Hernias should be sought in both men and women.
Examination in a standing position may reveal a hernia
not observed in the supine position. AAA is suggested by
a mass that is both pulsatile and expansile (the latter
finding lessens the likelihood of misidentification of
a mass overlying the aorta), while the femoral pulses
may be unequal with aortic dissection. While the rectal
examination has been demonstrated to be of limited value
in the assessment of abdominal pain, there may be utility
in the evaluation of intestinal ischemia, gastrointestinal
hemorrhage, and colon cancer. A pelvic examination in
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women and genitourinary examination in men may add
relevant information to the clinical picture.

Analgesia and the Abdominal Examination
Historically, the early use of analgesia in patients with
acute abdominal pain was thought to mask signs of peritonitis and potentially delay diagnosis and operative intervention. Multiple well-designed randomized controlled
trials have conclusively demonstrated that the use of analgesia in acute abdominal pain does not lead to adverse
outcomes [5]. Thus, the timely and judicious use of analgesia in abdominal pain patients who have been assessed
and request symptom control should be a standard of care.

Cross-Reference to Disease
Critically ill patients with abdominal pain need immediate attention, stabilization, and resuscitation prior to
diagnosis. Critical illness may be heralded by abnormal
vital signs, sudden severe onset, or evidence of systemic
involvement, with the elderly, immunocompromised, and
those with comorbidities being the most susceptible. The
usual management of critically ill patients prioritized by
the “ABC’s” should be applied. The clinician should be
particularly vigilant in caring for patients with impaired
ability to communicate whether due to cognitive impairment, intoxication, dementia, psychiatric illness, or language barriers. Hypotension due to vomiting, diarrhea, or
hemorrhage is often evident from the history, but may also
be due to third spacing of fluids from an intra-abdominal
inflammatory process.
While diagnostic imaging is discussed elsewhere, the
salient features of ultrasonography and computed tomography (CT) should be mentioned briefly in this overview.
Bedside ultrasonography has many uses in the early management of critically ill patients with abdominal pain.
Intravascular volume status can be rapidly assessed by
evaluation of the inferior vena cava and cardiac function,
and aortic aneurysms can be identified, as well as ascites
and massive intraintestinal fluid collections associated
with complete bowel obstruction or ileus. In unstable
female patients of childbearing age, ruptured ectopic pregnancy or hemorrhagic ovarian cyst can be identified.
Abdominal CT has radically altered the proportion of
patients with abdominal pain who can receive rapid, accurate, and timely diagnosis of abdominal pain within the
course of a single ED encounter. There are CT findings
that are moderately to highly accurate in identifying the
majority of common abdominal conditions. However, CT
has important drawbacks including preparation time,
expense, contrast and radiation exposure, financial and
manpower burdens, removal of the patient from the
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resuscitation area, and the need for 24-h availability of
imaging specialists for interpretation.
Regardless of the imaging technology, clinicians should
bear in mind that despite their extraordinary diagnostic
power, none is much more than 90% accurate in diagnosing most abdominal conditions, so that with a high pretest clinical suspicion, patients with negative exams should
be kept for a period of watchful waiting similar to that
much more widely utilized in the “Pre-CT” era.

Laboratory Testing
While laboratory tests are often utilized in the assessment
of acute abdominal pain, all diagnostic tests have significant false negative and false positive rates. Abnormal tests
(e.g., temperature, lactate, white blood cell [WBC] count)
are increasingly likely to be truly positive the further they
deviate from the norm. Conversely, as noted above, an
unremarkable value does not rule out disease. In particular, the WBC count has been shown to have limited utility
in the evaluation of the three commonest causes of abdominal pain: appendicitis, biliary tract disease, and nonspecific
abdominal pain. No laboratory finding accurately rules in
or rules out the diagnosis of acute cholecystitis [2].
A urinalysis may assess for urinary tract infection and
hematuria. Serum lipase has been shown to be more
helpful in confirming or excluding the diagnosis of pancreatitis than serum amylase. In patients with liver disease,
a prothrombin time may help determine severity of disease. In women of reproductive age, a urine pregnancy test
should be obtained to determine whether ectopic pregnancy or non-pregnancy causes are the focus of gynecological concern. If there is a suspicion for pelvic infection,
cervical cultures for chlamydia and gonorrhea should be
obtained.

Consultation and Disposition
Emergency department or intensive care unit care encompasses early resuscitation, timely diagnosis, and prompt
consultation when indicated. Surgical, gynecologic, or
gastroenterological consultations may be necessary for
further management of a patient’s condition. High-risk
patients with acute abdominal pain may warrant special
consideration. In patients where the diagnosis remains
in question, a period of continued observation may be
necessary to assess disease progression or resolution.
Patients who are not ill and have no clear etiology of
their abdominal pain may be discharged from the ED
with 24-h follow-up with their primary care provider.
Discharge instructions should be clear and provide
defined indications for return to the emergency department as well as a clear follow-up plan.

Conclusion
Abdominal pain is a common reason for patients seeking
emergency care and a frequent cause of hospitalization.
Prompt recognition of critically ill patients is necessary for
simultaneous resuscitation and diagnostic evaluation.
While laboratory testing is often not helpful when routine,
it may be useful when guided by the history and physical
examination. Clinicians should be mindful of certain
patient populations where critical illness may not be
immediately recognized including older adults, patients
with altered immunologic response, and patients with
altered cognitive function.
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Synonyms
Acute severe asthma; Asthma attack; Asthma exacerbation; Status asthmaticus

Definition
Asthma is a chronic inflammatory disorder of the airways
in which many cells and cellular elements play a role in
the inflammatory response. In particular, mast cells,

Acute Asthma

eosinophils, T lymphocytes, macrophages, neutrophils,
and epithelial cells are all involved. Neutrophils are especially prominent in sudden onset, fatal exacerbations, and
in occupational asthma and in patients who smoke. In
susceptible individuals, this inflammation causes recurrent episodes of coughing (particularly at night or early in
the morning), wheezing, breathlessness, and chest tightness. These episodes are usually associated with widespread but variable airflow obstruction that is often
reversible either spontaneously or with appropriate treatment [1].
The pathophysiologic hallmark of asthma is a
reduction in airway diameter caused by smooth muscle
contraction (bronchoconstriction), vascular congestion,
bronchial wall edema, and increased mucous production
with impaired mucociliary clearance precipitated by
various inflammatory cascades. This reduction in airway
diameter results in increased airway resistance and
decreased airflow. Bronchoconstriction occurs due to
allergic or non-allergic stimuli. Common stimuli include
viral respiratory infections, exercise, environmental conditions, indoor antigens, occupational exposure, pharmaceutical agents, endocrine factors, and emotional stress.
Asthma exacerbations are acute or subacute episodes
of progressively worsening shortness of breath, cough,
wheezing, and chest tightness or some combination of
these symptoms. Exacerbations are characterized by
decreases in expiratory airflow that can be documented
and quantified by simple measure of lung function such as
spirometry or peak expiratory flow rates (PEFR).

Treatment
The best strategy for management of asthma is early treatment of asthma exacerbations. Clinicians and patients
must recognize early signs of worsening asthma and take
prompt and appropriate actions. Early indicators of an
asthma exacerbation include changes in symptom control
and severity demonstrated by increase use or decrease
responsiveness to rescue short-acting beta-agonists
(SABA) and worsening objective PEFR measurements.
The goal of treatment is to rapidly reverse airflow obstruction, ensure adequate oxygenation, and relieve inflammation. Signs of worsening asthma should prompt
intensification of therapy, often including a short course
of systemic steroids, removal or withdrawal from allergens
and precipitating irritants, and communication between
patient and clinician about any serious deterioration in
symptoms. Failure of these early measures should elicit an
urgent or emergent care evaluation.
Pre-hospital management – including outpatient clinic
evaluation and emergency transport – should include
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administration of oxygen to relieve hypoxemia in moderate or severe exacerbations, and should encourage standing
orders for albuterol administration. Prolonged prehospital transport should consider protocols to include
ipratropium bromide and systemic corticosteroids.
The acute management of asthma exacerbations in the
emergency setting has the same goals. The clinician should
assess the severity of the exacerbation with lung-function
measures compared to patient’s best or clinical predictors
(if possible), relieve hypoxia, reverse airflow obstruction,
and decrease inflammation. The response to therapy
should be monitored. Adjunctive therapies should merit
consideration in severe exacerbations unresponsive to
initial treatment, and may decrease the likelihood for
intubation.
The categories of medications used in the treatment of
acute asthma include beta-adrenergic agonists, anticholinergics, and glucocorticoids. Adjuncts include magnesium sulfate, and heliox.
Selective beta2-receptor agonists are the preferred initial rescue medication for acute bronchospasm. In about
60–70% of patients, response to three administered doses
in the emergency department will be sufficient for patient
discharge, and most patients will have a significant
response after the first dose. Beta-agonists act on beta2receptors to stimulate the enzyme adenylate cyclase. This
enzyme converts intracellular adenosine triphosphate
(ATP) into cyclic adenosine monophosphate (cAMP),
increasing its level and activity. Through complex
protein-related interactions this results in bronchial
smooth muscle relaxation, as well as inhibits mediator
(inflammatory) release and promotes mucociliary
clearance. Inhaled short-acting beta-agonists include
albuterol and levalbuterol (the R-enantiomer of
albuterol). Systemic beta-agonists include epinephrine
and terbutaline. There has been no proven benefit to
parenteral beta-agonists over inhaled.
Anticholinergic medications act to competitively
antagonize acetylcholine at post-synaptic junctions.
Therefore, vagal cholinergic-mediated bronchoconstriction of the large, central airways is inhibited, resulting
in bronchodilation. The bronchodilatory effects of anticholinergics are additive with beta-agonists. Anticholinergics affect large, central airways, whereas beta-agonists
affect smaller airways. Inhaled ipratropium bromide is
an anticholinergic medication. Adding multiple high
doses of ipratropium bromide to a selective short-acting
beta-agonists (SABA) results in fewer hospital admissions,
particularly in patients who have severe airflow obstruction. The use of ipratropium is recommended in the
Emergency Department for moderate to severe
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exacerbations, but its continued use during hospitalization has not shown benefit.
Corticosteroids are highly affective and are one of the
cornerstones of treatment in asthma exacerbations.
Corticosteroids reduce inflammation and may restore
beta-adrenergic responsiveness. Systemic corticosteroids
decrease airway inflammation in moderate or severe exacerbations or for patients who fail to respond promptly
and completely to SABA. Given early in the course of
treatment, corticosteroids reduce the risk of hospital
admissions. Common corticosteroids include prednisone,
methylprednisolone, and prednisolone. Oral corticosteroids are recommended unless otherwise contraindicated.
Intravenous magnesium sulfate is an adjunctive therapy indicated in the management of acute, severe asthma.
Magnesium sulfate leads to smooth muscle relaxation and
bronchodilation; however, its usefulness in mild and
moderate exacerbations has not been established.
Heliox is a mixture of helium and oxygen (usually
70:30). Heliox is less dense than inhaled air, generates
less airway resistance by mechanism of increasing the
tendency of laminar flow and decreasing the tendency of
turbulent flow, thus requiring less mechanical energy to
ventilate the lungs. The heliox mixture requires at least
70% helium for effect. So if the patient requires >30%
oxygen, the heliox mixture cannot be used.
Mast cell modifiers (e.g., cromolyn), methylxanthines
(e.g., theophylline), leukotriene inhibitors (i.e.,
montelukast, zafirlukast, zileuton) have no indication for
use in the acute management of asthma.
A summary of the current recommendations for the
management of acute asthma is shown in Table 1 [2].

Acute Asthma. Table 1 Management of acute asthma
Mild to moderate
exacerbation (FEV1/PEFR 
40%)

-Supplemental oxygen to
achieve SaO2  90%
- Short-acting beta-agonist
(albuterol)
- Oral corticosteroids if no
immediate response to
SABA or if recent
corticosteroid use

Severe exacerbation (FEV1/
PEFR < 40%)

- O2, SABA, oral
corticosteroids
- Inhaled anticholinergic
(ipratropium bromide)
- Consider adjunctive
therapy magnesium sulfate,
heliox

Airway Management in Acute Asthma
When the clinician decides that respiratory failure is
advanced or progressing despite therapy (imminent),
intubation should be performed expeditiously before crisis
ensues. Intubation should be performed by a clinician who
has extensive experience in intubation and difficult airway
management. An asthmatic in need of endotrachial intubation is with little physiologic reserve and at high risk of
sustaining a rapid decline in oxygen saturation and blood
pressure after receiving sedating medications and neuromuscular blocking agents. It is important to plan for and
achieve intubation as early as possible once it has been
determined that intubation is necessary. Rapid sequence
intubation (RSI) is the preferred approach in such cases
because it is the most rapid method for securing the airway
with the highest likelihood of success. Pre-oxygenation can
be performed with a bag valve mask if necessary. Small
tidal volumes, high inspiratory flow rates, and prolonged
expiratory phases should be utilized, mimicking the
approach used during mechanical ventilation. Medications for RSI should be administered to the patient while
they maintain the position of greatest comfort, which is
generally sitting upright. The patient can be placed in the
supine position to perform laryngoscopy and intubation
after induction. Placement of a large endotracheal tube
(8 or 9 mm in adults) is desirable to minimize airway
resistance and facilitate aggressive pulmonary toilet.
Studies suggest that ketamine and propofol have
bronchodilatory properties and thus are suitable induction agents for severe asthmatics. Barbiturates, such as
thiopental, should be avoided because they can exacerbate
bronchospasms through histamine release. Ketamine is
a dissociated anesthetic with properties that provide
benefits to severe asthma management. Ketamine acts
directly as a smooth muscle dilator, indirectly by increasing circulation of catecholamines, inhibits vagal outflow,
and does not cause histamine release. Propofol has
bronchodilatory properties; however, it can result in
hypotension. Intubated asthmatics should be deeply
sedated and receive parenteral opioid analgesia with
a non-histamine releasing opioid (e.g., fentanyl) in order
to achieve complete relaxation and comfort for mechanical ventilation. Mechanical ventilation does not relieve
airway obstruction; it merely eliminates the work of
breathing and enables the patient to rest while the airflow
obstruction is resolved.

Mechanical Ventilation in Acute Asthma
The potential complications of mechanical ventilation in an
asthmatic include cardiovascular collapse and significant
barotrauma. Bronchospasm, airway inflammation, edema,
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and mucus plugging that characterize asthma dramatically
increases airflow obstruction, decreases expiratory flow,
and prolongs the time needed to completely exhale prior
to the onset of the next breath. When the expiratory time is
insufficient, inadequate emptying between breaths causes
progressive hyperinflation. Hyperinflation increases intrathoracic pressure, which increases pulmonary vascular
resistance and decreases venous return. The net effect is
reduced cardiac output which can lead to cardiovascular
collapse and arrest. Barotrauma describes progressive
hyperinflation causing overdistension and subsequent loss
of the lungs structural integrity leading to interstitial
emphysema or pneumothorax.
Special considerations must be made during mechanical ventilation of the severe asthmatic patients than would
be typically provided to non-asthmatic patients due to this
pathophysiology. During mechanical ventilation, the use
of slower respiratory rates (e.g., 6–10 breaths/min),
smaller tidal volumes (e.g., 6–8 mL/kg), shorter inspiratory time (e.g., adult flow rate 80–100 mL/min), and
longer expiratory time (inspiratory to expiratory ratio
1:5) must be made [3]. Rapid inspiratory flow rate at
a reduced respiratory frequency with adequate time for
expiration decreases air-trapping, hyperinflation, and
barotraumas, and is called permissive hypoventilation
(hypercapnea). Patient-ventilator synchrony should also
be maintained with adequate sedation.

Evaluation/Assessment
Fatal and near-fatal asthma exacerbations can occur sporadically and inexplicably, whether the baseline level of disease
activity is mild, moderate, or severe. Therefore, any acute
exacerbation of asthma may be a potentially fatal attack.
Treatment should begin immediately following recognition
of a moderate, severe, or life threatening exacerbation.
Initial assessment should include a brief history, brief
physical examination, and for most patients, objective
measures of lung function.
Patients typically present with the triad of chest tightness, cough, and wheezing. The purpose of the brief history is to determine the severity of the exacerbation as well
as risk factors for death. Questions should include the time
of onset and any potential causes of current exacerbations;
severity of symptoms (especially compared with previous
exacerbations) and response to any treatment given before
admission to ED; all current medications and time of last
dose; estimate of number of previous unscheduled office
visits, ED visits, and hospitalization for asthma, particularly within the past year; any prior episodes of respiratory
failure due to asthma (loss of consciousness, intubations,
ICU admissions); other potentially complicating illness
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(especially pulmonary or cardiac disease). Risk factors
for fatal and near-fatal asthma are listed in Table 2 [1].
The purpose of the initial brief physical examination is
to assess severity and overall patient status. Special attention should be given to level of alertness, fluid status,
presence of cyanosis, respiratory distress and wheezing.
Wheezing is a common physical finding, but severity does
not correlate with the degree of airway obstruction. The
absence of wheezing may indicate critical airway obstruction, whereas increased wheezing may indicate a positive
response to bronchodilator therapy. Drowsiness/agitation,
paradoxical breathing, absence of wheezing or “silent
chest” (representing absence of air movement), profound
diaphoresis, inability to lay supine, bradycardia, or PaCO2
>40 represents signs of impending respiratory arrest.
Objective measures, such as peak expiratory flow rates
(PEFR) or forced expiratory volume in one second
(FEV1), should be obtained, if possible, with exception
to cases of severe asthma or impending respiratory failure.
For urgent or emergency care settings, severe exacerbations are indicated by PEFR/FEV1 < 40% predicted. In
these patients, adjuvant therapies should be considered.
Initial laboratory studies are not required in most
patients, and if obtained, they should not delay initiation
of treatment. Arterial blood gas (ABG) measurement may
be reasonable in some patients who have suspected
hypoventilation, severe distress, or FEV1 or PEFR < 25%
predicted after initial treatment. Respiratory drive is typically increased in asthma exacerbations, so a “normal”
Acute Asthma. Table 2 Risk factors for fatal and near-fatal
asthma
Prior history of sudden severe exacerbations
Prior intubation for asthma
Prior admission for asthma to an intensive care unit (ICU)
Two or more hospitalizations for asthma in the past year
Three or more emergency care visits for asthma in the past
year
Hospitalization or emergency care visit for asthma within
the past month
Use of >2 SABA meter-dosed inhaler canisters per month
Current use or recent withdrawal from systemic
corticosteroids
Difficulty perceiving asthma symptoms or severity
Comorbid disease, especially cardiac or chronic obstructive
pulmonary disease
Psychiatric illness
Low socioeconomic status
Illicit drug abuse (especially inhaled cocaine and heroin)
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PCO2 indicates severe airflow obstruction and heightened
risk of respiratory failure. Complete blood counts and
chemistries are rarely helpful and may demonstrate a
leukocytosis or transient electrolyte abnormities. A theophylline level should be sent to all patients currently
taking theophylline. A beta-type-natriuretic peptide
(BNP) level may help rule out cardiac asthma.
Chest radiography is not recommended for routine
assessment, but should be obtained for patients suspected
of a complicating cardiopulmonary process such as pneumonia, pneumothorax, or congestive heart failure (CHF).
An electrocardiogram (EKG) may be obtained in those
with history of significant cardiovascular disease. If
obtained, it may show a right-ventricular strain pattern
which resolves with treatment. Older patients or those
with profound hypoxia or those with impending respiratory failure may require continuous cardiac monitoring.
Disposition decisions are made on subjective and
objective measures. The goal for discharge is FEV1/PEFR
 70% predicted.

After-care
The long-term management of asthma focuses on reducing daily impairment and patient risk for fatal exacerbations. There are four essential components to asthma care:
assessment and monitoring, patient education, control of
factors contributing to asthma severity, and pharmacologic treatment.
Patients discharged from emergency care should be
provided with a referral to follow-up asthma care in
1–4 weeks. Patients should be educated to monitor their
symptoms, signs, and PEFR to recognize early deterioration. Inhaler techniques should be reviewed. Patients
should be provided with a written action plan with current
medications and specific instructions on early home
management and when and how to seek emergency care.
Instructions on how to control factors contributing to
asthma severity and comorbid conditions should be given.
Recommended discharge medications should include
short-acting beta-agonists (SABA), 3–10 days of burst oral
corticosteroids, and consideration for initiation of inhaled
corticosteroids.
A summary of discharge recommendations is listed in
Table 3.

Prognosis
The prevalence of asthma symptoms and diagnosed
asthma in the USA is among the highest in the world for
both children and adults, reported to have increased 25–75%
per decade during the period since 1960. The increase in
hospital admission rates in the region reflects an increase in

Acute Asthma. Table 3 Summary checklist for hospital
discharge
Review inhaler use technique
Follow-up visit
Peak flow meter
Action plan
Medications (SABA, oral corticosteroids, consider inhaled
corticosteroids)

the prevalence of severe asthma. There has been an increase
in the percentage of patients requiring intubation, even as the
total number of hospital admissions for respiratory disease
has decreased. The morbidity of asthma is considerable with
approximately 40% of all children and adult with asthma
having required hospitalization or emergency care treatment
for asthma in the previous 12 months. Trends of asthma
mortality in the USA contrast with those of most other
Western countries in that there has been a progressive
increase over the last two decades. Mortality rates are greatest
in disadvantaged groups such as minorities and those with
low socioeconomic status [4].
Despite concerns for increasing mortality, most
patient survive acute asthma episodes.
Seventy to 80% of patients who present to emergency
departments clear within 2 h of standard therapy. The
relapse rate is approximately 7–15%, depending on how
aggressive the patient is treated. However, the long-term
mortality after a near-fatal event may be as high as
10% [5]. Patients with histories of previous ED visits
and hospitalizations are at highest risk of relapse, regardless of management. Intubated patients are at the highest
risk for mortality. These trends emphasize the importance
of implementing education and management programs
that specifically target high-risk groups.
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Acute Bacterial Prostatitis
▶ Prostatitis

Acute Brain Dysfunction
▶ Septic Encephalopathy

Acute Brain Failure
▶ Encephalopathy and Delirium

Acute Calculous Cholecystitis
▶ Cholecystitis

Acute Cardiogenic Pulmonary
Edema (ACPE)
▶ Heart Failure Syndromes, Treatment
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Definition
Acute care surgery is a newly recognized surgical specialty
in the USA that encompasses trauma surgery, surgical
critical care, and emergency surgery [1].

Rationale
In the USA, trauma surgery has traditionally integrated
surgical critical care to provide 24 h in hospital

A

comprehensive patient management. To meet demands
of the recent crisis in access to emergent surgical care
[2], the discipline has been expanded to include emergency surgery; that is, broad-based general surgery to
include urgent thoracic and vascular procedures. The fundamental goal is to provide emergent operative care for
life or limb-threatening surgical problems within the first
24 h of hospitalization. Although considered a new
specialty, in fact, this practice paradigm has existed in
many urban safety-net hospitals in the USA serving as
regional trauma centers [3]. However, the progressive
fragmentation of general surgery, expanding knowledge
and technical skills required, and limitations on residency
work hours, has prompted the development of a formal
fellowship to provide additional training. In sum, the
rationale for the development of acute care surgery was
based on the facts that (1) an increasing number of
patients require emergent surgical care at a time of
compromised access to such care, (2) the societal costs of
maintaining a full registry of on-call specialists is prohibitive, and (3) trauma surgeons already provide 24 h in
hospital patient care.

Scope of Practice
The American Association for the Surgery of Trauma
(AAST) has implemented a fellowship to ensure the surgical expertise in managing acute surgical problems [4].
In addition to what has been considered trauma surgery
(neck, thoracic, abdominal, and vascular procedures), the
expanded capabilities include common emergent and
urgent thoracic, abdominal, and vascular operations. In
the process of defining this surgical training, consideration
was given to selected neurosurgical and orthopedic trauma
procedures. However, this option was not embraced by the
respective national surgical societies and consequently has
been de-emphasized.

Acute Care Surgery Fellowship
In the USA, prerequisite training is the completion of
an Accreditation Council on Graduate Medical Education (ACGME) – Residency Review Committee (RRC)
approved General Surgery Residency of 5-year duration.
The fellowship consists of 2 years.
The first year is an ACGME-RRC-approved Surgical
Critical Care Fellowship, during which the trainee
may devote up to 25% of their time in direct operative
care of critically ill patients. The second year focuses
on emergency and elective surgical experience, and
allows flexibility depending on the trainees’ prior experience and future plans. In brief, the core rotations
include:
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Acute Cholecystitis

Acute care surgery

4–6 months

Thoracic surgery

1–3 months

Vascular surgery

1–3 months

Hepatobiliary/pancreatic

1–3 months

Neurosurgery

1 month

Orthopedic surgery

1 month

Elective (burn, pediatric,
endoscopy)

1–3 months

During this time, the trainee is expected to acquire
operative management principles and technical procedural skills for a defined list of procedures, judged as
essential or desirable [4].

Acute Confusional State
▶ Encephalopathy and Delirium

Acute Coronary Syndrome: Risk
Stratification
CHADWICK D. MILLER
Department of Emergency Medicine, Wake Forest
University Baptist Medical Center School of Medicine,
Winston-Salem, NC, USA

Future Directions
The current training model of acute care surgery will
continue to mature as the practice of acute care surgery
evolves and patients’ emergent needs become evident [5].
For example, selective angioembolization, endovascular
stent placement, and CT-guided percutaneous sampling
and drainage of torso fluid collections are logical additions
to consider. The issue of selected emergent neurosurgical
and orthopedic procedures warrants further deliberation.
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Acute Cholecystitis
▶ Cholecystitis

Synonyms
Prediction models

Definition
ACS Definition
Acute coronary syndrome (ACS) is comprised of two
related entities: acute myocardial infarction (AMI) and
unstable angina. Both entities are caused by an insufficient
delivery of oxygen to cardiac myocytes. In myocardial
infarction, a sustained disruption in the delivery of substrate leads to cellular death and necrosis. Unstable angina
is typically an intermittent or incomplete disruption in
cellular substrate delivery that by definition does not cause
detectable amounts of cellular death. Unstable angina
differs in definition from AMI in that no measurable
myocardial necrosis, and therefore no elevated cardiac
markers are present.

Risk Stratification
The concept of risk stratification is critical to the evaluation and treatment of ACS. Several levels of risk stratification are commonly used to determine prognosis and to
direct treatment. The rationale for risk stratification is
matching individual patients with diagnostic and treatment strategies most likely to provide a favorable outcome, deliver cost-effective care, and ideally both. Risk
stratification tools commonly used in patients with ACS
are listed in Table 1.

Evaluation and Assessment

Acute Coagulopathy of Trauma
▶ Coagulopathy

Risk stratification of patients with ACS can be thought of
in context of the clinical question to be answered. Common clinical questions arising in this population that are
amendable to risk stratification are discussed below.

Acute Coronary Syndrome: Risk Stratification
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Acute Coronary Syndrome: Risk Stratification. Table 1 Components used in risk stratification of patients with NSTE ACS
Incorporated into risk
stratification algorithm

Risk stratification component

Finding

Significance

ECG

ST-segment changes

Elevation: STEMI treatment
Depression: highly specific for
NSTE ACS

ACC/AHA guidelines
GRACE
TIMI NSTE ACS
PURSUIT

Cardiac troponin

Elevated

Confirms MI; relates to
prognosis and treatment

ACC/AHA guidelines
GRACE
TIMI NSTE ACS
PURSUIT

Historical features

Multiple episodes in 24 h
Typical versus atypical for ACS
Use of aspirin

Typical symptoms, increased
ACC/AHA guidelines
number, duration, or crescendo TIMI NSTE ACS
symptoms higher risk
PURSUIT

Physical exam findings of
cardiac dysfunction

S3
JVD
Killip classification

Suggests end-organ
dysfunction and damage

ACC/AHA guidelines
GRACE
PURSUIT

Measures of hemodynamic or
electrical instability

Arrhythmias, tachycardia,
hypotension

Suggests end-organ
dysfunction and damage

ACC/AHA guidelines
GRACE
PURSUIT

Demographic data and
comorbid conditions

Age
CAD risk factors
Prior ACS
Diabetes

Increases likelihood of
complications/risk

ACC/AHA guidelines
GRACE
TIMI NSTE ACS
PURSUIT

Purpose-driven risk stratification:
1. ST-segment elevation myocardial infarction (STEMI)
versus non-ST-segment elevation (NSTE) acute coronary syndrome (ACS)
2. NSTE myocardial infarction (NSTEMI) versus unstable angina
3. Early invasive therapy
4. Advanced pharmacologic treatment

The risk of mortality in STEMI can also be estimated
based on ECG findings. ECG findings of anterior
ST-segment elevation, left bundle branch blocks, or a
large number of involved leads have an increased
amount of myocardium at risk and therefore are associated with increased risk. Further, failure of ST-segment
elevation to resolve after revascularization, or the development of Q waves represents additional high-risk ECG
features.

I. STEMI Versus NSTE ACS
The rapid diagnosis of STEMI is critically important to
providing timely revascularization. The determination
between STEMI and NSTE ACS is made solely on the
basis of the electrocardiogram. ECG findings of STsegment elevation >1 mV in two or more contiguous
leads or a new left bundle branch block should prompt
emergent treatment for ST-segment elevation myocardial
infarction. Patients with these ECG findings, ongoing
symptoms, and pain <12 h have complete coronary occlusion and emergent revascularization is indicated with
either fibrinolytics or percutaneous coronary intervention
(PCI). All patients with ST-segment elevation MI are
relatively high-risk for adverse events.

II. NSTEMI Versus Unstable Angina
In patients with ACS but without ST-segment elevation,
the differentiation between AMI and unstable angina is
based on cardiac biomarkers. The most commonly used
cardiac biomarkers are CK-MB and Troponin. These
markers of cellular necrosis require cell breakdown and
release into the circulation before they can be detected.
With commonly available assays, this cycle requires
a period of 6–8 h before detectable levels are found in
the blood. Therefore, most patients undergo two or three
serial cardiac markers at 3, 4, or 6 h intervals to detect
patients with initially negative cardiac biomarkers that
subsequently become positive.
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III. Early Invasive Therapy
Early invasive therapy refers to cardiac catheterization and
possible coronary revascularization early, typically in the
first 24 h after presentation. Several clinical trials, metaanalyses, and guidelines support this practice as a means of
improving outcomes among some patients. The alternative treatment approach, conservative therapy, involves
pharmacologic therapy, stress testing, and selective angiography based upon stress test results. While an early
invasive treatment pathway can be expected to increase
angiography rates, it has also been shown to reduce mortality and be cost-effective among carefully selected patients.
The American College of Cardiology/American Heart
Association (ACC/AHA) guidelines provide guidance for
selecting patients with NSTE ACS for an early invasive
strategy [1]. The class I recommendations include patients
with refractory angina, hemodynamic or electrical instability, or increased risk for clinical events. Those at
increased risk for clinical events include patients with
elevated troponin, new ST-segment depression, signs or
symptoms of heart failure, prior CABG, recent PCI
(within 6 months), recurrent angina or ischemia at rest
or with low-level activities, high-risk findings on noninvasive testing, reduced LV ejection fraction <40%, and
a high thrombolysis in myocardial infarction (TIMI) or
GRACE risk score.

IV. Advanced Pharmacologic Treatment
Basic treatment of patients with presumed or confirmed
ACS includes aspirin, antithrombin therapy with either
heparin or low molecular weight heparin, and consideration of anti-ischemic therapy. Treatment of ACS is complex and beyond the focus of this chapter; however,
generalizations can be made regarding risk stratification
and advanced pharmacologic therapy. As more drugs are
added to a patient’s treatment regimen, the risk of adverse
events from treatment, such as bleeding, increases. In
order for a patient to benefit from pharmacologic therapy,
the risk reduction in adverse cardiac events resulting from
adding a drug must outweigh the risk increase related to
the treatment regimen. Therefore, patients at highest risk
of cardiovascular adverse events have the most potential
benefit from additional therapy. In contrast, patients with
low risk of adverse events would be subjected to increased
risk from therapy with little potential benefit. Two of the
strongest predictors of risk for adverse events are elevated
cardiac troponin and ST-segment deviation on the electrocardiogram. Patients with these features therefore stand
to benefit the most from double (i.e., aspirin plus
thienopyridine) or triple antiplatelet therapy (aspirin,
thienopyridine, plus glycoprotein IIb/IIIa inhibition).

For a complete discussion of this topic, readers are
referred to treatment guidelines from the ACC/AHA.

V. Risk Stratification Scoring Systems
Most scoring systems and decision rules are generally
designed to provide prognostic information specific to
patients with either STEMI or NSTE ACS. Therefore,
these two are discussed separately. The GRACE risk score
has prognostic value in both STEMI and NSTE ACS and is
presented first. None of these risk scores are able to
exclude ACS in ED patients with undifferentiated chest
pain. Rather, they are derived and validated to provide
treatment and prognostic guidance in patients with
presumed ACS.

A. STEMI
Three risk stratification schemes for patients with STEMI
are presented in this chapter, the GRACE risk score
(discussed above), the TIMI risk score for STEMI, and
the CADILLAC risk score.
GRACE

The GRACE risk score [2] is predictive of in-hospital
mortality and is valid in patients with both STEMI and
NSTE ACS. Elements of the GRACE risk score include age,
Killip class, systolic blood pressure, heart rate, ST-segment
deviation, cardiac arrest at presentation, serum creatinine,
and elevated cardiac markers. A score is created based on
the results for each component that is then converted into
the risk for in-hospital mortality. An online calculator
for the GRACE risk score is available at http://www.
outcomes-umassmed.org/grace/ (accessed 7/15/2010).
TIMI for STEMI

The TIMI risk score for STEMI [3] has strong predictive
value for mortality. The components include age, systolic
blood pressure, heart rate, Killip class, anterior location
of ST-segment elevation or left bundle branch block,
diabetes, history of hypertension, history of angina,
weight, and time to treatment. The decision aid yields
a score from 0 to 14. A consistent increase in mortality is
observed with increases in score, which is persistent across
races and gender. Further, the TIMI risk score for STEMI is
predictive of events occurring within the first 24 h,
1 month, 6 months, and 1 year. In-hospital mortality by
TIMI risk score and the points for each component are
noted in Fig. 1.
CADILLAC

The Controlled Abciximab and Device Investigation to
Lower Late Angioplasty Complications (CADILLAC)
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Components
Points
Age 65–74/≥75
Systolic BP <100
Heart rate >100
Killip II-IV
Anterior STE/LBBB
Diabetes, hx HTN, hx angina
Weight <67 kg
Time to treatment >4 h

2/3
3
2
2
1
1
1
1

Acute Coronary Syndrome: Risk Stratification. Figure 1 TIMI risk score for patients with STEMI

Acute Coronary Syndrome: Risk Stratification. Table 2
CADILLAC risk score
Points
Baseline LV EF <40%

4

Renal insufficiency (creatinine clearance
<60 ml/min)

3

Killip class 2 or 3

3

Final TIMI flow 0–2

2

Age >65 years

2

Anemia (hematocrit) (men <39%; women <36%) 2
Three vessel coronary disease

2

risk score [4] was derived to predict mortality at 30 days
and 1 year based on clinical data and features at angiography among patients with STEMI. In contrast to GRACE
or TIMI STEMI, the additional data obtained at angiography is incorporated and allows an additional level of risk
stratification after intervention.
Components of the CADILLAC risk score include
baseline left ventricular ejection fraction (LVEF) on angiography, renal insufficiency, Killip class, post-procedure
TIMI flow grade, age, anemia, and three vessel disease
(Table 2). These components are combined in an integerbased scoring system to create low risk (0–2), intermediate
risk [3–5], and high-risk (6) categories. The 30-day
mortality rate for low-risk patients is approximately 1%,
4% for intermediate risk, and 13% for high-risk.
Recommended Use of Scoring Systems in Patients
with STEMI

Once STEMI is diagnosed, the immediate focus should be
on emergent revascularization. In patients who may be

questionable revascularization candidates, the TIMI
STEMI or GRACE risk scores may assist clinicians in providing an estimate of the patient’s risk for adverse cardiovascular outcomes. These risk scores may also be beneficial
in patients who receive reperfusion with fibrinolytic agents
and therefore do not have the necessary information to
calculate risk using the CADILLAC risk score. After cardiac
catheterization, the CADILLAC risk score can be used to
integrate catheterization data with the clinical picture to
provide a risk assessment.

B. NSTE ACS
Four risk scores are described in this chapter for use with
patients with NSTE ACS. As demonstrated in Table 1,
the risk stratification instruments have a large degree of
overlap in their individual components. The risk strata
obtained from using the framework in the ACC/AHA
guidelines are linked to treatment recommendations and
therefore this framework is commonly used. The GRACE,
PURSUIT, and TIMI risk scores were derived to predict
different outcomes at different time points. However, all
three are useful in predicting with long-term outcomes.
ACC/AHA

The ACC/AHA guidelines [1] provide a framework for
ascertaining the short-term risk for death or nonfatal MI
among patients with presumed NSTE ACS. Features
considered high-risk include:
Elevated cardiac biomarkers
ECG findings of ST-segment depression or new bundle
branch block
Hemodynamic or electrical instability
End-organ dysfunction (pulmonary edema, rales, S3)
Advanced age (>75 years)
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Death, MI, urgentrevascularization at
14 days (%)
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≥2 anginal events in 24 h
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Elevated cardiac markers
Prior coronary stenosis ≥50%
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Acute Coronary Syndrome: Risk Stratification. Figure 2 TIMI risk score for patients with NSTE ACS

Prolonged symptoms at rest (>20 min) or accelerating
tempo of symptoms in the preceding 48 h
Based on this risk stratification system, all patients
with biomarker proven MI are considered high-risk. Furthermore, all patients with STEMI should be considered
high-risk. Finally, some patients with unstable angina will
be considered high-risk. Risk categories using this system
are linked to treatment guidelines published by the
ACC/AHA with high-risk patients receiving more aggressive pharmacologic and interventional therapy.
TIMI Risk Score

The Thrombolysis in Myocardial Infarction (TIMI) risk
score [5] for patients with NSTE ACS has been widely
adopted. The scoring system consists of seven elements
with each contributing one point. Elements include age 
65 years, at least three risk factors for coronary artery
disease (family history, hypertension, hypercholesterolemia, diabetes, current smoking), ST-segment deviation,
two or more anginal events in the past 24 h, aspirin use in
the past 7 days, and elevated cardiac markers. Mortality at
14 days increases with each increase in score ranging from
approximately 5% among those with 0 or 1, to 41%
among those with a TIMI risk score of 6 or 7 (Fig. 2).
The TIMI risk score has been extensively validated, has
been shown to correlate with prognosis at 1 year, and also
has utility in determining risk among ED patients with
undifferentiated chest pain.
PURSUIT

The scoring system resulting from the PURSUIT trial [6]
is unique in that it provides estimates for both 30-day
mortality and the composite of 30-day mortality and
reinfarction. Further, it provides separate estimates based

on whether the patient’s diagnosis is unstable angina or
myocardial infarction. Using the components of age,
gender, Canadian cardiovascular society classification
of angina, heart rate, systolic blood pressure, rales,
ST-segment depression on the presenting ECG, a score is
obtained ranging from 0 to 19. This score is then plotted
on a curve to give an estimated event rate.
Recommended Use of Scoring Systems in Patients
with NSTE ACS

As demonstrated in Table 1, the risk scoring systems for
patients with NSTE ACS have a large degree of overlap in
their components. It is not clear that one scoring system
dominates or should be favored. Clinicians may choose to
become familiar with and use one of these scoring systems.
Alternatively, clinicians may choose to become familiar
with the components that have the strongest predictive
value, such as cardiac biomarkers, ECG findings, and
hemodynamic status, and integrate this information into
an unstructured clinical assessment.
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Synonyms
Acute pulmonary edema; Cardiogenic shock; Diastolic
dysfunction; Heart failure; Left ventricular dysfunction;
Systolic dysfunction

Definition
Heart failure is defined as the inability of the myocardium
to provide sufficient cardiac output to meet the needs of
the body. Heart failure may present with varying severity
and require varying therapeutic interventions. Risk stratification is the performance of activities (e.g., laboratory
and clinical testing) to determine a patient’s need for acute
intervention as well as short- or long-term prognosis.

A

Patients with heart failure are a large group that may
benefit from risk stratification strategies.

Pre-existing Condition
Heart failure

Application
The ability to determine a patient’s severity of illness at
presentation would have great clinical utility. Unfortunately, no comprehensive model that is sufficiently accurate for clinical utility has been described. One model [1]
has been prospectively validated to predict acute hospital
mortality from data available within the first 10 min of
presentation (age, systolic blood pressure, and ECG
abnormalities). However, its validity for predicting morbidity, other acute sequelae, and its ability to identify lowrisk patients that can be safely discharged home, is
unknown. Thus physicians must use experience and clinical acumen when determining appropriate interventions
and disposition decision in patients presenting with acute
heart failure.
In acute HF, accurate volume status assessment is used
to determine appropriate therapy. Errors in determining
fluid status can result in unneeded or omitted therapy.
Both types of errors are associated with increased mortality in the critically ill. Consequently, for early risk stratification, the physician must rely upon a number of
individual objective parameters to provide guidance.

History and Physical Examination
The earliest data available at presentation for diagnosis
and risk stratification is that obtained from the history and
physical exam. When objectively evaluated, dyspnea on
exertion, or the presence of edema have the highest sensitivity for circulatory congestion. Overall, the most specific
symptoms suggesting circulatory congestion and a higher
need of hospitalization are paroxysmal nocturnal dyspnea,
orthopnea, and edema.
Other physical examination parameters have variable
utility for diagnosis and increased short-term risk. Jugular
venous distention (JVD) is associated with an elevated
right atrial pressure, and the presence of either JVD or
an S3 heart sound are independently associated with
increased HF hospitalization, HF rehospitalization, and
death from pump failure. If present, the S3 is highly
specific for ventricular dysfunction and elevated left ventricular filling pressures. The S3 has the highest positive
likelihood ratio (LR 11.0) for volume overload, but is not
valuable as a negative predictor (LR 0.88). Finally, skin
mottling, a function of poor peripheral perfusion from
pump failure, is associated with a marked increase for
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in-hospital death, although its absence does not identify
a patient at low risk.

Biomarkers
Objective measures of risk stratification have been
described. The natriuretic peptides (NPs) of B-type natriuretic peptide (BNP), or its inactive precursor NTproBNP,
can be used to differentiate patients with suspected heart
failure from other causes of dyspnea and to assist in
determining the severity of illness at presentation. NPs
are produced by the myocardium in response to pressure
or volume stress. When NP’s are elevated (>500 pg/mL
BNP or >900 pg/mL NTproBNP), the positive predictive
value for a heart failure diagnosis is in the 90% range. These
biomarkers also have high negative predictive values;
when NP is low (<300 pg/mL NTproBNP or <100 pg/mL
BNP), an alternative diagnosis should be considered. This
then leaves a “gray zone” (300–900 pg/mL for NTproBNP,
and 100–500 pg/mL for BNP), where additional testing
is needed to determine the etiology of the clinical
presentation.
It is important to consider non-heart failure causes of
BNP alterations. Any myocardial stress (e.g., acute myocardial infarction or pulmonary embolism) may elevate
natriuretic peptides, as can renal failure. In fact, some
authors suggest that in the setting of moderate or severe
renal failure, the reference range for abnormal BNP levels
should be increased to 200 pg/mL. Alternatively, obesity
may lower BNP levels, resulting in an inverse relationship
between the NP level and body mass index. To correct for
this phenomena, it is suggested that the BNP level should
be doubled in patients with a body mass index >35, as
a way of improving the sensitivity of a heart failure diagnosis. Ultimately, for accurate interpretation of an NP
measurement, the clinical scenario must be considered.
The risk stratification value of NPs is their ability to
identify heart failure patients at greater risk for short-term
mortality. From the Acute Decompensated Heart Failure
Registry (ADHERE), patients with a BNP >1,730 pg/mL
at ED presentation had a 6% in-hospital mortality compared to those with a BNP level <430 pg/mL, whose inhospital mortality rate was 2.2% [2]. Furthermore,
patients with an elevated BNP were twice as likely to be
admitted to the intensive care unit, and their hospital stay
was prolonged by 1 day more than patients with lower
levels.
ADHERE also identified that troponin provides prognostic data in patients with acute heart failure [3]. In
this analysis, the authors reported a direct relationship
between elevated troponin levels and in-hospital mortality. In patients with the highest quartile of troponin, the

acute mortality rate was 6.3%, versus 1.7% in the lowest
quartile. In addition, troponin positive patients required
one half day longer in the intensive care unit and were
hospitalized 1 day longer.
The results of NP and troponin testing can be combined to help risk stratification. In a separate ADHERE
analysis [4], the combination of troponin and BNP assessment predicted acute mortality in patients arriving to the
ED with acute heart failure. Patients with a positive troponin and BNP >840 pg/mL had an in-hospital mortality
rate of 10.2%, compared to a mortality rate of approximately 4.5% when either one of BNP or troponin was
elevated, and only 2.2% when neither was elevated.
These markers can also be used to identify patients
who will benefit from interventions. Early diagnostic precision and time to treatment are considered clinically
important in numerous conditions (e.g., acute coronary
syndromes, hypoglycemia, and stroke); however, heart
failure is not commonly considered in this group. In an
analysis of nearly 15,000 heart failure patients hospitalized
via the ED, mortality rates were stratified as a function of
BNP quartile and time to intravenous loop diuretic
administration [5]. In patients with a BNP <865 pg/mL,
no time-dependent effect of loop diuretic dosing was
found. However, if the initial BNP level was >865 pg/mL,
a delay in diuretic administration was associated with
increased mortality. In patients with a BNP level higher
than 1,738 pg/mL, a delay in diuretic administration
exceeding 5 h was associated with an increase in the acute
in-hospital mortality from 5.1% to 7.3%.
A variety of additional tools are available for risk
stratification in the acute care environment. In a study
performing a classification and regression tree analysis of
approximately 80,000 patients [6], the strongest predictor
of in-hospital death was an elevated blood urea nitrogen
(BUN). At presentation, if the BUN was >43 mg/dL, the
mortality rate was about 9%, compared to only 2.7% in
patients with a BUN below this. Additive to BUN, the
second strongest predictor of acute mortality was the
presenting systolic blood pressure (SBP). If the initial
SBP was <115 mmHg, and the patient had an elevated
BUN, in hospital mortality was approximately 15%, compared to only 2.1% in those with a SBP >115 mmHg.
Finally, if the BUN was >43 mg/dL, the SBP below
115 mmHg, and the creatinine >2.75 mg/dL, the inhospital mortality rate neared 22%.
Clearly, a number of acute mortality predictors for
patients presenting with suspected acute heart failure
exist. However for risk stratification, it is also valuable to
identify patients at low risk for adverse outcomes. It is
important to recognize that the absence of high-risk

Acute Kidney Injury (AKI)

predictors does not identify low-risk patients. Although
a much smaller data set, low-risk predictors have been
identified to determine which patients can be managed
in lower acuity environments. In one study of nearly
500 patients, a negative troponin and an initial SBP
>160 mmHg identified a cohort that would be safely
discharged within 24 h to survive and not require
rehospitalization in the subsequent 30 days. A second
study of 385 patients, found that a BUN below 30 mg/dL
identified patients who could be successfully managed in
a 24-h unit.
There are several implications in risk stratification of
heart failure patients. As noted above, natriuretic peptides
are helpful biomarkers for diagnosis and risk stratification.
Furthermore, a positive troponin, BUN >43 mg/dL,
SBP <115 mmHg, and creatinine >2.75 mg/dL, all contribute to the identification of patients presenting with
acute heart failure at high risk for short-term mortality.
Conversely, an SBP >160 mmHg, a negative troponin, and
a BUN below 30 mg/dL identify patients with a low likelihood of short-term adverse events.

References
1.

2.

3.

4.

5.

6.

Selker HP, Griffith JL, D’Agostino RB (1994) A time-insensitive
predictive instrument for acute hospital mortality due to congestive
heart failure: development, testing, and use for comparing hospitals:
a multicenter study. Med Care 32(10):1040–1052
Fonarow GC, Peacock WF, Phillips CO, Givertz MM, Lopatin M,
ADHERE Scientific Advisory Committee and Investigators
(2007) Admission B-type natriuretic peptide levels and in-hospital
mortality in acute decompensated heart failure. J Am Coll Cardiol
49:1943–1950
Peacock WF IV, DeMarco T, Fonarow GC, DIercks D, Wynne J, Apple
FS, For the ADHERE Investigators et al (2008) Cardiac troponin and
outcome in acute heart failure. N Engl J Med 358:2117–2126
Fonarow G, Peacock WF, Horwich TB, Phillips CO, Givertz M,
Lopatin M et al (2008) Usefulness of B-type natriuretic peptide and
cardiac troponin levels to predict in-hospital mortality from
ADHERE. Am J Cardiol 101:231–237
Maisel AS, Peacock WF, McMullin N, Jessie R, Fonarow GC, Wynne J,
Mills RM (2008) Timing of immunoreactive B-type natriuretic
peptide levels and treatment delay in acute decompensated heart
failure. J Am Coll Cardiol 52:534–540
Fonarow GC, Adams KF Jr, Abraham WT, Yancy CW, Boscardin WJ,
ADHERE scientific advisory committee study group, and
Investigators (2005) Risk stratification for in-hospital mortality in
acutely decompensated heart failure: classification and regression
trees analysis. JAMA 293:572–580

Acute Intracerebral Hemorrhage
▶ Stroke, Blood Pressure Management

A

Acute Iron Poisoning
▶ Iron Overdose

Acute Ischemic Stroke
▶ Stroke, Blood Pressure Management

Acute Kidney Disease
▶ AKI, Concept of

Acute Kidney Diseases and
Disorders (AKD)
▶ Decreased Estimated Glomerular Filtration Rate
(eGFR): Interpretation in Acute and Chronic Kidney
Disease

Acute Kidney Dysfunction
▶ AKI, Epidemiology of

Acute Kidney Failure
▶ AKI, Epidemiology of

Acute Kidney Injury (AKI)
▶ Acute Kidney Injury Biomarkers, Concept of
▶ ANP
▶ Decreased Estimated Glomerular Filtration Rate
(eGFR): Interpretation in Acute and Chronic Kidney
Disease

65

A

66

A

Acute Kidney Injury Biomarkers, Concept of

Acute Kidney Injury Biomarkers,
Concept of
PRASAD DEVARAJAN
Department of Nephrology and Hypertension, Cincinnati
Children’s Hospital Medical Center University of
Cincinnati, Cincinnati, OH, USA

Synonyms
Acute kidney injury (AKI); Acute renal failure; Structural
biomarkers

Definition
Acute kidney injury (AKI) refers to a complex syndrome
that comprises multiple causative factors and occurs in
a variety of settings with varied clinical manifestations
ranging from a minimal elevation in serum creatinine to
anuric renal failure. AKI is characterized functionally by
a rapid (within hours to days) decline in the glomerular
filtration rate (GFR), and biochemically by the accumulation of nitrogenous wastes such as blood urea nitrogen
and creatinine. The term AKI has largely replaced acute
renal failure (ARF), the terminology historically used for
this condition, since the latter designation overemphasizes
the failure of kidney function and fails to account for the
diverse spectrum of molecular, biochemical, and structural processes that characterize the AKI syndrome.
AKI is a common clinical condition, afflicting all ages
in both hospital and community settings, and associated
with potentially serious consequences and treatment
options that are largely supportive in nature. The incidence of AKI in hospitalized subjects is estimated at
a staggering 5–7%. The incidence is even higher in the
intensive care unit (ICU) – about 25% – and carries an
overall mortality rate of 50–80%. An increase in morbidity
and mortality associated with AKI has been demonstrated
in a wide variety of common clinical situations, including
those exposed to radiocontrast dye, cardiopulmonary
bypass, mechanical ventilation, sepsis, and other critical
illnesses. In addition, AKI is a major risk factor for the
development of nonrenal complications and it independently contributes to mortality.
AKI is largely asymptomatic, and establishing the
diagnosis currently hinges on serial serum creatinine measurements. Unfortunately, serum creatinine is a delayed
and unreliable indicator of AKI for a variety of reasons.
First, even normal serum creatinine is influenced by several nonrenal factors such as age, gender, muscle mass,

muscle metabolism, medications, hydration status, nutrition status, and tubular secretion. Second, a number of
acute and chronic kidney conditions can exist with no
increase in serum creatinine due to the concept of renal
reserve – it is estimated that greater than 50% of kidney
function must be lost before serum creatinine rises. Third,
serum creatinine concentrations do not reflect the true
decrease in glomerular filtration rate in the acute setting,
since several hours to days must elapse before a new equilibrium between the presumably steady state production
and the decreased excretion of creatinine is established.
Fourth, an increase in serum creatinine represents a late
indication of a functional change in glomerular filtration
rate, which lags behind important structural changes that
occur in the kidney during the early initiation and extension phases of AKI. Indeed, animal studies have identified
several interventions that can prevent and/or treat AKI if
instituted early in the disease course, well before the serum
creatinine even begins to rise. The lack of early biomarkers
has hampered our ability to translate these promising
findings to human AKI. A troponin-like biomarker of
AKI that is easily measured reflects early structural damage rather than late functional consequences, unaffected
by other biological variables, and capable of both
early detection and risk stratification would represent
a tremendous advance in intensive care medicine.
In its simplest definition, a biomarker is anything that
can be measured to extract information about a biologic
state or process. The NIH Biomarkers Definitions Working Group has defined a biomarker as “A characteristic
that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention.”
In this chapter, we will review the general process for the
discovery and validation of biomarkers, the characteristics
of an ideal acute kidney injury biomarker, and the current
status of novel AKI biomarkers.

Characteristics
The Process of Biomarker Discovery
and Validation
The quest for biomarkers is as old as medicine itself. From
the earliest days of diagnostic medicine in ancient Egypt,
to the powerful discoveries of modern science, we have
been searching for measurable biological cues that will
allow us insight into the physiologic workings of the
human organism. Biomarkers appear in every form.
Body temperature, in the form of a fever, can signal infection. Blood pressure and cholesterol levels can predict
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cardiovascular risk. Tracking biomarkers such as height
and weight can give clues to normal human growth and
development. Such general biomarkers have been used for
decades or even centuries and have remained powerful
tools for assessing general biological activity. However,
the era of personalized medicine is well upon us. Ushered
in by the remarkable genomic and proteomic advances in
our understanding of health and disease, personalized
medicine promises a more precise determination of disease predisposition, diagnosis and prognosis, earlier preventive and therapeutic interventions, a more efficient
drug development process, and a safer and more fiscally
responsive approach to medicine. Biomarkers are the
essential tools for the implementation of personalized
medicine. The quest for the advancement of personalized
medicine drives us further and further into the realm of
molecular medicine to discover biomarkers with increasing sensitivity and specificity.
The biomarker development process has typically
been divided into five phases, [1, 2] as shown in Table 1.
The preclinical discovery phase requires high-quality,
well-characterized tissue or body fluid samples from
Acute Kidney Injury Biomarkers, Concept of. Table 1
Phases of biomarker discovery, translation, and validation
(Adapted from reference [2])
Phase

Terminology

Action steps

Phase 1

Preclinical
discovery

Phase 2

Assay
development

Phase 3

Retrospective
study

Phase 4

Prospective
screening

● Discover biomarkers in tissues
or body fluids
● Confirm and prioritize
promising candidates
● Develop and optimize
clinically useful assay
● Test on existing samples of
established disease
● Test biomarker in completed
clinical trial
● Test if biomarker detects the
disease early
● Evaluate sensitivity, specificity,
ROC
● Use biomarker to screen
population
● Identify extent and
characteristics of disease
● Identify false referral rate

Phase 5

Disease
control

● Determine impact of
screening on reducing disease
burden

A

carefully chosen animal or human models of the disease
under investigation. In recent years, the ready availability
of powerful tools to scan both the genome and the proteome of an organism have revolutionized and greatly accelerated biomarker discovery. Microarrays that can measure
the entire complement of messenger RNA in a given sample type have yielded a number of promising biomarkers
of kidney disease, and have also led to the discovery of
novel disease mechanisms in many fields. This approach
can be combined with other techniques, such as laser
capture microdissection, to target specific areas of diseased tissue to give mechanistic clues not possible just
a decade ago. A shortcoming of such transcriptomic profiling approaches is that one cannot directly measure
biological fluids. Another problem with this approach is
that ultimately messenger RNA does not always reflect
protein levels or activity and must be further confirmed
at the protein level prior to larger validation studies.
Proteomic approaches move a step beyond genomic
studies and screen the actual proteins and peptides present
in a sample. This approach allows one to go beyond simple
translation of mRNA into protein, and allows a look into
protein regulation, posttranslational modifications such
as glycosylation and methylation, and even diseasespecific fragmentation. There are a number of proteomic
approaches including gel electrophoresis and modern
mass spectrometry techniques such as matrix-assisted
laser desorption ionization time of flight (MALDI-TOF)
mass spectrometry and surface-enhanced laser desorption
ionization time of flight (SELDI-TOF) mass spectrometry.
These techniques are capable of identifying and quantifying proteins and peptides in exceedingly large numbers.
The urinary proteome itself is quite large, with laboratories having identified over 1,500 proteins to date.
The blood proteome is even larger, with over 3,000
nonredundant proteins identified in the plasma alone.
Adding the proteome of the cellular component of blood
will yield thousands more. To this end we have entered
what has been termed an “open loop” or unbiased,
approach to biomarker discovery. This is in stark contrast
to the hypothesis driven approach of our past.

Desirable Characteristics of a Biomarker
What constitutes an ideal biomarker is highly dependent
upon the disease under investigation. However, certain
universal characteristics are important for any biomarker:
(1) they should be noninvasive, easily measured, inexpensive, and produce rapid results; (2) they should be from
readily available sources, such as blood or urine; (3) they
should have a high sensitivity, allowing early detection,
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and no overlap in values between diseased patients and
healthy controls; (4) they should have a high specificity,
being greatly upregulated (or downregulated) specifically
in the diseased samples and unaffected by comorbid conditions; (5) biomarker levels should vary rapidly in
response to treatment; (6) biomarker levels should aid in
risk stratification and possess prognostic value in terms of
real outcomes; and (7) biomarkers should be biologically
plausible and provide insight into the underlying disease
mechanism [3, 4].
Of course, very few biomarkers will meet all of the
characteristics of an ideal marker, but let us discuss
these characteristics in a little more detail. First, a biomarker should be noninvasive. Regarding the source of
biomarkers, the most readily available ones are urine
and blood. These are substances obtained in the normal
care of a patient, easily collected at the bedside, and associated with little to no health risks to the patient. Each
source has desirable and negative characteristics. Urine is
an excellent source of biomarkers produced in the kidney
and thus may give better mechanistic insight into specific
renal pathologies. Urine is less complex than serum and
thus is easier to screen for potential biomarkers. Collection of urine is easy enough, and it can be readily
employed in home testing kits. The handling of urine,
however, greatly influences the stability of its proteins
and measurements should be made immediately after
collection or the urine should be promptly frozen
at 80 C to avoid degradation. Finally, urinary biomarker
studies typically adjust for urine creatinine to account for
differences in urine concentration due to hydration status
and medications such as diuretics. However, the utility
of urine creatinine in biomarker correction has been
questioned due to its variable excretion throughout the
day and its dependence on normal renal function. Serum
or plasma can also be a good source of biomarkers and is
even available in anuric patients. Serum is less prone to
bacterial contamination than urine and is considered
more stable. Serum biomarkers, however, are more likely
to represent a systemic response to disease, rather than an
organ response. There are exceptions, such as the troponins in cardiac disease. The real problem with serum as
a source of biomarkers lies in the discovery phase. Serum
has a wide range of protein concentrations across several
orders of magnitude, with a small number of proteins
(such as albumin) accounting for a large percentage of
the volume.
The sensitivity and specificity of a biomarker go hand
in hand. The receiver-operating characteristic (ROC)
curve is a binary classification test, based on the sensitivity

and specificity of a biomarker at certain cutoff points.
ROC curves are often used to determine the clinical diagnostic value of a marker. The area under the ROC curve
(AUC) is a common statistic derived from ROC curves. An
AUC of 1.0 represents a perfect biomarker, while an AUC
of 0.5 is a result that is no better than expected by chance.
An AUC of 0.75 or greater is generally considered a good
biomarker, while an AUC of 0.90 is considered an excellent
biomarker. However, even a sensitive biomarker with what
experimentally would be considered an excellent specificity of 90%, would still yield a false-positive rate of 10%,
which may be unacceptably high for clinical use as a stand
alone marker. As a result, the best approach clinically may
be to find multiple biomarkers that can be combined as
part of a panel to achieve even higher specificity. Lack of
specificity and slow response to alterations in disease
severity or treatment are primary reasons why serum
creatinine is an unsatisfactory biomarker for renal disease,
especially in AKI.

Characteristics of an Ideal AKI Biomarker
Many conventional markers of kidney function have suffered from a lack of specificity and poor standardized
assays. The insensitivity of these measurements, such as
casts and fractional secretion of sodium, make them poor
candidates for the early detection of AKI. As mentioned,
creatinine is an unreliable marker of acute changes in
kidney function due to its slow response time and the
fact that many variables can alter creatinine levels. Identification of early AKI biomarkers has been designated a top
priority by the American Society of Nephrology and the
concept of developing a new collection of tools for earlier
diagnosis of disease states is a prominent feature in the
National Institutes of Health road map or biomedical
research.
Besides establishing the early diagnosis, biomarkers
are needed for several other purposes in AKI [1–4].
Thus, biomarkers are needed for (a) pinpointing the location of primary injury (proximal tubule, distal tubule,
interstitium, or vasculature); (b) determining the duration of kidney failure (AKI, chronic kidney disease, or
“acute-on-chronic” kidney disease); (c) discerning AKI
subtypes (prerenal, intrinsic renal, or postrenal); (d) identifying AKI etiologies (ischemia, toxins, sepsis, or a combination); (e) differentiating AKI from other forms of
acute kidney disease (urinary tract infection, glomerulonephritis, or interstitial nephritis); (f) risk stratification
and prognostication (duration and severity of AKI, need
for renal replacement therapy, length of hospital stay, and
mortality); (g) defining the course of AKI; and (i)

Acute Kidney Injury Biomarkers, Concept of

monitoring the response to AKI interventions. Biomarkers are also desperately needed for use as surrogate
endpoints in clinical trials evaluating potential therapeutics for AKI. Surrogate markers are precise measurements
that can accurately correlate with a clinical endpoint.
Surrogate endpoints can expedite clinical trials evaluating
the safety and efficacy of new drug applications. If the
intervention has the desired effect on the surrogate endpoint, then further evaluations are warranted to directly
address the effect of the intervention on the appropriate
clinical endpoint. This linking of the surrogate endpoint
to the clinical endpoint is referred to as validation and is
an essential step in the biomarker discovery process.
With respect to the desirable characteristics of AKI
biomarkers, the most important remain those that are
clinically applicable and can lead to early diagnosis and
treatment of AKI. Other important properties of clinically
relevant biomarkers of AKI are similar in concept to the
properties of ideal biomarkers in general. Specific characteristics should include (a) measurements from noninvasive sources, such as blood or urine; (b) easy to perform
either at bedside or in a standard clinical laboratory; (c)
measurements should be reliable and have a rapid

A

turnaround time; (d) they should be sensitive for early
detection and have a wide dynamic range of values with
cutoffs to allow for risk stratification; (e) they should be
highly specific, and ideally allow for AKI subtype classification; and (f) they should be inexpensive to allow for
broad global use.

The Current Status of Novel AKI Biomarkers
Not surprisingly, the pursuit of improved biomarkers for
the early diagnosis of AKI and its outcomes is an area of
intense contemporary research. For answers, we must turn
to the kidney itself. Indeed, understanding the early stress
response of the kidney to acute injuries has revealed a
number of potential biomarkers. Many have successfully
passed through the preclinical, assay development, and
initial clinical testing stages of the biomarker development
process. A number of biomarkers have now entered
the prospective screening stage, facilitated by the development of commercial tools for their measurement on
large populations across different laboratories. The most
promising biomarkers being evaluated in humans are
listed in Table 2, and their current status is briefly
summarized below.

Acute Kidney Injury Biomarkers, Concept of. Table 2 Current status of novel urinary and plasma biomarkers for the early
diagnosis of acute kidney injury
Biomarker name
and source

Biomarker timing
and accuracy

Urine/plasma NGAL Time post-insult

Urine IL-18

Urine KIM-1

Urine L-FABP

Plasma cystatin C

Cardiopulmonary
bypass (CPB)

Contrast-induced
nephropathy

Delayed graft
function (DGF)

Critical care or
emergency setting

2 h post-CPB

2 h post-contrast

6 h posttransplant

Variable

Time pre-AKI

2 days pre-AKI

1–2 days pre-AKI

2–3 days pre-DGF

2 days pre-AKI

AUC-ROC

0.78

0.90

0.90

0.73

Time post-insult

12 h post-CPB

Not increased

6 h posttransplant

Variable

Time pre-AKI

1–2 days pre-AKI

2–3 days pre-DGF

2 days pre-AKI

AUC-ROC

0.75

0.90

0.73

Time post-insult

12 h post-CPB

Not tested

Not tested

Not tested

Time pre-AKI

1–2 days pre-AKI

AUC-ROC

0.78

Time post-insult

4 h post-CPB

6 h post-contrast

Not tested

Not tested

Time pre-AKI

2 days pre-AKI

1–2 days pre-AKI

AUC-ROC

0.81

Not reported

Time post-insult

6 h post-CPB

2–6 h post-contrast Not tested

Variable

Time pre-AKI

2 days pre-AKI

1–2 days pre-AKI

2 days pre-AKI

AUC-ROC

0.62

Not reported

0.90

AUC-ROC, area under the receiver-operating characteristic curve, which is a measure of diagnostic accuracy
DGF, defined as dialysis requirement within the first week after transplant
Times shown are the earliest time points when biomarker concentrations become significantly increased from baseline
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For the early prediction of AKI in various common
clinical situations, a number of studies have now
established neutrophil gelatinase-associated lipocalin
(NGAL) as the most promising biomarker. A metaanalysis of published data has shown that early NGAL
measurements can predict subsequent development of
AKI, following temporally predictable injuries such as
cardiac surgery, nephrotoxin administration, and kidney
transplantation, and also in unselected populations such
as critically ill subjects [5]. Both urine and plasma NGAL
levels predict AKI with a very good to excellent diagnostic
accuracy. Other emerging urinary biomarkers for the early
diagnosis of AKI include interleukin-18 (IL-18), kidney
injury molecule-1 (KIM-1), liver-type fatty acid binding
protein (L-FABP), and the glutathione S-transferases. In
the plasma, another promising AKI biomarker is cystatin C.
Biomarkers are also being examined for predicting the
prognosis of AKI. Several publications have now demonstrated the utility of early urine and plasma NGAL measurements for predicting clinical outcomes of AKI,
including duration and severity of AKI, length of hospital stay, dialysis requirement, and mortality. Positive
correlations with AKI severity and mortality have also
been reported in a limited number of studies for
a number of other urinary (IL-18, KIM-1, N-acetyl-bD-glucosaminidase, cystatin C) and plasma (cystatin C)
biomarkers.

Summary
In addition to early diagnosis and prediction, it would be
desirable to identify biomarkers capable of discerning AKI
subtypes, identifying etiologies, predicting clinical outcomes, allowing for risk stratification, and monitoring
the response to interventions. In order to obtain all of
this desired information, a panel of validated biomarkers
may be needed. The availability of a panel of AKI biomarkers could revolutionize renal and critical care.
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Synonyms
Acute renal insufficiency in pregnancy; Pregnancy-related
acute renal failure

Definition
Acute kidney injury (AKI) is broadly defined as an abrupt
deterioration of renal function that results in retention
of urea and nitrogenous waste products and in the
dysregulation of fluid and electrolyte homeostasis [1].
Pregnancy-related AKI (PR-AKI), by definition, occurs
during pregnancy, labor and delivery, and/or the
postpartum period. There are two major categories of
pregnancy-related AKI: (i) pregnancy-specific diagnoses
and (ii) other etiologies relevant to women of childbearing
age that may happen to coincide with pregnancy. Importantly, this condition poses a unique and important challenge as there are two patients to consider: the mother and
her fetus.
Specific diagnostic criteria for AKI, even in the
nonpregnant population, have been variable and often
vague, thus clouding the existing literature and rendering
the translation of research findings to bedside management challenging. To address this issue, the multidisciplinary AKI Network developed uniform standards for
the diagnosis and staging of renal failure based on serum
creatinine and urine output [2]. The proposed diagnostic
criteria for AKI is an abrupt (within 48 h) reduction in
kidney function defined as an absolute increase in serum
creatinine of more than or equal to 0.3 mg/dL, a percentage increase in serum creatinine of more than or equal to
50% (1.5-fold from baseline), or a reduction in urine
output (documented oliguria of less than 0.5 mL/kg per
hour for more than 6 h). With pregnancy, the profound
physiologic changes in the renal and cardiovascular systems must also be taken into account for proper diagnosis
and management of AKI.

Renal Physiologic Changes in Pregnancy [3]
Anatomic changes occur as early as the first trimester
including a marked increase in kidney size and volume
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primarily due to the increase in renal vascular volume and
capacity of the collecting system. Dilation of the collecting
system with hydronephrosis and hydroureter occurs in
80% of women by midpregnancy, likely due to the smooth
muscle relaxation caused by progesterone and other hormones. Ureteral dilation is more dramatic on the right
than the left secondary to external compression by the
ovarian vascular plexus and the gravid uterus. Understanding these normal anatomic changes is important for
the interpretation of renal imaging studies performed in
the pregnant woman.
One of the most dramatic and early physiologic
changes of pregnancy is the marked increase in renal
blood flow that begins early in the first trimester. This
increase is associated with reduced renal vascular resistance and increased maternal plasma volume and cardiac
output. Progesterone, relaxin, and other luteal and placental hormones are likely responsible for the profound
vasodilation and circulatory changes associated with pregnancy. Compared to the nonpregnant baseline, renal
plasma flow increases by 50–85% over the course of pregnancy with a slight decrease at the end of gestation. An
important consequence is a significant increase in glomerular filtration rate (GFR) of 40–65% above baseline. These
changes have practical implications such as changes in
normal laboratory parameters (Table 1). These include
an increase in creatinine clearance by at least 25% over
nonpregnant values as well as reduced serum concentrations
of blood urea nitrogen and creatinine; thus, a serum creatinine of 0.9 mg/dL while considered normal in a nonpregnant
adult, would be abnormal in a pregnant woman. The
increased GFR also affects substrate handling, including
an increase in proteinuria (up to 300 mg/dL) and often
glucosuria. Despite this marked increase in GFR, the renal
tubules function to preserve sodium balance and accomplish
a net sodium retention of 500–900 mEq over the course of
pregnancy. Water balance in maintained while plasma osmolality is reduced.
The kidney also plays an important role in acid–base
homeostasis. The primary acid–base alteration during
pregnancy is a respiratory alkalosis (pCO2 is reduced by
approximately 10 mmHg) secondary to increased minute
ventilation. A compensatory metabolic acidosis occurs
with decline in serum bicarbonate concentrations. While
these adaptations are beneficial for the fetus by increasing
the CO2 gradient across the placenta to facilitate gas
exchange, the maternal capacity to buffer acids is reduced.
Understanding these acid–base changes is important in
the management of pregnant women, particularly in the
intensive care unit (ICU) setting.
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Acute Kidney Injury During Pregnancy. Table 1 Normal
laboratory parameters in pregnancy

Variable

Change compared Approximate
to nonpregnant
normal value in
values
pregnancy

Serum creatinine

↓

0.5 mg/dL

Blood urea
nitrogen (BUN)

↓

9.0 mg/dL

Creatinine
clearance

↑

↑ 25% above
baseline

Uric acid

↓

2.0–3.0 mg/dL

Urinary protein
excretion

Variable to ↑

Up to 300 mg/24 h

Sodium retention
over pregnancy

↑

900–950 mEq

Plasma osmolality ↓

270 mOsm/kg
H2O

pCO2

↓

27–32 mmHg

pH

↑

7.40–7.45

Serum
bicarbonate

↓

18–20 mEq/L

Urinary glucose
excretion

Variable to ↑

Variable

Treatment
Treatment principles of PR-AKI are as follows: (i) treat the
underlying cause, (ii) prevent progression of renal damage, (iii) maintain supportive measures, and (iv) consider
maternal health as primary while optimizing fetal wellbeing [3, 4]. A multidisciplinary team approach is
recommended for the management of these complex
patients including Maternal-Fetal medicine (high-risk
obstetricians), critical care medicine, nephrology, and neonatology specialists. General management of PR-AKI will
be discussed below. A detailed discussion of specific therapies based on diagnosis will follow in the next section.
Initial treatment should be directed at correcting the
underlying causative factors and preventing progressive
renal injury. As with the nonpregnant patient, the conventional approach of categorizing AKI etiology as prerenal,
intrarenal, and postrenal provides a framework for guiding therapy in PR-AKI [1]. Prerenal AKI is a result of
reduced renal perfusion. Hypovolemia (such as blood
loss related to intra or postpartum hemorrhage, placental
abruption, or placenta previa), hypotension (e.g., septic
shock), or low cardiac output are common reasons for
reduced perfusion of the kidneys and subsequent AKI.
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If renal hypoperfusion is severe, prolonged or
uncorrected, intrinsic renal damage or intrarenal AKI
(e.g., acute tubular necrosis or cortical damage) may
occur. Intrarenal AKI may also be caused by nephrotoxic
drugs (e.g., aminoglycosides, nonsteroidal antiinflammatory drugs) or immune-mediated damage
(e.g., lupus nephritis) that may occur coincident with
pregnancy. All nephrotoxic medication should be
stopped to prevent further renal decline. Postrenal etiologies of AKI such as ureteral obstruction by the gravid or
overdistended uterus or renal stones may be temporized
by ureteral stents or percutaneous nephrostomy. If
appropriate, delivery of the fetus will likely improve
renal function.
By far, the most important tenet of PR-AKI management
is improving and maintaining adequate renal perfusion to
limit ongoing renal damage and reverse any pre-ischemic
changes. This is generally done with intravenous administration of crystalloid or colloid solution, or in many
obstetric situations of hemorrhage and disseminated
intravascular coagulation, with packed red blood cells
and other blood products as indicated. The rapidity of
these interventions is guided by clinical status, pulmonary
function, and urine output. In complicated cases, invasive
hemodynamic assessments with central venous pressure
monitoring with or without a pulmonary artery pressure
catheter may be needed to guide management.
As with AKI in the nonpregnant individual, pharmacologic therapies for PR-AKI are secondary [3, 4]. The use
of low-dose dopamine, believed to improve renal blood
flow and clinical outcomes, is not supported by the current literature. Routine use of loop diuretics to prevent
AKI during pregnancy is not recommended. An important pregnancy-specific consideration with vasoactive and
diuretic medications includes the potential effect of reducing uterine blood flow and placental perfusion, thereby
affecting fetal well-being.
Ongoing supportive care includes correcting the
downstream effects of AKI such as hyperkalemia, metabolic acidosis, and anemia [3–5]. Hyperkalemia may be
treated with polystyrene sulfonate (potassium-binding
resin) or glucose/insulin during pregnancy. Metabolic acidosis may be acutely corrected using bicarbonate; however, the underlying cause should be treated. Furthermore,
the physiologic respiratory alkalosis of pregnancy and
compensatory decrease in plasma bicarbonate must be
taken into account when addressing acid–base status in
the pregnant woman. Anemia associated with PR-AKI is
usually secondary to acute blood loss, hemolysis, and/or
reduced hematopoiesis. In the acute setting, severe anemia
is treated with red blood cell transfusion. Exogenous

erythropoietin may be safely administered in pregnancy.
Higher doses are usually needed to achieve a good
response.
Renal replacement therapy (RRT, dialysis) should be
considered if the previously mentioned measures are inadequate. The following general indications for RRT in pregnancy are similar to those in nonpregnant individuals:
(i) volume overload, (ii) hyperkalemia refractory to medical management, (iii) metabolic acidosis, and/or (iv)
symptomatic uremia (mental status changes, pericarditis,
neuropathy). Both hemodialysis and peritoneal dialysis
have been used successfully in pregnant women with
chronic and end stage renal disease. Hemodialysis is
more commonly used to achieve a rapid response in the
acute setting. The precise type (intermittent versus continuous) as well as timing and thresholds for initiation of
RRT in PR-AKI have not been determined. Experts recommend modification of RRT protocols during pregnancy including an increase in dialysis time and
frequency, minimizing fluid shifts and hypotension, and
maintaining serum urea <45–60 mg/dL [3]. For pregnancy-specific etiologies of AKI, dialysis is often temporary until renal function recovers.
With pregnancy there are two patients: the mother and
her fetus. While maternal health comes first, fetal status
must also be addressed. Adverse fetal and neonatal outcomes with AKI are most related to uteroplacental blood
flow, which is highly dependent on maternal intravascular
volume and cardiac function. Therefore, prompt volume
resuscitation with intravenous fluids or blood/blood products is indicated. Safety of medications is also an important
fetal consideration. For viable pregnancies (usually >24
weeks of gestation), fetal monitoring is recommended.
Depending on the clinical situation, continuous or intermittent fetal heart rate monitoring or biophysical profile
assessment by ultrasound can be used to evaluate fetal wellbeing. If preterm delivery is indicated, such as with preeclampsia for maternal benefit, antenatal glucocorticoids
(betamethasone or dexamethasone) should be administered to reduce neonatal morbidity and mortality associated
with prematurity. Neonatologists should be involved if
delivery is being considered.

Evaluation and Assessment
Initial evaluation of the pregnant woman with AKI consists of a detailed history, physical examination, and laboratory assessment [3–5]. The primary cause of the AKI
often becomes readily apparent based on clinical history;
for example, with severe postpartum hemorrhage or placental abruption with preeclampsia. Serum creatinine is
a key component of the diagnosis of AKI; of note, the
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normal range of serum creatinine is significantly lower in
the pregnant patient (Table 1). Electrolytes, blood urea
nitrogen, and complete blood count are useful as these
factors can be primarily or secondarily affected by AKI.
Urine electrolytes and microscopic evaluation may be
helpful in differentiating between prerenal and intrarenal
etiologies of AKI [1]. A functioning kidney with reduced
perfusion responds by increasing sodium and water
reabsorption with a concomitant reduction in urinary
sodium excretion. This is reflected in the urine sodium
concentration and fractional excretion of sodium ([(urine
sodium  plasma creatinine)/(plasma sodium  urine
creatinine)]  100). Both would be low with prerenal
etiologies, <20 mEq/L and <1%, respectively. With
intrinsic causes, urine sodium and fractional excretion
are expected to be higher, approximately >40 mEq/L
and >2%, respectively. Lower urine osmolality with granular or cellular casts with white and red blood cells are also
observed with intrarenal AKI. If postrenal causes of AKI
are suspected, imaging of the urinary tract should be
performed. Ultrasound is generally the first-line investigation for imaging of the urinary tract in pregnancy. Mild
or moderate hydronephrosis, particularly on the right, is
expected in pregnancy. Specialized serologic tests are used
if the etiology of AKI is unclear and/or diagnoses not
specific to pregnancy are being considered, such as
lupus. Renal biopsy is rarely indicated during pregnancy,
since an empiric diagnosis can be made with most cases of
AKI and treatment instituted accordingly. Moreover, renal
biopsy appears to be associated with increased morbidity
during pregnancy. One possible exception is the sudden
and unexplained deterioration of renal function before
28–30 weeks of gestation where iatrogenic preterm delivery may not be indicated and directed maternal therapy is
likely to be beneficial. A multidisciplinary approach is
recommended in making such decisions.

Specific Etiologies of PR-AKI
Pregnancy-specific etiologies of AKI can be categorized as
disorders of hypertension and microangiopathy, volume
depletion, infections, obstruction, and amniotic fluid
embolism [3, 4].

Hypertensive and Microangiopathic
Disorders Associated with Pregnancy

A

maternal brain, lungs, kidney, liver, and platelets as well
as fetal growth and well-being may be affected. Specific
diagnostic criteria are presented in Table 2. HELLP syndrome is defined by the presence of hemolysis, elevated
liver enzymes, and low platelets during the latter part of
pregnancy. It is often considered to be a variant along the
preeclampsia spectrum of disorders. Hypertension may or
may not be present in HELLP syndrome.
Preeclampsia and related disorders are the most common cause of PR-AKI; however, the majority of women
with preeclampsia do not develop AKI. It is estimated that
AKI occurs in 1.5–2% of preeclamptic pregnancies.
The incidence is higher with HELLP syndrome. The precise mechanisms by which preeclampsia predisposes to
AKI are unclear, but may be a result of vascular dysfunction resulting in vasospasm and reduced renal perfusion.
The major systemic features of preeclampsia are increased
peripheral vascular resistance, endothelial dysfunction,
vasospasm, activation of the coagulation and inflammatory cascades, platelet aggregation, resulting in ischemia,
and multiorgan damage including AKI. Importantly, glomerular filtration rates and effective renal plasma flow
are reduced by approximately 32% and 24% respectively
compared to normal, third trimester pregnancy values.
A superimposed insult such as obstetric hemorrhage or
disseminated intravascular coagulation can lead to
reduced intravascular volume and maternal AKI. Acute
tubular necrosis is the most common pathology with
preeclampsia-related AKI, with renal cortical necrosis
observed in the most severe cases. Reported short-term
RRT rates are reported to be 10–50% among these women
with preeclampsia-associated AKI and maternal mortality
rates of up to 10%.
Preeclampsia is a progressive disorder and the only
effective treatment is delivery of the fetus and placenta.
Mode of delivery (vaginal versus cesarean section) is
dependent on clinical and obstetric factors. Supportive
care to prevent progression of AKI is with IV fluid replacement and administration of blood and blood products as
indicated. Beyond this, blood pressure control is important to prevent maternal cerebrovascular accidents. Intravenous magnesium sulfate is used to prevent seizures;
circulating concentrations should be monitored with
AKI given the risk of respiratory depression.

Acute Fatty Liver of Pregnancy
Preeclampsia and HELLP Syndrome
Preeclampsia is a common pregnancy-specific condition
that affects 5–10% of all pregnancies. Diagnosis is based
on new onset of hypertension and proteinuria after
20 weeks’ gestation. With severe cases of preeclampsia,

Acute fatty liver of pregnancy (AFLP) affects 1/5,000 to
1/10,000 pregnancies and is characterized by rapid progression of hepatic failure in late pregnancy. Clinical features include nausea, vomiting, malaise, abdominal pain,
and less frequently, mental status changes. Diagnosis is
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Acute Kidney Injury During Pregnancy. Table 2 Classification of hypertensive disorders of pregnancy
Mild preeclampsia

Severe preeclampsia
(above criteria plus any of the items listed)

Eclampsia
Superimposed preeclampsia (in women with
chronic hypertension)

HELLP syndrome

● New onset of sustained elevated blood pressure after 20 weeks’
gestation in a previously normotensive woman (140 mmHg systolic
or 90 mmHg diastolic on at least two occasions 6 h apart)
● Proteinuria of at least 1+ on a urine dipstick or 300 mg in a 24-h urine
collection after 20 weeks
● Blood pressure 160 mmHg systolic or 110 mmHg diastolic
● Urine protein excretion of at least 5 g in a 24-h collection
● Neurologic disturbances (visual changes, headache, seizures, coma)
● Pulmonary edema
● Hepatic dysfunction (elevated liver transaminases or epigastric pain)
● Renal compromise (oliguria or elevated serum creatinine concentration,
1.2 is considered abnormal in women with no history of renal disease)
● Thrombocytopenia
● Placental abruption, fetal growth restriction, or oligohydramnios (low
amniotic fluid index)
● Seizures in a preeclamptic women not be attributed to other causes
● Sudden and sustained increase in blood pressure with or without
substantial increase in proteinuria
● New onset proteinuria (300 mg in a 24-h protein collection) in
a woman with chronic hypertension and no proteinuria prior to 20
weeks of gestationa
● Sudden increase in proteinuria or a sudden increase in blood pressure
in a woman with previously well-controlled hypertension in a women
with elevated blood pressure and proteinuria prior to 20 weeks of
gestationa
● Thrombocytopenia, abnormal liver enzymes, or a rapid worsening of
renal function
● Presence of hemolysis, elevated liver enzymes, and low platelets. This
may or may not occur in the presence of hypertension and is often
considered a variant of preeclampsia

a

Precise diagnosis is often challenging and high clinical suspicion is warranted given the increase maternal and fetal/neonatal risks associated with
superimposed preeclampsia

based on clinical presentation and moderately elevated
liver transaminase enzymes, hyperbilirubinemia, elevated
ammonia, coagulation abnormalities, and hypoglycemia.
Low antithrombin III levels and modest elevations in creatinine are also observed. Features of preeclampsia may be
coincident with acute fatty liver. Liver biopsy is rarely
needed to make the diagnosis. There is an association
between AFLP and an inherited defect in mitochondrial
fatty acid oxidation, specifically a mutation in the long
chain 3-hydroxyacyl coenzyme A dehydrogenase in the
fetus and mother, which may account for a subset of cases.
The precise cause of AKI associated with acute fatty
liver is not clear; fatty infiltration and/or hepatorenal
syndrome have been proposed. Hemorrhage and disseminated intravascular coagulation, both of which are common with acute fatty liver of pregnancy, can accelerate

renal deterioration. Renal recovery is usually complete.
Similar to preeclampsia, the cure is delivery with supportive care of the mother. Overall, recovery tends to be more
protracted with AFLP and liver transplantation may be
required in severe cases of hepatic failure.

Thrombotic Thrombocytopenic Purpura
(TTP)/Hemolytic Uremic Syndrome (HUS)
Although these are not pregnancy-specific conditions,
TTP and HUS often enter the differential diagnosis along
with preeclampsia/HELLP syndrome and PR-AKI; therefore, we will briefly discuss their relevance in pregnancy.
TTP/HUS is more common in women (70%) and during
pregnancy (13%). Although mortality has decreased
(range of 8–44%), long-term morbidity is significant.
AKI is estimated to occur in two-thirds of patients, with
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a substantial proportion of women developing chronic
renal insufficiency and hypertension. TTP and HUS are
both characterized by microangiopathic hemolytic anemia, intravascular thrombi associated with consumption
of platelets, thrombocytopenia, ischemia, and multiple
organ involvement. TTP is conventionally described as
a pentad of clinical findings: thrombocytopenia, hemolytic anemia, fever, neurologic abnormalities, and renal
dysfunction. Features of HUS are similar except that
renal dysfunction is more profound and neurologic problems are infrequent. Large multimers of von Willebrand’s
factor are found with TTP/HUS and recent evidence indicates the deficiency of a plasma protease, ADAMTS13,
that cleaves these multimers.
When coincident with pregnancy, TTP/HUS can present very much like severe preeclampsia and/or HELLP
syndrome. Proper diagnosis is important as treatments are
different. Table 3 provides some general principles in
differentiating between these conditions. With diseases
along the preeclampsia spectrum, the proper treatment
is delivery. On the other hand, timely institution of
plasmapheresis is the primary treatment for TTP/HUS.
Often the precise diagnosis is not made until after delivery,
when preeclampsia, HELLP syndrome, and acute
fatty liver of pregnancy would improve, while TTP/HUS
does not. Glucocorticoids and aspirin are also treatment
considerations with TTP/HUS. Supportive therapy and
a multidisciplinary team approach are of key importance
in the management of these patients.

A

Volume Depletion
Hemorrhage is the most common cause of volume
depletion sufficient to cause AKI in pregnancy. Rarely,
hyperemesis gravidarum may cause severe volume depletion that results in renal injury.
Obstetric hemorrhage can occur in any trimester, during the labor and delivery process, or postpartum. Uterine
blood flow increases dramatically over the course of pregnancy approaching approximately 1,000 cc/min at full
term; thus, obstetric hemorrhage can be massive and
rapid. In the first and second trimesters, bleeding may be
due to ectopic pregnancies or induced or spontaneous
abortions. In the third trimester, placenta previa and placental abruption are common reasons for severe blood
loss. Placenta previa refers to implantation of the placenta
over the internal os of the cervix, rendering the woman at
high risk for hemorrhage particularly with contractions
and dilation of the cervix. Expectant management is an
option for women with small amounts and self-limited
vaginal bleeding; however, delivery by cesarean section is
warranted for severe hemorrhage. Placental abruption
refers to the separation of the placenta from the uterine
wall. This can lead to fetal distress or death. In addition,
a large or complete abruption is associated with substantial blood loss and disseminated intravascular coagulation,
both risk factors for maternal AKI. Postpartum hemorrhage is most commonly caused by uterine atony which is
the inability of the uterus to contract after delivery and
stop bleeding from the vascular sinuses. Medical and

Acute Kidney Injury During Pregnancy. Table 3 Differential diagnosis of preeclampsia, acute fatty liver of pregnancy, TTP, and
HUSa

Preeclampsia/HELLP

a

Thrombotic
thrombocytopenic
purpura (TTP)

Hemolytic uremic
syndrome (HUS)

Acute fatty liver of
pregnancy

Onset

Usually third trimester

Median 23 weeks

Often postpartum

Close to term

Primary/unique clinical
manifestation

Hypertension and
proteinuria

Neurologic symptoms

Renal involvement

Nausea, vomiting,
malaise

Purpura

Absent

Present

Absent

Absent

Fever

Absent

Present

Absent

Absent

Hemolysis

Mild

Severe

Severe

Mild

Platelets

Variable (normal or low) Low

Variable (normal or low) Variable (normal or low)

Coagulation studies

Variable

Normal

Normal

Prolonged abnormal

Hypoglycemia

Absent

Absent

Absent

Present

vWF multimers

Absent

Present

Present

Absent

Primary treatment

Delivery

Plasmapheresis

Plasmapheresis

Delivery

The diagnosis may be confusing. Presence or absence of above features is not absolute, but may assist in the diagnosis. Precise diagnosis can
often be made only after delivery. Preeclampsia, HELLP syndrome, and acute fatty liver of pregnancy resolve soon after delivery
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conservative surgical therapies may be used to improve
uterine tone and reduce blood loss; hysterectomy may be
required for intractable bleeding. For any obstetric hemorrhage, aggressive initial and ongoing fluid resuscitation,
replacement with blood and blood products, as well as
correction of any coagulopathy are critical in preventing
AKI and progressive renal damage.

Infection/Sepsis
Sepsis can lead to decreased renal perfusion secondary to
hypotension and intravascular volume depletion as well as
acute tubular necrosis. Pyelonephritis, chorioamnionitis
(intrauterine infection), and pneumonia are the most
common causes of sepsis during pregnancy. Pyelonephritis occurs in 1–2% of pregnant women with the increased
risk attributed to the physiologic alterations including
ureteral dilation secondary to smooth muscle relaxation,
pressure on the ureters and bladder from the enlarging
uterus, and possible increased susceptibility in pregnancy
to endotoxin-mediated tissue damage. Pyelonephritis
is also associated with a reduced glomerular filtration
rate in pregnancy, which can compound the risk of AKI.
The most common bacterial pathogen is E. coli. Other
common pathogens are bowel commensals such as
Klebsiella, Proteus, and enterococcal species. Significant
maternal and fetal complications can occur with pyelonephritis warranting prompt diagnosis and treatment.
Chorioamnionitis, an intrauterine infection involving
the chorion and amniotic membranes, is quite common
in pregnancy (0.5–10.5% of all deliveries); fortunately,
bacteremia occurs in only 1–5% of these cases, with sepsis
being even less common. Bacterial organisms ascending
from the vagina, through the cervix, and into the uterus
are the most common cause of infection. This is often a
polymicrobial infection with common organisms being E.
coli, group B streptococcus, Gardnerella species, peptostreptococcus, and anaerobes, to name a few. Globally, septic
abortion is a major contributor to sepsis and AKI.
In general, treatment of sepsis consists of supportive
measures including hydration, pressor support if needed,
and antimicrobial therapy. Initial therapy with broadspectrum antibiotics based on local and hospital microbiology and susceptibility information is recommended.
Directed antibiotics based on culture and sensitivities may
follow. For cases of chorioamnionitis and septic abortion,
antibiotic penetration of the uterine cavity is inadequate
and evacuation of the uterine contents is also necessary.

Obstruction
Although a rare cause of PR-AKI, the gravid uterus can
cause urinary tract obstruction, particularly when

overdistended as with polyhydramnios (high amniotic
fluid volume), multiple gestation, or fibroids. Women
with a solitary kidney, abnormal genitourinary tract, or
prior urinary tract surgery are particularly susceptible to
AKI related to obstruction. Nephrolithiasis may also cause
obstruction and AKI. Ultrasound is used for initial evaluation but pyelogram and computed tomography (CT)
scan may also be used for diagnosis and are generally
safe in pregnancy. Treatment options include cystoscopy
with retrograde ureteral stent placement or percutaeous
nephrostomy. Delivery, as a treatment option, may be
considered based on gestational age and response to
other therapies.

Amniotic Fluid Embolism
Amniotic fluid embolism or “anaphylactoid syndrome of
pregnancy” is a sudden and catastrophic pregnancyspecific event that can lead to AKI. Major features are
abrupt and fulminant onset of respiratory failure, hypoxemia, cardiogenic shock, and disseminated intravascular
coagulation. While the incidence is low at 7.7 per 100,000
births, the maternal mortality has been estimated to be
22%, with estimates in older studies of greater than 60%.
Rapid resuscitation in the intensive care setting with respiratory and cardiovascular support, as well as intravascular
volume resuscitation with correction of the coagulapathy
can reduce multiorgan damage and mortality.

Other Causes of AKI Not Specific
to Pregnancy
By far, pregnancy-specific causes of AKI, particularly
during the third trimester, comprise the vast majority of
PR-AKI. However, other causes of AKI coincident to pregnancy must be considered (discussed in detail elsewhere in
this text and Refs. [4, 5]). Glomerulonephritis and autoimmune conditions such as systemic lupus erythematosus
are particularly common in women of reproductive age.
Differentiating between acute glomerulonephritis and
preeclampsia may be particularly difficult in the late
second and early third trimester. Some distinguishing
features are summarized in Table 4.

Prognosis and After-care
Although overall maternal mortality associated with ICU
admission is estimated to be 5–20%, maternal deaths
related to AKI alone are rare. Overall, the prognosis for
PR-AKI is good, with the majority undergoing complete
or near complete renal recovery after the underlying cause
of AKI is treated. Preexisting hypertension or renal disease
are risk factors for requiring long-term RRT [3]. Women
with residual renal insufficiency following AKI must be

Acute Myocardial Infarction (MI)
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Acute Kidney Injury During Pregnancy. Table 4 Features that may help differentiate preeclampsia and acute
glomerulonephritisa
Preeclampsia

Acute glomerulonephritis

Gestational age

Onset usually in the third trimester (by
definition after 20 weeks’)

Any

Hypertension

Present

Present

Systemic manifestations
(may or may not be present)

● Neurologic (headache, scotomata,
visual disturbances, seizures)
● Hematologic (low platelets)
● Hepatic involvement (elevated
transaminases)

Urine sediment

● Isolated proteinuria
● Urine microscopy generally benign,
may have findings of acute tubular
necrosis (brown granular casts, renal
tubular cells)

● Collagen-vascular disease (e.g.,
systemic lupus erythematosus with
associated symptoms such as fatigue,
arthralgias, rash, fevers)
● Preceding infection (e.g., streptococcal
infection)
● Hematuria, RBC casts, oval fat bodies

Proteinuria

>300 mg/24 h (mild), >5 g/24 h (severe) >2 g/24 h

Complement levels

Normal

↓

ANA

Normal

↑

Antistreptolysin-O titers

Normal

↑

Other autoantibodies

Generally normal

↑

a

The diagnosis may be confusing. Presence or absence of above features is not absolute, but may assist in the diagnosis

followed closely with appropriate management of blood
pressure and possibly renoprotective medications to prevent further decline of renal function.

Economics
Fortunately, the incidence of PR-AKI has declined to less
than 1% of all pregnancies, largely attributable to the
decline in illegal abortions and improved prenatal care
and timely recognition and treatment of hypertensive
disorders of pregnancy. The precise costs specifically
related to PR-AKI are difficult to quantify as the renal
injury is often a secondary outcome related to obstetric
conditions such as preeclampsia or hemorrhage. The costs
of neonatal care must also be considered.

References
1.
2.

3.

Thadhani R, Pascual M, Bonventre JV (1996) Acute renal failure.
N Engl J Med 334:1448–1460
Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock
DG, Levin A (2007) Acute kidney injury network. Acute injury
network: report of an initiative to improve outcomes in acute kidney
injury. Crit Care 11:R31
Jeyabalan A, Conrad KP (2010) Renal physiology and pathophysiology in pregnancy. In: Schrier RW (ed) Renal and electrolyte disorders, 7th edn. Lippincott Williams & Wilkins, Philadelphia,
pp 418–474

4.
5.

Gammill HS, Jeyabalan A (2005) Acute renal failure in pregnancy.
Crit Care Med 33(Suppl):S372–S384
Deering SH, Seiken GL (2004) Acute renal failure. In: Dildy GA III,
Belfort MA, Saade GR, Phelan JP, Hankins GD, Clark SL (eds)
Critical care obstetrics, 4th edn. Blackwell, Malden, pp 372–379

Acute Kidney Insufficiency
▶ AKI, Epidemiology of

Acute Myocardial Dysfunction
▶ Heart Failure Syndromes, Treatment

Acute Myocardial Infarction (MI)
▶ Coronary Syndromes, Acute

77

A

78

A

Acute Myocardial Inflammation

Acute Myocardial Inflammation
▶ Myocarditis and Acute Cardiomyopathies

Acute Pancreatitis
An inflammatory process of the pancreas, usually of sudden or rapid clinical onset, and typically presenting as
upper abdominal pain with elevated levels of pancreatic
enzymes in the blood.

Acute Phase Proteins
Are made by the liver during illness and infection to help
the immune system.
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Acute Respiratory Distress
Syndrome (ARDS)
Acute Radiation Syndrome
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Acute lung injury of severe degree.
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CIBER de enfermedades respiratorias, Hospital Clı́nic de
Barcelona, Barcelona, Spain

Synonyms
Adult respiratory distress syndrome; Diffuse alveolar damage; Respiratory distress syndrome; White lung

Definition
The acute respiratory distress syndrome (ARDS) was
described in modern times by Ashbaugh et al. in 1967.
They identified a series of 12 cases of a disorder characterized by sudden onset of tachypnea, diffuse pulmonary
infiltrates on chest radiograph, devastating respiratory
failure with hypoxemia, and decreased lung compliance.
This syndrome is associated with a variety of precipitating
factors, which cause lung injury by both direct and indirect mechanisms. Since its initial description ARDS has
been recognized as a specific pathophysiological entity.
However, patients with ARDS include a mixed population
as regards clinical presentation, risk factors, and outcome.
In 1994 the results of a consensus conference by the
American-European Consensus Committee (AECC) on
ARDS were published [1]. This international expert
panel defined ARDS as an entity associated with specific
risk factors, that had a sudden onset and was characterized
by hypoxemia [ratio of arterial partial pressure of oxygen
to fraction of inspired oxygen (PaO2/FIO2) 200 mmHg]
with bilateral infiltrates on chest radiograph in the absence
of left atrial hypertension or clinical evidence of left heart
failure (Table 1). In an attempt to identify early stages of
the disease or less severe cases, the conference also defined
the category of acute lung injury (ALI). This category
included those patients meeting the abovementioned
criteria but with a lower threshold of oxygenation impair300 mmHg). The definition of the
ment (PaO2/FIO2
AECC was designed to be used in both clinical practice
and research.
ARDS is a relevant health issue. It is a common
condition that affects only the USA more than
100,000 patients per year, generating an estimation of
more than a million days of hospital admission and

A

Acute Respiratory Distress Syndrome and Acute Lung
Injury. Table 1 AECC definition for ALI and ARDS
Oxigenation1

Chest radiology

PaO2/FIO2 ratio
300 mmHg

Bilateral AD

18 mmHg

ARDS PaO2/FIO2 ratio
200 mmHg

Bilateral AD

18 mmHg

ALI

PWCP2

ARDS and ALI have an acute onset and occur in the presence of risk
factors. PCWP: pulmonary capillary wedge pressure.
1
Oxigenation impairement is assessed regardless of the level of PEEP.
2
Abscence of clinical data suggesting left heart failure as cause of the
pulmonary infiltrates.

occupation of beds in intensive care units (ICUs). The
attributable mortality is also very high. In observational
studies in unselected populations, the mortality rates are
between 30% and 60%. In addition, those who survive
often suffer a decline in health-related quality of life that
can persist years after hospital discharge.

Characterization of ARDS
There is scientific evidence and general agreement on the
fact that all patients with ARDS share a number of common features. First, ARDS occurs after exposure to known
and well-established risk factors, and does not occur in
their absence. ARDS is also a disease that presents with
acute onset and is persistent over time. A key clinical
feature is the presence of bilateral air space disease infiltrates on chest radiography. Figure 1 shows the radiography of a patient with ARDS. Finally, the severe disruption
of gas exchange, with refractory hypoxemia, and decreased
pulmonary compliance are also hallmarks of ARDS. The
pathophysiology and the intimate mechanisms involved
in the development of ARDS are extraordinarily complex
and, to date, our understanding is still very incomplete.
All these mechanisms are directly related to the initiation of an inflammatory cascade involving a wide variety
of pathways, inflammatory cells, mediators, cytokines,
chemokines, and the endothelium of the alveolar–
capillary barrier and alveolar epithelium itself. This diversity has led some authors to consider the differentiation of
ARDS in different pathologies, both in terms of triggering
risk factors, type of injury on the lung (direct injury to the
lung parenchyma or indirect injury), duration or clinical
course of disease (early or late persistent), among others.
In its initial stage, ARDS is characterized by the presence of diffuse alveolar damage (DAD) involving both the
epithelial layer and the vascular endothelium at the level of
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Acute Respiratory Distress Syndrome and Acute Lung Injury. Figure 1 Radiology in ARDS. The Chest radiography shows
bilateral diffuse involvement with an air-space disease pattern. The computerized tomography of the thorax (right panel) shows
that the infiltrates and consolidation predominate in dorsal regions of the lung, while anterior regions remain aerated

the alveolar–capillary membrane. The result is edema and
alveolar flooding with fluid rich in proteins, inflammatory
cells, and hemorrhagic material, leading to the formation
of hyaline membranes and fibrosis. All these changes
progress and result in the loss of barrier function and
impairment of lung gas exchange. Knowledge about the
mechanisms involved in the development of this highly
specific lung injury is still limited. We do not have biochemical markers of inflammation, lung damage, or
diffuse alveolar damage that may be helpful from the
standpoint of clinical management of patients with
ARDS. Moreover, in the vast majority of patients with
ARDS it is not possible to obtain biopsies or lung tissue
samples due to their critical condition. Thus, unlike what
happens in other less acute and severe lung diseases, the
identification of ARDS cannot be based on pathological
examination. Therefore, the definition of ARDS is based
on clinical observations and measures of changes in lung
function, gas exchange, and mechanics caused by lung
injury.

Risk Factors
As mentioned, the presence of specific risk factors as
triggering events leading to the alveolar damage is a key
element in the diagnosis of ARDS. The list of risk factors
that have been associated with ARDS is extensive. Table 2
lists the most common of them. Sepsis has been one of the
main risk factors associated with ARDS in different epidemiological studies. Approximately 30% of patients with

Acute Respiratory Distress Syndrome and Acute Lung
Injury. Table 2 Risk factors for ALI and ARDS
Frequent

Less frequent

● Pneumonia
● Bronchoaspiration
● Sepsis
● Polytraumatism
● Multiple
transfussion

● Craneal trauma
● Pulmonary contusion
● Fat emboli
● Toxic inhalation
● Substance abuse
● Near drowning
● Acute pancreatitis
● Related to extracorporeal circulation
● Pulmonay hemorrhage
● Severe burns
● Cardiopulmonary resucitation

severe sepsis or septic shock may develop ARDS or ALI.
Viral and bacterial pneumonias are also a frequent cause
for development of this complication. Polytraumatic
patients with ARDS may develop a variety of mechanisms
including direct trauma with pulmonary contusions, massive transfusions, or multiple bone fractures. In this subgroup of patients with ARDS the vital prognosis has
improved notably in recent decades, coupled with
advances in trauma care and general care of patients.
Massive transfusion of blood products has also been identified as a risk factor for traumatic and nontraumatic
patients. Some series have suggested that this may occur

Acute Respiratory Distress Syndrome and Acute Lung Injury

up to 25% of patients receiving 12 or more units of blood
products. There is evidence that the incidence of ALI
increases with storage time of transfused blood products.
This type of transfusion-associated pulmonary injury is
known as transfusion-related acute lung injury or TRALI
(transfusion-related ALI). The patients with ARDS frequently have one or more of the risk factors described
preceding the development of the syndrome. In the
absence of risk factors differential diagnosis should be
expanded and other causes of bilateral pulmonary infiltrates that may mimic ARDS have to be considered.

Diagnosis
The clinical expression in ARDS is related to the underlying cause and risk factors, the degree of the lung injury and
the failure of other organs. The main signs and symptoms
are those arising from respiratory failure. It is common to
observe tachypnea, use of accessory muscles and increased
work of breathing, and cyanoses among others. Arterial
blood gases show severe arterial hypoxemia. The main
pathophysiological mechanism of arterial hypoxemia in
ARDS is the occurrence of shunt (pulmonary alveolar
units well perfused but not ventilated). This is directly
related to the occupation or consolidation of alveolar
units by hyaline membranes and protein-rich fluid,
together with collapse of dependent alveolar units. Simple
chest radiography shows diffuse and bilateral alveolar
infiltrates. Computed tomography of the chest demonstrates bilateral alveolar collapse and occupation predominantly of the dorsal regions of the lung, in dependent
lower position on the supine patient [2]. Most patients
require mechanical ventilation and characteristically show
abnormal ventilatory mechanics, with a stiffer lung that is
difficult to ventilate due to decreased lung compliance.
Lung biopsy may be indicated in very much selected cases
when the final diagnosis is unclear. However, because of
the severity of respiratory failure it is not possible to
consider the surgical procedure of the biopsy as a
diagnostic method for most cases. At present the diagnosis
is made when patients met the criteria described in the
1994 consensus definition of the AECC discussed earlier in
this chapter. This definition is practical and has been used
on a widespread basis. However, it has significant limitations that have been clearly demonstrated in recent years.
One of the issues is the distinction between ALI and
ARDS. The definition of ALI is intended to include
patients with less severe forms of the same disease entity.
The only difference between ALI and ARDS is the cutoff
arbitrarily set oxygenation. However, the vast majority of
patients with ALI progress and meet ARDS criteria
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throughout its evolution, and on the other hand, other
studies have shown a comparable mortality in cases of
ARDS and ALI so this distinction is arguable. A second
issue is the fact that the definition does not take into
account the positive end expiratory pressure (PEEP) and
dispenses with this in oxygenation criteria. PEEP is often
used to recruit alveoli and open atelectatic lung units,
improving gas exchange and oxygenation, and a direct
impact on the relationship PaO2/FIO2 ratio. It is easy to
understand whether a patient fulfilled ARDS criteria or
not simply by varying the level of PEEP.
On the other hand rule out heart failure as underlying
cause of pulmonary edema is not an easy task. Some
studies question whether the use of pulmonary wedge
pressure is the most effective method for this purpose.
Finally the reliability of radiographic criteria, bilateral
infiltrates on frontal chest radiography, has been evaluated in several studies that show that the correlation
between experts to identify ARDS is very moderate, with
a suboptimal reliability between observers. One study
compared the diagnostic performance of clinical parameters with autopsies on people who died and showed diffuse
alveolar damage as a marker of ARDS. Diagnostic yield
in sensitivity and specificity was not above 75% [3].
This study highlights the weaknesses of the definition
and grouping of all patients who meet the definition of
ARDS in the same category.

Treatment
The first step in treatment is always the identification and
specific treatment, when possible, of the risk factor that
triggers lung injury. This is particularly critical in the case
of sepsis, where early treatment and control of the source
of infection is essential to correct the systemic inflammatory response. The failure in this initial step perpetuates
the inflammatory cascade and lung injury. Other than this
a specific etiological treatment for acute lung injury and
ARDS is not available. The most common cause of death
in these patients is multiple organ dysfunction syndrome.
Therefore, general supportive measures and organ failure
treatment will be as important as the ventilatory support.

Mechanical Ventilation Strategy in ARDS
In ALI and ARDS support by noninvasive ventilation has
been very inefficient. Thus, most patients will require
intubation and conventional mechanical ventilation.
Mechanical ventilation will be a key support measure to
maintain respiratory function while lung damage resolves
or improves. The current ventilatory strategy is based on
two concepts: lung protection using a low tidal volume
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(TV) and recruitment and stabilization of alveolar units
using moderate levels of PEEP [4]. Conventionally, the use
of a TV between 12 and 15 mL/kg of body weight has been
considered the standard in mechanical ventilation. Subsequent studies have shown that the use of high TV induces
overdistension and lung injury in healthy lungs and
increases alveolar damage in patients with previous lung
injury. In a lung with ARDS much airspace is collapsed or
consolidated and mechanical ventilation overdistends the
more preserved and aerated lung regions, aggravating lung
injury, and inflammation. In simple terms, the lungprotective ventilation is based on ventilation with low
TV to prevent alveolar overdistension of aerated areas.
Moderate levels of PEEP are also applied to recruit alveoli
and avoid cyclical collapse and reopening during the respiratory cycle. This strategy seeks to minimize induced lung
injury, avoiding barotrauma (caused by high pressure in
the respiratory system), the volutrauma (due to alveolar
overdistention), and atelectrauma (due to instability associated with alveolar collapse and opening during mechanical ventilation). On the other hand there is some evidence
suggesting that mechanical ventilation itself can induce an
inflammatory response and promote systemic inflammation that may contribute to multiple organ dysfunction.
Multiple randomized controlled trials have provided solid
scientific evidence indicating that the use of lower tidal
volume reduces mortality in patients with ARDS. The
larger key studies are those carried out by a large collaborative research group that involves many hospitals in
North America (ARDS Network). Data reported by these
researchers and others are the basis of current recommendations for mechanical ventilation. The current state of
the art for ventilation recommends the use of low TV
(approximating 6 mL/kg of ideal body weight), and limiting airway pressure (plateau pressure or pressure after
inspiratory pause as a measure of alveolar pressure below
30 cmH2O). The modes of ventilation most commonly
used are volume-controlled mode (CMV) or pressure
(PCV). There are no studies to determine the superiority
of either of these modes. Pressure is often used when
mechanical alterations do not allow adequate alveolar
ventilation and may improve removal of CO2 and promote clinical stability in some cases. The use of PEEP is
also a key element in mechanical ventilation in ARDS. The
correct use of PEEP can recruit alveolar units and increase
the proportion of ventilated lung to improve gas exchange.
Moreover, PEEP also stabilizes the alveolar units to avoid
the collapse and opening of the alveoli during the respiratory cycle which promotes more lung damage. There is no
standardized approach to define the PEEP for each patient

or a practical method to titrate. Several studies have
helped to develop tables of PEEP adjustment based on
the requirements of FiO2 and level of PEEP and may be
helpful in clinical practice, though, are based only on
oxygenation parameters and do not take into account
variables of respiratory mechanics.
Recruitment maneuvers have been proposed to
achieve the opening of collapsed alveoli. Involve the application of high pressures in the air for a short period of
time. It has been shown that these maneuvers improve
oxygenation only transiently and do not seem to have
greater advantages than the application of moderate
PEEP continuously. Its routine use is not indicated and
should be considered on an individual basis.

Hemodynamic Monitoring and Fluid
Therapy
Hemodynamic monitoring using a pulmonary artery
catheter does not get better results than conventional
monitoring and is associated with increased incidence of
complications. Therefore, the routine use of pulmonary
artery catheter is not necessary. A fluid balance neutral or
mildly negative is associated with a shorter duration of
mechanical ventilation and stay in intensive care, although
not to a significant reduction in mortality. International
recommendations advice restriction of the entry of fluids
and avoidance of a positive fluid balance when possible.

Other Rescue Therapies and Interventions
Prone Position
Placing patients with ARDS and ALI in the prone position can improve oxygenation and respiratory mechanics
in approximately two thirds of the patients. The mechanisms involved include increased lung volume by
recruiting the dorsal lung regions, redistribution of perfusion to ventilated areas and obtaining a more homogeneous distribution of ventilation. The outcome is best
if applied early in the course of the disease (<48 h) and
prolonged (most of the day initially). Several trials have
currently failed to demonstrate an improvement in survival with this strategy and it should be considered an
adjunctive measure. It is contraindicated in some situations such as pregnancy, head trauma or intracranial
hypertension, pelvic or spinal fractures, hypotension,
and hemodynamic instability.

Corticosteroids
The use of corticosteroids for the treatment of ARDS has
been a controversial issue. It is an appealing possibility
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treatment as ARDS is primarily an inflammatory disease
of the lung. Since the early 1990s several studies have
focused on the use of steroids in ARDS, with often
conflicting results. A recent large randomized controlled
trial showed an improvement in oxygenation and lung
compliance improved with corticosteroids. However,
there was no difference in mortality at 60 days and
a higher incidence of neuromyopathy was observed in
the treatment arm of the study. Shorter series has shown
a possible benefit in early administration of corticosteroids, but the level of evidence provided does not endorse
the systematic indication at this time.

Ventilation with High Frequency Oscillation
(HFOV)
The use of high frequency ventilation has been proposed
as a ventilatory modality in this situation. High frequency ventilation (jet or oscillation) leads to high
mean pressures that promite alveolar recruitment, while
maintaining very low tidal volume s(1–3 mL/kg),
avoiding overdistention of alveolar units. Several trials
have shown that high-frequency oscillation ventilation
achieves these goals, and can be used safely. However,
increased survival with HFOV has not been demonstrated. Further controlled studies are in progress and
more information needs to be obtained to support the
systematic use of this strategy.

drugs, ketoconazole, antioxidants, Almitrine, or inhaled
prostacyclin has not demonstrated any efficacy in ARDS.

Prognosis
The ARDS mortality rate varies largely depending on the
patient’s age and the presence of associated organ dysfunction. In recent years, the overall impression of the intensive care community has been that associated mortality
was actually decreasing due to improved general care,
better mechanical ventilation practices, and increased
awareness of the disease. Some recent studies have systematically evaluated the evolution of ARDS mortality over
time suggests that this mortality has not really decreased as
expected [5]. These data show a significantly lower mortality in highly selected patients included in randomized
studies, compared with mortality in prospective case
series without exclusion criteria. The current figures for
expected mortality could be about 40% in the general
population of patients with ARDS and 30–40% in selected
patients included in RCTs. Among patients who survive
lung function is recovered almost completely in 6–12
months but neuropsychiatric disorders and neuromuscular impairment are common sequelae in this group of
critically ill patients [6].
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eliminate CO2 in situations of increased CO2 production,
muscle weakness, or respiratory depression). Also, acute
respiratory failure in hypoperfusion states is often characterized by normal intrinsic lung function.
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Synonyms
Acute respiratory failure; Acute respiratory insufficiency

Definition
Acute respiratory failure (ARF) is diagnosed when the
patient is unable to ventilate (maintain PaCO2 within the
normal range) or to adequately oxygenate the blood
(maintain PaO2 within the normal range).
Clinical presentation of ARF usually fits into one of
four categories. Acute hypoxemic respiratory failure (or
type I) causes hypoxemia mainly because of increased
shunt fraction (Qs/Qt). Acute ventilatory respiratory failure (or type II) is characterized by hypoventilation and
hypercarbia. Perioperative acute respiratory failure is
caused by a number of factors including the formation
of atelectasis due to reduced functional residual capacity,
fluid overload, bronchospasm, or retained airway secretions (type III). Acute respiratory failure in hypoperfusion
states is characterized by decreased mixed venous O2 saturation (SmvO2) due to low cardiac output, hypovolemia,
and increased oxygen consumption by respiratory muscles
(type IV).
Ventilatory requirements are relative to the metabolic
demand of the patient. In addition, ventilatory function
depends on neuromuscular function. Thus, patients may
have respiratory failure with normal lungs (i.e., inability to

Characteristics
Mechanisms of Hypoxemia
The five mechanisms of hypoxemia are: (i) low alveolar
partial pressure of oxygen (PAO2), (ii) ventilation/
perfusion (V/Q) mismatch, (iii) increased shunt fraction,
(iv) diffusion abnormality, and (v) low mixed venous
oxygen saturation (SmvO2). Differential diagnosis of the
different causes of hypoxemia is of great clinical relevance
to help diagnose the underlying condition and anticipate
response to treatment (Table 1).

Low PAO2
Low PAO2 can be due to decreased FiO2 (high altitude) or
to hypoventilation (decreased PACO2). The alveolar gas
equation dictates
PA O2 ¼ FiO2 ðPB  PH2 Ov Þ  Pa CO2 =R

ð1Þ

Where
PAO2 is alveolar PO2, FiO2 is fraction of inspired oxygen,
PB is barometric pressure (760 mmHg at sea level), PH2Ov
is the pressure of water vapor, and R is the respiratory
quotient (R = 0.8). Thus, during hypoventilation for
a given increase in PaCO2, PAO2 decreases, and consequently PaO2 decreases.

V/Q Mismatch
It is the most common cause of hypoxemia in ARF. V/Q
mismatch occurs in conditions in which ventilated areas
are poorly perfused (increased V/Q ratio), or certain areas
normally perfused are poorly ventilated (decreased V/Q

Acute Respiratory Failure, Mechanisms of. Table 1 Mechanisms of hypoxemia
Mechanism of hypoxemia

A-a gradient

Response to increase in FiO2

Common causes

Low PAO2
– Decreased FiO2

Normal

Yes

High altitude

– Hypoventilation

Normal

Yes

Narcotic overdose

V/Q mismatch

High

Yes

COPD

Shunt (Qs/Qt)

High

No

Pulmonary edema

Diffusion abnormality

High

No

Pulmonary fibrosis

Low SmvO2

High

No

Heart failure

PAO2: alveolar PO2; A-a gradient: difference PAO2PaO2; Qs/Qt: fraction of shunted blood flow relative to total blood flow; SmvO2: mixed venous
oxygen saturation; COPD: chronic obstructive pulmonary disease
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ratio, i.e., bronchospasm). The extreme abnormalities of
V/Q mismatch are represented by shunt (perfused areas
not ventilated at all, V/Q = 0) and dead space ventilation
(ventilated areas not perfused at all, V/Q = 1).
More than one mechanism may determine hypoxemia
in a given condition. For instance, in COPD, V/Q
mismatch may be the main determinant of hypoxemia,
whilst the decreased PAO2 (due to increased PACO2
because of respiratory center depression) will also
contribute.

Shunt (Qs/Qt)
This may be intracardiac (as in right-to-left shunt) or
intrapulmonary. Any condition resulting in occupation
of the alveolar space (edema, pus, or blood) will result in
increased shunt fraction.
The measurement of shunt fraction requires that the
patient is breathing air at a FiO2 of 100%. Any “shunt”
measured with lower FiO2 may represent venous admixture due to V/Q mismatch (areas with low V/Q). Hypoxemia due to low V/Q ratio will respond to increased FiO2,
and therefore is not a true shunt. Only hypoxemia due to
true shunt (V/Q = 0) will not respond to increased FiO2.

conditions characterized by increased shunt fraction such
as the Acute Respiratory Distress Syndrome (ARDS).

Mechanisms of Hypercapnia
Ventilatory or hypecapnic respiratory failure occurs in
situations in which the patient is unable to eliminate the
CO2 produced. Then PaCO2 rises and respiratory acidosis
(high PaCO2, low pH) ensues.
In steady-state conditions, the rate of production of
CO2 equals the rate of CO2 elimination. CO2 elimination
depends on alveolar ventilation (the amount of air coming
in and out from the alveolar space each breath, VAO2) and
on PACO2. Since CO2 readily diffuses cell membranes, and
PCO2 of inspired room air is zero, PACO2 = PaCO2. Thus
VCO2 ¼ VA  Pa CO2  K
where K = 0.86. Total tidal volume (VT) in each breath is
the sum of the air participating in gas exchange (alveolar
air, VA) and that not participating in gas exchange (dead
space, both anatomic and physiologic, VD). Thus
VT ¼ VA þ VD
And therefore,
VA ¼ VT  VD ;

Diffusion Abnormality
It is not usually the cause of hypoxemia, unless the capillary blood transit time is shortened, as seen in high cardiac
output states and tachycardia.

A

and
VCO2 ¼ ðVT  VD Þ  Pa CO2  K
Thus,

Low SmvO2
Pulmonary arterial blood becomes fully oxygenated in its
pulmonary capillary transit regardless of its saturation
(SmvVO2) (except under conditions of impaired capillary
diffusion and decreased transit time). However, if
alveoli are flooded, mixed venous blood is not adequately
oxygenated. Under these circumstances, oxygenation
becomes dependent on SmvO2.
Blood passing through functional alveoli, will increase
its oxygen saturation to nearly 100% regardless of SmvO2.
However, blood passing through nonfunctional alveoli
will not increase its oxygen saturation. This non-oxygenated blood will mix with the fully oxygenated blood, and
their combination will result in a given SaO2. Thus oxygen
saturation of blood traversing nonfunctional alveoli
equals SmvO2. The higher this value, the higher the saturation of venous blood once it has mixed with fully oxygenated blood.
SmvO2 can be boosted by increasing oxygen delivery or
by decreasing oxygen consumption. This is the mechanism
by which muscle paralysis, control of hyperthermia, fluid
challenge, or inotropic drugs can improve gas exchange in

Pa CO2 ¼ VCO2 =ðVT  VD Þ  K

ð2Þ

This equation helps understand the different causes of
hypercapnia: (i) increased CO2 production, (ii) decreased
tidal volume, and (iii) increased dead space ventilation.

Hypoxemic Respiratory Failure
The major pathophysiological derangement in this type of
respiratory failure is increased shunt fraction. Alveolar
flooding explains that large alveolar units are excessively
perfused for their degree of ventilation. Alveoli can be
occupied by edema, pus, or blood. Thus pulmonary
edema, pneumonia, and pulmonary hemorrhage are common causes of hypoxemic respiratory failure. Edema in the
alveoli can be formed by increased capillary hydrostatic
pressure (hydrostatic or cardiogenic pulmonary edema)
or by increased capillary permeability (hyperpermeability
or noncardiogenic edema, as it happens in ARDS).
The pressure respiratory muscles have to generate to
distend the lungs are increased in these conditions. The
negative pressure required for lung distention depends on
(i) the resistive pressure (Pr), which is determined by
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airway resistance (R) and inspiratory flow rate (Vi) (Pr =
Vi ∗ R); (ii) the respiratory elastic recoil pressure (Pel),
determined by the change in lung volume (DV) and lung
elastance (E) (Pel = DV ∗ E). As elastance in increased,
a greater Pel has to be generated, resulting in greater work
of breathing and greater risk of muscle fatigue.
Therefore, these patients often require mechanical
ventilation and high mean airway pressures to expand
the lungs and maintain oxygenation.

Hypercapnic Respiratory Failure
Hypercapnic respiratory failure is a condition in which
ventilation is insufficient to maintain normal PaCO2 for
the level of CO2 production (VCO2). Hypercapnia is synonymous with alveolar hypoventilation. Causes of hypercapnia include increased CO2 production, decreased tidal
volume ventilation, and increased dead space ventilation.
One of these three mechanisms explains hypercapnia in the
different causes listed below. Decreased VT is the cause of
hypercapnia in decreased neuromuscular capacity (CNS,
nerve, or muscle dysfunction). Increased VCO2 or
increased dead space ventilation are the cause of hypercapnia in conditions associated with increased ventilatory load.
Treatment goals in these patients differ from hypoxemic respiratory failure. In hypercapnic ventilatory failure
treatment is directed to increase alveolar ventilation.
If respiratory drive or muscle strength are decreased,
mechanical ventilation is required to sustain ventilation
until the cause has been treated. Hypoxemia is not
a problem as it responds easily to increased FiO2.
Patients with increased mechanical load (increased
airway resistance) may also need mechanical ventilation as the increased DP required to sustain ventilation
(Pr = Vi ∗ R, see above) may lead to muscle fatigue.

Decreased Neuromuscular Capacity
Impairment in the neuromuscular component of respiration is seen in conditions characterized by decreased
respiratory center output, muscle weakness, and muscle
fatigue. Neuromuscular dysfunction leads to decreased VT
and therefore increased PaCO2 (see Eq. 2).

Shy-Drager syndrome, demyelination, and obesity
hypoventilation syndrome). Severe hypercapnia depresses
the CNS and decreases respiratory center output, aggravating hypercapnia, and in turn further depressing the
respiratory center.

Respiratory Muscle Weakness
Respiratory muscle weakness is seen in chronic conditions
such as a number of neuromuscular disorders (stroke,
amyotrophic lateral sclerosis, spinal cord injuries, poliomyelitis, Guillain-Barré syndrome, neuropathies due to
intoxication –arsenic, thallium-, acute intermittent porphyria, myasthenia gravis, acid maltase deficiency, muscular dystrophies), as well as in malnutrition, endocrine
disturbances (hypo and hyperthyroidism, acromegaly),
acidosis, renal failure, cancer, denervation, diabetes
mellitus, and AIDS.
A number of acute conditions in the critically ill
patient are associated with respiratory muscle weakness
and may compromise ventilation, including trauma and
burns, ventilator-associated muscle dysfunction, critical
illness polyneuropathy, acid base disturbances, and
decreased oxygen delivery.
Hyperinflation may comprise ventilation. In hyperinflation the inspiratory muscles work at unfavorable position of the length–tension relationship. The diaphragm is
flattened and there is less zone of apposition, resulting in
less effective contraction and less thoracic cage expansion.
Also, the elastic recoil of the thoracic cage increases, as
inspiratory muscles must work not only against the elastic
recoil of the lung but also against the elastic recoil of the
thoracic cage. Hyperinflation occurs in COPD (where it
contributes to ventilatory failure), asthma, bronchiolitis,
cystic fibrosis, and lymphangioleiomyomatosis. Other
acute conditions such as pneumonia, ARDS, and chest
trauma also present hyperinflation.

Respiratory Muscle Fatigue
Respiratory muscle fatigue occurs in conditions of an
increased respiratory load applied over a long time. It
may occur in acute bronchoconstriction, obesity, and during weaning from mechanical ventilation.

Decreased Respiratory Center Output
Decreased respiratory center output is characterized by
decreased respiratory drive and normal muscle strength
generation. Conditions associated with decreased respiratory center output include sedative overdose, hypothyroidism, metabolic alkalosis, semistarvation, and central
alveolar hypoventilation (idiopathic – i.e., primary alveolar hypoventilation or Ondines´ curse-, or secondary to
neurologic lesions such as trauma, infection, infarction,

Increased Ventilatory Load
Increased ventilatory load may cause hypoventilation
because of all three mechanisms: decreased VT (mechanical load), increased VCO2, and increased dead space
ventilation.
In conditions of increased ventilatory load, normally
operating compensatory mechanisms correct the hypercapnia. Thus hypercapnia cannot be explained solely
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based on these mechanisms and other causes must be
sought to explain the increased PaCO2.

Increased Mechanical Load
Increased airway resistance, dynamic elastance, and
intrinsic PEEP all contribute to increased respiratory
load in patients with ARF. These changes are seen in
rapid shallow breathing and in upper airway obstruction.

Increased Ventilatory Requirements
Increased ventilatory requirements occur in conditions
associated with increased CO2 production or increased
dead space ventilation.
Increased CO2 Production is seen in sepsis, trauma,
burns, fever, drugs such as salicylates, and increased lipid
utilization (which increases RQ).

A

explain respiratory failure under these conditions.
Patients with cardiogenic shock may have increased work
of breathing due to pulmonary edema, low muscle flow
resulting in impaired inspiratory muscle contraction, and
low SmvO2 because of low cardiac output. In sepsis, V/Q
mismatch, increased respiratory load (increased CO2 production), increased respiratory drive, noncardiogenic pulmonary edema, and muscle dysfunction induced by
endotoxin, cytokines, acidosis, electrolyte abnormalities,
or drugs, all contribute to respiratory failure. Thus
patients with shock require mechanical ventilation even
though the lungs appear normal, until all underlying
factors have been corrected.

Diagnosis
Hypoxemia

Increased Dead Space Ventilation
Increased dead space ventilation occurs in patients with
V/Q mismatch and areas of high V/Q ratio. Dead space in
this context (also called physiologic dead space) refers to
the sum of anatomic dead space (airway normally not
participating in gas exchange, that is, the airway from
the nose and mouth to bronchioles) and alveolar dead
space (alveoli that receive little or no blood flow, with
high V/Q ratio).
However, increased dead space ventilation does not
cause hypercapnia by itself, as the normal response to
increased PaCO2 is to increase minute ventilation to augment VA and therefore keep PaCO2 within a normal range.
Only those patients unable to increase alveolar ventilation
will develop hypercapnia.
Increased dead space ventilation occurs in COPD,
ARDS, and other lung diseases, most notably pulmonary
thromboembolism.

Postoperative Acute Respiratory Failure
It is practical to identify this type of respiratory failure,
although there is no single pathophysiological mechanism
involved. Postoperative patients may have pain, fluid
overload, respiratory depression because of sedative
administration, increased intra-abdominal pressure, and
muscle wasting. All these factors will lead to reduced FRC,
increased alveolar closing volume, and lung collapse. Muscle fatigue and respiratory depression will result in alveolar
hypoventilation. The end result will be both hypoxemic
and ventilatory respiratory failure.

Acute Respiratory Failure in Shock
Patients in severe shock often present with respiratory
failure requiring mechanical ventilation. Many factors

In airflow obstruction, alveolar occupation or interstitial
disease, hypoxemia develops because large alveolar units
are excessively perfused for their degree of ventilation
(low V/Q ratio, increased venous admixture). Hypoxemia will respond to increased FiO2 unless V/Q =
0 (true shunt).
In any of the listed causes of hypoxemia with impaired
gas exchange (increased P(A-a)O2) VA is reduced because
there are large numbers of alveoli poorly perfused causing
increased dead space ventilation (increased VD/VT). However, hypercapnia does not ensue because total minute
volume (VE) increases to maintain a normal PaCO2. This
is why these patients have to augment their respiratory
rate to increase minute ventilation. A normal or high
PaCO2 is an ominous clinical sign indicating muscle
fatigue and the impending necessity of mechanical
ventilation.
Thus, isolated impairment in gas exchange (in which
A-a gradient is high) from any of the listed causes is not
associated with hypercapnia. However, in conditions characterized by impairment in gas exchange, the magnitude
of neuromuscular weakness or respiratory load that causes
hypercapnia is less than that in the absence of abnormalities in gas exchange. These conditions favoring hypercapnia are usually characterized by V/Q mismatch, and total
minute ventilation (VT) is high despite a decreased alveolar ventilation.

Hypercapnia
In ventilatory ARF, hypercapnia is associated with mild
hypoxemia, as PAO2 decreases for any increase in PaCO2
(see alveolar gas equation). In these cases, the alveolar–
arterial PO2 gradient (P(A-a)O2) is normal, and hypoxemia is corrected by increasing the FiO2.
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Acute Respiratory Failure, Mechanisms of. Table 2 Differential diagnosis of hypercapnia
Normal P(A-a)O2: alveolar hypoventilation with normal gas
exchange
Normal muscle strength
Decreased respiratory drive
Increased mechanical load
Increased ventilatory load
Decreased muscle strength
Respiratory muscle weakness
Respiratory muscle fatigue
High P(A-a)O2: alveolar hypoventilation with abnormal gas
exchange
Airway disease (i.e., COPD)
Interstitial disease (i.e., pulmonary fibrosis)
Alveolar disease (i.e., ARDS)

Acute Respiratory Insufficiency
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Acute Salicylate Toxicity
▶ Salicylate Overdose

Acute Severe Asthma
▶ Acute Asthma

Thus during hypercapnia the measurement of a normal P(A-a)O2 is required to diagnose a nonpulmonary
disorder (Table 2). These disorders are always characterized by low VT. As a consequence, they are often associated
with microatelectasis, retention of secretions and pneumonia, resulting in V/Q mismatch and a high P(A-a)O2.
Thus a high P(A-a)O2 does not rule out a nonpulmonary
cause of hypercapnia.
The diagnosis of hypercapnic ARF is based on the
demonstration of an increased PaCO2 in arterial blood
gases. However, many patients have chronic respiratory
failure and an already high baseline PaCO2. To determine
if the hypercapnia is chronic or acute (acute-on-chronic
respiratory failure) the magnitude of the increase in serum
bicarbonate has to be assessed.
As indicated above, among the different causes of
hypercapnia, respiratory muscle weakness and fatigue are
characterized by decreased muscle strength whereas
decreased respiratory drive and increased mechanical or
ventilator load have preserved muscle function.
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Class and Category
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Indications
None yet

Dosage
Not determined yet

Preparation/Composition
Not determined yet

Contraindications
Not determined yet

Adverse Reactions
Hypotension with high doses

Drug Interactions
Not determined yet

Mechanisms of Action
Pathogenesis of Acute Kidney Injury. Classically, acute
kidney injury (AKI) due to ischemia results from unfavorable changes in renal blood flow as a consequence of
vasospasm, alterations in ultrafiltration coefficient,
tubular obstruction and/or back leak. Much progress
has been made in defining mechanisms that contribute
to ischemic AKI. The molecular responses that occur
after reperfusion are likely maladaptive and lead to endothelial and epithelial cell injury. The reduction of renal
blood flow causes an activation of bone marrow–derived
immune cells, endothelial cells, and epithelial cells,
and initiates a decline in GFR. Leukocytes then adhere
to the endothelial cells, which leads to ▶ inflammation
and extension of cellular injury (extension phase).
In the early phase, ischemia and/or reperfusion initiate
changes in vascular endothelial cells, tubular epithelial
cells, and resident renal dendritic cells (DCs) that cause
the loss of immune system homeostasis in the kidney [1].
As a result, leukocytes are attracted to and are activated
within the post-ischemic kidney, potentiating the
direct damage inflicted on kidney parenchymal cells by
ischemia/reperfusion (IR). Compared to the early/innate
response to kidney IR, less is known about the late phase
of I/R injury (IRI) that necessitates the activation of
the adaptive immune response. The late or adaptive
immune response to specific antigens (from pathogens
or dead endogenous cells) occurs over the course of
several days and includes DC maturation and antigen
presentation and CD4+ and CD8+ T lymphocyte proliferation and activation. Reparative processes likely
involve participation of alternatively activated M2
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macrophages, DCs, regulatory T (Treg) cells, and bone
marrow–derived stem cells.
Adenosine 2A receptors. Adenosine is a nucleoside
whose extracellular concentrations vary from 300 to
1,200 nM. Normally, the adenosine concentration in kidney is less than 1 mM; however, within 2 min of renal
ischemia, adenosine concentration increases sixfold and
its metabolite hypoxanthine increases 300-fold (see [2]).
Four subtypes of adenosine receptors have been
cloned: A1, A2A, A2B, and A3 [1, 2]. Adenosine receptors
are G-protein-coupled receptors and have seven
transmembrane-spanning domains, an extracellular
amino terminus, cytoplasmic carboxy terminus, and a
third intracellular loop that is important in binding Gproteins. The human adenosine receptors share an overall
identity of 30% at the amino acid level; the transmembrane domains of these four receptors are 45% shared. A2A
adenosine receptors stimulate adenylyl cyclase and
increase the production of cyclic AMP by coupling to
stimulatory G proteins (Gs) or to G(olf) in tissues in
which G(olf) is expressed as the primary stimulatory
G-protein. Serine/threonine protein phosphatase, mitogen-activated protein kinase (MAP kinase), protein kinase
C, and phospholipase D might also participate in mediating the effects of A2A receptor activation [2].
The functional characterization of the A2A adenosine
receptor has been aided by the development of selective
pharmacological agents, a monoclonal antibody, molecular cloning of A2A receptors, and generation of the A2A
receptor knockout mouse (as reviewed in [1, 2]).
CGS21680 and ATL146 ester (e) [3] are selective A2A
agonists that have been used principally to examine the
effect of A2A receptor activation. The selectivity of
ATL146e is due to substitutions at the C2 and 5’ positions.
Radioligandbinding studies indicate that ATL146e has
a higher affinity for A2A receptors than CGS21680 [4].
Additional characterization of the A2A receptor has been
aided by specific A2A receptor antagonists, such as
ZM241385 (refer to [3]).
Localization of adenosine A2A receptors. A2A receptors
are expressed in both renal and nonrenal tissues. A2A
receptor mRNA has been detected in the outer medullary
descending vasa recta as well as the glomerulus. Immunohistochemistry has also located A2A receptors in cortical
collecting duct of kidneys. Functional data indicate that
A2A receptor activation is involved in the control of glomerular filtration rate and causes vasodilatation of the
descending vasa recta following preconstriction with
angiotensin II. Additionally, afferent and efferent arteriolar vasodilatation in response to adenosine is blocked by
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the adenosine A2A antagonist KF-17837. These results
suggest that A2A receptors modulate renal hemodynamics
and could serve as important therapeutic targets. In
nonrenal tissue, A2A receptors are abundantly expressed
in the brain (especially in caudate putamen), in hematopoietic tissues/cells including spleen, thymus, leukocytes,
and platelets and, to a lesser extent, in heart, lung, and
blood vessels. A2A receptors are also expressed in many of
the bone marrow–derived leukocytes such as neutrophils,
lymphocytes, monocytes, mast cells, and basophils. Thus
the expression of A2A receptors in multiple tissues suggests
a heterogeneous role in regulating important homeostatic
cellular functions.
A2 receptor activation blocks inflammation. Adenosine
accumulates during ischemia in many different tissues.
Although activation of A2B and A3 receptors mediate
a proinflammatory response, activation of A1 and A2A
receptors reduces inflammation and tissue injury. The
expression of A2A receptors on inflammatory cells allows
adenosine to regulate inflammation. Thus, while infection
or reperfusion injury activates the inflammatory process,
activation of A2A receptors attenuate inflammation and
reduce injury. The proinflammatory process is necessary
during infection and contributes to the successful eradication of pathogens. However, prolonged and unregulated
inflammation that can occur following IR or infections
may irreversibly damage tissue. During IRI, endogenous
adenosine accumulates in response to hypoxia and probably has a crucial role in terminating an overactive
immune system. This mechanism of adenosine-mediated
dampening of inflammation is not unique to the kidney
and has been seen in hepatic injury. Renal IRI is also more
pronounced in A2A receptor knockout mice compared
with wild-type mice (as summarized in [1]). These
data indicate that activation of A2A receptors by endogenous adenosine functions to attenuate inflammation and
tissue injury.
In vitro studies have generated insight into the mechanism by which A2A receptor agonists block inflammation
(as reviewed [1]). The abundant expression of A2A receptors on immune cells is central to abrogating the inflammatory response. For example, adenosine works on
activated neutrophils to decrease the levels of superoxide
anion and hydrogen peroxide, both of which contribute to
the inflammatory response. These anti-inflammatory
effects of adenosine are A2A receptor-mediated, as A2A
agonists such as CGS21680 and ATL146e attenuated the
oxidative burst and release of superoxide anion from
activated neutrophils. A2A receptor agonists also block

neutrophil adhesion to endothelial cells by inhibiting
expression of a4b1 integrin very late antigen (VLA)-4,
which is normally present in activated neutrophils. Release
of the proinflammatory cytokines TNF-a and IL-12 by
macrophages is blocked by A2A agonists; an effect that
can be reversed via small interfering RNA to A2A receptors.
The ▶ humoral immune response is delayed in comparison to the ▶ innate immune response initiated by the
inflammatory cells discussed above. Antigen-specific signaling requires several interactions between the T cell and
the antigen presenting cell (APC). The T cell receptor
interacts with the MHC and antigenic peptide on the
APCs, while costimulation may come from CD28 on
T cells interacting with CD80 and CD86 proteins on the
APC. T cell activation is associated with enhanced secretion of IFN-g and IL-2 and expression of IL-2 receptor a
chain (CD25), an effect that is blocked by A2A agonists.
TCR-mediated activation of T cells is associated with
increased expression of A2A receptor mRNA, which may
indicate potential regulatory mechanisms for curtailment
of activation events. Given the marked reduction of IFN-g
and IL-2 following A2A receptor stimulation, A2A agonists
seem to target TH1 cytokines.
A2A receptors are involved in several mechanisms
relating to acute kidney injury, which makes these proteins
a prime target for treatment. Early studies showed that
a systemic infusion of adenosine was actually detrimental
to kidney function, as it led to vasoconstriction and
a decrease in GFR (as reviewed [1, 2]). However, those
effects were likely due to the activation of A1 receptors.
The discovery of A2A receptor-specific compounds has
shown that activation of A2A receptors is protective in
injury-reperfusion studies. Since the initial observation
that A2A receptor activation ameliorates renal IRI in rat
kidneys [2], significant advances have been made in characterizing the mechanism and target of action. ATL146e
markedly reduced damaging effects by 70% when infusion was initiated prior to, or at the time of, IRI. Using the
A2A agonist DWH-145e (later renamed ATL146e) in rats
attenuated IR, an effect reversed with ZM241385, a
selective A2A antagonist [2]. Tissue protection with the
optimally effective dose of A2A agonist (1–10 ng/kg/min)
(as summarized in [1, 2]) was not due to any change in
systemic blood pressure [4]. Protective effects of A2A agonists have also been detected during IR of the heart, lung,
and spinal cord, and in inflammatory bowel disease and
sepsis (as reviewed [2]). These studies suggest that A2A
agonists may be useful in blocking common injury pathways in a wide variety of disorders.

Adhesion Molecules

Both in vivo and in vitro data suggest that A2A agonists
exert their protective effects through direct action on
hematopoietic, endothelial cells or proximal tubule cells
(as reviewed in [1]). Furthermore, this protective effect of
adenosine A2A receptor activation is mediated by increases
in cAMP, as revealed by renal IRI studies with rolipram
(a phosphodiesterase IV inhibitor) and ATL146e. Infusion
of either drug alone reduced renal injury in a dosedependent manner. Rolipram and ATL146e reduced
myeloperoxidase activity, an enzyme marker of neutrophils, by 60% and 70%, respectively. However, the coinfusion of both compounds led to a reduction in plasma
creatinine by 90% as well as a further decrease in MPO
activity that was greater than either compound alone [1].
ATL146e’s protective mechanisms were at least in part
mediated through neutrophils. Using ATL146e caused
a 70% reduction in neutrophil accumulation in kidney
post-IRI as compared with vehicle-treated mice. Using
high-resolution microscopy combined with flow
cytometry, it was demonstrated that A2A agonists reduce
transmigration of neutrophils from the intravascular
space to the interstitium and produce a decrease in vascular permeability. Additionally, the enhanced expression of
the ▶ adhesion molecules P-selectin and ICAM-1 following IRI was reduced with A2A agonists. This observation
was consistent with the idea that A2A agonists limit IRI due
to an inhibitory effect on neutrophil adhesion.
Given the ubiquitous expression of A2ARs, the precise
target of A2A agonist action in mediating tissue protection
in vivo was not known. In order to determine the target of
action of A2A receptor agonists, chimeric mice were generated by irradiating wild-type mice and repopulating
their bone marrow with marrow from A2A receptor
knockout mice [5]. Therefore, these chimeric mice had
a full complement of A2A receptors in all tissues that
normally express the proteins except bone marrow–
derived cells. The protective effect of A2A receptor agonists
following ischemia reperfusion was absent from these
chimeric animals, in contrast to the control group in
which wild-type marrow was used to reconstitute the
marrow of irradiated wild-type mice. These findings indicated that the primary target of A2A receptor agonists is
bone marrow–derived cells. Further studies demonstrated
that activation of A2A receptors expressed on CD4 cells
and not macrophages mediated tissue protection [1].
Extracellular adenosine acts on A2A receptors, which
can raise cAMP, resulting in an inhibition of T-cell receptor triggered activation. Additional, T cells are likely
inhibited by hypoxia inducible transcription factor 1a
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(▶ HIF-1a) through activation of the cAMP response
element (CRE) and the hypoxia response element
(HRE). These mechanisms work in concert to inhibit
activated T-effector cells in damaged tissues.
Clinical applications. Currently A2A agonists are not
marketed for use in humans for the prevention or treatment of AKI in humans. There are minimal side effects
associated with the A2A agonist ATL146e due to its short
half life (minutes) with the exception of transient hypotension in rats following bolus iv administration of
ATL146e at dose levels of 3.5 and 6.9 mg/kg. However at
doses that block inflammation (1–10 ng/kg/min used in
IR studies), there were no hemodynamic effects. ATL146e
is currently in phase III clinical trials for use in pharmacologic stress myocardial perfusion imaging and may find
use as an alternative to dipyridamole or adenosine. Thus,
future studies should be directed to humans in the treatment and prevention of AKI by A2A agonists.

Conclusion
A broad-based anti-inflammatory strategy against AKI is
an attractive therapeutic option. A2A receptor agonists act
proximally to disrupt the cascade of inflammation that
occurs following reperfusion injury and might be a lead
candidate for clinical trials.
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Adhesion Molecules
Proteins located on the cell surface that mediate binding
with other cells or with the extracellular matrix in the
process called cell adhesion.

91

A

92

A

Adrenal Conditions, Hypercortisolism/Hyperaldosteronism

Adrenal Conditions,
Hypercortisolism/
Hyperaldosteronism
RUI P. MORENO
Unidade de Cuidados Intensivos Polivalente, Hospital de
Santo António dos Capuchos, Centro Hospitalar de
Lisboa Central, E.P.E, Lisbon, Portugal

Introduction
The adrenal glands (also known as suprarenal glands) are
two triangular-shaped endocrine glands that are located in
the retroperiteneum, on top of the kidneys, one on each
side. They main physiological task is the production and
release of stress-related hormones. Each adrenal gland is
separated into two distinct structures, the adrenal cortex
and the adrenal medulla, both of which produce hormones. The cortex, that surrounds the medulla, mainly
produces glucocorticosteroids (including cortisol),
mineralocorticosteroids (aldosterone), and androgens
(such as testosterone), under the regulation hormones
produced by the pituitary gland and hypothalamus, as
well as by the rennin-angiotensin-aldosterone system;
the medulla mainly produces catecholamines, adrenaline
(or epinephrine) and noradrenaline (norepinephrine),
under control from the sympathetic system (and in
a less extension by the cortisol released by the adrenal
cortex).
The normal response during times of stress, as occurs
during any critical illness, is an increased function of the
adrenal cortex and of the adrenal medula. The hormones
produced by the adrenal cortex (e.g., glucocorticoids
and aldosterone) are crucial in driving the physiological
adaptation to illness in order to maintain the homeostasis.
However, as for almost any other hormones, an
inappropriate – sometimes fatal – increase in adrenal function could lead to major changes in fluid and electrolyte
balance, in energy metabolism, and in immune function.

Hypercortisolism
The condition of hyperadrenocorticism is a disorder characterized by increased circulating levels of glucocorticoids
(primarily cortisol). Usually an easily recognizable disorder, it may arise in clinical practice from three causes:
● An excess production by the pituitary gland of adrenocorticotropic hormone or corticotrophin (ACTH)

● An excess production of cortisol originating in the
adrenal gland
● An iatrogenic administration or factitious ingestion
of excessive doses of exogenously administered
glucocorticoids
The description by Harvey Cushing of the disease
included the existence of truncal obesity, hypertension,
fatigability and weakness, amenorrhea, hirsutism, purplish abdominal striae, edema, glucosuria, osteoporosis,
and a tumor of the pituitary gland. Two forms of the
disease are usually considered: those in which the
hyperproduction of cortisol is secondary to an
hyperproduction of ACTH by the pituitary gland, with
bilateral adrenal hyperplasia, the so-called Cushing’s Disease; and those, in which the clinical manifestations result
from the chronic exposure to excess glucocorticoids, independently from the source, the so-called Cushing’s
Syndrome. In these cases, the disease may be due to the
ectopic overproduction of ACTH (from other tumors,
most commonly the oat cell–type lung cancer, but also
thymus, pancreas, ovary, and thyroid cancers), those in
which the overproduction of cortisol is primary due to
adrenal cancer (about 20–25% of the cases) or by the
exogenous administration of ingestion of excessive doses
of exogenously administered glucocorticoids [1]. The
Cushing’s syndrome is rarely an admitting diagnosis to
critical care (except in the rare cases in which the syndrome presentation is due to severe hypokallemic alkalosis
and glucose intolerance), but life-threatening infections,
diabetes, and a high mortality rate in surgeries are all
associated with chronic severe hypercortisolism.
The positive diagnosis of Cushing’s Syndrome requires
the biologically demonstration of chronic hypercortisolism, usually using 24-h urinary cortisol, urinary
17-hydroxysteroids (17-OHS), late-evening plasma or salivary cortisol, or the dexamethasone suppression test
(either the short midnight 1 mg test or the classical
48-h-low-dose classical test). Characteristically, despite
being sometimes very difficult to measure adequately in
the ICU, the following laboratory findings are seen:
● Elevation in urinary free cortisol (usually greater than
150 mg/24 h).
● Loss of diurnal rhythm of plasma ACTH and
cortisol (very difficult to access in the patient with
critical illness due to the loss in circadian rhythm);
evening cortisol levels are greater than 10 mg/dL;
excretion of urinary 17-OHS also loses its daily
rhythm.
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● Loss of ACTH suppressibility by physiologic doses of
dexamethasone (1 mg at midnight does not prevent
the morning increase > 10 mg/dL or 0.5 mg every 6 h of
dexamethasone for 48 h starting at 6 am). Urinary
18-OHS and 17-KS levels fall to less than 50%
of control levels. This test can be complemented by
the administration of Corticotropin-releasing hormone (CRH) as IV bolus at a dose of 1 mg/kg body
weight and plasma cortisol and ACTH levels accessed
at 15, 10, 5, and 0 min before administration and
then at 5, 15, 30, 45, and 60 post CRF administration.
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(with Op’DDD, that specifically destroys the adrenal
cortex; with inhibitors of cortisol synthesis such as
metyrapone or ketoconazole; with glucocorticoid antagonists such as mifepristone). In some cases, total bilateral
adrenalectomy has been used to suppress the steroidogenesis process. Also, in the intensive care setting, the only
inhibitor of the steroidogenesis available in IV formulation, the sedative etomidate, has been used in the acute
preparation of the patient intolerant to the other available
therapies before the surgical removal of the tumor [3].

Hyperaldosteronism
These exams are complemented by the determination
of the plasma levels of ACTH and by imaging exams
targeting the pituitary and the adrenal glands. Once
excluded the exogenous chronic administration of
glucocorticosteroids, a suppressed ACTH plasma levels
indicate an adrenal cause to the syndrome either malign
or benign; a measurable or increase ACTH plasma levels
indicate usually a pituitary tumor (Cushing’s Disease) or
an ectopic production of ACTG of malignant origin. In
rare cases, where the biological and imaging diagnosis are
uncertain, sampling the ACTH plasma in the inferior
petrosal sinus may be necessary.
Care should be taken to distinguish the true Cushing’s
syndrome from pseudo-Cushing states, usually with mild
hypercortisolism, that include active alcoholism and withdrawal from ethanol intoxication, stressful situations,
renal failure, anorexia and bulimia nervosa, the depressed
phase of affective disorders, primary glucocorticoid receptor resistance, and severe obesity. In these cases, the dexamethasone-CRH test seems to be more accurate than the
classical tests [2].
Given the high morbidity and mortality associated
with the Cushing’s syndrome, treatment should be initiated as soon as possible, targeting the correction of the
adrenal oversecretion and the ablation and/or destruction
of the tumor. The optimal treatment option is still surgical, and consists in the remotion of the responsible tumor,
ideally with preservation of the anterior pituitary function, complemented sometimes by radiotherapy or in the
surgical removal of the adrenal gland involved. The medical treatment of the condition is still not optimal due to
the high rate of failure and secondary effects, and it can be
done with medical treatments directed at the pituitary
gland (with the PPAR-g rosiglitazone, the dopamine agonist cabergoline, the new somatostatin analogue SOM-239
or with temozolomide, all experimental or with inconsistent results) or directed at the at the adrenal gland

The primary hyperaldosteronism is a syndrome of hypertension and hypokalemia that is responsible for 6–13% of
the cases of hypertension in some referenced populations
of the adult patients [4].
Although much more rare in the ICU that hypercortisolism, it should be suspected in patients with admission
to ICU for management of troublesome hypertension,
refractory or difficult to control hypokalemia, rapidly
progressive heart failure, and various dysrhythmias. Suspicion of the diagnosis should always arise when these
manifestations occur, particularly when hypokalemia is
refractory to potassium supplementation. Without timely
diagnosis and treatment, these patients will succumb to
lethal dysrhythmias.
The etiology of the syndrome is in about 70% of the
patients unilateral adenoma, in 20–30% idiopathic bilateral hyperplasia or, rarely, adrenocortical carcinoma.
The diagnosis can usually be made, measuring the
aldosterone and rennin levels at 8 am (after overnight
recumbence) and 4 h later (after the patient being upright
for 4 h). These measurements should only be made when
the patient on a diet that provides at least 100 mEq of
NaCl a day after correction of the hypokalemia. Caution
should be used when measuring the aldosterone/rennin
ratio (ARR) to diagnose primary hyperaldoteronism and
all drugs know to affect it stopped (e.g., beta-adrenergic
blockers, nonsteroidal anti-inflammatory agents),
diuretics (including potassium-sparing diuretics),
dihydropyridine calcium channel antagonists, and angiotensin converting enzyme inhibitors and renin inhibitors,
contraceptives and progesterone. Other factors might
interfere with the test, such as age over 65, method of
blood collection, renal function, and phase of the menstrual cycle in women [5]. There exists a certain variability
among laboratories in the interpretation of the ratio
among different groups, with cutoffs of the ARR as different as 20 and 100 being considered as positives
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(with plasma aldosterone expressed as ng/dL and plasma
rennin as ng/mL/h). In doubt, the fludrocortisone test can
be used as the confirmatory test [6].
Since surgically correctable forms of primary aldosteronism are characterized by unilateral aldosterone
hypersecretion and renin suppression, it is important to
diagnose and locate an aldosterone-producing adenoma
(also known as Conn’s adenoma and aldosteronoma),
primary unilateral adrenal hyperplasia, and rare cases
of aldosterone-producing adrenocortical carcinoma. In
these forms, unilateral adrenalectomy can cure aldosterone excess and hypokalemia, but not necessarily hypertension. Once the diagnosis is confirmed, adrenal imaging
methods should be performed for all patients. If surgery is
considered, taking into consideration the clinical context
and the desire of the patient, bilateral adrenal vein sampling may eventually be performed to detect whether or
not aldosterone hypersecretion is unilateral because even
the CTscan will miss 50% of the adenomas and incorrectly
lateralize the adenoma in occasional cases [6].
The differential diagnosis of hypokalemic hypertension with low renin includes mineralocorticoid excess,
with the mineralocorticoid being cortisol or 11-deoxycorticosterone, apparent mineralocorticoid excess, pseudohypermineralocorticoidism in Liddle syndrome or
exposure to glycyrrhizic acid [4].
Prognosis is usually good if the tumor can be removed,
with the majority of patients recovering significantly from
the renal lesions of the hypertension, even when albuminuria is already present [7]. Patients with a raised ratio then
undergo confirmatory suppression tests.
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Synonyms
Adrenal failure; Adrenocortical insufficiency; Corticosteroid insufficiency; Critical illness related corticosteroid
insufficiency; Relative adrenal insufficiency

Definition
Adrenal insufficiency is a condition in which
cortisol synthesis, delivery, and/or uptake by tissues is
compromised. It is classified into primary adrenal
insufficiency when the adrenocortical cells are damaged
or cortisol metabolism is altered and secondary adrenal
insufficiency when corticotrophin releasing hormone or
adrenocorticotrophin hormone synthesizing hypothalamic or pituitary cells are damaged. In primary adrenal
insufficiency, impaired mineralocorticoid synthesis is
common. Secondary adrenal insufficiency may be associated with failure of other pituitary axes in particular of the
thyroid and gonad axes.
The term “critical illness related corticosteroid insufficiency” (CIRCI) has been recently introduced to replace
the term “relative adrenal insufficiency” [1]. It is characterized by a situation of insufficient cellular corticosteroids
activity for the severity of patient’s illness, i.e., for the
intensity of the systemic inflammatory response.

Treatment
Symptomatic Treatment
One of the main complications of adrenal insufficiency is
hypovolemia and salt wasting. Thus, immediate fluid and
sodium replacement are required. In addition, intravenous vasopressor therapy should be titrated to restore
systolic blood pressure and tissue perfusion.

Hormone Replacement Therapy
Mechanisms of Action of Corticosteroids
Glucocorticoids cross freely the cells membrane to
interact with a specific glucocorticoid receptor in
the cytosol [2]. Activation of the glucocorticoidglucocorticoid receptor complex triggers conformational
changes with dissociation from other proteins
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(particularly shedding from heat shock proteins) and
dimerization, allowing the translocation of the complex
to the nucleus and interaction with general transcription
factors, adapter proteins, and various co-activators,
resulting in transrepression (indirect genomic effects)
and transactivation (direct genomic effects) properties.
Glucocorticoids also interact with membrane sites inducing non-genomic effects.
Genomic Effects

The glucocorticoid-glucocorticoid receptor complex directly
activates or represses target genes by binding to hormone
responsive elements in promoter or enhancer regions and by
binding to other DNA sequence-specific activators. Glucocorticoids transactivated genes for chemokines, cytokines,
complement family members, and innate immune-related
genes, including scavenger and Toll-like receptors. They also
transrepressed adaptive immune-related genes, and may
simultaneously transactivate and repress inflammatory
T-helper subsets and apoptosis-related gene clusters. The
interaction between glucocorticoids, NF-kB, and activator
protein-1 represents the main glucocorticoid-induced,
DNA-independent mode of transrepression. In addition,
the induction of IkB-alpha by glucocorticoids further inhibits
NF-kB-dependent gene transcription. Glucocorticoids may
also regulate inflammatory mediators by acting at the posttranscriptional level, on mRNA or on proteins.
Non-genomic Effects

Non-genomic effects may be nonspecific or specific.
Nonspecific effects include direct membrane effects
of glucocorticoids in the hypothalamic synaptosomes
controlling the negative feedback loop, rapid restoration
of the sympathetic modulation of cardiac and vessels activity, and potentiation of exogenous catecholamines action.
Specific non-genomic effects include interaction between
the glucocorticoid-glucocorticoid receptor complex and
p38 mitogen-activated protein kinase, interaction between
membrane binding sites for glucocorticoids and mitochondrial membrane potential, and nonnuclear activation of
phosphatidylinositol 3-kinase and of protein kinase Akt.
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cells. They also enhance lipolysis and proteolysis, providing amino acids for neoglucogenesis.
Immune Effects

Corticosteroids increase neutrophils count by releasing
bone-marrow polymorphonuclear cells and by inhibiting
neutrophils migration and apoptosis. They promote
apoptosis of eosinophils and basophils and improve
opsonization and the activity of scavenger systems. They
suppress the synthesis and release of inflammatory
mediators such as cytokines, nitric oxide, prostaglandins,
and leukotrienes.
Corticosteroids block dendrite cell maturation, interfere with antigens presenting cells, and prevent differentiation of CD4+ T cells into T-helper (Th) 1 lymphocytes by
blocking the IL-12 secretion monocytes/macrophages and
dendritic cell. They promote Th2 recruitment by increasing IL-10 secretion acting in synergy with IL-4. Thus,
Corticosteroids induce a shift from cellular toward
humoral immune response.
Cardiovascular Effects

Corticosteroids interact with cardiac and vessels smooth
muscles, maintaining vascular tone, endothelium integrity, capillary permeability, and myocardial inotropic
activity. Corticosteroids act in synergy with norepinephrine and angiotensin II. Immediate corticosteroids effects
on the cardiovascular system are likely non-genomic
resulting from direct intra-cellular calcium mobilization,
or activation of endothelial nitric oxide synthase via the
P38 mitogen-activate protein kinase or the phosphatidylinositol 3-kinase/protein kinase system.
Observed Clinical Effects During Critical Illness

In various critical illnesses, including sepsis, acute respiratory distress syndrome, trauma, postoperative patients,
corticosteroids reduced clinical and biological symptoms
of exaggerated systemic inflammatory response, reduced
the need for vasopressor therapy or mechanical ventilation, prevented the development of organ dysfunction and
fasten the resolution of established organ failures, shortened length of stay and may improve survival [1].

Main Effects of Corticosteroids
Practical Use of Corticosteroids
Metabolic Effects

Corticosteroids increase blood glucose concentration by
inducing insulin resistance at the level of skeletal muscles
and adipocytes, liver neoglucogenesis, and glycogenolysis.
Thereby, corticosteroids divert glucose toward insulinindependent tissues such as neurons and inflammatory

Intravenous administration of hydrocortisone is the gold
standard for the treatment of adrenal insufficiency. Critical illness related corticosteroid insufficiency should be
treated with 200–300 mg of hydrocortisone given as intravenous bolus of 50 mg q6 or 100 mg q8, or as a continuous
infusion of about 10 mg/h. The duration of treatment may
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be adapted to specific conditions and logically hydrocortisone therapy should be given as long as symptoms of
CIRCI are present. In septic shock, hydrocortisone therapy
should be given for 5–7 days at full dose and may or may
not be tapered off over 3–6 days [1, 3]. In acute lung
injury, corticosteroids may be given for up to 4 weeks.
Administration of fludrocortisone is optional and requires
advice from an endocrinologist.

Tolerance
Corticosteroids dramatically increased blood glucose to
levels that may affect patients’ morbidity and mortality.
Therefore, during corticosteroid therapy it is paramount
that blood glucose levels are maintained lower than
150 mg/dL by the means of continuous insulin therapy.
Corticosteroids with mineralocorticoid activity may cause
hypernatremia, hypokalemia, and metabolic alkalosis.
Therefore, a close monitoring of serum electrolytes levels
and acid–base equilibrium is mandatory in corticosteroidtreated intensive care unit patients. Corticosteroids replacement therapy may not increase the risk of hospital-acquired
infections in critically ill patients. However, this treatment
may blunt the febrile response to infection and interferes
with white cells count and inflammatory parameters. Then,
corticosteroids replacement therapy may mask the acquisition of a new infection. Physicians need to systematically
screen for lung superinfection with daily chest X-ray and
lung cultures twice weekly, for blood stream infection with
blood cultures twice weekly, for urinary tract infection
with cultures twice weekly, as well as screening for any
other potential new site of infection. Indeed, corticosteroids, early enteral nutrition, and stress ulcer prophylaxis
should be carefully considered to prevent gastrointestinal
bleeding [1, 3].

Evaluation/Assessment
Risk Factors for Adrenal Insufficiency in the
Intensive Care Unit
Systemic Inflammatory Response Syndrome
Various critical illnesses may be associated with adrenal
insufficiency. In fact, any condition that is characterized by
an exaggerated systemic inflammatory response likely is
associated with CIRCI [1]. Sepsis is probably the most
common cause of adrenal insufficiency in the intensive
care unit. Sepsis-induced pro-inflammatory mediators
activate the hypothalamic-pituitary-adrenal axis via
multiple pathways including afferent fibers of noradrenergic and vagus nerves, and circum ventricular organs [2].
In sepsis, the accumulation of pro-inflammatory mediators

interferes at all levels of the hypothalamic-pituitary-adrenal
axis to decrease cortisol synthesis. In turn, the resulting
adrenal insufficiency favors the accumulation of proinflammatory mediators in a vicious circle. Sepsis may
also result in low levels of cortisol binding globulin and
albumin, with increasing circulating free cortisol levels.
However, the cortisol cannot be appropriately delivered to
inflamed tissues without its specific carrier. Other mechanisms of tissue resistance to corticosteroids may include
down regulation of the glucocorticoid receptor alpha or
decrease in its affinity for cortisol, and over expression of
the 11 beta hydroxysteroid dehydrogenase.

Shock, Kidney Failure, and Coagulation
Disorders
The adrenal glands are characterized by limited venous
drainage and thus the increased arterial flow during critical illness results in prompt enlargement of the glands
subsequently exposing them to hemorrhage and necrosis.
Cardiovascular or renal failure, bacteremia, coagulation
disorders, and the use of anticoagulant drugs are the main
risk factors for adrenal hemorrhage and necrosis.

Drugs
A number of drugs may alter cortisol production and
metabolism [1, 2]. In brief, previous treatment with glucocorticoids even topical form of the drug may induce
a prolong suppression of the hypothalamic-pituitaryadrenal axis. Several drugs that are commonly used in
the intensive care unit may also inhibit cortisol synthesis.
They may include sedatives, particularly etomidate (specific inhibitor of the 11-b-hydroxylase), or antibiotics,
particularly antifungal drugs.

Clinical Diagnosis
Common clinical symptoms of adrenal insufficiency like
fever, abdominal pain, vomiting, hypotension, or altered
consciousness are very common and nonspecific signs in
intensive care unit patients. However, intensive care unit
physicians should consider adrenal insufficiency in
patients with hypotension poorly responsive to fluid
replacement or vasopressor therapy, with sustained signs
of overt organ inflammation (e.g., persistent acute respiratory distress syndrome), or with difficulties to be
weaned from life-supportive therapies.

Laboratory Investigations
Nonspecific Laboratory Tests
Hypoglycemia, hyponatremia, hyperkalemia, and
increased eosinophils count are commonly found in
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adrenal insufficiency and should alert intensive care unit
physicians. However, these abnormalities are nonspecific
and insufficient to decide for hormone replacement
therapy.

Specific Laboratory Tests
Although there is no definite test for the diagnosis of
adrenal insufficiency in critically ill patients, in practice,
physicians should rely on the standard short corticotrophin test [1]. The insulin tolerance test cannot be used in
the intensive care unit. Firstly, this test is cumbersome and
requests trained physicians and nurses. Secondly, insulin
resistance is very common in critical illness, thus, lowering
the reliability of the insulin tolerance test, and increasing
the risk of severe hypoglycaemia given the on/off response
type. The overnight metyrapone test is also cumbersome
and dangerous for a routine use in critically ill patients.
This test relies on evaluation of increase in plasma concentrations of corticotrophin and 11B deoxycortisol after
metyrapone-induced fall in cortisol levels. It is unlikely
that corticotrophin and 11 B deoxycortisol could be measured in a timely fashion. In addition, metyrapone by
blocking cortisol synthesis may rapidly worsen patient’s
hemodynamic status and may precipitate death. The standard high dose corticotrophin remains the most practical
test for the diagnosis of adrenal insufficiency during critical illness. It consists in measuring cortisol before and 30
and 60 minutes after following an intravenous bolus of
250 mg of ACTH. It is considered that a basal cortisol level
lower than 10 mg/dL or a post corticotrophin increment in
cortisol <9 mg/dL is suggestive of CIRCI [1, 4]. In patients
with low albumin levels, total cortisol levels are less reliable and because free cortisol levels could not be obtained
in a timely fashion, the diagnosis of adrenal insufficiency
in these patients may remain problematic. Determination
of salivary concentrations of free cortisol is not ready for
routine use in the intensive care unit. Finally, computed
tomography scan can help demonstrate damage to the
adrenal glands.

A

for advices from an endocrinologist to rule out or to
optimize the treatment of a persistent adrenal failure.

Prognosis
In animals, removal of the adrenal cortex increased dramatically endotoxin-related mortality whereas destruction of
the medulla with intact cortex has no effect on mortality.
It is known for almost a century that bilateral necrosis of the
adrenals precipitated death in patients with severe infection.
Numerous observations have convincingly shown that
chemical adrenalectomy (e.g., with prolonged infusion of
etomidate) increased mortality in critically ill patients. Critically ill patients with CIRCI are more likely dependent of
vasopressor therapy and mechanical ventilation hospital
mortality reaching 60% [1, 4].
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After-care
In most cases of CIRCI, patients recover a normal adrenal
function after recovery from their critical illness [1, 2]. In
rare cases of irreversible anatomic damages to the hypothalamic-pituitary-adrenal axis, patients remain dependent of hormonal replacement therapy. In practice,
patients should be weaned off corticosteroids a priori
being discharged from the intensive care unit. If the cessation of treatment is associated with rebound in signs of
systemic inflammatory response, new onset of shock or
respiratory failure, intensive care physicians should seek
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Synonyms
ß-Blocker toxicity
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Definition
ß-adrenergic agonism occurs with stimulation of the
ß-receptor. The ß1 receptor is mainly located in the
heart and results in increased heart rate (tachycardia)
when stimulated. Medications that stimulate ß1-receptors
are used to increase chronotropy and inotropy in the
heart. The ß2-receptor is located in the vasculature and
lungs. Its stimulation results in vasodilatation and
bronchodilation. Medications that stimulate ß2-receptors
are used to treat conditions associated with bronchoconstriction such as asthma or chronic obstructive pulmonary
disease. Agonism of ß3-receptors is rarely discussed for
medical conditions. ß-agonists like albuterol are used to
move potassium into cells when hyperkalemia is present.
ß-adrenergic antagonists are medications used to treat
and or manage several medical conditions including:
hypertension, coronary artery disease, congestive heart
failure, atrial fibrillation, migraines, and other chronic
headaches. They are used to control heart rate and blood
pressure. These medications include: atenolol, carvedilol,
esmolol, labetolol, metoprolol, and propanolol as well as
many others. These medications are often discussed as
being selective for b1-receptors (such as atenolol, esmolol,
or metoprolol) versus having no selectivity (such as
propanolol). Carvedilol and labetolol also have some a-1
receptor antagonist effects.
ß-adrenergic antagonist toxicity is a spectrum of signs
and symptoms that can include: depressed mental status
or coma, bradycardia and/or conduction delays, hypotension, seizures, hypoglycemia, hyperkalemia, metabolic acidosis from lactate production, and multisystem organ
failure due to poor perfusion [1]. Toxicity occurs after
intentional overdose or therapeutic misadventures.
Some ß-receptor antagonists have varying effects
on the sodium channel. These antagonists are known
as “membrane-stabilizing” ß-blockers and include
propanolol, oxprenolol, acebutolol, and others. Their toxicity profile may include specific toxicities associated with
sodium channel blocking effects. Specific effects include
widening of the QRS on the electrocardiogram and
ventricular dysrhythmias.

Treatment
All patients presenting with ß-adrenergic antagonist toxicity should be managed as a critically ill patient. They
should have their airway, breathing, and circulation
assessed. The airway should be secured with endotracheal
intubation and mechanical ventilation as clinically indicated. Supplemental oxygen should be administered to all
patients at risk for poor perfusion from ß-adrenergic

antagonist toxicity. All patients should have intravenous
access secured, preferably with two large-bore peripheral
intravenous lines (either 14 or 16 gauge) to allow for rapid
fluid resuscitation if necessary. Patients with hypotension
should receive initial intravenous fluid resuscitation with
isotonic fluid (normal saline or lactated Ringers). All
patients should have an electrocardiogram performed to
evaluate for bradycardia, other dysrhythmias, and conduction abnormalities. They should be connected to
telemetry and have continuous heart rate and blood pressure monitoring to assess for development of dysrhythmias, hypotension, and deterioration.
The next step in managing these patients is to consider gastrointestinal decontamination. For patients with
a normal mental status who are protecting their airway,
activated charcoal (1g/kg) should be given orally. For
patients with endotracheal tubes, a nasogastric (NG)
tube should be placed and activated charcoal (1 g/kg)
should be administered through the NG tube. The administration of activated charcoal is to try to decrease the
amount of ß-adrenergic antagonist absorbed into the
blood stream from the gastrointestinal tract. If a sustained
release, controlled release, extended release, or other longterm release product was ingested, whole bowel irrigation
with polyethylene glycol with electrolyte solution (PEG
ELS) can be initiated through an NG tube to try to
increase the gastrointestinal transit of the ß-adrenergic
antagonist and thereby, hopefully, decreasing the absorption into the blood stream. For severely poisoned patients
with recent ingestions, orogastric lavage with a large-bore
tube (Ewald tube) may be considered as a form of decontamination. For unstable patients, resuscitative measures
should supersede gastrointestinal decontamination. Once
stabilized, these critically ill patients may benefit from
gastrointestinal decontamination.
For patients presenting with bradycardia advanced
cardiac life support measures should be initiated. As
a first-line agent, atropine can be given. It acts to stimulate
the vagus nerve and thereby increase inotropy and
chronotropy. When patients do not respond to this therapy, calcium salts should be considered.
Calcium salts (gluconate, if given peripherally due to it
being less irritating on the vein; chloride, if a central
venous catheter is in place) increase chronotropy and
inotropy. They bypass the antagonized ß-receptor to stimulate release of calcium from the sarcoplasmic reticulum
to affect excitation-contraction coupling, provide necessary substrate for generation of action potentials from the
sinoatrial node, and aid in the maintenance of vascular
tone [2]. Calcium gluconate delivers one-third the
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milliequivalents of calcium compared to calcium chloride.
This difference must be a consideration when using
calcium gluconate.

Glucagon
Glucagon is a hormone synthesized in the pancreatic a
cells and is generally considered a first-line agent (or
antidote) for ß-adrenergic antagonist toxicity. It directly
stimulates the G-protein on the blocked ß-adrenergic
receptor complex. It bypasses the blocked ß-receptor and
allows activation of the adenylate cyclase pathway to
increase cyclic AMP intracellularly. This increase in cyclic
AMP results in excitation-contraction coupling through
release of calcium from the sarcoplasmic reticulum.
Thereby, glucagon increases inotropy and chronotropy
on a ß-adrenergic antagonized heart. Peripherally, it also
increases the amount of glucose available for cardiac
myocytes and vascular smooth muscle cells to use as an
energy source. Recommended doses range from 3 to
10 mg as intravenous boluses and from 3 to 10 mg/h
when given as infusions. Infusion rates are set at the
milligram rate that a patient responds to (i.e., if a patient
improves with a 5 mg bolus dose, an infusion rate of
5 mg/h glucagon should be given) [2]. The major adverse
effects from glucagon are nausea and vomiting. Symptomatic control with an antiemetic may be necessary.

Insulin-Euglycemia Therapy
This therapy, sometimes described as hyperinsulineuglycemia therapy or HIET, is used in patients refractory
to the above measures. It is often used in combination
with other discussed therapies. Insulin is secreted by the
pancreatic b-islet cells to allow for the utilization of glucose as a cellular energy source. During times of stress, the
heart shifts from using free fatty acids to glucose for
metabolic function. In multiple canine models and
case reports, HIET has shown improvement in cardiac
function with increased contractility and blood pressure.
Insulin is usually given as a 1 unit/kg intravenous bolus
followed by an infusion at 0.5 unit/kg/h, which is titrated
by 0.5 unit/kg upward as needed. It usually takes 30–60
min to see any effect from this therapy. To maintain
euglycemia in these patients, a dextrose infusion is also
often initiated to maintain the patient’s serum glucose
between 100 and 250 mg/dL [2]. Patients must also have
their serum potassium monitored as insulin causes potassium to shift into the cells. Supplementation may be
required to keep serum potassium at near normal or
normal concentration. When patients are titrated off
HIET, potassium concentrations usually return to normal.
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Adrenergic Agonists: Vasopressors
Dopamine, norepinephrine, and or epinephrine may be
required if a patient has refractory hypotension despite the
above measures. These agents increase heart rate by
increasing inotropy. They increase blood pressure by
increasing chronotropy and peripheral vasoconstriction.
Echocardiography or invasive cardiac monitoring may aid
in the choice of a particular vasopressor. Often, these
agents are used in conjunction with the above measures.
Vasopressin is rarely used or mentioned in the literature
for ß-adrenergic antagonist toxicity. Use of any vasopressor may increase the risk for gut or extremity ischemia as
a result of severe peripheral ischemia due to the amount
needed to keep the heart rate and blood pressure at desirable ranges, particularly if used alone.

Intravenous Lipid Emulsion
Intravenous lipid emulsion therapy has been introduced
as a “last resort” therapy for patients’ toxic from lipid
soluble drugs/toxins. This antidote was first introduced
for bupivacaine and local anesthetic toxicity, but has been
studied for calcium channel antagonists, lipid soluble
ß-antagonists, and numerous other lipid soluble toxins
with resulting cardiac toxicity. Use of this therapy is generally reserved for those patients not responding to the
above therapies or who deteriorate to cardiac arrest
despite the above measures. There are two basic theories
as to why this intervention may work for lipid soluble ß
antagonist toxicity (such as from propanolol). The first
theory suggests that the lipid emulsion creates a lipid
compartment in the blood to draw the lipid soluble
drug off the ß-receptor and sequesters it so that it cannot
interact with the receptor to cause toxicity. The second
theory suggests that the lipid provides energy in the
form of free fatty acids to the cardiac myocyte to
improve heart function. Several animal experiments
and case reports supporting the use of this therapy can
be found on the web site www.lipidrescue.org. The
recommended dose is a bolus injection of 1.5 mL/kg of
20% intravenous fat emulsion, followed by an infusion of
0.25 mL/kg/min over 30–60 min. The initial bolus may
be repeated 1–2 times if asystole persists and the infusion
may be titrated upward if blood pressure remains low
(www.lipidrescue.org).

Sodium Bicarbonate
Sodium bicarbonate as an intravenous bolus of 1–2 mEq/kg
may benefit patients experiencing a widened QRS, ventricular dysrhythmias, or severe hypotension from the membrane-stabilizing ß-adrenergic antagonists. If this therapy
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is used, patients should have their serum potassium monitored as sodium bicarbonate can induce hypokalemia.
Patients should also be monitored on telemetry if this
therapy is used, as hypokalemia can increase the risk of
torsades de pointes.

Extraordinary Measures and Hemodialysis
In patients severely poisoned from ß-adrenergic antagonist ingestion, the above therapies may not improve their
condition. These patients may require extraordinary measures such as an intra-aortic balloon pump or extracorporeal mechanical oxygen until the drug is metabolized (out
of the body) and toxicity resolves. Atenolol, sotalol, and
nadolol are water-soluble and may be removed by hemodialysis. Case reports are available supporting the use of
these measures.

Evaluation/Assessment
All patients presenting with possible or potential for
ß-adrenergic antagonist toxicity should have their vital
signs monitored. An intravenous catheter should be
placed and laboratories for whole blood counts, electrolytes, renal function, lactate, liver function, and troponin
sent for analysis. These studies will allow for evaluation of
systemic hypoperfusion from toxicity. An electrocardiogram should be obtained as a screen for cardiac dysrhythmias including bradycardia or conduction abnormalities.
Sinus bradycardia and first-degree heart block are common in patients who develop symptoms from their ßblocker exposure [3]. An observation period of 6 h is
recommended for patients who have ingested a regular
release ß-receptor antagonist. If the patient maintains
normal vital signs, mental status, and physical examination, he/she may be medically cleared for evaluation by
psychiatry. A 24-h observation period is recommended
for any patient ingesting any sustained-, extended-, or
controlled-release product as these products may cause
delayed toxicity. All symptomatic patients should be monitored in a unit with intensive care capabilities.

Epidemiology
ß-adrenergic antagonist exposures are reported to poison
control centers every day. In the 2008 National Poison
Data System report, there were 21,282 cases mentioning
ß blockers with 9,787 exposures to ß-blockers. Out of
the 1,315 deaths related to a poisoning, six deaths were
deemed due to a ß-blocker (as a single agent).
ß-adrenergic antagonists exposures involved 54 cases
with major effects while 653 cases resulted in moderate
effects (based on the NPDS categories) [4]. Propanolol,
metoprolol, atenolol, labetolol, and the generic label of

“ß-blocker” were among the ß-adrenergic receptor antagonists mentioned in those cases resulting in fatalities and
or major or moderate effects [4]. A study done evaluating
11 years of reports to the NPDS from 1985 to 1995
revealed 52,156 ß-blocker exposures with 164 cases
resulting in death [5]. Propanolol was the most commonly
implicated ß-blockers in fatal cases [5].

Prognosis
The prognosis of these patients depends on their underlying comorbidities, amount ingested, time to recognition
and treatment of ingestion, response to therapy, and availability of intensive care.
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Synonyms
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Adsorption

Definition
The possibility of removing solutes from blood in order to
obtain blood purification by means of the physicalchemical principle of adsorption.

Pre-existing Condition
Both the characteristics of some solutes that make their
removal difficult, and the limited efficiency of some dialysis membranes, have spurred a significant interest in the
use of further mechanisms of solute removal such as
adsorption [1]. Materials with high capacity of adsorption
(sorbents) have been utilized for about 50 years in extracorporeal blood treatments. The evolution in knowledge
and clinical use of sorbents can be summarized in Table 1.
The analysis of the molecular structure of a sorbent as
well as the study of the chemical–physical mechanisms
involved in the process of adsorption are fascinating and
may contribute to understand the potential for clinical
application [2].

Application
Basic Principles
The mixing of chemicals to form a mixture is a spontaneous, natural process accompanied by an increase in
entropy or randomness. The inverse process of separation
of that mixture into its constituent species is not
a spontaneous process and requires an expenditure of
energy. If the mixture comes as two or more immiscible

Adsorption. Table 1 Development of sorbents in extracorporeal blood therapies
1850 First inorganic allumosilicates (zeolites) used to
exchange NH4 & Ca
1910 Water softeners using zeolites display instability in
presence of mineral acids
1935 Adams and Holmes synthetize the first organic
polymer ion exchange resin
1950 Application of synthetic porous polymers (styrene or
acrylic acid based) (Spherical beeds: trade names of
Amberlyte, Duolite, Dowex, Ionac and Purolite)
1960 Manipulation of physical-chemical characteristics
(commercial use)
1970 Application in blood purification techniques such as
hemoperfusion
1980–2000 Improved design and coating for better
hemocompatibility of adsorbent materials
2000 and beyond: Search for new sorbent materials and new
possibilities of application
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phases we can use gravity, pressure, or electrical fields, but
if it exists in a single homogeneous phase different processes must be applied such as:
● Separation by phase addition or creation (distillation,
crystallization, desublimation)
● Separation by barrier (reverse osmosis, dialysis,
microfiltration, ultrafiltration)
● Separation by solid agent (adsorption, chromatography, ion exchange)
● Separation by external field or gradient (electrodialysis, electrophoresis)
In clinical settings, blood purification techniques
mostly rely on the second and the third group of processes
[3]. While, however, diffusion and convection are mostly
used for membrane filtration processes, adsorption is generally employed in blood detoxification techniques such as
hemoperfusion. Diffusion may be limited by the diffusion
coefficients of the molecules or by other factors such as
temperature, surface area, and distance. Convection on
the other hand is mostly limited by the sieving properties
of the membrane and the flux of solvent obtained in
response to a positive pressure gradient. When these processes are inadequate to remove the wanted molecules
from patient’s blood, the use of adsorbents may become
the alternative pathway for blood purification.
Hemoperfusion is in fact a technique in which patient’s
blood is circulated through a unit containing a sorbent
material. Blood purification is obtained by absorption of
molecules on to the sorbent particles. Sorbents can be
synthetic or natural. In the past, problems related to
hemoperfusion were mostly due to the incompatibility of
the biomaterial used as a sorbent. In fact, the first sessions
of hemoperfusion were accompanied by chills, fever, cutaneous rush, thrombocytopenia, leucopenia, and Aluminum load.
Today, these reactions are prevented in two ways:
(a) separating plasma from red cells and circulating only
the separated plasma through the sorbent bed; (b) making
the sorbent bio or hemocompatible by coating the particles with specific biomaterials.
If the use of sorbents is quite justified in poisoning or
acute intoxications, is there a rationale for the use of
sorbents in chronic or acute blood purification techniques? The efficiency of membrane separation processes
in hemodialysis is limited by membrane permeability. To
overcome this problem, high flux membranes have been
introduced. However, the efficiency for solutes of middlehigh molecular weight is limited by the low diffusion
coefficients of those solutes. A further improvement has
come with hemodiafiltration and even better with on-line
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hemodiafiltration where the high rate of ultrafiltration
increases significantly middle-high solute clearance. Nevertheless, the possible selectivity of adsorptive processes,
and the possibility of placing the sorbent in direct contact
with blood may be seen as a further step toward increasing
the efficiency of the blood purification process.
The sorbent however must be hemocompatible and
adequately coated, size-dependent nonselective adsorption may cause unwanted losses and a completely different
kinetics for middle-large molecules could be expected in
comparison to that commonly observed in hemodialysis.
To make an adequate adsorbent therapy one needs an
effective and safe sorbent material, an adequately designed
sorbent cartridge and finally an optimal utilization of the
available surface of the sorbent [1].

Sorbent Materials and Structure
Sorbents can be found in nature as raw materials or they
can be synthetically produced in the laboratory.
Natural sorbents such as Zeolites (Alumino silicates)
are inorganic porous polymers with porosity deriving
from their crystal structure (today they can be synthetically modified to control the structure of the internal pore
system). Other typical sorbents such as porous carbons,
are cellulose-derived organic polymers prepared by controlled thermal oxidation (Fig. 1).

200 µm

200 µm

Synthetic sorbents are constituted by different polymers of synthetic origin. Almost all polymerizable monomers can be built up into large molecules via a multitude
of reactions. Difunctional monomers tend to aggregate
in linear polymeric structures while high functional
monomers tend to polymerize in cross linked structures.
Divinylbenzene is generally used as a potent crosslinker
(Fig. 2). They can also exist in forms of granules or fibers
that are functionalized with specific substances (Fig. 3).
Sorbents exist in granules, spheres, cylindrical pellets,
flakes, and powder. They are solid particles with single
particle diameter between 50 mm and 1.2 cm. Surface area
to volume ratio is extremely high in sorbent particles with
a surface area varying from 300 to 1,200 m2/g. They
can also be defined as (a) macroporous = pore size
> 500 Å (50 nm), (b) mesoporous = pore size 20–500 Å,
and (c) microporous = pore size < 20 Å.
The surface to volume ratio is enormous and it is
generally described by the following equation:


ð1Þ
S =V ¼ pdp L pd 2 p L=4 ¼ 4dp
where dp = pore diameter and L = pore length. If
ep = fractional particle porosity and rp = particle density
the specific surface area per unit of mass Sg is
.
Sg ¼ 4ep rp dp
ð2Þ

0.2 µm

100 µm

Adsorption. Figure 1 Scanning electron microscopic view of a natural sorbent (uncoated charcoal) at different magnifications
(top panels) and of a synthetic polymer in granules (bottom panels)
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Synthetic

Zeolites (alumino silicates)
Inorganic porous polymers
with porosity deriving from their
crystal structure (today synthetically
made to control the structure of the
internal pore system)

Almost all polymerizable monomers
can be built up into large molecules
via a multitude of reactions
Difunctional monomers
Linear
High functional monomers

Porous carbons
Cellulose-derivedorganic
polymers prepared by controlled
thermal oxidation

Cross
linked
Divinylbenzene (potent crosslinker)

Adsorption. Figure 2 Description of sorbent characteristics and distinction between ▶ natural and synthetic sorbents
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Adsorption. Figure 3 Panel A (top): In most synthetic sorbents, styrene is crosslinked by divinylbenzene forming solid gels
in spherical or granular form (40 mm–1.2 cm). The characteristics are peculiar: Ionic functional groups attached, Typical moisture
content (w. saturated) 40–65 wt%, Particle density = 1–1.5 g/cm3 (water swollen), Bulk density = 0.5–1 g/cm3 when packed in
beds, Fractional bed porosity = 0.3–0.4. Panel B (bottom): other forms of synthetic sorbents can be generated beyond the
mixture styrene-divinylbenzene (left); adsorbent materials can also be represented by polymeric substrates possibly
functionalized with specific chemical substances such as polyamyde fibers functionalyzed with DEAE (Diethylamminoethyl-)
(center) and Polystirenic a-chloroacetoamydo-methylate functionalzed with polymixin-B
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To make an example, if ep = 0.5 and rp is 1 g/cm3 = 1 
106 g/m3 and dp = 20 Å (20  10–10 m), then Sg = 1,000
m2/g. In other words, 1 g of sorbent material provides
a potential surface for adsorption of 1,000 m2. In reality we
will see that not all the surface is utilized and many factors
contribute to the fraction of surface utilized for adsorption in different conditions.

Requirements for a Sorbent
A suitable sorbent material must have high selectivity/
affinity to enable sharp separation and high capacity to
minimize the amount of sorbent employed to make
a commercial product. The sorbent should have favorable
kinetics and transport properties for rapid sorption of the
target solutes, chemical and thermal stability, low solubility in the contacting fluid, and mechanical strength to
prevent crushing or erosion.
In a sorbent cartridge for clinical purposes, the
material must have free flowing tendency for ease filling
and emptying of the packed bed, high resistance to fouling for long adsorption life, maximal biocompatibility
with no tendency to promote undesirable chemical reactions or side effects. Finally the sorbent must be cost
effective and the possibility of regeneration should
be explored for possible multiple uses. Unwanted losses
of hormones, proteins, and drugs must be identified
and addressed as potential side effects. Adequate
anticoagulation should also be scheduled to prevent
clotting or platelet losses.

Mechanism of Adsorption of Solutes in
Porous Media
For the adsorption of a solute onto the porous surface of
an adsorbent, the following steps are required: (a) External
(interphase) mass transfer of the solute from the bulk fluid
by convection through a thin film or boundary layer, to
the outer surface of the sorbent; (b) Internal (intraphase)
mass transfer of the solute by pore diffusion from the
outer surface of the adsorbent to the inner surface of
the internal porous structure; (c) Surface diffusion along
the porous surface; (d)adsorption of the solute onto the
porous surface (Fig. 4). The adsorption mechanism
involves physical-chemical forces of different nature and
provide the basis for the final kinetics of solute removal.
The interphase is a crucial aspect since it permits to
bring the solution and the molecules to be removed in
contact with the sorbent. When sorbents are contained in
a cartridge, it is quintessential that a uniform flow of the
bulk solution (it can be ultrafiltrate, plasma, or whole
blood) is achieved inside the unit. For example, in the
case of sorbent granules, the most uniform flow profile
can be obtained when beds are packed carefully with
spherical particles of equal size.
Packing densities between 40% and 60% are considered optimal to prevent channeling of the flow and thus,
loss of efficiency.
To perform an effective sorbent therapy it is important
to ensure that blood flow is equally distributed within the
packed sorbent particles so that all the sorbent material is

Adsorption. Figure 4 Mechanisms of mass transport from the bulk solution to the sorbent surface: (a) External (interphase)
mass transfer of the solute from the bulk fluid by convection through a thin film or boundary layer, to the outer surface of
the sorbent. (b) Internal (intraphase) mass transfer of the solute by pore diffusion from the outer surface of the adsorbent to the
inner surface of the internal porous structure. (c) Surface diffusion along the porous surface and adsorption of the solute
onto the porous surface

Adsorption

A

105

A

Adsorption. Figure 5 Computerized tomography of a sorbent cartridge during injection of blood with contrast medium to
study the flow distribution within the packed sorbent bed

adequately and effectively utilized (Fig. 5). The flow distribution inside the cartridge of sorbent is one of the main
issues concerning the performance and the reliability of
the device. Any type of channeling phenomenon may
affect the quantity of solute adsorbed per unit of sorbent
and influences the saturation of the unit. Since blood is
a non-Newtonian fluid, one must carry out an accurate
analysis of the flow distribution taking into consideration
different conditions of flows and blood viscosity. The flow
distribution in packed beds can be theoretically modeled
using equations of physical chemistry and transport. The
structure of the packing is usually complex, and the
resulting flow pattern is complicated. There are tortuous
paths through the interstitial space of the bed, which
consists of channels (pores) of various diameters. In
well-packed beds the diversity of channel diameters and
velocities in the individual channels is small. Then the
packed bed can be approximated as a bundle of tortuous

capillary tubes. In practice, some wide-diameter channels
and gaps in the packing structure may be present and the
local flow velocity is relatively low. This may result in the
undesirable phenomenon of channeling of the flow which
may facilitate clotting.
The internal mass transfer or intraphase can be seen as
a convective transport of the solute through the structure
of the sorbent. This once again depends on the packing
density, the differential pressure, and the permeability
coefficient of the particle. Very seldom this is fully optimized and the sorbent is generally utilized only in minimal part due to insufficient permeation of the bulk
solution in the structure of the particle (Fig. 6).
Finally, the physical-chemical mechanisms regulating
molecular surface adsorption are multiple: once the molecule is brought to the surface of the sorbent, different
▶ chemical and physical forces are involved such as Van
der Waals forces generated by the interaction between
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Adsorption. Figure 6 The intraphase or internal mass transfer is described by the difference between the concentration of
a solute in the blood (Cb) and the concentration in different internal zones of the sorbent particle (from Cs at the surface to Co in
the innermost zone). On the right side a practical example with cytochrome C in a sorbent particle (Image courtesy of
Dr. Winchester)

electrons of one molecule and the nucleus of another
molecule; these are weak and generally reversible. Ionic
bonds are generated by electrostatic attraction between
positively charged and negatively charged ions; these are
typical of exchange ion resins. Hydrophobic bonds are also
present and generated by the hydrophobic affinity of the
sorbent and the solute molecules (Fig. 7).

Efficiency of Adsorption
Porous polymers can be designed and constructed with
varying internal surface selectivity and varying pore sizes
so that molecules can be separated from each other based
upon size, geometry, and individual binding properties.
To make a selective or partially selective process of
adsorption, one needs to know the properties of the molecules to be separated or removed. If the information is
lacking the properties of the molecules under analysis can
be ascertained by combining a number of available analytical measurements to develop an understanding of the
molecular distinctives or by trial and error through
adsorption isotherms (Fig. 8).
When a liquid mixture is brought into contact with
a microporous solid, adsorption of certain components in
the mixture takes place on the internal surface of the
solid. The maximum extent of adsorption occurs when
equilibrium is reached. No theory for predicting adsorption curves is universally embraced. Instead, laboratory
experiments must be performed at fixed temperature

(Separation processes are energy intensive and affecting
entropy) for each liquid mixture and adsorbent to provide
data for plotting curves called adsorption isotherms.
Adsorption isotherms can be used to determine the
amount of adsorbent required to remove a given amount
of solute from the solvent.
Another measure of the efficiency of the unit is
obtained by using marker molecules to determine the socalled mass transfer zone. The mass transfer zone is the
portion of the cartridge length that goes from a fully
saturated sorbent to a completely unsaturated condition.
In Fig. 9, different possibilities are described to define the
characteristics of the unit. Mass transfer zone determination also helps to define the design of the unit and the
expected time of efficiency before saturation.

Biocompatibility of Sorbents
The biocompatibility of a system utilizing sorbents for
extracorporeal therapies should be studied considering
different aspects. First of all the sorbent must be resistant
and must have a structure that prevent delivery of micro
particles or fragments of the material. To further prevent
dissemination of small particles in the body, cartridges are
provided with a screen that allows free passage of blood
but retains particles or their fragments (Fig. 10). A derivate
measure of biocompatibility in this sense is given by the
behavior of the end-to-end pressure drop in the unit
throughout the treatment. Fouling of the screens due to
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Adsorption. Figure 7 Physical-chemical mechanisms regulating molecular surface adsorption: Once the molecule is
brought to the surface of the sorbent, different chemical and physical forces play the final role including (a) Van der Waals forces
generated by the interaction between electrons of one molecule and the nucleus of another molecule (weak and generally
reversible). (b) Ionic bonds generated by electrostatic attraction between positively charged and negatively charged ions.
(Typical of exchange ion resins). (c) Hydrophobic bonds, generated by the hydrophobic affinity of the sorbent and the
solute molecules

cell or albumin trapping may result in increased resistance
to flow and thus in increased pressure drop inside the
cartridge. The second aspect is the intrinsic structure of
the sorbent material; if the material goes in direct contact
with blood, then it must be hemocompatible, i.e., it must
not cause unwanted reactions (from complement activation to cytokine release), leucopenia, thrombocytopenia,
or adsorption of albumin beyond a certain limit. All these
effects can be partially prevented by coating the surface of
the granules or the fibers with a biocompatible material
such as polysulfone. In this case however, the coating may
render the sorbent less efficient because the intraphase
component of the transport may be negatively affected.
To avoid this inconvenience, some techniques include
a plasma separation process so that cells do not enter in
contact with the sorbent, the plasma is circulated through
the sorbent bed, and finally blood is reconstituted after an
extracorporeal single pass treatment.

Rationale for the Use of Adsorption in
Clinical Settings
Is there a rationale for the use of sorbents in acute critical
illness and kidney injury? The question has already been
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posed for chronic patients and the answers are multiple:
Assuming there is a humoral disorder that is dependent on
circulating molecules and the final target of a therapy is to
remove them, the process of adsorption seems to offer
some specific benefits. There is a limited efficiency of
membrane separation processes (HD-HF) both due to
molecule- and membrane-dependent factors. In this case
an extra mechanism of solute removal beyond diffusion
and convection may provide extra efficiency. There is
a possible selectivity or size exclusion adsorptive process
so that specific substances can be removed from the circulation and finally, there is in some cases the possibility
of placing the sorbent in direct contact with blood facilitating the adsorption process. On the other hand, one
must face the limitations imposed by the use of sorbents
including the fact that sorbent must be hemocompatible
or adequately coated to prevent reactions, size-dependent
nonselective adsorption may cause unwanted losses,
and finally sorbents might alter the requirement for heparin in the extracorporeal circuit. Nevertheless, the use
of sorbents in clinical practice may offer some interesting advantages and some of them have already become
evident.
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Typical modalities for the utilization of sorbents in
extracorporeal therapies are represented in Fig. 11. These
techniques have been applied to the management of both
acute and chronic renal failure [4].

Adsorption isotherm

Amount adsorbed
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Hemoperfusion (HP)

Equilibrium stage for liquid adsorption

Classically, hemoperfusion has been described as a
technique in which the sorbent was placed in direct
contact with blood in an extracorporeal circulation.
Hemoperfusion has the advantage of a much simpler
circuit, but it requires a very biocompatible sorbent
because of the direct contact with blood and with blood
cells in particular. Charcoal has a high adsorbing capacity
especially for low molecular weight waste products that
accumulate during kidney or liver failure. Its use in
hemoperfusion however requires a coating of the sorbent

(f)

Cb Q = CbQ + qbS
Cb = concentration of solute in the carrier liquid
qb = concentration of adsorbate (mol/unit mass)
Q = volume of liquid (constant during process)
S = mass of adsorbent
Equilibrium concentration

Adsorption. Figure 8 Typical example of an adsorption
isotherm
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Adsorption. Figure 9 Evaluation of unit efficiency by determination of mass transfer zones: for this test a colored marker
molecule is generally utilized. Configuration (a) the mass transfer zone is near 0 and this is the Ideal Stoichiometric front for a fixed
bed adsorption. (b) Uneven concentration front builds mass transfer zones but the dimension of each mass transfer zone at each
time is lower than 1/3 of the length of the unit (L). (c) The mass transfer zone occupies the entire length of the unit; in this
condition, the flow-through condition is obtained immediately after the beginning of the treatment. (d) The mass transfer zone is
larger than the length of the unit (MTZ > Lb); this condition describes a poor design, the presence of channeling phenomena or
a poorly efficient sorbent material and leads to typical breakthrough conditions
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Support screen

Retention screen

Adsorption. Figure 10 Screens are used in cartridges to prevent dissemination of sorbent particles and fragments into the
circulation (top panels depict support screens, bottom panels depicts retention screens) (Images courtesy of Prof. Ghezzi)

surface to make it biocompatible. Coated charcoal,
although biocompatible, has a remarkably reduced
adsorptive capacity due to the cut-off of the coating material. More recently, synthetic polymers have been introduced with remarkable capacity for adsorption. The size
selectivity is only offered by the size of the pores on
the surface of the granular elements and not by the material itself. In spite of this, specific advantages have
been experimentally demonstrated in removing poisons,
cytokines, or even endotoxins. For the specific types of
hemoperfusion we suggest to read the relevant chapters in
this book.

Hemoperfusion Coupled with Hemodialysis
(HPHD)
Sorbents have also been used in conjunction with hemodialysis (Hemoperfusion-hemodialysis = HPHD). In this
case the sorbent unit is placed in series with the dialyzer,
just before it. The reason why it is always placed before is
that the dialyzer adjust for temperature or other abnormalities induced by the sorbent (e.g., acidosis). In this
setting, the sorbents are hemocompatible and they are
mostly utilized in the attempt to remove molecules such
as beta-2 microglobulin that are poorly removed by
dialysis.
Another approach consists on the use of sorbents
in “uncoated” form. These however cannot be placed

in direct contact with whole blood and they are used
for the treatment on-line of the ultrafiltrate or the
plasmafiltrate.

Double Chamber Hemodiafiltration (HFR)
In these system, plasma water is separated from whole
blood and, after passing through the sorbent, it is
reinfused into the blood circuit reconstituting whole
blood structure. This technique has mostly been used in
chronic dialysis as a particular form of hemodiafiltration.

Coupled Plasmafiltration Adsorption (CPFA)
Continuous plasmafiltration adsorption is a modality of
blood purification in which plasma is separated from
whole blood and circulated in a sorbent cartridge. After
the sorbent unit, plasma is returned to the blood circuit
and the whole blood undergoes hemofiltration or hemodialysis. The rationale consists in the attempt to achieve
adequate removal of molecules that are not removed by
other hemofiltration or hemodialysis techniques. The
advantage is to exclude the blood cells from contact with
the sorbent and to reinfuse endogenous plasma after
nonselective simultaneous removal of different sepsisassociated mediators without the need of donor plasma.
The main issue is concerning the sparing effect on endogenous plasma as compared to potential unwanted losses of
autologous plasma compounds.
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Adsorption. Figure 11 Possible modes of application of sorbents: (a) Hemoperfusion (HP). (b) The sorbent unit is placed in series
before the hemodialyzer (hemoperfusion-hemodialysis HPHD). (c) The sorbent unit is placed on-line in the ultrafiltrate produced
from a hemofilter. The hemofilter is placed in series with the hemodialyzer. The system is used for on-line hemodiafiltration in
chronic patients and it is defined Paired Filtration Dialysis with sorbent (HFR). (d) The sorbent unit is placed on-line in the
plasmafiltrate produced from a plasmafilter. The plasmafilter is placed in series with the hemodiafilter. The system is used for
critically ill patients with septic shock and it is defined Coupled Plasmafiltration Adsorption (CPFA)

This technique has mostly been used in septic patients
showing specific advantages of blood purification, restoration of hemodynamics, and immunomodulation (see
specific chapter in this book).
In another technique using uncoated sorbents (Detoxification plasmafiltration, DTPF HemoCleanse, Inc., West
Lafayette, IN), a hemodiabsorption mechanism is associated with a push-pull plasmafiltration system (a suspension of powdered sorbents surrounding 0.5 mm plasma
filter membranes). Bidirectional plasma flow (at 80–
100 mL/min) across the plasmafiltration membrane provides direct contact between plasma proteins and powdered

sorbents, as well as clearance of cytokines (tumor necrosis
factor-a , interleukin-1b, and interleukin-6).
A major criticism may be risen concerning the removal
of beneficial substances or drugs by the mechanism of
adsorption. We assessed the different adsorptive properties of a hydrophobic resin for the most-commonly used
antibiotics. Except for Vancomycin, where a modest
removal can be observed, the levels of other antibiotics
such as Tobramycin or Amikacin tend to remain stable
over time.
Efficiency and adequacy of treatment, known milestones in the extracorporeal treatment for chronic renal
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failure, are now reconsidered in critical care nephrology.
The complex scenario of sepsis must not be
underestimated. Notwithstanding, 20 years or so after
the first descriptions, we all face a disease with an ever
increasing incidence and unacceptably high mortality.
Innovative techniques address the importance of dedicated extracorporeal systems for sespis where acute renal
failure is just one of the pathologic complications.
This wider approach to the concept of blood purification opens new perspectives in a revisited strategy for the
application of extracorporeal treatments.

Sorbents in Sepsis
The cellular and humoral response of the host to bacterial
invasion results in a series of symptoms and organ
derangements which are mediated by the presence of
chemical mediators.
Continuous renal replacement therapies (CRRT) have
gained increased popularity for their ability to insure the
removal of excess fluid and waste products in septic
patients with acute kidney injury. However, removal
rates and clearances of the different proinflammatory
cytokines (IL-1, TNF) and lipid mediators (PAF) are hindered by poor membrane passage.
Innovative approaches: include high volume
hemofiltration and the use of superpermeable membranes. The latter are still under investigation for the
possible excessive leakage of albumin. Plasmafiltration
techniques have shown an increase in TNF clearance by 2
orders of magnitude and have demonstrated some
improved survival in septic animals. However plasmapheresis is hardly considerable as a CRRT.
The combined requirements of a continuous renal
replacement therapy with high sieving capacity and possible selective removal of sepsis-associated mediators,
seem to find an answer in the application of sorbents.
The most interesting experience with sorbents in sepsis
has been done with CPFA. CPFA has been utilized with
the rationale of reinfusing endogenous plasma after
nonselective simultaneous removal of different sepsisassociated mediators without the need of donor plasma.
In vitro studies demonstrated that removal rates of
cytokines were different according to varying sorbents
tested. More importantly, when tested at different linear
velocities, their efficiencies in removing cytokines were far
away above the mass of individual cytokines calculated on
the basis of the highest levels detected in the plasma of
septic patients.
In animal studies coupled plasmafiltration adsorption
resulted in a significant (p = 0.0041) survival (85%) at 72 h
with respect to rabbits injected with lipopolysaccharide,
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but not treated with coupled plasmafiltration adsorption
[5]. It must be emphasized that the overall net effect on
survival could be due to the removal not only of the TNF
or PAF, but also to many other mediators not monitored
in the study.
In a prospective randomized cross-over trial aimed
at comparing clinical and biological effects of coupled
plasmafiltration adsorption versus continuous venovenous hemofiltration (CVVH) in critically ill septic
patients significant improvement were observed after
10 h of CPFA. Despite the fact that all patients had relatively low plasma concentrations of cytokines (TNF-a,
IL.1b), the sorbent adsorbed almost 100% of the cytokines
in the plasmafiltrate. In all patients, starting the treatment, the in vitro TNF production of circulating monocytes to exogenous lipopolysaccharide was remarkably
impaired in relation to monocytes from healthy subjects.
When the same patient was studied after 5- and 10-h
treatment with CPFA, the ability of monocytes to produce TNF-a was restored in the range seen for normal
monocytes. Coincubation experiments with a monoclonal antibody directed against IL-10 could abrogate (60%)
monocyte unresponsiveness. In CVVH, abrogation of
monocyte unresponsivess was only partial as compared
to CPFA and significantly delayed (after 10-h treatment).
At the hemodynamic level, all patients (APACHE score >
20) showed increased peripheral vascular resistances that
allowed a significant reduction in the dose of vasopressor
drugs at 5 h and remained steadily low after 10-h treatment. The reduction of vasopressor drugs was not
observed during CVVH. These data suggest the possibility that CPFA may insure better hemodynamics in highly
unstable patients than CVVH. Since the CPFA may be
modular to conventional CVVH, the system may ensure
a fluid and salt balance together with an enhanced blood
purification.
In the concept of using extracorporeal therapies for
sepsis, there has been a widespread tendency to remove
“bad factors” rather than to attempt to bring about
a restoration of balance of physiological factors. Often,
too much emphasis has been placed on individual
markers. The results obtained with CPFA suggest that
treatments should focus more carefully on a “balancing
hypothesis” trying to restore a correct equilibrium
between immunological suppression and activation.
The results obtained in clinical practice were in fact the
basis to formulate the “peak concentration hypothesis”
and to offer a possible explanation of the beneficial effects
of sorbents in septic patients. The unselective but continuous removal of the peak concentrations of both pro and
antiinflammatory mediators may in fact lead to a kind of
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immunomodulation with partial restoration of the
immunohomeostasis.
The rationale for exposing the plasma to the sorbent in
a plasma filtration system is to exclude the blood cells
from contact with the sorbent and to reinfuse endogenous
plasma after nonselective simultaneous removal of different sepsis-associated mediators without the need of donor
plasma. The main issue is concerning the sparing effect on
endogenous plasma as compared to potential unwanted
losses of autologous plasma compounds.
The major advantages can be summarized in a restoration of cell responsiveness to exogenous LPS, improvement of the pathological apoptosis detected in sepsis,
improved HLA-DR expression as a measure of the
immunoresponse of the patient, improved phagocytosis
capacity, and finally increased systemic vascular resistances and significant reduction of the dose of norepinephrine required to maintain a stable hemodynamics in
patients. Since CPFA may be modular to conventional
CVVH, the two modalities can be carried out in series.
The system may ensure a fluid and salt balance together
with enhanced blood purification for various molecules
and a combined effect on immunomodulation.
In order to underline the growing importance and
developments of sorbents applied to blood purification,
we should also consider the new polystirene-based fiber to
which polymixin-B (Pmx-B) is covalently bound: whole
blood of septic endotoxemic patients is circulated for
some hours through the cartridge, obtaining a removal
of endotoxin, selectively affine to Pmx-B. This technique is
matter of a specific chapter in this book.
Finally we should say that new sorbent materials are
also appearing on the scene and soon they will be available
for clinical trials.

Adult Respiratory Distress
Syndrome
▶ Acute Respiratory Distress Syndrome and Acute Lung
Injury

Advanced Cardiac Life Support
(ACLS)
Refers to the protocolized medical care provided to
patients suffering from severe cardiovascular compromise
or cardiac arrest due to tachydysrhythmia, such as
ventricular fibrillation, bradydysrhythmia, asystole, or
pulseless electrical activity (PEA). ACLS is based on algorithms developed by the American Heart Association
(AHA); these algorithms dictate pharmacotherapy, cardiac pacing, electrical cardioversion and defibrillation,
and immediate procedural interventions for reversible
causes of cardiac arrest, such as needle chest decompression for tension pneumothorax.

Advanced Hemodynamic
Monitoring
A method for the management of high-risk surgical and
critically ill patients beyond physical examination and
conventional monitoring of vital signs.
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Definition

The Advanced Trauma Life Support (ATLS®) program has
become the standard of trauma resuscitation internationally. To date, the program has been introduced into
64 countries with over one million physicians trained internationally and over 50% from outside North America.

Advanced Trauma Life Support

Another 15 countries have indicated interest in having this
program [1].

Characteristics
Because many trauma victims present with multiple injuries and immediate definitive anatomical diagnosis is not
possible, the ATLS® initial approach to resuscitation is
based on the identification and recognition of degrees of
life threat caused by the injuries rather than the specific
diagnosis of the injury. This has led to a prioritization of
care related to the degree of life threat which in turn is
related to the time required before irreversible damage or
death occurs following injuries. This approach to trauma
resuscitation includes three phases: the Primary Survey,
Secondary Survey, and Definitive Care.
During the primary survey, the approach is physiologic
and not based on identification of specific injuries but on
the effect of these injuries on the ability to sustain life.
The secondary survey is a sequential head-to-toe anatomical approach to identify specific injuries which themselves may not be immediately life threatening but could,
in time, cause death or significant morbidity.
The third phase is termed the Definitive care phase
and this incorporates management techniques aimed at
definitively treating specific injuries such as the fixation of
fractures etc.
The ATLS® program also identifies “adjuncts” to the
primary and secondary surveys. These adjuncts facilitate
the application of the principles of resuscitation.
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management of the airway, breathing, and circulatory
abnormalities could occur. However, in that setting it is
crucial to have one person designated as “team leader” to
coordinate the management of the patient so that the
overall management follows the sequence of the degree
of life threat posed by the different physiologic derangements resulting from the injury. Another important concept is that the primary survey and resuscitation are
conducted simultaneously.

Adjuncts to Resuscitation
Protective equipment (gown, mask, eye shield, gloves,
boots, etc.) need to be worn by all personnel caring for
the trauma patient. Level I warmer (or other warming
device) should be immediately available for infusing
warm fluids and the room temperature should also be
high to protect from hypothermia. EKG monitoring, arterial blood gas, pulse-oximetry, CO2 detector, FAST
(Focused Abdominal Sonogram for Trauma), as well as
x-ray capabilities for conducting a chest x-ray and x-ray of
the pelvis should be available. A lateral cervical spine x-ray
with open odontoid view is practiced in many institutions
but most trauma centers use the CT scan for radiologic
assessment of the spine.
Another adjunct to the assessment and management
of the patient is an orogastric tube inserted to decompress
the stomach and also to assess for possible upper gastrointestinal hemorrhage. Although the nasogastric route is
easier for gastric intubation, this route should be avoided
especially when a basal skull fracture is suspected.

The Primary Survey
The stages of the primary survey are delineated by
the letters of the alphabet: A, B, C, D, and E as follows:
A – Airway with Cervical spine control; B – Breathing;
C – Circulation; D-neurologic Disability; E – complete
Exposure of the patient.
This order of priority in the primary survey is based on
the degree of life threat related to the time element. For
instance, although bleeding in C for circulation can result
in organ damage and death, if both airway and circulatory
problems coexist, irreversible damage or death occurs
more rapidly from the airway problem than from the
abnormality in C or circulation. It is important to recognize that abnormalities in A – Airway may occur as a result
of a primary airway injury or severe shock or other abnormalities such as severe head injury. However, it does not
matter initially which one of these injuries produces the
airway problem because the approach to the airway would
be the same that is clearing and securing the airway. It
should be recognized that in instances where multiple care
givers are available for managing the patient, simultaneous

Airway with C-Spine Control (C – Denotes
Cervical)
Whenever airway intervention is contemplated it is essential to consider the risk of cervical spine injury and protect
the spine accordingly by maintaining the spine in the
neutral position with a ▶ C-collar. C-spine control should
be maintained as a preventive measure during resuscitation. Definitive diagnosis of a C-spine injury is made later.
Recognizing that the commonest cause of obstruction
of the airway in the trauma patient is posterior displacement of the tongue in the pharynx, simple maneuvers such
as jaw thrust, chin lift together with removal and
suctioning of foreign bodies, and secretions would allow
the insertion of an oropharyngeal airway with bag valve
mask ventilation in order to provide oxygenation. Once
the oxygenation has been improved by this maneuver, if
the patient is still unable to maintain a patent airway, then
attempts should be made to secure the airway in
a definitive manner (the ▶ definitive airway is defined as
a cuffed tube in the trachea – note that the tube does not
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need to be cuffed in the infant). The definitive airway is
secured usually by nonsurgical means failing which the
surgical airway option should be chosen. Although in
some instances the naso-tracheal route is chosen, it is generally considered more appropriate to use the oro-tracheal
route especially if there is concern about a possible basal
skull fracture in the patient. Prior to endotracheal intubation, the patient should be preoxygenated and if the patient
is combative consideration should be given to using intravenous sedatives and/or short acting paralyzing agents to
facilitate the intubation process. Although the laryngeal
mask airway (LMA) is used in many centers it is not
uniformly recognized as a definitive airway because of its
ease of dislodgement. Other techniques such as introducing
the endotracheal tube over a bronchoscope or using the
gum-elastic bougie are very useful in securing the airway in
a patient with anatomical or mechanical abnormalities.
Patients with evidence of inhalation injuries such as
facial burns, hoarseness, carbonaceous sputum, etc., should
be considered for early intubation prior to the development
of expected airway edema which would make the procedure
much more difficult.
Failure to secure the airway by these measures warrants consideration of a surgical airway. The method of
choice in adults is the surgical cricothyroidotomy. The
needle cricothyroidotomy is preferred in infants. The needle cricothyroidotomy provides oxygenation support for
period of 30–40 min but after this time hypercapnea
results and the tube should therefore be replaced by
a tracheostomy in the operating room if the airway problem has not resolved. Before attaching the intubated
patient to positive pressure ventilation one should quickly
determine whether there is presence of a simple pneumothorax by clinical examination or quick chest x-ray since
positive pressure ventilation could result in the conversion
of a simple pneumothorax to a life-threatening tension
pneumothorax. In most instances there is clear evidence
that a simple pneumothorax is not present and once the
patient is intubated mechanical ventilation is instituted
with 100% oxygen. The position of the endotracheal tube
is ascertained by clinical examination, the detection of
CO2 in the expired gas, and a chest x-ray.

B –Breathing
A quick physical examination would tell whether there is
tachypnea, asymmetric chest wall movement, a sucking
chest wound, dullness to percussion or hyper-resonance
with decreased air entry. The hypotensive patient with
hyper-resonance on one side of the chest, particularly
with elevated jugular venous pressure should be treated

by prompt needle decompression of the pleural space and
if this confirms the presence of tension pneumothorax the
maneuver should be followed by insertion of large bore
(32 French) chest tube in the fourth or fifth intercostal
space just anterior to the mid-axillary line and the tube is
connected to the underwater seal apparatus. Whenever
a chest tube is placed, physical examination and a chest
x-ray should be conducted to confirm proper location of
the tube.
The other major breathing threat to life in the primary
survey is the presence of an open pneumothorax which
presents with an audible sound of air entering the pleural
space and an open wound in the chest wall. The larger the
chest wall opening relative to the size of the main stem
bronchus the more rapid the deterioration in the patient.
Because of the opening to the atmosphere, during spontaneous ventilation the patient is unable to generate
a negative pleural pressure which is required for the
expansion of the lung. Accumulation of air in the pleural
space with compression of the lung results in the same
hemodynamic and ventilatory abnormalities found in the
tension pneumothorax. Recognition of this abnormality
requires prompt occlusion of the opening followed by
chest tube insertion. When the opening is very large,
intubation and positive pressure ventilation will
temporarily correct the hemodynamic and ventilatory
compromise until surgical closure of the defect.

C-Circulation
Circulatory abnormality resulting in hypoperfusion in the
trauma patient is considered hemorrhagic until proven
otherwise. The overall approach to the circulation in the
trauma patient, therefore, consists of (1) the search for
a source of hemorrhage, (2) stopping the hemorrhage,
and (3) reestablishing blood volume through large bore
(14–16 gauge) venous access. At the time of the venous
access, blood should be taken for cross and type as well as
CBC and toxicology screen.

Identifying the Source of Hemorrhage and
Principles of Management
The source of the hemorrhage should be considered as
either external or internal and begins with a look for an
external source by complete assessment of the trunk,
extremities, head, and the back of the patient while log
rolling. At the time of log rolling a rectal examination
should be done to determine whether there is any evidence
of neurologic injury as well as whether there is a high
riding prostate in the male to suggest a possibility of
a urethral injury prior to inserting a foley catheter for
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monitoring urine output. In the presence of a major pelvic
fracture and blood at the urethral meatus or a high riding
or boggy prostate on the digital rectal examination,
a urethrogram should be conducted to assess the integrity
of the urethra and if the urethra is intact the foley catheter
is inserted. Otherwise urologic consultation is sought
before decompressing or intubating the bladder by other
means. The spine board should be removed after the ▶ log
roll and in-line immobilization should be maintained by
having the patient on a flat firm surface with a C-collar
and neck bolsters in place. Thereafter, the spine board
should only be used for transferring the patient in order
to prevent ducubitus ulceration which is a major form of
morbidity in severely injured patients.
Any external source of hemorrhage should be controlled by direct digital pressure and application of pressure bandages to stop the hemorrhage temporarily until
definitive care could be provided.
The search for an internal source of hemorrhage
begins with a physical examination of the chest followed
by a chest x-ray. These two methods should allow identification of the chest as a source of hemorrhage. Even
a small hemothorax should be treated in the trauma situation with chest tube insertion which allows the decompression of the pleural space as well as monitoring of the
volume and rate of blood loss. Most patients with traumatic hemothorax do not require thoracotomy to control
the bleeding because the source of the bleeding is usually
parenchymal and stops spontaneously particularly on lung
reexpansion with chest tube insertion. However, massive
hemothorax which is generally regarded as a volume of
at least 1,500 cc with continued bleeding is an indication for
thoracotomy for controlling the hemorrhage. The hemorrhage in massive hemothorax usually arises from a systemic
source such as an intercostal artery, internal mammary
artery, or a major intrathoracic vascular structure.
The abdomen is assessed clinically for distention,
bruising and if the patient is alert, signs of tenderness or
guarding but the mainstay of assessing the abdomen for
bleeding in the emergency setting is sonography (FASTfocused assessment sonogram in trauma). If the patient is
in shock and there is a penetrating mechanism most of
these patients require laparotomy. On the other hand
a blunt mechanism with hypotension warrants a short
trial of fluid administration looking for hemodynamic
improvement. Failure to obtain a good hemodynamic
response prompts laporotomy. In the primary survey,
assessment of the abdomen is aimed at determining
whether or not laparotomy is required, the chief
indications for laparotomy being significant continuing
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hemorrhage especially in a penetrating mechanism, presence of signs of perforation or in some cases penetration of
the peritoneum (relative indication).
The pelvis is next assessed by a combination of physical
examination and pelvic x-rays. If a pelvic fracture is diagnosed, restriction of the expansion of the pelvic volume is
accomplished by the application of pelvic binders or temporary bed sheet and more definitively application of an
external fixator. In addition to volume resuscitation, if there
is failure to respond, consideration needs to be given to
angio embolization. Pre-peritoneal packing has been
reported to be beneficial in controlling the pelvic hemorrhage and this is becoming a frequent early option for
controlling major hemorrhage from pelvic fractures [2].
Although bleeding from the scalp in a young child
could account for hypovolemic shock, in the adult head
injured patient, hypotension is not usually due to the
head injury and another source of the hypotension should
be sought.
One of the triggers for suggesting hypoperfusion in the
trauma patient is the presence of hypotension. However, it
should be recognized that the blood pressure could be
maintained, especially in young adults at the expense of
perfusion. The systolic blood pressure is the product of
stroke volume and peripheral vascular resistance and
when stroke volume is diminished from loss of circulating
blood volume the peripheral vascular resistance through
the release of catecholamines could maintain the blood
pressure at normal or even at higher than normal levels.
Indeed, in the classification of hemorrhagic shock in the
trauma patient where Class I is considered to be up to 15%
of the total blood volume, Class II up to 30% and Class III
40% of total blood volume it is only after the Class III has
been reached or almost 2 L of blood in an adult will
hypotension occur. In assessing for blood loss in the trauma
patient, a drop in blood pressure is, therefore, a very late
sign and one should assess for signs of hypoperfusion such
as tachycardia, cool extremities, and increased base deficit,
rather than relying on blood pressure measurement alone.

Nonhemorrhagic Sources of Hypoperfusion
Apart from volume loss, nonhemorrhagic sources of
hypotension or hypoperfusion in the trauma patient
should be considered. The main entities are tension pneumothorax, cardiac tamponade, and neurogenic shock.
Although septic shock can occur in the trauma patient
it is usually a late presentation. When traumatic septic
shock occurs, treatment consists of fluid resuscitation,
antimicrobials, and removal of the septic focus while
maintaining cardiorespiratory dynamics.
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Both tension pneumothorax and cardiac tamponade
differ from hypovolemic shock by presenting with
distended neck veins. Hypovolemia, tension pneumothorax, and cardiac tamponade all have in common tachycardia, hypotension, narrowed pulse pressure, and evidence
of peripheral vasoconstriction. The differentiating feature
is, therefore, the presence of flat nondistended neck veins
in the hypolovemic patient. The major differentiating
features between a tension pneumothorax and cardiac
tamponade are the hyper resonance and decreased breath
sounds on the side of the tension pneumothorax. The
finding of hemopericardium on FAST examination in the
presence of hypotension indicates cardiac tamponade as
the diagnosis. If, in spite of physical examination, there is
still doubt about whether the hypotension is due to cardiac tamponade or tension pneumothorax, the patient
should be treated with needle decompression of the pleural space and that should release the tension pneumothorax as well as give the diagnosis which should be followed
by insertion of a chest tube. The diagnosis of tension
pneumothorax should be clinical and not radiologic.
Cardiac tamponade in the trauma patient should be
treated initially by pericardiocentesis or pericardial window followed by emergency room thoracotomy if the
patient is severely hemodynamically compromised. Ideally, the patient should be taken to the operating room for
repair of the cardiac wound.
Neurogenic shock differs from other forms of shock in
the trauma patient by having warm extremities and
a widened pulse pressure. There is usually a lack of tachycardia unless the cardiac sympathetics are preserved. The
neurogenic shock results from a disruption of the sympathetic nervous system leading to the vasodilatation, hypotension, and relative bradycardia. The initial treatment
of the patient in neurogenic shock is volume infusion
because of the relative hypovolemia resulting from an
expanded vascular space. Occasionally, atropine for severe
bradycardia or alpha agonists for severe hypotension is
necessary.
Apart from identifying and stopping hemorrhage in
the trauma patient volume resuscitation is required and
this necessitates the establishment of large bore [14–16
gauge] venous access. The approach is to first attempt
peripheral venous access in the antecubital veins and failing this promptly going to central venous access through
the femoral, subclavian, or internal jugular routes. In
many centers the establishment of central venous access
is facilitated under ultrasound guidance. Although it is
also possible to use the intra-osseous route in adults, in
most instances it is not necessary. However, in infants and
young children the intra-osseous route is more frequently

applied when there is failure to gain venous access on at
least two attempts in the vasoconstricted patient.
Volume infusion should be followed by monitoring
the patient for an appropriate response. Rapid infusion of
warm crystalloids is first instituted and if there is major
blood loss, warmed cross matched blood should be
administered. If there is not enough time to obtain this
then type-specific or emergency group O blood should be
administered. With massive infusions, consideration
should be given to early administration of platelets, fresh
frozen plasma, and cryoprecipitate and in special circumstances recombinant factor VIIa. The usual initial dose of
crystalloids is 1–2 L for adults and 20 mL/kg for pediatric
patients and this is given as rapidly as possible. The patient
response is monitored by urinary output, evidence of
correction of base deficit, as well as return to normal
hemodynamics. The patient who usually has less than
20% blood volume loss and usually does not require
surgical intervention or blood administration may be
classified as a rapid responder. The transient responder
may have moderate ongoing bleeding up to 40% as demonstrated by a transient improvement in hemodynamics.
These patients may or may not require blood as well as
crystalloid, and consideration needs to be given to possible
surgical intervention. The minimal or nonresponder
continues to have abnormal hemodynamics in spite
of rapid volume infusion and these patients may have
either massive blood loss over 40% of total blood volume
or the hemodynamic abnormality may not be due to
blood loss at all. If hemorrhage is the cause, these patients
require immediate blood transfusion and usually surgical
intervention.

D – Neurologic Disability
Initial assessment of the head injured patient requires
determination of the Glasgow Coma Scale (GCS) score,
pupillary response, and any lateralizing signs. This mini
neurologic examination provides a baseline for detecting
improvement or deterioration.
The mainstay of initial treatment of the patient with
head injury is the prevention of ▶ secondary brain injury
by maintaining adequate oxygenation and perfusion.
Oxygenation would require an adequate airway and
patients with a GCS score of eight or less will require
mechanical ventilation with endotracheal intubation
because of the inability to spontaneously maintain the
airway. Adequate perfusion requires appropriate venous
access and isotonic fluid administration.
Prevention of secondary brain injury not only requires
maintenance of perfusion and oxygenation but also control of intracranial pressure by maneuvers such as

Advanced Trauma Life Support

temporary hyperventilation (PCO2 30–35) and decompression of an expanding hematoma. CT scan is also
a very important tool in assessing and guiding management of these patients to prevent secondary brain injury.
In the presence of seizures, anticonvulsant therapy is
required and failure to maintain seizure-free activity warrants consideration for endotracheal intubation and
mechanical ventilation with paralysis.
The Cushing response to head trauma results in an
elevation in mean arterial blood pressure that counteracts
an increase in intracranial pressure so that the cerebral
perfusion pressure is maintained. It is therefore inappropriate to try to decrease the systemic blood pressure in
these patients since this is a compensatory mechanism to
maintain cerebral perfusion pressure.
Oxygenation, ventilation, volume infusion, monitoring of the GCS, and frequent CT scan are, therefore, key
elements in the assessment and management of the headinjured patient as well as craniotomy for evacuation of
mass lesions.

E – Exposure
Complete examination of the trauma patient is essential
in order to avoid missing injuries particularly posteriorly.
In order to accomplish this the patient is log-rolled,
with one person maintaining stability of the cervical
spine, two persons maintaining the thoracic and lumbar
spine, another one supporting the extremities while one
person examines the back for signs of bleeding or deformity or evidence of spine injury. Once the examination is
complete the patient should be promptly covered with
warm blankets in order to maintain normothermia. As
mentioned earlier, prevention of hypothermia also
involves the administration of warmed fluid in a warm
environment.
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tubes and the reassessment of the abdomen including
sometimes a second FAST. Examination of all extremities
is conducted including power, tone, sensation and
reflexes, and assessing for possible ligamentous injuries
and other minor fractures. In the trauma patient, x-rays
should be performed liberally if there is any suggestion of
injury to the joint or bony areas. However, these assessments should not delay the primary survey and resuscitation and should not delay the transfer of the patient who
requires a higher level of care than is provided at the
receiving institution.
During the secondary survey a detailed assessment of
the musculoskeletal system should be undertaken and
a close look for such entities as the compartment syndrome especially in patients who are unconscious or
who have been in shock or have had massive fluid resuscitation. When clinical assessment is not sufficient to
establish the diagnosis of compartment syndrome, compartment pressure should be measured and prompt
fasciotomy conducted to preserve neurovascular integrity
and muscle viability.
During the secondary survey, if there is any clinical
suspicion of spine injury appropriate imaging should be
conducted. In most instances this requires CT scan imaging and if there is an abnormality of the spine then the
entire spine should be assessed radiologically since
a fracture in one area of the spine is associated with
a noncontiguous fracture in another area of the spine in
10% of cases. In most severely injured patients CT scan of
the entire spine is conducted.
Because physical findings and hemodynamic status
could change very quickly, reevaluation is a common
theme during all phases, especially during primary survey
and secondary survey.

Definitive Care Phase
Secondary Survey
The secondary survey is a head-to-toe anatomical assessment of the patient for injuries that are not immediately
life-threatening but if left unattended could produce
a later life threat and certainly could produce major morbidity. It is a systematic approach and it is conducted only
after the primary survey is completed. Indeed, in many
patients, the secondary survey is not completed until the
patient has been to the operating room to control hemorrhage or evacuate an intracranial hematoma.
During the secondary survey the scalp and head and
neck area are examined in detail for any evidence of injury.
There is now an opportunity to reexamine the chest by
inspection, percussion, palpation, and auscultation to
reassess the position of the tubes, the drainage of chest

The definitive care phase of management of the trauma
patient takes place only after the primary and secondary
surveys have been completed, and involves treatment of
specific fractures, investigation of findings such as hematuria without major hemodynamic sequelae, the treatment of facial fractures, ligamentous injury, and other
non-life-threatening injuries.

Special Considerations
Although the priorities of management as outlined in the
ATLS® program are the same for all trauma patients, there
are anatomic and physiologic differences peculiar to four
groups that is the pediatric patient, the pregnant patient,
the elderly, and the conditioned athlete that warrant special consideration. Following are some highlights of these
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differences which impact on presentation and management of trauma in these populations.

Children
Trauma is the leading cause of death in this age group and
there is a vigorous physiologic response initially but precipitous deterioration when the compensatory mechanisms have been overwhelmed. The child is particularly
prone to develop hypothermia and failure to recognize the
shortness of the trachea could result in right main stembronchus intubation. The presentations of head, chest,
and musculoskeletal injuries including fracture patterns
are also different. Hemodynamic parameters such as heart
rate, blood pressure, urine output are age dependent and
the doses of drugs, size of tubes all warrant special attention in this age group. The ▶ Broselow™ Pediatric
Emergency Tape (Armstrong Medical Industries Inc.) is
a helpful adjunct in managing these patients.

Pregnancy
In pregnancy, there are two patients – the fetus and the
mother. The best treatment for the fetus is appropriate
resuscitation of the mother. Hypotension in the late trimester may be associated with compression of the vena
cava by the gravid uterus and this supine hypotension
could be improved by manually displacing the uterus
or if there is no sign of spine injury turning the patient
to the left lateral position. In the Rh-negative mother
with trauma one should be conscious of the possibility
of iso-immunization and Rh-immune globulin (Rhogam)
should be administered even with minimal injury, since
as small a volume of .01 mL of Rh-positive blood during
feto-maternal hemorrhage will sensitize 70% of Rhnegative mothers.

The Elderly
The elderly patient has diminished physiologic reserve and
decompensates much earlier for the same level of insult.
Frequently there are associated comorbidities that would
affect presentation and outcome as well as medications
such as anticoagulants and beta blockers which could
compound presentation and management of these patients.
Outcome on the elderly patient sustaining trauma therefore
depends on early aggressive therapy.

The Athlete
The well-conditioned athlete could present with very
misleading hemodynamics. The heart rate is frequently
lower than normal. The absence of tachycardia should
not be regarded as a reliable indicator of normovolemia
in assessing and managing these patients.

Transfer to Definitive Care
Throughout the course of management of the trauma
patient, a major consideration is whether or not the
patient requires transfer to a higher level of care. The
transfer decision is based on the patient’s needs as well as
the resources and capabilities of the treating institution.
Whenever the patient’s needs exceed the institutional
resources then consideration should be given to transfer
and this should be done as early as possible after resuscitation has been achieved. The transfer process should not
be delayed for diagnostic tests that would not affect the
management at the primary institution. Communication
between physicians and selection of the most appropriate
mode of transport are essential. Transfer should not be to
the nearest institution but more importantly to the nearest
appropriate institution that is capable of meeting the
needs of the patient.

Advanced Trauma Life Support. Table 1 Mortality pre and post ATLS
Mortality among all trauma patients
Total Patients

Dead

Pre-ATLS

413

279

Post-ATLS

400

134

There was a twofold decrease in overall mortality after ATLS. Mortality: Pre = 2  post-ATLS.
ISS Category and Mortality
ISS

Mortality Pre (%)

Mortality Post (%)

Odds Ratio

LE 24

47.9

16.7

4.5

25–40

91.0

71.0

1.2

41 +

100

100

Post-ATLS trauma mortality improved for all ISS categories except for those exceeding ISS of 40.
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Impact of the ATLS Program
The above outline of the Advanced Trauma Life Support
approach to trauma care was designed to improve the level
of care provided to trauma victims. The program has been
adopted throughout the world but has it made a difference
in the management of trauma patients? Knowledge base
assessed by MCQ examinations have shown immediate
improvement in the post-ATLS trained physicians compared to their pre-ATLS performance. Within 6 months
there has been significant attrition of this cognitive skill,
the attrition being greater in physicians who treat less than
50 major trauma cases per year. Although there is attrition
of clinical resuscitation skills as measured by an organized
approach to the trauma patient and adherence to priorities, this attrition is not as severe. The principles of trauma
management taught in the ATLS program seem to prevail
with time at a higher level than the cognitive element.
Again, physicians practicing in institutions where they
see more than 50 trauma patients per year performed
better as far as clinical skills are concerned. This was also
borne out by testing performance in simulated trauma
patient situations using Objective Structured Clinical
Examination (OSCE) methodology.

Advanced Trauma Life Support. Table 2 Percentage of
mortality of blunt and penetrating injuries

A study in the developing country of Trinidad and
Tobago of trauma patient outcome shows that pre-ATLS
mortality was twice as high for the same injury severity as
post-ATLS mortality and this was so for both penetrating
and blunt trauma [3] (Tables 1 and 2). It was further
demonstrated that when comparing institutions that had
the ATLS course the resuscitative procedures were more
commonly instituted after the ATLS course was administered than previously [4] (Fig. 1).
One of the other results or outcome of the ATLS course
is the spawning of other training courses in trauma such as
the Pre-hospital Trauma Life Support program which has
been shown to improve trauma outcome further following
its introduction after the ATLS program.

Conclusion
The Advanced Trauma Life Support program was instituted after a recognized need for improving trauma
care and it has now become the international standard
for resuscitation of trauma patients. The approach of
dividing the care into phases of primary survey with
adjuncts and resuscitation, secondary survey with adjuncts
and reevaluation, definitive care and transfer is a very
simple and easily applied approach. This program has
been shown to improve trauma resuscitation knowledge,
improvement in trauma skills, as well as improvement in
trauma patient outcome.

Blunt (%)

Penetrating (%)

References

Pre-ATLS

76.7

19.7

1.

Post-ATLS

46.2

6.3

2.

Trauma patient outcome improved for both penetrating and blunt
injuries post-ATLS
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Advanced Trauma Life Support. Figure 1 Percentage of procedures administered in the emergency department. Less than
10% of the procedures were instituted in the emergency department before ATLS compared with over 90% after ATLS
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historical atomizers. Such devices now allow for the lower
airways to be targeted, broadening the anatomical distribution of drug. The use of escalation can also be attributable to gains in the development of specialized aerosolized
formulations of existing drugs by the pharmaceutical
industry.

Cystic Fibrosis

Advanced Trauma Life Support
(ATLS)
Advanced trauma life support (ATLS) is defined and standardized by the American College of Surgeons (ACS) and
refers to specific medical care needed to adequately assess
and resuscitate trauma patients. This includes recognition
of the severity of injury, determining appropriate level of
care, providing the correct IV fluid and blood products to
trauma patients, and initial stabilization of life- or limbthreatening injuries.

Aerosolized Antibiotics
RICHARD D. BRANSON, BRYCE R. H. ROBINSON
Division of Trauma and Critical Care, University of
Cincinnati, Cincinnati, OH, USA

Work with aerosolized antibiotics emerged from chronic
care delivered to those with cystic fibrosis (CF). The
majority of those with CF have airways that are colonized
by gram-negative organisms, specifically Pseudomonas
aeruginosa. Treatment of acute exacerbation in these
patients becomes complicated in that aminoglycosides
are often the preferred agent though have a great deal of
difficulty penetrating into the sputum when intravenous
(IV) preparations are used. To reach an appropriate concentration in the sputum, toxic levels are often required.
Repeated courses of lower dosed IV antibiotics led to the
anticipated development of drug resistance. To combat
this phenomenon, inhaled antibiotic therapy for CF has
been focused on the delivery of these agents as suppressive
therapy between periods of acute attacks [1]. However,
the use of inhaled antibiotics for acute respiratory exacerbations in CF patients may offer little benefit over IV
therapy though such therapy may be beneficial in nonCF populations with chronic bronchiectasis and
tracheobronchitis [2, 3].

Mechanical Ventilation

Synonyms
Antibiotics via the respiratory tract; Inhalational
antibiotics

Definition
Inhaled antibiotics entail the delivery of antimicrobial
therapy directly to the respiratory tract by an aerosolized
format.

Pre-existing Condition
Antibiotic therapy delivered directly to the infected airways has been a goal of clinicians for over 50 years. Such
systems allow for the direct interaction of pharmaceuticals
to diseased airways avoiding complications associated
with systemic delivery approaches (enteral and parenteral). The rate of use of such products has escalated over
the last several years due to increasing technological
advances. The introduction of jet and ultrasonic nebulizers in addition to the advent of dry powder delivery
devices allows for a more efficient method as compared to

Critically ill or injured patients often require mechanical
ventilation in an intensive care unit (ICU) during the
course of their illness. Mechanical ventilation predisposes
these patients to airway colonization to gram-negative
organisms or Staplocococcus aureus. Because of heavy antibiotic use within ICUs, multidrug resistant organisms are
emerging as part of this colonization. Mechanical ventilation is a significant risk factor for the development of
ventilator-associated pneumonia (VAP) with virulent
and/or resistant organisms.
The microbiologic patterns of ICU pneumonias often
require the delivery of high tissue concentrations of drug
or the use of pharmaceuticals with otherwise objectionable side effects due to the presence of these bacteria. IV
antibiotics often have poor penetration into lung parenchyma limiting effectiveness against these difficult pneumonias. To achieve the necessary tissue concentrations
with the use of IV aminoglycosides, the risk of ototoxicity
and nephrotoxicity are well described. The use of polymyxins is increasing because of continued emergences
of multidrug resistant pneumonias though frustration
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surrounds their use because of the known side effects
of nephrotoxicity, neuromuscular blockade, and
neurotoxicity.
Inhaled antibiotic therapy in the ICU has been shown
to deliver high concentrations of antibiotics directly to the
endobrochial tree to minimize the effects of systemic use
or when multidrug resistant patterns mandate such therapy. The use of aerosolized aminoglycosides allows for
sputum concentrations to be 10–50 times greater than
serum levels with equivalent IV dosing. Low systemic
concentrations of drug are reported when inhaled delivery
is utilized alleviating concerns over parenteral complications. Clinical success has been reported with the use
of inhaled antibiotics with traditional systemic choices
for both VAP with Pseudomonas, Acinetobacter, and
multidrug resistant ICU pneumonias. Further work is
emerging that the use of monotherapy inhaled antibiotics
may be a safe and effective alternative to combination
systemic therapy for VAP [4]. Nonetheless, the use of
inhaled antibiotics for the prophylaxis of pneumonia in
mechanically ventilated patients is neither effective nor
supported at this time.
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Aerosolized Antibiotics. Figure 1 Updraft nebulizer
with expiratory filter for delivery of aerosolized antibiotics

Application
Instruments: At present there are no metered dose inhalers
for aerosolized antibiotic delivery. In spontaneously
breathing subjects an updraft nebulizer is commonly
used. However, in order to protect the caregiver and
reduce the antibiotic freely floating in the air, filters are
used to trap the antibiotic aerosol. Similarly in the ventilator circuit an updraft nebulizer or vibrating mesh nebulizer is used. The advantage of the vibrating mesh
nebulizer is that it coordinates aerosol delivery with
inspiration and does not impact ventilator performance.
When used with a ventilator, a filter must be placed
proximal to the exhaled monitoring port to protect
the sensors. The filter is typically placed prior to the
initiation of aerosolization and removed when the therapy is complete. Failure to change the filter will result
in increased resistance and elevated airway pressures
(Figs. 1 and 2).
Schedule: Aerosolized tobramyacin and other
aminoglycosides are commonly delivered every 8 h. Aerosolized colistin is typically given every 12 h.
Access: Aerosol can be delivered via a mouthpiece and
updraft nebulizer and requires 10–12 min to complete the
treatment. In a mechanically ventilated patient, the nebulizer is placed in the circuit in the inspiratory limb. Using
an updraft nebulizer will require 10–12 min. The vibrating
mesh nebulizer will require much longer as medication is
only aerosolized during inspiration.
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Aerosolized Antibiotics. Figure 2 Pari nebulizer often used
for delivery of tobramycin aerosol

Monitoring: The most common side effect of aerosolized antibiotics is bronchospasm. This may be alleviated
by pretreatment with a bronchodilator. Auscultation is the
most important tool for detection of wheezing. In ventilated patients, changes in peak inspiratory pressure and
peak inspiratory flow may suggest increased airway
resistance.

Complications
Limitations for the use of inhaled antibiotics do exist. The
effects of mucus plugging, excessive secretions, and consolidation on drug delivery are still unclear. Wellestablished literature as to the systemic exposure that
one may see is still uncertain as more antibiotics are
delivered in an aerosolized form. Concern still exists over
the potential increase of multidrug resistant bacteria if
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antibiotic instillations were to become airborne repetitively in an clinical environment. Large prospective trials
are needed to clarify the above concerns but also to objectively define beneficial populations for its use. Nonetheless, inhaled antibiotics continue to progress at a rapid
pace as an encouraging option in the treatment of significant pulmonary infections. A potential technical issue
revolves around the effects of the drugs on the expired
side of the ventilator. Filters can be placed in line to protect
the volume- and pressure-monitoring transducers, but
must be changed to prevent increased resistance or occlusion. When filters are not used, heated sensors evaporate
the diluents leaving the residue of the drug on the sensor
and altering function.

Characteristics
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Synonyms
Pulmonary
resistance

vascular

is required. Based on LaPlace’s law (T = (P  r)/2,
where T = tension, P = intraventricular pressure, and r =
intraventricular radius), afterload can be defined as the
stress within the ventricular wall that develops during
systolic ejection. Note that the terms “tension” and
“stress” are interchangeable as tension is equal to wall
stress (S) multiplied by wall thickness (h). Hence,
LaPlace’s law can also be written as S = (P  r)/2 h. This
principle highlights the dependence of afterload on ventricular radius and wall thickness. At a given pressure,
afterload is increased with an increase in intraventricular
radius (dilatation) and is reduced by an increase in ventricular wall thickness (e.g., concentric hypertrophy).

resistance;

Systemic

vascular

Definition
In the simplest of terms, afterload can be thought of as the
load or resistance against which the heart has to work in
order to eject a given volume of blood. However, this
definition fails to reflect the various parameters that
affect afterload and therefore a more in-depth definition

●
●
●
●

Valvular obstruction – for example, aortic stenosis
Increased systemic vascular resistance (SVR)
Decreased aortic compliance
Increased left intraventricular volume
Factors increasing right ventricular afterload:

● Valvular obstruction – for example, pulmonary valve
stenosis
● Increased pulmonary vascular resistance (PVR)
● Increased right ventricular volume
An acute increase in afterload shifts the Frank–Starling
curve (length–tension relationship) down and to the right.
As afterload increases, the velocity of myocardial shortening decreases (based on force–velocity relationship)
and therefore during a finite period of systole, less blood
gets ejected resulting in a reduced stroke volume and an
increased end-diastolic volume. This leads to a secondary
increase in ventricular end-diastolic volume (preload) as
venous return is added to the increased end-systolic volume. Therefore, during the next contraction, stroke volume is increased due to the Frank–Starling mechanism.
This intrinsic ability of the heart to restore stroke volume
towards normal in the context of an acute increase in
afterload is known as the Anrep effect [1, 2].

Measurement of Afterload
SVR and PVR are commonly used as clinical indices of left
and right ventricular afterload, respectively, and therefore
factors affecting these are crucial determinants of ventricular afterload. Vascular resistance refers to the forces that
oppose or “resist” the flow of blood within a vascular bed.
The two main components of vascular resistance are:
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– Flow component – refers to the frictional opposition
of blood flow through the vessels of which blood
viscosity is a major determinant – the greater the
viscosity, the higher the vascular resistance
– Reactive component – refers to vascular compliance and
inertia of the ejected blood and is dependent on the
pulsatile nature of the pressure waveform – the lower
the compliance, the higher the vascular resistance

Factors Affecting SVR
– Vessel diameter – Hagen–Poiseuille law states that
resistance is inversely related to the fourth power of
the radius (R/1/r4), which means that halving the
radius of a vessel increases the resistance to blood
flow 16-fold. Vasoconstriction, especially of smaller
arterioles (e.g., due to a1 adrenoceptor agonists, sympathetic nervous system activation, circulating
catecholamines, angiotensin II, vasopressin, and hypothermia) increases SVR. Vasodilatation (e.g., due to b2
adrenoceptor agonists, lactic acid, hydrogen ions,
nitric oxide, hyperthermia, and sepsis) decreases SVR
[2–4].
– Compliance of the systemic circulation.
– Blood viscosity and hematocrit.

Factors Affecting PVR
– Vessel diameter – vasoconstriction (e.g., due to hyp-

–
–

–
–

oxia, acidosis, hypercapnia, and histamine) increases
PVR, while vasodilatation (e.g., due to nitric oxide,
prostacyclin, and sildenafil) reduces PVR.
Positive pressure ventilation increases PVR.
Disease states – left to right cardiac shunts, mitral
stenosis, pulmonary fibrosis, pulmonary emboli,
obstructive sleep apnea, and high altitude all increase
PVR with the risk of developing pulmonary
hypertension.
Compliance of the pulmonary circulation.
Blood viscosity and hematocrit.

However, both SVR and PVR cannot be measured
directly and instead they are derived using the principle
of Ohm’s law, which relates cardiac output, pressure, and
resistance (V = I  R, where V = voltage, now representing
pressure, I = current, now representing flow or cardiac
output and R = resistance).
SVR ðdyne:s=cm5 Þ ¼ 80  ðMAP  RAPÞ=CO
where, MAP = mean arterial pressure (mmHg) RAP =
right atrial pressure (mmHg) CO = cardiac output (l/min)
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Normal values for SVR range from 800 to 1200 dyne.
s/cm5. However, it is typically quoted as SVR index
(SVRI) in order to standardize values to body surface
area. Normal values for SVRI range from 1900 to
2400 dyne.s/cm5/m2.
PVR ðdyne:s=cm5 Þ ¼ 80  ðPAP  PAOPÞ=CO
where, PAP = pulmonary artery pressure (mmHg)
PAOP = pulmonary artery occlusion pressure (mmHg)
Typical values for PVR lie below 250 dyne.s/cm5.
Again these are typically quoted as PVR index (PVRI),
which range from 255 to 285 dyne.s/cm5/m2.

Limitations of SVR and PVR
The major limitation of using SVR and PVR data are that
they are derived values. The equations used to calculate
these parameters do not take into consideration the effects
of viscosity, pulsatile flow, and/or pressure changes that
occur in the various vascular beds. Furthermore, these
equations assume a linear relationship between flow and
pressure, which in reality does not exist. Therefore, these
derived values are prone to error and should be used
judiciously by those who understand the associated flaws
and pitfalls of the data.
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AH
Absolute humidity. It is the mass of water vapor held in
a given volume of gas at a particular temperature.

AIDS
Acquired immunodeficiency syndrome – the syndrome
caused by HIV that occurs when defined opportunistic
infections occur as a result of progressive immune damage.
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▶ Bronchovenous Air Embolism
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Air Hunger

Synonyms
Airway assessment; Airway pharmacology; Bag-valvemask ventilation; Difficult airway; Endotracheal intubation; Rapid sequence intubation

▶ Dyspnea: Differential Diagnosis

Definition

Airborne Transmission
This refers to disease transmission, where droplet nuclei
(resulting from evaporated droplets) or dust particles
containing microorganisms can remain suspended in the
air for long periods of time, allowing organisms to enter
the upper and lower respiratory tracts. Organisms transmitted in this manner must be capable of surviving for
a long period of time outside the body and must be
resistant to drying. This differs from droplet transmission,
in that droplets are too large to be airborne for long
periods of time, and quickly settle out of air. A well-fitted
N95 mask may provide protection against airborne
transmission.

Airflow Obstruction
▶ Decompensated
Disease

Chronic

Obstructive

Airway Assessment
▶ Airway Management

Airway Control
▶ Tracheal Intubation in Acute Procedures

Pulmonary

Airway management involves ensuring airway patency,
protecting the lungs from aspiration (airway protection),
and aiding oxygenation and ventilation. It is one of the
most common and most urgent invasive procedures in the
intensive care unit (ICU). It is, therefore, also an obligatory skill for intensive care physicians. Comprehensive
airway management requires knowledge, procedural
dexterity, and judgment in each of the following areas:
preparation, airway assessment, basic maneuvers, laryngoscopy, endotracheal intubation (ETI), pharmacology,
and post-intubation care.

Pre-existing Condition
Common indications for tracheal intubation include
decreased level of consciousness (LOC), a threat to airway
patency (whether from bulbar dysfunction, trauma, aspiration, or airway edema from inhalational injury, infection, or angioedema), and/or cardiac or pulmonary
dysfunction (such that the patient cannot adequately oxygenate or ventilate). However, the commonest reasons for
intubation differ if we compare the ICU, emergency room
(ER), and operating room (OR). Typically, endotracheal
intubation facilitates the provision of general anesthetic
for surgical procedure. In the ER, central nervous system
(CNS) dysfunction leads to intubation more often than in
the ICU, whereas, pulmonary and/or cardiac dysfunction
leads to intubation more commonly in the ICU.

Indications
Ventilation enables gas exchange; whereby blood receives
oxygen and expels carbon dioxide. Aberrant blood gas values
are often used to initiate an ICU consult regarding whether
airway management is required. This approach does identify
patients in peril, but in reality, is physiologically simplistic.
Therefore, intensivists need an understanding of hypoxemia
(low partial pressure of arterial oxygen), hypoxia (low

Airway Management

cellular oxygen, usually identified by lactic acidemia),
and acute hypercapnia/hypercarbia (usually identified by
decreased blood pH or increased PaCO2). While a comprehensive review is beyond our scope, a basic understanding
is required to guide airway management.
Hypoxemia includes rare causes such as low barometric pressure, hypoventilation, low fractional inspired oxygen, low venous oxygen, or diffusion abnormalities.
However, the vast majority of cases are due to imbalance
between lung perfusion (Q) and ventilation (V). This is
known as V/Q mismatching, and has a spectrum ranging
from pathologic shunt, all Q but no V, to dead space, all
V but no Q. Pathologic shunts can be secondary to pulmonary parenchymal disease (water, pus, cells, or blood
in the alveolar space), pulmonary vascular disease
(pulmonary arteriovenous malformations, or physiologic
shunting in the case of end-stage liver disease), or
extrapulmonary causes (whether from right-to-left intracardiac shunts, or venous-to-arterial systemic shunts). In
reality, the diseased alveolar-capillary interface exhibits
heterogeneity as shunt and dead space often coexist. However, these two extremes can be distinguished – both
therapeutically and diagnostically – because oxygen therapy will not improve the hypoxemia from shunt, but will
from dead space and V/Q mismatch.
Hypercapnia (increased paCO2) results from inadequate ventilation relative to production. Dead space, from
disorders such as obstructive lung disease and pulmonary
embolus, can therefore cause elevated arterial carbon dioxide in those with inadequate ventilatory drive. However,
most awake patients mitigate this through hyperventilation,
and therefore more often present as hypoxemia. While conditions such as malignant hyperthermia, fever, and sympathetic excess can also cause hypercapnia due to excess carbon
dioxide production, this is also rare in the ICU. What this
means is that ICU hypercarbia is usually due to either
decreased minute ventilation (whether from sedation, central nervous system dysfunction, or neuromuscular compromise) or the aforementioned pathologic dead space. In
short, a systematic approach is required to determine if it
is time to supplement or control respiratory efforts. It is also
needed to understand the cause and ameliorate the problem.

Application
Preparation
It has been argued that “failing to prepare means preparing to fail.” As such, the skilled physician understands that
airway management requires preparation, situational
awareness, and sufficient skills to coordinate all resources
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(both equipment and personnel). Control of the evolving
crisis is vital, but is not the focus of this review. However,
in this vein, the mnemonic “Y BAG PEOPLE” does provide a useful construct for preparation [1]. It stands for
Yankauer suction; BVM; Access vein; Get your team ready;
Position the patient; Endotracheal tubes (and check cuffs);
Oropharyngeal Airway; Pharmacy (prepare drugs);
Laryngoscope – variety of blades and confirm the light is
working; and Evaluate for a difficult airway. When verbalized, this mnemonic also reminds physicians not to provide positive pressure ventilation to patients who are
meeting their gas exchange needs with spontaneous
efforts. This reminder may seem trite, but it is common
during crises to see spontaneously breathing patient
receiving bag-valve-mask ventilation. In this setting, positive pressure insufflates the stomach thereby increasing
the chance of emesis and aspiration. Obviously, if the
patient is not meeting gas exchange needs then 100%
oxygen and BVM should be expedited.

Airway Assessment
The difficult airway is defined by anatomic, historical, and
clinical factors that increase the likelihood of being unable
to oxygenate, unable to ventilate, and/or unable to intubate. The incidence of difficult tracheal intubation (DTI):
defined as the need for more than three intubation
attempts or attempts at intubation that last >10 min in
patients undergoing anesthesia, is typically reported
between 1% and 3%. The incidence of a difficult intubation in ICU patients is as high as 20%. The difference is
related primarily to patient and situational factors, not the
physician’s specialty [2].
Significant research has provided clues, albeit imperfect, as to which patients will be more difficult. As such an
airway assessment is beneficial. However, these models
were typically developed for anesthetists working with
patients in the OR. Given the acuity of critical illness, it
is hardly surprising that most models have not been validated to the ICU or ER. Regardless, the presence of risk
factors is useful as it encourages the clinician to redouble
efforts to ensure that alternative strategies are readily
available, and that help is nearby.
The Mallampati classification is widely promoted
for patients undergoing elective intubation. In short,
a cooperative, awake patient sits upright, and, without
phonating, protrudes his/her tongue. The physician analyzes how much of the posterior pharynx and uvula can be
visualized. There is a four-point grading system, from best
to worst. Reasonable correlation exists between class I/II
and easy laryngoscopy, while class III/IV is suggestive of
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difficulty. Obviously, though, this is of limited use for
emergency intubations in the ICU. However, similar information may be obtained and proximal airway obstruction
may be ruled out by visualizing the oropharynx with
a tongue blade. As well, the intensivist can perform a
rapid airway assessment and assess a patient’s interincisor
distance (three finger breadths or mouth opening greater
than 3 cm- and ideally greater than 5 cm- suggests adequate room for insertion and rotation of the laryngoscope
blade) (Fig. 1) and thyromental distance (three finger
breadths or a span of greater than 6 cm suggests that the
glottis opening is likely to be in a good position to be
visualized; and not in an excessively anterior position)
(Fig. 2). Furthermore the Intensivist can also perform
a mandibular protrusion test (the ability to cover the
upper lip with the lower incisors).
Large observational studies have reviewed historical
and physical characteristics of OR patients [3, 4]. The

goal was to determine predictors and incidence of both
difficult and impossible mask ventilation. They concluded
rates of 1.4% for difficult mask ventilation (DMV) and
0.16% for impossible mask ventilation. The terrifying
combination of difficult or impossible ventilation as well
as difficult intubation occurred 0.37% of the time. The
independent predictors of difficult mask ventilation
(DMV) included: obesity, presence of a beard, Mallampati
III or IV, age >57, limited jaw protrusion, and a history of
snoring. The independent predictors of impossible mask
ventilation were: history of neck irradiation, sleep apnea,
and either a beard or Mallampati III/IV visualization. Risk
factors for the combination of difficult or impossible mask
ventilation and difficult intubation included: Mallampati
III/IV, abnormal cervical spine, thick obese neck,
thyromental distance <6 cm, mouth opening <3 cm,
limited mandibular protrusion, snoring, sleep apnea,
and obesity (Fig. 3). Additional risk factors for a difficult
airway include limitations in spinal movement (e.g., rheumatoid or osteoarthritis, spondyloarthropathies, trauma,
even severe diabetes) or macroglossia (e.g., in hypothyroidism and Down’s Syndrome).
Our practice is to briefly obtain a history of previous
difficult intubation, neck irradiation, neck pathology, or
snoring. As well, during preparation we assess the patients
interincisor distance, thyromental distance, and if the
patient can cooperate we perform a mandibular protrusion test. We inspect the oropharynx. We also note the
presence of obesity (Fig. 4). If any historical factors are
present or physical assessment abnormal we ensure that
adjuncts or a difficult airway cart is available.

Basic Maneuvers
Airway Management. Figure 1 Inter-incisor distance
Positioning

Airway Management. Figure 2 Thyro-mental distance:
>6 cm suggests adequate laryngoscopic view

The optimal position for intubation attempts has been summarized as the “sniffing position” or “sniff the morning air
position.” While several authors have argued that novices fail
to understand what is implied by this analogy, it is intended
to communicate neck flexion at the lower cervical spine,
extension at the upper cervical spine, and positioning the
ears at level with the sternum (Fig. 5). This position should
not be attempted in patients with suspected spinal trauma
or pathology. Fortunately, there is also evidence suggesting
that simple neck extension alone is as effective as the
“sniffing position” in nontrauma patients undergoing
endotracheal intubation in the OR. Recumbence may be
also difficult in many ICU patients, whether from obesity,
pulmonary edema, or ascites. In these patients meticulous
attention to head position and use of semi-fowler’s,
reverse Trendelenburg, or ramp-up position will assist
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Risk Factors
Historical
Sleep Apnea
Snoring
Neck Irradiation
Physical
Obesity
Thick Neck
Edendulous dentition
Thyromental distance < 6 cm
Mouth Opening < 3 cm
Limited MPTΦ
Beard

DMV*

IMV**

DMV/IMV and DTI

♦
♦

♦
♦
♦

♦
♦

♦
♦
♦
♦
♦
♦
♦

♦
♦

♦
♦

♦

♦
♦
♦
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♦

* Difficult Mask
** Impossible Mask
Φ Mandibular Protrusion Test
Ventilation
Ventilation
Modified from Kheterpal, S, Martin, L, Shanks, A et al. Prediction and Outcomes of Impossible Mask Ventilation: A
Review of 50,000 Anesthetics. Anesthesiology 2009; 110:891–897

Airway Management. Figure 3 Risk factors for DMV and DTI

Rapid Airway Assessment - RAA
History
Neck Irradiation
Snoring/Sleep Apnea
Difficult Airway
Physical
Hypoxemia
Obesity
Beard
Thick Neck
Reduced Thoraco-Abdominal Compliance
Inter-Incisor Distance < 3cm
Thyromental Distance < 6 cm
Mandibular Protrusion Test Limited

Yes

No

Yes

No

Any "YES" requires team intubation with Difficult
Airway Adjuncts Available
Consider Rapid Sequence Intubation

Airway Management. Figure 5 Sniffing position. Note the
patients ears are at the level of the sternum, the lower cervical
spine is flexed; and the upper cervical spine is extended

Airway Management. Figure 4 Rapid airway assessment

preoxygenation, BVM, laryngoscopy, and intubation
(Fig. 6).

Airway Patency
Discussions of ICU airway management often emphasize
laryngoscopy and special adjuncts to intubation. It is
paramount to emphasize that intensivists first need to be
experts in maintaining airway patency, oxygenation, and
ventilation with a bag-valve-mask (BVM). Airways in
critically ill patients may be obstructed for a multitude of
reasons (oral secretions, blood, vomit, trauma, redundant
oropharyngeal tissue secondary to edema or adiposity,
and above all from inadequate oropharyngeal muscular
tone). Obstruction may manifest as stridor, or increased

Airway Management. Figure 6 Ramp up position
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respiratory effort, tracheal tug, paradoxical chest abdominal movements, or worsening hypoxemia. If unresolved
this can deteriorate to bradycardia and cardiac arrest.
As part of airway assessment, the intensivist should
rapidly identify and remedy obstruction by suctioning
and clearing the oropharynx. If the airway remains
compromised, a head-tilt-chin-lift or jaw thrust maneuver
often helps. If the patient has suspected or identified spinal
pathology the chin-lift should be avoided, but the jaw
thrust still utilized to open and maintain the airway.
These maneuvers work by increasing the distance between
the soft palate and posterior tongue – the most common
area of obstruction.
If the airway remains obstructed despite a clear oropharyngeal space and a head-tilt-chin-lift or jaw thrust
maneuver, the cause of obstruction may be more distal. It
may also be the result of laryngospasm which usually
responds to simple maneuvers such as gentle suctioning,
cessation of airway stimulation, and repositioning by
chin-lift or jaw thrust and gentle BVM. If cricoid pressure
is being applied then easing up may help. Adjuncts to the
above measures include oropharyngeal airways (OPA)
(Fig. 7) and nasopharyngeal airways (NPA) (Fig. 8).
The OPA is a noxious stimulus thus should be utilized in
patients that are either adequately sedated or are unconscious; otherwise it may promote emesis and aspiration.
NPAs are somewhat easier for patients to tolerate; but
topicalization of the nasal mucosa with local anesthetic
and vasoconstrictors is recommended in awake patients.
Use of the NPA is contraindicated in patients with signs
of basal skull fracture or with severe facial trauma. In
rare instances, both an OPA and NPA are required. If
these adjuncts are not adequate the next considerations
are to directly visualize for an obstruction with direct
laryngoscopy or fiberoptically. If no obstruction is readily
apparent insert a rescue device such as a laryngeal mask

Airway Management. Figure 7 Oropharyngeal airways

airway (L.M.A.) to assist oxygenation and ventilation.
Meanwhile preparations should be underway for a surgical
airway if the patient is not able to be ventilated or
oxygenated.

Preoxygenation and BVM Ventilation (BVM)
Both preoxygenation and BVM ventilation can be difficult in the critically ill. Preoxygenation, or alveolar
denitrogenation, is ideally achieved through the provision
of 100% oxygen via face-mask or BVM to the patient for at
least 5 min. The goal is to replace alveolar nitrogen with
oxygen thereby creating a reservoir of oxygen to prevent
hypoxemia during subsequent intubation. This may be
challenging in critically ill patients because of concurrent
cardiopulmonary pathology, or if patients have low functional residual capacity due to obesity, abdominal pathology or preexisting lung derecruitment. Of note, even
transient hypoxia in patients with ARDS has been associated with neurocognitive deficits; thus every opportunity
should be taken to maintain adequate oxygenation.
In patients with an intact respiratory drive that is
providing adequate rate and depth of respiration, 100%
oxygen can be delivered via a high flow oxygen mask,
non-rebreather mask, or the BMV device. In patients
that are spontaneously breathing but have limited effort,
oxygenation and ventilation should be augmentation by
squeezing the BVM. Preoxygenation of the acutely hypoxemic patient with an intact respiratory drive can also be
augmented through the provision of 100% oxygen via
a non-invasive positive pressure circuit (e.g., CPAP or
Bipap), or via a BVM with a tight seal and a PEEP valve.
Regardless, the clinician must look, listen, and feel to
assess whether the patient is being adequately oxygenated
(and ventilated). He/she should look for chest expansion,

Airway Management. Figure 8 Nasopharyngeal airway
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filling of the reservoir bag of the BVM, improving pulse
oximeter reading, and improvement in color. He/she
should listen for any hiss indicative of a poor seal, and
for a pulse oximeter tone indicative of an adequate saturation. He/she should feel the compliance of the selfinflating bag, or leaking air against one’s hand from poorly
sealed mask. If inadequate ventilation is identified, despite
assurance of an open airway, then two-person BVM
should be performed.

Laryngoscopy and Tracheal Intubation
Laryngoscopy and tracheal intubation is the standard-ofcare for the emergency airway. Clinicians should be
prepared to use alternate airway devices or procedures
(e.g., fiber-optic modalities – flexible bronchoscope,
GlideScope™, and the surgical airway). As such, the
patient should be optimally positioned and preoxygenated
(as discussed above). Dentures, which improve the seal
obtained during BVM, should be removed for intubation.
Cricoid pressure may decrease the likelihood of aspiration
but may worsen glottic view. In contrast, external laryngeal manipulation (also known as a BURP maneuver:
backward, upward, rightward pressure on the thyroid
cartilage) typically improves glottic view, but does not
protect against aspiration.
A variety of laryngoscopes are available. The Macintosh blade is curved in order to conform to the shape of
the tongue and so that its blade tip can be placed in the
vallecula. As the blade tip is lifted, pressure on the
hyoepiglottic ligament helps lift the epiglottis, thereby
exposing the underlying glottic opening. A size 3 Macintosh blade is appropriate for the majority of adult patients,
although for those with long necks, a Macintosh 4 may be
needed. Straight laryngoscopy blades such as the Miller,
Phillips, or Wisconsin also displace the tongue to the left
but unlike the Macintosh they directly elevate the epiglottis. Often used as the blades of choice in pediatric patients,
they can also be useful in the adult patient with an “anterior” larynx, small mandible, large tongue, or prominent
incisors. Cadaveric studies suggest that the Miller blade
produces less movement of an unstable cervical vertebra –
thus may be the blade of choice in multitrauma patients.
The McCoy blade has the shape of the Macintosh, but
also features a levering distal tip to lift the hyoepiglottic
ligament.
The laryngoscope handle should be held in the left
hand and close to the blade, and the head approximately
level with the intubator’s xiphisternum. Following Macintosh blade insertion, the clinician’s right hand can be
placed under the patient’s occiput. With this hand lifting
the head, additional lower neck flexion and head
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extension can be performed. The blade should be inserted
to the right of the tongue. This should occur slowly and
deliberately, to enable time to identify anatomy at the
blade tip. By “looking-as-you-go,” clinicians avoid placing
the blade too far. After the epiglottis is identified, the blade
tip is advanced into the vallecula. The blade tip is then
centered, by moving it to the left, and an additional lift
applied along the longitudinal axis of the laryngoscope.
The handle should be lifted – not levered – at an angle no
more than 30 to the floor. If a chosen blade it too short to
successfully contact the hyoepiglottic ligament at the junction of the tongue base and epiglottis, the epiglottis may
not move out of the way. Too long a blade can occasionally
trap and push back the epiglottis, creating a worse glottic
view. Curved blades can also be used to directly elevate the
epiglottis in the same way as a straight blade, but failure to
engage the hyoepiglottic ligament is a common reason for
novices to be unsuccessful.
The prepared endotracheal tube, with lubricated stylet
inserted, should then be passed by an assistant to the
clinician’s open right hand. This cooperative approach
avoids interrupting direct visualization of the cords. The
best ways to confirm a properly placed tube is to watch it
go through the cords. Other signs include end-tidal carbon dioxide (ETCO2) detection, auscultation of air entry
to the hemithoraces at the midaxillary line, and normalization of oxygen saturation. Esophageal detection devices
neither confirm tracheal placement of the endotracheal
tube nor detect esophageal placement, and thus should
not be used. Once positioned, the tube is held with one
hand, the laryngoscope removed, and the cuff inflated
with 5–10 ml of air.

Post-intubation Care
The clinician should now shift focus to post-intubation
care and monitoring of complications. The endotracheal
must be secured to prevent displacement. The level at
which to secure the endotracheal tube is determined
both clinically and radiographically. Generally, securing
the endotracheal tube at 24 cm for men and 22 cm for
women will result in the endotracheal tube resting
2–5 cm above the carina. It is important to remember
that the distance traveled by the endotracheal tube
between full neck flexion to full neck extension can be
10 cm. Thus excessive neck movement may result in an
unforeseen extubation or mainstem bronchus intubation. Various commercial devices are available to secure
the endotracheal tube; but in most circumstances use of
cloth tape is sufficient. In cases of facial trauma or burns,
the endotracheal may need to be secured with a silk tie
to a tooth.
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Post-intubation hypoxemia and/or hypotension are
not uncommon in the critically ill patient. Thus
a systematic approach to each should be applied. In the
face of hypoxemia – the mnemonic CODE provides
a construct to quickly identify and respond to common
causes of post-intubation hypoxemia. The clinician
should assess for Collapse: whether from pneumothorax
or atelectasis. Pneumothorax, either tension or simple
may result because of intubation and the provision of
positive pressure; identified by noting unequal auscultation, asymmetrical chest movement, and resonance on
percussion; and remedied via the placement of 14 G
needle in the second intercostals space or formal tube
thoracostomy. Atelectasis may occur during intubation,
particularly in situations where there is cephalad deflection of the diaphragm (obesity, ascites, etc.) or aspiration
of gastric contents. Atelectasis is identified via auscultation
and radiographic changes, and remedied through the
provision of positive end expiratory pressure (PEEP) or
bronchoscopy. Obstruction of the endotracheal tube secondary to aspirated contents, secretions, or a kink is
suggested by the inability to pass a suction catheter
down the endotracheal tube. Removing the obstruction
may require additional suctioning or bronchoscopy, or
reintubation. Displacement, resulting in extubation can
be identified by noting a continuous endotracheal cuff
leak, or a reduction of ETCO2. Displacement resulting
in mainstem bronchus intubation can be detected by
noting unilateral breath sounds during auscultation.
Equipment failure should be sought by following the
oxygen supply from the patient to source; and ensuring
all connection are secure and the patient is receiving 100%
oxygen. Patients should be removed from mechanical
ventilator and provided 100% oxygen via the bag-valve
device.
Post-intubation hypotension is usually multifactorial,
and most commonly associated with the provision of
positive pressure ventilation combined with hypovolemia
and induction medications. The best treatment for this
complication is prevention by identifying patients at risk
of hypotension – particularly hypovolemic and hemodynamically compromised patients. During the preparation
phase of intubation, hypovolemic patients should receive
boluses of isotonic crystalloid in anticipation of hypotension; in addition, strong consideration should be given to
starting either vasopressors or inotropes in patients with
septic shock or cardiac dysfunction, prior to induction.
Although these are the most common causes of hypotension, the clinician must rule out tension pneumothorax as
a cause of vascular collapse during intubation or immediately after intubation.

Airway Pharmacology
Airway management in the critically ill requires expertise
with airway pharmacology. It also requires an understanding of how pharmacokinetics can change in the critically
ill, thereby making the physiologic effects of drugs less
predictable [5]. The first practical tip is that physicians
should, therefore, guard against overzealous drug administration. This can result from a simple stress-induced
desire to rapidly sedate the patient. It can also result
from failure to compensate for slower circulatory drug
delivery, or decreased drug metabolism, or from a failure
to appreciate the patient’s deceased hemodynamic reserve.
As such, it is useful to emphasize that you can always give
more, but you cannot take it away once given. The second
tip is that proper drug selection may mean balancing
competing goals: preserving hemodynamic stability, but
achieving patient compliance, and attenuating the physiologic consequences of airway manipulation (see below).
The goal is to increase chance of successful intubation, but
decrease the risk of complications (such as aspiration, and
hemodynamic collapse). Regardless, for these reasons,
experts in airway management are also experts in airway
pharmacology.

Physiology of Airway Management
The human homunculus reveals tremendous amount of the
somatosensory cortex devoted to the oropharynx and larynx. In other words, these areas are richly innervated with
sensory fibers, and stimulation can result in pain, agitation,
and physiologic reflexes. Stimulation of reflexes intended to
protect the airway, such as the gag, can result in emesis and
aspiration. Airway stimulation, from both laryngoscopy
and endotracheal tube insertion, can also cause sympathetic
discharge. This “pressor response” can cause tachycardia
and hypertension which can exacerbate ongoing myocardial ischemia, dysrhythmias, hypertension, or cerebral
edema. Excessive stimulation of the cholinergic portion of
the autonomic nervous system can cause bronchorrhea,
bronchoconstriction, and bradycardia (the so-called
cholingergic response). Thus airway stimulation
can increase intracranial pressure and worsen ischemia.
Therefore, patients unlikely to tolerate adverse physiologic
consequences of laryngoscopy and tracheal intubation (e.g.,
those with myocardial or cerebral ischemia, elevated intracranial pressure, dissecting aneurysm, hypertensive crisis,
asthma, or COPD, to name but a few) will typically benefit
from a preinduction agent. These agents include opioids,
local anesthetics, beta-adrenergic antagonists, and
nondepolarizing neuromuscular blockers (NMBA), each
of which are summarized in table form, and discussed
below.

Airway Management

Specific Agents
Opioids are central to airway management because of their
analgesic and sedative properties. Fentanyl, a synthetic
opioid, is commonly used. It has 50–100 times the affinity
for m receptor, and increased lipid solubility compared to
morphine. This results in an agent that is very potent with
a rapid onset and short duration. Fentanyl effectively blunts
the hypertensive response to airway stimulation, although
with marginal effects on tachycardia. Other synthetic opioids such as remifentanil, sufentanil, and alfentanil are
more effective at blunting both the hypertensive and
tachycardic response to intubation. However, caution is
advised when using opioids in circulatory shock, as they
can block the compensatory sympathetic response to the
extent that cardiovascular collapse can ensue. In addition,
when administered rapidly in a large dose, these synthetic
opioids can be associated with chest wall rigidity and masseter spasm, thereby further complicating oxygenation,
ventilation, and intubation. This idiosyncratic reaction is
variably responsive to naloxone, and often requires neuromuscular blockade (see below).
Lidocaine, an amide local anesthetic (and class 1B
anti-arrhythmic drug), is commonly used to diminish
the “pressor response,” reduce airway reactivity, mitigate
intracranial hypertension, and decrease the incidence of
dysrhythmias during intubation. It is used more often in
North America than Europe. Regardless, to be most
effective, lidocaine should be administered intravenously,
3 minutes prior to laryngoscopy, and at a dose of
1.5 mg/kg. Occasionally awake laryngoscopy and intubation is required. Effective blunting of laryngeal and
cholinergic reflexes can be accomplished through topical
application of aerosolized lidocaine via a DeVilbiss Atomizer or nebulizer; and the gag reflex may be attenuated by
placing lidocaine ointment or spray to the posterior third
of the tongue.
Esmolol is a rapid onset, short-acting, cardio-selective
beta-adrenergic receptor site antagonist that effectively
diminishes the tachycardic response to intubation.
However, esmolol can have an unpredictable effect upon
the hypertensive response. A combination of esmolol
(2 mg/kg) and fentanyl (2 mg/kg) may have a synergistic
effect for reducing both the tachycardia and hypertension
associated with tracheal intubation and laryngeal manipulation. Caution is recommended in patients likely to be
hypovolemic, as they may have become reliant upon the
compensatory tachycardia to maintain cardiac output and
blood pressure.
Some rapid sequence induction protocols (Fig. 9) are
combined with a preinduction dose of nondepolarizing
NMBA. This is typically given to patients with suspected
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raised intracranial or intraocular pressure, for whom succinylcholine administration is planned. This is because
succinylcholine use is associated with fasciculations.
These can increase intracranial or intraocular pressure,
and elevate serum potassium – a particular risk in crush
injuries, head injury, stroke, and preexisting neuromuscular disease. A low “defasciculating dose” (one tenth of the
intubation dose) of a nondepolarizing NMBA, such as
rocuronium, will minimize fasciculations and therefore
attenuate adverse effects. A low dose of nondepolarizing
NMBA in the brief preinduction interval, given just before
sedating induction drugs, does not cause paralysis that
conscious patients would otherwise find dysphoric.

Induction/Sedative-Hypnotic Medications
Induction anesthetic agents facilitate intubation by inducing unconsciousness. Clinicians and researchers have
suggested, the ideal induction agent for an ICU patient
would have a rapid onset of action, short duration of
action, analgesic properties, minimal drug interactions,
metabolism and excretion that is independent of renal or
hepatic function, minimal depression of hemodynamics
or respiratory drive, and would maintain cerebral perfusion pressure. It should not be surprising that no single
agent yet exists. As with all ICU treatment, agents must be
tailored to specific patient needs. Numerous medications
are available, but we shall focus on those most useful in
ICU. The patient’s individual clinical status will determine
if the induction agent should be administered by rapid
bolus, used as part of a rapid sequence induction protocol
(Fig. 9) or be slowly titrated. All induction agents can
suppress the myocardium; thus hypotension or shock
can result. As a result, unless precluded by patient acuity,
it is advisable to first ensure adequate venous access and to
provide intravenous fluid boluses and/or vasoactive agents
prior to the induction agent. This is intended to reduce the
likelihood of post induction hypotension and shock.
Etomidate, an imidazole derivative, has rapid onset of
action, short duration, relative cardiac stability, and is associated with reduced cerebral oxygen demands: all of which
suggest it would be attractive for induction. Indeed, this
drug has been a cornerstone of ER inductions in the United
States. However, growing literature has reported adrenal
suppression and even death. This was believed to only
occur with continuous infusion of etomidate. However,
evidence has now shown that even a single dose can cause
adrenal suppression, and the use in patients with severe
sepsis/septic shock is associated with higher mortality.
Thus in patients requiring intubation because of severe
sepsis or septic shock, etomidate should not be used,
especially as alternative agents are available. However, in
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patients that are hypotensive because of hypovolemia,
multitrauma, or cardiac dysfunction, etomidate may be
suitable. Other adverse effects include nausea, vomiting,
and myoclonic movements. The latter is not of consequence
if an NMBA is co-administered.
Ketamine, a phencyclidine derivative, is unique as an
induction agent as it causes a dissociative anesthesia,
rather than hypnosis. It has potent analgesia, and sympathomimetic effects, but minimal effects on spontaneous
respiration or airway protection. It selectively inhibits the
cortex and thalamus, while stimulating the limbic system.
It also causes functional disorganization of the neural
pathways running between the cortex, thalamus, and limbic system. This means the patient often does not appear
to be anesthetized and can swallow and open eyes, but
does not process information such as pain or memories.
Regardless, it is frequently given with an amnestic, such as
midazolam to prevent an emergence reaction. Ketamine
causes direct bronchial smooth muscle relaxation,
and subsequent bronchodilation. It can also increase
oral-pharyngeal and laryngeal secretions, and in very
rare instances laryngospasm. Premedication with
glycopyrrolate (0.005 mg/kg, or 250–500 mcg) may attenuate secretions but is usually not required. Due to the
sympathomimetic effects it can augment blood pressure
and heart rate. However, because it can increase myocardial oxygen demands and worsen supply–demand imbalance, caution is advised in patients with ongoing cardiac
ischemia and hypertensive crisis. Paradoxically, ketamine
can also cause hypotension due to direct myocardial
suppression in patients in an uncompensated shock
state. Furthermore, traditionally at least, ketamine was
contraindicated in brain injury because of augmentation
of cerebral blood flow and resultant increase in intracranial pressure. This dogma needs to be challenged, particularly in the trauma patient where head injury and shock
coincide [4]. After all, in brain injury, the goal is to ensure
adequate supply to the ischemic penumbra, in order to
minimize further injury. Cerebral autoregulation normally maintains cerebral blow flow (CBF), but is deranged
by brain injury. Thus CBF becomes proportional to cerebral perfusion pressure. Ketamine either increases or has
a neutral response on cerebral perfusion pressure, and
reduces cerebral oxygen consumption. Thus, ketamine is
probably a rationale induction agent in the brain-injured
patient considering its cerebral DO2/VO2 profile.
Propofol is a lipid-soluble drug that induces hypnosis
in a single arm-brain circulation time. It is favored due to
rapid onset and rapid recovery. However, it has no analgesic activity, and is therefore typically given with fentanyl.
Propofol reduces ICP, and reduces the cerebral metabolic
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demands. At induction doses it induces apnea, and profound muscular relaxation. In fact, when given in conjunction with the semi-synthetic opioids it produces
intubation conditions similar to an NMBA. Like ketamine, propofol causes direct bronchodilation. However,
propofol use as an ICU induction agent is limited because
its negative inotropic and vasodilatory properties can
result in hypotension. This is particularly pronounced in
patients with hypovolemia or poor left-ventricular function. These effects can be attenuated through concomitant
intravenous fluid boluses, or ephedrine administration
(0.15 mg/kg IV). As a result, propofol use should be
targeted to hemodynamically stable patients requiring
intubation for altered mental status, isolated head injury,
status epilepticus, asthma, or isolated respiratory failure.
Anaphylaxis can occur in patients with egg or soy allergies.
The short-acting benzodiazepine, midazolam
(versed®), is commonly administered in the ICU either
as a bolus (2.5–5.0 mg IV) for procedural sedation, or as
an infusion (0–10 mg/h) to facilitate mechanical ventilation. The relatively slow onset of action makes midazolam
unsuitable for rapid sequence intubation. However, its
potent anxiolytic properties may facilitate awake intubation if used in conjunction with intravenous opioid and
topical local anesthetic.
Some ICU patients, particularly those with
uncompensated shock, will not tolerate even small doses
of induction agents. As a result, Scopolamine (0.4–0.6 mg
IV bolus) can be considered. It is a potent amnesic, that
when given prior to neuromuscular blockade reduces the
likelihood of patient recall of the event, and has minimal
hemodynamic consequences.
Neuromuscular blocking agents (NMBA) facilitate
intubation by causing brief paralysis of skeletal muscle.
There are two classes of NMBA: depolarizing and
nondepolarizing. Depolarizing agents activate the acetylcholine receptor whereas nondepolarizing agents competitively inhibit the acetylcholine receptor. NMBAs have no
direct effect on blood pressure or cardiac output, though
agents such as pancuronium can cause vagolysis and
tachycardia. Neither class of NMBA should be utilized
routinely in the setting of a predictable difficult airway.
Succinylcholine, a depolarizing NMBA, is a dimer of
acetylcholine molecules that binds to the acetylcholine
receptor in a biphasic manner. It first opens sodium channels and causes a brief depolarization of the cellular
membrane – noted clinically as muscular fasciculations.
Subsequently acetylcholine-medicated synaptic transmission is prevented through occupation of the acetylcholine
receptor. Succinylcholine is enzymatically degraded in
the liver and in plasma via pseudocholinesterases.
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Due to its rapidity of onset (30–60 s), and short duration
(5–15 min), succinylcholine is the most commonly
administered muscle relaxant. Effective ventilation typically returns after 8–10 min. Major complications include
hyperkalemia, bradycardia, and malignant hypothermia.
Most deaths, secondary to succinylcholine-induced
hyperkalemia, involved children with previously
undiagnosed myopathies. Adult patients, intubated using
succinylcholine, generally experience a modest change in
serum potassium. The hyperkalemic effect is pronounced
in chronic or subacute, neuromuscular conditions, cerebrovascular accidents, and burn and crush injuries.
Regardless, if a patient’s EKG is demonstrating changes
attributable to hyperkalemia, succinylcholine is
contraindicated.
Absolute contraindications to succinylcholine include
a personal or familial history of malignant hyperthermia.
Patients who experience masseter-spasm upon induction
with either thiopental or fentanyl are at increased risk of
developing malignant hyperthermia from succinylcholine.
Chronic neuromuscular diseases, chronic central nervous
system injury, or myopathies result in upregulation
of acetylcholine receptors and thus an exaggerated
hyperkalemic response after administration of succinylcholine. Deficiencies of plasma pseudocholinesterase will
result in prolonged paralysis; thus it is a contraindication
to the use of succinylcholine. Many anesthesiologists will
use succinylcholine within the first 24 h after an extensive
burn or acute CNS injury that denervates muscle (i.e.,
a spinal injury), but avoid its use thereafter. Succinylcholine-associated dysrhythmias are mediated by postganglionic muscarinic receptors and preganglionic sympathetic
receptors. Bradydysrhythmias are most commonly
observed, but there are rare reports of asystole and ventricular tachyarrhythmias. Most instances occur in pediatric patients or in adults after the use of multiple doses of
succinylcholine. Dysrhythmias may be prevented in adults
by premedicating with a vagolytic dose of atropine (0.4 mg
IV), prior to repeating succinylcholine.
Succinylcholine may cause an increase in intragastric
pressure, presumably because of drug-induced fasciculations. However aspiration usually does not result, because
of a coincident increase in tone of the esophageal
sphincter. Succinylcholine increases both intraocular and
intracranial pressure, but these effects are transient and
clinically insignificant.
Traditionally, 1.5 mg/kg of succinylcholine is administered for intubation because a lower dose may relax
the central laryngeal muscles before the peripheral musculature. This laryngeal relaxation could both promote

aspiration due to glottic incompetence while also complicating intubation because masseter function may remain
intact.
Nondepolarizing NMBAs provide an alternative to
succinylcholine for either paralytic-assisted intubation or
rapid sequence intubation. Rocuronium, an aminosteroid
drug, has a relatively rapid onset of action (1–2 min) and
intermediate duration of action (45–70 min). A recent
systematic review compared succinylcholine versus
rocuronium (0.6 mg/kg) and concluded succinylcholine
produced superior intubation conditions when rigorous
standards were used to define “excellent” conditions.
The two agents had similar efficacy when “adequate”
intubation conditions were established. No differences
were found, however, if propofol was used for induction,
or if the dose of rocuronium was increased to 1.0 mg/kg.
However, use of this higher dose of rocuronium prolongs
the duration of paralysis.
Reversal of nondepolarizing blocking NMBA can be
accelerated using acetylcholinesterase inhibitors, such
as neostigmine or edrophonium, concomitantly with
vagolytic drugs i.e., glycopyrrolate or atropine. The only
absolute contraindication to rocuronium is an allergy to
aminosteroid NMBA. However, great caution should be
taken to select appropriate patients for nondepolarizing
NMBA because of their long duration of action. As such,
practitioners should be wary when facing the potentially
difficult airway. After all, if the patient cannot be successfully intubated, then there is a risk of dangerous hypoxemia and acidosis unless an airway and BMV can be
maintained for the prolonged period of drug-induced
paralysis (45–70 min).
In recent years, the selective relaxant binding agent
(SRBA) Sugammadex has been approved for use in some
European countries. Sugammadex is modified of cyclodextrin that encapsulates rocuronium molecules resulting
in fast reversal of paralysis. Sugammadex is not dependent
upon the use of acetylcholinesterase inhibitors; thus autonomic instability is negated. Sugammadex also reverses
vecuronium-induced neuromuscular paralysis.
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AIS 2005 Military
The AIS 2005 Military was developed to more accurately
describe commonly seen multi-mechanistic combat injuries such as soft-tissue fragment wounds; high velocity
penetration; blast injuries (mutilating or non-mutilating),
and/or bilateral and multiple injuries that result from
improvised explosive devices (IEDs, which account for
65-76% of combat injuries). The AIS 2005-Military
codes were derived by identifying each combat injury
that is more severe than the corresponding civilian injury,
and increasing the AIS code by one or two increments of
severity to reflect the increased risk of injury or morbidity
in a military setting.
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Cause of AKI
Once a diagnosis of AKI has been established, it is important to stratify the patient’s condition by etiology. AKI can
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be caused by insults that can be broadly divided into three
categories: prerenal, renal (intrinsic), and postrenal. This
stratification is important because current recommended
therapeutic models are tailored to these types of insults.
However, the categories are overly simplistic and, particularly with respect to prerenal insults, the line between
purely functional changes and parenchymal injury can be
very blurry [1].
Prerenal mechanisms of AKI see detail in ▶ prerenal
azotemia. Table 1 summarizes prerenal causes of AKI.
Postrenal mechanisms of AKI can be divided by anatomy into intrarenal (intratubular) obstruction and
extrarenal obstruction, which result from obstruction of
the urinary collecting system. While extrarenal obstruction can be further divided into upper (the level of ureter
or renal pelvis) and lower urinary tract (the level of bladder or urethra). Of note, upper urinary tract obstruction,
unless bilateral, may not manifest as AKI since the ipsilateral kidney, if normally functioning, can usually maintain
overall function. Table 1 summarizes common postrenal
causes of AKI (intrarenal and extrarenal).
Intrinsic mechanisms of AKI can be categorized by
anatomy: tubular (acute tubular necrosis, ATN), interstitial (acute interstitial nephritis, AIN), glomerular (acute
glomerulonephritis, AGN), and vascular (acute renal vascular disorder). Table 1 summarizes cause of intrinsic
causes of AKI.

– Acute tubular necrosis (ATN) results from prolonged
exposure to ischemia, or from direct toxin damage
(nephrotoxic). The natural history of “self-limited”
ATN is a steady rise in sCr (injury stage), followed by
stabilization (plateau stage), and an eventual decline in
those measures (recovery stage) during 7–21 days. The
typical urine finding in ATN is “muddy brown cast”
which is a coarse granular casts containing necrotic
tubular epithelial cells. However, this finding is neither
sensitive nor specific for ATN. Impaired tubular
reabsorptive function (FE Na >1) is also a common
finding of ATN.
– Acute interstitial nephritis (AIN) see detail in ▶ interstitial nephritis.
– Acute glomerulonephritis (AGN) and rapidly progressive
glomerulonephritis (RPGN) comprise a spectrum of
glomerular diseases that may present as AKI, or may
present with progressive decline in renal function over
days to weeks (subacute kidney injury). The hallmark
finding from phase contrast microscopic examination
of the urine is dysmorphic red blood cells and red
blood cell casts. Decreasing serum complement levels
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AKD/AKI, Approach to the Patient with. Table 1 Causes
of AKI

AKD/AKI, Approach to the Patient with. Table 1
(Continued)

1. Prerenal Mechanisms

Renal ischemia (prolonged prerenal AKI)

Decreased effective extracellular fluid volume

Nephrotoxins (aminoglycosides, radiocontrast agents,
amphotericin B

– Extracellular fluid loss: burns, diarrhea, vomiting, diuretics,
salt-wasting renal disease, primary adrenal insufficiency
– Extracellular fluid sequestration: pancreatitis, burns, crush
injury, nephrotic syndrome, malnutrition, advanced liver
disease
Decreased cardiac output
Myocardial dysfunction: myocardial infarction, arrhythmias,
cardiomyopathies, severe cor pulmonale

Pigmenturia (myoglobulinuria, hemoglobulinuria)
3. Postrenal AKI
Intrarenal (Intratubular)
Crystal deposition: uric acid (rhabdomyolysis), calcium oxalic
acid (ethylene glycol intoxication), methotrexate, acyclovir,
triamterene, sulfonamide
Protein deposition: light chains, myoglobin, hemoglobin

Cardiac tamponade

Extrarenal

Peripheral vasodilatation

Ureteral, Pelvic

Drugs: antihypertensive agents

– Intrinsic lesion: tumor, stone, blood clot, fungal ball

Sepsis

– Extrinsic lesion: retroperitoneal and pelvic malignancy,
fibrosis, ligation

Miscellaneous: adrenal insufficiency, hypomagnesemia,
hypercapnia, hypoxemia
Severe renal vasoconstriction

Bladder: stone, blood clot, tumor, neurogenic, prostatic,
prostate (hypertrophy, malignancy)

Sepsis

Urethral: stricture, phimosis

Drugs: NSAIDs, alpha-adrenergic agonists
Hepatorenal syndrome
Mechanical occlusion of renal arteries
Thrombotic occlusion
Miscellaneous (emboli, trauma)
2. Intrinsic Mechanisms
Renal vascular disorders
Vasculitis, Malignant hypertension, Scleroderma,
Thrombotic thrombocytopenic purpura, Hemolytic-Uremic
syndrome,
Disseminated Intravascular Coagulation, Mechanical renal
artery occlusion, Renal vein thrombosis
Acute glomerulonephritis
Postinfectious glomerulonephritis (post-streptococcal
glomerulonephritis)
Membranoproliferative glomerulonephritis
Rapidly progressive glomerulonephritis
Lupus nephritis
Acute interstitial nephritis (AIN)
Drugs: Penicillins, sulfonamides, rifampicin, cimetidine,
captopril, allopurinol, NSAIDs
Infections: Leptospirosis
Infiltrative disease: Sarcoidosis, Leukemia, Lymphoma
Connective tissue disease
Acute tubular necrosis (ATN)

are seen in various disorders: (Systemic Lupus
Erythemotosus, post-Streptococcal (post infectious)
glomerulonephritis, Shunt nephritis, Subacute bacterial endocarditis, membranoproliferative glomerulonephritis, Cryoglobulinemia) – the mnemonics
4SMC can be used to recall these disorders. Other
serologies such as markers for hepatitis B and C
virus, antinuclear antibodie, anti-neutrophil cytoplasmic antibodies, anti-glomerular basement membrane
antibodies, anti-HIV, and anti-streptococcal antibodies, may also be helpful in making a diagnosis.
– Acute renal vascular disorders associated with AKI can
be divided into large-vessel and small-vessel disease.
The large-vessel includes renal artery thromboembolism, and renal vein thrombosis. The common finding
of large-vessel disease is renal infarction, usually
presenting with flank pain, hematuria, and elevated
serum lactate dehydrogenase. As with upper urinary
tract obstruction, unilateral disease may not manifest
as a decline in renal function if the remaining kidney
is healthy. Small-vessel disease may result from
ateroembolization of cholesterol crystal, hemolyticuremic syndrome, thrombotic thrombocytopenic
purpura, scleroderma renal crises, and disseminated
intravascular coagulation.
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Diagnostic Approach of the Patient Who
Has AKI

Step 2: Differentiate between Acute or
Chronic Kidney Disease (CKD)

The diagnostic approach of patient who is suspect of AKI
can be divided into five steps (Fig. 1):

The next step for a patient who has true decline in GFR is
exclusion of chronic kidney disease (CKD) by history,
physical examination, and laboratory investigation.

Step 1: Rule out Conditions with High BUN,
sCr without Decreasing of GFR
(Pseudoazotemia)
There are many factors which may cause an increased
BUN and sCr without decreasing glomerular filtration
rate (GFR). The production rate of urea and creatinine is
an important contributor to BUN (hypercatabolic state,
increased protein intake, infusion of amino acid, gastrointestinal bleeding, corticosterioid administration, tetracycline), and sCr (rhabomyolysis). Moreover, decreased
tubular secretion of creatinine by drugs such as cimetidine, trimethoprim (with, or without sulfamethoxazole)
can also cause a mild increase in creatinine.

History
History of signs or symptoms associated with renal disease
such as nocturia (may reflect loss of concentrating ability),
edema, hematuria, persistent elevations of BUN, and sCr
(if applicable) for more than 3 months should be sought.
A family history of polycystic kidney disease should also be
checked.

Physical Examination
Unfortunately, there are no specific signs to differentiate
between AKI and CKD, but anemia, dry skin, and chronic
hypertension point toward CKD.

Rising of BUN/Cr ± low urine output
Yes
Step 1: Pseudoazotemia

Yes

Correct cause of peudoazotemia

No
Step 2: CKD?

Yes

Treat as per CKD

No
Step 3: Obstruction?

Suspect

No

Renal ultrasound
+/– other imaging

Positive

Correct cause of obstruction

Negative

Step 4: Volume responsive?

Fluid resuscitation
Yes

No
Step 5: Determine specific cause of
AKI: CRS, HRS
Acute glomerulonephritis
Acute interstitial nephritis
Acute renal vascular disorder
No
ATN and non-specific causes of AKI

Yes

Treat specific cause
successful?

Yes

Recovery
of renal function

No

Supportive treatment, Dialysis

AKD/AKI, Approach to the Patient with. Figure 1 Flow chart of diagnostic approach and treatment of AKI patients
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Laboratory Investigation
Plain KUB and renal ultrasonography are important diagnostic tools for differentiation of CKD. Patient who have
CKD will have small-sized kidneys (usually less than
8.5 cm) and increase echogenicity of renal parenchyma.
However, there are some causes of CKD that do not have
small-size kidney such as diabetic nephropathy, adult
polycystic kidney disease, HIV-associated nephropathy
(HIVAN), infiltrative disease (lymphoma), obstructive
uropathy, and xanthogranulomatous pyelonephritis.

Step 3: Exclude of Urinary Tract Obstruction
The clinical presentation of urinary tract obstruction
varies with the location, duration, and degree of obstruction. Thus, a thorough history and physical examination
are key factors in patient evaluation.

History
Upper urinary tract obstruction can manifest as flank
pain, and/or referred pain to groin. Nausea and vomiting
are also common and usually occur when obstruction is
acute. Lower urinary tract obstruction (bladder, urethra)
can manifest as voiding dysfunction such as urgency,
frequency, nocturia, incontinence, decreased stream, hesitancy, postvoid dribbling, and a sensation of inadequate
emptying. Suprapubic pain or a palpable bladder indicates
urinary retention. Infection may be present, and patients
may experience dysuria. Hematuria may be present with
or without infection.

Physical Examination
Digital rectal examination can reveal prostatic enlargement, decreased rectal tone, or prostatitis. Urethral stricture often requires cystoscopy for diagnosis. Meatal
stenosis is usually apparent on physical examination.
Patients with urethral stricture may report a history of
trauma, instrumentation, or sexually transmitted disease.
They may also experience a split urinary stream. In
women, the presence of uterine or bladder prolapse can
be visualized on a pelvic examination. A urethral diverticulum can also be palpated on pelvic examination.

Laboratory Investigation
Plain KUB for radio-opaque stones and renal ultrasonography (CT scan if needed) for diagnosed hydronephrosis
are important diagnostic tests for urinary tract
obstruction.

In a patient who has true volume depletion, the diagnosis
of prerenal azotemia is usually not difficult. Intravascular
volume depletion may be manifested by hypotension,
orthostatic hypotension, flat neck veins, poor skin turgor,
and dry oral mucosa. Urine sediment is without casts or
cellular elements, and the urine is concentrated (specific
gravity >1.015; urine osmolality >350 mOsm/kg) with
a low urine sodium concentration (<20 mmol/L). The
fractional excretion of sodium (FENa), is usually <1%.
FENa ¼

½ðurine sodium x plasma creatinineÞ=
ðplasma sodium x urine creatinineÞ  100

However, none of the above indices have sufficient
sensitivity or specificity to be used as definitive tests for
prerenal azotemia. Moreover, the concomitant use of
diuretics may decrease the utility of urine sodium measurements. In the setting of diuretic use, the fractional
excretion of urea (FE urea) has been advocated as an
alternative to FENa. In patients who have prerenal azotemia, the fractional excretion of urea is usually less than
35%, compared with normal values of more than 60%
(Table 2) [2]. Unfortunately FEurea has only marginally
better test characteristics compared to FENa. Finally, all
any of these tests provide is a measure of intact tubular
function. If tubular function is intact, it does not rule out
the presence of intrinsic AKI in a variety of settings (e.g.,
sepsis, rhabdomyolysis) and if tubular function is
disrupted it does not preclude concomitant volume depletion or low renal perfusion. A more useful paradigm may
be the concept of volume responsive AKI in which AKI can

AKD/AKI, Approach to the Patient with. Table 2 Interpretation fractional excretion of sodium (FE Na)
1. FE Na <1%
– Prerenal azotemia
– Severe renal vasoconstriction: hepatorenal syndrome,
NSAIDs, Disease of afferent arteriole (TTP, scleroderma),
sepsis, early phase of myoglobinuric renal failure,
radiocontrast induced nephropathy
– Early obstructive uropathy
2. FE Na >2%
– Acute tubular necrosis
– Non-reabsorbable anion: bicarbonate, glucose, mannitol
– Mineralocorticoid deficiency

Step 4: Exclude Reversible Prerenal Causes
of AKI

– Late obstructive uropathy

After excluding obstruction, the next step is the differentiation between volume responsive and unresponsive AKI.

– Diuretic use

– Chronic kidney disease

AKI in the Newborn

be attenuated by volume resuscitation vs. established AKI
that is no longer helped by fluid. Indeed the continued
administration of fluid a patient with volume unresponsive
AKI can only cause harm.

Step 5: Investigate the Specific Cause of AKI
To differentiate between the various causes of AKI requires
a careful clinical history and physical examination. Urine
microscopy also may provide useful clues to diagnosis.
The presence of dysmorphic RBCs, and RBC casts are
strongly suggestive AGN. The presence of WBC casts and
eosinophiluria suggests the diagnosis of AIN. When the
diagnosis remains uncertain, especially if there is suspicion of AGN or AIN, a kidney biopsy may be needed.
Prerenal causes of AKI including volume depletion,
cardiorenal and hepatorenal syndromes, and renal vascular disease are all treated very differently and should be
distinguished.
In summary, AKI is a commonly encountered syndrome in the hospital, especially the ICU. The diagnosis of the specific cause of AKI is stilled based on
careful attention to patient history, thorough physical
examination, aided by urinary microscopy and urinary
indices.
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Synonyms
Acute renal failure of the newborn; Neonatal acute kidney
injury; Neonatal acute renal failure

Definition
Although guidelines have been developed and validated
for defining acute kidney injury (AKI) in adults and children, no such criteria have been established for the neonatal population. Defining AKI in the newborn is complex
and requires consideration of normal renal maturation as
well as maternal creatinine. Typically AKI is diagnosed by
an elevated serum creatinine (SCr), decreased glomerular
filtration rate (GFR), and/or a reduction in the kidney’s
ability to regulate salt and water homeostasis. In 2004,
a working definition of AKI, called RIFLE (risk, injury,
failure, and loss and end stage renal disease) was developed and implemented for adults (www.ADQI.net)
(Table 1). A modified pediatric RIFLE classification was
proposed in 2007, which accounts for lower baseline
SCr levels in children (Table 1). A second working definition of AKI was proposed by the Acute Kidney Injury
Network (AKIN), a collaborative group of investigators

AKI in the Newborn. Table 1 Working RIFLE (risk, injury, failure, and loss and end stage renal disease) definitions for acute kidney
injury (AKI) classifications in adults and children (Adapted from Askenazi, et al. 2009)
RIFLE

Ped RIFLE

Class

Serum Cr or GFR

Class

eCrCl

Risk

SCr increase by 150%
OR
GFR decreased by 25%

Risk

CrCl decreased by 25% <0.5 mL/kg/h  8 h

Injury

SCr increase by 200%
OR
GFR decreased by 50%

Injury

eCrCl decreased by
50%

Fail

SCr increase by 300% or Fail
is >4.0mg/dL
OR
GFR decreased by 75%

Urine output

<0.5mL/kg/h  16 h

eCrCl decreased by
<0.3 mL/kg/h  24 h or
75% or <35 mL/min per anuric for 12 h
1.73 m2 BSA

Loss

Failure >4 weeks

Loss

Failure >4 weeks

ESRD

Failure >3 months

ESRD

Failure >3 months
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from all major critical care and nephrology societies. To
date, there is no specific classification system to define
AKI in neonates due to the complexity of the maturing
kidney [1].
Using adult/pediatric AKI classifications for neonates
(birth to 28 days post birth) is problematic for many
reasons. Newborn kidney function is considerably different than that of a mature adult kidney in both glomerular
and tubular functions. Nephrogenesis is not complete
until approximately 34–36 weeks gestation, and thereafter,
renal function gradually matures to adult function. At
birth, GFR is very low and urine flow rates less than
1 mL/kg/h may initially be appropriate and not harmful.
In fact, initial voiding might be delayed until 24 h of
life in some normal term infants. Furthermore, nearly
half of the cases of neonatal AKI are nonoliguric in
nature. Serum creatinine (SCr) levels are initially
a reflection of maternal levels and thereafter vary based
on muscle mass, hydration status, chronological age, and
gestational age (GA). Also, medications and bilirubin
may effect SCr measurements if performed by the Jaffe’s
reaction instead of other enzymatic analyses. Newborns
undergo a 10–15% postnatal loss of extracellular water
accompanied by sodium loss. This sodium loss is more
pronounced in premature infants who have immature
tubules. Additionally, in premature infants SCr is
even higher than term infants due to a physiologically
normal but relatively low GFR and increased tubular
reabsorption of creatinine across leaky tubules. Therefore, initially after birth, elevated SCr, low GFR/urine
output, or impairment in concentrating ability of the
neonatal kidney are not necessarily of clinical significance in all but the most extreme circumstances. However, SCr levels and urine output that do not normalize
with kidney maturation are indicative of renal injury.
Normal kidney maturation must be understood and
accounted for so adjustments for age and prematurity
can be considered while determining a renal injury state
in an infant [1].

Physiology
Two major physiologic processes concurrently active in
the maturing kidney include adapting glomerular and
tubular functions. Normative data have now been
reported for infants of different gestational ages. Glomerular function can best be assessed by serial measurements
of serum creatinine (SCr) and creatinine clearance (CrCl),
while tubular function is estimated by fractional excretion
of sodium (FeNa). Both progress as the kidney matures
from neonatal function to adult function [2].

Glomerular Physiology
Normal glomerular function progresses in direct correlation with postnatal age but gestational age is the key factor
determining rate of maturation. After birth, the immature
kidney must rapidly increase filtration despite minimal
renal blood flow due to a relatively low mean arterial
blood pressure and high intrarenal vascular resistance.
Additionally, mean arterial blood pressure correlates
with gestational age. Therefore, as expected, preterm
infants with lower renal blood flow and more immature
kidneys have a lower CrCl than term infants and it takes
a longer time to attain adult glomerular function. GFR
(mL/min  1.73 m2) may be as low as 10 in the 28-week
preterm infant during the first week of life whereas it can
be double that in a term (40 weeks) infant over the same
period. Serum creatinine at birth, in infants of all gestational ages, is a reflection of the mother’s SCr level and is
a poor marker of kidney function in the neonate. SCr may
increase over the first 36–96 h of life then gradually
decrease as postnatal mean blood pressure increases and
renal vascular resistance falls particularly in preterm
infants [2]. In term infants, SCr reaches a stable average
neonatal level of 0.4 mg/dL by 1–2 weeks of age. However
in preterm infants, SCr may continue to increase to
a peak at 4 days of age and then decline to stable values
by 3–8 weeks of life. Overall, glomerular function, as
measured by CrCl and SCr, increases progressively in all
neonates and the rate of increase correlates positively to
the gestational age. See Table 2 for further information on
GFR in healthy preterm infants. Anoxia, sepsis, acidosis,
or exposure to nephrotoxic medications further decrease
renal perfusion and may adversely affect the immature
neonatal glomerular function leading to AKI [3].

Tubular Physiology
The second important physiologic process in the maturing
kidney is tubular function. Tubular function, as measured
by fractional excretion of sodium (FeNa), progressively
improves with postnatal age from initial values that
correlate to gestational age [2]. Infants may need this
increased sodium loss to maintain sodium balance until
extracellular fluid reduction, which is normal after birth,
is complete. Premature infants have a higher FeNa at birth,
up to 5% compared to 1% in adults and 3% in term
infants. Additionally, preterm infants have a slower rate
of tubular maturation [3]. This may be protective for the
development of hypernatremia initially but ultimately
accounts for a higher sodium requirement among very
premature infants after the first week of age. A positive
sodium balance in the neonate is a prerequisite for growth
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AKI in the Newborn. Table 2 The evolution of glomerulofiltration rate in preterm infants as renal development occurs
ex utero (Adapted from Askenazi, et al. 2009)
Age

Inulin clearance/GFR
(mL/min/1.73 m2)

Preterm infants
1–3 days

14.0

5

1–7 days

18.7

5.5

4–8 days

44.3

9.3

3–13 days

47.8

10.7

1.5–4 months

67.4

16.6

1–3 days

20.8

5.0

4–14 days

36.8

7.2

1–3 months

85.3

35.1

4–6 months

87.4

22.3

7–12 months

96.2

12.2

105.2

17.3

Term infants

1–2 years

and development, and at postnatal weeks 4–6, there is avid
incorporation of sodium into the tissues, which exaggerates the late hyponatremia often seen in premature infants.
For these reasons, serum sodium levels and FeNa alone
cannot be used as a marker for AKI.
At this time, the best way to define AKI in the neonate
is to consider the developmental phases that infants go
through and the immediate post-uterine environment
while evaluating traditional clinical and laboratory
markers of renal function in an infant. Several clinical
studies in at-risk neonatal populations further define neonatal AKI based on plasma creatinine concentrations that
increase or remain consistently elevated after their presumed maternal influence has subsided. Practically speaking, spot creatinine values are not as valuable as serial
measurements. Additionally, SCr is a late marker of kidney
function and levels may not change until 25–50% of
kidney function has already been lost. Multiple studies
on the use of novel urine and serum biomarkers to identify
kidney injury early in the course of illness are ongoing and
very promising. In the near future, levels of neutrophil
gelatinase-associated lipocalin (NGAL), interleukin-18
(IL-18), or kidney injury molecule-1 (KIM-1) may be
utilized to identify AKI hours after an insult, allowing
intervention early in the process [1]. Unfortunately,
these biomarkers are not readily available or standardized
for the neonate at this time. Therefore, clinically based
criteria in addition to knowledge about maturational

A

changes of the kidney should be used to identify AKI in
the newborn.

Treatment
The primary focus of management of AKI in the newborn
should be directed at the initiating event. Precisely defining
and addressing the factors leading up to AKI may lead to
a rapid reversal of kidney dysfunction in neonatal patients
with prerenal causes. Prerenal factors such as hypotension,
hypovolemia, hypoxia, and acidosis should be rapidly
corrected. The acuity of correction is guided by the degree
of cardiovascular instability and the presence or absence of
shock. Adequate ventilation and hydration are essential for
proper management of AKI in this period. It is imperative
to realize that insensible water losses in the term infant and
very low birth weight infants can be significant in the first
week of life and congenital abdominal wall or spinal defects
may exacerbate this. Minimizing insensible loss is beneficial. When indicated, treatment of sepsis, heart failure or
adrenal crisis is essential. Fluid deficits should be initially
corrected with 20 mL/kg of isotonic saline solution in
a goal-directed fashion. Subsequent fluid challenges are
based on initial response in terms of restoring effective
circulating volume and blood pressure as well as renal
response in the form of urine output. If indicated and
tolerated, the use of IV thiazide and furosemide as well as
maintenance of oncotic intravascular pressure (with albumin) may reestablish urine output. If subsequent diuresis is
not noted in the next few hours, other causes of intrinsic
AKI must be suspected and evaluated [4]. In the hypotensive infant with prerenal AKI that is not responsive to fluid
resuscitation, dopamine administration (followed by
additional vasopressors as needed) may support blood
pressure by improving renal blood flow. Treatment of
obstructive AKI involves assuring adequate drainage of
the urinary tract. Bladder catheterization is imperative in
infants with bladder outlet obstruction including posterior urethral valves and neurogenic bladder. Intrinsic AKI
should also aim at eliminating inciting causes especially
nephrotoxic drugs when possible.
Complications associated with AKI may include acidosis, hyperkalemia, hypocalcemia, and hyponatremia.
Each of these complications must be addressed in order
to provide adequate restoration of internal homeostasis.
Volume and fluid overload has been associated with
increased mortality and should also be addressed. Patients
with anasarca have a reduction of tissue perfusion, and
even if they are making urine, their kidneys are unable to
maintain fluid and solute removal adequately enough to
maintain nominal fluid balance. This is a form of AKI and
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aggressive therapy in order to promote diuresis and reduce
fluid overload is indicated in such patients.

Renal Replacement Therapy in the Neonatal
Acute Kidney Injury Patient
Neonates with AKI, like other children, may require the
utilization of renal replacement therapy as a bridge until
renal injury improves. This may also be utilized for longerterm therapy if the acute injury progresses to chronic renal
insufficiency or end stage renal disease. Renal replacement
therapy (RRT) includes peritoneal dialysis, hemodialysis,
or hemofiltration.
Peritoneal dialysis has been a preferred modality for
infants. As a general rule, it is easy to perform and does not
require anticoagulation. Low volume peritoneal dialysis
(5–10 mL/kg) through a Tenckhoff catheter generally has
minimal impact on the hemodynamic status of the neonate and provides effective control of uremia, fluid,
and solute exchange. Disadvantages include slower correction of metabolic parameters and increased risk of
peritonitis. Recent abdominal surgery, ostomies, massive
organomegaly, or intra-abdominal masses are contraindications to peritoneal dialysis. Long-term peritoneal dialysis has been effectively used in very low birth weight
infants [5].
When peritoneal dialysis is not an option, clinicians
may opt for hemodialysis. However, this can place the
infants, particularly critically ill ones, at significant risk for
hypotension due to large extracorporeal blood volume
shifts. Because of this, the utilization of continuous renal
replacement therapy has become increasingly popular. In
both cases, vascular access and anticoagulation are required.
Continuous venovenous hemofiltration (CVVH), continuous venovenous hemodialysis (CVVHD), or continuous
venovenous hemodiafiltration (CVVH-DF) provide optimal fluid removal without rapid shifts in hemodynamics or
solutes. These treatment approaches seem to be reasonably
tolerated in infants who are critically ill [5]. It should be
noted that these therapies may be technically challenging
and although improvement in outcomes have been realized in the past few years the mortality rate remains
significant. Ultimately, choice of RRT is based on patient
characteristics, physician choice, institutional experience,
and equipment availability.

Evaluation/Assessment
Once AKI is suspected, finding the primary etiology is
important for further classification and treatment of the
disease. There are three major classes of AKI: prerenal,
intrinsic, and obstructive AKI. Table 3 defines the more
common causes of these diseases.

Prerenal AKI
Prerenal failure is the most common cause of AKI in the
neonatal intensive care unit (NICU). In the immediate
period after birth, mean arterial blood pressure is low,
leading to a low GFR. Additional stresses from systemic
hypotension, hypovolemia, hypoxia, or acidosis lead to
inadequate perfusion and prerenal AKI. These can be
seen from perinatal asphyxia, blood loss, sepsis, cardiac
anomalies, UAC thrombosis, or abdominal compartment
syndrome from closure of abdominal wall defects for
instance. Although an elevated FeNa is typically used to
differentiate prerenal from intrinsic causes of AKI in children and adults, high sodium losses in the immature
kidney make this more challenging. Normal FeNa at
29–30 weeks gestational age (GA) is 6% and infants over
31 weeks GA is 3%. Additionally, infants less than 32
weeks GA have very elevated FeNa in the first 5 days of
age. A FeNa less than 3% in a term infant may indicate
prerenal AKI but this must be adjusted for preterm
infants, especially in the first few days of life. FeNa more
than 3% in a term infant is more suggestive of intrinsic
AKI [4]. In prerenal AKI, restoring renal perfusion early in
the course of disease may lead to resolution without renal
sequelae. Further insult from medications that inhibit the
kidney’s ability to compensate during this time of
hypoperfusion can lead to acute tubular necrosis and
intrinsic renal damage.

Intrinsic and Postrenal AKI
Other types of AKI in the neonate include intrinsic or
obstructive causes. Intrinsic AKI implies damage or congenital dysfunction of the kidney itself, whereas obstructive AKI is postrenal and caused by abnormalities in the
drainage system of the urinary tract. Ultrasonography is
noninvasive, inexpensive, and a simple measure that is
mandatory in assessing AKI in the neonate. It is very
helpful in diagnosing obstructive nephropathy. If indicated by ultrasound, obstructive AKI should urgently be
treated with catheterization or other measures to relieve
obstruction and prevent further renal damage. Intrinsic
AKI should be considered if FeNa is high as described
above and there is no other immediately treatable causes
identified by renal ultrasound [4]. Drugs commonly used
in the NICU can interfere with the kidney’s intrinsic
ability to compensate for poor perfusion or be directly
toxic to the kidney. Common insulting agents include
indomethacin, theophylline, aminoglycosides, vancomycin or amphotericin B, and dosage adjustments or alternative therapy should be considered in infants with AKI.
In any infant with AKI monitoring, clinical and laboratory tests during the course are essential. Effective
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Prerenal AKI

Intrinsic AKI

Obstructive AKI

Decreased intravascular volume
–Twin–twin or fetal–maternal transfusion
–Perinatal hemorrhage/placental abruption
–Placental insufficiency, i.e., severe oligohydramnios,
IUGR
–Hemolytic disease
–Dehydration
–Increased insensible water loss, i.e., ELBW, GI losses,
gastroschisis/omphalocele, Diabetes insipidus

Kidney disease
–Acute tubular necrosis, i.e.,
hypoxia/ischemia, drugs, IV
contrast or endogenous toxins
(rhabdomyolysis)
–Interstitial nephritis, i.e., drug
induced or idiopathic
–Polycystic kidney disease
–Renal dysplasia or hypoplasia
–Renal agenesis
–Renal tubular dysgenesis
–Congenital nephrotic syndrome

Obstructive uropathies
–Ureteropelvic junction
obstruction
–Severe vesicoureteral reflux
–Posterior urethral valves
–Bladder outlet obstruction or
neurogenic bladder dysfunction

Shock, hypotension, acidosis, or hypoxemia
–Perinatal asphyxia
–RDS/PPHN
–Sepsis
–Necrotizing enterocolitis
–DIC
–Cardiac tamponade/CHF
–ECMO or cardiopulmonary bypass
–Adrenal insufficiency

Nephrotoxic Drugs
–ACE inhibitors
–Aminoglycosides
–Amphotericin B
–Antiepileptics
–Indomethacin/NSAIDs
–Theophylline

Renal artery obstruction
–Vascular thrombosis
–Umbilical catheters
–Abdominal compartment syndrome, i.e., closure of
congenital abdominal wall defects

circulating volume should be assessed by following vital
signs, physical exam, urine output, central venous pressure, and renal perfusion monitoring (with near infrared
spectroscopy). Serial SCr, blood urea nitrogen (BUN),
electrolytes, blood gas, and FeNa levels should be followed
in the initial stages of neonatal AKI. Additionally,
a complete blood count including platelets, urinalysis,
calcium, phosphorous, and magnesium should also be
considered in AKI that does not resolve with initial interventions. Renal ultrasound should be performed for all
infants with AKI to rule out obstructive nephropathy.

After-care
At the present time, recommendations for aftercare are
unclear because the long-term outcomes secondary to
neonatal AKI are not well defined. However, many clinicians are now developing AKI follow-up clinics in order to
monitor such patients and provide early therapy should
chronic kidney disease (CKD) develop. There is certainly
mounting evidence that damage to the developing
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nephron mass in the neonatal or perinatal period can
lead to the development of subsequent chronic kidney
disease. Late onset development of CKD typically manifests as proteinuria and hypertension followed by an elevated Blood Urea Nitrogen (BUN) and SCr [5]. The
economic impact of this remains to be determined. It is
likely higher than recognized and increasing with the
increasing numbers of surviving premature infants. Newborns with AKI need lifelong monitoring of their renal
function, blood pressure, and urinalysis.

Prognosis Epidemiology and Outcomes
Determining the exact incidence and outcome of infants
with AKI is also limited by the difficulty defining AKI and
separating out comorbidities. Unfortunately, most available data are based on small, single-center studies that
usually focus on a subset of the neonatal population.
Published studies estimate the incidence of AKI in critically ill neonates is between 8% and 24%. It is certainly
higher in at-risk categories. Infants with severe asphyxia
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have a 66% occurrence rate of AKI, and 56% of infants
with a 5-min APGAR score of 6 have AKI. In one
prospective study, term infants with sepsis had a 26%
incidence of AKI [1].
At present, studies suggest that infants with AKI have
a higher mortality rate both during and after hospitalization. Prognosis of neonatal AKI is highly dependent on
the underlying etiology. Infants with nonoliguric AKI
had excellent survival rates, but infants with oliguric or
anuric AKI had a mortality rate range of 25–78%. Cause
of death was seldom solely from renal disease but more
often from comorbidities [4]. At present, patients who
require the use of renal replacement therapy have a significant risk of mortality in the first year of life. Infants receiving
prolonged RRT for kidney damage alone have approximately 50% increase in mortality in the first year of life.
If patients have associated comorbidities including lung
disease, cardiac disease, or other, their mortality rate rises
logarithmically. Overlapping factors associated with high
mortality include multiorgan failure, hypotension, hemodynamic instability, or the need for pressors, mechanical
ventilation, or dialysis.
In addition to an increase in mortality, infants with
AKI have other short-term morbidities. It should be evident that fluid and electrolyte disturbance and worsening
renal disease can occur. New evidence also suggests that
a systemic inflammatory response may occur, worsening
other neonatal disease states. Infants with lung disease
have an increased propensity for worsening respiratory
status if they develop AKI. Not only can oliguric AKI
lead to pulmonary edema secondary to volume overload,
but it may also increase serum levels of neutrophil counts,
cytokines, and free radical levels that may be associated
with increased inflammation in the lung [1].
Neonatal AKI may also lead to progressive renal injury
and CKD. Although most infants with prerenal AKI rarely
have long-term renal insufficiency, 88% of infants with congenital uropathies and AKI develop CKD [4]. Furthermore,
over 50% of children have at least one sign of CKD, 3–
5 years after the initial event [1]. As the definition of
neonatal AKI evolves, more outcome studies will be
important to further understand the epidemiology of kidney injury.
With the advent of improved biomarkers for defining
neonatal AKI such as NGAL, IL-18, and KIM-1, improved
diagnosis should develop over the next several years. These
novel biomarkers should help clinicians employ therapeutic interventions earlier in the course of AKI, when reversal
without sequelae is more likely. Additionally, understanding epidemiology and outcomes will ensue. Long-term
studies are required in order to fully appreciate the

prognostic significance of neonatal AKI and its impact
on resource management and health care costs.
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Synonyms
Acute kidney disease; Acute renal failure; Acute tubular
necrosis (ATN)

Terminology
Acute kidney injury (AKI) is a common clinical syndrome
defined as a sudden onset of reduced kidney function
resulting in the retention of nitrogenous waste products,
dysregulation of extracellular volume and electrolytes.
However, before 2004, this clinical syndrome lacked uniform terminology and definitions. This state of varying
definitions gave rise to wide range of incidence estimates
for acute renal failure from 1% to 25% of ICU patients and
lead to mortality rate estimates from 15% to 60%. Evidence from recent studies has demonstrated that even
minimal increases in serum creatinine are associated
with a dramatic impact on the risk for mortality. For this
reason, the term acute renal failure, which was first introduced by Homer W. Smith in 1951 in a chapter of his
textbook “The kidney-structure and function in health
and disease” was replaced by that of acute kidney injury
(AKI), as defined by RIFLE criteria and AKI staging (see
below). Importantly, AKI is not synonymous with acute
renal failure, but rather incorporates the entire spectrum
of the syndrome from minor changes in renal function to
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Increased creatinine × 1.5
(Or Increase creatine of
≥0.3 mg/dl)

UO < .5 ml/kg/h
×6h

Increased creatinine ×2

UO < .5 ml/kg/h
× 12 h

Injury

Failure

Increased creatinine ×3
of creatinine ≥4 mg/dI
(Acute rise of ≥0.5 mg/dl)

Loss
ESKD

UO < .3 ml/kg/h
× 24 h or
Anuria × 12 h

ria

Risk

Urine Output Criteria

Oligu

sCreat Criteriaa

A

Persistent AKI = complete loss of renal
function > 4 weeks
End stage kindey disease

AKI, Concept of. Figure 1 Demonstration of the RIFLE criteria for AKI (used With Permission [1]). sCreat = serum creatinine
concentration; UO = urine output; GFR = glomerular filtration rate; ARF = acute renal failure. aAll serum creatinine references are
based on changes from baseline values. The Risk criteria includes the modifications recommended by AKIN [2]

requirement for renal replacement therapy. Figure 1 summarizes the historical milestone of AKI.

RIFLE and AKIN Staging
In 2004, the Acute Dialysis Quality Initiative (ADQI)
group developed the RIFLE system through a broad consensus of the experts [1]. The aim of this classification was
to standardize the definition of AKI. The characteristics of
this system are summarized in Fig. 1. The acronym RIFLE
stands for the increasing severity classes Risk, Injury, and
Failure, and the two outcome classes Loss and End-Stage
Kidney Disease. The three severity grades are defined on
the basis of the changes in serum creatinine or urine
output where the worst of each criterion is used. Also,
two outcome criteria (Loss and End-Stage Kidney Disease), are defined by the duration of loss of kidney function, 4 weeks and 3 months, respectively. As of early 2010,
RIFLE has been validated in more than 550,000 patients
around the world, and the original article describing these
criteria has been accessed more than 150,000 times.
In 2007, the AKI network (AKIN), a multidisciplinary,
international group proposed some small modifications
to the RIFLE criteria [2]. These modifications can be
summarized as follows (Fig. 1): (a) broadening of the
“Risk” category of RIFLE to include an increase in serum
creatinine of at least 0.3 mg/dl even if this does not reach
the 50% threshold, (b) setting a 48 h window on the

documentation of AKI using the 0.3 mg/dl cutoff, and
(c) categorizing patients as “Failure” if they are treated
with renal replacement therapy regardless of what their
serum creatinine or urine output is at the point of initiation. AKIN also proposed that stages 1, 2, and 3 be used
instead of R, I, and F. These differences between ADQIRIFLE and AKIN Stages might therefore appear quite
modest, but indeed, that was precisely the intent. Figure 2
shows a conceptual model of AKI developed by AKIN for
the purpose of furthering research in this field.

How to Classify RIFLE Criteria and AKIN
Staging
Figure 3 summarizes a series of case examples of how to
classify RIFLE criteria. Case 1 is an example of how the
AKIN modification can provide for earlier recognition of
AKI (D3 versus D5). Furthermore, had creatinine peaked
at 1.4, the case would have been “missed” by the original
RIFLE threshold of 50%. However, application of the
AKIN criteria requires that creatinine be measured. If for
example, creatinine was not measured on D1 or D2, the
diagnosis of AKI could not be made until D6. Therefore
when data are limited, using a baseline creatinine allows
for the diagnosis of AKI earlier. By contrast, case 2 would
have been diagnosed and classified the same according to
either set of criteria. Case 3 is another example of the
limitation of the AKIN criteria. If we restrict to a 48-h
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Complications

AKI
Normal

Increased
risk

Damage

Kidney
failure

↓GFR

Death

Antecedents
Intermediate
AKI Stage
Outcomes

AKI, Concept of. Figure 2 Acute Kidney Injury conceptual model developed by AKIN (the Acute Kidney Injury Network) at the
Vancouver Summit 2006 (www.akinet.org)

Admission day

Pt No.

sCr D1

sCr D2

sCr D3

sCr D4

sCr D5

sCr D6

sCr D7

Comments

1

1.0

1.1

1.3

1.4

1.5

2.1

1.5

- AKI is reached on D3 (by
AKIN) and Max stage = 2 on
D6 (2x compared to baseline)

2

1.0

1.1

1.1

1.3

1.5

1.4

1.2

-AKI is reached on D5 (both
methods) and Max stage = 1

3

1.0

1.1

1.2

1.3

1.4

1.5

1.6

-AKI is reached on D6 (by
RIFLE) and Max stage = 1 on
D6 (<2x compared to
baseline)

4

1.0

1.1

1.3

1.4

1.5

2.5

2.0

-AKI is reached on D3 (by
AKIN) and Stage 3 is reached
on D6 (start of RRT)

1.0

-AKI is reached on D1 (by
RIFLE compared to a known
or estimated baseline). Stage 2
is already present on D1. Note
that baseline of 1.0 is also
confirmed at D6

and start
RRT

5

2.0

1.8

1.6

1.5

1.3

1.0

In these examples, all patients have baseline serum creatinine = 1.0 mg/dl

AKI, Concept of. Figure 3 Classification of AKI patients by RIFLE criteria and AKIN staging

time window rule, we cannot diagnose AKI by serum
creatinine because within no 48-h time window did the
serum creatinine increase by 0.3 mg/dl or more, even
though the serum creatinine increased more than 50%
from baseline. ADQI also included Glomerular filtration
rate (GFR) in the original RIFLE criteria but with the
understanding that it would only be used as a rough
“guide” since few patients will have GFR measured and

a non-steady-state GFR is of limited value in any case. GFR
was therefore eliminated in the AKIN modification. Case 4
is the example of using RRT criteria regardless of serum
creatinine to classify AKIN staging. Finally, case 5 shows
a case of community-acquired AKI where the peak creatinine occurs at (or prior to admission). Here the patient
can be diagnosed with AKI if the baseline of 1.0 mg/dl is
known or estimated (e.g., using MDRD equation). Note
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that even if a baseline is unavailable, the creatinine of
1.0 on D6 and after, confirms that this is (was) a case
of AKI.
Thus, subtle but important differences between AKIN
and RIFLE criteria emerge when applied across patients.
However, there are several caveats. First, the urine output
criteria is the same for both AKIN and RIFLE and many
patients will be diagnosed by this criterion before creatinine changes manifest. Second, in clinical practice, as
opposed to retrospective database studies, clinicians are
free to obtain additional and more frequent measures of
creatinine. Indeed, for high risk patients, measuring creatinine every 12 or even every 8 h might be appropriate. It
should also be stressed that quantifying and recording
urine output is an extremely important and underutilized
biomarker of AKI.
Another recommendation from ADQI was how to
handle the absence of a baseline serum creatinine. The
ADQI group recommended using the MDRD equation
to back-estimate a baseline serum creatinine using a low
normal value for GFR (75 ml/min/m2). This approach was
first operationalized by Hoste et al. who used the lowest of
the following as the baseline when no baseline was available: hospital admission creatinine; ICU admission creatinine; MDRD estimated creatinine [3]. By using the lowest
of these three, the authors ensured that a subject admitted
with a low creatinine would have that information
included (and thus a higher maximum RIFLE class if the
creatinine increased) while a subject admitted with a high
creatinine and no history of CKD would be classified
based on a change from a theoretical baseline estimated
from MDRD.
AKI, as defined by the RIFLE criteria and AKIN staging, is now recognized as an important ICU syndrome
along side other ICU syndromes such as ALI/ARDS consensus criteria and the consensus definitions for SIRS/
sepsis/severe sepsis and septic shock.
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Synonyms
Acute kidney dysfunction; Acute kidney failure; Acute
kidney insufficiency; Acute renal dysfunction; Acute
renal failure; Acute renal injury; Acute renal insufficiency

Definition
Acute renal failure (ARF) was in the past the general term
for the condition described now as acute kidney injury
(AKI). At present, it is used by some authors to define AKI
patients who are treated with renal replacement therapy
(RRT), in other words, the most severe stage of AKI.
AKI is defined by a generic definition as an abrupt and
sustained decrease in renal function resulting in retention
of nitrogenous (urea and creatinine) and nonnitrogenous
waste products [1]. Although this definition adequately
describes the condition of AKI, it leaves much room for
interpretation. What is the exact definition for the crucial
words abrupt, sustained, and decrease of renal function?
A more precise and practical definition for AKI is offered
by the Risk Injury Failure Loss and End stage renal disease
(RIFLE) classification for AKI (Table 1) [2]. This classification defines three increasing severity grades of AKI (R, I,
and F) based upon an increase of serum creatinine or
a decrease of urine output. It also consists of two outcome
stages (L and E). This classification is increasingly used in
clinical studies since its publication. The RIFLE classification
was adopted in a modified form by the Acute Kidney Injury
Network (AKIN), a consortium that units all major international critical care and nephrological societies, as the AKI
diagnostic and classification system [3]. The modifications
that were introduced were considered details and not
essential for the RIFLE classification system. The first
modification was renaming of the three severity grades
R, I, and F, into stage 1, 2, and 3. This renaming is done
for consistency with the staging system for chronic kidney
disease. Second, AKI patients who were treated with RRT
were classified as stage 3, as they obviously represent the
most severe form of AKI, irrespective of serum creatinine
increase or duration of oliguria. Third, in RIFLE the
change of serum creatinine was defined relative to
a baseline creatinine. In the AKI system, AKI is defined
on a documented increase of serum creatinine during
a 48-h period. The 48-h time frame was introduced to
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AKI, Epidemiology of. Table 1 Acute kidney injury (AKI)
defined by the risk injury failure loss and end stage renal
disease (RIFLE) classification and the modifications by the
acute kidney injury diagnostic and classification system
Urine output
Creatinine criteria criteria
Risk or stage 1

↑  0.3 mg/dL or <0.5 mL/kg for 6 h
150% and
<200% compared
to baseline

Injury or stage 2

200% and
<0.5 mL/kg
<300% compared for 12 h
to baseline

Failure or stage 3 300%, or
> 4.0 mg/dL and
increase
> 0.5 mg/dL

<0.3 mL/kg for 24
h or anuria for 12 h

RRT

exclude clinically less significant periods of prerenal azotemia. Fourth, an absolute increase of serum creatinine of
0.3 mg/dL or greater was also defined as AKI stage 1. This
is based upon literature that small absolute increases of
serum creatinine also have important implications to outcome [4, 5].
Data on the epidemiology of AKI according to the AKI
diagnostic and staging system is still limited. Initial studies
confirmed that these modifications were not essentially
changing the strength of the RIFLE classification [6–8].
However, a more recent study demonstrates that there are
important differences in the populations described by
both definitions of AKI [9].

organ systems, i.e., decreased kidney perfusion (prerenal
disease) and diseases leading to obstruction of the urine
outflow tract (postrenal). When postrenal and prenal disease status exist for longer periods, this may lead to acute
tubular necrosis, one of the causes of intrinsic AKI.
Prerenal and renal causes of AKI are most common in
ICU patients, accounting for over 95% of AKI cases.
Common causes that may lead to decreased arterial
perfusion of the kidney and prerenal AKI in ICU patients
are all types of shock, decompensated congestive heart
failure, liver cirrhosis, and medication induced decreased
glomerular perfusion such as after administration of nonsteroidal anti-inflammatory drugs, and angiotensinconverting enzyme inhibitors. Postrenal failure may be
caused by, e.g., prostate hypertrophy, or by tumor masses
obstructing the ureters. Intrinsic renal failure can be the
consequence of disease of the renal vasculature (e.g.,
vasculitis in systemic disease), glomeruli (acute glomerulonephritis), interstitial cells (acute interstitial nephritis,
secondary to, e.g., betalactam antibiotics), or the tubules
(acute tubular necrosis secondary to toxins agents such as
aminoglycosides, or ischemic secondary to prolonged
periods of prerenal failure).

Community and Hospital Acquired
In parallel to infectious disease states, one can also classify
AKI as community acquired, and nosocomial, either
hospital acquired or ICU acquired [10, 11]. Nosocomial
AKI is more often caused by multiple factors and multiple
insults and occurs in patients with multiple organ dysfunction syndrome. An example may be a patient with
abdominal infection who develops septic shock,
undergoes surgery, and is treated with nephrotoxic
aminoglycosides. Ten days after the initial insult, the
patient has recurrent fever and undergoes a contrast
enhanced CT scan to rule out an abdominal abscess.

Characteristics
Epidemiology
Classification of AKI
On Etiology
AKI is typically a multifactorial disease. Intensive care
unit (ICU) patients typically develop this disease as
a consequence of several factors, and several insults. AKI
is also a heterogeneous disease; there are several possible
underlying disease states that may lead to the clinical
syndrome of AKI. AKI is classically classified according
to the underlying etiology of AKI as prerenal, intrinsic
renal, and postrenal. According to this classification,
only intrinsic AKI is true kidney disease, and prerenal
and postrenal AKI are a consequence of disease in other

The incidence rate of AKI depends on the definition and
the characteristics of the population taken for study. The
population incidence of AKI defined by the RIFLE classification has been estimated in a Scottish region as 2,147
patients per million inhabitants per year (pmp/year) [12].
In ICU settings, the incidence of AKI defined by the RIFLE
classification varies between 10% in ICU’s with patients
with low severity grade and 67%, in a US tertiary care
referral center specialized in organ transplantation [13,
14]. In a general ICU, the incidence is probably between
35% and 50% [6, 9, 15, 16].
When AKI is defined as treatment with RRT (AKIRRT), the population incidence varies between 80 and
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270 pmp/year, comparable to the incidence of acute lung
injury/acute respiratory distress syndrome (ARDS) in the
USA [16–19]. On average 5% of ICU patients will be
treated with RRT [20, 21].
The incidence of AKI is steadily increasing between
3% and 11% per year [18, 22–26]. This reported increase
may in part be caused by reporting bias. Some of the data
are from large ICD-9 based databases that are also used for
billing purposes [18, 24]. Also, increased awareness that
small increases of serum creatinine are important may
have led to increased reporting of AKI. However, when
the same definition for AKI was used for a 20-year period,
as in the Australian New Zealand ICU database, the incidence of AKI also increased over the study period [23].
Factors that may explain this are the older patient population admitted to modern western ICUs, increased
initial survival of severely ill patients as a consequence of
advances in ICU care, and the admission of patients with
severe comorbidity who were denied ICU care in the past,
such as patients with hematologic malignancies.

Outcome
Patients with AKI have an increased mortality. This effect
is present in different settings and in both the less severe
stages of AKI, and in the most severe stages.
Less severe AKI is associated with increased risk for
mortality even after correction for other covariates. This is
demonstrated in contrast-associated AKI, defined as
a 25% increase of serum creatinine or an absolute increase
of 0.5 mg/dL [27]. After cardiac surgery, when serum
creatinine increased between 0 and 0.5 mg/dL [4, 28].
And, in a hospital wide cohort, when serum creatinine
increased with of 0.3 mg/dL or 25% [5]. Also, AKI defined
by the different RIFLE classes was associated with mortality, in different ICU settings [13, 14, 29, 30].
ICU patients with AKI who are treated with RRT carry
a mortality between 50% and 60% [20, 31]. As in less
severe AKI, also severe AKI has an independent effect on
mortality [32, 33].
Several sources report a decreasing trend of mortality
of AKI patients treated with RRT. This may be attributed
by improved treatment strategies (renal and nonrenal) for
these severely ill patients [18, 23, 34]. However, also
changes in case mix, and criteria for initiation of RRT
may have influenced this.
In surviving patients, recovery of kidney function is an
important endpoint. Up to 18% of patients are discharged
from the hospital with permanent need for RRT or end
stage kidney disease (ESKD). Also, patients who are
discharged from the hospital without need for RRT, have
an increased risk for developing ESKD, and for mortality

A

in the 5 years following hospital discharge [35, 36]. Especially, patients who had chronic kidney disease before ICU
admission are at increased risk for developing ESKD [37].
Symptoms of AKI encompass the effects of failing of
the different functions of the kidneys. Volume overload is
one of the important symptoms that lead to increased
morbidity such as decreased wound healing, intraabdominal hypertension, and pulmonary edema [38].
This is important, because common dogma is that volume
therapy may prevent or treat prerenal and renal forms of
AKI. The fact that restricted fluid therapy may even be
beneficial for kidney function was demonstrated in ARDS
patients, in whom this strategy resulted in a near significant trend for less RRT [39]. Volume overload is even an
independent factor that contributes to the increased mortality in AKI patients [40]. Other untoward symptoms are
electrolyte abnormalities such as hyperkalemia and
hyponatremia and acidosis that can be found in 40–60%
of patients with severe AKI, before start of RRT [41].
Infection may be one of the other leading causes of mortality in AKI patients. Similar to data in chronic dialysis
patients, AKI patients also experience an increased incidence of infection [42–44]. This in itself may explain
mortality, but also antimicrobial treatment of infections
in ICU patients with AKI may play a role in this. Data on
antibiotic prescription in patients with decreased kidney
function are most based on data in patients with chronic
kidney disease. In ICU patients with AKI, distribution
volume may be importantly increased, which makes that
in many cases the proposed reduction of antibiotic dose
leads to insufficient antibiotic dosing and inadequate therapy. Also, RRT may vary in so many details (blood flow,
dialysis flow, predilution, postdilution, membrane, duration of therapy, etc.) that proposed antibiotic dosing strategies for RRTare not necessarily comparable to the specific
RRT technique you are using.
A final factor that may explain increased morbidity
and mortality of AKI is that AKI is probably an important
motor of other organ dysfunctions. An example for this
may be the so-called organ cross talk between kidneys and
lungs. Animal experimental data demonstrated that after
AKI, the lungs will develop gene activation of inflammatory mediators, change in aquaporins and sodium
cannels, infiltration with neutrophils, and albumin-rich
exsudate, leading to a clinical syndrome of ARDS [45–48].
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Allergic Interstitial Nephritis
▶ Interstitial Nephritis, Acute

Allergic Shock
▶ Anaphylactic Shock

“All-in-One” Solutions
“All-in-one” PN solutions, also called “ternary” PN solutions, contain protein, carbohydrate, lipid, trace elements,
vitamins, water, and electrolytes altogether in the same
solution. “All-in-one” PN solutions have replaced the separated administration of macronutrients. The “all-in-one”
solutions allow obtaining a lower and constant load
of glucose and lipid substrates, reducing the risk of
overfeeding.

ALP
▶ Tubular Enzymuria

Alpha-1-Microglobulin
Alanyl-Glutamine Dipeptide

▶ Serum and Urinary Low Molecular Weight Proteins

▶ Glutamine

Alcohol Intoxication
▶ Ethanol Intoxication

Alkaline Phosphatase
▶ Tubular Enzymuria

Alterations in Coagulation in
Acute Renal Failure
▶ Bleeding and Hemostasis in Acute Renal Failure

Altered Mental Status
▶ Encephalopathy and Delirium
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Introduction
Modern medical dogma states that definitive emergency
airway control requires that a cuffed tube be placed in the
trachea by means of either an orotracheal, nasotracheal, or
surgical airway approach. In the vast majority of cases, this
task is accomplished by the placement of an oral endotracheal tube under direct visualization of the vocal cords
with a laryngoscope. However, in an increasing number of
emergency situations, non-definitive advanced airway
devices are being used to temporize the airway to allow
for effective ventilation when placement of an endotracheal tube is either impossible or impractical. Collectively,
these non-endotracheal devices are referred to as
alternative airways (AAs).

Historical Perspective
Supraglottic and esophageal obturator alternative airways
(AAs) have been available for over 3 decades. The earliest
marketed AAs were esophageal obturator airways that
were rigid tubes blindly inserted into the esophagus. The
esophageal obturator airway (EOA) and a later version
that allowed for gastric decompression via the airway
(EGTA) first came into use almost 4 decades ago. This
first generation of AA devices were designed as primary
airway control devices and marketed for use by less-trained
rescuers (such as prehospital emergency medical services
(EMS) providers) for rapid insertion in respiratory and
cardiac arrest patients in the out-of-hospital setting.
In subsequent years, technical advancements in AA
design and the acceptance of AAs as “rescue airways” for
physicians, in situations where endotracheal intubation
is either not possible due to patient anatomy or lack
of operator expertise, has greatly expanded the use of
these devices in both prehospital and hospital emergencies. Indeed, the 2010 American Heart Association’s
evidenced-based guidelines for advanced cardiac lifesupport acute resuscitation gives AA devices equal footing with endotracheal intubation as equivalently
recommended means of securing the airway of patients
in cardiac arrest [1]. Although the endotracheal intubation remains the most definitive way of securing the airway, the direct laryngoscopy necessary for intubation has

proven to be a more difficult and time-consuming procedure than the blind insertion of an AA [2]. In the setting of
cardiac arrest, where the length of interruption of chest
compressions has been shown to be inversely proportional
to survival, the prolonged interruption of chest compression demonstrated with endotracheal intubation attempts
in some studies is deemed unacceptable. In this setting, it
is felt the speed benefits of AA insertion outweigh its lack
of definitiveness. Thus, both AA insertion and endotracheal intubation modalities are equally weighted in the
AHA cardiac arrest guidelines.

Clinical Use of Alternative Airway
Devices
The decision when to utilize an AA rather than an endotracheal tube for emergency airway control is based on
various considerations, including clinical situation,
patient anatomy, and the expertise of the medical personnel. In the prehospital setting, the AA may be the only
advanced airway device the provider is authorized to use
in a given emergency medical services (EMS) system.
Alternatively, in some systems when paramedics are
allowed to perform endotracheal intubation, protocol
may dictate that an alternative airway be placed after two
failed attempts at conventional endotracheal intubation.
In emergency situations in hospital-based emergency
and critical care medicine, AAs are most often deployed in
situations when clinicians are unable to successfully perform endotracheal intubation. In this role, the alternative
airway is considered a “rescue airway” that allows effective
ventilation to critically ill or cardiac arrest patients. In
light of the recent AHA guidelines, it is likely AAs will
gain an increased primary airway role during in-hospital
cardiac arrests.
All alternative airways have commonalities in their
clinical use. No airway device is perfect. The ideal AA
should have the following attributes:
1. When properly placed, allows for effective ventilation
of the patient.
2. The design is simple enough that it allows for adequate
skill retention so that the clinician can effectively use
the device despite the fact that it might only be used in
a rare emergency situation.
3. Design allows for rapid insertion.
4. The design accommodates the potential subsequent
placement of an endotracheal tube with minimal risk
to the patient.
Perhaps the two most clinically significant commonalities of all alternative airway devices are that all these
devices are largely restricted to use in the unconscious

Alternative Airways

patient, and that AAs are designed for short-term use only.
If the patient will continue to require ongoing airway control, then the AA will need to be replaced by a definitive
airway, most commonly an orally placed endotracheal tube.
Each alternative airway device has a specific technique
for the controlled transition of the AA to an endotracheal
tube. Regardless of the device being used, it is essential that
the transition occurs in as controlled a fashion as possible,
minimizing the risk of complications such as hypoxia and
aspiration that can occur during airway change over.
Certain caveats for the transition of an alternative airway
device to an endotracheal are applicable to all these
devices. First and foremost, the decision to simply
“yank” the AA and then try to perform endotracheal
intubation is ill advised unless patient assessment shows
that the alternative airway is not providing adequate
ventilation. Patients who have had an AA placed as
a “rescue airway” after failed intubation attempts may
present with iatrogenic airway challenges in addition to
any preexisting anatomic challenge the patient may have.
Often these, patients have sustained some degree of upper
airway trauma from laryngoscope manipulations as well
gastric distension, with resultant vomiting from excessive
bag-valve-mask ventilation prior to the airway placement.
The clinical reality is that if the AA is providing adequate
ventilation, then the conversion to a definitive airway
should be conducted in a calm, well-planned, and
methodical fashion. Key generic steps in the conversion
of the AA to an endotracheal tube include the following:
If the alternative airway has the capacity to allow the
passage of a gastric tube (the Combitube® and King
Airway LTS-D™ for example), then the stomach
should be fully decompressed and suctioned prior to
any conversion procedure.
The patient should be pre-oxygenated with 100% oxygen.
Continuous ECG, end-tidal CO2, and pulse ox monitoring
should be in place.
Appropriate equipment for the procedure (endotracheal
tube introducer, laryngoscope, etc.) should be assembled and tested.
The clinician with the most expertise in alternative airways
should direct the procedure.
A physician with expertise and equipment for the establishment of a surgical airway should be present at
bedside in case the airway proves to be unobtainable
by any means.
If during a conversion attempt hypoxia develops, then the
alternative airway can be again used to provide ventilation prior to another attempt at endotracheal
intubation.

A

Alternative Airway Designs
Although there are numerous designs and brands of alternative airways currently available, they can be broadly
categorized as either esophageal-seated or supraglotticseated airways [3].

Esophageal-Seated Airways
The earliest alternative airways devices widely marketed
were of the esophageal-seated type. The Esophageal Obturator Airway (EOA) and later variation that allowed for
gastric decompression, the Esophageal Gastric Tube Airway (EGTA), were initially marked for use by prehospital
personnel and used as a primary device to secure the airway
in the unconscious unresponsive patients. The device has
two parts: a rigid tube approximately 14 in. long with
a higher pressure balloon at the distal tip and a face mask
that attaches to the proximal end of the tube. After blind
insertion, the EOA/EGTA is designed to be inserted into the
esophagus where the obturating balloon is inflated which
then allows pulmonary ventilation by channeling air into
the pharynx when the face mask is ventilated. The device
requires an excellent mask seal in order to be effective. The
device never gained significant traction as an in-hospital
device and to this day remains largely relinquished to
prehospital care use in certain regions.
Conversion of the EOA/EGTA to an oral endotracheal
tube is best accomplished by separating the face mask
from the esophageal tube and performing direct laryngoscopy around the tube. If an EGTA is to be converted,
gastric decompression prior to the removal of the esophageal tube is recommended. If oxygen desaturation or
other difficulty is encountered during endotracheal intubation attempts, simply reattach the mask to the EOA/
EGTA tube and ventilate the patient while preparing for
another attempt at intubation.
The two key limitations of the EOA design is that it is
ineffective without an excellent mask seal, and that
although the majority of the time the tube does come to
rest in the esophagus as designed, it is equally ineffective if
the tube is placed in the trachea. Subsequent generations
of esophageal-seated AA devices have taken into account
these significant limitations of the relatively simple EOA
design. First, none of the newer devices have a facemask,
and thus do not rely on operator-dependent mask seal for
effective ventilation. Second, in case the tube is blindly
inserted into the trachea, a secondary ventilation lumen
that allows direct endotracheal ventilation is incorporated
into the newer esophageal-seated AA designs.
The resultant generation of esophageal-seated AAs is
broadly referred to as multi-lumen, multi-port airways.
Examples include Combitube®, the PTL®, and the Rusch
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Easytube® airways. All these devices are still blindly inserted
and designed to have their long tubes come to rest in the
esophagus. Once placed, a distal balloon is inflated to block
the esophagus in the same fashion as their ancestral EOA.
However, to obviate the need for a face mask seal, these AAs
utilize a second large balloon attached to the mid-tube that
when inflated fills the patient’s pharynx. With the esophagus
obturated by the distal balloon and the potential for air to
escape from the mouth or nose blocked by the pharyngeal
balloon, ventilation is accomplished via ventilation ports on
the shaft of the tube between the two balloons. When both
balloons inflated, ventilation is directed into the trachea and
lungs because all other means of gas egress are blocked.
Clinical experience and limited published data have
shown that in approximately 10% of multi-lumen,
multi-port-airway insertions, the tube comes to rest in
the trachea. These AA devices are designed to accommodate this possibility by the addition of an endotracheal
tube incorporated as a second ventilation lumen.
The tracheal ventilation lumen is identified by a second
15 mm ventilation port adapter on the airway.
If as designed, the multi-lumen, multi-port esophagealseated AA device is blindly placed in the esophagus, then
conversion to an oral endotracheal tube is best accomplished by deflating the proximal pharyngeal balloon
and intubating the trachea under direct visualization
around the esophageal tube. Alternatively, if the airway is
found to be inserted into the trachea, the patient de facto
already has a definitive airway. In this situation, there are
two options: the AA can be left in place and the patient
ventilated via the endotracheal lumen with the proximal
balloon deflated, or the AA can be converted to a conventional endotracheal tube by use of a tube changer or similar
device.
The most recent variant of the esophageal-seated airway is the King Airway™. This device is notably shorter
than the multi-lumen, multi-port airways but utilizes the
same dual balloon system allowing ventilation to be
directed into the trachea and lungs because all other
means of gas egress are blocked. The King airway™ is
specifically designed to be too short in length to allow
endotracheal placement. Thus, it does not have an endotracheal ventilation port or lumen. To assure proper tube
length, the King Airway™ comes in five different sizes
from pediatric to large adult. Tube-length sizing makes
the King Airway™ unique among esophageal-seated airways in that it can be used in pediatric patients.
Conversion of the King Airway™ to an oral endotracheal tube is best accomplished by insertion of either an
endotracheal tube introducer (aka Bougie™) or an
Aintree® intubation catheter mounted over a fiberoptic

Alternative Airways. Figure 1 Endotracheal Tube Introducer
emerging from King™ Airway conversion ramp

bronchoscope down the conversion ramp of the device
(Fig. 1). Once a device is passed through the airway’s ramp
into the trachea, the King™ can be withdrawn over the
device and an endotracheal tube is then inserted over the
device that then acts like a tube changer.

Supraglottic-Seated Airways
Supraglottic-seated airways are the second major class of
alternative airways. Following blind insertion, these airways allow effective ventilation by forming a snug seal
around the laryngeal inlet with the soft “mask” on the
distal portion of the device. The archetype of this airway
class is the Laryngeal Mask Airway (LMA). There are many
commercial variants of the LMA-type supraglottic airway
currently available. These AA devices include the I-Gel®,
the intubating LMA, and the LMA-Unique™. Because it is
essential that the mask be properly sized to fit around the
laryngeal inlet, these devices come in various sizes from
pediatrics patients up through adults.
The LMA and its variants have traditionally been used
for brief elective operative procedures in patients with
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Wang HE et al (2009) Interruptions in cardiopulmonary resuscitation from paramedic endotracheal intubation. Ann Emerg Med
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Alveolar Echinococcosis (AE)
▶ Echinococcosis, Alveolar
Alternative Airways. Figure 2 Endotracheal Tube
Introducer emerging from LMA (Source: Both photos by
Ed Dickinson, M.D. Photo use permission granted)

Alveolar Hydatid Disease
empty stomachs. The use of laryngeal mask devices in
emergency patients with full stomachs is generally considered to be problematic due to the risk of aspiration if
vomiting occurs.
The conversion of supraglottic airways to an endotracheal tube is generally accomplished by passing an
endotracheal tube, an endotracheal tube introducer
(Fig. 2) or a fiberoptic intubating bronchoscope directly
down the lumen of the device. If intubation difficulties
(including hypoxia) are encountered during conversion to
an endotracheal tube, attempts should be discontinued
and the patient re-ventilated through the supraglotic
airway’s lumen prior to subsequent attempts.

Summary
Alternative airway devices are becoming increasingly ubiquitous in emergency and critical care medicine. Whether
their role is as a rapidly inserted primary airway device or as
a “rescue” airway in cases of failed attempts at conventional
endotracheal intubation, it is essential that the practitioner
be thoroughly versed in the use of the AA device and in
their practice environment. Consideration of what defines
the practice environment must also include those airways
used by the local prehospital personnel local who transport
critically ill patients to the hospital. To assure safe and
effective utilization of these devices, the clinician must
know how insert, assess placement, ventilate, remove, and
secure a definitive airway around the device.
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Synonyms
Resources for the Optimal Care of the Injured Patient
(2006); Optimal Hospital Resources for Care of the Injured
Patient (1976)

Definition
Published by the American College of Surgeons Committee on Trauma (ACS-COT), the resources document
establishes guidelines for care of the injured patient. The
ACS-COT was founded in 1922 by Charles L. Scudder,
MD, FACS and focuses on improving the care of the
injured patient, believing that trauma is a surgical disease
demanding surgical leadership [1].
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Characteristics
History
Trauma as a disease was most likely the first to be treated
by early man, as its sequelae are often easily visible in the
form of wounds and fractures. As civilizations evolved and
expanded, so did human conflicts. War became more
common and the need to care for the wounded increased.
The earliest medical records from ancient Egypt described
the treatment of traumatic wounds as does early literature
like Homer’s Iliad. The Romans had special quarters for
the care of sick or wounded soldiers called valetudinaria.
Great advancements in trauma care continued to be made
through the Middle Ages, the Renaissance, and the Industrial Revolution closely coinciding with the major wars of
these eras. Hand in hand with the increase in basic scientific knowledge and operative technique was the realization that the development of trauma systems, especially
during the Korean and Vietnam wars, was an integral part
of improving outcomes [2].
The first civilian trauma center was created in
Birmingham, England in 1941. The first two trauma centers in the USA were opened in San Francisco and Chicago
in 1966. Maryland then developed a statewide trauma
system, followed by Illinois in 1971 which created the
first trauma system legislature. Germany developed a
nationwide trauma system in the 1970s that significantly
decreased traffic accident mortality. In 1976 the ACS-COT
developed guidelines for the care of trauma patients and
published it as Optimal Hospital Resources for the Care of
the Injured Patient. This document has undergone several
revisions until reaching the latest version published in
2006 as Resources for the Optimal Care of the Injured
Patient. It underwent a clear change from describing
optimal hospital resources to describing optimal care
given available resources forcing the development of
a full trauma system, not solely trauma centers, realizing
that no single facility can provide all care to all patients at
all times.
The resources document describes the ideal inclusive
trauma system comprised of prevention, access, acute
hospital care, rehabilitation, and research. It describes
a network of definitive care facilities differing in resource
depth, Levels I to IV. The guidelines also describe in detail
prehospital and interhospital care, clinical functions of the
various specialties involved in trauma care, posthospital
care, process improvement and research, and finally the
verification process. The overall goal is to better define
what resources are necessary to provide the best care for
the injured patient, using evidence-based recommendations when available [3].

Trauma Systems
The goal of a trauma system is to reduce the burden of
injury to individuals and society. As such, this requires
a group of related injury-oriented facilities, personnel, and
organizational entities operating in a coordinated fashion
within a defined geographic region. To achieve this goal
the ACS has developed recommendations and provided
a system of trauma center verification. Trauma should be
approached as a public health problem, requiring a public
health model in which the core functions of assessment,
policy development, and assurance are implemented.
A successful trauma system also participates in community outreach to prevent trauma. Primary prevention
includes programs directed toward decreasing the incidence of trauma (e.g., minimum drinking age, gun control
laws), secondary prevention policies to decrease the severity of the trauma once it occurs (e.g., seatbelt and helmet
laws), and tertiary prevention measures to improve the
outcomes of trauma patients (e.g., process improvement,
compliance).
The basic components of a trauma system can be
broken down into two major sections, administrative
and clinical. The administrative components include leadership, system development, legislation, and finances. The
clinical component includes injury prevention, human
resources, prehospital care, definitive care facilities, information systems, evaluation, all hazards preparedness, and
research. Trauma systems also have a special obligation to
participate in disaster preparation and management.
Disaster planning requires a cooperative multidisciplinary
effort by local medical resources; police and fire departments; local, regional, and national governments, and
industry.

Prehospital and Interhospital Care
Prehospital stabilization and emergency transportation
systems were enhanced from lessons learned in military
conflicts. Initial management of the injured patient at the
scene of injury consists of assessment, extrication, initiation of resuscitation and stabilization, and rapid transport
to the closest appropriate facility. The protocols that guide
this care should be established by trauma health care providers as a team to establish continuity of care and consistency of protocols throughout the trauma system.
Essential components of resuscitation should be limited
to airway management, hemorrhage control, stabilization
of fractures, and immobilization of the spine.
As patients are being readied for transport they must
be triaged to the appropriate facility. A priority has been
given to reducing undertriage, with acceptance of
resulting overtriage, since undertriage can result in
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preventable morbidity and mortality from delays in
reaching definitive care. An overtriage rate of 25–50% is
acceptable while keeping the undertriage rate to 1–5%.
The trauma system’s performance improvement program
should carefully monitor the triage criteria to achieve
these goals.
Trauma systems facilitate the transfer of patients
between the initial stabilizing facility and the receiving
facility that has access to definitive or specialized care
that a patient requires. Written agreements and transfer
plans are essential in order to have these protocols in place
before the acute patient need arises. Physician to physician
contact is essential to complete the transfer of a patient
based solely on the patient’s needs. Also there should be
well-established protocols outlining injuries or patterns of
injury that should be transferred to a higher level of care.
However, injured patients who are hemodynamically
unstable may undergo appropriate operative control of
life-threatening hemorrhage prior to transfer to a higher
level of care if there is a qualified surgeon and operating
room resources available.

Trauma Centers
In order to become a trauma center a hospital must have
the commitment of the staff and management in order to
allocate the necessary resources and provide the specialty
care necessary for injured patients. A trauma center must
have nine elements in place. These are: hospital organization, medical staff support, the trauma program, the
trauma medical director, the trauma resuscitation team,
the trauma program manager, the trauma service, the
trauma registrar, and the trauma performance improvement and safety program. Specific guidelines are provided
in the resource document describing the makeup of these
elements and the regular upkeep of these elements with
written commitments.
The trauma medical director is a board-certified surgeon who provides leadership for the entire trauma program. The resuscitation team is a multidisciplinary group
that responds to trauma codes. A trauma center must also
have a trauma service that provides structure for the care
of the injured patient. The trauma program manager and
registrar provide administrative and research assistance
to maintain the development, implementation, and evaluation of the trauma program. A multidisciplinary peer
review committee is also necessary for performance
improvement.
In order to assure that the right patient gets to the right
facility at the right time, the ACS resources document
describes the various trauma center levels and their roles
in the trauma system. These levels range from I to IV, with

A

one center of the highest available level serving as the
lead center for the region. Ideally this would be a Level
I trauma center, serving as a regional resource and usually
situated in a large city or population dense area, that
manages a large number of severely injured patients
(Injury Severity Score >16). A Level I trauma center has
24 hour in-house availability of an attending surgeon or
a postgraduate year four or five resident. A surgically
directed critical care service, resident education, trauma
research program, injury prevention and control, and
community outreach are all also deemed essential for a
Level I trauma center.
The Level II trauma center has many of the same
criteria as the Level I center, although it may function as
an adjunct to the Level I center in population dense areas.
In rural areas a Level II center may be the lead institution
of the regional trauma system. Level II trauma centers
aspire to the same standards as Level I centers, but are not
required to have graduate medical education, research
capabilities, or specific volume requirements [4]. The key
aspect of the Level II trauma center is close cooperation
between higher and lower level centers in order to properly triage patients.
The last level of fully functional trauma care is the
Level III center. These hospitals serve smaller rural areas
or urban communities that may not have immediate
access to higher levels of care. These trauma centers have
the capability to initially manage the majority of trauma
patients and have transfer agreements with Level I and II
centers. They are expected to have surgical leadership,
a trauma director, a trauma team, and a performance
improvement system. The Level IV center is generally
located in a rural area and supplements care in a larger
system by recognizing injuries, initiating resuscitation,
and transferring patients to a higher level of care. The
Level III and IV centers may be the lead center of a rural
trauma system.
Rural trauma centers and systems must be developed
to mitigate the specific challenges of the area. Optimal care
of a patient can be delayed or limited by geography,
weather, distances, or resources. The low-volume nature
of rural trauma puts extra pressure on providers to
maintain their skill sets. Also integral to a rural trauma
center and system is a trauma registry that can track
patients and a robust performance improvement (PI)
process that can continuously evaluate the best use of
limited resources to maximize the benefit to the local
population. Level III or even IV centers may be the lead
facility in isolated areas, and it is incumbent for these
centers to have established transfer protocols as part of
an inclusive trauma system.

157

A

158

A

American College of Surgeons Resources Document

Clinical Functions
General surgery is the foundation of the trauma center.
Ideally the trauma director is board-certified, has demonstrated an interest and leadership of trauma care, and
serves as the “captain” of the resuscitation team. Certification in and the teaching of Advanced Trauma Life Support (ATLS) is required. The day-to-day care of patients
on the trauma service and the response to new trauma
admissions can be closely integrated within a general surgery residency program. In Level I and II centers the
general surgeon is dedicated to the trauma center while
on duty and must have a documented backup call schedule. The general surgeon must participate in multidisciplinary PI in all trauma center levels. Level I and II
trauma center directors must participate in regional and
national trauma organizations and maintain adequate
continuing medical education (CME).
Emergency medicine physicians are integral to
a functioning trauma center. Level I, II, and III centers
must have an emergency department (ED) director that is
board-certified. There must also be an appropriate level of
staffing commiserate with the trauma center level at all
times in the ED. The emergency physician must be
involved with the care of trauma patients, participate in
PI, and maintain CME. ATLS certification of the ED
physician is optimal.
Neurosurgery should be available to care for severe
traumatic brain and spinal cord injury promptly and
continuously. They must participate in the ED evaluation
or be continuously available for neurotrauma, per the
hospitals protocols in Level I and II centers. Level III
centers may not have neurosurgical coverage and thus
need established transfer protocols with higher level centers. As with the other specialties, neurosurgeons must
participate regularly in the care of neurotrauma, participate in PI, and maintain current trauma-related CME.
Over half of trauma patients that are admitted have an
orthopedic injury. However, patients with isolated simple
fractures do not necessitate a trauma evaluation. Multiply
injured patients require very close interaction with the
trauma service and orthopedics. There are three kinds of
orthopedic trauma patients. The first has isolated closed
musculoskeletal injury and can be managed by ED physicians and orthopedists alone. The second has fractures of
multiple long bone or joints and requires trauma team
evaluation to ensure that associated injuries are not
missed. Once resuscitated these patients should have
early aggressive fracture stabilization. The third kind of
patient has multiple fractures of long bones, joints, and/or
spine with associated injuries of other organ systems.
These patients mandate a high level of care by the trauma

team working closely with orthopedics and other necessary specialties like otolaryngology, plastic surgery, and
ophthalmology. In Level I and II centers an orthopedist
must be available continuously for ED evaluation. There
must also be associated ancillary services, operating room
staff, and operating room (OR) availability. A Level I
trauma center must have an orthopedic trauma tram and
director with dedicated call and backup call schedules.
Integration with an orthopedics residency is highly
desirable. A Level II trauma center must also have an orthopedic trauma team. A Level III trauma center may have
24 h orthopedic availability or it must have established
transfer protocols with higher level centers. Again, the
orthopedist must participate in PI, regular clinical care of
trauma, and CME. Rehabilitation, physical therapy, and
pain management service protocols are also recommended.
Collaborative clinical services such as anesthesiology,
OR staff, postanesthesia care unit, radiology, critical care,
laboratory, respiratory therapy, hemodialysis are necessary for the multidisciplinary care of the severely injured
patient. Level I and II trauma centers must have anesthesia
attendings available 24 h a day. Level III trauma centers are
not required to have in-house anesthesiologists, but anesthesia services must be promptly available when needed.
Level I trauma centers must have an operating room
and staff available continuously. Level II and III trauma
centers must have these resources promptly available. The
requirements are similar for radiology and ancillary services based on the level of the trauma center.
Burn Care and Pediatric Trauma recommendations
are also included in the resources document. Burn center
referral criteria are specific and include: partial-thickness
burns greater than 10% of the total body surface area;
burns involving the face, hands, feet, genitalia, perineum,
or major joints; full thickness burns; electrical burns,
including lightning; chemical burns; inhalation injury;
burns in patients with multiple medical comorbidities;
burned multitrauma patients; and burned children. The
development of a functioning burn system parallels the
development of trauma systems. The pediatric trauma
system requires similar overall commitments and organization as well. Pediatric surgery involvement within a
dedicated children’s hospital is optimal. The resource document specifies the additional need for board certification
by the pediatric surgeon, neurosurgeon, and orthopedist.
A pediatric trauma center must also have a pediatric
trauma service, participate in PI, educate and perform
outreach with the community.
The National Organ Transplantation Act of 1984 and
the 1986 Omnibus Budget Reconciliation Act established
the United Network for Organ Sharing and requires
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hospitals to notify family members of the option to
donate. The hospital’s trauma program plays a major
role in identifying potential organ donors since 75%
of organs come from deceased donors and of these
cadaveric transplants 40% are trauma patients. A trauma
center must collaborate with an organ procurement
organization (OPO) to identify potential organ donors
early and assist in discussing organ donation with the
family. Complete and irreversible loss of function of
the brain and brainstem is the definition of brain
death set by the Uniform Determination of Death Act.
Once brain death has been declared the patients care
should be optimized to maintain perfusion of potential
organs, ideally by the surgical critical care section of the
trauma service.

Posthospital Care and Outreach
Rehabilitation starts at day one of hospitalization as the
goal of trauma care is to return the patient to preinjury
status. A multidisciplinary rehabilitation team should
evaluate patients as early in their hospitalization as possible. Physical therapy is best started well in advance of
neurological or orthopedic recovery to minimize the
effects of prolonged immobilization. There are multiple
rehabilitation assessments including the Functional Independence Measure, the Short Form-36, and the Quality of
Well Being Index that can assist in quantifying a patient’s
recovery potential. Part of the rehabilitation from traumatic injury includes awareness of posttraumatic stress
disorder (PTSD) since the prevalence of PTSD has been
estimated at about 5–10% of the American population.
Trauma patients may require different kinds of specialized
rehabilitation based upon their injury pattern and age
such as spine injury, brain injury, or orthopedic injury,
and geriatric or pediatric. These different groups of
patients do best at facilities with resources specifically
directed at these injury patterns. Rehabilitation needs in
the critical care arena should not be overlooked. Level
I and II centers must have physical therapy, occupational
therapy, and speech therapy available in the ICU.
Trauma centers have a responsibility to engage in
community outreach and education. Outreach takes the
form of public education, injury prevention programs,
professional education, and making resources available
to the community. Public education serves multiple roles
of raising awareness of injury prevention and prompt
utilization of care as life saving. First aid and CPR courses
teach basic management to the layperson that can save
lives. Professional education like the ATLS course and
residency programs teaches the next generation of trauma
professionals and help those already engaged in the care of
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the injured patient both obtain certification and maintain
skills already acquired.
Injury prevention programs are perhaps the best and
sometimes only way to reduce the impact of trauma on
a community. Evidence-based efforts like violence awareness programs, alcohol education/intervention, and injury
surveillance have been shown to decrease trauma rates.
There are three levels of injury prevention: primary, secondary, and tertiary based on the timing of the intervention. Developing an injury prevention program includes
selecting a target injury, acquiring and analyzing data,
developing an intervention, formulating a plan, implementation, and evaluating and revising the program.

Research and Education
Level I trauma centers must demonstrate research and
scholarly activities. The resources document outlines specific publication requirements. There must be a research
infrastructure in place to facilitate productive scholarly
activity, which makes it no coincidence that most
Level I trauma centers are in academic medical centers.
An essential tool for this research is the trauma registry.
This registry must link to the National Trauma Data Bank
(NTDB) and be managed by a dedicated trauma registrar.
The data in the hospitals registry can be used for PI, public
health outreach, injury prevention, trauma systems outcomes measurement, resource utilization, and research.
With all of these various uses, the trauma registry is one
of the most important tools in the trauma center’s
armamentarium.
In addition to the research and scholarship activities
based on the trauma registry, trauma centers are encouraged to participate in residency programs. The leadership
of the trauma program, especially at Level I centers, must
also participate in national meetings such the American
Association for the Surgery of Trauma (AAST), the Eastern Association for the Surgery of Trauma (EAST), and
the Western Trauma Association (WTA).

Performance Improvement
The performance improvement and patient safety (PIPS)
section of the resources document describes a robust system for monitoring, evaluating, and improving the performance of a trauma program. Using filters that select
cases to evaluate from the trauma registry for multidisciplinary peer review, the PIPS program aims to improve
the care of the injured patient. An effective program has
authority and accountability, a well defined organizational
structure, objectively defined standards to determine quality of care, and explicit definitions of outcomes derived
from relevant standards. All trauma centers must document
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a functioning PIPS program that has administrative
accountability, assesses trauma privileges for providers,
and implements corrective actions.

Trauma Center Consultation and Verification
The resources document provides the standards by which
trauma centers can be measured. The purpose of trauma
center verification is to assess whether a potential trauma
center meets the guidelines published by the ACS-COT.
The designation of a trauma center must be made in the
context of a trauma system; the verification process compliments this and allows for independent oversight of
standards. The ACS does not designate trauma centers
itself; it verifies that properly designated centers have the
resources outlined in the document available. The designation of trauma facilities is a geopolitical process by
which empowered entities, governmental or otherwise,
are authorized to do so. Research has been published
that shows a trauma center can improve its outcomes by
simply participating in trauma center verification. The
verification team will closely examine the trauma center
and will either grant or deny verification, but will also
identify areas of excellence and areas that need improvement to comply with the guidelines [5].
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An Emergency Medical Technician
(EMT)
Is a member of the health-care team who provides care to
patients ranging from basic life support (BLS) to advanced
life support (ALS), depending on the level of training.
EMT personnel usually practice in the pre-hospital setting, but may also work in emergency departments, intensive care units, clinics, or other locations.

Anaerobic Infections
ALI EL-SOLH
Medical Research, VA Western New York Healthcare
System, Buffalo, NY, USA

Synonyms
Abscess; Empyema

Definition
Anaerobic bacteria refer to microorganisms that fail
to grow on an agar surface in the presence of 10%
CO2 in air (18% oxygen). Bacteria are classified as
microaerophilic if they grow anaerobically or under 10%
CO2 in air. Facultative bacteria can grow in both the
presence and absence of air [1].

Epidemiology and Pathogenesis
Non-sporulating anaerobes exist normally in the crevices
of the skin, in the nose, mouth, throat, intestine, and
vagina. Differences in oxygen tension, pH, and ability of
these bacteria to adhere to epithelial surfaces account for
the diversity of anaerobic flora within the body. The
majority of non-sporulating anaerobic infections stem
from indigenous flora. Despite the identification of more
than hundreds of anaerobic species, relatively few of them
are commonly responsible for human infection. The second source of anaerobic infection originates from the
introduction of spores into a normally sterile site. Sporeproducing anaerobes live in the soil and water, and are
generally more difficult to eradicate. Once they gain access
to a human host via an open wound or minor incision, the
exosporium triggers spore germination culminating in
bacterial replication.
The outcome of an anaerobic infection depends on the
balance between the bacterial load, the virulence of the
infecting organisms, and the host defense mechanisms.
Infection results when an anatomical barrier is disrupted
by trauma, surgery, or underlying disease whereby these
organisms gain access to the usually sterile body sites. Host
conditions that interfere with blood supply or delivery of
oxygen lower the oxidation-reduction potential and favor
the growth of anaerobic bacteria. Predisposing illnesses
like vascular disease, diabetes mellitus, immunosuppression, and splenectomy interfere with phagocytosis and
intracellular killing, promoting a suitable milieu for bacterial proliferation. Depending on the characteristics of
the anaerobic genus, three virulence factors have been
implicated in the pathogenesis of anaerobic infection:
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the production of toxins and exoenzymes, the ability to
adhere to host tissues, and the nature of the polysaccharide
surface constituents. Toxins are responsible for the majority of observed clinical syndromes caused after anaerobic
infections, such as paralytic syndromes produced by
Clostridium tetani and C. botulinum neurotoxins; diarrhea
induced by C. difficile toxins A and B; and enterotoxemia
due to C. perfringes enterotoxin. These toxins act either on
the cell membrane or on specific targets in the cytosol
whereby they inhibit enzymatic reactions or block functional receptors.
The exact incidence of anaerobic infections in critically ill patients is unavailable. Difficulties in obtaining
adequate cultures free of contamination by aerobic bacteria or normal flora and the lack of reliable transport and
culture media have long underestimated the frequency of
anaerobic infections in intensive care units. However,
these infections are encountered frequently in oral, surgical, and obstetric gynecological specialties.

Treatment
Principles that guide the treatment of anaerobic infections in
critically ill patients:
1. Modification of the environment that promotes the
proliferation of anaerobic organisms by performing
debridement of necrotic tissues, drainage of pus collection, and release of trapped gas in order to improve
blood circulation and tissue oxygenation
2. Monitoring the expansion and the spread of the
underlying infection into healthy tissues
3. Knowledge of the nature and spectrum of microbial
agents specific to the site of the infection
4. Awareness of the susceptibility profile of local
pathogens
5. Optimization of the pharmacokinetic and pharmacodynamic properties of antimicrobial agents at the
infection site
6. Proven efficacy and acceptable side effects

Anaerobic Infections of the Central
Nervous System Infection
Anaerobic bacteria can cause various intracranial infections, including intracranial abscesses, subdural empyema, and meningitis. The main access of anaerobes to
the CNS is by contiguous spread from adjacent structures
(skull, ear, sinuses). The true incidence of anaerobic meningitis in critically ill patients is unknown because anaerobic cultures of the CNS are rarely performed. The
predominant anaerobes are Gram-negative bacilli (including Bacteroides fragilis and Fusobacterium species).
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Anaerobic meningitis is predominantly monomicrobial,
but mixed anaerobic–aerobic infection can occur in the
presence of ventricular peritoneal shunt or dermal sinus
tract infection. Principles of treatment are based on eliminating the associated foci of infection and antimicrobial
therapy. Adequate cerebrospinal fluid penetration is critical to sterilization of the meningeal space and satisfactory
outcome. Hence, cefoxitin and clindamycin should be not
be used if anaerobic bacteria is suspected.
Intracranial abscesses include brain abscess, subdural,
and extradural empyema. The most common
predisposing factors are congenital cardiac disease, systemic arteriovenous shunts, chronic otitis media, sinusitis,
and penetrating trauma. Knowledge of the primary site of
infection can be useful in determining the etiology
and microbial therapy of the brain abscess. Anaerobic
Gram-negative bacilli (Prevotella, Porphyromonas, and
Bacteroides) are commonly recovered in association
with ear and sinus infections, while Gram-positive cocci
(especially Peptostreptococci species) are more prevalent
in association with oral or congenital heart disease.
Because Bacteroides fragilis group and some strains
of Prevotella species, Porphyromonas species, and
Fusobacterium species are penicillin resistant, empiric
therapy should include active agents that can penetrate
the blood–brain barrier. These include metronidazole,
chloramphenicol, ticarcillin plus clavulanic acid,
imipenem, and meropenem. Caution should be used however in administering carbapenems and various betalactam antibiotics because high doses of these agents
may be associated with seizure activity.

Anaerobic Infections of the Head, Mouth,
and Neck
Acute Sinusitis
In critically ill patients, paranasal sinusitis is an important
cause of occult fever and can lead to severe complications
such as meningitis, pneumonia, and sepsis. In contrast to
community-acquired chronic sinusitis where anaerobes
account for more than 90% of isolates, organisms implicated in nosocomial sinusitis are frequently those responsible for other hospital acquired infections [2]. In the rare
instances where acute sinusitis is associated with dental
infections of the upper premolars or molars, anaerobic
organisms predominates the microbial spectrum. The
most common anaerobes isolated are Peptostreptococcus
species, Fusobacterium species, and pigmented Prevotella
and Porphyromonas species. Most strains of Prevotella and
Fusobacterium were considered susceptible to penicillin.
However, penicillin-resistant strains have emerged in
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the last two decades. Successful therapy of sinusitis in
critically ill patients requires broad spectrum coverage
with a b-lactam/b-lactamase inhibitor, second- or thirdgeneration cephalosporins (cefdinir, cefuroxime-axetil, and
cefpodoxime proxetil), or respiratory fluoroquinolones
that possess anaerobic activity. Macrolides, trimethropimsulfamethoxazole, and clindamycin are less effective
because of growing bacterial resistance and may be considered for patients with antimicrobial allergy. The
recommended duration is at least 14 days, although no
controlled studies have established the duration of therapy
sufficient to control the infection in this setting.

Deep Neck Space Infections
Severe deep neck space infections (DNIs), sometimes
resulting in descending mediastinitis, are potential complications of odontogenic infections. Overall, DNIs are
significantly less common today than in the pre-antibiotic
era but are often underestimated. In pre-antibiotic era,
70% of DNIs arose from tonsillitis or pharyngitis, while
nowadays poor dental hygiene and intravenous drug abuse
have become the most common nonsurgical causes of
DNI in adults, followed by foreign body ingestion and
infections of unknown origin. The submandibular space
is the most frequently encountered location for both
single-space and multi-space odontogenic infections,
followed by the buccal and parapharyngeal space. DNIs
most frequently are polymicrobial processes with Streptococcus and Staphylococcus species as well as anaerobes
playing the major pathogenic role. Actinomyces species
account for 3–4% of such cases in nonsurgical patients.
Life-threatening forms of DNI infections that are frequently encountered in intensive care setting include
Ludwig’s angina and Lemierre’s syndrome [3].

Ludwig’s Angina
Ludwig’s angina is a rapidly spreading cellulitis of the floor
of the mouth involving the sublingual, submandibular,
and submental spaces. It is characterized by a brawny,
hard induration of the floor of the oral cavity with tongue
elevation and airway compromise. The clinical presentation consists of malaise, dysphagia, bilateral cervical swelling, neck tenderness, dysphonia, elevation and swelling of
the tongue, pain in the floor of the mouth, sore throat,
restricted neck movement, and stridor suggestive of
impending airway obstruction.
The infection has usually an odontogenic cause
pointing to a decayed mandibular molar tooth. The
roots of these teeth extend inferiorly to the mandibular
insertion of the mylohyoid muscle. Abscesses of these
molars are believed to erode and perforate into the

mandible and then expand into the submandibular
space. Once the submandibular space is penetrated, infection of this region ensues. Other less common causes
include submandibular sialoadenitis, mandibular fractures, or trauma resulting from intubation or after
bronchoscopy.
Ludwig’s angina has been reported in patients with
history of alcoholism, diabetes mellitus, aplastic anemia,
and immunodeficiency disorders, although the majority
of those presenting with the disease have no prior comorbid conditions. A mixed flora of aerobic and anaerobic
microbes, including streptococcal species, S. aureus,
Borrelia vincentii, Fusobacterium, and Bacteroides species,
is implicated in most cases. Eikenella corrodens is becoming a more frequently cultured facultative anaerobic pathogen with significant clinical implication because this
organism tends to be resistant to clindamycin.
Management is directed toward securing a patent airway, providing systemic antibiotic therapy, and instituting
early surgical decompression of the sublingual, submental,
and submandibular spaces. Thirty-five percent will
require an airway control in the form of either endotracheal intubation or tracheotomy. Blind nasotracheal intubation is contraindicated, and rapid sequence induction
for orotracheal intubation is controversial given the
potential difficulties in obtaining adequate laryngoscopic
visualization. Cricothyroidotomy is considered the preferred method in the acute period given that low tracheostomy carries the potential risk of spreading the infection
to the mediastinum. Administration of an immediate dose
of 10–20 mg of dexamethasone followed by 4–6 mg every 6
h for 48 h provides initial chemical decompression by
decreasing edema and cellulitis. Antibiotic therapy consists of a combination of b-lactamase–resistant penicillin
in combination with metronidazole. For those patients
allergic to penicillin, a quinolone can be used instead. If
indicated, surgical decompression and drainage are
performed with removal of all offending teeth in the first
24–48 h. Mortality ranges from 0% to 8.5% and occurs
secondary to pneumonia, sepsis, empyema, and respiratory obstruction.

Lemierre’s Syndrome
The syndrome refers to an acute pharyngeal infection
with the anaerobe Fusobacterium necrophorum, a
Gram-negative rod that normally inhabits the oropharynx. The classic presentation of Lemierre’s syndrome
involves a previously healthy adolescent or young adult
who develops anaerobic septicemia 3–5 days after primary
oropharyngeal, tonsillar, or peritonsillar infection that
initially may not be clinically impressive. The infection
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usually begins with a sore throat, followed by fever, septicemia, thrombosis, and metastatic abscesses that also can
affect the spleen, liver, joints, bones, and soft tissues.
Purulent thrombophlebitis of the internal jugular vein
can lead to pulmonary and other distant emboli. The
responsible bacteria produce a lipopolysaccharide endotoxin with strong biologic activity, as well as a leukocidin
and hemolysin, assisting in destruction of white and red
blood cells. Hemagglutinin production augments the fulminant nature of the disease, causing platelet aggregation
and septic thrombus formation.
Confirmation of Lemierre’s syndrome is provided by
demonstration of F. necrophorum on blood culture. Treatment of Lemierre’s syndrome is high-dose parenteral antibiotics directed against anaerobes. Resistance data
available for Fusobacterium species in general indicate
that up to 41% in the United States are beta-lactamase
positive. Antibiotic coverage should include agents such as
clindamycin, metronidazole, or beta-lactam antibiotic
combinations with a beta-lactamase inhibitor, such
as ampicillin-sulbactam or ticarcillin-clavulanate, until
sensitivity testing can be performed on bacterial
isolates (clindamycin, metronidazole, chloramphenicol,
imipenem, or cefodizime). Most cases with favorable outcomes have been treated for 6 weeks or longer. Ligation of
the infected internal jugular vein is reserved for refractory
disease with ongoing emboli or sepsis. Heparin use is
controversial but may be considered for refractory cases
as well.

Pleuropulmonary Anaerobic Infections
Aspiration of oropharyngeal contents is by far the most
important risk factor for the development anaerobic pulmonary infections. Dysphagia caused by esophageal
lesions, neurologic impairment as a result of seizures,
cerebrovascular accidents, or altered consciousness secondary to sedatives or alcohol intoxication are invariably
present on admission. Other conditions that would harbor
anaerobic infections include conditions that interfere with
clearance of aspirated materials such as foreign bodies and
neoplasm.
The incidence of anaerobic pleuropulmonary infections in critically ill patients is not known due to the
stringent requirements for recovery of anaerobic organisms. Furthermore, the polymicrobial nature of these
infections makes more likely that the pathogenesis of
pneumonia is attributed to coexisting aerobic microorganisms. Data about microbiological etiology of severe
community-acquired anaerobic lung infection are derived
mostly from small case series of patients who were diagnosed with aspiration pneumonia, lung abscesses, and
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pleural empyema. The most commonly encountered anaerobes were pigmented Prevotella species, nonpigmented
Prevotella species, Fusobacterium nucleatum, Peptostreptococcus species, and Bacteroides melaninogenicus. Other
unusual anaerobes include B. fragilis, Eubacterium species,
Lactobacillus species, Propionibaterium species, and
Capnocytophaga species. In two large studies, the average
number of anaerobic strains per case reviewed was
between 2.4 and 3.2. Twelve percent of specimens had
only one anaerobe isolated. The recovery rate ranged
from 16% to 100% depending on the diagnostic techniques used.
The role of anaerobic bacteria in the pathogenesis
of ventilator associated pneumonia (VAP) remains
undetermined. Isolation of anaerobic pathogens requires
specific collection techniques, transportation conditions,
and culture media which are difficult to achieve during
samplings of the lower respiratory tract on high inspiratory fraction of oxygen. Clinical investigations that
included the first episode of bacteriologically documented
VAP have reported a wide range of anaerobic organisms
recovery, ranging from 0% to 23% [4]. The main
strains isolated were Prevotella melaninogenica (36%),
Fusobacterium nucleatum (17%), and Veillonella paravula
(12%). The probability of recovering anaerobic bacteria
was increased in orotracheally intubated patients and
patients in whom pneumonia occurred during the 5 days
after ICU admission.
Anaerobic lung infections in critically ill patients have
a variety of clinical presentations depending on underlying risk factors, the type, and the volume of fluid aspirated. No single clinical feature is diagnostic of the
underlying disease. Early in the process, focal areas of
pneumonitis are observed on chest radiographs which
can progress with time to dense segmental infiltration
with numerous small cavitations. These may coalesce to
form a lung cavity that is undistinguishable from a tuberculosis cavity or a cavitating bronchogenic carcinoma. The
cavitation of a lung abscess however is characterized by
a thick wall with surrounding infiltrate localized in the
gravity-dependent area of the lung. An air-fluid level is
typically observed.
The routine use of bronchoscopy in the diagnosis and
management of anaerobic lung infection is controversial.
Antimicrobials are the main stay of therapy in the early
stage of anaerobic pneumonia. In the presence of identifiable risk factors and a compatible diagnostic chest radiograph showing disease in the dependent regions of the
lung, a diagnostic procedure may not be required.
A similar approach may be applicable for suspected anaerobic lung abscess if the diagnosis is supported by clinical
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and radiologic presentation, and the patient is showing
signs of clinical improvement. However, diagnostic bronchoscopy may be indicated to rule out the presence
of tuberculosis or atypical pathogens responsible for cavitary lung lesions. Legionella micdadei, Mycobacterium
fortuitum, Streptococcus mitis, and Eikenella corrodens
have all been reported as the causative agents of lung
abscess. In immunocompromised patients, the list
of pathogens may include Corynebacterium equi,
Rhodococcus equi, Pneumocystis jiroveci, and Salmonella
species. Bronchoscopy is also advocated for patients with
delayed resolution and those who fail to respond to antimicrobial therapy. A history of limited sputum expectoration in patient with suspected anaerobic lung abscess
may warrant a bronchoscopy due to the possibility of
endobronchial lesion. Findings suggestive of neoplasm
include also lack of a risk factor for anaerobic infection,
lack of constitutional symptoms, a white blood count less
than 11  109/L, and absence of an infiltrate surrounding
the abscess. Careful consideration should be given for
a large abscess cavity (>6–8 cm in diameter) prior to
performing a bronchoscopy because of the potential evacuation of the abscess contents into the bronchial tree.
A dreadful sequelae of anaerobic lung infections is the
formation of bronchopulmonary fistula complicated with
an empyema. At times, it may be difficult to differentiate
between cavitary lung abscess and empyema on plain
radiograph due to close proximity of the parenchymal
lesion to the pleural space. A computed tomographic
(CT) scan of the chest can be helpful in making this
distinction. A lung abscess has the characteristics of an
irregular wall width, a blurred outer margin, an oval or
round shape with minimal distortion to the adjacent lung.
In contrast, an empyema appears more to have a uniform
wall width, a lenticular shape, and an obtuse chest-wall
angle. The adjacent pulmonary parenchyma is usually
compressed.
The type of approach to a patient who may have an
anaerobic lung infection depends on the extent of disease
on presentation. As with most bacterial infections, proper
identification and treatment of underlying causative
agents is paramount for a satisfactory outcome. Antibiotic
resistance among anaerobic bacteria has been on the rise.
Penicillins used to be the standard treatment for anaerobic
pleuropulmonary infections. In the 1980s, two therapeutic
trials showed superiority of clindamycin to penicillins in
reducing the failure rates and shortening the time for
elimination of putrid sputum. Clindamycin appears also
to enhance phagocyte killing. Hence, the most recent
guidelines for the management of pneumonia with
suspected anaerobic bacteria recommend clindamycin as

the first line agent. More recent studies show that
b-lactam/b-lactamase inhibitor combinations are also
effective. The use of metronidazole as monotherapy with
anaerobic lung infection is discouraged in view of the high
therapeutic failure (43%) that has been linked to metronidazole-resistant microaerophilic and aerobic streptococci. If metronidazole is to be used, it is advisable to
combine it with another drug such as penicillin. Erythromycin and other macrolides such as azithromycin and
clarithromycin have good activity against anaerobes
but have relatively poor activity against Fusobacterium.
Other drugs such as cefoxitin, imipenem, meropenem,
tigecycline, and moxifloxacin have adequate anaerobic
coverage, but their use in treating anaerobic lung infections has not been examined in large randomized trials.
Clinicians should be aware of infections caused by
Eikenella corrodens, a slow-growing, nonmotile, facultative anaerobic, Gram-negative bacillus which is commensal of the oral cavity, intestinal, and genital tracts. The
most common clinical sources of this organism are
human bite wounds, head and neck infections, and respiratory tract infections. The organism is uniformly resistant to clindamycin and metronidazole. When suspected,
the addition of b-lactam/b-lactamase inhibitor, penicillin,
or a quinolone should be entertained.
The duration of therapy in critically ill patients with
anaerobic lung infection must be tailored to the clinical
presentation and microbiological infection. Antibiotic
therapy is usually recommended for 7–10 days for uncomplicated cases, whereas 4–8 weeks may be required for
complex cases involving necrotizing pneumonia, lung
abscesses, or empyema. Longer therapy has been advocated until the pulmonary infiltrate has cleared or there is
only a small stable residual lesion.

Intra-abdominal and Pelvic Anaerobic
Infections
In critically ill patients, intra-abdominal and pelvic anaerobic infections run the gamut from minor problems that
respond to systemic antibiotics to life-threatening catastrophes. Intraperitoneal, retroperitoneal, and visceral
anaerobic infections occur generally as complication of
appendicitis, cholecystitis, diverticulitis, pelvic inflammatory disease, tubo-ovarian infection, surgery, or trauma.
The polymicrobial nature of abdominal and pelvic
abscesses is apparent in the majority of patients, where
the number of isolates in an infectious site varies between
two and six. The average number of isolates is five in intraabdominal infection (3.0 anaerobes and 2.0 aerobes) per
specimen and four in pelvic infections (2.8 anaerobes and
1.2 aerobes) per specimen.
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The microbiology of intra-abdominal abscesses that
develop following perforation of viscera is made up of the
gastrointestinal flora at the level of the perforation. The
predominant anaerobic bacteria are B. fragilis, Peptostreptococcus species, and Clostridium species, whereas the most
commonly isolated aerobic and facultative bacteria are
Enterobacteriaceae and Group D Enterococcus species.
A similar pattern also exists in the microbiology of pelvic,
vulvo-vaginal, and prostatic abscesses, which originate
from the rectal and cervical flora. The predominant anaerobic bacteria are P. bivia, P. disiens, and Peptostreptococcus,
whereas the common aerobic and facultative bacteria
include Enterobacteriaceae, N. gonorrhoeae, and Group B
streptococci. In cases of septic abortion and uterine gas
gangrene, Clostridium species should be included also in
the list of microbial etiology.
Early diagnosis of intra-abdominal or pelvic infection
is paramount in preventing progression from bacterial
contamination to abscess formation. The treatment of
these infections is based on source control which focuses
on three principles: drainage, debridement, and restoration of anatomy and function. No single- or multipleantimicrobial regimen has been consistently shown to be
superior or inferior for community-acquired intraabdominal infection. Metronidazole, clindamycin, a
carbapenem (i.e., imipenem), cefoxitin, or b-lactam/
b-lactamase inhibitor are the drugs of choice. Metronidazole is also a very potent amoebicide. An aminoglycoside,
a quinolone (in adults), or a third-generation cephalosporin should be added if Gram-negative enteric bacteria
are present. Because susceptibility profiles for Bacteroides
fragilis isolates often show significant resistance to
clindamycin, cefotetan, cefoxitin, and quinolones, these
drugs should not be used alone empirically in contexts in
which these organisms are likely to be encountered. Antimicrobial agents, especially when used without surgical
drainage, should be given for at least 6–8 weeks. A shorter
course, of 4–6 weeks, may be used when good surgical
drainage has been achieved.

Skin and Soft Tissue Infections
Anaerobic infections of the skin and soft tissue develop in
areas contaminated by the indigenous flora following
penetrating foreign body, trauma, ischemia, or surgery.
Necrotizing fasciitis and anaerobic gangrenous cellulitis
dominate the majority of cases seen in intensive care units.
These infections are usually polymicrobial in nature.
A mean of 4.8 bacterial species are isolated with a roughly
3:2 ratio of anaerobes to aerobes. The predominant anaerobes are Clostridium species, Peptostreptococcus species,
Prevotella species, B. fragilis group, and Porphyroonas
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species. Early symptoms resemble those of cellulitis, but
progressive skin changes such as skin ulceration, bullae
formation, necrotic eschars, and fluid draining from the
site can occur rapidly as the infection progresses. Sepsis
and organ failure can develop before the skin changes are
recognized. Although X-rays show occasionally gas in
tissues, CT or MRI studies are needed to delineate the
extent of the infection. Surgical exploration, extensive
incisions, and deep probing beyond the involved areas of
necrosis are often necessary to determine the extent of
muscle involvement. Frequent surgical debridement and
drainage of fluid collection may be necessary till granulation tissue is established. Antimicrobial therapy for
mixed aerobic and anaerobic bacteria is indicated
when polymicrobial infection is suspected. Cefoxitin,
tigecycline, carabapenems, beta-lactam/beta-lactamase
inhibitors, clindamycin, or metronidazole alone or in
combination are all effective agents against anaerobic
skin and soft tissue infections. When used in conjunction
with surgery and antibiotics, hyperbaric oxygen therapy
enhances wound healing and may reduce morbidity by
reducing the rate of amputation.

Anaerobic Bacteremia
Anaerobic bacteremia has been gradually decreasing over
the past few years because of empirical treatment with
antibiotics and surgical prophylaxis against anaerobes.
Anaerobic bacteremia that is considered to be clinically
significant accounts for <4% of anaerobic blood cultures.
The gastrointestinal tract accounts for half of anaerobic
bacteremias followed by the female genital tract (20%)
and soft tissue infections (8%). Intestinal obstruction,
diabetes mellitus, undrained abscess, recent gastrintestinal
and obstetric gynecologic surgery, use of cytotoxic or
steroids, and malignant neoplasms are among the recognized risk factors [5]. Dental and oral surgery can also
predispose to anaerobic bacteremia particularly in the
setting of subacute endocarditis.
Anaerobic Gram-negative bacilli represent about 75%
of anaerobic bacteremia, mostly of the Bacteroides
group. Many of these cases are polymicrobial in nature
and originate predominantly from infections below
the diaphragm. Bacteriodes fragilis is the most common
blood isolate recovered from these patients. Anaerobic
bacteremia due to non-sporulating, Gram-positive
bacilli include members of the genera Actinomyces,
Bifidobacterium, Eggerthella, Eubacterium, Lactobacillus,
and Propionibacterium. Almost all patients with these
clinically significant bacteremias have underlying diseases,
with gastrointestinal tract disease and malignancy being
the most common. Other species responsible for
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anaerobic bacteremia include Peptostreptococcus species,
Clostridium species, and Fusobacterium species.
The mortality associated with an anaerobic bloodstream infection is high. Bacteroides bacteremia has
been associated with a mortality rate of up to 50%
depending on the species recovered (B. thetaiotaomicron
> B. distasonis > B. fragilis). Lower death rates have been
documented in patients who have undergone surgical
interventions.
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Synonyms
Allergic shock; Anaphylaxis

Definition
Anaphylaxis is a medical emergency that requires immediate diagnosis and treatment in order to avoid lifethreatening consequences. Definitions of anaphylaxis
have conflicted over the years; however, recent clarity
has emerged based on consensus symposia. In simple
terms, “anaphylaxis is a serious allergic reaction that

is rapid in onset and may cause death” [1]. More detailed
revisions of the definition [1] for health professionals
using clinical criteria suggest that anaphylaxis is
highly likely when any one of the following three criteria
occurs:
1. Acute onset of an illness (minutes to several hours)
with involvement of the skin and/or mucosal tissue
(e.g., hives/urticaria, pruritus, flushing, swollen lips,
tongue, or uvula) associated with at least one of the
following:
(a) Respiratory compromise (e.g., dyspnea, wheeze,
and/or stridor)
(b) Reduced blood pressure
(c) Associated symptoms of organ dysfunction (e.g.,
hypotonia, syncope, and incontinence)
2. Two or more of the following that occur rapidly after
exposure to a likely allergen for that patient (minutes
to several hours):
(a) Involvement of the skin and/or mucosal tissue
(b) Respiratory compromise
(c) Reduced blood pressure or associated symptoms
(d) Persistent gastrointestinal symptoms (e.g.,
cramps, vomiting)
3. Anaphylaxis should be suspected when patients are
exposed to a known allergen and develop hypotension.
Most patients with anaphylaxis demonstrate “hypersensitivity,” which implies an inappropriate immune
response to generally harmless antigens; anaphylactic
shock represent the most dramatic and severe form of
immediate hypersensitivity. Anaphylaxis occurs as part
of a clinical continuum. It is critical to remember that it
can begin with relatively minor symptoms and rapidly
progress to a life-threatening respiratory and cardiovascular reaction.
The causes of anaphylaxis are many and varied. Foods
(especially nuts and shellfish), medications (especially
antibiotics), insect stings, and allergen immunotherapy
injections are the most common provoking factors for
anaphylaxis; however, any agent capable of producing
a sudden degranulation of mast cells or basophils can
induce anaphylaxis. For the most part, anaphylaxis
arises from the activation of mast cells and basophils
through a mechanism involving cross-linking of IgE
and aggregation of the high-affinity receptors for IgE.
Upon activation, mast cells and/or basophils quickly
release preformed mediators from secretory granules,
including histamine, which sets up further inflammation
cascade effects.
The majority of anaphylaxis patients arrive to an
emergency department setting, and those with
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anaphylaxis often present via ambulance. How common is
anaphylaxis in the allergic population? Research suggests
that physicians under-diagnose anaphylaxis, which leads
to significant under-estimation of the prevalence of anaphylaxis. For example, in one study of ED visits for food
allergies, 51% were defined by the authors as meeting
criteria for anaphylaxis. The same authors examined ED
presentations of insect allergies and found 31% met the
criteria for anaphylaxis. It is likely that many cases of
anaphylaxis are both under-recognized and under-treated;
however, anaphylactic shock is likely not misdiagnosed
because of its severity at presentation.
Given the mechanisms described above, it is not surprising that severe acute asthma and anaphylaxis can
coexist. Since there is considerable overlap between these
two syndromes their treatment also overlaps and it is
important to recognize this. This article will focus on the
pathophysiology, clinical features and management of
anaphylaxis, and anaphylactic shock.

Treatment
Clinical Presentation: Anaphylaxis is the most severe lifethreatening form of a systemic allergic reaction, often
involving respiratory or cardiovascular compromise. The
initial clinical signs of systemic allergic reactions include
diffuse urticaria and angioedema. These major symptoms
are in most cases accompanied by any of the following:
abdominal pain or cramping, nausea, vomiting, diarrhea,
bronchospasm, rhinorrhea, conjunctivitis, dysrhythmias,
and/or hypotension. The clinician should be aware that
even mild, localized urticaria can progress to full anaphylaxis, and even to death.
The “classic” presentation of anaphylaxis begins with
pruritis, cutaneous flushing, and urticaria. These symptoms are followed by a sense of fullness in the throat,
anxiety, a sensation of chest tightness, shortness of breath,
and lightheadedness. As the cascade progresses, decreased
level of consciousness, respiratory distress, and circulatory
collapse may ensue. In its severest form, loss of consciousness and cardiorespiratory arrest may result. A complaint
of a “lump in the throat” and hoarseness heralds lifethreatening laryngeal edema in a patient with symptoms
of anaphylaxis.
The diagnosis of anaphylaxis and anaphylactic shock
are made clinically. There are no particular drug tests that
will aid the clinician in this diagnosis. Some have advocated the use of tryptase measures; however, this test is
largely unavailable or the results arrive after the patient’s
condition has improved. In general, for patients with
severe reactions and in those with underlying cardiovascular disease, cardiac monitoring is important,
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particularly when adrenergic agonists are used in treatment. Monitoring using pulse oximetry is also useful.
Priority Treatment: Anaphylaxis, as defined by airway
compromise or hypotension, is obviously a true medical
emergency and must be rapidly assessed and treated. With
suspected anaphylaxis, the single most important step in
treatment is the rapid administration of epinephrine.
Moreover, with this rapid administration, many of
the secondary measures discussed below may not be
necessary.
Airway: Patients should be given sufficient oxygen to
maintain arterial oxygen saturation greater than 90%.
Securing the airway is always the first priority. The airway
should be examined for signs and symptoms of
angioedema (e.g., uvula edema or “hydrops,” audible stridor, respiratory distress, hypoxia). If angioedema is
producing respiratory distress, intubation should be considered an early intervention, since delay may result in
complete airway obstruction secondary to progression of
angioedema.
Most patients with anaphylaxis will not require intubation or assisted ventilation, especially if severe cases are
recognized early and managed aggressively. In the event of
airway compromise, the use of high flow oxygen, or even
noninvasive ventilation would be considered risky practice. The key intervention is airway control through intubation and the safest approach possible is required.
Intubation should ideally be performed by someone with
knowledge of airway techniques and the potential complications associated with intubation and positive pressure
mechanical ventilation.
A variety of approaches to securing the airway are
available; however, an approach including a rapid
sequence intubation (RSI) protocol is recommended. For
example, a common approach in patients with airway
disease is proposed by the Canadian Thoracic Society
and seems reasonable: intravenous induction with ketamine (1.5 mg/kg) or propofol (2–2.5 mg/kg) followed by
paralysis with intravenous succinylcholine (1.5 mg/kg) or
rocuronium (0.6–1.2 mg/kg). Other therapeutic options
are available, and clinicians should become comfortable
with one and use it in this situation.
Adrenaline/Epinephrine: Epinephrine is a mixed alpha
(a1) and beta (b2) receptor agent; the a1 receptor activation reduces mucosal edema, membrane leakage, and
treats hypotension while the b2 receptor activation provides bronchodilation and controls mediator release [2].
Epinephrine is the drug of choice and the first drug
that should be administered in acute anaphylaxis;
however, evidence suggests that it is underused. Studies
suggest that the use of epinephrine is lower than
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second line therapies such as corticosteroids and antihistamines in treatment of all allergic reactions including
anaphylaxis [3]. Moreover, the 12-year trend in the USA
shows a statistically significant decline in epinephrine use
and use in only 50% of the cases defined as anaphylaxis
[3]. Finally, epinephrine is often dosed suboptimally to
treat anaphylaxis, and is under-prescribed for potential
future self-administration. Experts believe that most of
the reasons proposed to withhold its clinical use are
flawed, and that the therapeutic benefits of epinephrine
exceed the risk when given in appropriate (e.g., intramuscular) doses. These results are concerning and suggest that
clinicians who treat anaphylaxis and anaphylactic shock
need to be aggressive with this agent.
For less severe symptoms, intramuscular epinephrine
can be administered [2]. The dose is epinephrine
0.3–0.5 mg (0.3–0.5 mL of the 1:1,000 dilution) repeated
every 5–10 min according to response or relapse. Intramuscular dosing provides higher, more consistent, and
more rapid peak blood epinephrine levels than subcutaneous administration, and should now be the treatment of
choice for adults and children [4]. Moreover, injections
into the thigh are more effective at achieving peak blood
levels than are injections into the deltoid area. If the
patient is refractory to treatment despite repeated intramuscular epinephrine, then an epinephrine infusion
should be instituted. Caution is warranted in patients
taking b-blockers, because epinephrine use may result in
severe hypertension secondary to unopposed b-adrenergic
stimulation.
Volume Expansion: When hypotension or shock are
present, it is generally thought to be the result of distributive shock and responds to fluid resuscitation. Patients
should receive a saline bolus of 1–2 L (10–20 ml/kg
repeated as needed) concurrently with the epinephrine
treatment. There is currently insufficient evidence to suggest that albumen or hypertonic saline should replace
saline as the crystalloid of choice.
Vasopressor Agents: In patients with signs of cardiovascular compromise or collapse, epinephrine may be delivered intravenously. Initially, epinephrine 100 mg (0.1 mg)
IV should be given as a 1:100,000 dilution. If the patient is
refractory to the initial bolus, then an epinephrine
infusion can be started, by placing epinephrine 1 mg
(1.0 mL of the 1:1,000 dilution) in 500 mL of saline and
administering at a rate of 1–4 mg/min (0.5–2 mL/min),
titrating to effect.
While some clinicians may be hesitant to give intravenous epinephrine because of its side effects (e.g., tachycardia, arrhythmia, tremor), it should be stressed that the
initial adult dose is very dilute, is given over 5–10 min, and

can be stopped immediately if arrhythmias or chest pain
occur. If epinephrine is ineffective, other vasopressor
agents with alpha-adrenergic activity (e.g., norepinephrine or dopamine) may be reasonable alternatives.
Adjunctive Treatment: In addition to the priority treatments described above, there are other treatments that
may benefit patents with anaphylaxis and anaphylactic
shock. It is important to note that given the lifethreatening nature of this condition, the evidence for
many of these treatments is based on consensus and expert
opinion.
Corticosteroids: All patients with anaphylaxis should
receive systemic corticosteroids. These agents depress
the immune and inflammatory response and are responsible for a myriad of effects that may be beneficial in
anaphylaxis including influencing protein metabolism,
membrane stabilization, and inhibiting the release of
further immune and inflammatory mediators. Intravenous methyl-prednisolone (80–125 mg) or hydrocortisone (250–500 mg) are equally appropriate.
Methyl-prednisolone produces less fluid retention than
hydrocortisone and is preferred for elderly patients and
for those patients in whom fluid retention would be problematic (e.g., renal and cardiac impairment). Increasing
use of corticosteroids has been observed in US emergency
departments [3]. Finally, the use of very high dose systemic corticosteroids is likely unnecessary as available
evidence suggests limited additional benefits with this
approach.
Antihistamines: All patients with anaphylaxis should
receive intravenous histamine-1 (H1) blockers, such as
diphenhydramine (25–50 mg); however, evidence suggests
this is not always the case [3]. Because the histamine-2
(H2) blockers are effective in shock refractory to epinephrine, fluids, steroids, and H1 blockers, it is recommended
that H2 antihistamines be considered as well in the intensive care setting [5].
If considered, H2 blockers such as ranitidine and
cimetidine may be used in anaphylaxis. Cimetidine should
not be used for patients who are elderly (side effects), with
multiple comorbidities (interference with metabolism of
many drugs), have renal or hepatic impairment, or whose
anaphylaxis is complicated by b-blocker use (prolongs
metabolism of b-blockers and may prolong anaphylactic
state). After the initial intravenous dose of steroids and
antihistamines, the patient may be switched to oral
medication.
Antiasthmatic/Bronchospasm Therapy: If bronchospasm is present, either as an exacerbation of asthma or
de novo bronchospasm related to histamine release,
a selective bronchodilator, such as intermittent or
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continuous nebulized albuterol/salbutamol, should be
instituted. For severe bronchospasm refractory to the
above-mentioned treatments, other treatments such as
anticholinergics and magnesium sulfate can be added.
Anticholinergic agents should be added to nebulized albuterol (ipratropium bromide 250–500 mg/dose) in severe
acute bronchospasm every 20 min for an hour and every
4 h afterwards. Magnesium sulfate improves pulmonary
functions and reduces admissions when administered in
severe acute asthma. It is inexpensive and free of major
side effects when used in single doses of magnesium
sulfate 2 g intravenously over 20–30 min in adults. Bronchodilator and stimulant agents should be used with
caution (lower dose and slower rate) in elderly patients.
Intravenous aminophylline and b-agonists have no
role to play in the early management of acute bronchospasm because their benefits are marginal, as compared to
other agents, and their side-effect profiles are impressive.
There are no data yet on the role of leukotriene receptor
antagonists in the treatment of anaphylaxis.
Glucagon: Concurrent use of b-blockers by the patient
is a risk factor for severe prolonged anaphylaxis. For
patients taking b-blockers with hypotension refractory to
fluids and epinephrine, intravenous glucagon should be
used in a dose of 1 mg every 5 min until hypotension
resolves, followed by an infusion of 5–15 mg/min.

Evaluation/Assessment
Effectiveness: In the vast majority of patients, signs and
symptoms begin suddenly, often within 60 min of allergen
exposure. In general, the faster the onset of symptoms, the
more severe the reaction, as evidenced by the fact that onehalf of anaphylactic fatalities occur within the first hour.
After the initial signs and symptoms have abated, patients
are at risk for a recurrence of symptoms. The exact incidence of this biphasic phenomenon is unclear, although it
has been reported in 3–20% of patients.
Most patients with anaphylaxis do not need more than
a single dose of epinephrine, and response is relatively
immediate. Additional treatments including corticosteroids, fluids and antihistamines are often also provided;
however, other agents are not needed in all cases of anaphylaxis [3]. It is unusual not to observe a response to this
therapeutic approach. Overall, approximately 4% of allergic presentations require hospitalization and death from
anaphylaxis early in the course or in the prehospital
setting.
Complications of Treatment: In general, anaphylactic
shock is reversible and patients make excellent recoveries.
The complications associated with anaphylactic shock can
be divided into those arising from airway interventions,
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those related to monitoring, those from the associated
bronchospasm or asthma, and those related to underlying
cardiac disease.
Airway complications generally arise from the process
of intubation. The local airway complications can be as
minor as post-extubation hoarseness and sore throat. The
more severe airway complications include failure to secure
the airway resulting in the need for a cricothyroidotomy.
Overall, these complications can be mitigated by early
consideration of airway control through intubation, use
of the highest level of expertise, and the use of RSI
techniques.
Well-known issues relating to monitoring of patients
in an intensive care setting with central venous access
include pneumothorax, bleeding, nerve injury, arterial
puncture, arrhythmia, and infection. Morbidity and mortality statistics are dependent on the expertise of the individual performing the procedure and are likely decreasing
with the increasing use of bedside ultrasound.
There are many reports of serious pulmonary complications when asthma and bronchospasm occur with anaphylaxis. Once intubated, barotrauma can occur and
pneumothorax can result. The operator may influence
the severity of these complications by adjusting the volume, rate, and end-tidal pressures during ventilation;
however, careful monitoring should mitigate these
problems.
Some of the mediators released in anaphylactic shock
have a direct effect on myocardial tissue. In patients with
preexisting heart disease, hypotension and hypoxia may be
partially due to ischemic myocardial dysfunction. Since
epinephrine is still required for most patients, clinicians
need to be aware of this potential toxicity in adults and
those with known cardiac disease. If pulmonary congestion occurs, clinicians must monitor fluid resuscitation
carefully.
Economics: The “cost” of anaphylaxis and anaphylactic
shock is difficult to determine, since there are few reports
in the literature. The majority of the treatments for anaphylaxis are inexpensive and most patients are discharged,
so the costs are generally low; however, when cases are
severe and the airway is compromised, the incremental
hospital cost of care for these patients is high. The societal
costs of anaphylaxis are also unknown; however, the lost
years of productive life resulting from the death of a young
person from anaphylactic shock and cardiorespiratory
collapse is large. With the increasing presence of allergies
in the developed world, it is likely that the societal burden
of anaphylaxis will increase. Furthermore, these costs do
not take into account the post-anaphylaxis care of patients
following referrals for allergy testing, consultations,
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immunotherapy, and future ED and physician visits.
Finally, the costs to patients and families of patients with
anaphylaxis are unclear.

After-care
All unstable patients with anaphylaxis refractory to treatment or where airway interventions were required should
be admitted to the intensive care unit. Patients who receive
epinephrine should be observed; however, the timing of
observation is based on experience rather than clear evidence. Observation for at least several hours after the end
of treatment appears routine. If patients remain symptom
free after appropriate treatment following 4 h of observation, the patient can be safely discharged home. Estimates
on the occurrence of late recurrence reactions vary, yet
they are thought to be rare; however, prolonged observation periods should be considered in patients with a past
history of severe reaction and those using b-blockers.
Other factors to consider in discharge planning include
distance from medical care, whether the patient lives
alone, significant comorbidity (including but not limited
to asthma), and age.
A prescription and clear instructions on the use of an
epinephrine autoinjector (usually one each for home, work,
and vehicle) should be provided to patients with anaphylaxis when the risk of another reaction is judged to be
substantial. Patients who have suffered an anaphylaxis episode should also be discharged with a prescription for
a short course of systemic corticosteroids and antihistamines. Finally, to prevent future events, patients discharged
with anaphylaxis and anaphylactic shock should leave with
a referral to an allergist (where possible), an appointment
for allergy testing, educational information (including
encouragement to wear personal identification of this condition), and appropriate follow-up.

epinephrine autoinjector at future events, and patient
education on avoidance and early treatment.
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Anaphylaxis
Anaphylaxis is an acute multisystem life-threatening Type
I of hypersensitivity reaction.
▶ Anaphylactic Shock

Anatomic Resection
▶ Hepatic Lobectomy

Prognosis
The short-term prognosis of patients with anaphylactic
shock and anaphylaxis is usually very good; complete
recovery is expected. Short-term prognosis is largely
dependent on the underlying cause, the early use epinephrine, the timing of advanced interventions, and patient
comorbidities. For most patients, response to therapy is
lifesaving and rapid; the majority of patients are
discharged without any sequelae. The long-term prognosis
for patients with anaphylactic shock and anaphylaxis
varies, since reexposure without adequate preventive strategies in place may lead to a catastrophic outcome. Longterm prognosis is largely dependent on identifying and
avoiding the underlying trigger(s), the availability of an
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Anemia is common in critically ill patients. On ICU
admission, two-thirds patients have a hemoglobin
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concentration less than 12 g/dL and by ICU day 3 almost
95% of patients still in the ICU are anemic. The anemia
observed in these critically ill patients persists throughout
the duration of their ICU and hospital stay. As a consequence of the anemia, critically ill patients receive a large
number of RBC transfusions. Observational studies
conducted in Europe and the USA have noted that RBC
transfusions were administered to approximately 40–45%
of all critically ill patients admitted to the ICU and to over
50% of trauma patients. On average, critically ill patients
receive almost 5 units of RBCs during their ICU stay.
This has remained constant over the past 2 decades despite
the intense scrutiny of transfusion practice in general and
transfusion practice in the ICU in particular. Over 80% of
patients are still anemic at the time of ICU discharge and
10–15% of these patients are transfused post ICU discharge. Anemia of the critically ill persists long after ICU
discharge and may persist longer than 6 months in over
50% of patients [1].

Etiology of Anemia
Active bleeding, while important, is only responsible
for a small portion of the anemia observed in critical
illness. Only about 25% of RBC transfusions are given
in the ICU for active bleeding. On the other hand, phlebotomy is a major factor contributing to anemia and the
need for blood transfusions in the critically ill patient. In
the past, ICU patients have been reported to be
phlebotomized as much as 65 ml per day, while more
recently, phlebotomy losses of 40 ml per day were still
noted in ICU patients. However, it is now becoming clear
that the view of anemia in the critically ill as simply the
result of excessive phlebotomy by “Medical Vampires” is
not completely accurate. Red blood cell production
in critically ill patients is not normal and decreased
RBC production is also important in the development
and maintenance of the anemia observed in the critically
ill [1].
Over 90% of ICU patients have low serum iron (Fe),
total iron binding capacity (TIBC), and Fe/TIBC ratio, but
have a normal or, more usually, an elevated serum ferritin
level. On the other hand, nutritional deficiencies are uncommon. At the same time, serum erythropoietin levels are only
mildly elevated, with little evidence of reticulocyte response
to endogenous erythropoietin. Erythropoietin levels in the
critically ill are mildly elevated when compared to adults
without anemia; however, erythropoietin levels are significantly lower when compared to patients with irondeficiency anemia, despite similar hematocrits. The blunted
erythropoietin response observed in the critically ill appears
to result from inhibition of the erythropoietin gene
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by inflammatory mediators. These same inflammatory cytokines directly inhibit RBC production by the bone marrow
and may produce the distinct abnormalities of iron metabolism. An inappropriately low erythropoietin response to
anemia persists for as long as 6 months following ICU
discharge. Patients who are slow to recover from their anemia tend to have evidence of ongoing inflammation. In
summary, anemia of critical illness therefore is a distinct
clinical entity characterized by blunted erythropoietin production and abnormalities in iron metabolism similar to
what is commonly referred to as the anemia of chronic
disease [2].

Consequences of Anemia
As a consequence of anemia O2-carrying capacity is
decreased; however, tissue oxygenation is preserved at
hemoglobin levels well below 10.0 g/dL. Following the development of anemia, adaptive changes include a shift in the
oxyhemoglobin dissociation curve as well as hemodynamic
and microcirculatory alterations. As a consequence more O2
can be released to the tissues at a given pO2; offsetting the
effect of reduced O2-carrying capacity of the blood. At the
same time, O2 delivery to vital organs is preserved through
increased cardiac output and central and regional reflexes
redistribute organ blood flow [1, 3].
There is good evidence that low levels of hemoglobin
can be tolerated in healthy subjects. Hematocrits of 10–
20% have been shown to be well tolerated in animal and
human studies. These studies as well as data from the
Jehovah’s Witness population clearly demonstrate that
hemoglobin concentrations falling significantly below
the “10/30” threshold can be tolerated by individuals
who are not critically ill. Whether this is also applicable
to critically ill patients is less clear. While the presence and
degree of anemia has been observed to be associated
with worse clinical outcomes in almost all critically ill
populations which have been studied; the precise role, if
any, that anemia plays in the observed increase in morbidity and mortality is unknown. However, these observations in large part have driven the efforts to prevent and/
or correct anemia in the critically ill [1, 3].

Management of Anemia
Reduction of blood loss. The approach to acute blood loss
is directed toward control of the bleeding source, correction of coagulation abnormalities, and antithrombolytic
agents. However, more important for the majority of
critically ill patients is phlebotomy blood loss. It has
been repeatedly demonstrated that reducing phlebotomy
blood loss is associated with less RBC transfusion. Several
techniques have been employed to achieve the goal of
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phlebotomy reduction including minimizing discard
blood loss (e.g., closed sampling techniques) and use of
small volume blood sample tubes. As important, although
less well studied, is the reduction of unnecessary laboratory studies, e.g., elimination of standing blood draw
orders.
Red blood cell transfusion. Red blood cell transfusions
are commonly utilized in patients with anemia in an
attempt to increase oxygen delivery to the tissues and in
turn improve tissue oxygenation. The rationale for this
therapeutic approach is that an increase in hemoglobin
will increase the oxygen-carrying capacity of blood and
thus provide more oxygen delivery to delivery-dependent
tissue. Historically, RBC transfusions have been viewed as
a safe and effective means of improving oxygen delivery to
tissues. However, over the last 25 years transfusion practice has come under intense scrutiny. Initially, concerns
related to the risks of transfusion-related infection drove
the process. Today advances in transfusion medicine have
greatly decreased the risk of viral transmission during RBC
transfusion; however, other newly identified risks of RBC
transfusion (i.e., immunomodulation, age of blood,
TRALI) now drive the examination of RBC transfusion
practice. The new appreciation of RBC transfusion risks
has in led to a more critical examination of RBC transfusion benefits. In view of the prevalence of anemia and the
resulting large number of RBC transfusions, these issues
are particularly important in the critically ill patient population [3].
The best evidence available regarding the efficacy of
RBC transfusion in critically ill patients comes from
a randomized controlled trial conducted by the Canadian
Critical Care Trials Group (TRICC Trial) [4]. In this study,
a liberal transfusion strategy (hemoglobin 10.0–12.0 g/dL,
with a transfusion trigger of 10.0 g/dL) was compared to
a restrictive transfusion strategy (hemoglobin 7.0–9.0 g/dL,
with a transfusion trigger of 7.0 g/dL) in a general medical
and surgical critical care population. The TRICC Trial
documented an overall nonsignificant trend toward
decreased 30-day mortality in the restrictive group, however
there was a significant decrease in mortality in the restrictive
group among patients who were less acutely ill (APACHE II
scores less than 20) and among patients who were less than
55 years of age. The TRICC Trial, in combination with
observational studies of critically ill patients demonstrating
worse clinical outcomes associated with RBC transfusion,
have raised questions regarding the validity of the historic
assumption that RBC transfusions are beneficial for critically ill patients with anemia. To date, there are no convincing data to support the routine use of RBC transfusion to
treat anemia in hemodynamically stable critically ill patients

without evidence of acute bleeding. In fact, the data available suggests that RBC transfusions are associated with
worse clinical outcomes [5].
In the absence of acute bleeding, hemoglobin levels of
7.0–9.0 g/dL are well tolerated by most critically ill
patients and that a transfusion threshold of 7.0 g/dL is
appropriate. There is still controversy as to the appropriate
transfusion threshold for critically ill patients with acute
ischemic cardiac disease. A transfusion trigger of between
8.0 g/L and 10.0 g/dL would seem reasonable for patients
with acute coronary syndromes until further evidence
becomes available [3].
Erythropoietin. A major feature of the anemia of critical illness is a failure of circulating erythropoietin concentrations to increase appropriately in response to the
reduction in hemoglobin levels. These observations have
suggested that treatment with pharmacological doses of
erythropoietin (epoetin alpha) might decrease exposure to
allogeneic blood in critically ill patients by increasing
erythropoiesis thus resulting in a higher hemoglobin,
a more rapid return to a normal hemoglobin, and in
turn a reduced need for RBC transfusions.
The above rationale led to several randomized trials
in critically ill patients, which demonstrated a reduction in RBC transfusion with epoetin alpha treatment
in critically ill patients in the ICU as well as critically
patients discharged to long-term care facilities. However,
a more recent large randomized trial of epoetin alpha
treatment in critically ill patients did not demonstrate
a decrease in RBC transfusion, although hemoglobin
concentration did increase. The absence of transfusion
benefit in this more recent trial likely reflected a
change in transfusion practice as compared to the earlier
studies. Of note, although there was no transfusion
reduction observed, there was a significant reduction in
mortality in trauma patients who received epoetin alpha
treatment [6].
Given that the mortality benefit observed in trauma
patients occurred in the absence of a reduction in RBC
transfusion, the likely explanation for the mortality
improvement is related to non-hematopoietic effects of
epoetin alpha. Erythropoietin has actions aside from stimulating the bone marrow to produce mature erythrocytes.
Erythropoietin acts as a cytokine with antiapoptotic
activity. In this latter role, erythropoietin has been demonstrated in preclinical and small clinical studies to protect cells from hypoxemia/ischemia. Multiple tissues
express erythropoietin and the erythropoietin receptor,
in response to stress and mediate local stress responses.
These “non-hematopoetic” activities of erythropoietin in
protecting cells suggest a role for erythropoietin in the

Anesthesia, Local

critically ill. Apoptosis is important in the pathogenesis of
many critical illnesses such as sepsis and multiorgan failure. Similar mechanisms may possibly be involved in
mediating injury in trauma patients. Further preclinical
and clinical studies will be necessary to establish the
mechanism responsible for the epoetin alpha effects.
An important additional observation was a significant increase in thrombotic events noted with epoetin
alpha treatment. In a post hoc analysis, the increase
in thrombotic events was not observed in epoetin alpha
patients receiving heparin (prophylactic or therapeutic).

Recommendations for Anemia
Management in the Critically Ill
In summary, based on the available data in the critically ill
several recommendations can be made:
1. Given the well-documented risks associated with RBC
transfusion and the absence of clear evidence for efficacy of RBC transfusion in critically ill patients, in the
absence of acute bleeding or acute ischemic cardiac
disease, a transfusion threshold of 7.0 g/dL is appropriate for most critically ill patients.
2. A transfusion threshold between 8.0 and 10.0 g/dL is
appropriate for patients with acute coronary syndromes until further evidence becomes available.
3. Epoetin alpha administration will increase the hemoglobin concentration in critically ill patients; however,
it does not result in a reduction in RBC transfusion in
the critically ill if a conservative transfusion threshold
is used. Therefore, in the acute setting treatment with
epoetin, alpha is of little benefit with the possible
exception of patients admitted to the ICU following
trauma. In view of the increase in risk of thrombotic
events any patients receiving epoetin alpha in the ICU
should receive prophylactic anticoagulation if
possible.
4. Efforts should be directed toward minimizing phlebotomy blood loss via limiting laboratory testing and
phlebotomy blood volume.
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Definition
Local anesthesia is being defined as the administration of
anesthetics though administration at the site of an injury
or prior to performing a painful procedure. Local anesthetics are typically either amide or ester “caine” anesthetics and are most often administered by injection.

Introduction
Emergency physicians commonly provide local anesthesia
to patients requiring laceration repair and anesthesia for
bedside procedures. Most typically, local anesthetics are
given by injection. Our goal should always be to provide
safe and effective anesthesia utilizing techniques which
minimize pain of administration. This chapter will review
techniques to minimize pain of infiltration followed by
a general overview of local anesthetics including alternatives to traditional agents.

Minimizing Pain of Injection
One simple way to minimize patient anxiety is to conduct
anesthesia preparation including withdrawing anesthetics
and needle and syringe preparation out of the eyesight of
the patient. Pain of local anesthetic infiltration is influence
by several factors. These include the type of anesthetic,
needle size, pH and temperature of the solution, and speed
and depth of injection [1]. The best studied technique
for minimizing pain is buffering. Local anesthetics are
marketed in slightly acidic solutions in order to increase
their shelf life. Since they are weak bases they are largely
ionized in acidic solutions. It is the unionized base form of
the anesthetic which is thought to cross nerve cell membranes and provide anesthesia. Several studies have shown
that buffering solutions to approximately physiologic pH
decreases the pain of infiltration presumably by increasing
the amount of unionized base form [2]. Buffering is
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accomplished by adding sodium bicarbonate (1 meq/ml)
to anesthetic in approximately a 10:1 dilution (10 ml of
anesthetic to 1 ml of sodium bicarbonate). This can be
accomplished by adding 2 ml of sodium bicarbonate to
a 20-ml vial of anesthetic. Buffered lidocaine can be used
for up to 1 week after preparation with no clinical change
in efficacy [3].
Warming local anesthetics has been inconsistently
shown to reduce pain of infiltration. However, pain has
been consistently shown to decrease by slow infiltration
and subcutaneous injection as opposed to intradermal
injection [1]. Pain of infiltration can also be decreased by
infiltration from within the wound rather through intact
skin. Pretreatment of wounds with topical tetracaine and
other combination topical anesthetics minimize the pain
associated with anesthetic infiltration.

Local Anesthesia Without Injection
A number of different combinations of agents have been
studied as topical anesthetics thus completely obviating
the need for needle infiltration. TAC, a combination of
tetracaine (0.5%), adrenaline (1:2,000), and cocaine
(11.8%) was the first combination to be studied and
introduced into clinical practice. Although shown to be
moderately effective, the potential toxicity associated
cocaine has lead TAC to be replaced by agents and combinations of agents.
Topical 5% lidocaine with epinephrine and lidocaine,
adrenaline, and tetracaine (LET) have both compared
favorably to TAC. EMLATM cream, a eutectic mixture of
lidocaine and prilocaine, has been used successfully as an
anesthetic on intact skin prior to invasive procedures such
as phlebotomy, intravenous insertion, and lumbar puncture. Both EMLATM and LET have been shown to reduce
the pain of infiltration of local anesthetics.
Local anesthetics can be “infiltrated” into skin without
use of a needle. Two ways this can be accomplished include

jet injection or iontophoresis. Jet injection involves the use
of a device which essentially sprays material at high pressure (200 PSI) into the skin. The technique is limited by
the fact that only small amounts (0.1 ml) of anesthetic can
be infiltrated.
Iontophoresis takes advantage of the fact that anesthetics exist in solution as salts of weak bases and therefore
are positively charged. By exposing anesthetic solutions to
an electrical field they can be forced into the skin. The
technique has been studied in volunteers and prior to
intravenous catheter placed in pediatric patients. Limitations include the need for specialized equipment and time
delay required for administration.

Dosage Considerations
Local anesthetics have dosage-related toxicities. While
a weight-based (mg/kg) dosing is useful in pediatric
patients, in adult patients, the maximum safe dosages is
generally expressed in absolute terms. It is important to
note that maximum safe doses are for subcutaneous or
intradermal injections. If anesthetics are accidentally
injected intravascularly, toxicity can be expected at
a much lower dose. The maximum safe amount of plain
lidocaine in an adult patient is 300 mg or 30 cc of a 1%
solution (since a 1% solution contains 1,000 mg/100 ml
or 10 mg/ml). Maximum dosages for commonly used
local anesthetics are provided in Table 1.
The practitioner has several options if volumes
approaching maximum dosages are anticipated. These
include: selection of a less toxic agent, dilution of the
agent, providing anesthesia as a nerve or field block
which often requires less volume than simple local anesthesia, and the addition of epinephrine. The vasoconstrictive properties of epinephrine increase the amount of local
anesthetic which can be injected by decreasing systemic
absorption. Epinephrine-containing solutions are commercially available for some anesthetics such as lidocaine;

Anesthesia, Local. Table 1 Maximum safe dosages for selected anesthetics
Generic name

Trade name

Adult dosage

Pediatric dosage

Lidocaine

Xylocaine

Amide

300 mg

4 mg/kg

Lidocaine w/epia
epinephrine

Xylocaine w/epia

Amide

500 mg

7 mg/kg

Marcaine

Amide

175 mg

1.5 mg/kg
3 mg/kg

Bupivacaine
a

Amide

225 mg

Novocain

Ester

500 mg

7 mg/kg

Procaine w/epia

Novocain w/epia

Ester

600 mg

9 mg/kg

epi = epinephrine

Marcaine w/epi

a

Procaine

Bupivacaine w/epi

a

Classification
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otherwise epinephrine can be added in approximately a
1:100,000 dilution. While a more bloodless field is
provided by the use of epinephrine, it also has several
disadvantages including the theoretical increase risk of
infection, limitations in use in parts of the body with
end-arteriolar circulation, and increase pain of
infiltration.

Alternatives to Commonly used Local
Anesthetics
Local anesthetics are generally of the “caine” family. The
two classifications of these agents are amide and esters.
Amides and esters differ in their metabolism. Esters (of
which procaine (Novocaine™) is the prototype) were the
first to be developed. They are metabolized in plasma by
pseudocholinesterases. Amides such as lidocaine are
metabolized by the liver. Since esters have a relatively
high incidence of allergic reactions, amides are most
often utilized.
True anaphylaxis to local anesthetics, particularly
amides, is extremely rare. Even patients who report an
allergy to lidocaine are rarely found to be truly allergic
by skin testing. However, if a patient claims to be allergic
to lidocaine, it is obviously incumbent on the treating
physician to avoid the use of lidocaine unless a true allergy
can be reasonably excluded.
The first step in evaluating a patient who states that he/
she is “allergic” to local anesthetics is to define the true
nature of the previous reaction. A detailed history may
reveal that a reported “allergic reaction” was really
a vasovagal reaction related to the procedure being
performed. If a true “allergic reaction” cannot be

A

excluded, choosing an alternative class anesthetic would
be reasonable. For instance, if a patient had a known
allergy to lidocaine, an amide anesthetic, an ester anesthetic such as tetracaine could be used safely. Unfortunately patients are often unable to identify which specific
anesthetic caused a previous allergic reaction. Even in
situations when an allergy to lidocaine, per se is identified,
it is more likely that the allergy is to methylparaben, the
preservative used in multi-dose vials, rather than to lidocaine itself. Ester anesthetics would not be a good choice
for a patient with a methylparaben allergy since they are
degraded to para-amino benzoic acid (PABA), a chemical
which is closely related to methylparaben. Single dose
lidocaine (lidocaine used for IV use) contains no preservatives and would therefore be a reasonable alternative to
multi-dose lidocine if it was possible to determine that an
individual patient was allergic to methylparaben rather
than lidocaine itself. However, it is often impossible to
make this distinction without performing skin testing
which is impractical in the acute setting. Alternatives to
traditional “caine” anesthetics have therefore been sought.
The antihistamine diphenhydramine (Benadryl™)
has been shown to be an effective local anesthetic. Its
chemical structure is closely related to local anesthetics
but different enough that it does not share antigencity
with local anesthetics. Although a 1% solution of diphenhydramine provides anesthesia comparable to 1% lidocaine, the solution is considerably more painful to
administer than lidocaine. Diphendramine, 0.5%, is less
painful but unfortunately also less effective. Buffering
diphenhydramine with sodium bicarbonate was not
found to decrease its pain of infiltration. Other properties

Anesthesia, Local. Table 2 Comparison of types of anesthesia

Topical

Advantages

Disadvantages

Painless

● Not always reliable, (works best on
face)
● Danger of absorption if used on mucus
membranes
● Cannot be used on areas with endarteriolar circulation

Local

Nerve/field blocks

● Ease of technique

● May require high volumes of
anesthetic

● Reliability

● May be excessively painful in certain
locations (tips of extremities, palms,
soles)

● Does not distort anatomy

● Only useful for certain locations

● Requires lower volume of anesthetic

● Not as reliable as local

175

A

176

A

Anesthesia, Regional

which make diphenhydramine an unattractive alternative to caine anesthetics are side effects which include
sedation, local irritation, erythema, vesicle formation,
tissue necrosis and prolonged anesthesia. Given these
disadvantages of diphenhydramine, other non-“caine”
anesthetics have been sought for patients who are allergic
to lidocaine.
Benzyl alcohol (as found as a preservative in multidose normal saline) has been shown to have local
anesthetic properties. Its pain of administration compares
favorably to lidocaine; however its short duration of
action (a few minutes) limits its utility. The addition
of epinephrine, 1:100,000 increases the duration of activity of benzyl alcohol. Although the duration of action is
still somewhat shorter than lidocaine, benzyl alcohol with
epinephrine is a viable alternative to patients with caine
anesthetic allergies [4]. Benzyl alcohol with epinephrine
1:100,000 can be prepared by making a 1:100 dilution of
epinephrine, 1:1,000, with multi-dose normal saline that
contains 0.9% benzyl alcohol.

Local Versus Regional Anesthesia
Anesthesia for laceration repair and other common bedside procedures is generally accomplished by local infiltration. Local infiltration has the advantages of being easy to
perform; and is reliable and safe providing proper technique is utilized and toxicity is not exceeded. Direct
infiltration of local anesthetics, particularly those
containing epinephrine, also has the advantage of providing hemostasis.
Local anesthesia has several noteworthy disadvantages.
Infiltration of anesthetics in and around wounds distorts
anatomy and can make subsequent repair of lacerations
more difficult. As compared to nerve blocks, local anesthesia often requires larger volumes of anesthetic. Additionally, local infiltration requires multiple injections.
Table 2 summarizes advantages and disadvantages nerve
blocks, topical, and local anesthesia.
Nerve blocks will be discussed in the chapter on
regional anesthesia.
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Definition
For purposes of this chapter, regional anesthesia is being
defined as the injection of an anesthetic other than a local
injection directly into a wound, laceration, or body part for
which local anesthesia is desired. Regional anesthesia can be
divided into two main types, field blocks and nerve blocks.

Characteristics
Field Blocks
Field blocks provide anesthesia by infiltration of an anesthetic in the skin surrounding the area of interest. The
technique is relatively easy to accomplish and generally provides reliable anesthesia without disrupting anatomy. However, field blocks can only be used in certain areas of the body
with appropriate sensory innervation and anatomy. Common areas that can be anesthetized by field blocks include the
forehead, ear, and nose. A disadvantage of field blocks is that
they often require a large volume of anesthetics as compared
to nerve blocks, or sometimes even local anesthesia.

Nerve Blocks
Nerve blocks provide regional anesthesia by anesthetizing
single nerves or groups of nerves that supply sensory innervation to particular areas of the body. Like field blocks, nerve
blocks have the advantage of providing anesthesia without
distorting anatomy. Unlike field blocks, nerve blocks generally require a relatively small volume of anesthetic and can
often be performed through a single injection. Nerve blocks
in certain areas of the body are relatively easy to perform and
master. This chapter will focus on some general principles of
nerve blocks and then on specific blocks which are clinically
useful and commonly performed. These include digital
nerve blocks and blocks involving nerves supplying sensation to the hand, foot, and face.

General Principals
The practitioner should be mindful of several general
principals when performing nerve blocks.
1. A good working knowledge of anatomy is essential in
order to successfully perform nerve blocks. Care
should be taken to identify landmarks.

Anesthesia, Regional

2. It is essential to utilize proper antiseptic technique particularly when deep injections are being administered.
3. Prior to performing a block, patients should be told
that they might feel paresthesias during the procedure.
If paresthesias are elicited (indicating that the needle is
very close to the target nerve), the needle should be
withdrawn slightly and then the anesthetic should be
injected.
4. Since vascular structures tend to run close to nerves, it
is important to always aspirate prior to injecting.
5. An adequate amount of anesthetic should be injected
in the area of the nerve.
6. After infiltration, if possible the area should be gently
massaged (to help to diffuse the anesthetic into the
nerve being blocked).
7. It may take several minutes for nerve blocks to take
effect.
8. If a block has been unsuccessful, the block can be
reattempted or local anesthesia can be administered
(remembering not to exceed the maximum allowable
amount of local anesthetic).

Specific Nerve Blocks
Facial Nerve Blocks
Nerve blocks offer distinct advantages over local anesthesia for the management of facial injuries. In the case of
lacerations (assuming the location lends itself to a nerve
block) complete anesthesia can be achieved without
distorting the edges of the laceration. The trigeminal
nerve supplies sensation to the face. All three branches of
this nerve, the supraorbital, infraorbital, and mental
nerves, are easily blocked. The three nerves exit from
foramina that fall along a line that connects the medial
aspect of the pupil with the corner of the mouth (Fig. 1).
Supraorbital and Supratrochlear Nerves

The supraorbital nerve supplies sensation to most of the
forehead. The area near the bridge of the nose is supplied
by the supratrochlear nerve. The supraorbital nerve exits
at the supraorbital foramen and the supratrochlear nerve
exits 5–10 mm medial to it. The supraorbital foramen is
easily palpated as a notch in the medial one third of the
superior orbital rim. Both nerves can be blocked by superficial injection at this easily identifiable location.
Infraorbital Nerve

The infraorbital nerve supplies sensation to the medial
aspect of the mid-face including the upper lip. The nerve
exits through the infraorbital foramen. The foramen is
easily palpated just below the inferior border of the orbit
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Anesthesia, Regional. Figure 1 Anatomical positions of three
branches of the trigeminal nerve

along the line previously described. The infraorbital nerve
can be blocked either by injection through intact skin or
through buccal mucosa (author’s preferred method).
Injection thorough the buccal mucosa has been shown to
be less painful and more reliable [1]. The nerve is blocked
by inserting a 3/4 inch needle to the hub into the buccalmucosal sulcus opposite the upper canine and palpating
the foramen as the anesthetic is slowly injected. Care must
be taken to introduce the needle along the surface of the
maxilla in order to avoid puncturing the globe and the
outer surface of the face.
Mental Nerve

The mental nerve supplies sensation to the superior chin
and lower lip. This nerve exits through the mental foramen. This notch is easily identified along the previously
described line in the lateral chin. Similar to the infraorbital
nerve, there are two approaches to blocking the mental
nerve, transcutaneous or intraoral (author’s preferred
method) injection. The latter technique was shown to be
more reliable and less painful in a study involving ten
volunteers [2]. The block is accomplished by inserting
a 3/4 inch needle to the hub into the buccal-mucosal fold
opposite the lower canine and palpating the foramen as
the anesthetic is slowly injected.

Digital Nerve Block
There are two sets (palmar and dorsal) of digital nerves,
which each run along the lateral aspect of the digit. For the
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middle three fingers, the palmar nerves supply most of the
sensation to the fingertip. Therefore only the palmar nerve
needs to be blocked for the middle three fingers. In order
to provide good anesthesia for the first and fifth digit, the
dorsal nerves have to be blocked in addition to the palmar
nerves. The digital arteries run in close proximity to the
digital nerves. Since these arteries supply end arterial circulation to the finger and toe tips, care must be taken to
avoid injury to them and anesthetics with epinephrine
should be avoided for digital nerve blocks.
Buffered lidocaine has been shown to be less painful to
administer for digital nerve blocks then plain lidocaine
[3]. There are several acceptable techniques for
performing digital nerve blocks. The nerve can be blocked
either at the metacarpophalangeal (MCP) joint or
metatarsopahalangeal (MTP) joint or anywhere along its
course. Digital blocks can be performed by introducing
the needle through the dorsal or ventral surface of the
digit. MCP and MTP blocks are best performed by
injecting between the digits on either side of the digit
being blocked. MCP and MTP blocks are easy to learn;
however, one study involving 30 volunteers, found MCP
blocks to be less reliable (23% failure rate versus 3% failure
rate) and to have a slower onset (6.35 min versus 2.82 min)
compared to conventional digital blocks [4].

Ulnar nerve distribution
Median nerve distribution
Radial nerve distribution

Anesthesia, Regional. Figure 2 Sensory distribution of the
nerves supplying the hand

between the medial epicondyle of the humerus and the
olecranon of the ulna.
Median Nerve Block

Nerve Blocks of the Hand

A thorough knowledge of sensory innervation is important when planning for nerve blocks in the hand. Figure 2
demonstrates the typical sensory innervation of the hand.
It is important to remember that there is some individual
variation and therefore multiple blocks may be required.
Since local infiltration into the hand, particularly into the
thick palmar skin can be particularly painful, nerve blocks
are particularly useful.

The median nerve is located between the palmaris longus
and the flexor carpi radialis tendons. The palmaris
longus can be located by having the patient oppose the
thumb and fifth finger and flex the wrist against resistance.
This tendon is congenitally absent approximately 20% the
time. In these instances, the nerve can be found approximately 1 cm ulnar to the flexor carpi radialis. The median
nerve is blocked by puncturing the flexor retinaculum
between the two wrist creases at the location of the nerve
and injecting 5–8 cc of agent at this site.

Ulnar Nerve Block

The ulnar nerve can be blocked at the wrist or the elbow.
The wrist is preferable since the nerve can be easily damaged
at the elbow due to its superficial location and close proximity to boney structures. The nerve lies between the flexor
carpi ulnaris tendon and the ulnar artery at the wrist. It can
be blocked either by introducing the needle between these
two structures or by introducing the needle underneath the
flexor carpi ulnaris tendon at the ulnar aspect of the wrist
(author’s preferred method). With either technique care
should be taken to avoid injection into the ulnar artery by
aspirating prior to injection. A total of 5–7 cc of agent is
injected to achieve anesthesia. The ulnar nerve can also be
blocked at the elbow by infiltrating small amounts of anesthesia in proximity to the nerve that runs in the groove

Radial Nerve

The radial nerve follows the radial artery and then fans out
dorsally distal to the wrist. The nerve is blocked by
injecting into the anatomic snuff box and laying a
6–8 cm wheel of anesthetic as a field block across the
dorsal portion of the radial aspect of the wrist.

Nerve Blocks of the Ankle
Ankle blocks are more difficult to accomplish than the
other blocks discussed in this chapter. Familiarity with
these blocks can be very useful, however, since local anesthesia to the sole of the foot is both difficult to accomplish
and painful to administer due to skin thickness. Five
different nerve blocks at the ankle can be utilized to
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a fan-like distribution just lateral to the Achilles’ tendon at
the top of the lateral malleolus.

Superficial peroneal distribution
Sural nerve distribution

Superficial Peroneal, Deep Peroneal, and Saphenous Nerve
Blocks

Deep personal distribution
Posterior tribial nerve distribution

2

4

2

1

All three of these nerves should be blocked in order to
provide adequate anesthesia to the dorsum of the foot.
With the patient in a supine position, the skin is punctured between the extensor hallucis longus and anterior
tibial tendons at a point parallel to the superior aspect of
the medial malleolus. The deep peroneal nerve is blocked
by a deep injection between the two tendons, while the
other two nerves are blocked by superficial injections. The
needle is then withdrawn and redirected subcutaneously
toward the lateral malleolus to block the superficial peroneal nerve and then medially to block the saphenous
nerve. A total of 15 cc of agent will usually be required to
block all three nerves.
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Anesthesia, Regional. Figure 3 Sensory distribution of the
nerves supplying the foot

provide anesthesia to the foot. Multiple blocks are often
employed since sensory innervation is somewhat variable.
The sole of the foot is supplied by the tibial nerve (which
branches into the medial and lateral plantar nerve) and the
sural nerve (Fig. 3). The most lateral aspect of the dorsum
of the foot is supplied by the sural nerve with the remainder supplied by the superficial and deep peroneal nerves
and the saphenous nerve (Fig. 3).
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Angio Embolization
▶ Angioembolization, Hepatic

Tibial Nerve (Medial and Lateral Plantar Nerves) Block

The tibial nerve is located in close proximity to the tibia
between the medial malleolus and the Achilles’ tendon.
This nerve is blocked by injecting 5 cc of anesthetic agent
between the posterior tibial artery and the Achilles’ tendon
just posterior to the medial malleolus. The block is easiest
to perform with the patient in the prone position with the
foot in slight dorsiflexion.

Angioembolization, Hepatic
THOMAS M. SCALEA
Shock Trauma Center, University of Maryland
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Sural Nerve Block

Synonyms

The sural nerve is located between the lateral malleolus
and the Achilles’ tendon. The sural nerve is relatively
superficial as compared to the tibial nerve, and therefore
requires a more superficial injection. The sural nerve can
be blocked by injecting 5 cc of anesthetic superficially in

Angio embolization; Liver embolization

Definition
Angiography is a radiographic technique that allows imaging of vascular beds, allowing the identification of vascular
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injuries or lesions. When using this technique for the liver,
the arteries imaged are the aorta, the common and proper
hepatic arteries and the left and right hepatic arteries with
their branches. Embolization involves occluding vascular
lesions or injuries utilizing one of a variety of occlusion
materials. The technique is described below. The liver has
a dual blood supply, and nutrient flow enters the liver via
both the hepatic artery and the portal vein. Imaging of the
portal venous circulation, while possible, is technically
much more difficult than imaging the hepatic arterial
circulation. In addition, portal venous pressures are much
lower than that seen in the hepatic artery. Thus, injuries
only rarely become symptomatic and require embolization.
On these rare occasions, the portal vein is generally accessed
from the superior vena cava. A guidewire must then be
placed into the liver substance and bridged from the hepatic
venous circulation, into the portal venous circulation,
similarly to performing a transjugular intrahepatic
portosystemic shunt. The guidewire can then be advanced
to the level necessary in the portal vein and the injury can be
stented or embolized.

Angioembolization, Hepatic. Figure 1 The 16-year-old
female presented after a high-speed vehicular crash. CT scan
shows a number of large vascular injuries deep in the
substance of the liver

Indications
Angiographic embolization has become a mainstay in the
treatment of hepatic pathology. While the technique can
be used for a number of disease states, it is probably most
often used to extend the nonoperative therapy following
blunt trauma. Angiography has the ability to diagnose
vascular lesions deep in the hepatic parenchyma. These
are not visible at the time of open surgical exploration.
Embolization can achieve hemostasis without the need for
laparotomy and/or the major blood loss that usually
accompanies major hepatic repair or resection [1, 2].
There are no clear guidelines for angiography and
subsequent embolization following hepatic trauma.
There are, however, some generally accepted guidelines.
The higher the grade of hepatic injury, the more likely the
patient is to fail simple observation. Thus, these higher
grade injuries likely come with an increased incidence
of intrahepatic vascular injury that could therefore
benefit from embolization. Certainly, patients with
pseudoaneurysms or other vascular abnormalities seen
on CT scan are good candidates for angiographic embolization (Fig. 1–3). Some patients developed delayed
complications such as hemobilia, following nonoperative
management of high grade liver injuries. Even if a vascular
abnormality is not seen on CT scan, diagnostic angiography should come with a high yield, and embolization
should be curative. Finally, some would advocate diagnostic angiography for patients at particular risk such as those
with penetrating injury through the midportion of the

Angioembolization, Hepatic. Figure 2 Diagnostic
angiography reveals four very large vascular injuries

liver. There are no good data supporting hepatic angiography for any of these indications, yet these are common
indications for its use.
Angiographic embolization has gained wide popularity as part of a multidisciplinary strategy when using
damage control following severe either blunt or penetrating trauma [3]. Damage control involves an abbreviated
initial laparotomy, utilizing packing for adjunctive hemostasis. The patient is then resuscitated in the Intensive Care
Unit and non-lifesaving surgical procedures are deferred
until the patient is more stable. Arguably, severe liver
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Angioembolization, Hepatic. Figure 3 These were all
successfully occluded using stainless steel coils

injury is the most common indication for damage control.
In that scenario, major hepatic bleeding is controlled at the
time of initial operation. Perihepatic packing can be lifesaving in helping to tamponade nonsurgical bleeding.
These patients often have vascular injuries that have been
temporized. Thus, early postoperative angiographic
embolization can be key to obtain final hemostasis and
prevent rebleeding at the time of unpacking.

Technique
Patients with large vascular injuries can sometimes have
them identified at the time of a flush aortogram. More
commonly, patients undergo selective hepatic artery angiography in order to identify the number and location of
vascular injuries that can be treated with embolization.
Several techniques of embolization exist, each with its
advantages and disadvantages.
Highly selective embolization is usually accomplished
with a combination of small stainless steel coils and gel
foam. Utilizing this technique, a small guidewire is
inserted to the level of the vascular injury. The injury can
then be selectively occluded. If there are a number of
injuries located adjacent to each other, coils can be deposited just distal to each of these injuries. The catheter can
then be pulled back and the area flooded with gel foam.
This allows for embolization of all of the injuries but
prevents distal migration of the embolization material.
Maneuvering the wire out peripherally in the liver can
be problematic in patients in shock with accompanying
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vasospasm. Tight packing may also produce vasospasm,
potentially limiting the angiographer’s ability to access
peripheral vascular injuries. In this case, more proximal
embolization can be used. Depositing coils more proximally decreases the pressure head to the area of injury.
Spontaneous hemostasis can occur. This technique, of
course, renders a much larger portion of the liver potentially ischemic. In addition, if collateral flow maintains
hemorrhage from the injured blood vessel, the angiographic window is now closed. Occasionally, the coils
can be placed very proximally such as embolizing the
entire right or left hepatic arteries. Similar to hepatic
artery ligation, this usually results in good hemostasis.
Blind gel foam embolization has the advantage of being
one among the simplest of techniques. In this case, gel foam
is cut to the desired size and then blindly delivered into the
right or left hepatic artery. The gel foam particles travel into
the hepatic parenchyma, carried by liver blood flow, until
they reach the blood vessels that match their size. Blind gel
foam embolization can be quite effective, particularly in
people with a large number of injuries in one lobe of
the liver. This technique can be particularly effective in
patients who are hemodynamically quite labile, as it can
be performed rapidly. Because the particles travel distally,
this can cause substantial hepatic necrosis.

Complications
While hepatic angioembolization can be lifesaving, it does
come with a significant rate of complications [4]. Certainly
all patients are at risk for any of the complications reparable
to the angiogram such as femoral artery injury, acute renal
failure from contrast nephropathy, and/or inadvertant
placement of a coil. The most common hepatic complication after angioembolization is major hepatic necrosis.
We have recently described this as occurring in 20% of
patients who undergo angioembolization for high grade
liver injury [5]. The reason for this high rate is unclear. As
the liver has dual blood supply, one would imagine that
flow through the portal vein would be sufficient to maintain
hepatic viability after angiographic embolization. It may be
that many of these patients have concomitant portal venous
injury adjacent to their hepatic artery injury. In addition,
perihepatic packing and/or hematoma within the hepatic
parenchymal may produce a local compartment syndrome,
impeding flow through the portal vein.
Major hepatic necrosis is most often treated with
either multiple hepatic debridements or formal hepatic
lobectomy. We have had good success with both techniques. While a 20% incidence of major complications
seems high, it is also important to remember that many
of these patients in the past died of hemorrhage. We now
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simply consider this as part of the progression of damage
control. While hepatic lobectomy is certainly an operative
procedure of magnitude, it should be able to be accomplished successfully once the patient is stabilized. Based on
our recent experience, we now perform lobectomy early,
after major hepatic necrosis has been identified.

Conclusion
Hepatic angioembolization has the ability to be lifesaving,
particularly following major hepatic injury. Absolute indications have not been clearly described and will vary from
institution to institution based on local expertise and
interests. Hepatic embolization can be used in stable
patients with particular injury subsets, but is probably
most often used as part of a damage control philosophy.
There is a substantial complication rate of angioembolization, which often requires hepatic lobectomy.
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Pre-existing Condition
Splenic injuries are one of the most common reasons for
laparotomy after blunt abdominal trauma, however the
majority of patients experiencing splenic trauma will be
managed nonoperatively (NOM). Splenic embolization is
most commonly used for the patient who has experienced
blunt trauma resulting in injury to the spleen. Although it
has been applied in other areas of medicine, such as the
treatment of some chronic spleen disorders, it is used with
much more frequency in the trauma setting. Mortality
rates of patients with splenic injury in the early part of
the twentieth century approached nearly 100%. It was not
until reports of fatal infections in children after splenectomy led practitioners to attempt NOM that a more conservative treatment model became standard. Reports of
splenic embolization in blunt injury were first reported in
the 1980s, and became common during the 1990s. Now,
the procedure has been used to treat splenic injuries in
patients who exhibit ongoing blood loss but maintain
hemodynamic stability, and has been considered in those
patients with CT scan findings that portend a failure of
a conservative approach. Those findings include contrast
extravasation, pseudoaneurysms, arteriovenous fistulas,
or significant hemoperitoneum.

Patient Selection

KAREEM R. ABDELFATTAH, JOSEPH P. MINEI
Division of Burns, Trauma, and Critical Care, Department
of Surgery, UT-Southwestern Medical Center, Dallas, TX,
USA

Synonyms
Splenic Angiography; Splenic Arteriography
Embolization; Splenic Embolization

technique is an adjunctive maneuver in the nonoperative
management (NOM) of the hemodynamically stable
patient with splenic injuries. The process includes angiography, which utilizes catheter-based techniques to deliver
radio-opaque contrast material into blood vessels for visualization of the vascular anatomy, followed by possible
intervention with embolization. Splenic embolization
refers to occlusion of the splenic artery or its branches
using various materials.

with

Definition
Splenic angioembolization (SAE) is the process of utilizing
vascular interventional techniques to manage injury to
or, occasionally, diseases of the spleen. In trauma, this

Although splenic embolization has been used for nearly
20 years, there still remains controversy regarding optimal
patient selection, as the role of splenic embolization has
not fully evolved in current trauma care. Trauma centers
should have a basic algorithm in place which, depending
on local expertise and standards of practice, will outline
the management of the patient with blunt abdominal
trauma with an identified injury to the spleen (Fig. 1).
The basic principles of surgery and trauma should be
followed in determining which patients would benefit
most from splenic angioembolization. Hemodynamically
unstable patients are best served in the operating room,
and patients that are hemodynamically stable, despite the
degree of injury, may be given a trial of nonoperative
management. It is this latter group from which the
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Blunt Abdominal
Trauma

Hemodynamically
Stable

FAST negative

Observation

Hemodynamically
Unstable

FAST positive

FAST negative

CT Scan

DPL

Splenic Pseudoaneurysm, Contrast
Extravasation, AVM, or large
hemoperitoneum

Splenic Injury without
other injury requiring
laparotomy

Consider
Arteriogram and
Embolization

Observable
Candidate

Grade I, II

Floor Admission,
Observation

FAST positive

OR

Evaluate for other
potential causes
of bleeding

Grade III, IV, V

SICU Admission,
Consider
Arteriogram

Angioembolization, Splenic. Figure 1 Sample algorithm for blunt abdominal trauma with splenic injury. FAST Focused
Abdominal Sonography in Trauma, DPL Diagnostic Peritoneal Lavage, OR Operating Room, SICU Surgical Intensive Care Unit

majority of patients considered for angiographic intervention should be selected.
Patients that suffer blunt abdominal trauma who are
stable, in whom there is concern for intra-abdominal
injury, should undergo abdominal CT scanning with IV
contrast (Fig. 2a). Oral contrast administration is not
necessary due to time constraints in the trauma setting.
Modern CT scanners are fast and reliable in determining
the presence of intra-abdominal injuries, and can be of
great use in the diagnosis of splenic injuries in the stable
patient. The identification of active contrast extravasation,
pseudoaneurysm, arteriovenous fistula, large amounts of
hemoperitoneum, or a high grade of injury (Table 1) are
all findings in which literature has supported the use of
angiography and possible embolization secondary to the
reportedly high incidence of failure of NOM. Using these

183

as the basis for selective criteria, approximately 8–15% of
patients will become candidates for the use of splenic
angioembolization.

Application
A failure rate of 10% can be expected in the nonoperative
management of splenic injuries [2]. Generally, highergrade injuries will result in a higher rate of failure.
The objective of splenic angioembolization is to reduce
the failure rate of nonsurgical management, and studies
have shown NOM success rates between 75% and 100%
when observation is combined with selective use of
SAE [3, 4]. Patients who have undergone embolization
but exhibit ongoing bleeding may be candidates for
a repeat procedure as long as hemodynamic stability is
maintained.
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Angioembolization, Splenic. Figure 2 CT scan (a) and angiography (b, c) demonstrating a Grade IV Spleen Injury with active
extravasation. This patient was a hemodynamically stable 43-year-old male who suffered an aggravated assault and was noted to
have the injury on CT scan. He required multiple metal coils placed in the splenic artery (d–f) to stop extravasation from two
locations. The patient underwent repeat CT scan 5 days later for abdominal pain, and a small low-density area was seen, thought
to be an area of infarction. No further intervention was required, and the patient was discharged in good condition

Angioembolization, Splenic. Angioembolization, Splenic.
Table 1 AAST grading scale for splenic injuries (1994
Revision) [1]
Grade Injury description
I

Subcapsular hematoma of less than 10% of surface
area; capsular tear of less than 1 cm in depth

II

Subcapsular hematoma of 10–50% of surface area.
Intraparenchymal hematoma of less than 5 cm in
diameter; laceration of 1–3 cm in depth and not
involving trabecular vessels

III

Subcapsular hematoma of greater than 50% of
surface area or expanding and ruptured
subcapsular or parenchymal hematoma;
intraparenchymal hematoma of greater than 5 cm
or expanding; laceration of greater than 3 cm in
depth or involving trabecular vessels

IV

Laceration involving segmental or hilar vessels with
devascularization of more than 25% of the spleen

V

Shattered spleen or hilar vascular injury

Splenic angioembolization is directed at the splenic
artery and its branches. The procedure begins by performance of nonselective angiography of the aorta in order to
visualize the origin of the splenic artery. While this is
usually a branch of the celiac axis, variations exist and
must be accounted for. Once this is complete and the
splenic artery has been selected, the interventionist’s goal
is to control hemorrhage.

Technique
Splenic angioembolization requires catheterization of the
arterial system, most commonly via femoral artery access.
Depending on access issues and anatomy, the brachial
artery can be used as an alternative site for access. Once
the femoral artery has been identified on ultrasound, it
can be accessed using an 18-gauge needle, or in some cases,
a micropuncture technique. The Seldinger technique is
used to place a catheter over a wire once access is achieved.
A 5- to 6-French introducer sheath is most commonly
placed at the start of the procedure; however, the use of
micro-catheters is required for many interventions,
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especially if subsegmental arterial branches are to be
accessed. Selective angiography of the spleen via the
splenic artery is obtained in order to determine the extent
of the injury (Fig. 2b, c). A radio-opaque dye is injected
into the catheter once the splenic artery has been accessed in
order to visualize the injury. Once the vessel suspected to be
feeding the injury is identified, a variety of materials may
be used to complete embolization. Metallic coils (Fig. 2d–f)
and gelfoam (Fig. 3d) are the most commonly used
agents; however, other substances have included sodium
tetradecyl sulfate, cyanoacrylate, polyvinyl alcohol (PVA),
microspheres, and vascular plugs. Many of these materials
do not embolize the vessel primarily; rather, they promote
thrombosis at the site of placement. Therefore, it is important to be aware of the patient’s coagulation profile, and
those patients who develop coagulopathy may not be able
to benefit from these procedures. The notable exception to
this is gelfoam, which acts to physically clot the vessel.
Gelfoam is a water-insoluble, pliable material which acts
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as a hemostatic agent in many settings, although it is
known to be absorbed over time, which can later lead to
recanalization of an injured vessel.
Depending on the location and extent of bleeding, the
interventionist must decide whether to embolize proximally
(e.g., the main splenic artery), or to perform selective embolization of small branches of the splenic artery which are
feeding the injury in question. No studies have compared
the effectiveness or complication rates between these
approaches. In either approach, embolization is effective
secondary to the decrease in splenic blood pressure which
allows for hemostasis at the site of injury. Again, the patient’s
coagulation status becomes important for this process. The
most obvious advantage to proximal embolization over
distal is procedure time, which depending on other injuries
may be critical in the injured patient.
The success rate for splenic angioembolization ranges
from 83% to 92%. Failure is usually defined as the continuation of hemorrhage, or other complications such as

a

b

c

d

Angioembolization, Splenic. Figure 3 Angiography (a–c) and gelfoam embolization (d) of a 39-year-old female involved in an
MVC. Contrast extravasation was noted on CT scan and confirmed on angiography. A third-order branch of the splenic
artery was selected using a microcatheter setup, and gelfoam used for embolization with resultant decrease of blood flow to
the area
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infarction or infection. The failure rates of splenic
angioembolization may depend on the substance used in
the vessel, although this is controversial. Some studies
have shown no differences between different embolization
materials, whereas others show significant differences in
failure rates between, for example, permanent embolization with metal coils versus gelfoam, which has the potential for recanalization of the vessel. It should be noted that
the finding of intraperitoneal air following angioembolization is not an absolute indication for mandatory
splenectomy.

Complications
Although significant developments have changed the procedure since its first use, it still entails a number of important complications that practitioners should consider.
A complication rate of 20–30% can be expected with the
use of the technique [5]. Major complications include
ongoing bleeding, splenic infarction, splenic abscess, coil
migration, and contrast-induced nephropathy. In several
series, the rate of ongoing bleeding is between 40% and
60%. Most of these reports do not describe whether bleeding was from the original identified bleed or a secondary
location; however, at least one study reported rebleeding
to occur in 11% of patients and missed injuries to be
identified in 3% [3]. The rate of splenic infarction
has been reported in up to 60% of patients treated with
proximal embolization, and as high as 100% in patients
treated with distal embolization. These patients are generally asymptomatic and do not require intervention.
Splenic abscesses occur in approximately 5% of patients,
presenting usually with fever, abdominal pain, and occasionally splenomegaly. Patients will often present with
high WBC counts, and will have non-enhancing lowdensity lesions. Most of these patients can be managed
with percutaneous drainage. Complications related to the
vascular access portion of the case must also be considered, including hematoma at the site of puncture as well as
infection risks if the catheter is left in place.

will retain perfusion through collateral branches including
the short gastric arteries. Distal embolization will usually
result in a significant portion of the spleen retaining its
primary blood supply. Still, there is a risk of splenic infarction following the procedure, which may have a delayed
presentation.
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Angiotensin II
▶ Renal Blood Flow Regulation

Post-Procedure Considerations
All patients who undergo surgical splenectomy receive the
Haemophilus influenza vaccine (Hib vaccine or PRP
vaccine), pneumococcus vaccine (Prevnar), and meningococcal vaccine, as they incur a small but dangerous risk
of overwhelming postsplenectomy sepsis. While splenic
embolization likely does not result in the same immunologic disadvantages as splenectomy [6], some centers will
vaccinate patients undergoing the procedure in which the
indication was a high-grade injury. It should be noted that
even with proximal splenic artery embolization, the spleen

Animal Bite Wounds
▶ Bite Injuries

Anoxic Hypoxia
▶ Arterial Hypoxemia
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Synonyms
Acute kidney injury (AKI); Atrial natriuretic factor (ANF);
Atrial natriuretic hormone (ANH); Atrial natriuretic peptide (ANP); Atriopeptin; Auriculin; Natriuretic peptides;
Hypertension

Trade Names
Anaritide, Carperitide

Definition
The term “natriuretic peptide” refers to a peptide that
induces natriuresis (the urinary excretion of sodium).
Several endogenous peptides are produced, stored, and
released in the heart in response to myocardial
stretch. Once released, a natriuretic peptide binds to its
receptors in the kidney and blood vessels, and promotes
salt excretion (which lowers blood volume) and blood
vessel relaxation (which lowers BP). This endocrine
mechanism links the heart and kidney in maintaining
a fine balance of electrolytes, body fluid, and blood pressure [1]. ANP was first discovered in 1981 by a team led
by de Bold et al.; after it was observed that injection of
atrial tissue extracts into rats caused copious natriuresis.
The mammalian natriuretic peptide family has three
structurally related members, namely atrial natriuretic
peptide or factor (ANP or ANF), brain or B-type natriuretic peptide (BNP), and C-type natriuretic peptide
(CNP). Urodilatin (URO) is a natriuretic peptide that
has been isolated in human urine. It is derived from the
same precursor as ANP but its post-translational modification is dissimilar. Urodilatin exerts similar diuretic and
natriuretic actions to those as ANP. Dendroaspis natriuretic peptide (DNP) was isolated from the venom of
Dendroaspis augusticeps (the green mamba snake) and
its function in humans is not fully understood. This
article will focus on the structure, synthesis, secretion,
pharmacological actions, safety, and clinical effects of
ANP. BNP is discussed in detail in the succeeding chapter. ANP and synthetic analogs of ANP (anaritide and
carperitide) have been investigated as potential therapies
for the treatment of acute kidney injury (AKI) and
other diseases.

A

Structure, Synthesis, and Secretion
Biologically active ANP is a 28-amino acid peptide. All
natriuretic peptides share structural similarities in a
17-amino acid core ring and a cysteine bridge. Natriuretic
peptides are synthesized as preprohormones. ANP is
derived from a preproANP molecule containing 151
amino acids. PreproANP is a single copy gene called
NPPA and is located on the short arm of chromosome 1
at location 1p36.21. NPPA accounts for 1–3% of all
messenger RNA (mRNA) in the cardiac atria. The
preproANP molecule contains a 25-amino acid signal
peptide that permits post-translational modification and
processing into the proANP molecule. Removal of the
signal peptide forms a 126-amino acid proANP molecule.
ProANP is stored within atrial granules and released by
exocytotic fusion of granule with the plasma membrane.
Simultaneously, a specific protease, corin, cleaves proANP
into biologically active ANP and an N-terminal fragment
that enter the circulation. Corin is a transmembrane
cardiac serine protease and is highly expressed on the
extracellular surface of atrial cardiomyocytes. Atrial tissues
derived from corin knockout mice contain proANP but no
ANP and are indeed hypertensive and have cardiac hypertrophy. Several single nucleotide polymorphisms within
the NPPA and corin-coding regions have been identified
and are linked to hypertension. One of them (C664G) is
located in the promoter region of the ANP gene, NPPA.
The –C664G allele in humans was associated with low
plasma ANP levels, high blood pressure, and left ventricular hypertrophy. To date, a number of SNPs in the human
corin gene have been identified. Two non-synonymous
SNPs (T555I/Q568P) in a minor corin allele have been
found to be more common in African Americans than
Caucasians and are associated with an increased risk for
hypertension and an enhanced cardiac hypertrophic
response to high blood pressure. Patients with this allele
had a greater left ventricular mass than that in control
patients with wild-type alleles but similar systolic blood
pressure. The finding of corin variants in African Americans suggests a potential role of corin in hypertension in
human and encourages more research to identify new
corin mutations that may cause essential hypertension [2].
The major site of ANP production is the human atrial
myocardium, with greater production from the right
atrium than the left. ANP mRNA is detectable in the
ventricular myocardial cells but is only 1–2% that of the
atria. The major stimulus for ANP secretion by atrial
myocyte is stretch, volume overload, and conditions that
increase cardiac preload and/or afterload, such as congestive heart failure (CHF). Other stimuli include primary
aldosteronism, the syndrome of inappropriate secretion of

187

A

188

A

ANP

antidiuretic hormone, and volume overload associated
with renal failure and valvular heart disease. Uncomplicated essential hypertension does not increase the production of ANP; however, in the presence of congestive
cardiac failure, ANP levels rise. Atrial tachycardia can
increase ANP secretion in the absence of an elevation of
atrial pressures. Multiple pharmacological agents can
increase ANP secretion and include alpha and beta agonists, cholinergic agents, phorbol esters, calcium ionophores, and endothelin.

Mechanism of Action
Natriuretic peptides mediate their physiological effects
through activation of three different cell surface receptors
named natriuretic peptide receptor (NPR)-A, NPR-B, and
NPR-C. ANP preferentially binds NPR-A and NPR-C. ANP
has a higher affinity for NPR-A and NPR-C than that of
BNP. NPR-B is only weakly sensitive to ANP and BNP.
NPR-A and NPR-B are single transmembrane-spanning
proteins coupled to cyclic guanylate monophosphate
(cGMP)-dependent signaling cascades. NPR-C, also
known as clearance receptor, is a single transmembranespanning receptor that is devoid of guanylyl cyclase
activity. NPR-C contains a very short 37-amino acid
cytoplasmic tail that bears no homology to the cytoplasmic
domains of the other two natriuretic peptide receptors.
Activation of NPR-C couples through Gi protein-mediated
inhibition of adenylate cyclase. All three natriuretic peptides bind to this receptor in the order of ANP > CNP >
BNP. Binding of peptides to NPR-C leads to internalization
and lysosomal degradation of the peptide.
NPR-A is most abundant in large blood vessels, kidney, heart, adrenals, and to a lesser extent in brain. NPR-B
appears to be localized solely to neuronally derived tissue
such as brain, pituitary, and adrenal medulla. NPR-C is
the most widely and abundantly expressed natriuretic
peptide receptor and is located in several tissues, including
vascular endothelium, kidney, heart, adrenal gland, and
smooth muscle.

Clearance of ANP
ANP has a short half-life of 1–3 min and high total body
clearance. Clearance of ANP involves two main pathways
and the relative clinical significance of each mechanism
versus another remains controversial [3]. The first important mechanism involves the aforementioned clearance
receptor, NPR-C. Peptide-NPR-C complex endocytose
within target cells where lysosomes degrade peptide.
Unoccupied NPR-C returns to plasma membrane to
sequester further peptide ligands. NPR-C knockout mice

are characterized, in part, by prolonged half-life of
exogenous ANP. NPR-C knockout mice have a reduced
ability to clear exogenous ANP and are hypotensive.
Another important mechanism of clearance of ANP
involves proteolytic cleavage in the circulation. A circulating metallopeptidase known as neutral endopeptidase
24.11 (NEP 24.11) hydrolyses the natriuretic peptides.
NEP 24.11 is widely distributed on the surface of
endothelial cells, smooth muscle cells, cardiac myocytes,
fibroblasts, and the brush border membranes of the renal
proximal tubules. NEP inhibitors increase the half-life of
ANP both in vivo and in vitro, however, NEP knockout
mice do not exhibit increased natriuretic peptide function.
Renal clearance of ANP has been described, but plays
a minor role in the elimination of ANP from the
circulation.

Dosage
There have been multiple clinical trials involving the
experimental use of ANP and its synthetic analogs. In
these trials, doses of synthetic human ANP ranged from
0.01 to 0.1 mg/kg/min. Infusions durations varied from
3 h to 5 days. In general, low-dose ANP is well tolerated
with adverse events reported only at the higher doses.
Anaritide infusions range from 0.05 to 0.20 mg/kg/min.
Urodilatin has been infused at a rate of 20–40 ng/kg/min
for 7 h to 6 days.

Adverse Reactions
The hemodynamic effects of natriuretic peptides have
been widely investigated in both healthy volunteers and
in patients with various cardiavascular conditions. ANP
and its synthetic analogs are generally well tolerated.
Hypotension is the most commonly encountered adverse
event. In a 6-year prospective open label registry of 3,777
patients with acute heart failure treated with carperitide,
the incidence of adverse events was 16.9%, the most frequent being hypotension (9.5%), which resolved spontaneously in 96% of patients. Other documented adverse
events of ANP include disturbances of renal function
(3.2%), serum electrolyte disturbances (3.0%), and liver
function derangement (2.8%) [4].
In one meta-analysis, involving 1,861 participants,
low-dose ANP was not associated with any significant
adverse events, including hypotension. The incidence
rates of hypotension, arrhythmias (premature ventricular
contractions and ventricular tachycardia), and change in
serum creatinine were increased in the ANP treatment
group when compared with the control group when
high-dose ANP was used. In contrast, the incidence of
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hypotension and other adverse events were eliminated
when low doses of ANP or analog were used [5].

indicating that ANP may play a role in regulating response
to salt in vivo.

Physiologic Effects of ANP

Effects on Cardiac Hypertrophy and
Remodeling

The spectrum of bioactivities for ANP and its analogs
continues to be illustrated in both human clinical investigations and animal disease models. ANP mediates physiological effects ranging from diuresis, a reduction in blood
volume and therefore a reduction in cardiac output and
systemic blood pressure. Renal sodium reabsorption is
reduced and the overall effect of ANP on the body is to
counter increases in blood pressure and volume caused by
the renin–angiotensin system. Other physiological effects
of ANP range from effects on lipolysis, endochondral
ossification, and inhibition of cardiac hypertrophy and
remodeling.

Renal Effects
ANP increases glomerular hydrostatic pressure by dilating
afferent arterioles while constricting efferent arterioles and
relaxes glomerular mesangial cells. This effect increases
glomerular filtration rate (GFR), resulting in greater delivery of sodium and water to the tubules for excretion. The
hormone blocks the tubular reabsorption of sodium
and chloride. ANP promotes vasorelaxation, increases
endothelial permeability, causes antagonism of the
renin–angiotensin system by inhibition of renin
secretion, reduces aldosterone secretion by the adrenal
cortex, redistributes renal medullary blood flow, disrupts
tubuloglomerular feedback, and reverses endothelininduced vasoconstriction. The overall physiological effect
of ANP is to drive diuresis and natriuresis and promote
hemoconcentration. ANP has been shown to improve
renal function by increasing glomerular filtration and
urinary output. The clinical utility of ANP and its analogs
in the prevention and treatment of AKI is discussed in
more detail below.

Vascular Effects
ANP relaxes vascular smooth muscle cells in arterioles and
venules and thereby lowers systemic blood pressure and
cardiac output. Secondary effects of ANP on blood pressure may also be achieved through natriuresis and diuresis
and other aforementioned renal effects. These effects on
blood pressure control are mediated via activation of the
NPR-A receptor and elevation of vascular smooth muscle
cGMP. ANP null mice or mice lacking NPR-A receptor
have elevated systolic blood pressure, whereas ANP
overexpression results in hypotension. The hypertension
in ANP null mice is sensitive to high dietary salts,

It is not surprising that the natriuretic peptide system,
with actions that decrease blood pressure and blood
volume, would also have antihypertrophic properties.
However, there is an increasing body of evidence to suggest that ANP and more specifically NPR-A plays a local
growth inhibitory role in cardiac hypertrophy. Mice
lacking NPR-A have marked cardiac hypertrophy and
chamber dilation disproportionate to their increased
blood pressure suggesting the NPR-A system moderates
the cardiac response to hypertrophic stimuli. Transgenic
overexpression of ANP causes a decrease in heart weight
and prevents right ventricular hypertrophy induced by
pulmonary hypertension. In vitro, ANP inhibits norepinephrine, angiotensin II, and endothelin-1 induced hypertrophy in rat cardiac myocytes via a cGMP-dependent
pathway. Mice lacking BNP do not display increased
cardiac hypertrophy, although they do develop cardiac
fibrosis, suggesting a role for role for BNP in cardiac
remodeling.

Effects on Lipolysis
The natriuretic peptide system seems to play an important
role in lipid metabolism, possibly affecting the pathophysiology of obesity and obesity-related disorders, such
hypertension. Intravenous ANP infusion is followed by
plasma NEFA and glycerol concentration increase
(reflecting lipid mobilization). Human fat cell lipolysis
was, until recently, thought to be mediated exclusively by
a cAMP-dependent protein kinase (PKA)-regulated pathway under the control of catecholamines and insulin. ANP
mediates lipolysis in human fat cells via the NPR-A
through a cGMP-dependent protein kinase (PKG) signaling pathway independent of cAMP production and PKA
activity. Reduced plasma levels of natriuretic peptides have
been reported in obese patients especially those with
hypertension. Further studies, however, are needed to
completely establish the mechanisms involved in ANPinduced lipolysis and true clinical relevance of this new
pathway.

Application
The two most widely studied synthetic analogs of ANP
are anaritide and carperitide. Anaritide is a synthetic
25-amino acid peptide lacking the first three aminoterminal residues and has similar activities to the mature
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28-amino acid peptide. Carperitide is a synthetic
28-amino acid peptide.
Initial studies using ANP and its synthetic analogs in
healthy human subjects have demonstrated natriuretic,
diuretic, hemoconcentration, and blood pressure lowering
effects. However, the hemodynamic and renal effects of
ANP in congestive heart failure (CHF) patients have
been rather disappointing, with only modest effects on
sodium excretion and changes in urine volume. There
appears to be a marked attenuation of the renal and
hemoconcentating responses to ANP in CHF patients.
Although initially considered to be a state of ANP deficiency, it has become evident that plasma levels of ANP are
frequently elevated in patients with CHF and positively
correlated with the severity of cardiac failure, such that the
highest reported concentrations of ANP in the circulation
are found in CHF. In patients and dogs with CHF, ANP is
a weak counter regulatory hormone, insufficient to overcome the substantial systemic and regional vasoconstriction mediated by the SNS, RAAS, and AVP. However,
despite the blunted renal response to ANP in CHF, elimination of this peptide by antibody blockade or antagonism of NPR-A further decreases sodium excretion and
urine flow. Furthermore, blockade of the natriuretic system in CHF removes the inhibitory effect of ANP on the
actions of angiotensin II. Therefore, the increase in natriuretic peptides is still considered an important adaptive or
compensatory mechanism aimed at reducing peripheral
vascular resistance and maintaining effective blood
volume regulation in overt CHF.
The renal hyporesponsiveness to ANP and its analogs
in CHF patients has not been well delineated, but potential
explanations include downregulation of natriuretic peptide receptors in the kidney, increased activity of NEP,
reduced production or increased degradation of cGMP,
increased renal sympathetic activity, or hyperaldosteronism and reduced distal sodium delivery.
In the USA, anaritide or carperitide is currently not
licensed for use in CHF. Nevertheless, in 1995, caperitide
was launched in Japan for use in congestive cardiac failure.
The clinical utility of carperitide as a first-line agent in the
treatment of acute decompensated cardiac failure was
demonstrated in a prospective observational study
(COMPASS study). Of 1,832 patients enrolled in this
uncontrolled study, 1,254 patients (83.2%) had symptomatic recovery in the acute phase of acute decompensated
heart failure using carperitide monotherapy [4].
Multiple clinical trials exploring the therapeutic
potential of ANP or one of its synthetic analogs in the
prevention or treatment of AKI have been conducted [5].
Many of these studies showed conflicting results, which

may be explained in part by the different doses of ANP
(high versus low), clinical setting (medical versus surgical), type of analog used, and whether AKI was established
or not (treatment versus prevention).
In a pilot study, anaritide increased creatinine
clearance and reduced the need for renal replacement
therapy in patients with established acute renal failure,
without improving overall patient survival [6]. This
small pilot study was performed subsequently led to two
large randomized, placebo-controlled trials [7, 8], in
which anaritide ultimately failed to improve the overall
rate of dialysis-free survival in hospitalized patients
with established AKI of various etiologies. However,
preplanned subgroup analysis of the initial large trial in
patients with acute tubular necrosis by Allgren and
colleagues found that anaritide did improve dialysis-free
survival in patients with oliguria (27% in anaritide treatment group, 8% in the placebo group) [7]. Conversely, in
patients with nonoliguric AKI, anaritide apparently worsened dialysis-free survival (59% in placebo group, 48% in
anaritide treatment group). It was also found that the
incidence of hypotesion was higher in the patients who
did not have oliguria than those who did. This finding
raised the possibility that anaritide therapy may have
resulted in decreased renal perfusion and further ischemic
injury in the patients without oliguria, thus worsening
renal function. This hypothesis was further tested in
another prospective trial, restricted to patients with
acute tubular necrosis and oliguria, performed by Lewis
and colleagues [8]. In this randomized, double blind,
placebo-controlled trial, 222 patients with oliguric acute
renal failure were randomized to treatment with a 24-h
infusion of anaride (0.2 mg/kg/min) or placebo. The dialysis-free survival in the Anaritide group was 21% group
and 15% in the placebo group (P = 0.22). Thus, there was
no beneficial effect of Anaritide on dialysis-free survival in
patients with oliguric acute renal failure. Of note,
a significantly greater proportion (95%) of patients in
Anaritide treatment group developed hypotension (systolic blood pressure of less than 90 mmHg) compared to
the placebo group (55%) [8]. Taken together, these relatively large trials confirmed that dose-dependent hypotension caused by Anaritide limits its clinical utility, even in
oliguric patients, and should be avoided in future AKI
trials.
In a small randomized controlled pilot study by Sward
et al. 2004, high-risk patients undergoing cardiopulmonary bypass who developed rise in serum creatinine >50%
from baseline and circulatory shock requiring inotropes
were randomized to low-dose recombinant human ANP
(50 ng/kg/min) or placebo [9]. Human ANP significantly
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enhanced creatinine clearance in contrast to placebo: 21%
of patients in the hANP group compared with 47% in the
placebo group needed dialysis within 21 days (hazard ratio
0.28; p = 0.009). Thus, it appears that the use of low-dose
ANP early in the course of AKI may be more beneficial
than prior approaches.
Similarly, in a prophylaxis trial, Mitaka et al. 2008
randomized 40 patients undergoing open abdominal aortic aneurysm repair to either human ANP (0.01–0.05 mg/
kg/min) or placebo for 48 h, beginning immediately
before cross-clamp [10]. Serum concentrations of creatinine and blood urea nitrogen were significantly lower and
urine volume and creatinine clearance were significantly
higher in the hANP group than in the placebo group. In
addition, urinary NAG/creatinine ratio was also significantly lower in the hANP group than in the placebo group.
The patients in this study were administered low-dose
hANP at 0.01–0.05 mg/kg/min and the infusion was commenced during the operation and continued for 48 h.
Overall, these results indicate that intraoperative and postoperative infusion of hANP at a low dose (0.01–0.05 mg/
kg/min for 48 h) preserved renal function in patients
undergoing abdominal aortic aneurysm repair. This
study raises the potential role for prophylactic hANP
infusion to improve perioperative renal function and outcomes in patients undergoing aortic occlusive surgery
[10].
It is difficult to make any definitive statement about
the role of ANP and its analogs in AKI. The randomized
controlled trials discussed above have shown inconsistent
effects for renal endpoints. In 2008, a comprehensive
meta-analysis of current literature concerning ANP in
adults with or at risk for AKI [5]. Many of the earlier
clinical trials were underpowered and excluded for lack
of randomization or a control group. The meta-analysis
finally identified 19 eligible studies that included 1,861
participants. The authors pooled analysis of 11 prevention
trials and 8 treatment trials of AKI. For the prevention of
AKI, ANP used in low doses was well tolerated and may be
associated with some improvement in clinical outcomes
(requirement of renal replacement therapy, lengths of ICU
stay, and hospitalization). Beneficial effects were most
prominent in the post-cardiac surgery setting. Overall,
however, ANP therapy (particularly in high doses) for
established AKI, was not associated with any significant
clinical benefits, and was associated with hypotension and
other adverse effects [5].
In summary, further high-quality studies are required
to make a definitive statement regarding the efficacy and
effectiveness of ANP in the management of AKI. Particular
attention must be paid to the selection and perhaps
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titration of the dose of ANP used to minimize adverse
effects and maximize beneficial effects on renal perfusion
and function in AKI. Further large clinical studies are
needed to investigate the apparent beneficial effects of
ANP on renal function in perioperative patients undergoing cardiovascular surgery and in other settings.
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Synonyms
Anthrax pneumonia; Bacillus anthracis infection; Ragpicker’s disease; Ragsorter’s disease; Woolsorter’s disease;
Woolsorter’s pneumonia

Definition
Anthrax infection is caused by Bacillus anthracis, a large,
gram-positive bacterium that exists in either a dormant
spore or actively replicating vegetative rod form.
The spore is found in soil around the world although
active disease is more common in warmer and wetter
locations. Infection occurs most commonly in herbivore
mammals, either domestic or wild (e.g., cattle, sheep,
goats, camels, antelopes, and other herbivores) that ingest
spores during grazing.
Anthrax infection in humans is caused when
B. anthracis spores enter the body through the skin, are
ingested by eating contaminated meat, or are inhaled,
resulting in cutaneous, gastrointestinal, or inhalational
anthrax, respectively [1]. Human infections normally
result from contact with contaminated animals or animal
products; there are no known cases of human-to-human
transmission [2]. For cutaneous and gastrointestinal
anthrax, low-level germination occurs when endospores
reach a primary site in the subcutaneous layer or gastrointestinal mucosa, respectively, leading to local edema and
necrosis. Remaining endospores are phagocytosed by local
macrophages, which migrate to regional lymph node.
Vegetative anthrax bacilli grow in the lymph node, creating regional hemorrhagic lymphadenitis. Bacteria then
spread through the blood and lymph, proliferate and
produce high levels of exotoxin that appear largely responsible for organ injury and eventual death. In a small number of cases, systemic anthrax can lead to meningeal
involvement by means of lymphatic or hematogenous
spread [3]. For inhalational anthrax, endospores enter
alveolar spaces where they are phagocytosed by macrophages and transported to mediastinal lymph nodes.

Vegetative forms develop, replicate, and again cause hemorrhagic lymphadenitis. While this mediastinal lymph
node involvement serves as a source of systemic bacterial
spread and toxin production, it also produces lymphatic
obstruction, parenchymal edema, and pleural effusions.
Death results from septicemia, toxemia, or pulmonary
complications as a result of the action of exotoxin secreted
by anthrax bacilli [2].
Two virulence factors, a capsule and toxin production,
play a primary role in the pathogenesis of anthrax infection. The capsule consists of poly D-glutamic acid and
contributes to pathogenicity by enabling the vegetative
bacterial form to evade the host-immune defenses (i.e., it
is antiphagocytic) and provoke septicemia. The bacteria
also produces three proteins (protective antigen (PA),
lethal factor (LF), and edema factor (EF)) that makeup
the bacteria’s two exotoxins: lethal toxin (LeTx) and
edema toxin (ETX). These toxins are binary or A-B type
toxins. Protective antigen is the B component that initiates
cell binding and uptake of either of the two toxigenic or
A components, LF and EF. Lethal factor is a zinc
metalloprotease that inactivates mitogen-activated protein kinase kinase and causes lysis of macrophages in
vitro [4]. While LF has been demonstrated to inhibit
important host cell functions (e.g., innate and adaptive
immunity and apoptosis) how it contributes to death
associated with LeTx is unclear [5]. Edema factor is
a calmodulin-dependent adenyl cyclase that increases
cellular cAMP concentration and impairs host defenses,
including inhibition of phagocytosis [4]. It causes edema
when injected subcutaneously into experimental animals.
The relative ease with which anthrax can be grown in the
laboratory and spread environmentally, along with its virulence, has made it a potential weapon of bioterrorism [5]. It is
also worth noting that a new syndrome of anthrax associated
with soft tissue infection is just now coming to light based on
a recent outbreak in the United Kingdom [16].

Treatment
Active Infection
Treatment of anthrax must be considered in the context of
those patients with likely or diagnosed active disease and
of those who have potentially been exposed but do not yet
demonstrate clinical symptoms. Of those patients with
diagnosed active disease, treatment recommendations differ depending on which stage of the disease is present (i.e.,
stage 1 (mild disease) versus stage 2 (disease with shock
and respiratory failure)). For patients affected with stage
1 active inhalational anthrax, the CDC recommends IV
treatment with ciprofloxacin or doxycycline and one or
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two additional antimicrobials [6]. Initial therapy may be
altered based on the clinical course of the patient; one or
two oral antimicrobials may be adequate as the patient
improves. IV and oral antimicrobial treatment should be
continued for a period of no less than 60 days. The treatment regimens for stage 1 gastrointestinal or oropharyngeal anthrax are the same as those recommended for stage
1 inhalational anthrax [6].
For patients affected with stage 2 active inhalational
anthrax, IV ciprofloxacin is recommended over doxycycline as the primary antimicrobial agent unless ciprofloxacin use is contraindicated [7]. This is mainly because
fluoroquinolones are bactericidal whereas tetracyclines
are bacteriostatic. Ciprofloxacin is also favored over doxycycline because meningeal involvement is likely in
systemic anthrax cases, and CNS penetration of ciprofloxacin in the presence of meningeal inflammation is much
higher than the poor CNS penetration of doxycycline. In
addition to ciprofloxacin, at least 1 or more additional
agents with adequate CNS penetration and in vitro activity against B. anthracis (e.g., ampicillin or penicillin,
meropenem, rifampin, or vancomycin) should be used
in the treatment of systemic cases of anthrax regardless
of clinical suspicion of meningeal involvement.
Clindamycin is strongly recommended for inclusion in
the antimicrobial regimen because of its potential ability
to inhibit protein synthesis, which may reduce exotoxin
production [7]. As with stage 1 disease, patients affected
with stage 2 inhalational anthrax should follow a 60-day
course of antimicrobial therapy, with adjustment of the
regimen to treatment with oral antimicrobials based on
the clinical course of the disease in the patient [6]. The
treatment regimens for stage 2 gastrointestinal or oropharyngeal anthrax are the same as those recommended for
stage 2 inhalational anthrax [6].
Patients affected with localized or uncomplicated cases
of naturally acquired cutaneous anthrax should be treated
with oral ciprofloxacin or doxycycline for 60 days [6];
previous guidelines have suggested treating cutaneous
anthrax for 7–10 days, but 60 days is now recommended
given the likelihood of exposure to aerosolized B. anthracis
[8]. Oral amoxicillin is an option for completion of therapy following clinical improvement, since penicillin has
been shown to render cutaneous anthrax lesions culturenegative within 24 h, and has long been the treatment of
choice in many parts of the world [7]. For severe cases of
cutaneous anthrax with signs of systemic involvement,
extensive edema, or lesions on the head or neck, IV therapy using a multidrug approach is recommended [6].
Aside from antimicrobial therapy, there are a number
of adjunctive interventions that may be applicable for
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treating active anthrax disease. These include postexposure
administration of anthrax vaccine to accelerate active
immunity to the bacteria or its toxin, agents designed to
directly inhibit anthrax toxins, and thoracentesis to
improve respiratory mechanics and remove a potential
reservoir of anthrax toxin.
Anthrax vaccine adsorbed, AVA (BioThrax; BioPort
Corporation, Lansing, MI, USA), is an aluminum hydroxide–precipitated preparation of PA from attenuated,
nonencapsulated B. anthracis cultures of the Sterne strain
that has been used in the USA. The current UK-licensed
anthrax vaccine (anthrax vaccine precipitated, AVP) produced by the Health Protection Agency (HPA; Porton
Down, UK) is similarly composed of alum-precipitated
PA from the Sterne strain of B. anthracis, along with
a much smaller amount of LF.
Researchers are becoming increasingly aware of the
importance of toxin production in the pathogenesis of
anthrax, leading to an increasing interest in developing
immunoglobulin-based therapies directed at these bacterial components. In the USA, two preparations have
received considerable attention and have actually been
purchased or contracted for by federal agencies. One
is an immunoglobulin preparation derived from individuals previously vaccinated with AVA vaccine,
known as anthrax immune globulin (AIG) (Emergent
BioSolutions Inc., Rockville, MD, USA). Treatment
with this preparation in two recent cases of lifethreatening inhalational anthrax infection was associated with a successful outcome in one, although not the
other. There is presently a supply of this antibody available from the CDC under an Investigational New
Drug protocol for the treatment of patients with confirmed life-threatening anthrax. The second preparation
receiving recent attention is a human monoclonal antibody generated against recombinant PA, raxibacumab
(ABthrax) and produced by Human Genome Sciences
(HGS; Rockville, MD, USA). Administration of
raxibacumab has been shown to be safe in uninfected
humans. In April 2009, HGS completed the delivery of
20,000 doses of Raxibacumab to the US Strategic National
Stockpile. In July 2009, HGS received a second order for
45,000 doses of raxibacumab from the US Government, to
be delivered over a period of 3 years beginning near the
end of 2009.
In addition to AVA based and raxibacumab, there are
other antibody-based preparations directed at PA, LF, and
EF that have been proposed as potential anthrax treatments and are now under study. Finally, there are a variety
of non-antibody-based therapies designed to inhibit
anthrax toxin function that have shown promise in
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in vitro and in vivo studies but which are too extensive to
review here [5].
Several lines of evidence suggest that continued chest
drainage or intermittent thoracentesis may be important
in the management of inhalational anthrax cases. This
intervention appeared effective in patients during the
2001 inhalational anthrax outbreak and in the more recent
2006 case. In this latter case, analysis of serial samples
showed high pleural fluid lethal toxin levels, and the
case’s positive outcome has been attributed to a combination of improved mechanical effects on respiration from
fluid drainage as well a reduction in lethal toxin levels.
Evaluation of the treatment of inhalational anthrax cases
from 1900 to 2005 has also suggested that pleural fluid
drainage may be associated with decreased mortality [3].
Glucocorticoids have also been considered as possible
adjunctive therapy for patients with serious systemic illness due to inhalation anthrax, including anthrax patients
with meningoencephalitis and patients with extensive
edema involving the head and neck. A retrospective review
of 70 cases of anthrax meningoencephalitis from 1966 to
2002 reported a 14% decrease in overall mortality among
patients treated with glucocorticoids as an adjunct to
antimicrobial therapy, though it is not possible to draw
conclusions from such a small study. It has also been
shown that at very low concentrations, LeTx represses
glucocorticoid receptor transactivation in both a cellular
system and animal model, further suggesting that glucocorticoids may have therapeutic value in anthrax patients.
However in this latter study, treatment with dexamethasone treatment was not beneficial in toxin-challenged
animals.
Patients presenting with anthrax infection and shock
should be treated aggressively with the same type of hemodynamic support utilized for septic shock due to other
types of bacterial infection [9]. It must be noted, however,
that it is currently unknown how the vascular effects of
LeTx and ETx might alter responsiveness to conventional
hemodynamic support [5]. Recent research suggests that
during anthrax infection and shock, both conventional
hemodynamic support and toxin-directed agents may be
necessary for optimal outcome.

Postexposure Prophylaxis
Historically, penicillin has been the preferred treatment
for anthrax since most naturally occurring B. anthracis
strains are sensitive to it [9]. However, penicillin resistance
has been found in some naturally occurring strains possibly due to the low antibiotic levels achieved in pulmonary
secretions, tissues, and alveolar macrophages with oral
agents. Based on this observation, participants at

a recent CDC conference on anthrax postexposure prophylaxis (PEP) recommended treatment with ciprofloxacin or doxycycline as equivalent first-line antimicrobial
agents [7].
In addition to the recommendation for 60 days of oral
antimicrobial therapy as PEP following potential inhalation exposure to aerosolized B. anthracis, the CDC also
calls for treatment with a 3-dose series of AVA administered at time zero, 2 weeks, and 4 weeks. In order to
maximize the benefits of the vaccine, it should be
offered within 10 days of exposure. In 2008, the CDC’s
Advisory Committee on Immunization Practices (ACIP)
recommended the use of AVA for both pregnant and
lactating women exposed to aerosolized B. anthracis
spores, as well as the consideration of vaccine use among
children exposed to B. anthracis spores.

Preexposure Prophylaxis
The AVA has been licensed by the FDA since 1970 for the
preexposure prophylaxis against inhalational anthrax in
persons at risk of acquiring the disease occupationally,
including members of the US armed forces, woolen mill
workers, laboratory workers, and veterinarians [10]. The
vaccine can be administered to healthy individuals aged
18–65 years, and has a dosage schedule that requires vaccination subcutaneously at 0, 2, and 4 weeks and 6, 12,
and 18 months. Yearly boosters are given to maintain
immunity [11].

Evaluation/Assessment
The determination of individual patient exposure to
B. anthracis on the basis of environmental testing is complex due to the uncertain specificity and sensitivity of
rapid field tests and the difficulty of assessing individual
risks of exposure. In 2001, the CDC developed interim
case definitions for anthrax. A confirmed case was defined
as a clinically compatible one that was laboratory confirmed by the isolation of B. anthracis from the patient, or
by laboratory evidence based on at least two supportive
tests employing nonculture detection methods [12].
B. anthracis can be isolated from numerous clinical samples, including blood, skin lesion exudates, cerebrospinal
fluid (CSF), pleural fluid, sputum, and feces. In systemic
infections, organisms can easily be cultured from the
blood if the sample is collected prior to antimicrobial
therapy. Anthrax should immediately be considered if
Gram’s stain of specimens reveals high concentrations of
gram-positive bacilli growing in chains.
Because of the infection’s rapid progression, clinical or
laboratory suspicion of anthrax should be followed by
expeditious testing of clinical samples and early initiation
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of antibiotic therapy. Isolates suspected to be B. anthracis
should be sent to a Laboratory Response Network (LRN)
reference laboratory for identification and characterization and local or state health departments should be
notified. While most clinical laboratories do not have the
experience or facilities required to identify B. anthracis,
LRN laboratories have the testing capability for the specific and rapid identification of the bacteria. These tests
include susceptibility to gamma phage lysis, an LRN realtime PCR assay, a direct fluorescent assay (DFA), and
a time-resolved fluorescent assay (TRF) for specific
detection of B. anthracis antigens. A commercially available immunochromatographic test, the Redline Alert
(Tetracore, Inc.), which tests nonhemolytic Bacillus isolates cultured on sheep blood agar, has also been approved
by the US Food and Drug Administration (FDA) for the
presumptive identification of B. anthracis isolates.
Patients with inhalational anthrax that has progressed
are typically found to have mediastinal adenopathy and
hemorrhagic pleural effusions [3]. Anthrax infection is
unusual in that mediastinal changes can be detected relatively early in the course of infection by chest radiography,
although similar findings may be found with Histoplasma
capsulatum [2].

Effectiveness
B. anthracis is highly susceptible to a variety of antimicrobial agents including penicillin, chloramphenicol, tetracycline, erythromycin, streptomycin, and fluoroquinolones.
It is not susceptible to cephalosporins or trimethoprimsulfamethoxazole and these agents should not be used for
treatment of active disease. If taken, antibiotics are effective at preventing people in the incubation stage or early
disease stage from proceeding to later stages, but generally
do not prevent people in the intermediate or fulminant
stages from disease progression or death.
Data from animal studies provides evidence that
postexposure vaccination with AVA can shorten the
duration of antibiotic prophylaxis required to protect
against inhalational anthrax, and may impact public
health management of a bioterrorism event. Infected
individuals presenting with symptomatic inhalational
anthrax who are treated, recover, and seroconvert may not
require 60 days of antibiotic therapy, as recommended by
the current guidelines, although additional research is
warranted.

Tolerance
Historically, penicillin has been the preferred treatment
for anthrax since most naturally occurring B. anthracis
strains are sensitive to it [9]. However, penicillin resistance
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has been found in some naturally occurring strains
possibly due to the low antibiotic levels achieved in pulmonary secretions, tissues, and alveolar macrophages with
oral agents. Based on this observation, participants at
a recent CDC conference on anthrax postexposure prophylaxis (PEP) recommended treatment with ciprofloxacin and doxycycline as equivalent first-line antimicrobial
agents [7].
Studies on the safety of four lots of the AVA, involving
approximately 16,000 doses administered to approximately 7,000 participants were submitted by the Centers
for Disease Control and Prevention, in support of licensure of the vaccine [13]. Mild reactions (e.g., erythema
3 cm) were reported in up to 20% of recipients, but
more moderate (>3 cm to <12 cm) and severe (12 cm)
reactions occurred in less than 3% and 1% of cases,
respectively. Systemic reactions, reported in four individuals (<0.06%), consisted of fever, chills, nausea, and general body aches, and were transient. Therefore the risks
associated with anthrax immunization are much less than
those associated with no intervention, indicating that
vaccination should be strongly considered in populations
at high risk of disease.

Pharmacoeconomics
Public health planners are uncertain how the anthrax
vaccine should be used as part of a comprehensive strategy
for addressing the bioterrorism threats posed by
B. anthracis. There is a great deal of debate as to whether
the general population should be immunized against
B. anthracis, or whether the vaccine should only be used
as a postexposure prophylaxis. In an effort to solve this
debate, a number of theoretical models have been created
that analyze cost effectiveness and overall mortality that
would result from preexposure vaccination versus
postexposure vaccination versus no vaccination. In general, postexposure vaccination along with appropriate
antibiotic therapy has been found to be the most costeffective response compared with other strategies [14].
However, the validity of these findings depends on many
factors, including the safety and efficacy of prolonged
antibiotic prophylaxis, adherence to antibiotic regimens,
the time delay before postexposure antibiotic prophylaxis
is initiated, and vaccine characteristics such as efficacy,
safety, and time to achieve immunity.
In addition, these models make assumptions that
there would be adequate supplies of antibiotics and
anthrax vaccine available, and that all exposed persons
needing postexposure prophylaxis could be identified.
In reality, these assumptions may not prove reasonable,
and thus disease prevention rates may be overestimated.
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This is particularly true in the event of a large bioterrorism
attack.

After-care
Patients with an alleged exposure to anthrax should be
started on antibiotic treatment and a schedule of AVA
immunization as recommended by the CDC, and
instructed to follow up with their primary care physician
if they experience new and/or rapidly worsening dry
cough, difficulty breathing, fever, chills, weakness (typically severe and beginning 1–2 days after exposure), or
a new skin ulcer with a black center surrounded by swelling (typically appearing on the hands, feet, face, or neck
and beginning within days to 1 week after exposure).
There are no data to suggest that patient-to-patient
transmission or person-to-person transmission of anthrax
occurs. Therefore while standard barrier precautions are
recommended for all hospitalized anthrax patients, the use
of barrier precautions are not indicated and there is no
need to immunize or provide PEP to healthcare workers
or household contacts. However, contact isolation precautions should be used for patients with draining cutaneous anthrax lesions. Human and animal remains
infected with B. anthracis should be cremated rather
than buried to prevent any further spread of disease [9].

Prognosis
Cutaneous anthrax has accounted for 95% of all anthrax
infections in the USA [15]. While the course of cutaneous
anthrax is often self-limited, antibiotic treatment is
recommended to decrease the likelihood of systemic disease. Without antibiotic therapy, mortality due to malignant edema (characterized by severe edema, induration,
multiple bullae, and symptoms of shock) has been
reported to be as high as 20%. With appropriate antibiotic
treatment, death due to cutaneous anthrax is rare [15].
While the cutaneous form of anthrax is typically diagnosed early and therefore treated relatively easily, the gastrointestinal and inhalational forms are much more
insidious, with early symptoms that are mild and similar
to gastroenteritis or an upper respiratory tract infection.
As a result, early diagnosis of these forms of anthrax is
difficult and the disease can abruptly develop into
a systemic form resistant to treatment and rapidly fatal.
The mortality rate with gastrointestinal anthrax can
approach 100% [2]. Morbidity is due to blood loss, fluid
and electrolyte imbalances, and subsequent shock. Death
results from intestinal perforation or anthrax toxemia. In
the rare case in which a patient does survive, most symptoms subside in 10–14 days.
In the twentieth-century series of US cases on anthrax
infection, the mortality rate of occupationally acquired

inhalational anthrax was 89%, but the majority of these
cases occurred before the development of critical care
units and, in most cases, before the advent of antibiotics.
However, the mortality rate in patients in the 2001 US
outbreak who had developed shock was still very high. Up
to half of patients with inhalational anthrax develop hemorrhagic meningitis with concomitant meningismus,
delirium, and obtundation. In these cases, cyanosis and
hypotension progress rapidly, with death occurring within
hours [9].
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Definition
The term “arrhythmia” is derived from the Greek a-, loss +
rhythmos, rhythm – meaning loss of rhythm and is used to
describe any cardiac rhythm associated with abnormal
myocardial contraction. These include:
● Tachyarrhythmias – greater than 100 bpm (adults)
● Bradyarrhythmias – less than 60 bpm (adults)
● Irregular rhythms – fibrillation, flutter, premature/
ectopic contractions
Antiarrhythmic therapy is used to correct or control
any pathological arrhythmias. Common pathological
arrhythmias in the ICU are shown below:
Atrial fibrillation (AF)

Chapter X

Atrial flutter

Chapter Y

AV reentrant tachycardias

Chapter Y

AV node reentrant
tachycardias

Chapter Y

Ventricular fibrillation (VF)

Chapter Z

Ventricular tachycardia (VT)

Chapter Z

Characteristics
Arrhythmias may be asymptomatic or an incidental finding when cardiac monitoring is in use, and may be demonstrated by an abrupt change in heart rate and/or blood
pressure. In critically ill patients the incidence of arrhythmias is approximately 10% [1], with atrial dysrhythmias,
in particular AF occurring more commonly in postoperative patients. The incidence of AF is up to 60% after
cardiac surgery for valve disease and revascularisation
[2]. Ventricular dysrhythmias are more commonly encountered in mixed medical and surgical critical care units with
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over a third associated with primary cardiac pathology.
Whether these rhythm disturbances are clinically relevant
or result in adverse outcomes is not entirely clear in the
general medical ICU population; however post-cardiac surgery they are associated with increased morbidity and possibly mortality [3, 4]. Thus, the need for routine anti
arrhythmic therapy is similarly unclear, however current
clinical experience would suggest that any arrhythmia
associated with hemodynamic instability or adverse clinical signs, requires urgent assessment and treatment – see
Fig. 1. In the presence of cardiac arrest, patients should be
managed according to the current ALS guidelines [5, 6].
It must be remembered that on occasion the arrhythmia may be part of an appropriate physiological response,
for example, tachycardia in response to hypovolemia or
sepsis, and first-line management therefore should be
targeted at treating reversible and precipitating factors
(Table 1). Similarly, a heart rate that would normally be
considered within the normal range might be inappropriately slow for a critically ill patient, and be considered as
a relative bradycardia. In all cases, associated risk factor for
arrhythmia should be sought and corrected where possible
(see relevant chapters). Specific antiarrhythmic therapy is
only indicated if there is continued hemodynamic/cardiovascular disturbance despite correction of reversible factors (see table), or when a particularly pressing indication
for restoration of normal sinus rhythm exists (e.g., in
patients with a stenotic cardiac lesion, those with complex
congenital heart disease, or patients with severely
impaired ventricular function).
Assessment
Clinical-adverse signs
CNS: Drowsy, obtunded, unconscious
Monitoring
ECG-12 lead
pulse oximetry
BP

Resp: SOB, RR > 30, pulmonary oedema
CVS: Heart rate, peripheral pulses, angina,
hypotension - (despite simple manouvres)
Skin: Mottled, cold, clammy, sweaty

Urgent treatment/cardioversion required
call emergency team/critical care

Anti-arrhythmic Therapy. Figure 1 Assessment algorithm
for arrhythmia on the ICU. ECG electrocardiogram, BP blood
pressure, O2 oxygen, CNS central nervous system, RESP
respiratory system, SOB short of breath, RR respiratory rate,
CVS cardiovascular system
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Anti-arrhythmic Therapy. Table 1 Factors potentially contributing to arrhythmia on the ICU
Factor

Cause
+

Common clinical examples
++

Electrolytes

K , Mg , glucose, acidosis

Post surgery, bowel obstruction

Volume status

Hypovolemia or hypervolemia

Resuscitation, diarrhea, sepsis

Myocardial ischemia

Perfusion- revascularisation, mechanical Prolonged arrhythmia in pre existing
support (IABP)
heart failure
Hypoxia (hypercarbia)

Temperature

Pneumonia

Hypothermia or hyperthermia

Drowning
Post-cardiac surgery

Pacemaker failure

Lead fracture

Post-cardiac surgery

Antiarrhythmic drugs
Pacing generator failure
↑Sympathetic drive

Pain, agitation

ICU admission
Surgery
Pain
Anxiety

K+ potassium ion, Mg++ magnesium ion, IABP intra-aortic balloon pump, ICU intensive care unit

Antiarrhythmic therapy can be divided into electrical
or pharmacological methods, the selection of which
depends upon the urgency for treatment, the arrhythmia,
and the underlying cause. Electrical methods include defibrillation for VF (cardioversion for VT), cardioversion,
overdrive/underdrive pacing, pacemaker implantation,
and/or ablation.

Electrical Antiarrhythmic Therapy
Cardioversion is the delivery of energy that is synchronized to the QRS complex. Defibrillation is
nonsynchronized delivery of energy, for example, the
shock is delivered randomly during the cardiac cycle.
Electrical cardioversion/defibrillation should generally be
considered as first-line treatment in the management of
unstable patients with cardiac arrhythmias [6] (Fig. 1).
When considering the energy required, several factors are
relevant including type of defibrillator, size of patient,
recent cardiac/thoracic surgery, duration of arrhythmia,
and type of arrhythmia. Modern biphasic defibrillators
can successfully terminate arrhythmias at lower energies
than older monophasic defibrillators. There is also emerging evidence that escalating energies on successive shocks
may not be necessary when using biphasic defibrillators
[7]. Complications of cardioversion/defibrillation include
worsening arrhythmia, embolization, myocardial dysfunction, myocardial necrosis, hypotension, pulmonary
edema, and skin erythema/burns. Cardioversion may be
used for the treatment of atrial and ventricular tachycardia
(see Chapters Table 2).

Anti-arrhythmic Therapy. Table 2 Indications for
cardioversion/defibrillation
Treatment

Indication

DC cardioversion

Sustained monomorphic VT
Fast AF, SVT with CVS
compromise

Defibrillation
Ablation

Ventricular fibrillation
AVRT
AV nodal reentrant
tachycardia
Atrial tachycardia
Atrial flutter
Idiopathic ventricular
tachycardia
Bundle branch entrant
tachycardia

DC cardioversion, direct current cardioversion, VT ventricular tachycardia, Fast AF atrial fibrillation with a rapid ventricular response rate, SVT
supraventricular tachycardia, CVS cardiovascular system, AVRT atrioventricular reentry tachycardia, AV atrioventricular

With increasing numbers of patients with heart failure
undergoing treatment with device therapy (implantation
of cardioverter-defibrillators), intensivists must be
aware of their presence. These devices can detect tachyarrhythmias, and when appropriately programmed
terminate using either anti-tachycardia pacing and/or
cardioversion/defibrillation. Inhibition of these devices

Anti-arrhythmic Therapy

using a magnet should usually be avoided if at all possible.
If a patient with an implanted defibrillator or pacemaker
has undergone external defibrillation/cardioversion,
device interrogation is indicated.
On occasion, recurrent tachycardias may be treated by
the electrophysiologists using ablation in the cardiac catheter laboratories. Ablative therapy involves destruction or
modulation of abnormal electrical conduction pathways
within the heart using high-frequency alternating currents. Cardiac ablation has progressed over the last decade
with the technical developments including saline cooling
and radiofrequency ablation (RFA). RFA is now indicated
as first-line therapy for several dysrhythmias both atrial
and ventricular. Although not contraindicated, there is
limited evidence in critically ill patients. Even when indicated, intermediate stabilization with drug therapy may be
required as ablation services may not be immediately
feasible or available. Where recurrent tachyarrhythmias
occur in a critically ill patient that might be potentially
amenable to ablation, discussion with an electrophysiologist is warranted.
Pacing involves electrical stimulation to the cardiac
muscle either ventricular or atrial (or both) to cause
electrical depolarization and thus cardiac contraction. It
may be temporary or permanent. Pacing nomenclature
with the devices as generally encountered on the ICU
is relatively simple (A – atrium, V – ventricle, D – dual,
I – inhibit). The three-letter code relates to the chamber
being paced, the chamber being sensed, and the potential
action of the device (either pace or inhibit). An example is
DVI pacing (paces the atrium and ventricle, senses only the
ventricle, and inhibits output from the pacing generator if
an R wave is sensed). Pacemakers can be used to treat
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bradyarrhythmias, to allow safe control of tachyarrhythmias
with drug therapy (by avoiding the risk of excessive bradycardia), or to terminate reentrant tachycardias using overdrive pacing. Additional uses of pacing post-cardiothoracic
surgery in patients with heart failure facilitate mechanisms
to increase cardiac output by echo-guided optimization of
atrioventricular and/or ventricular-ventricular delay. The
indications for pacing in bradycardia and tachycardia are
discussed in the relevant chapters.

Pharmacological Antiarrhythmic Therapy
Pharmacological therapy may be used to treat arrhythmias
(either alone or in conjunction with electrical therapy).
Drugs are generally classified using the Vaughn Williams
classification, with the exception of Digoxin (Table 2).
This classification is based upon the mechanism of the
effect on the cardiac action potential (Fig. 2). Other antiarrhythmic drugs that fall outside the Vaughn Williams
classification include Atropine, Isoprenaline, Magnesium,
and Glycopyrollate (Table 3).
The assessment and treatment of individual arrhythmias on the ICU are discussed in detail in the relevant
chapters in this encyclopedia. Several issues in critically ill
patients with rhythm disturbances warrant specific mention, however.

Areas for Special Consideration
Rate Versus Rhythm Control in AF
There is ongoing debate as to whether (in the hemodynamically stable patient) the aim of antiarrhythmic therapy should be to correct rhythm or control rate in this
arrhythmia. A recent Cochrane review summarized the

ERF

ERF

0

0
I
b

mV

Ic

la

mV

–60

–60

–100

–100

K+ channel blockade

Anti-arrhythmic Therapy. Figure 2 Diagram showing the cardiac action potentials and the site of action of antiarrhythmic
agents shown in Table 2. X-axis time, y-axis voltage, mV millivolts, ERF effective refractory period, K+ potassium ions
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Anti-arrhythmic Therapy. Table 3 Vaughn Williams Classification of antiarrhythmic drugs (see Fig. 2 for action potential)
V-W class
I

Sodium channel blockade

Reduce phase 0 slope and peak of action
potential

Ia

↓↓ Phase 0 slope

Ib

Ic

Quinidine

↑ AP duration

Procainamide

↑ Effective refractory period

Disopyramide

↓ Phase 0 slope

Lidocaine

↓ AP duration

Mexilitine

↓ Effective refractory period

Phenytoin

↓↓↓ Phase 0 slope

Flecainide

↔ AP duration

Propafenone

↔ Effective refractory period
II

Beta blockade

↓ SAN automaticity
↓ Heart rate and conduction

Atenolol
Metoprolol
Sotalol

III

IV

Potassium channel blockade

Calcium channel blockade

Delay repolarisation (phase 3)

Amiodarone

↑ AP duration

Bretylium

↑ Effective refractory period

Sotalol

Block L-type calcium channels

Amlodipine

Most effective at SA and AV

Nifedipine

Nodes

Verapamil

↓ Heart rate and conduction

Diltiazem

V-W class Vaughn Williams class, AP action potential, SAN sinoatrial node

AFFIRM, PIAF trials and found that rate control was
as effective as rhythm control in chronic AF [8–10]. Of
note, these studies were conducted in noncritically ill
patient populations. Critically ill postoperative patients
may have a number of reversible precipitating factors
which when addressed may result in an increased successful cardioversion rate. The success of conversion to
sinus rhythm is related to the duration of AF. Thus, in
critically ill patients with new onset AF, cardioversion
(either electrical or pharmacological) may be more readily achieved. Further, as this group of patients often have
concomitant cardiac dysfunction and low cardiac output
states, restoration of sinus rhythm and atrial kick may be
key to improving the clinical state of the patient
(Chapter X).

Anticoagulation and Risk of Embolization
Before attempted conversion to sinus rhythm is considered (either electrically or pharmacologically) is the need

for anticoagulation, as cardioversion is associated with
pulmonary or systemic embolization. This is more likely
without prior anticoagulation in patients with AF > 48 h,
rheumatic heart disease, severe left ventricular dysfunction, or other structural heart disease associated with
intracardiac thrombus formation. The incidence of
thromboembolic complications varies, but in a large
nonrandomized series that included 437 patients, embolism occurred in 5.3% of non-anticoagulated patients
compared to 0.8% of those receiving anticoagulation
[11]. The risk of embolic complications can be reduced if
trans-oesophageal echo (TOE) is performed prior to cardioversion to establish absence of preexisting thrombus.
However, the risk of embolization continues for several
weeks even after restoration of sinus rhythm due to
delayed return of normal atrial activity from atrial stunning. The current recommendation is to anticoagulate
patients with chronic AF for 3–4 weeks prior and for at
least 4 weeks following elective cardioversion. The

Antibiotics via the Respiratory Tract

recommendations for critically ill patients are less clear
being dependant on coexisting clinical risks [12].

Antiarrhythmic Therapy in Congenital Heart
Disease
Anti-arrhythmic therapy in adult patients with congenital
heart disease warrants special mention. These patients
must not be regarded the same as those with structurally
normal hearts, as what is relatively benign rhythm disturbance in a normal heart can result in rapid and catastrophic hemodynamic instability. Expert advice should
always be sought with respect to all aspects of treatment.
Supraventricular arrhythmias are very common in this
population of patients with loss of sinus rhythm being one
of the most common indications for hospital admission.
Atrial fibrillation and flutter are frequent for those who
had had no operative repair of their malformation [13].
In patients with univentricular circulation and/or a systemic right ventricle, atrial arrhythmias should be
regarded as malignant, and cardioversion (electrical or
pharmacological) should be performed as soon as possible
after presentation. For all congenital patients, special consideration should be given to:
● Effects of anaesthesia/sedation on the circulation (the
most senior anesthetist possible should be used) as
hemodynamic instability may rapidly follow induction of anesthesia.
● Anticoagulation may be suboptimal prior to cardioversion: where urgent cardioversion is indicated
(vide supra) intravenous heparin should be
administered.
● TOE should be considered for all the usual indications,
and in those with significant chamber enlargement.
● Post-cardioversion bradycardia/asystole: consideration must always be given to how the patient could
be paced if this complication occurs. Some patients
(i.e., total cavo-pulmonary connection (TCPC), left
atrial isomerism) there may be no direct connection
between the venous return and the ventricle.

References
1. Reinelt P, Karth GD, Geppert A, Heinz G (2001) Incidence and type
of cardiac arrhythmias in critically ill patients: a single center experience in a medical-cardiological ICU. Intensive Care Med 27
(9):1466–1473
2. Maisel WH, Rawn JD, Stevenson WG (2001) Atrial fibrillation after
cardiac surgery. Ann Intern Med 135:1061
3. Almassi GH, Schowalter T, Nicolosi AC, Aggarwal A, Moritz TE,
Henderson WG et al (1997) Atrial fibrillation after cardiac surgery:
a major morbid event? Ann Surg 226(4):501–511, discussion 11–13

A

4. Brathwaite D, Weissman C (1998) The new onset of atrial arrhythmias following major noncardiothoracic surgery is associated with
increased mortality. Chest 114(2):462–468
5. Blomstrom-Lundqvist C, Scheinman MM, Aliot EM et al
(2003) ACC/AHA/ESC guidelines for the management of patients
with supraventricular arrhythmias. Eur Heart J 24:1857–1897
6. Nolan J, Deakin C, Soar J et al (2005) European Resuscitation
Council Guidelines 2005. Resuscitation 67:S39–S86
7. Schneider T, Martens PR, Paschen H et al (2000) Multicenter, randomized, controlled trial of 150-J biphasic shocks compared with
200-to 360-J monophasic shocks in the resuscitation of out-ofhospital cardiac arrest victims. Optimized Response to Cardiac
Arrest (ORCA) Investigators. Circulation 102:1780–1787
8. Crystal E, Garfinkle MS, Connolly SS, Ginger TT, Sleik K, Yusuf SS
(2004) Interventions for preventing post-operative atrial fibrillation
in patients undergoing heart surgery. Cochrane Database Syst Rev
4:CD003611
9. Wyse DG, Waldo AL, DiMarco JP, Domanski MJ, Rosenberg Y,
Schron EB et al (2002) A comparison of rate control and rhythm
control in patients with atrial fibrillation. N Engl J Med 347
(23):1825–1833
10. Hohnloser SH, Kuck KH, Lilienthal J (2000) Rhythm or rate control
in atrial fibrillation – pharmacological Intervention in Atrial Fibrillation (PIAF): a randomised trial. Lancet 356(9244):1789–1794
11. Bjerkelund CJ, Orning OM (1969) The efficacy of anticoagulant
therapy in preventing embolism related to D.C. electrical conversion
of atrial fibrillation. Am J Cardiol 23:208
12. The Management of Atrial Fibrillation. NICE clinical guidelines.
http://www.nice.org.uk/Guidance/CG36NICE guidelines
13. ACC/AHA/ESC guidelines for the management of patients with
supraventricular arrhythmias (2003) Eur Heart J 24:1857–1897

Antibiotic Tolerance
This in vitro phenomenon is observed when bacteria are
inhibited by low concentrations of an antimicrobial agent
but are killed at much higher concentrations (MBC/MICratio≥1/32).

Antibiotic-Associated Diarrhea
▶ Clostridium Difficile-Associated Diarrhea

Antibiotics via the Respiratory
Tract
▶ Aerosolized Antibiotics
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Antimicrobial resistance continues to escalate globally and
is associated with heightened mortality and morbidity [1].
Clones of multidrug resistant (MDR) bacteria have disseminated globally, and in some cases, infections are
essentially untreatable with existing antimicrobial agents
[1, 2]. Antimicrobial resistance is particularly problematic
in the intensive care unit (ICU) [1]. Ventilator-associated
pneumonia (VAP) and other infections acquired in the
ICU (e.g., catheter- or device-associated infections, skin/
soft tissue infections (SSTI), wound infections, urinary
tract infections (UTIs), blood stream infections (BSI))
are often caused by opportunistic bacteria with an array
of antibiotic resistance mechanisms. The most important
factors predisposing to antibiotic resistance in hospitals
include prior use of antimicrobials, prolonged hospitalization or residence in an ICU, prolonged mechanical
ventilation (MV), need for invasive devices, and severity
and acuity of illness.

Mechanisms of Antibiotic Resistance
Mechanisms responsible for antibiotic resistance include
enzymatic inactivation or modification of antibiotics;
alteration in the bacterial target site(s); permeability barriers to influx of antibiotics; active efflux pumps (that
extrude antibiotics from bacterial cells) [1]. Mutations
conferring resistance typically increase over time; the rate
of increase may be amplified by selection pressure from
antibiotic use. Over the past 2–3 decades, resistance rates
to a variety of antibiotics have escalated dramatically
within the USA and globally. Clonal spread of resistant
organisms between hospitals, geographic regions, and
continents has fueled the explosive rise in resistance [1].
Selection pressure from antibiotic use amplifies and perpetuates resistant clones. Antimicrobial resistance rates
are highest in ICUs, because of the debilitated state of
patients, prolonged hospital stays, comorbidities, and
liberal use of antibiotics.

Prevention of Resistance
Judicious use of antibiotics and aggressive infectioncontrol measures are essential to minimize spread of
antimicrobial resistance [1, 2]. In hospital settings, several strategies to curtail or reduce emergence of resistance
include restriction of certain antibiotic classes, initial
empiric combination therapy, directed (pathogen-specific) therapy, shortening duration of therapy, rotating
antibiotics, computer-assisted antibiotic management,
vigilant infection-control policies, and patient cohorting.
These strategies are sometimes, but not consistently, effective in curtailing epidemics of antibiotic-resistant organisms. Awareness of local resistance patterns and prior
antibiotic exposure (among individual patients) are essential to guide empirical antibiotic therapy. When a causative agent is identified, therapy should be “de-escalated.”
Tailoring (narrowing) antibiotic therapy for proven pathogens, and shortening duration of antibiotic therapy, may
limit the selection pressure driving resistance (in both
hospital and community settings).

Empirical Choice of Antibiotic
Selecting the best antibiotic regimen requires an awareness
of local susceptibility patterns within the institution, the
ICU, and prior antibiotic exposure among individual
patients. Exposure to antibiotics is an independent risk
factor for emergence of antimicrobial resistance. For
empirical treatment, a careful antibiotic history should
be obtained. Ideally, if patients have received a particular
class of antibiotics within 30 days, that antibiotic class
should not be used.

Gram-Positive Cocci
Antibiotic resistance in Gram-positive pathogens has
increased at an alarming rate over the past 2 decades. The
problem is most apparent in hospitals (particularly in ICUs).
In the following section, we discuss methicillin-resistant
staphylococci (both coagulase-positive and -negative) and
vancomycin-resistant Enterococcus faecium (VREF), Grampositive organisms that are endemic in most hospitals in
the USA and worldwide.

Staphylococcus aureus
Staphylococcus aureus (S. aureus) is the leading cause of
nosocomial infections in the USA and globally (accounting for >20% of VAP, 15% of BSI, and >30% of SSTI) [3].
Intravascular catheters are the major cause of BSI due to
S. aureus.

Antibiotics: Resistance Mechanisms and Clinical Relevance

Prevalence and Epidemiology of MRSA
Currently, most S. aureus isolates in hospitals are
methicillin-resistant (MRSA). Further, MRSA is endemic in
many long-term care facilities (LTCF) and in individuals
with specific risk factors (e.g., comorbidity, human immunodeficiency virus (HIV) infection, injection drug abusers,
and prior hospitalization). Additionally, in the mid-1990s,
community-acquired (CA)-MRSA emerged as a cause of
serious infections, even in healthy individuals with no risk
factors [3]. These CA-MRSA strains are genetically distinct
from strains traditionally detected in health-care institutions (e.g., hospital and LTCF). Most isolates of CA-MRSA
are derived from a single clone (USA300 clone). This clone
contains virulence factors (including Panton–Valentine
leukocidin (PVL) gene) that markedly increase morbidity
and mortality [3]. CA-MRSA predominantly cause SSTI
(often with necrosis and abscess formation) but may cause
invasive disease including BSI, necrotizing pneumonia,
empyema, and endocarditis [3]. The USA300 clone is
endemic in the USA and is gaining ground in the rest of
the world [3].

Risk Factors for Colonization or Infection
with MRSA
Risk factors for colonization and infection with MRSA
include prior or prolonged antibiotic therapy, hospital
source, residence in ICU or LTCF, presence of indwelling
catheters, dialysis, surgical wounds, corticosteroids, diabetes mellitus, neurosurgery, and exposure to patients
colonized or infected with MRSA. Colonization of
the nasopharynx, skin, or surgical wounds is associated
with an increased risk for MRSA infections. CA-MRSA
may infect previously healthy individuals; outbreaks of
CA-MRSA infections have been noted in closed
populations (e.g., children in day-care centers, military
recruits, athletes, prison inmates, gay males, and native
Americans) [3].
Nosocomial infections caused by MRSA have been
associated with increased mortality rates, hospital length
of stay (LOS), and costs compared with MSSA. This
heightened mortality likely reflects host and demographic
factors (e.g., comorbidities) and/or differences in efficacy
of therapy rather than intrinsic differences in the virulence
of the organism.

Mechanisms of Antibiotic Resistance
Methicillin resistance is mediated by the chromosomal
gene, mecA, which alters penicillin-binding protein-2a
(PBP2a) and confers resistance to all b-lactam antibiotics
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(including carbapenems). Most strains of hospitalacquired MRSA are resistant to multiple non-b-lactam
antibiotic classes (e.g., macrolides, aminoglycosides
(AGs), fluoroquinolones (FQs), sulfonamides, tetracyclines, etc.). The prevalence of nosocomial MRSA
increased dramatically within the last 3 decades, via dissemination of a few dominant “epidemic” clones, some of
which are MDR [3].

Treatment of Nosocomial MRSA
Vancomycin is the cornerstone of therapy for MRSA. However, anti-staphylococcal penicillins or cefazolin remain the
drugs of choice for MSSA. Importantly, vancomycin is less
effective than b-lactam antibiotics against serious infections due to MSSA. MRSA isolates are almost universally
susceptible to vancomycin, linezolid, daptomycin,
quinupristin/dalfopristin (Q/D), and tigecycline. Resistance to vancomycin (a glycopeptide) is rare. Linezolid
and Q/D remain active against glycopeptide-resistant
strains (>99% susceptibility). Risk factors for resistance
to linezolid include indwelling prosthetic devices and
prolonged therapy with linezolid. Although vancomycin
is most often used to treat MRSA, optimal therapy
for serious MRSA infections has not been established.
Vancomycin is not bactericidal, lacks activity against
organisms growing in biofilm, and penetrates poorly
into the lung. Combining vancomycin with a second antibiotic (e.g., rifampin, gentamicin, linezolid, clindamycin,
etc.) has not been shown to improve outcomes over vancomycin alone, and may increase toxicities [4]. The addition of clindamycin or linezolid may antagonize the
anti-staphylococcal activity of vancomycin [4]. Linezolid
achieves better intrapulmonary deposition than vancomycin, but clinical superiority for MRSA pneumonia has
not been proven. Daptomycin is at least as effective as
vancomycin for bacteremias and endocarditis [5], but
should not be used for pneumonia since daptomycin is
inactivated by surfactant.

Treatment of Community-Acquired MRSA
Most CA-MRSA remain susceptible to trimethoprim/
sulfamethoxazole (T/S) or tetracyclines. In recent years,
CA-MRSA (USA300 isolates) acquired additional mechanisms of resistance to macrolides (mediated by
[msr(A)], clindamycin [erm(A) and erm(C)], tetracycline
[tet(K) and tet (M)], mupirocon (mupA)), and FQs [3].
Further, USA300 isolates displaying reduced susceptibility
to vancomycin, daptomycin, and T/S have been detected.
Thus, USA300 is rapidly acquiring MDR, much like
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USA100 (the most commonly isolated strain of MRSA in
the USA in nosocomial settings) [3].

Coagulase-Negative Staphylococci (CNS)
Coagulase-negative staphylococci (i.e., S. epidermidis,
S. saprophyticus, S. haemolyticus) are important causes of
catheter-related infections, BSI, and SSTI in the ICU. In
the USA, CNS account for >30% of nosocomial BSI.

can persist for extended periods (sometimes >1 year). The
most important mechanism of spread is via carriage on
the hands of caregivers. Transmission from colonized
individuals may lead to endemic and epidemic spread of
VRE in hospitals or LTCRs. VRE can survive for up to
7 days on environmental surfaces. Infection-control measures are critical to limit the spread of VRE in hospitals.

Mechanisms of Antimicrobial Resistance
Risk Factors for Colonization or Infection
with CNS
Patients with indwelling medical devices (e.g., central
venous catheters, neurosurgical shunts, prosthetic heart
valves, artificial joints), are at greatest risk for infections
due to CNS. Prior receipt of b-lactam antibiotics is a risk
factor for colonization or infection with methicillinresistant CNS.

Mechanism of Antimicrobial Resistance
Methicillin resistance in CNS is caused by the same mecA
gene found in MRSA. Currently, >75% of nosocomial
isolates of CNS in the USA are resistant to methicillin.

Therapy
Vancomycin is the drug of choice for infections due to
CNS. Although rare, some strains of S. epidemidis and
S. haemolyticus have acquired high-level resistance to glycopeptides (i.e., vancomyin and teicoplanin). Agents with
excellent activity against CNS include linezolid, tigecyline,
Q/D, and daptomycin [6].

Enterococci
Enterococci (predominantly E. faecium and E. fecalis) are
important causes of UTI, BSI, and device-associated wound
infections in ICU patients. During the 1990s, enterococci
became the second leading cause of infection among hospitalized patients in the USA. Importantly, vancomycinresistant enterococci (VRE), initially described in Europe
in 1986, have disseminated globally [1].

Risk Factors for Colonization or Infection
with VRE
Risk factors for colonization or infection with VRE
include previous antibiotic exposure (particularly to vancomycin, cephalosporins (CEPHs), or agents with anaerobic activity), enteral feeding, exposure to patients with
VRE or contaminated environmental sources, prolonged
hospital stay, severe debilitation, immunosuppression,
malignancy, organ transplant recipients, chronic renal or
hepatic failure, trauma, and residence in ICUs or LTCFs.
Colonization with VRE precedes infections; colonization

Antimicrobial resistance among enterococci escalated dramatically over the past 2 decades [1]. Enterococci are
intrinsically resistant to many antimicrobial agents including CEPHs, penicillins (PCNs), T/S, clindamycin, FQs,
and low-dose AGs. Acquired resistance emerged to highdose b-lactams, AGs, glycopeptides, macrolides, tetracyclines, and other antibiotic classes. In 1979, high-level
resistance to gentamicin (due to AQ-modifying enzymes)
was noted. In the 1980s, resistance to b-lactam antibiotics
due to mutations in penicillin-binding proteins (PBPs),
b-lactamase production, or a combination of mechanisms
followed. In 1986, VRE was reported in Europe. Vancomycin resistance is mediated by small genetic elements
(transposons) (vanA through vanF). Within a decade of
the sentinel report, the incidence of VRE skyrocketed
globally. By 2002, >35% of clinical isolates of E. faecium
in ICUs in the USA were resistant to vancomycin.

Therapy
For susceptible strains of enterococci, ampicillin is indicated. For serious infections, ampicillin should be
combined with an AG to achieve synergy. However, when
high-grade AG resistance is noted, synergy will not occur.
For ampicillin-resistant strains, vancomycin is the drug of
choice. Agents with excellent in vitro activity (>99%)
against enterococci (including VRE) include linezolid,
Q/D, daptomycin, and tigecycline [6].

Gram-Negative Bacteria
Gram-negative bacteria (GNB) accounted for 65–80%
of VAP, 70% of ICU-acquired UTIs, 34–56% of
ICU-acquired surgical-site infections, and 24–33%
of ICU-acquired BSIs in the USA from 1986 to 2003
[7, 8]. Over the past 2 decades, resistance among GNB
increased sharply [1, 2]. Resistance of K. pneumoniae to
third-generation CEPHs increased from <3% in the late
1980s to >20% in the early 1990s, subsequently plateauing
at 15–20% [8]. The percentage of Acinetobacter isolates
resistant to third-generation CEPHs increased from 25%
in 1986 to almost 70% in 2003 [7]. Because of space
constraints, we will discuss only a few GNB of particular
importance in the ICU including extended-spectrum
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b-lactamase (ESBL)-producing Enterobacteriaceae, Pseudomonas aeruginosa, and Acinetobacter spp.

Enterobacteriaceae

A

susceptible strains, FQs may be used, but resistance rates
to FQs have skyrocketed [10]. Outbreaks of ESBL in
nosocomial settings may be curtailed by restricting
the use of broad-spectrum CEPHs (particularly
ceftazidime). Switching to CPs or b-lactam/b-lactamase
inhibitors may curtail outbreaks, but long-term use may
drive resistance.

Bacteria within the family Enterobacteriacea (which
include Enterobacter spp, K. pneumoniae, Escherichia coli,
Proteus spp, S. marcescens, and Citrobacter spp) are important nososomial pathogens. Within the past decade, resistance to b-lactam antibiotics and carbapenems (CPs)
among Enterobacteriaceae increased substantially [2].

Non-fermenting Gram-Negative
Pathogens

Extended-Spectrum b-Lactamases (ESBLs)

Pseudomonas aeruginosa

Extended-spectrum b-lactamases (ESBLs), encoded on
plasmids, were first recognized among K. pneumoniae in
Europe in the early 1980s, and spread rapidly worldwide
[1]. The plasmid is transferable to other Enterobacteriaceae
(e.g., E. coli, Proteus spp, Serratia marcescens). ESBLs confer resistance to third-generation CEPHs, extendedspectrum PCNs, and aztreonam. ESBL-producing
strains typically remain susceptible to CPs, but CP resistance is increasing [9]. By the mid-1990s, 9–14% of
isolates of K. pneumoniae in US hospitals expressed
ESBLs, with higher rates at some centers. Rates of ESBLproducing organisms vary widely in different geographic
regions and from institution to institution [2]. Additional
resistance determinants to non-b lactam antibiotics
(e.g., FQs, AGs, tetracyclines, and T/S) emerged, leading
to MDR [10].

Pseudomonas aeruginosa (PA), an aerobic Gram-negative
rod, is the leading cause of VAP (16–43%), and may cause
SSTI, UTI, BSI, and wound infections.

Risk Factors for Infection or Colonization
with ESBLs
Risk factors associated with infection or colonization with
ESBLs include prior use of antimicrobials, residence in an
ICU, indwelling devices, increased severity of illness,
prolonged hospital stay, emergency intra-abdominal surgery, LTCF stay, and MV [10]. Clonal dissemination has
been noted within and between hospitals, associated with
endemic and epidemic outbreaks. Ominously, CA-ESBLproducing Enterobacteriaceae have been noted in adults
with no recent contact with health-care facilities [10].

Treatment
Carbapenems are the preferred therapy for serious infections due to ESBLs. However, widespread use of CPs for
“empiric” use can lead to resistance [9]. Resistance to
CPs may emerge due to hyperproduction of plasmidmediated ampC/b-lactamase, loss of porin proteins, or
carbapenemases. Cefepime is active against most ESBLs,
but activity decreases as the inoculum increases; this
“innoculum effect” is dose dependent and may compromise efficacy of cefepime in serious infections. For

Risk Factors for Colonization or Infection
with PA
P. aeruginosa primarily colonizes or infects patients with
specific or nonspecific impairments in host defenses (e.g.,
immunosuppression, burns, neutropenia, organ transplant recipients, need for MV; bronchiectasis; COPD).
Colonization with PA increases with length of hospitalization and severity of illness, and may lead to invasive
infections. In normal hosts, invasive infections may
occur when there is disruption of normal skin or mucous
membranes, or insertion of urinary or intravascular catheters or endotracheal tubes. Risk factors for pseudomonas
VAP include acute respiratory distress syndrome (ARDS),
“late onset” (>4 days) pneumonia, prior receipt of antibiotics, and prolonged MV (>6 days) [11]. P. aeruginosa is
ubiquitous in hospital environments, and may thrive in
sinks, food, plants, and on environmental surfaces. Outbreaks of nosocomial PA infections have been linked to
contaminated environmental sources or cross-infection
from colonized patients or health-care workers.

Mechanisms of Antimicrobial Resistance
P. aeruginosa is intrinsically resistant to many antibiotics
(via constitutive expression of AmpC b-lactamase
and efflux pumps) and can acquire resistance to
antibiotics by diverse mechanisms including enzymes
(e.g., carbapenemases, AG-modifying enzymes, DNA gyrase), active efflux pumps, and porin protein alterations
(affecting permeability) [12]. Combinations of resistance
mechanisms (e.g., efflux, impermeability, and production
of inactivating enzymes) may lead to MDR. Most MDRPA remain susceptible to polymyxins (e.g., colistimethate
sodium), but some isolates are resistant to all antibiotics
[12]. Importantly, PA forms biofilms that constitute sanctuary sites for bacterial replication and may compromise
efficacy of antibiotics.
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Treatment
Optimal therapy for serious infections due to PA is not
well defined, as randomized therapeutic trials are lacking.
Mortality associated with P. aeruginosa VAP is high
(>40%) which in part reflects the debilitated state of
patients infected with this organism. Clinical failure
rates, persistence of the organism, and relapse rates are
high, even with appropriate therapy [11].
The most active agents (>75% activity) against PA are
AGs (particularly amikacin), CPs, piperacillin/
tazobactam, cefepime, and ceftazidime [11]. Among the
FQs, ciprofloxacin and levofloxacin have the best antipseudomonal activity, but rates of resistance to these
agents exceed 30%. Unfortunately, CP-resistant and
MDR strains have emerged. For CP-resistant or MDR
strains, sulbactam and the polymyxins may retain activity.
Antimicrobial resistance among PA develops rapidly
under selection pressure [11]. Many experts recommend
treating serious PA infections with two agents to which the
organism is susceptible. Theoretically, combining agents
may achieve synergy and limit the emergence of resistance.
However, clinical data supporting the superiority of combination therapy are lacking. For serious infections due to
PA, we advise initial therapy with an antipseudomonal
b-lactam (or CP) combined with an AG or FQ. For pseudomonas VAP, therapy should be continued for 15 days,
since shorter duration of therapy (e.g., 8 days) was associated with higher relapse rates. Treatment of MDR-PA is
difficult. Combinations of b-lactams, FQs, and AGs may
achieve synergy, even when strains are resistant to the
individual antibiotics. Polymyxin E (colistin) may be
effective against MDR-PA [11]. Nebullized tobramycin
or colistin have been tried for VAP due to MDR-PA [11],
but have not yet been shown to improve clinical outcomes.

Acinetobacter baumannii
Bacteria within the genus Acinetobacter (principally
A. baumannii) are aerobic Gram-negative coccobacilli
that cause opportunistic infections in critically ill or debilitated patients [13]. Acinetobacter spp account for 8% of
VAP and 2% of nosocomial BSI in the USA; rates are
higher in subtropical regions [13]. Mortality rates with
BSI or VAP due to Acinetobacter spp are high (30–75%);
these high mortality rates in part reflect comorbidities and
severity of illness.

Risk Factors for Colonization or Infection
with Acinetobacter spp
Infections due to Acinetobacter spp are more common in
the summer season (in temperate climates) and in subtropical regions [13]. Acinetobacter spp were implicated in

SSTI sustained during disasters in warm climates (e.g., tsunamis, earthquakes, military wounds, bombings) [13].
Acinetobacter spp is an important cause of BSI and SSTI
in wounded military personnel in Iraq and Afghanistan
[13]. Acinetobacter spp have assumed increasing importance as nosocomial pathogens over the past 2 decades. In
the USA, rates of VAP due to Acinetobacter spp increased
from 1986 to 2003 whereas no increase was observed for
any other GNB [8].
Risk factors for acquisition of Acinetobacter species
include invasive procedures or devices, prolonged ICU
stay, MV, enteral feedings, and recent use of broadspectrum antibiotics. In critically ill patients,
Acinetobacter spp may colonize the gastrointestinal tract,
skin, and respiratory tract, and may be a precursor of
infection. Acinetobacter spp are ubiquitous in the environment, and may survive for prolonged periods on wet or
dry surfaces [13]. Contaminated environmental sources
and transmission via medical personnel may cause outbreaks of nosocomial infections. Dissemination of a limited number of clones may cause endemic and epidemic
spread within hospitals. Outbreaks have ceased following
aggressive infection-control measures and modification of
antibiotic use (particularly restricting CP and broadspectrum antibiotics) [1].

Mechanisms of Antimicrobial Resistance
Nosocomial Acinetobacter spp are often resistant to CEPHs,
penicillins, FQs, and AGs. Susceptibility rates are highly
variable in various regions/countries and hospitals [2].
All A. baumannii strains produce AmpC b-lactamases
encoded in chromosomes that confer low-level resistance
to CEPHs. High-grade resistance to all b-lactams (except
CPs) may occur due to hyperproduction of AmpC
b-lactamases, alterations in PBPs, reduced permeability
(due to altered porin proteins), efflux pumps, and plasmids
[13]. The activity of FQs, AGs, and tetracyclines against A.
baumannii (AB) is variable. Carbapenems are the preferred
agents to treat AB, but CP resistance may develop via
several mechanisms including plasmid-mediated serine and
metallo-b-lactamases (carbapenemases), decreased outer
membrane permeability, and altered PBPs [13]. In the
USA, CP resistance among A. baumannii increased from
9% in 1995 to 40% in 2004 [13]. Within the past decade,
epidemics of infections due to CP-resistant AB clones were
noted in the USA, Latin America, Europe, and Asia [2].
CP-resistant strains are usually MDR but sulbactam, the
polymyxins, and tigecycline (the first of the glycylglycines)
often remain active against MDR-AB [13]. Ominously,
strains of Acinetobacter resistant to all antimicrobials
have emerged.
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Treatment of MDR A. baumannii
Although data are limited, I recommend two active agents
for serious infections due to Acinetobacter spp. For SSTI
or surgical-site infections, debridement is an essential part
of therapy. For initial, empiric antibiotic therapy, CP may be
combined with an AG. Provided isolates are susceptible,
ticarcillin/clavulanate, piperacillin/tazobactam, ceftazidime,
FQs, or tigecycline may be used. For CP-resistant AB, ampicillin/sulbactam (due to the sulbactam component) may be
effective therapy. Colistin (polymyxin E) may be used to
treat strains resistant to all commonly used antibiotics.
Colistin can be administered IV or via nebulization.
Despite good in vitro activity, colistin may be less effective
in vivo (particularly for pneumonia). Favorable responses
were cited with tigecycline (alone or in combination
with colistin) in some patients with MDR-AB. Hospital
outbreaks of Acinetobacter infections may reflect environmental contamination. Removal or disinfection and sterilization of contaminated equipment (e.g., ventilator or
nebulizer tubing) or fomites may eliminate the problem
[13]. Even MDR-AB strains usually remain susceptible to
disinfectants and antiseptics [13].
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Summary
Antimicrobial resistance in ICUs is an escalating problem,
with devastating consequences on morbidity, mortality, and
health-care costs. Strategies to limit resistance in the ICU
must be multifaceted. Initial empirical treatment should be
aggressive, taking into account antibiotic susceptibility profiles within the ICU or institution. Following identification
of an organism(s), therapy should be de-escalated (pathogen-directed). Attention to pharmacokinetics (PK), pharmacodynamics (PD), appropriate antibiotic, dose, and
duration are essential. When endemic or epidemic spread
of antibiotic-resistant bacteria occurs, aggressive infectioncontrol efforts (including cohorting, isolation, hygiene
measures), in tandem with elimination or restriction of
certain antibiotic classes, may be required [1, 2].
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Synonyms
Prevention of thrombosis in systems processing the blood
outside the body

Definition
Anticoagulation in extracorporeal circuits aims at the
prevention of thrombosis in systems processing the
blood outside the body, such as extracorporeal membrane
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oxygenation,
hemodialysis,
plasmapheresis.

hemofiltration,

and

Pre-existing Condition
In the intensive care unit, a variety of conditions may
require the use of extracorporeal techniques. Extracorporeal membrane oxygenation may be used in patients with
severe cardiopulmonary failure, renal failure is treated by
means of hemodialysis or hemofiltration, and in case of
liver failure the molecular adsorbent recirculating system
may be used. Finally, plasma exchange is being used for
specific indications such as thrombotic thrombocytopenic
purpura and the Guillain–Barré syndrome.
During the use of extracorporeal techniques, the
occurrence of circuit thrombosis is a major problem: it
reduces treatment efficacy, leads to blood loss for the
patient, and increases workload and costs. Several studies
have addressed the pathophysiology of circuit thrombosis,
but the exact mechanism by which it occurs, has not yet
been elucidated. Multiple factors may play a role: activation of the contact system and the tissue factor pathway,
activation of leukocytes and platelets, but also factors
related to the extracorporeal treatment itself, such as turbulent flow, repeated stasis of blood, hemoconcentration,
and blood-air contact [1, 2].

Application
If anticoagulation is needed to prevent the occurrence of
circuit thrombosis, the choice can be made for either
systemic or regional anticoagulation. The choice for either
of these strategies depends on the presence of an indication for systemic anticoagulation, the bleeding risk, and
the probability of side effects of the anticoagulant used.

Systemic Anticoagulation
The choice of an anticoagulant for the prevention of
thrombosis in the extracorporeal circuit depends on
several issues, such as experience with the drug, its
pharmacokinetic and pharmacodynamic properties, the
likelihood of adverse events, and the costs of the drug
and its monitoring. Unfractionated heparin is the drug
most frequently used to prevent thrombosis in extracorporeal circuits. Other drugs used are low molecular
weight heparins, direct thrombin inhibitors, and factor
Xa inhibitors.

Unfractionated Heparin
Unfractionated heparin is a highly sulfated mucopolysaccharide, heterogeneous with respect to molecular size,
anticoagulant activity, and pharmacokinetics. Its anticoagulant effect is mediated by the binding to antithrombin,

an endogenous inhibitor of various activated clotting
factors. The heparin molecule binds to antithrombin
through a high affinity pentasaccharide sequence, thereby
converting antithrombin from a slow to a rapid inhibitor.
Small heparin chains containing the pentasaccharide
sequence only catalyze factor Xa inhibition by activating
antithrombin, whereas heparin chains of sufficient length
to bridge antithrombin to thrombin also exert thrombin
inhibition [3].
Heparin also binds to other plasma proteins, which
reduces its anticoagulant activity. Proteins binding heparin include factor VIII and fibrinogen, acute phase proteins often elevated in critically ill patients. This explains
why the response to heparin among critically ill patients is
individually different.
Heparin is cleared from the circulation by two mechanisms: cellular binding and renal elimination. Binding to
endothelial cell receptors and macrophages leads to rapid
internalization and depolymerization, whereas renal elimination is a much slower process.
Treatment with heparin carries the risks of both drug
resistance and bleeding. Drug resistance is associated with
antithrombin deficiency, increased heparin clearance, and
elevations in heparin binding proteins including the
acute phase proteins factor VIII and fibrinogen. The risk
of heparin-associated bleeding increases with the dose.
Monitoring of the extent of anticoagulation is usually
performed through the augmented partial thromboplastin
time (APTT). In critically ill patients, however, elevated
levels of factor VIII may shorten the APTT without
diminishing the antithrombotic effect of heparin [3]. In
these cases, monitoring through an anti-Xa assay is
recommended, since the result of this assay more closely
mirrors the antithrombotic effect of heparin.
The use of unfractionated heparin has several advantages: its half-life is relatively short (0.5–3 h), it is easily
reversible with protamine, the experience with
unfractionated heparin is large, and it is cheap. However,
both drug resistance and bleeding are common and
unfractionated heparin carries a 1–5% risk of heparininduced thrombocytopenia (HIT).

Low Molecular Weight Heparins
Low molecular weight heparins have several advantages
compared with unfractionated heparin: their pharmacokinetics are more predictable, obviating the need of
anti-Xa monitoring during continuous dosing, and the
incidence of HIT is much lower (0.5–1%). However, low
molecular weight heparins have a longer half-life (2–4 h),
they are not fully reversible with protamine, and they are
more expensive than unfractionated heparin.
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Heparin-Induced Thrombocytopenia (HIT)

Anticoagulants for Patients with HIT

Heparin-induced thrombocytopenia (HIT) occurs when
heparin forms a complex with platelet factor (PF)4,
a protein derived from the platelet granule. The heparinPF4 complex induces antibodies causing platelet activation and aggregation. This may lead to a procoagulant
state carrying the risk of major arterial and venous thromboembolism [4]. Although HIT is uncommon (less than
1% of the ICU patients with thrombocytopenia actually
have HIT), it may represent a serious danger to the
patient, therefore timely diagnosis is important. HIT is
a clinicopathological syndrome and its diagnosis is based
on both clinical signs and serological tests. Clinical signs
include a typical fall in platelet count within one week
after the first heparin challenge, the presence of arterial or
venous thrombosis, skin lesion at the heparin injection
site, and anaphylactic reactions after the injection of heparin. Serological tests demonstrating the presence of antibodies to the heparin-PF4 complex are the enzyme linked
immunosorbent assay (ELISA) and the serotonin release
assay (SRA). When the two tests are combined, a sensitivity of nearly 100% can be reached. However, antibody
testing is not always directly available. To facilitate the
diagnosis, a scoring system has been developed, the socalled 4Ts-test (Table 1). In this test, four items each score
0–2 points, summarizing to a maximum of 8. A score of 6–
8 indicates high probability of HIT, 4–5 intermediate, and
0–3 low probability.

In case of high probability of HIT, all heparins must be
stopped and a different anticoagulant strategy must be
chosen. There are two classes of anticoagulants suitable
for the treatment of patients with HIT: direct thrombin
inhibitors and factor Xa inhibitors [4].

Direct Thrombin Inhibitors
Direct thrombin inhibitors selectively block the activity of
thrombin, preventing the conversion of fibrinogen to
fibrin and thus thrombus formation. The most frequently
used drugs in this class are lepirudin, bivalirudin, and
argatroban. These agents have in common that their anticoagulant effect is not reversible. However, the agents
differ in the way they are metabolized and eliminated,
which has a consequence for their half-lives and their use
in clinical practice (Table 2). Since extracorporeal circuits
are most often used to treat acute kidney injury,
argatroban is most suitable for the use in this setting,
because of its nonrenal elimination and the relatively
large experience with the drug. Lepirudin commonly
elicits antibody generation, which leads to the formation
of large lepirudin-antibody complexes. Since these complexes cannot readily be eliminated by extracorporeal circulation, this leads to a prolonged half-life and an
increased risk of bleeding. Therefore, the use of lepirudin
during extracorporeal treatment is strongly recommended
against.

Anticoagulation in Extracorporeal Circuits (CVVH, ECMO). Table 1 Probability of heparin-induced thrombocytopenia: the
4Ts test
Points (0, 1, or 2 for each of four categories: maximum score = 8)

a

2

1

0

Thrombocytopenia

>50% platelet decrease to
a nadir 20

30–50% platelet decrease, or
nadir 10–19,
or >50% decrease
secondary to surgery

<30% platelet decrease
or nadir <10

Timing of onset of platelet
decreasea

Days 5–10
>day 10 or timing unclear
<day 4 (no recent heparin)
or 1 day with recent heparin or <1 day with recent heparin
(past 30 days)
(past 31–100 days)

Thrombosis
or other sequelae

Proven new thrombosis, skin
necrosis, or acute systemic
reaction after intravenous
heparin

Progressive or recurrent
thrombosis, erythematous
skin lesions, suspected
thrombosis

None

Other causes of platelet
decrease

None evident

Possible

Definite

First day of heparin exposure considered day 0
Pretest probability score: 6–8 indicates high, 4–5 intermediate, 0–3 low
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Factor Xa Inhibitors

Heparin and Protamine

Factor Xa inhibitors are divided into indirect inhibitors,
which prevent factor Xa activity through its natural inhibitor antithrombin, and direct inhibitors, which block
factor Xa activity by binding to its catalytic subunit independently of antithrombin. The indirect factor Xa inhibitors danaparoid and fondaparinux can be considered for
treatment or prevention of HIT associated thrombosis [4].
Similarly to direct thrombin inhibitors the anticoagulant
effect of danaparoid and fondaparinux is not reversible.
Moreover, both drugs have a long half-life (ranging from
17 to 24 h) and are cleared predominantly by the kidney,
making them less suitable for patients with renal failure
(Table 2). However, when carefully dosed and monitored
through anti-Xa effect, danaparoid and fondaparinux can
be used as anticoagulants in extracorporeal circuits.

Regional heparinization is technically complicated, since
it is difficult to determine how much protamine is needed
to neutralize the effect of heparin. After the heparinprotamine complex has been taken up and metabolized
by the reticuloendothelial system, heparin and protamine
are released into the circulation again, complicating the
dosing schedule. Moreover, protamine infusion is associated with systemic hypotension and pulmonary hypertension, activation of inflammatory mediators, and platelet
dysfunction [5].

Regional Anticoagulation
The term regional anticoagulation refers to the titration of
an anticoagulant into the blood entering the processing
device, with reversal of the anticoagulant effect after the
device. Regional anticoagulation can be performed with
heparin and protamine or with sodium citrate and calcium. The advantage of regional anticoagulation is that it
restricts anticoagulation to the extracorporeal circuit, lowering the patient’s risk of bleeding.

Anticoagulation in Extracorporeal Circuits (CVVH, ECMO).
Table 2 Properties of anticoagulants suitable for the treatment of patients with heparin-induced thrombocytopenia
Anticoagulant

Properties

Direct thrombin inhibitors
Argatroban

Hepatobiliary elimination
Half-life 40–50 min

Bivalirudin

Metabolism renal (20%) and
enzymatical (80%)
Half-life 25 min

Lepirudin

Renal elimination
Half-life 80 min
40–60% antibody formation

Factor Xa inhibitors
Danaparoid

Renal elimination
Half-life 24 h
Potential cross-reactivity
with PF4

Fondaparinux

Renal elimination
Half-life 17–20 h

Sodium Citrate and Calcium
In recent years, regional anticoagulation of hemofiltration
circuits with sodium citrate and calcium has gained large
interest. If an algorithm is used, the technique is easy to
perform, and it has been demonstrated to be superior
to systemic anticoagulation with heparin with respect to
filter survival. Moreover, bleeding complications and
transfusion requirements are significantly lower during
regional anticoagulation with citrate than during systemic
anticoagulation with heparin [5].
When regional anticoagulation with citrate is
applied, citrate not only acts as an anticoagulant, but
also as a buffer. Sodium citrate is infused into the blood
entering the hemofilter and a buffer-free substitution
fluid with calcium is infused into the blood leaving
the filter. Part of the sodium citrate is filtered into the
ultrafiltrate, whereas another part enters the systemic
circulation and is metabolized to bicarbonate by the
liver and skeletal muscles. Therefore, the maintenance
of a normal blood pH depends both on the amount of
sodium citrate infused and the ability of the patient to
metabolize the citrate to bicarbonate. If the amount
of citrate infused is too low, the production of bicarbonate will be too low and a normal anion gap (AG) acidosis
will ensue.
During hemofiltration, cells and proteins accumulate
on the filter membrane, making it less permeable for the
sodium citrate infused. When this occurs, a larger proportion of sodium citrate will be entering the systemic circulation. The metabolization of this larger proportion of
citrate to bicarbonate may cause metabolic alkalosis. On
the other hand, if the patient is unable to metabolize the
larger proportion of citrate, this will cause a high anion
gap metabolic acidosis, because citrate is converted to
citric acid, an acid not accounted for in the anion gap
equation (AG = [Na+] – ([Cl-] + [NaHCO3-]). Therefore,
both metabolic alkalosis and metabolic acidosis may be
caused by citrate intoxication. Another clue to diagnose
citrate intoxication is the calcium ratio (Ca/iCa), that is
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Does the patient have
thrombocytopenia, prolonged
PT or APTT or manifest
bleeding?

Yes

A

No

Yes

Is HIT suspected?
No

Does the patient need
systemic anticoagulation?

Is citrate contraindicated?

Yes

No anticogulation

No

Yes

danaparoid,
fondaparinux or
argatroban

Citrate

heparin
(UFH or LMWH)

Anticoagulation in Extracorporeal Circuits (CVVH, ECMO). Figure 1 Algorithm for the choice of an anticoagulant during
extracorporeal treatment. PT: prothrombin time; APTT: augmented partial thromboplastin time; HIT: heparin-induced
thrombocytopenia

Target serum bicarbonate
21–25 mmol/l
Normal anion gap

Target iCa >0.9–1.1 mmol/l

Target Ca/iCa < 2.3

Metabolic alkalosis

Metabolic acidosis
Normal anion gap
iCa and Ca/iCa normal

Metabolic acidosis
High anion gap
iCa↓, Ca/iCa↑

Reduce citrate

Add bicarbonate

Stop citrate
change hemofilter

Anticoagulation in Extracorporeal Circuits (CVVH, ECMO). Figure 2 Algorithm for the management of regional
anticoagulation with citrate during extracorporeal treatment. iCa: ionized calcium

the total calcium concentration divided by the ionized
calcium concentration. Normally, the ratio between total
and ionized calcium is below 2.1. In case of citrate intoxication, however, the excess citrate binds calcium, making

the ionized calcium concentration decrease, whereas the
bound calcium concentration increases. Therefore, the
calcium ratio will increase to levels above the cutoff
range of 2.1–2.5 [2].
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Use of Algorithms

Anticoagulant medication; Heparin; Vitamin K antagonists; Warfarin

fluinidone, and phenprocoumon and function by
inhibiting the regeneration of vitamin K. Vitamin K is an
essential cofactor in the synthesis of coagulation factors II,
VII, IX, X, and inhibitors protein C, protein S, and
protein Z [1–3]. Warfarin is the most common anticoagulant in the USA and has a half-life of 40 h, which impacts
reversal strategies [2, 3].
Unfractionated heparin (UFH) is a short acting drug
with a half-life of 60–120 min. UFH binds to antithrombin
resulting in the inhibition of the coagulation cascade [2].
Low-molecular weight heparin (LMWH) predominantly
inhibits factor Xa and has a half-life of 3–12 h resulting
in less frequent dosing intervals [2]. Additional selective anticoagulants include direct thrombin inhibitors
(lepirudin, bivalirudin, and argatroban) and a selective
factor Xa inhibitor (fondaparinux) [4]. Antiplatelet agents
include aspirin, clopidrogrel, and ticlodipine. Aspirin
irreversibly blocks the platelet enzyme cyclooxygenase
resulting in inhibition of platelet aggregation for the
10-day life of the platelet. Clopidogrel and ticlodipine
inhibit adenosine diphosphate-induced platelet aggregation and have half-lives of 8–12 h.
Major bleeding episodes include intracranial or retroperitoneal hemorrhages and bleeding events that result in
death, hospitalization, or transfusion [1, 3, 4]. Major
gastrointestinal and urinary tract bleeding events occur
in 1–4% of patients per year treated with VKA [1]. The
incidence of intracranial hemorrhage among VKA users is
less common with reported annual event rates of 0.25–1%
[1, 5]. The American College of Chest Physicians defines
minor bleeding as reported episodes that do not require
additional testing, referrals, or visits [3].
The primary risk factors for anticoagulation-induced
bleeding complications include intensity of anticoagulant
effect (i.e., higher goal international normalized ratio
(INR) have increased bleeding rates), length of anticoagulant therapy, patient characteristics (age, genetic predisposition, comorbid conditions), and concomitant use of
medications that also interfere with blood coagulation
[4, 5].

Definition

Indications for Reversing Anticoagulation

Anticoagulation refers to the process of impeding the
coagulation of blood. Anticoagulation reversal entails
treatments to restore a patient’s blood coagulation pathways to normal or near normal levels.

Rapid reversal is essential when patients are experiencing
life-threatening bleeding such as intracranial and gastrointestinal hemorrhage, hemorrhagic shock, or have a need
for an emergent surgical procedure [2, 4, 5]. Physicians
should also consider reversal when bleeding occurs in the
deep muscles, retro-orbital spaces, or within joints. Additional indications for considering the risk and benefits of
reversal include treatment of open long bone fractures
and management of septic shock [1]. The treatment for

The choice for an anticoagulant strategy during extracorporeal treatments can be facilitated by the use of an algorithm. Use of an algorithm ensures that all factors possibly
influencing the effect of a certain anticoagulant are taken
into account. In this way, the risk of adverse events may be
reduced. Examples of algorithms for the choice of an
anticoagulant technique during hemofiltration and for
the application of regional anticoagulation with citrate
are shown in Figs. 1 and 2.
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Synonyms

Characteristics
Anticoagulants are a class of medications that interfere
with various steps of the coagulation process. Vitamin K
Antagonists (VKA) include warfarin, acenocoumarol,

Anticoagulation Reversal in the ED

life-threatening bleeding requires that the INR be rapidly normalized. The decision to reverse a patient’s
anticoagulated state should also include consideration of
the potential thrombogenic risk while not therapeutically
anticoagulated [1]. Patients with mechanical heart valves,
especially mitral valves, are at increased risk for thromboembolism with rates as high as 4% per year or 0.02% per
day when not anticoagulated [1]. Individuals with atrial
fibrillation, prior ischemic stroke or transient ischemic
attack, or cardiomyopathy with reduced ejection fraction
are also at increased risk for thromboembolism [4, 5].

Treatment Options for Reversing Vitamin K
Antagonist Anticoagulation
The American College of Chest Physicians’ guidelines
provide clear, detailed pathways for treating patients
with elevated INRs [3]. The guidelines include detailed
management of patients with supratherapeutic INR in the
absence of bleeding. These guidelines are summarized in
Table 1. Treatment options for reversing VKA include:
cessation of anticoagulant, vitamin K replacement, fresh
frozen plasma (FFP) transfusion, prothrombin complex
concentrates (PCC), and recombinant factor VIIa [1–5].
Vitamin K can be administered parenterally or orally.
The subcutaneous administration of vitamin K is not

A

recommended due to the unpredictable absorption and
response [5]. The injectable form may also be given orally
when vitamin K pills are unavailable [2]. Intravenous
administration of vitamin K has been associated with
anaphylactoid reactions with a reported rate of 3 per
10,000 doses [5]. Many of these episodes occurred with
older formulations that contained polyethoxylated castor
oil. The modern micelle formulation is thought to have
a lower risk of anaphylactoid reactivity [2, 5]. Doses for
vitamin K range from 1 to 10 mg depending on INR level
and seriousness of bleeding. Vitamin K’s full effect does
not occur until 12–24 h following administration due to
the time needed for hepatic synthesis of new clotting
factors [1]. Therefore, vitamin K replacement alone is
not sufficient for reversal in the setting of life-threatening
bleeding.
FFP contains all vitamin K dependent coagulation
factors. Transfusion of FFP is the most commonly used
treatment for VKA reversal in North America despite
multiple small observational studies reporting the longer
time required for INR correction compared to PCC [1, 3].
FFP is administered as a blood-group specific product.
The usual dose of FFP administered for emergent reversal
is 15 ml/kg of body weight equaling a typical FFP volume
of 1,500–2,000 mL. A lower 5–8 ml/kg dose may be

Anticoagulation Reversal in the ED. Table 1 The American College of Chest Physicians’ recommendations for managing
elevated INRs or bleeding in patients taking VKAs [3]
INR

Asymptomatic or minor bleeding

Major bleeding at any elevated INR level

If INR above therapeutic 1. Lower or omit next dose of VKA. Monitor INR 1. Hold VKA therapy.
range but <5
and resume at same or lower dose when INR is 2. All patients with major bleeding should receive
therapeutic. Consider vitamin K 1–2.5 mg, if
vitamin K 10 mg by slow IV infusion. May repeat
needed, for increased bleeding risk.
dose every 12 h.
INR5 but 9

INR9

1. Hold next 1–2 doses of VKA. Monitor INR and
resume at same or lower dose when INR is
therapeutic. May consider vitamin K 1–2.5 mg
orally if increased bleeding risk. If more rapid
reversal needed (i.e., urgent procedure),
vitamin K 5 mg dose may be given for expected
INR reduction within 24 h.

If potentially life-threatening hemorrhage or need
for emergent surgery, the goal is to rapidly
normalize the INR. Proceed with the following:
3a. Administer fresh frozen plasma (10–15 mL/
kg). Smaller dose of 5–8 mL/kg might be
sufficient for reversal of therapeutic INR
or

1. Hold VKA therapy. Give vitamin K 2.5–5 mg
3b. Prothrombin complex concentrate
orally for expected substantial INR reduction
(25–100 U/kg)
within 24–48 h. Monitor INR and resume at
or
appropriately adjusted dose when INR is
3c. Recombinant Factor VIIa (10–90 ug/kg)
therapeutic. Use additional vitamin K if needed.
4. Repeat Steps 2 and 3a–c, if necessary, to stop
hemorrhage and normalize INR

Definitions: Major bleeding is defined as life-threatening bleeding that requires treatment, hospitalization, or transfusion [3]. Minor bleeding as
reported episodes that do not require additional testing, referrals, or visits [3].
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sufficient in urgent reversal of therapeutic INR levels [3].
FFP has a number of limitations that must be considered
when emergent reversal is needed. Firstly, frozen plasma
must be thawed prior to transfusion. Secondly, the
required high volume of FFP can be problematic for
elderly patients or individuals with heart or renal failure.
FFP is also associated with transfusion-related acute lung
injury (TRALI). TRALI occurs more often after FFP transfusion than any other blood product component [1, 5].
PCC provides an alternative to FFP. The aforementioned limitations for FFP limit its utility in many of the
patient populations who are most likely to be taking
VKA (i.e., elderly, heart failure). PCC was originally
approved to treat hemophilia B but its role in reversing
anticoagulation has been actively studied. PCC contains
approximately 25 times higher concentration of the
Vitamin K dependent clotting factors than are present

in FFP [2]. PCC does not require ABO blood type compatibility. Many PCC formulations undergo viral inactivation processes to reduce the risk of viral transmission
[1]. The most recent PCC formulations often include
anticoagulants (i.e., Proteins C, S, Z and antithrombin
III) to decrease the risk of thromboembolic complications
[1]. The higher concentration of coagulation factors
in PCC results in a significantly smaller required volume
for reversal (60 ml of PCC is equivalent to 2 L of FFP)
[1]. The recommended PCC dose ranges from 25 to
100 U/kg depending on product used and desired level
of reversal [1, 4]. Studies comparing speed of INR correction between FFP and PCC have reported faster
INR normalization with mean post-treatment INR of
1.3 within 15 min of completing the PCC infusion compared to a post-treatment INR of 2.3 in 12 patients receiving 4 units of FFP [1]. This is due in part to faster PCC

Anticoagulation Reversal in the ED. Table 2 Reversal options for common anticoagulants (Adapted from tables within
referenced articles [1, 4])
Anticoagulant

Minor bleeding

Major bleeding

Unfractionated heparin (UFH)

1. Consider stopping UFH based on
1. Slow IV infusion of protamine 1 mg/100
indication for treatment and bleeding risk.
U of UFH given in past 4 h. (Keep dose
2. Close observation.
<100 mg over 2 h to reduce risk of
hypotension and bradycardia.)
2. Titrate additional doses to bleeding status.
Monitor hemodynamics and aPTT.

Low-molecular weight heparin
(LMWH)

1. Consider stopping LMWH based on
1. Slow IV infusion of protamine 1 mg per
indication for treatment and bleeding risk.
1 mg of LMWH given in past 8 h. Decrease
2. Close observation.
dose to 0.5 mg of protamine for every 1 mg
LMWH given between 8 and 12 h prior to
event (keep dose <100 mg over 2 h).
2. Titrate additional doses to bleeding status.
Monitor hemodynamics, aPTT, and INR.

Antiplatelet agents (aspirin,
clopidogrel, and ticlodipine)

1. Consider stopping drug based on
1. Platelet transfusion to increase platelet
indication for treatment and bleeding risk.
level by 20,000–50,000.
2. Close observation.

Direct thrombin inhibitors
(lepirudin, bivalirudin, and
argatroban)

1. Consider stopping drug based on
1. No approved treatment.
indication for treatment and bleeding risk. 2. Desmopressin acetate 0.3 mg/kg in normal
2. Close observation.
saline IV over 15 min.
3. No approved treatment.
3. Transfuse 10 units of cryoprecipitate.
4. Monitor INR, aPTT, thrombin times.

1. No approved treatment.
Pentasaccharide (fondaparinux) 1. Consider stopping drug based on
indication for treatment and bleeding risk. 2. In life-threatening bleeding, consider
2. Close observation.
recombinant factor VIIa (10–90 ug/kg).
3. No approved treatment.
3. Monitor INR, aPTT, thrombin-generation
times.
Definitions: Major bleeding is defined as life-threatening bleeding that requires treatment, hospitalization, or transfusion [3]. Minor bleeding as
reported episodes that do not require additional testing, referrals, or visits [3]. aPTT=activated partial thromboplastin time

Anti-glomerular Basement Membrane (GBM) Disease

preparation (does not require thawing) and infusion
(smaller volume) [1].
Recombinant factor VIIa has been evaluated as a treatment for VKA in small case series and been found to have
generally favorable results [2]. Recombinant factor VIIa
has a half-life of 2.8 h and thrombosis rates of up to 7%
have been reported [2, 4]. Future clinical trials are needed
to determine the value of recombinant factor VIIa in
emergent VKA reversal.

Reversing Unfractionated Heparin and
Low-Molecular Weight Heparin
The short half-life of unfractionated heparin (UFH)
results in approximately 3 h of anticoagulation [2]. Conservative treatment for minor bleeding episodes might be
observation and close monitoring of bleeding and hemodynamics (Table 2). In situations of life-threatening
bleeding requiring immediate correction, protamine
may be administered. Protamine, a mixture of peptides
extracted from fish sperm cell nuclei, is administered
intravenously and binds to UFH forming a stable inactive
salt [2]. Protamine is dosed based on the amount of UFH
administered within the previous 4 h with 1 mg of protamine able to neutralize 100 units of UFH [2, 4]. Protamine should not be given faster than 50 mg per 10 min
due to risk of histamine release with associated hypotension, bradycardia, and bronchoconstriction [2]. There
is no proven treatment for reversing low-molecular
weight heparin [4]. Protamine will neutralize LMWH’s
antithrombin effect (approximately 60% of its total
anticoagulation effect) but does not completely reverse
the Factor Xa inhibition [2, 4]. When presented with
a patient with life-threatening bleeding taking enoxaparin
or dalteparin within the last 8 h, consider administering
1 mg of protamine per 1 mg of enoxaparin or 1 mg of
protamine per 100 units of dalteparin [4]. If bleeding
continues, a second dose of protamine 0.5 mg per 1 mg
enoxaparin or 100 U dalteparin should be administered [4].

Direct Thrombin Inhibitors
There are no accepted treatments for reversing direct
thrombin inhibitors [4]. Recombinant factor VIIa, PCC,
and deamino-D-arginine vasopressin (DDAVP) have been
studied as possible treatment options but none are currently approved [4]. DDAVP promotes the release of
Factor VIII and von Willebrand factor from plasma endothelium resulting in increased hemostasis [4].

Selective Factor Xa Inhibitors
Fondaparinux, a pentasaccharide anticoagulant, binds to
antithrombin inhibiting its affinity to bind Factor Xa [4].

A

There are no specific antidotes for this drug class [4]. FFP,
PCC, and protamine administration do not adequately
reverse the medication’s anticoagulant effect [4]. Small
studies have suggested that recombinant factor VIIa
might partially reverse the pentasaccharide’s effect but
definitive studies are still needed [4].

Antiplatelet Agents
Aspirin irreversibly inhibits platelet aggregation for the
life of the platelet, typically 10 days. No specific antidote
treats aspirin’s effects. Patients with life-threatening
bleeding who are on chronic aspirin therapy require
platelet transfusions. The goal should be to raise the
affected individual’s platelet level by 20,000–50,000. The
longer elimination times for clopidogrel and ticlodipine
make reversal more challenging. Unlike aspirin that is
eliminated rather quickly, clopidogrel and ticlodipine
remain and may potentially inhibit newly transfused
platelets.
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Synonyms
Early administration of antibiotics; Empiric antibiotics;
Time to antibiotics

Definition
A management strategy for patients with infection and
evidence of tissue hypoperfusion that incorporates appropriate antimicrobial administration into the proximal
phase of resuscitation.

Characteristics
"

Except on few occasions, the patient appears to die from
the body’s response to infection rather than from . . . the
infection itself. (Sir William Osler, Evolution of Modern
Medicine, 1904)

Introduction
While not all infections require antimicrobials, some bacterial, viral, and fungal infections require antimicrobial
therapy to eradicate the causative agent and prevent further progression of disease. If left untreated, the body may
mount an inflammatory response to an infectious agent as
a form of self-defense. This response to infection is known
as sepsis and exists on a continuum of severity. When
an infectious agent causes tissue hypoperfusion, rapid
administration of antimicrobials becomes crucial.
If the septic patient is left untreated, organ dysfunction
may develop. This is known as severe sepsis and is accompanied by a marked increase in mortality. Septic shock
occurs when inadequate systolic blood pressure (SBP) or
mean arterial pressure (MAP) persists despite adequate
restoration of intravascular volume. Recently the concept
of cryptic septic shock has added another category to the
sepsis continuum. Patients with cryptic septic shock have
elevated or normal SBP or MAP accompanied by elevated
serum lactate levels as a marker of significant tissue level
hypoperfusion. The addition of this category recognizes
that the central component of shock is not a specific level
of blood pressure but rather inadequate oxygen delivery to
meet tissue level oxygen demands.

As sepsis progresses along this severity continuum, at
some point it becomes a time sensitive disease where
inflammation is rapidly progressing, immunomodulatory
dysfunction begins, and reversible organ dysfunction
becomes irreversible organ injury.

Timing of Antimicrobial Administration
Administration of appropriate antimicrobials to patients
with progressive infections is central to halting disease
escalation. What is less clear is where along the continuum
the rapidity of administration of these antimicrobials
becomes central to efficacy. Put another way, early on in
the infectious process (e.g., a developing pneumonia),
a delay of hours in administering antibiotics may have
no impact on outcome. On the other hand, when that
pneumonia has progressed to septic shock, administration
of appropriate antibiotics rapidly takes precedence such
that a small delay may have significant impact on the
chances of survival. Aggressiveness of antibiotic timing
must be balanced with appropriateness of antibiotic use.
We are not suggesting a cavalier approach to administration of antibiotics – clinicians must clearly differentiate
which infections require antimicrobial therapy for eradication and deliver these agents in an appropriately timely
fashion.
In a retrospective analysis, Fine et al. [1] demonstrated
that hospitalized Medicare patients with pneumonia who
had antibiotics administered within 8 h of admission had
lower 30-day mortality than those receiving the antibiotics
at greater than 8 h. Similarly, also using patients in a Medicare database, Houck et al. [2] found that for patients who
had not received prehospital antibiotics, administration of
the first dose of antibiotics within 4 hours of admission
was associated with a lower 30-day mortality rate. The
accuracy of these findings and the extent to which they are
primarily driven by the importance of early antibiotics in
critically ill patients have not been resolved.
Further insight into the impact of antimicrobials on
disease progression comes from animal experiments
including Kumar et al.’s murine model of septic shock [3].
In this model, intraperitoneal implantation of a gelatincoated Escherichia coli capsule was employed. Over the
next 6–15 h, a stereotypical pattern of inflammation,
organ dysfunction, increasing serum lactate levels, and
emerging hypotension develops if the animals remain
untreated. Kumar and his colleagues demonstrated that
this pattern of progression was reversible with administration of appropriate antimicrobials until the animals
reached a tipping point, occurring between 12 and
15 h after intraperitoneal implantation, coincident with
increasing lactate levels and the onset of sustained
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hypotension. The MAP in septic mice began to differ from
sham mice and baseline values within 9 h of implantation.
In mice receiving antimicrobials 12 versus 15 h after
implantation, the 96-hour survival rate was 80%
and 13.3%, respectively. Eighteen hours after implantation, administration of appropriate antimicrobials had no
impact on mortality, as all of these mice, as well as
controls, were dead at 96 h.
Kumar also performed a retrospective analysis of
a large database of ICU patients with septic shock, examining the relationship between the duration of time from
the onset of hypotension to the initiation of appropriate
antimicrobials and survival [4]. They found a stepwise
decrease in survival with antimicrobial delays such that if
patients with septic shock received appropriate antimicrobials in the first hour after onset of hypotension, mortality
was 20%, but if appropriate antimicrobials were delayed to
the sixth hour, mortality exceeded 60%. On average, each
hour’s delay to appropriate antimicrobial initiation was
associated with a 7.6% decrease in survival. Extensive
details about the adequacy of hemodynamic resuscitation
in these patients are not available. However, in multivariate analysis controlling for intravenous fluid resuscitation, vasopressor use, APACHE II score, and double
coverage of the causative agent, time to appropriate antimicrobial was most strongly associated with survival.
As the idea of a whole bundle of sepsis care
has emerged and been embraced by the Surviving Sepsis
Campaign (SSC), early antimicrobial administration has
been accompanied by hemodynamic optimization, also
known as early goal-directed therapy (EGDT), ventilator
management strategies to prevent acute lung injury, glucose management strategies, and other aspects of critical
care. The SSC based their recommendations on the data
from Kumar’s retrospective trial and one other trial, which
demonstrated that a delay of greater than 12 h in administering empiric antifungal coverage in febrile oncology
patients with candidemia resulted in increased mortality.
They recommended that appropriate antimicrobial
therapy be administered within 1 h of recognition of
severe sepsis or septic shock. The competing demands of
initial resuscitation, along with the crowding seen in many
EDs, make this a difficult task to achieve in most instances.
A couple of investigators have studied the relationship
between early antimicrobial administration and outcomes
in patients with severe sepsis or septic shock who were
managed using an algorithmic resuscitation strategy.
Varpula et al. [5] studied the impact of early treatment
guidelines, including early antibiotic administration and
early hemodynamic optimization, on outcomes in
patients with severe sepsis and septic shock in Finland. In

A

a cohort of 92 patients, they found that a “delayed start to
antibiotics was the most significant individual early treatment variable resulting in increased mortality.” Significantly reduced mortality was noted in patients in whom
antibiotic therapy was initiated less than 3 h after presentation. However, only 53% of the patients received antibiotics within 3 h and specific screening and resuscitation
goals specified by EGDT (assessment of lactate, CVP, MAP,
ScvO2) were only addressed in a minority of patients.
Gaieski et al. [6] investigated the relationship between
time from triage to appropriate antimicrobials and time
from qualification for EGDT to appropriate antimicrobials in a cohort of 261 patients treated with EGDT for
severe sepsis or septic shock. All patients had their EGDT
goals addressed and optimization attempted during the
first 6 h after presentation to the ED. The median time
from triage to first antimicrobial administration was 119
min and the median time from qualification for EGDT to
antimicrobials was 42 min. Mortality was decreased when
time from triage to administration of appropriate antimicrobials occurred in less than 1 h (<1 h, 19.5% versus
>1 h, 33.2%). Similar mortality reduction was seen when
time from qualification for EGDT to administration of
appropriate antimicrobials was less than 1 h (<1 h, 25.0%
versus >1 h, 38.5%). These results remained when analyzed for cryptic septic shock versus hypotensive septic
shock and in multivariate analysis examining intravenous
fluid volume, age, and APACHE II score.
When patients with sepsis reach the tipping point
of the development of severe sepsis with tissue
hypoperfusion manifested as increased serum lactate
level or persistent hypotension, early appropriate antimicrobial administration takes on increasing importance. In these patients, appropriate antimicrobials
should be started within 1 h of recognition of shock.
Further studies are needed to better understand timing
of antimicrobial administration in less severe disease and
in different infectious processes (meningitis, pneumonia,
pyelonephritis).
Emergency and intensive care health providers
should develop protocols to optimize antibiotic administration. These protocols should include bundles of antimicrobials based upon suspected source, suspected
organism, up-to-date local antibiograms, administration
time, and cost. Once antimicrobials are selected, these
medications should be placed in the ED and ICU to
minimize delays. If multiple antimicrobials will be administered, those that can be rapidly administered should be
given first. A multidisciplinary quality assurance program
is important to track compliance with antimicrobial
choice and timeliness.
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This review supports the current international guidelines recommending early administration of appropriate
antimicrobials in patients with severe sepsis and septic
shock.
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Synonyms
Free radical scavenger

Characteristics
Reactive Oxygen and Reactive Nitrogen
Species
The presence of free radicals in biological materials was
first identified by Commoner in 1954. A further major
step in the field was the recognition, by Furchgott and
Zawadzki, that the vascular endothelium releases a
chemical factor relaxing the vascular smooth muscle,
which was soon identified by Ignarro as the free radical
nitric oxide (NO.). Since then, free radicals have been
recognized both as fundamental molecular devices

essential to normal cell physiology, as well as potent cytotoxic species involved in virtually every human disease [1].
Free radicals are molecules or fragments of molecules
containing one or more unpaired electrons in their molecular orbitals, which make the basis of their strong chemical
reactivity. Indeed, the stabilization of the unpaired electron(s) requires the abstraction of one or more electrons
to neighboring molecules. Such ability is shared by some
non-radical species with a highly positive redox potential,
including hydrogen peroxide or peroxinitrite (see below)
[2]. Collectively, such radical and non-radical species are
termed oxidants. These belong to two major families,
namely, the reactive oxygen species (ROS) and the reactive
nitrogen species (RNS).
ROS are oxygen-centered, and their parent molecule is
the superoxide anion radical (O2, the superscripted dot
representing the unpaired electron). Reaction of O2 with
other molecules (either directly or indirectly through
enzyme or metal catalysis, such as iron-catalyzed Fenton
reaction) yields secondary ROS, including the hydroxyl
radical OH. and hydrogen peroxide (H2O2, non-radical).
The main sources of O2 are the mitochondria and various enzyme systems. Under physiological conditions,
about 2% of electrons entering the mitochondrial respiratory chain “leak” directly to oxygen, mainly at the ubiquinone binding sites of Complex I and Complex III,
resulting in the one electron reduction of oxygen, forming
O2. Thus, O2 is a byproduct of normal cell respiration,
which does not accumulate due to rapid detoxification by
the mitochondrial superoxide dismutase (see below). This
process becomes however significant under conditions of
cell hypoxia and mitochondrial damage, which increase
electron leak.
The major enzymatic sources of O2 are xanthine
oxidoreductase (XOR) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX). XOR is
a ubiquitous molybdene flavoprotein normally working
as a xanthine deshydrogenase (XDH) involved in purine
catabolism, converting xanthine and hypoxanthine into
uric acid. Under certain circumstances (such as tissue
ischemia), XDH is converted into xanthine oxidase
(XO), which generates significant amounts of O2 during
purine catabolism. NOX is an enzyme complex mainly
present in leukocytes, but also found in endothelial and
vascular smooth muscle cells. It is formed from five major
subunits (p40phox, p47phox, p67phox, p22phox, and
gp91phox), assembled on a membrane-bound vesicle
upon cell activation, which fuses with the plasma membrane to release O2. Although of a much lesser importance, additional enzymes with an NADPH oxidase
function may also generate O2 under certain conditions

Antioxidants, Clinical Importance

(not detailed here due to space limitation), including nitric
oxide synthase, cytochrome p450 and cyclo-oxygenase.
RNS are nitrogen-centered species, whose parent molecule is NO. The major sources of NO. production are the
NO synthases (NOS), which convert L-arginine into
L-citrulline and NO. via a five-electron oxidative reaction.
Three NOS isoforms exist, namely, neuronal (type I),
inducible (type II), and endothelial (type III). All three
use NADPH and molecular oxygen as cosubstrates, and
contain similar prosthetic groups and cofactors. Under
physiological conditions, NO. produced in low concentration acts as a messenger and cytoprotective (antioxidant)
device, by interacting directly with transition metals and
other free radicals, and by promoting the S-nitrosylation
of cysteine residues (SNO) within proteins, thereby modulating their biological activity. Alternatively, in conditions favoring higher fluxes of NO. and simultaneously
promoting the generation of O2 (for instance, circulatory
shock or systemic inflammation), the chemistry of NO. is
redirected toward indirect effects, related to the formation
of higher nitrogen oxides, most significantly peroxynitrite
(ONOO). The latter is a highly reactive non-radical
oxidant formed from the diffusion-limited reaction of
NO with O2 (rate constant k between 6.6 and 19 
109 M1 s1). In addition to promote oxidative reactions,
peroxynitrite also introduces a particular modification of
tyrosine residues within proteins, termed nitration
(adjunction of a  NO2 group within the aromatic ring
of tyrosine). Nitration results from a radical attack of the
tyrosine residue by the nitrogen dioxide radical (NO2.),
which is mainly formed following the reaction of
peroxynitrite with CO2, yielding the radicals CO3 (carbonate) and NO2.

Antioxidant Defense Mechanisms
Antioxidants are substances able to compete, at low concentrations, with other oxidizable substrates, thereby
inhibiting (or delaying) their oxidation. Two main categories of antioxidants occur in biological systems, namely,
enzymatic and nonenzymatic. The major antioxidant
enzymes are represented by superoxide dismutase
(SOD), catalase, and the selenoproteins glutathione peroxidase and thioredoxin reductase. SOD enzymes are
ubiquitous metalloproteins, classified according to their
localization and the metal present at their active site
(MnSOD present in mitochondria, and Cu-Zn SOD present in the cytosol and the extracellular milieu). SODs
catalyze the dismutation of O2 (1).
2O2  þ 2Hþ ! O2 þ H2 O2

ð1Þ

A

Catalase, a ubiquitous homotetrameric protein especially concentrated in the liver and erythrocytes, decomposes hydrogen peroxide into water (2).
2H2 O2 ! 2H2 O þ O2

ð2Þ

All selenoproteins contain selenocysteine [3]: the glutathione peroxidase family (GPX: n = 6), the thioredoxin
reductases (TRXR, n = 3), and selenoproteins H, N, and
P are essential for the redox homeostasis; some further
selenoproteins are probably also involved in redox mechanisms. The GPXs reduce hydrogen peroxide into water by
oxidizing reduced glutathione (3), the latter being reduced
back by glutathione reductase in the glutathione cycle (4)
H2 O2 þ GSH ! 2H2 O þ GSSG

ð3Þ

GSSG þ NADPH þ Hþ ! 2GSH þ NADPþ

ð4Þ

The thioredoxin reductases, located in the cytosol and
in the mitochondria, reduce oxidized thioredoxins (TRs),
which themselves reduce disulphide bridges in oxidized
proteins, using two redox active cysteine-bound thiols (5, 6)
TR  SH þ prot  SS ! TR  SS þ prot
SHðaction of TRsÞ
TR  SS þ NADPH þ Hþ ! TR  SH þ NADPþ
ðaction of TRXRsÞ

ð5Þ

ð6Þ

The glutharedoxins are additional members of the TR
superfamily. They use cysteine-bound thiols to reduce
disulphide bridges and they are reduced back
nonenzymatically by reduced glutathione. Finally, the
peroxiredoxins (PRXs) represent a recently identified
group of essential antioxidant proteins. PRXs use a redox
active cysteine to directly scavenge H2O2. They appear to
play a critical role in antioxidant defenses within the
mitochondria, which do not possess catalase.
Among the nonenzymatic antioxidants, reduced glutathione (GSH) plays the most important role. GSH is
a tripeptide formed by the amino acids Glu-Cys-Gly. It is
abundantly present in all cell compartments, at concentrations of about 5–10 mM. The thiol (–SH) group of
cysteine supports the biological antioxidant activity of
GSH, by serving as an electron donor. GSH is used as
a cofactor for GPX. It can also directly scavenge various
free radicals, such as OH. (hydroxyl) and O. (singlet oxygen), and allows the regeneration of other antioxidants,
including vitamin C and vitamin E. Oxidized glutathione
(GSSG) is reduced back by the activity of the enzyme
glutathione reductase. Additional nonenzymatic antioxidants are represented by a-tocopherol (vitamin E),

219

A

220

A

Antioxidants, Clinical Importance

ascorbate (vitamin C), b-carotene, and flavonoids. Furthermore, most free amino acids, although relatively
weak antioxidants, represent quantitatively important
free radicals scavengers due to their high intracellular
concentrations.

Targets and Cytotoxic Pathways Elicited by
ROS and RNS
When the generation of ROS-RNS exceed endogenous
antioxidant defenses, redox homeostasis can no more be
maintained, resulting in a state of oxidative stress. Other
terms used to describe such imbalance are nitrosative
stress (excess NO. production) and nitroxidative stress
(excess peroxynitrite generation).
ROS and RNS initiate lipid peroxidation by
abstracting a hydrogen atom from polyunsaturated fatty
acids (PUFA), resulting in the formation of lipid
hydroperoxyradicals, conjugated dienes and aldehydes,
which can attack neighboring PUFAs, generating additional radicals that propagate the free radical reaction
and the degeneration of membrane lipids, causing membrane permeability and fluidity changes with significant
biological consequences.
ROS-RNS also damage proteins by oxidizing thiols,
iron/sulfur centers, and zinc fingers. As mentioned earlier,
tyrosine nitration is a specific alteration promoted by
peroxynitrite within proteins, whereas enhanced
S-nitrosylation occurs in states of nitrosative stress.
These various alterations may result into a gain or loss of
function, or an enhanced degradation of the modified
proteins, including ionic pumps, metabolic enzymes,
structural proteins, and signaling proteins. A major
group of proteins particularly vulnerable to inactivation
by oxidants are those involved in mitochondrial electron
transport, including NADH:ubiquinone oxidoreductase
(Complex I), cytochrome oxidase (Complex IV), and
ATP synthase (Complex V). Such inactivation may precipitate bioenergetic failure, leading to cell dysfunction
and eventually cell death. Another critical consequence
of protein oxidation/nitration is altered cell signaling.
While subtle changes of cellular redox state is a key mechanism of cellular homeostasis (redox signaling), enhanced
ROS-RNS formation may promote long lasting and pathological alterations of cell signaling. Disturbed signaling
relies on the modification of cell receptors (e.g., growth
factor receptors), protein kinases (e.g., MAP kinases),
protein phosphatases, and transcription factors (e.g.,
NF-kB, AP-1, and HIF-1).
Another key target of oxidants is DNA. Free radicals
damage nucleobases, especially guanine due to its
low redox potential, resulting in the formation of

8-oxoguanine. Oxidants further attack the sugar phosphate backbone of DNA by abstracting a hydrogen atom
from the deoxyribose moiety, opening the sugar ring and
generating DNA strand breaks. Importantly, such DNA
strand breaks are sensed by the nuclear enzyme poly(ADPribose) polymerase (PARP), leading to its activation and
the consumption of its substrate, nicotinamide adenine
dinucleotide (NAD+). Excessive activation of PARP in
conditions of intense oxidative stress therefore results in
NAD shortage and in the breakdown of ATP production.
It is assumed that PARP activation therefore largely
contributes to the development of so-called cytopathic
hypoxia.

Antioxidant Status During Critical Illness
Critically ill patients, whatever the etiology of their disease, are characterized by increased production of oxygen
or NO derived free radicals. Although oxidative stress is
part of the normal defense mechanisms, it may become
deleterious in the critically ill patient, when escaping
endogenous control, and several critical conditions
including ARDS and sepsis are either caused, worsened,
or maintained by increased ROS production [4]. A central
paradigm of organ dysfunction has been shown to be
impaired oxygen utilization (cytopathic hypoxia) with
overwhelming oxidative stress and impaired phosphorylation and ATP depletion at the mitochondrial level [5].
A large proportion of endogenous antioxidant
defenses is ensured by vitamins and trace elements with
antioxidant functions. Several analytical methods have
been used for research for assessment of oxidative stress
and antioxidants in blood, cells, and tissues, but these
methods can generally not be used in clinical settings,
where the analysis in the circulating compartments
remains the only possibility despite its limitations [6].
Indeed the blood/plasma concentrations only reflect the
flow between compartments and not real status. Nevertheless, low plasma concentrations of, for example, selenium have been shown to be associated with low activity
of the selenium-dependent enzymes such as the glutathione peroxidase (GPX) family. This relation between low
concentration and low activity has also been shown to be
true for other antioxidant micronutrients.
The circulating concentrations of most trace elements
(particularly Fe, Se, Zn), of their carrier proteins and water
soluble vitamins decrease during the acute phase response
and its systemic extension (SIRS). The trace elements and
vitamins are redistributed via cytokine-mediated mechanisms to organs, tissues, and cells with increased activity
during inflammation such as the liver, spleen, kidney, and
the reticulo-endothelial system. Low plasma levels of
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antioxidant micronutrients have been repeatedly shown
during critical illness, in association with evidence of
peroxidative damage (increased malondialdehyde production etc.), or low antioxidant enzyme activity. Nevertheless, the low plasma concentrations observed in the ICU
have many causes. In addition to the SIRS-mediated redistribution of micronutrients from the circulating compartment to tissues and organs, acute losses through biological
fluids (exudates, drains, effluents form continuous renal
replacement, other digestive losses), or dilution due to
resuscitation fluids and insufficient intakes contribute
heavily too. The compartmental depletion of endogenous
AOX defenses results in a disturbance in the prooxidantantioxidant balance in favor of the former resulting in cell
damage and disease.
Several micronutrients, including selenium, limit the
release of NFkB caused by increased ROS, thereby limiting
the extension of the inflammatory response. It has been
hypothesized that the redistribution of trace elements
occurring during the acute phase response may therefore
be deleterious if prolonged, due to the depletion of the
circulating compartment’s AOXs.
Further, critically ill patients frequently have
preadmission suboptimal or deficient status: an important
part of the population is indeed exposed to the risk of
micronutrient deficiency caused, for example, by changes
in eating habits in Western countries, but also the lower
food concentration of micronutrients. The most common
deficits involve vitamin C (hypovitaminosis present in
47% of hospitalized patients), vitamin B1 (present in
20% of hospital and ICU admissions), selenium and zinc
(10–20% of the population does not consume RDA
requirements), all involved in antioxidant and immune
defenses. Should we bother about this abnormal
prehospital or ICU admission status? Animal models
show that pre-event status negatively impacts on outcome:
pre-burn selenium deficiency is associated with increased
baseline lipid peroxidation, not reversible by Se supplementation; in models of sepsis, preexisting zinc deficiency
worsens organ damage. These negative consequences may
well be true to humans.

Antioxidant Supplementation Candidates
Among micronutrients, selenium appears as the most
potent AOX agent in clinical settings, followed by zinc,
vitamins C, E, and b-carotene [4]. Other compounds,
generally present in food, do have AOX properties, such
as urea, glucose, bilirubin, proteins, vitamin C, vitamin E,
carotenoids, melatonin, coenzyme Q, lipoic acid, the n-3
polyunsaturated fatty acids, eicosapentaenoic (EPA)
and docosahexaenoic (DHA) acids, and glutamine

A

(see specific } for w-3 PUFA and glutamine). They are
present in human plasma, and are candidates for therapeutic use, but this review will focus on the nutritional
components. Due to their clinical availability, known
mechanisms of action and presumed safety, as well as to
the possibility of systemic supplementation under control
of circulating levels, AOX research in critical illness has
focused mainly on four micronutrients: vitamins C and E,
selenium and zinc, in combination (or not) with other
agents.
Intervention strategies may be (1) preventive,
maintaining or restoring the normal antioxidant capacity,
or (2) “therapeutic,” that is, delivering antioxidant nutrient supplements in conditions caused or worsened by
oxidative stress, as is the case in critical illness. Therapeutic
targets may be the endothelium, the mitochondria, or the
circulating compartment. The aim of the intervention can
be substrate provision, cofactor provision, or membrane
stabilization.

Trials in Critically Ill Patients
A selection of high quality trials is summarized in Table 1.
The use of supra-nutritional pharmacological doses has
been associated with clinical benefits in several critical care
conditions such as major burns, trauma, and severe sepsis,
that is, in conditions with an important inflammatory
response. The benefits have included reduction of fluid
resuscitation requirements and improved wound healing
in burns, reduction of organ dysfunction, shortening of
ICU stay, of hospital stay, reduction of mortality in other
categories, as well as several biological benefits that did not
all translate to clinical effects. Alleged mechanisms include
mainly antioxidant activity of the micronutrients, but
other mechanisms should be kept in mind particularly
regarding zinc, which is involved in the intermediary
metabolism and most steps of immune defense.

Conclusions
The multiple insults inflicted to biomolecules by oxidants
result in significant cytotoxicity, ranging from subtle
derangements of specialized cellular functions to apoptosis or even necrosis in case of overt oxidative damage.
As such, oxidants and free radicals are considered plausible
culprits in the cardiovascular failure, organ dysfunction,
and inflammatory changes that occur in critically ill
patients. This makes the basis for the development of
efficient antioxidant and free radical scavenging therapies.
Among micronutrients, selenium appears as the most
potent antioxidant agent in critical care settings, followed
by zinc, vitamin C, and vitamin E. The published supplementation trials show that antioxidant micronutrient
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Antioxidants, Clinical Importance. Table 1 Selection of antioxidant micronutrient trials in critically ill patients, by publication
year
Trial/year

N patients/
diagnosis

Study design

Dose/duration

Outcome/comments

Young et al.,
J Neurotrauma
1996;13:25

68 Patients with
closed brain injury

PRCBT

Zinc 20 mg/day for Improved neurological outcome
2 weeks followed by
12 mg (enteral)

Berger et al., Am
J Clin Nutr 1998

21 Patients with
major burns

PRCBT

Cu 3 mg, Se 350
mcg, Zn 35 mg for
8 days, IV

Reduction of IL-6 levels, lipid
peroxidation, infectious
complications, and normalized
length of ICU stay in trace element
group

Angstwurm et al.,
42 Patients with
Crit Care Med, 1999; severe SIRS, mainly
27:1807
due to pneumonia

PRCBT

Selenium
supplements for
9 days, IV

Significant reduction of acute renal
failure with 3 (14%) vs 9 (43%)
patients; P < 0.035; and
a nonsignificant reduction of
mortality in selenium group

Porter et al., Am
Surg, 1999; 65:478

18 Major trauma
patients

PRCBT

N-acetylcysteine,
selenium, and
vitamins C and E for
7 days

Reduction of infectious
complications (8 vs 18) and fewer
organ dysfunctions (0 vs 9) in
intervention group

Tanaka et al., Arch
Surg, 2000;135:326

37 Patients with
major burns

Before and after

Vitamin C 66 mg/kg 30% Reduction of fluid
per hour for 24 h, IV resuscitation volume, improved
PaO2/FiO2 ratio, reduction of
length mechanical ventilation in
vitamin C group
Hypothesis: capillary permeability
normalization through a NO
mediated endothelial mechanism

Berger et al.,
Nutritonal Research
2001; 21:42

32 Critically ill
trauma patients

PRCBT

Selenium 500 mg IV,
150 mg vitamin
E enteral

Normalization of thyroid function
(triiodothyronine, and thyroxin
concentrations), with improved
antioxidant status in the
supplemented patients

Nathens et al., Ann
Surg, 2002; 236:814

595 Including 542
trauma

PRCBT

3 g ascorbic acid, 3 g
tocopherol during
the ICU stay or
28 days

Reduction of relative risk of
pulmonary morbidity was 0.81
(95% confidence interval 0.60–1.1),
and multiple organ failure 0.43
(95% confidence interval 0.19–0.96)
shortened ICU length of stay

Brooks et al., Lancet, 270 Children with
2004; 363:1683
pneumonia

PRCBT

Zinc 20 mg/day
(oral)

Reduced duration of severe
pneumonia, and of hospital stay

Angstwurm et al.,
Crit Care Med,
2006;35:118

249 Patients with
severe SIRS, sepsis,
and septic shock

PRCBT

Selenium
1,000 mg/day for
14 days IV

8-day mortality rate was
significantly reduced to 42.4%
compared with 56.7%

Berger et al., Crit
Care 2006; 10:R153

41 Patients with
major burns

PRCBT

Cu 3 mg, Se 350
mcg, Zn 35 mg IV for
8–14 days
depending on burn
size

65% reduction of nosocomial
pneumonia
Substitution rather than
supplementation : Doses were
calculated to compensate for the
exudative losses

Antithyroid Peroxidase Antibodies

A

Antithyroid Peroxidase Antibodies. Table 1 (Continued)
Trial/year

N patients/
diagnosis

A

Study design

Dose/duration

Outcome/comments

Heyland et al., JPEN, 58 Critically ill
2007; 31:109
ventilated patients

Prospective, openlabel, doseescalating clinical
trial

Glutamine,
Selenium, Zinc
combinations by IV
and enteral route

Normalization of oxidative
parameters and a reduction in the
blood cell mitochondrial DNA/
nuclear DNA ratio, that is,
a reduction of oxidative damage

Forceville et al., Crit
Care. 2007; 11:R73

PRCBT

Selenium 4 mg on
first day, 1,000 ug/
day on the 9 next
days

No effect: no obvious toxicity but
trends to prolonged ventilation and
more respiratory complications in
the selenium group

60 Patients with
severe septic shock

Ceiling effect > 750–1,000 mcg/
day?
Berger et al., Crit
Care, 2008; 12:R101

200 Including 77
trauma

PRCBT

Se 270 mcg, Zn
30 mg, vitamin
C 1.1 g, vitamin B1
100 mg for 5 days, IV

Reduction of inflammatory
response (CRP)

28% Relative risk reduction in
mortality and a significant
reduction in both hospital and ICU
length of stay

Shortening of hospital stay in
surviving AOX trauma patients
(10 days: p = 0.045)

Collier et al., JPEN,
2008; 32:384

4,294 Critically ill
trauma

Before and after

Vitamin C 1 g,
vitamin E 1,000 UI,
and selenium 200
mcg for 7 days

Barbosa et al., JBCR,
2009; 30:859

32 Children with
major burns

PRCBT

Vitamin E, vitamin C, Decreased malondialdehyde
and zinc
plasma levels and reduced wound
healing time

Andrews et al., BMJ,
2011; 342:d1442

505 Critically ill
patients

PRCBT Factorial
design

Selenium 500 mcg
Glutamine 20 g

Insufficiant doses and duration of
supplementation Less infections
with selenium for 5 days (OR:0.53)

IV intravenous, PRCBT prospective randomized + placebo controlled + double blinded

supplementation has very few side effects, limited costs,
and potential clinical beneficial effects on critical illness.
The most successful trials until now have included selenium
in doses 300–1,000 mcg/day. The optimal doses and combinations of antioxidants are still to be determined. Indeed,
if levels of oxidative stress are increased and probably deleterious when prolonged, it is still uncertain to which levels
we should reduce them. If circulating levels of antioxidant
micronutrients are inadequately low, which levels should
supplementation achieve for optimal antioxidant defenses
and adequate balance between them and oxidative stress?
An ongoing large size trial combining selenium and glutamine (REducing Deaths due to OXidative Stress =
REDOXS) should provide some of the answers.
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Antithyroid Peroxidase
Antibodies
In autoimmune thyroid disease, proteins that mistakenly
try to attack the thyroid peroxidase (TPO) enzymes that
help the thyroid gland make hormone.
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Antivenom
Antivenom is a biological product used in the management of poisonous bites and stings. Antivenom is produced by injecting a small amount of the target venom
into an animal. The animal will develop an immune
response to the venom, producing antibodies against the
venom’s active molecule. The antivenom can then be
harvested for use.

myocardial oxygen balance. It increases myocardial oxygen supply by diastolic augmentation of coronary perfusion and decreases myocardial oxygen requirements
through a reduction in the afterload component of cardiac
work [1] (Fig. 1).
The indications and applications for IABP have come
a long way since the early days of counterpulsation. After
almost four decades of use, IABP has become a mature
technology. It is the most common method of mechanical
cardiac assistance in acute cardiology today.

Pre-existing Condition

Anuria
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▶ Oliguria, Clinical Significance
▶ Oliguria, Investigation and Management

Anxiolytics
▶ Sedative-Hypnotic
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Synonyms
Intra-aortic balloon counterpulsation; Intra-aortic balloon pumping; Intra-aortic balloon support

Definition
The intra-aortic balloon pump (IABP) is currently the
most widely used of all circulatory assist devices; its action
is based on the concept of counterpulsation with the
assumption that the reduction in end-diastolic pressure
improves left ventricular (LV) function. Counterpulsation
improves LV performance by favorably influencing

Acute Myocardial Infarction
The potential indications for IAB support in patients with
ST-segment-elevation myocardial infarction include
● Management of acute heart failure and cardiogenic
shock attributable to LV myocardial pump failure in
the setting of ST-segment-elevation ACS in the contemporary reperfusion era
● Management of acute heart failure and cardiogenic
shock attributable to mechanical complications (e.g.,
functional and/or structural mitral insufficiency, ventricular septum defect) in the setting of ST-segmentelevation ACS
● High-risk acute myocardial infarction patients, with or
without hemodynamic compromise, to rest the heart,
reduce the infarct size, and improve clinical outcome
Early, brisk, and sustained reperfusion significantly
improves survival after acute myocardial infarction (MI).
Primary percutaneous coronary intervention (PCI) in
patients with evolving ST-segment-elevation ACS
decreases infarct size and the rates of recurrent ischemia,
reinfarction, and stroke, and improves survival, as compared with pharmacologic reperfusion therapy. Despite
a high rate of patency obtained through primary PCI,
myocardial recovery is often suboptimal, and mortality,
especially in high-risk patients, such as those with anterior
myocardial infarction and acute heart failure is still considerable. Recovery of myocardial performance following
successful revascularization of the infarct-related artery
may require several days. During this period, many
patients succumb to low cardiac output. IAB support is
the method of choice for mechanical assistance, since
IABP can result in significant improvement of LV performance and initial hemodynamics [2]. Although recent
guidelines supported the use of IABP counterpulsation
as the method of first choice for mechanical assistance
in cardiogenic shock, the efficacy of routine IABP
use adjunctive to primary percutaneous coronary
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Aortic Counterpulsation. Figure 1 IABP pressure curve, 1:2 ratio of assist. With proper IAB inflation, the dicrotic notch assumes
a V-shaped morphology. With proper deflation, the balloon-assisted end-diastolic pressure is lower than the nonassisted enddiastolic pressure; the assisted systole is lower or at least equal to unassisted systole (Reproduced with permission from MAQUET
Cardiovascular)

intervention in cardiogenic shock was recently questioned
[3]. IABP is incapable of supporting a patient with complete hemodynamic collapse. Also, a prophylactic IABP
strategy after primary PTCA in hemodynamically stable
high-risk patients with AMI does not decrease the rates of
infarct-related artery reocclusion or reinfarction, promote
myocardial recovery, or improve overall clinical outcome.
Myocardial necrosis is a time-dependent phenomenon
following coronary occlusion. A critically important goal
of reperfusion is to restore flow to the infarct-related
artery as quickly and as completely as possible, but the
ultimate goal of reperfusion in ST-segment-elevation ACS
is to reduce myocardial damage and to improve myocardial perfusion in the risk area. Yet, despite flow restoration
in epicardial coronary arteries, limited reperfusion at the
tissue level due to microvascular obstruction has been
documented, and is also known as the “no-reflow phenomenon.” This progressive process, which evolves
mainly within the first 48 h after reperfusion, may significantly contribute to myocardial infarction extension.
Ischemic time is a major independent driver of the
probability microvascular dysfunction. This suggests that
there might be a therapeutic window for intervention
to limit myocardial infarction (extension). Controlled,

randomized studies of early, preferentially, pre(re)perfusion intra-aortic counterpulsation in small animal models
of acute MI and subsequent reperfusion have demonstrated improved myocardial perfusion, reduction in
microvascular obstruction, and accelerated rate of LV
functional recovery. Prolonged and efficient mechanical
unloading of the myocardium during ischemia and reperfusion reduced LV pressure work and myocardial oxygen
consumption, and proved beneficial for ventricular function, even after late reperfusion.This concept is currently
under investigation in high-risk MI patients.

High-Risk Angioplasty
With increasing operator experience and refinement of
angioplasty hardware and technique and adjunctive pharmacological treatment, the morphologic and the clinical
profile of patients acceptable for coronary angioplasty has
widened considerable. PCI is now considered in many
high-risk subgroups in which mechanical revascularization was previously contraindicated. At all times, the benefits of a specific PCI procedure should be weighed against
the risks involved, taking into account alternative treatment strategies. IABP is suggested to act as a stabilizing
measure or to prevent catheterization laboratory events.
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Prophylactic IABP may prevent intraprocedural events
in high-risk patients with severe depression of the LV
ejection fraction (EF 30%) and/or specific anatomical
features (e.g., unprotected left main coronary artery disease). Prophylactic aortic counterpulsation proved superior to provisional (“standby”) among patients with low
ejection fraction in reducing death, periprocedural MI,
stroke, and urgent CABG (0% versus 17%, p 0.001). However, these are still small series of patients, and the decision
to proceed with aortic counterpulsation before high-risk
PCI still remains a judgment call and should be considered
on a case-by-case basis, mainly because of the lack of solid
evidence.

Cardiac Surgery
In the early phase, IABP use by cardiothoracic surgeons
was when difficulties arose weaning patients off cardiopulmonary bypass following CABG. Early implantation of
an intra-aortic balloon pump (IABP) together with pharmacological support leads to the successful weaning from
cardiopulmonary bypass in 70–90% of all patients, with
hemodynamic recovery and successful explantation of the
IABP in 60–70% of the patients [4]. Response to treatment
may already be assessed after 60 min, using simple clinical
parameters. Nonresponders may need to upgrade to more
sophisticated extracorporeal cardiopulmonary assist
[5, 6]. Preoperative prophylactic IAB counterpulsation
insertion is advocated to reduce surgical mortality in
elective or emergency high-risk patients because it provides better hemodynamic stability and coronary perfusion and minimizes low-output syndrome and organ
dysfunction. Short-term perioperative “pulsatile” perfusion, implementing aortic counterpulsation, may provide
a theoretical advantage of improvement of organ perfusion, due to a reduction of vasoconstrictive reflexes, an
optimized oxygen consumption, and a reduction of acidosis. There is expanding evidence supporting prophylactic IABP insertion in high-risk patients preparing for
CABG, namely those with critical coronary anatomy
(including left main disease) and/or severe LV dysfunction
and/or (non) ST-segment-elevation ACS. However, the
randomized evidence is from a number of small trials,
with a high proportion of unstable patients recruited at
a single institution. The assessment of perioperative IABP
efficacy still will require a randomized trial.

Heart Transplantation
The IABP has also been used as a bridge to transplant in
patients with severe cardiomyopathy. Transplant rejection
may be another indication for aortic counterpulsation, as

unloading the left ventricle and increasing perfusion of the
right ventricle could possibly improve outcomes.

Children
There is class IIa grade C evidence for IABP use in hemodynamically unstable children. However, the use of the
IABP in children has been limited, partly because of technical difficulties, although appropriate equipment has
been developed. Physiologic differences including greater
compliance of the pediatric aorta, the large bronchial
vessel in cyanotic diseases, and the higher heart rates in
children make augmentation difficult to achieve.

Refractory Tachycardia and Ventricular
Irritability
Several anecdotal reports have cited the cessation of
arrhythmias after the initiation of aortic counterpulsation,
especially ventricular tachycardia and ventricular fibrillation. ACC/AHA guidelines give a class IIa recommendation for IABP therapy in patients with severe malignant
arrhythmias that are driven by underlying cardiac ischemia and are refractory to medical therapy.
The IABP is one of the most versatile support devices
used in the management of patients suffering from the
complications of acute cardiovascular disease. The relative
ease and speed at which this device can be applied among
patients with a rapidly deteriorating hemodynamic picture have led to its use as a first-line intervention among
critically unstable patients. Interventional cardiologists are
now the predominant users of this device in practice; the
value of the IABP has been established among cardiothoracic surgeons. With this improved risk-benefit ratio, the
IABP may probably be applied in other clinical situations
to enhance patient outcomes. Indications of interest are
● Preoperative insertion in high-risk noncardiac surgical
patients
● Severe sepsis and septic shock

Application
The balloon is positioned in the proximal descending
aorta. The balloon is inflated in diastole concurrently
with closure of the aortic valve and is held in inflation
until onset of the next ventricular systole. The balloon is
then rapidly deflated. The inflation of the balloon displaces blood in the aorta (by an amount equal to the
volume of the balloon) toward the coronary tree, thereby
increasing (augmenting) coronary perfusion pressure and
blood flow (Fig. 1). The collapse of the balloon creates
a reduction in impedance of the left ventricular ejection,
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Aortic Counterpulsation. Table 1 Conditions interfering
with the hemodynamic effects of IAB pumping
Position of the balloon in the aorta
Heart rate and rhythm
Size and volume of the balloon
Compliance of the aorta (aortic pressure volume relation)

and decreased afterload, and consequently reduces left
ventricular work. The hemodynamic effects of IAB
pumping are dependent on several factors (Table 1). For
decades, the ability to increase distal coronary blood
beyond severe coronary obstruction stenosis with IABP
have been debated. However, in early work, coronary
hemodynamics and flow measurements might have been
adversely affected by impeding distal coronary flow as the
Doppler guide wire passed beyond the stenosis. However,
when assessed totally noninvasive by currently available
transthoracic Doppler echocardiography, IAB support
produced significant distal flow enhancement even in
patients with critical proximal stenosis.

The Clinical System for Intra-Aortic Balloon
Pumping
Our IABC cardiac assistance system consists of a catheter
and a balloon inserted mostly through a femoral
arteriotomy into the thoracic aorta. Over the last several
decades, there has been a dramatic improvement in the
technology and refined percutaneous insertion techniques.
These advancements have lowered major complication
rates associated with IABP rates to the low single digits.

Patient Instrumentation
IA Balloon Insertion

“Pre-warned is pre-armed.” A complete vascular physical
examination should be performed prior to IABP insertion. It should include the palpation of all lower extremity
pulses, as well as auscultation of the lower abdomen and
the femoral arteries.
The femoral artery is cannulated providing a modified
Seldinger technique. Strategies aimed at reducing femoral
artery access site complications, such as use of fluoroscopy
and vascular echography to guide femoral artery access,
have been introduced and implemented into practice. An
angiogram of the iliofemoral bed may allow to identify
significant peripheral vascular disease. Prophylactic percutaneous angioplasty with or without the use of vascular
stents can be considered. A Teflon-coated guide wire is
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advanced through the lumen. The needle is removed and
a step dilator is passed over the wire to predilate the
subcutaneous tissue and the arterial cannulation.
Figure 2 illustrates the correct positioning of the IAB
catheter. The IAB mounted on a catheter is inserted
into the descending aorta mostly percutaneously
through a femoral artery in the leg. The balloon is
positioned with the tip just distal to the left subclavian
artery (be sure you feel the radial pulse in the left arm:
the tip of the balloon is not occluding the left subclavian inflow). The intra-aortic balloon is inflated with
helium, an inert gas that is easily absorbed into the
bloodstream in case of accidental balloon rupture. Its
low molecular weight enables very quick pendeling of
the gas, allowing the pump system to support high and
irregular heart rates.
IA Balloon Removal

The tubing should not be placed to negative pressure to
avoid stiffening of the balloon in preparation for removal.
The balloon and sheath, if used, should be slowly removed
as a unit and pressure applied distally to allow blood flow
from the arterial access site for a few seconds. This maneuver clears clots that may have formed at the insertion site
to flow out of the artery. Manual pressure or a mechanical/
pneumatic hemostasis device can then be applied slightly
above the insertion site until hemostasis is achieved. The
distal pulses should be checked regularly and the patient
kept supine for at least 6 h to reduce possible bleeding
complications.

Balloon Construction
IAB catheter technology has evolved over time. Different
sizes are currently available, allowing to tailor balloon size
to patient length (Fig. 3). Smaller catheter diameter sizes
and the option for sheathless insertion should improve
distal limb blood flow and further contribute to
a reduction of vascular complications, especially in
patients with heavy arterial calcification, ileofemoral disease, or obesity. IAB catheters available today may integrate innovative fiber-optic technology as mentioned
already. The introduction of Durathane balloon membranes may offer improved abrasion and fatigue resistance
and reduced insertion force, and should allow for immediate inflation at start-up.

The Console
In order for the IAB pump to perform its function of
cardiac assistance, the timing of balloon inflation and
deflation must be extremely accurate and responsive to
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Aortic Counterpulsation. Figure 2 Proper positioning of the IAB catheter in the descending aorta: balloon inflation/deflation.
Diagrammatic representation of IABP inflation and deflation and its effects on blood flow as timed by the cardiac cycle.
(a) During diastole, the IABP is inflated, increasing diastolic pressure thus augmenting flow not only into the coronary arteries
but also into the great vessels and the renal arteries. (b) During systole, the IABP is deflated, creating a void where the
inflated balloon was, and thus increasing forward flow into the aorta and to the periphery (Reproduced with permission from
MAQUET Cardiovascular)

changes in heart rate. When inflated, the balloon is timed
in concert with the mechanical cardiac cycle to inflate at
the start of diastole, augmenting diastolic pressure, which
increases coronary perfusion and oxygen delivery to the
myocardium. It is timed to deflate just before the start of
systole.
IABP hemodynamic effects are dependent on the
appropriate balloon catheter size and timing of inflation
and deflation during diastole. The pumping chamber,
activated by helium, is usually synchronized with the
heart by signals from the electrocardiogram, or the central
aortic pressure transducer. The implementation of fiberoptic pressure signal transmission to a patient monitor
results in a faster time to therapy and faster signal acquisition. IABP triggering can also be set according to AV
pacing or internal triggering. Timing errors typically produce characteristic pressure waveform changes that can
easily be recognized. Early recognition is crucial as errors

can be potentially life threatening or lead to ineffective
cardiovascular support.
Extreme tachycardia and/or cardiac arrhythmias may
affect the efficiency of the IAB counterpulsation. Recently
introduced, more sophisticated timing and trigger source
automation allow the pump to react quickly, even in the
presence of rate and rhythm changes. Efforts should be
made to suppress cardiac arrhythmias while the patient is
on IAB support. Pressure trigger is not recommended in
atrial fibrillation.

Anticoagulation
Few studies have investigated the need for intravenous
anticoagulation in the setting of IABP use. Industry guidelines do not require anticoagulation especially when the
IABP is being used at a 1:1 ratio. However, it is reasonable
to recommend appropriate intravenous anticoagulation
in patients without contraindications and when IAB
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Intra-aortic balloon catheter sizing
25 cc

34 cc

40 cc

50 cc

Approx. ht: <5⬘0⬙
(<152 cm)

Approx. ht: 5⬘0⬙ to 5⬘4⬙
(152–162 cm)

Approx. ht: 5⬘4⬙ to 6⬘0⬙
(162–183 cm)

Approx. ht: > 6⬘
(>183 cm)

6⬘
5⬘
4⬘

Aortic Counterpulsation. Figure 3 Intra-aortic balloon catheter reference guide (Reproduced with permission from MAQUET
Cardiovascular)

support is planned for greater than 24 h and/or in lower
assist ratios.

Contraindications
Absolute contraindications for IAB pump use include
severe aortic valve insufficiency and (acute) aortic dissection. The presence of an aortic aneurysm, severe
iliofemoral vascular disease, and history of aortic surgery
are relative contraindications. In these situations, best
clinical judgment should guide decision making on
whether or not to utilize the IABP.

Complications
An international prospective registry – the Benchmark
Counterpulsation Outcomes Registry – followed outcomes in over 22,000 subjects treated with an IABP for
a range of indications [7]. The principle complications
associated with IAB support are (Table 2)
● Trauma to the arterial wall occurring while inserting
and advancing the guide wire or balloon (laceration,
dissection, wall hematoma)
● Limb ischemia (mostly disappears with catheter
removal)
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Aortic Counterpulsation. Table 2 Investigator reported
events in the Benchmark Counterpulsation Outcomes Registry
Severe access site-related bleeding

1.4%

Vascular injury

0.7%

Major limb injury

0.5%

Amputation

0.1%

Bowel, renal, and spinal cord infarcts

0.1%

Infection

0.1%

Stroke

0.1%

Venous thrombosis

0.1%

Death

0.05%

● Dislodged thrombus or atherosclerotic plaque with
distal embolization
● Hematologic complications: damage to blood cells
(thrombocytopenia, red blood cell hemolysis) and
heparin-induced thrombocytopenia
● Renal dysfunction
● Infection
● Access site bleeding and retroperitoneal hematoma
● Balloon leak/rupture
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Despite the demonstrable technologic advances, vascular
complications remain the major risk. The prevalence of
PAD ranges up to 12% in patients with CAD; most are
asymptomatic. PAD relates to access complications,
including bleeding, following transfemoral vascular procedures for symptomatic CAD. Major bleeding after percutaneous coronary intervention (PCI) has been linked
with increased morbidity and mortality. Implementation
of routine Doppler ultrasound techniques to detect vascular blood flow is advocated.
Elective IABP insertion may be linked with CIN
through various mechanisms: (1) as a marker of significant hemodynamic disturbances during PCI; (2) as
a marker of very severe atherosclerotic disease without
hypotension; (3) as a source of atheroemboli to the renal
circulation during insertion, pulsation, or removal; (4) as
a partial occlusion of the renal blood flow if it is positioned
too low (i.e., in the abdominal instead of the descending
thoracic aorta); and (5) as a marker of increased vascular
complications and post-PCI hypotension.
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Cardiac Arrest
When defibrillating a patient, the operator should stand
clear of the pump. During chest compression or
cardiocerebral resuscitation, the use of ECG or arterial
pressure trigger is advocated to allow synchronization of
the assist to the rate and rhythm of chest compressions.

Transport/Portable Operation
During a portable operation, the console is powered by
a rechargeable battery. Prior to transport, the battery
should be fully charged (Note: a reduction in run time
may be expected over a battery’s life due to age, storage
temperature, and discharge depth. A spare battery pack or
[external] AC power should be provided in case of long
distance transport). Check for sufficient helium supply
(Note: this is of particular importance during air transport
as the balloon will refill repeatedly). Ensure the helium
cylinder yoke handle is tight. The console should be tightly
“docked” during transport.
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Synonyms
Aortic syndrome; Aortic ulcer; Intramural hematoma

Definition
Acute dissection results from sudden tear of the intima
and separation of the layers within the aortic wall. This
results in the longitudinal and spiralling flow of pulsatile
blood between the inner and outer layers of the tunica
media propagating the extent of dissection with the variable formation of both true and false lumina. Dynamic
obstruction of the true lumen by the expanding false
lumen can result in organ or limb ischemia.

Acute Aortic Syndrome
Related to aortic dissections, penetrating aortic ulcers and
intramural hematomas occur in a more elderly hypertensive population in whom women predominate. Grouped
together, the three pathologies comprise the acute aortic
syndrome and are representative of degenerative changes
encountered in the atherosclerotic aortic wall. In comparison to acute aortic dissection, visceral and limb ischemia
do not appear to be a prevalent feature of either penetrating ulcers or intramural hematomas. Clinical presentation
is often indistinguishable from acute aortic dissection and
can only be made radiologically.
Penetrating ulcers are typically localized to the thoracic descending aorta but may arise in the abdominal
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aorta. Localized ulceration of the aortic wall is thought
to arise from rupture of atheromatous plaque breaching
the internal elastic lamina. This is associated with disruption of the tunica media with parietal aortic hematoma
and has the potential for dissection, embolization,
pseudoaneurysm formation, and free rupture.
Intramural hematoma is defined by the presence of
a localized collection of blood within the tunica media of
the aorta, most likely as a result of hemorrhage from the
adventitial vasa vasorum, in the absence of an initial intimal
tear. A significant proportion develops into dissections.

Clinical Features and Diagnosis
Dissections of the aorta can occur throughout its length.
A patient’s symptoms and signs may evolve reflecting
underlying temporal hemodynamic changes. The classical
descriptive pain of aortic dissection is sudden ripping,
severe, migratory pain which may radiate anteriorly to
the neck (in ascending arch dissections) or between the
shoulder blades (descending aorta). This is usually associated with high blood pressure. Chest X-ray may reveal
a widened mediastinum. However, up to a fifth of patients
have minimal or no reported symptoms indicative of
dissection. Spontaneous thrombosis or enlargement of
false lumina together with the presence or absence of
spontaneous fenestrations of the intimal flap will ultimately dictate vascular compromise and/or infarction of
end-organs, presenting with mesenteric or renal ischemia
or vascular compromise to the lower limbs.
The clinical diagnosis of aortic dissection is made in
only two thirds of patients at initial presentation and in
a third of patients, diagnosis will only be determined at
postmortem. The inadvertent treatment of these patients
with antithrombotic therapy (for presumed acute coronary syndrome) is associated with hemorrhagic complications and increases in-hospital mortality significantly.
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necrosis such as Marfan’s and Ehlos Danlos syndromes,
familial aneurysm syndromes, aortic coarctation and
anomalies of the aortic valve or arch, the presence of a
biscupid aortic valve, vascular inflammatory disorders,
pregnancy, trauma, primary aldosteronism, iatrogenic injuries, methamphetamine abuse and chronic cocaine use.

Classification
The two most commonly used classification systems for
thoracic dissections are the Debakey and Stanford systems,
of which the Stanford classification is most frequently used.
The Stanford classification separates dissections of the
thoracic aorta into those which involve the ascending
aorta – type A (with or without involvement of the
descending thoracic aorta see Fig. 1), and those that solely
involve the descending thoracic aorta – type B (Fig. 2).
The Debakey classification categorizes dissections into
three types:
● Type I – a tear in the ascending aorta with the dissection flap extending for a variable length into the arch
of the aorta or beyond
● Type II – a dissection restricted wholly to the ascending aorta
● Type III – a dissection restricted to the descending
thoracic aorta, sparing both the ascending aorta and
arch

Risk Factors for Acute Aortic Dissection
Systemic hypertension is the most common predisposing
factor for aortic dissection and is found in up to three
quarters of patients presenting with aortic dissections.
Increased ventricular contractility and systolic hypertension exacerbate adverse hemodynamic forces acting upon
a contracting heart and relatively mobile aortic arch and
tethered descending thoracic aorta.
Following the initiation of intimal tearing, these
predisposing mechanical and anatomical factors act
together to increase the size of the intimal tear and blood
flow through the false lumen.
Other predisposing factors include atherosclerosis, connective tissue disorders predisposing to medial aortic

Aortic Dissection. Figure 1 CT axial section of Stanford
type A involving aortic arch with true and false lumina, and
descending thoracic stent in situ
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Aortic Dissection. Figure 2 Arch aortogram of
a type B dissection demonstrating true luminal collapse and
extraluminal expansion of false lumen

Dissections of the aorta can be further classified into those
which are acute when the clinical diagnosis is made within
2 weeks following the onset of symptoms and chronic
dissections when the diagnosis is made after this time
point. This is to an extent a rather arbitrary classification
and should not always dictate treatment.

Treatment, Evaluation, and Assessment
Imaging
Contrast-enhanced computer tomography and magnetic
resonance imaging has superseded aortography as the gold
standard first line imaging, allowing for rapid diagnosis.
This provides clear delineation of the entire aorta, and
assessment of lumen size, thrombus volume, and aortic
wall calcification. Three-dimensional reconstruction of
the enhanced aorta allows for accurate quantification of
intramural hematoma and the location of major aortic
branches allowing planning of surgical or endovascular
repair.

Blood Pressure Control
Unlike Stanford type A dissections, in which emergency
replacement of the aortic arch is mandated, the management of acute and chronic Stanford type B dissections
remains controversial.

Immediate blood pressure control is mandatory in
all patients with aortic dissection to prevent further progression of the dissection flap. Evidence of end-organ
ischemia may dictate urgent operative intervention but
medical stabilization is still essential and should usually
be within a critical care setting with invasive blood pressure monitoring.
Commonly used antihypertensive regimens include
titrated intravenous beta blockade with labetolol or
propanolol to maintain a systolic pressure between 100
and 120 mmHg. Sotalol in patients with atrial fibrillation
may also be used, with adjustment for impaired renal
clearance.
In those patients in whom b-blockade is contraindicated,
Clonidine is a centrally acting agent which may be administered by slow i.v. infusion in doses of up to 1.5 mg/24 h. This
can be combined with short-acting vasodilators such as
dihydralazine in typical doses of 100–150 mg/day. In some
instances, refractory hypertensive crises may be aborted with
the judicious use of sodium nitroprusside to reduce peripheral vascular resistance and left ventricular preload, in doses
of 0.2–10 mg/kg/min.
Once stabilized, conversion of i.v. therapy to oral antihypertensive agents is desirable. Long-term blood pressure
control is essential if the patient is otherwise treated conservatively to prevent further propagation of the dissection and aortic dilatation.

Surgical and Endovascular Considerations
for Repair of Aortic Dissections
Acute type A dissection should be managed surgically by
a cardio-thoracic team, preferably with an aortic interest.
Surgery involves aortic root repair and entails a significant
risk of mortality and morbidity. A proportion of patients
are deemed unsuitable for intervention and the prognosis
is poor.
Current consensus suggest that emergent surgical
intervention for acute complicated type B aortic dissections be indicated by aortic rupture, rapid aortic expansion, retrograde aortic dissection, visceral and limb
ischemia, neurological deficit, or intractable pain.
Open surgical replacement of the diseased aorta has
been traditionally performed through a left posterolateral
thoracotomy with prosthetic graft replacement of the
descending thoracic aorta, in conjunction with single
lung ventilation, full heparinization, cardiopulmonary
bypass, profound hypothermia, cerebrospinal fluid drainage, and circulatory arrest in an attempt to minimize
morbidity particularly in reference to stroke and paraplegia rates. The concomitant morbidity associated with thoracotomy remains significant, particularly in patients who
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often have coexistent cardiac failure, chronic obstructive
lung disease, and renal insufficiency. Mortality reported in
available surgical series may well be subject to publication
bias, retrospective data collection, nonrepresentative population selection, and by the inherent natural selection of
patients surviving transfer to high volume tertiary vascular referral centers. Nonetheless, data from the IRAD database suggests an improving but significant mortality rate
for emergent complicated type B dissections over the last
5 years, with contemporary reported in-hospital mortality
rates of 17% [1, 2].
A paradigm shift in the surgical management of these
patients began in the late 1990s with the reporting of
patients being treated with custom-designed covered
stents. Studies demonstrated the feasibility and technical
success in endovascular sealing of the proximal intimal
entry tear in patients with type B thoracic dissections.
Covering the intimal tear was associated with near or
complete thrombosis of the false lumen in 80–100% of
patients at subsequent follow-up. In keeping with the
known natural history of complicated type B dissections
and outcome data from the IRAD registry, patients with
aortic branch vessel ischemia or occlusions fared worse
following endoluminal stent deployment as compared to
uncomplicated cases with no branch vessel involvement,
with reported 30 day mortality of 17%. Of interest, sealing
the primary entry tear resulted in revascularization of the
true lumens of affected ischemic branch vessels without
the need for further fenestrations, visceral revascularization or laparotomy.
The subsequent rapid advance in stent graft design has
led to a steady increase in the number of patients with
acute aortic syndromes treated using endovascular techniques, and has led to endovascular enthusiasts advocating
an expansion to the indications and applications to
include uncomplicated chronic type B dissections. Repair
can be performed with percutaneous or open approach to
a single femoral artery, preferably under general anesthetic, and insertion of a variety of commercially available
stent grafts to the thoracic aorta under radiological control (Fig. 3). In acute dissections, the priority is to close the
entry tear, and generally long lengths of aorta do not need
to be covered. In chronic dissections often longer lengths
of aorta need to be covered and consideration should be
given to the prophylactic placement of a spinal drain.
Blood pressure should be controlled up to the deployment of the stent and in deploying within the arch the
systolic pressure should be below 100 mmHg at this point.
Having covered the tear the blood pressure can be permitted to rise. This is important if long lengths of aorta
are covered, to prevent spinal malperfusion. There is a
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Aortic Dissection. Figure 3 CT in sagittal section
demonstrating endovascular stent graft placed proximally
across the aortic arch with endograft extensions deployed in
descending thoracic aorta

significant risk of paraplegia from endovascular and
open thoracic aortic repair. Driving the spinal perfusion
pressure by controlled hypertension and spinal drainage
reduces the risk and should be maintained in those most at
risk for 3 days postoperatively.
The possibility of combining covered stents with
uncovered bare metal branch vessel stenting in the abdominal aorta, and endoluminal aortic fenestrations has obviated the need for open surgical intervention and aortic
cross clamping, thereby minimizing surgical trauma and
blood loss with avoidance of a thoracotomy. Furthermore,
patients historically deemed unfit to withstand traditional
open surgical repair of the thoracoabdominal aorta could
well be managed with a combined open mesenteric revascularization with subsequent endovascular grafting of
the thoracoabdominal aorta. Endovascular options for
type A dissections are at present limited but developments
in stent graft technology make this an interesting challenge
for the future.

After-care
Early postoperative care should involve careful blood pressure control and prevention of paraplegia. The mean arterial pressure should be kept above 100 mmHg for the first
3 days and in selected patients where spinal cord ischemia
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is deemed high risk (long length of aorta covered, previous
aortic surgery, continues sedation, and ventilation after
surgery), a spinal drain should be kept in situ for 3 days.
The pressure should be maintained at 10 cmH2O, with
a maximum drainage of 30 mL/h. The drain can subsequently be clamped for 24 h prior to removal and
unclamped should neurology develop.
Following endovascular repair, all patients should continue to receive adequate blood pressure management and
should enter into CT-scan surveillance programs to monitor the condition of the rest of the aorta and the position
of the stent graft. Most center recommend yearly CT scan
for at least the first 5 years.
Type B dissections treated conservatively also need
long-term surveillance of the aorta. The follow-up protocol should be determined on a patient by patient basis but
initially CT scans may be required fairly regularly eventually dropping to yearly.

Prognosis
Acute dissection is the most common life threatening
condition of the aorta affecting 5–30 per million people
per year. Left untreated, the majority of patients with
dissections involving the ascending aorta will die within
days of an acute episode.
Patients presenting with descending thoracic aortic
dissections seem to fare better, with one in ten patients
ultimately dying before leaving hospital. Ultimately, these
patients are at risk of aortic rupture with nearly 20%
of these patients requiring some form of surgical or
endovascular intervention.
Judicious medical, surgical, and endovascular management of this condition aims to reduce propagation of the
dissection plane and concomitant branch vessel compromise, halt aortic expansion, and prevent fatal aortic rupture.
Early recognition of these disease entities in conjunction with urgent and pertinent management is the key to
a successful outcome in these patients.
The mortality risk is highest in the first 48 h with
a plateau in cumulative mortality at 14 days. Over half of
the patients presenting the Stanford type A dissection die
within 2 days without emergent surgery as a result of
aortic rupture and acute aortic valvular regurgitation.
Survival after urgent surgical intervention approaches
75%. Of those who do survive surgical repair, 90% are
still alive for 3 years. There is no role for conservative
management except in the most moribund patient with
an unsalvageable premorbid history or in those patients
who have refused surgery.
The presence of persistent pain indicative of
progressing dissection, refractory systemic hypertension,

distal organ ischemia, and aortic expansion or rupture
occurs in up to a fifth of type B dissections. These socalled complicated Type B dissections require emergent
surgical or endovascular intervention, in spite of which
historical series suggest that up to a third will ultimately
die. Independent predictive risk factors for in-hospital
mortality in these patients are the absence of chest or
back pain at presentation, female gender, the presence of
acute limb, or visceral ischemia, in-hospital hypotension
or shock, a widened mediastinum, the detection of
periaortic hematoma, aneurysmal aortic dilatation of
greater than 6 cm, altered consciousness, acute renal failure, and the need for life saving surgery. The actuarial
survival rate for patients with a type B dissection, who
do leave hospital, however approaches 71%, 60%, 35%,
and 17% at 1, 5, 10, and 15 years following discharge [3].
Chronic complications following aortic dissections are
related to the persistence of a blood flow through a patent
false lumen with resultant aortic expansion and attendant
risk of rupture. A fifth of all patients treated conservatively
continue to have a patent false lumen without evidence of
thrombosis, with only a minority of demonstrating evidence of spontaneous healing. It is estimated that 20–40%
of the patients who survive the acute phase of will develop
significant aneurysmal dilatation of the descending thoracic or thoracoabdominal aorta. Previous studies have
estimated that in the absence of postoperative false lumen
thrombosis, aortic expansion continues at a variable rate
up to 4 mm/year. The risk of rupture is reported to be
greater in women than in men and once the aorta reaches
6 cm or greater is estimated to be 30%. Despite this, there
is probably no indication at present to intervene for
asymptomatic acute type B dissections.
Regarding endovascular repair, the European collaborators registry/Eurostar registry has yet to provide outcome data beyond 1 year, and has yet to provide conclusive
evidence that late aortic rupture is not a cause for concern
following endovascular repair despite little evidence of
aortic expansion or endoleak [4]. The Talent Thoracic
Retrospective Registry demonstrated in-patient mortality
of less than 5%, but a small proportion (1.5%) of patients
continued to have a pressurized false lumen despite
stenting, which ultimately caused death upon rupture
[5]. Up to 3% of patients suffered device failure, in terms
of either migration of the stent graft, failure of graft fabric
integrity, or modular disconnection and a third of all
patients required either surgical or a second endovascular
procedure by 5 years.
Eggebrecht et al. reported on the outcome of
609 patients from 39 observational series that had undergone endovascular stent-graft placement in aortic dissection.

Aortic Regurgitation

Sixty percent of these patients underwent emergent
endovascular repair. Early procedural failure or surgical
conversion occurred in 4% with a further 6% of patients
requiring additional endovascular intervention. In three
quarters of the patients, thrombosis of the false lumen was
achieved but 3% of patients still died of aortic rupture within
2 years. Major complication rates still occurred in18% of
cases, with an associated in-patient mortality of 6% and
combined procedural stroke and paraplegic rate of 4%.
Kaplan Meier estimates of survival rates demonstrated
a significant survival advantage in favor of patients treated
for chronic dissections as opposed to acute dissections (3.2%
1.4% versus 9.8% 2.2%) associated with a 50% reduction in in-hospital complications (9.1%
2.3% versus
21.7% 2.8%). Overall survival rates were reported to be
93.3% 1.4% at 30 days, 89.9% 1.7% at 1 year and 88.8%
1.9% at 2 years which compares favorably to outcome
data reported by the IRAD registry of an 11% in-hospital
mortality rate in medically treated patients and 31.4% mortality rate in surgically treated patients.
The rapid acceptance of endovascular techniques has
yet to be met with well designed multicenter randomized
controlled trials for endovascular versus open surgical
repair. There is no available data on long-term benefit of
stenting over open surgery with regard to prevention of
late aortic expansion and rupture. Widespread application
has been further tempered by the current lack of American
FDA approval for the use of commercially available thoracic endografts for thoracic dissections.
In summary, type A dissections require immediate
open surgical repair in specialist units. Complicated acute
type B dissections should be considered for endovascular
treatment, which is technically feasible with an acceptable
operative morbidity and mortality in comparison to open
surgical aortic replacement. Patients require intensive scrutiny during longer-term follow-up to exclude stent failure,
migration, infection, and modular disconnection.
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Definition
Aortic regurgitation is reflux of blood from the aorta
through the aortic valve into the left ventricle during
diastole. The overall prevalence of aortic regurgitation
was about 5.0% in Framingham heart study [1] and 10%
in the Strong heart study [2]. The prevalence increases
with age because of degenerative changes in the aortic
valve and the root. The most common causes can be
subdivided into acute and chronic regurgitation with
some significant overlap (Table 1).
The majority of the causes of aortic regurgitation (AR)
present either acutely or sub acutely. Prior to aggressive
antibiotic treatment of rheumatic fever and syphilis, AR
was a common sequelae of these conditions. The most
frequent cause of aortic regurgitation is endocarditis complicating a previously damaged valve. This can be a congenitally damaged valve or diseased valve secondary to
rheumatic fever. The disease ranges from mild to severe
regurgitation. However, the natural history of severe AR is
poorly defined with wide disparity in the reporting of
long-term survival that ranges from 50% to 96% at
10 years [3, 4].
The majority of patients with AR are men (75%).
Symptoms and signs occur late and do not develop until
left ventricular failure develops. Varying grades of dyspnea
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Aortic Regurgitation. Table 1 Causes of aortic regurgitation

Aortic Regurgitation. Table 2 Causes of acute AR

Congenital

Acquired

Rheumatic heart disease

Marfan syndrome

Syphilis

Infective endocarditis

Myxomatous degeneration

Rheumatic fever

Ruptured sinus of valsalva

Osteogenesis imperfects

Endocarditis

Trauma

Turner syndrome

Failure of prosthetic valve

Prosthetic valve malfunction

Bicuspid aortic valve

Aortic dissection
Trauma
Reiter syndrome
Ankylosing spondylitis
Rheumatoid arthritis
Systemic Lupus
Erythematosis
Severe hypertension

occur depending on the extent of the left ventricular
dilatation and dysfunction. Angina pectoris is also a
frequent complaint. Symptom presentation is quite different between acute and chronic regurgitation.

Characteristics
Acute Versus Chronic AR
Patients with chronic AR may have long intervals of
asymptomatic period of nearly 20 years before the disease
manifests with worsening symptoms. However, once
symptoms develop, the progression to poor prognosis
can occur with an expected survival rate of 5–10 years.
The usual presenting symptoms are varying degrees of
dyspnea, palpitations, abdominal discomfort, and syncopal attacks. Chronic regurgitation affords time for the
ventricle to dilate and hence accommodate the regurgitant
volume. The onset of AR leads to LV systolic and diastolic
volume overload. Initially, this leads to adaptation that
maintains forward stroke volume and cardiac output
despite the addition of the regurgitant volume. The
increased volume overload leads to eccentric hypertrophy
of LV and gradual increase in LVEDP. Forward flow is
aided by large stroke volume and compensatory peripheral vasodilatation. Symptoms are mild with regurgitant
fraction less than 40% of stroke volume. When the
regurgitant fraction exceeds 50% of stroke volume,
increasing LV dilatation and hypertrophy occurs resulting
in irreversible myocardial damage, the early sign of which
is LVEDP more than 20 mmHg. As regurgitant fraction

increases, patients present with decreased aortic diastolic
pressure, leading to inadequate coronary perfusion pressure and angina symptoms [5].
In acute AR the lack of time for adaptation for the
regurgitant volume leads to the spiral of events seen in
acute AR (Table 2). Patients usually present with severe
dyspnea, hypotension, angina, and fatigue. The rapid and
sudden increase in ventricular volume leads to limited
compensatory mechanism to take effect. Once the left
ventricle is unable to cope with the regurgitant volume
and there is an excessive backward blood flow, with subsequent decrease in stroke volume. This initially leads to
a compensatory tachycardia, which may preserve cardiac
output, but eventually, there is development of hypotension, organ failure, and cardiogenic shock. Pulmonary
artery occlusion pressure will also increase abruptly leading to pulmonary edema. The rapid deterioration in cardiac output can occur, necessitating emergent surgical
intervention [6].

Signs of AR
The diastolic regurgitation and the increased systolic
stroke volume result in the increased systolic pressure,
widened pulse pressure, and bounding pulses, which are
highly suggestive of aortic regurgitation. The rapid
upstroke in arterial pressure tracing is due to increased
LV preload and steep down stroke is a consequence of
peripheral vasodilatation.
Signs of AR are many and are due to hyperdynamic
circulation. These include the following:
● De Musset’s sign – the head nods with each heart beat.
● Quincke’s sign – capillary pulsation can be palpated in
the nail beds.
● Durozier’s sign – systolic bruit can be heard after light
auscultation over the femoral arteries.
● Traube’s sign (Pistol shot femoral arterial pulsations) –
sharp and loud sounds can be heard on auscultation of
femoral arteries.

Aortic Regurgitation

● The apex beat is displaced downwards and laterally
and is heaving in nature.
● On auscultation of the heart there is a high pitched
diastolic murmur running from the aortic component
of the second heart sound. A systolic murmur may also
be heard because of increased stroke volume. The length
of the diastolic murmur should be noted, as this reflects
the severity of the leak until the late stages of the disease.
Decrescendo diastolic murmur is best heard with
patient leaning forward and on deep expiration.
● An Austin-Flint apical diastolic murmur may also be
heard and represents significant AR. This is a middiastolic murmur, best heard at the apex and reflects
ante grade flow across an incompletely opened mitral
valve caused by the AR jet’s effect on the anterior
mitral leaflet.

Diagnosis
The majority of cases can be diagnosed clinically by the
above-mentioned signs.
● ECG appearances are those of left ventricular hypertrophy (LVH) due to “volume overload” of LVH.
There are tall R waves and deeply inverted T waves in
the left sided chest leads and deep S waves in the right
sided leads. Normally, sinus rhythm is present, but
arrhythmias such as atrial fibrillation can be observed
in chronic AR.
● Chest X-ray features are those of LV enlargement and
possible dilatation of the ascending aorta. The LV
enlargement is marked in chronic AR.
● Echocardiography will define the functional anatomy
of the valve and aortic root, while Doppler imaging
will demonstrate the severity of the leak. Echo will also
demonstrate LV thickness, dilatation, and function.
● Ejection fraction is an unreliable index in patients with
chronic regurgitation due to increases in LV compliance
over time that allows maintenance of stroke volume.

Treatment
The underlying cause of the AR (e.g., syphilis or infective
endocarditis) may require specific treatment. The treatment of chronic AR usually requires carefully timed surgical intervention (Table 3). Because symptoms do not
start to develop until the myocardium fails, and the myocardial damage is irreversible it is imperative to start
therapy as early as possible. The goals of hemodynamic
management are to maintain forward flow by beta agonists to improve contractility and at simultaneously
maintaining peripheral vasodilatation by decreasing

A

Aortic Regurgitation. Table 3 Indications for surgical
intervention
Dyspnea class III and IV
Syncopal symptoms
Ejection fraction of <0.4
Cardiothoracic ratio of >0.64
End diastolic diameter of 55 mm or more
Cardiac index <2.2 L/min/m2
Severe symptoms in young patients with rheumatic AR
Frank LV enlargement or moderate LV dysfunction

afterload [7]. Forward flow can also be augmented by
slight increase in heart rate (around 90/min) without
compromising coronary perfusion. Many patients are
started on calcium channel blockers in an attempt to
reduce the regurgitant fraction. In addition although
beta blockers may prolong diastole many clinicians use
modest doses. In contrast to chronic AR, acute AR necessitates immediate surgical intervention due to life threatening hypotension and pulmonary edema.
Most patients with chronic aortic regurgitation have
a protracted clinical course, despite evidence of severe
regurgitation. Nevertheless, long-term care of the asymptomatic individual with aortic regurgitation consists
of carefully monitoring for the onset of symptoms or,
more often, of left ventricular dysfunction or dilation.
Asymptomatic patients with chronic severe aortic regurgitation and normal left ventricular systolic function
should be assessed clinically and echocardiographically
approximately every 6 to 12 months. There are no
randomized controlled trials to guide surgical decision
making [8].
Current guidelines suggest aortic valve surgery for
chronic severe aortic regurgitation for patients with symptom onset (Class I indication), asymptomatic patients
with left ventricular ejection fraction lower than 0.50
(Class I indication), patients undergoing coronary artery
bypass grafting or surgery on the aorta or other heart
valves (Class I indication), and patients with preserved
ventricular function but left ventricular end-systolic
dimension more than 55 mm or end-diastolic dimension
more than 75 mm (Class IIa indication). Aortic valve
surgery [9] may be considered in asymptomatic patients
with preserved ventricular function but left ventricular
end-systolic dimension more than 50 mm or end-diastolic
dimension more than 70 mm, patients with declining
exercise tolerance, and patients with moderate aortic
regurgitation undergoing coronary artery bypass grafting
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or surgery on the aorta or other heart valves (Class IIb
indications). The operative mortality of isolated aortic
valve replacement is about 4% [10–12].
Much depends on the patients exercise tolerance as well
as their ability to progress, or not deteriorate on medical
management. Patients must be counseled that antibiotic
prophylaxis is required once the valve has been fixed.
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Definition
Aortic valve stenosis can be defined by restricted systolic
opening of the valve leaflets, with a mean transvalvular
pressure of at least 10 mmHg.

Characteristics
Prevalence and Causes
The majority of cases of aortic stenosis (AS) are due to
calcific aortic stenosis and congenital bicuspid aortic valve
stenosis. Aortic sclerosis occurs in up to 25% of people
older than 75 years and involves mild thickening as well as
some calcification of the tricuspid aortic valve without
restricted leaflet motion. Calcified aortic stenosis, however, occurs in 2–3% of patients older than 75 years.
Congenital aortic valve stenosis develops progressively
because of turbulent blood flow through a congenitally
abnormal (usually bicuspid) aortic valve. Rheumatic fever
results in progressive fusion, thickening, and calcification
of the aortic valve [3].
Valvular aortic stenosis should be differentiated from
other causes of obstruction to left ventricular (LV)
emptying such as
● Supravalvular obstruction
● Hypertrophic cardiomyopathy
● Subvalvular aortic stenosis

Pathophysiology
Obstructed left ventricular emptying leads to increased left
ventricular pressure and a corresponding hypertrophy of
the left ventricle. In turn, this action results in relative
ischemia of the left ventricular myocardium, and subsequent angina, arrhythmias and left ventricular failure
(LVF). The natural history of AS reflects the functional
integrity of the mitral valve. As long as the mitral valve
function is maintained, the pulmonary bed is protected
from the systolic pressure overload imposed by the AS.
Eventually, however, left ventricular hypertrophy
(LVH) causes either diastolic dysfunction with the
onset of congestive symptoms or myocardial stress with
subsequent angina. Some patients experience exertional

Aortic Transection

syncope where the increased cardiac output of exercise is
not able to be processed through the dysfunctional aortic
valve. This leads to a relative decrease in cardiac output,
decreased blood pressure, worsening coronary ischemia,
and a failed myocardium.

A

Aortic Stenosis. Table 1

A

Severity

Valve
area
(cm2)

Maximum
aortic velocity Mean pressure
(m/s)
gradient (mmHg)

Mild

1.5–2.0

2.5–3.0

<25

Symptoms and Signs

Moderate

1.0–1.5

3.0–4.0

25–40

There are usually no symptoms until aortic stenosis is
moderately severe, when the aortic orifice is reduced
by up to one third of its normal size. Most patients are
picked up at routine screening prior to changes in their
functional status. Once symptoms of exercise-induced,
syncope, dyspnea, or angina occur, the disease is relatively
advanced.
On physical examination AS is characterized by abnormalities of the pulse, precordial pulsation, and auscultation.
The pulse is of small volume and rising or plateau in nature.
Precordial palpation reveals an apex beat that may feel
heaving and is sustained and clearly palpated. It is not usually
displaced, as there is usually no associated ventricular dilatation. Auscultation reveals a mid-systolic ejection murmur.
This is often loudest at the base of the heart and radiates to
the carotids and is crescendo/decrescendo in nature.
Other findings may include a systolic ejection click,
unless the valve is immobile or calcified. When the valve
becomes immobile, there may be a soft or inaudible
second heart sound. There may also be reversed splitting
of the second heart sound, due to the fixed delay in left
heart emptying. There may also be a fourth heart sound
due to increased ventricular stiffness.

Severe

0.6–1.0

>4.0

>40

Critical

<0.6

–

–

Evaluation/Assessment
Investigation
Chest x-ray usually reveals a small heart with a prominent,
and dilated ascending aorta. The aortic valve may be
calcified, and when the heart has failed, there may be an
increased cardiothoracic ratio.
Electrocardiogram (ECG) shows LVH and left atrial
delay, usually sinus rhythm is present but ventricular
arrhythmias may be seen.
Echo demonstrates thickened, calcified or immobile
valve cusps. LVH is also visualized. Echo will also highlight
the valve gradient and subsequent treatment options.

stenosis. Patients with moderate to severe asymptomatic
AS should be advised to refrain from exertion.
Symptomatic patients with severe AS should undergo
valve replacement (class 1 indication) [2].
Other class 1 indications are where the patient is
scheduled for coronary artery bypass grafting (CABG)
and has severe AS. Also patients with severe AS and an
ejection fraction below 50%.
Class 11a indications are where a patient is scheduled
for valve replacement surgery or CABG and has
moderate AS.
Class 11b is where surgery is considered in moderate
AS patients who are intolerant of exertion.
Patients should be advised that valve replacement is
palliative not curative. Patients should be made aware
of the follow-up required post cardiac surgery,
anticoagulation risks, endocarditic risks, as well as risks
of malfunction of the new valve.
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Aortic Syndrome
▶ Aortic Dissection

Treatment
Patients with AS fall in to one of four categories of severity
defined in Table 1 by echocardiography [1].
Asymptomatic patients are recommended to be
screened every 2–3 years for mild AS and every year to
2 years for moderate and every 6–12 months for severe

Aortic Transection
▶ Torn Thoracic Aorta
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APAP
▶ Acetaminophen Overdose

Apheresis
▶ Plasmapheresis

Arbovirus
Is an acronym (ARthropod-BOrne) used to refer to
a group of viruses that are transmitted by the bite of
arthopod vectors.

ARDS
The adult respiratory distress syndrome which is characterized by loss of lung volumes, increased pulmonary
microvascular permeability and increased extravascular
lung water.

Arenaviruses
▶ Biological Terrorism, Hemorrhagic Fever

Argentine Hemorrhagic Fever
▶ Biological Terrorism, Hemorrhagic Fever

Introduction
Arginine plays pivotal roles in both innate and adaptive
immunity being a substrate for the production of nitric
oxide and an essential amino acid for the normal function
of T-lymphocytes. In addition, arginine plays multiple
metabolic roles including the detoxification of ammonia
(being part of the urea cycle), as a precursor for the
formation of ornithine, polyamines, and proline, and the
production of creatine among many others. Arginine deficiency develops selectively in some illnesses making this
a conditionally essential amino acid that mandates nutritional supplementation under some circumstances [1].
Arginine availability is uniquely determined by myeloid cells during immune activation through the induction and/or release of the enzyme arginase 1 (ARG1).
Regulation of T-lymphocyte function through arginine
depletion has been discovered as a novel function of myeloid cells expressing ARG1, thus giving them the name
myeloid-derived suppressor cells (MDSC). Arginine deficiency by MDSC may also compromise nitric oxide production. Systemic activation of MDSC may lead to
generalized arginine deficiency potentially compromising
arginine-dependent metabolic processes outside the
immune system [2].
The Identification of MDSC, and the arginine deficiency they cause, has led to dramatic growth in understanding the immune suppression observed in a diverse
number of illnesses: renal cell carcinoma, H. pylori,
Salmonella, Tuberculosis, and parasitic diseases such as
Leishmaniasis. In the intensive care unit (ICU), arginine
deficiency characteristically develops after physical injury
(be it surgery or trauma) where MDSC upregulation has
been described extensively. The presence of myeloidderived suppressor cells expressing ARG1, and the pathologic role these play has not been observed in all illnesses.
For example, in sepsis, a classic inflammatory response
results in the production of large amounts of nitric oxide
and appears to predominate over MDSC expressing
ARG1. Consistent with this, and in contrast to trauma
and surgery, a wide range of arginine plasma levels are
observed in sepsis [3].

Arginine

The identification of the causative factors of arginine
deficiency and its biological consequences opens the
possibility to understand the use of nutritional therapies
aimed at arginine replacement, better known as
immunonutrition. Arginine replacement therapy (ART)
in the form of immunonutrition is of clear benefit in
patients undergoing elective surgery with an approximate
40% decrease in postoperative infection rates, a decrease
in length of stay and decreased cost. In these patients, ART
is considered to be the standard of care and should be used
routinely in patients undergoing high-risk surgical interventions, particularly those patients with cancer of the
gastrointestinal tract. Similar trends are observed after
trauma, but are dependent on how early the formula is
initiated and on the volume of immunonutrition delivered [4, 5]. Immunonutrition with arginine is controversial in septic and other nonoperative medical critically ill
patient populations where a significant amount of
research is still necessary to determine if and when arginine deficiency is present.

Cellular Transport of Arginine
The capacity of cells to utilize arginine for metabolic
activity depends on active transport across the cell membrane. A family of transporters termed Cationic Amino
acid Transporters (CATs) actively moves arginine across
the cell membrane. Three genes (CAT1, 2, and 3) encode
four CAT proteins (the fourth one created through splicing of CAT2). The CAT expressed depends on the cell type
and developmental stage, and CATs can be constitutively
present or induced.
Cationic amino acid transporters are expressed in
immune cells. Under resting conditions, CAT1, a lowefficiency transporter, is ubiquitously expressed across
many cell types including cells of the immune system.
Under immune activation, CAT2B, a high efficiency
transporter is induced in lymphoid and myeloid cells
providing arginine as a substrate for both inducible nitric
oxide synthase (iNOS), arginase1 (ARG1), and other
metabolic functions. The amount of arginine entering
into the cell can increase dramatically upon induction
of CAT2B.
Because of their function as gatekeepers, CATs may
play important regulatory functions for biological processes such as the production of Nitric Oxide (·NO).
Thus, when studying the functional aspects of arginine
metabolism, cationic amino acid transport expression
and activity need to be taken into account. Knowledge of
CATs provides a unique opportunity for the regulation
of biological functions. For example, agents that block
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arginine transport (such as Ng-monomethyl-L-arginine)
are useful in regulating arginine-dependent metabolic
functions such as nitric oxide production. Cationic
amino acid transporters also have affinity for other
amino acids (lysine and ornithine) which can compete
with arginine [6].

Arginine Metabolism in Myeloid Cells
Arginine metabolism is an essential part of myeloid cells.
There are several myeloid cell types including macrophages, neutrophils, and immature myeloid suppressor
cells. Expression of arginine-metabolizing enzymes varies
significantly between these cells. The predominance of one
or another cell type is dictated by local and systemic
inflammatory conditions.
Arginine metabolism by myeloid cells is an essential
aspect of their function. Two divergent pathways for arginine metabolism are expressed. In the late 1980s and early
1990s an inducible isoenzyme of the nitric oxide synthase
family (iNOS) was described in macrophages. Human
neutrophils on the other hand express arginase 1
(ARG1), probably located in the azurophil granules and
released as an active enzyme upon activation. Arginase 1
and iNOS can both be induced in immature myeloid cells.
Nitric oxide is a potent effector molecule with multiple
biological functions. Produced in large quantities through
iNOS, ·NO contributes significantly to inappropriate
vasodilation and the hemodynamic instability of sepsis.
Nitric oxide is important in the killing of parasites and
bacteria but can also cause host-injury. Nitric oxide produced by myeloid cells may regulate T-lymphocyte function. Several inflammatory signals that upregulate iNOS
expression, include IL-1, IL-2 (T-helper 1), TNF, IFNɣ,
and endotoxin.
Arginase 1 metabolizes arginine into ornithine and
urea and as such, may provide substrate for several metabolic pathways including the production of polyamines
and proline. It is however, in its capacity to deplete arginine, that ARG1 has gained significant notoriety in recent
years. Released locally or systemically from neutrophils,
ARG1 rapidly depletes arginine. The degree of arginine
depletion appears proportional to the degree of neutrophil
activation. Through arginine depletion, myeloid cells
serve as regulatory cells, controlling nitric oxide production and cellular metabolic processes such as those
observed in T-lymphocytes (see below). Like iNOS,
ARG1 is also an inducible enzyme characteristically
observed in immature myeloid cells expressing GR1+
markers (in mice) and CD33+ markers in humans. In
contrast to iNOS, classic anti-inflammatory signals induce
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ARG1 including IL-4/IL-13 (T-helper 2), IL-10, TGF-B,
and GM-CSF among others.
In 2001 Gabrilovich isolated myeloid cells capable of
suppressing T-lymphocytes; however the mechanisms of
T-cell suppression remained unclear [7]. That same year,
Bernard reported increased ARG1 expression in the
spleens of mice subjected to surgical trauma. Soon thereafter, increased ARG1 expression was observed in circulating peripheral blood mononuclear cells after trauma,
the amount proportional to the severity of injury [8].
Furthermore, in 2001, initial reports demonstrated the
membrane expression of several T-cell receptor complexes
including CD3, CD4, and CD8 were dependent on the
amount of extracellular arginine available [9]. By 2006, the
capacity of immature myeloid cells expressing ARG1 to
deplete arginine became well established. Because of their
capacity to regulate T-cell function through arginine
depletion, these cells were officially called myeloid-derived
suppressor cells (MDSC) [10].
In the last few years, there is a growing awareness of the
immunosuppressive roles of MDSC, the arginine depletion they cause and their importance in playing pathologic
roles in multiple illnesses. In cancer, MDSC infiltration of
solid tumors is associated with a worse overall prognosis.
In animal models, blocking arginase produced by MDSC
inhibits tumor growth. In surgery and trauma, high arginase activity is associated with worse acute physiology
scores. Thus, it is logical to believe strategies aimed at
overcoming the suppressive role of MDSC should lead to
improved arginine availability and better outcomes.
There is growing evidence that ARG1 can also regulate
·NO production through arginine depletion. Arginine is
not only a substrate for all nitric oxide synthases including
iNOS; it has also become progressively evident that arginine deficiency can block iNOS translation and assembly
of enzyme monomers. Increased evidence has accumulated to demonstrate regulation of ·NO production by
ARG1 is of significant importance in vivo. Decreased
accumulation of nitric oxide metabolites in urine is
observed in severely traumatized patients even if they
become septic. Similarly, mice subjected to surgical
trauma exhibit a significantly blunted accumulation of
circulating nitric oxide metabolites in response to injection of endotoxin. Not surprisingly, ·NO production
was restored in STAT6 knockout mice incapable of inducing ARG1 in response to trauma. Clinically, patients
undergoing elective surgery operations that received
supraphysiologic quantities of arginine exhibit improved
microcirculation, tissue oxygenation, and an increase in
circulating nitric oxide metabolites, which may translate
into improved outcomes.

The converse may also be true. Hydroxy-L-arginine, an
intermediate product in the generation of ·NO is a potent
arginase inhibitor. The clinical significance of this finding
remains to be defined. Co-induction of ARG1 and iNOS is
possible and results in the accumulation of reactive nitrogen species (peroxynitrite among others), protein
nitrosylation (nitrotyrosine), and cellular damage. Reactive nitrogen species can also result in T-cell dysfunction.

Arginine in T-Lymphocytes
Similar to myeloid cells, T-lymphocytes exhibit little
uptake and utilization of arginine during resting conditions. However, arginine becomes an essential amino acid
for normal T-lymphocyte proliferation, the production of
interferon gamma and possibly the development of memory. Perhaps the most striking change observed in
T-lymphocytes is the loss of the z chain, a mostly intracellular peptide of the T-cell receptor complex. The z chain
plays essential roles in the signal transduction pathways
for T-cell activation and in the export of the T-cell receptor
complex to the cell membrane, after its intracellular
assembly. Thus, T-cell receptor expression is proportional
to the extracellular concentration of arginine. In the
absence of arginine, T-lymphocytes will exhibit a characteristic loss in the z chain, a decrease in the number of
T-cell receptors expressed on the cell surface and a lack of
response to proliferative stimuli.
Loss of the z chain has become a hallmark of
T-lymphocyte dysfunction in a growing number of illnesses. It was first described in animals and humans with
cancer. Soon however, loss of z chain was also described in
chronic infections such as tuberculosis, and in patients
undergoing surgical interventions. Increased arginase
activity has been described in all of these situations. Not
surprisingly, other changes in T-cell function that are
characteristic of arginine deficiency are also observed [11].
Not all protein and/or other metabolic activities are
inhibited when arginine becomes deficient. Facing arginine deficiency, the T-lymphocyte upregulates the necessary mechanisms to synthesize arginine from citrulline
and through this mechanism, maintains normal function.
Citrulline uptake is increased by up to sixfold and
argininosuccinate synthase (AS), the first of two enzymes
in the pathway to convert citrulline to arginine, is
upregulated significantly. Interestingly, argininosuccinate
lyase (AL), the second enzyme in this pathway is constitutively present. As a result, in the absence of arginine,
T-lymphocytes are able to perform normal biological
functions if adequate citrulline concentrations are present.
The characteristic changes in T-cells observed with
arginine deficiency and the preliminary identification of
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these changes in a number of illnesses suggests the possibility some of these could be utilized in the identification
of arginine deficiency. The successful identification of
adequate biomarkers could potentially lead to timely identification of arginine deficiency and allow for monitoring
therapies aimed at restoring arginine availability.
A significant amount of confusion exists as to the
question of whether T-lymphocyte function is enhanced
by arginine supplementation, and if this could lead to an
inappropriately activated T-lymphocyte and systemic
inflammatory response. There is no clinical or laboratory
evidence that supports this view. In vitro, T-lymphocyte
function is normalized with arginine concentrations
of 100 mM, a level within the range of circulating arginine concentrations in normal individuals. Increasing
arginine concentrations up to tenfold fails to increase
T-lymphocyte function any further. In addition, there is
no clinical or animal evidence that arginine supplementation in vivo significantly enhances metabolic activity in
normal individuals or animals. Thus, the concern about
creating severe inflammatory response with arginine supplementation has no basis and is not a reason for withholding arginine replacement when indicated.

Arginine in Illness
A clear understanding that the physiology of arginine
depends on the state of immune activation is extremely
helpful in understanding the ultimate metabolic fates of
this amino acid during illness. This is especially true if the
patient is to receive nutritional therapy aimed at arginine
supplementation. In the intensive care unit, trauma and
sepsis are two diseases that illustrate the importance of
understanding this concept.
Primary sepsis such as that observed in patients with
colon perforation and peritonitis is associated with
a characteristic inflammatory response that includes the
release of tumor necrosis factor (TNF), interleukin (IL) 1,
IL-2, IL-6, IL-12, and interferon gamma among others in
response to increased circulating endotoxin (LPS).
This inflammatory response reflects the activation of Thelper 1 (TH1) lymphocytes. Myeloid cells (and other
nonimmune cells), in response to some of these signals,
upregulate the expression of iNOS and generate massive
amounts of ·NO. Excessive ·NO production is responsible,
in part, for the excessive vasodilation and hemodynamic
instability of septic shock. The response by macrophages
to TH1 cytokines and sepsis (with induction of iNOS) has
been termed “classic,” M1, or “inflammatory” response.
Physical injury (be it trauma or surgery) is also associated with immune activation. There is a characteristic
release of IL-4/IL-13, IL-6, IL-10, and TGF-beta, some of
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which are described as T-helper 2 (TH2) cytokines. In this
case, upregulation of ARG1 is observed. In humans there is
a characteristic increase in arginase activity in peripheral
blood mononuclear cells while in mice, MDSC in the marginal (T-cell) zones of the spleen rapidly accumulate. As
a result, ARG1 expression predominates over iNOS. Thus
a myeloid response with regulation of ARG1 conforms to an
“alternate,” M2, or anti-inflammatory response.
It follows that understanding the predominance of the
immune response through either a classic M1 or an alternate M2 response dictates the ultimate metabolic fate and
biological effect of arginine. This is particularly important
when considering enteral delivery of supplemental arginine. In addition, following the ultimate metabolic fate of
arginine during illness potentially allows clinicians to
determine whether they are facing a classic inflammatory
response with predominance of ·NO or alternatively,
the predominance of an alternative anti-inflammatory
response with the predominance of arginine deficiency.
There is an obvious significant overlap between these two
extreme responses in many patients. In addition,
a significant number of trauma patients become septic
and many septic patients undergo surgery. Thus it is
possible some septic patients are arginine deficient by
virtue of having had previous surgical trauma, while
upregulation of iNOS over ARG1 could be observed in
patients with primary sepsis having to undergo surgery.
Finally, immune responses change over time. It is thus, at
this point, difficult to ascertain the predominance of one
or other pathways for arginine metabolism in the immune
system for a significant number of critically ill patients.

Nutritional Arginine Supplementation in
Critical Illness
Identifying a state of arginine deficiency, the mechanisms
that cause it, and the negative biological consequences that
may ensue, dictate the physiological basis of arginine
replacement therapy (ART). Understanding ART is based
on logical biological principles of restoring arginine
availability and is important for several reasons as it:

– Provides the basis for hypothesis-driven clinical
research

– Helps to better interpret the multiple studies on ART
that have already been performed, understanding their
weaknesses and strengths
– Allows clinicians and investigators to identify patient
populations that are not candidates to receive ART
– Acts instrumentally for the identification of clinically
useful biomarkers that assist diagnosis of arginine
deficiency and monitoring ART
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It is reasonable to hypothesize therapies aimed at overcoming arginine deficiency caused by upregulation of
MDSC should restore arginine-dependent biological processes leading ultimately to better clinical outcomes. Nutritional interventions tend to be significantly less expensive to
develop than pharmacological treatments, and thus should
also contribute to decreased health care costs.
Arginine has been incorporated into so called
“immune-modulating diets (IMDs),” enteral formulas
containing a blend of different nutrients shown to have
some effect on immune function. Several commercial
IMDs contain arginine at supraphysiologic concentrations. Of the commercial diets, one in particular has
been tested in multiple clinical trials. In fact, IMDs
containing arginine constitute the most extensively studied category of acute care formulas to date. These diets
commonly contain 15 or more grams of total arginine per
liter, significantly higher than the normal daily nutritional
intake of 3–5 g. Use of IMDs with 6 g arginine/L ( 2%
of energy) are associated with negative results in general,
whereas those with >12 g/L (>4% of energy) often yielded
positive results. Despite its efficient destruction in the gut,
diets containing supraphysiologic quantities of arginine
are associated with increased arginine plasma levels
(Table 1).
Omega-3 fatty acids (o-3) are frequently incorporated
with arginine into IMDs at concentrations that vary
between 1.5 and 3 g/1,000 cal. Omega-3 fatty acids come
from different sources but are highly concentrated in fish

oils. The major components of fish oils constitute
eicosapentanoic acid (C20:5n3, EPA) and docosahexanoic
acid (C22:6n3, DHA). Both EPA and DHA can be synthesized from alpha- linolenic acid (C18:3n3, ALA) contained
in green leafy vegetables, flaxseed, and walnuts among
other sources. Typical western diets are low in o-3 fatty
acids with the ratio of n6:n3 being approximately 10:1.
In contrast, an n6:n3 ratio of 2:1 is documented for use in
the critically ill patient.
Omega-3 fatty acids exhibit significant antiinflammatory properties through multiple mechanisms
including the production of resolvins and oxylipins. Modulating the fatty acid composition of immune cells affects
phagocytosis, T-cell signaling, and antigen presentation
capability. As a substrate for cyclooxygenases, o-3 competes with other fatty acids to generate prostaglandin
E3 (PGE3) over the more inflammatory prostaglandin
(PGE2) and other prostaglandins such as (PGE1). Studies
performed in our laboratory demonstrated that, when
compared to PGE1 or PGE2, PGE3 blunted the induction
of ARG1 by IL-13 in RAW264.7, a rodent myeloid cell line.
In sum, prostaglandins from o-6 increase ARG1 expression, whereas prostaglandins from o-3 may increase arginine availability by decreasing ARG1 expression. Further,
it appears that PGE2 production by certain tumors provide a key signaling molecule for the accumulation of
MDSC. Thus, it is possible that o-3 and arginine given
together in IMDs synergize to overcome MDSC activity
and restore arginine availability.

Arginine. Table 1 Comparison of enteral formulas containing supplemental argininea

a

Crucial®

Impact®

Impact
advanced
recovery®

Optimental®

Perative®

Pivot® 1.5 cal

Total L-arginine (g/1,000 kcal)

10

14

14.1

3.6

6.1

8.7

% of energy from L-arginine

4

5.6

5.6

1.4

2.4

3.5

EPA/DHA (g/1,000 kcal)

2.9

1.7

3.2

3.3

–

2.6

n6:n3

1.5:1

1.4:1

1.2:1

1:1

4.8:1

1.7:1

Supplemental nucleotides
(mg/1,000 kcal)

–

1,200

1,265

–

–

–

Calories per liter

1,500

1,000

1,400

1,000

1,300

1,500

Protein (g/1,000 kcal)

62.7

56

53.2

51.3

51.3

62.5

Soluble fiber (g/1,000 kcal)

–

–

9.7

5.0

5.0

5.0

Tube feeding

Yes

Yes

No

Yes

Yes

Yes

Oral supplement

No

No

Yes

Yes

No

No

Nutrition information is subject to change. Contact the manufacturer for the most current information
Optimental®, Perative®, and Pivot® are registered trademarks of Abbott Laboratories. Crucial®, Impact®, and Impact Advanced Recovery® are
registered trademarks of Société des Produits Nestlé S.A.
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Nucleotides, antioxidants, and retinoic acid are other
nutrients that exhibit effects on immune function. For
example, vitamin A forces MDSC to lose the expression
of ARG1 in the process of maturation. It is, however,
unknown as to whether these nutrients interact with arginine to restore arginine availability.
There have been dozens of trials using
immunonutrition. These trials include different medical
and surgical populations, different immunonutrients, and
are of varying quality. Many suffer from basic problems
with patient selection, inadequate numbers, and inappropriate controls. It is thus not surprising that confusing
results coupled with the theoretical (though unfound)
harm of IMDs have prevented clinicians from adopting
adequate use of immunonutrition. Despite these problems,
a clear picture has now emerged allowing to the benefit of
multiple patients and the health care system in general.
Arginine replacement therapy in Elective Surgery. More
than 30 trials using IMDs have been performed in patients
undergoing elective surgery. Multiple patient populations
(3,000+ patients) have been studied including patients
undergoing head and neck surgical procedures, cardiothoracic surgery, and both upper and lower gastrointestinal
surgery. Timing of delivery of the IMDs varies between
trials with some investigators ordering IMDs as
a nutritional supplement starting preoperatively (generally 5 days), while others ordered the diets both pre- and
postoperatively or exclusively postoperatively.
Regardless of the site of surgery, the use of IMDs is
associated with a clear and highly significant decrease in
postoperative infections by 38–61% (p<0.0001). In addition, other complications such as anastomotic breakdown
(colon) and formation of oro-cutaneous fistulae (H&N)
are also significantly decreased (p<0.0001). Not surprisingly, patients receiving IMDs exhibit decreased hospital
length of stay (LOS) of 2–3 days (p<0.0001). Best results
are obtained when the IMDs are started preoperatively.
The effect of IMDs containing arginine on cost has
been studied in patients undergoing colon surgery for
cancer. Through a decrease in the number of infections,
complications, and length of stay, IMDs are highly costeffective, decreasing cost by thousands of dollars per
patient. For example, when cost data from GI cancer
surgery patient stays is analyzed in terms of a 2-day
decrease in LOS, a potential cost savings of over $4,000
per patient can be calculated. (HCUP data URL accessed
August 2009: http://hcup.ahrq.gov).
Based on both the basic science and clinical findings
from multiple trials, utilization of IMDs is therefore now
considered standard of care with a Grade A recommendation
by different published guidelines. There is currently no
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controversy in these findings. A policy of systematic utilization of IMDs could potentially result in a significant decrease
in health care costs. The use of IMDs in patients undergoing
major elective surgery, ideally started preoperatively, is standard of care and should be advocated as an important
initiative for reduction of infection.
Arginine replacement therapy in Trauma. Compared to
elective surgery, only a few trauma patients have been
enrolled into trials that test IMDs. Kudsk and colleagues
in 1996 reported a trial in severely traumatized patients
(ISS21) randomizing them to three groups receiving
either a diet high in arginine and omega-3 fatty acids
versus an isonitrogenous enteral diet or a conventional
control group. Despite the low numbers of patients in each
group (17, 18, 19 patients), trauma patients receiving an
IMD exhibited a significant decrease in intra-abdominal
abscesses (6%) when compared to the group receiving an
isonitrogenous diet (41%, p<0.02) and to the control
group (58%, p<0.002). To date, this study remains
a model of well-executed clinical research on nutritional
therapy in the critically ill. Thus, the critical care guidelines published by both the Society of Critical Care
Medicine (SCCM) and the American Society of Parenteral and Enteral Nutrition (ASPEN) also give a Grade A
recommendation in trauma surgery for the use of IMDs
containing supplemental arginine, among other
immunonutrients: omega-3 fatty acids, nucleic acid,
glutamine, and antioxidants.
Two other important observations in trauma patients
deserve mention. The first is that the benefit of an IMD in
trauma appears to be related to the volume of diet received
and the severity of injury. Unfortunately, it is difficult to
separate these variables to determine their independent
importance as sicker patients tend to be more difficult to
feed enterally. Interestingly, arginine, when given in the
absence of omega-3 fatty acids and other immune nutrients appears to exert no benefit. This lack of benefit is also
observed in elective surgery.
Arginine replacement therapy in sepsis. The use of arginine in sepsis, particularly in the nonoperative medical
critically ill remains controversial. Observations under
basic experimental settings (in vitro and in animal models)
suggest that upregulation of classic inflammatory response
leads to the predominance in the production of ·NO with
associated hemodynamic instability. In addition, arginine
varies widely in sepsis with reports of decreased, normal,
or even significantly elevated levels in plasma, and thus it is
impossible to predict whether a given septic patient would
benefit from supplemental arginine. Furthermore, clinical
outcomes data fail to show a consistent evidence of benefit. Not surprisingly, guidelines vary significantly in their
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Arginine. Table 2 Differences in ICU nutritional guidelines [1]
SCCM 2009

ASPEN 2009

ADA 2008

Canadian 2007

ESPEN 2006

Immune-modulating formulas for all
critical care patients

Yes

Yes

No

No

Yes

Immune-modulating formulas for
surgery/trauma

Yes

Yes

N/A

Yes

Yes

Martindale R. Highlights from the 2009 Critical Care Nutrition Guidelines. NNI Breakfast Symposium. Clinical Nutrition Week 2009

recommendations for arginine containing IMDs. SCCM
and ASPEN guidelines caution the use of these formulas in
patients with severe sepsis, but give a grade A in critically
ill surgical patients and a grade B recommendation in
nonoperative medical critically ill patients with mild to
moderate sepsis. The Canadian Critical Care Nutrition
Task force advises the avoidance of supplemental arginine
in sepsis [12] (Table 2).

Conclusions: Arginine Deficiency
Syndrome
Arginine deficiency as an important state of nutritional
deficiency that develops during illness has been recognized
for many years. It is only during the last few years, however, that the mechanisms of how arginine deficiency
develops have been recognized. Arginine deficiency conforms to all requirements to be identified as a nutrition
deficiency syndrome. Arginine deficiency syndrome
(ADS) occurs when immune activation through alternative pathways is induced with the appearance of MDSC
expressing high levels of ARG1. Arginine deficiency in
turn affects several biological processes, namely T-cell
dysfunction, possibly increasing susceptibility to infection. Not surprisingly, therapies aimed at overcoming
arginine deficiency are associated with a significant
decrease in infection rates.
Arginine replacement therapy (ART) in the form of an
IMD should be standard of care in all major elective
surgical patients, particularly if started before surgery,
regardless of whether intensive care management is
needed in the postoperative period. IMDs should also be
given in trauma patients. The use of IMDs in sepsis is still
controversial and further studies are necessary.
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Arginine is a dibasic, semi-essential amino acid that has
many physiologic functions. In humans, arginine is a
nonessential amino acid with endogenous biosynthesis
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providing sufficient amounts for normal function such as
growth, reproduction, and longevity. Supplemental arginine, above and beyond nutritional requirements, has
been shown to be beneficial to wound healing, immune
function, and maintenance of nitrogen balance. Conversely, trauma and sepsis are associated with decreased
circulating and tissue arginine levels which may negatively
affect many of the same functions; in these situations
supplemental arginine has been shown to have many
positive benefits which impact clinical outcomes such as
increased wound collagen synthesis, enhanced T and B cell
proliferation and function, and support of nitric oxide
biosynthesis.
Endogenous arginine biosynthesis produces 15–20 g
of arginine each day and is highly dependent on the
intestinal-renal axis. The intestinal absorption of arginine
occurs via a transport system shared with lysine, ornithine, and cysteine. These ingested amino acids are
converted to citrulline for absorption, with the small
intestine being the predominant source of circulating citrulline for endogenous arginine synthesis. The majority of
endogenous arginine synthesis in adults involves the intestinal-renal axis. This also is known as the interorgan
pathway. In this process, renal tubular cells extract circulating citrulline released into the blood from enterocytes.
Argininosuccinate synthase and argininosuccinate lyase in
the cytosol of the renal tubular cells sequentially metabolize citrulline to L-arginine. This endogenous synthesis of
arginine from citrulline is not affected by dietary intake of
arginine. Consequently, impairment of small bowel or
renal function can reduce endogenous arginine synthesis,
thereby increasing the dietary requirement [1]. Synthesis
of arginine from citrulline also occurs at a low level in
many other cells and cellular capacity for arginine synthesis can be markedly increased under circumstances that
induce enzymes that synthesize nitric oxide (NO).
In mammals, catabolism of arginine primarily occurs
through two enzymatic pathways: arginase, generating urea
and ornithine, or nitric oxide synthase producing NO and
citrulline. There are two types of arginases. Type I, cytosolic
in location, is most prominent in the liver as part of the full
urea cycle but is also present in macrophages, lymphocytes,
and fibroblasts. The urea cycle is essential for ammonia and
nitrogenous waste detoxification. Ornithine, the other end
product of arginase degradation, can be used upon further
decarboxylation for polyamine synthesis (critical for cell
division and replication) or can function as a precursor
for proline biosynthesis, which can be crucial for wound
healing responses. Type II arginase is a mitochondrial
enzyme in the kidney, small intestine, brain, lung, prostate,
and lactating mammary gland.
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Through the action of nitric oxide synthase (NOS)
arginine is the unique substrate for the production of
NO. This important pathway is present in many tissues
and cells including endothelium, brain, inflammatory cells
(lymphocytes, macrophages, neutrophils, mast cells),
platelets, and hepatocytes. In addition to its role in vasodilatation, NO is a neurotransmitter and cytotoxic effector
molecule. NO is formed by oxidation of one of the two
identical terminal guanidino groups of L-arginine by the
NOS, a dioxygenase, of which there are at least two identified isoforms. Both isoforms of NOS have been identified
as flavoproteins, each containing flavine adenine dinucleotide and flavine adenine mononucleotide and both are
inhibited by diphenyleneiodonium, a flavoprotein inhibitor. Neuronal NOS and endothelial NOS collectively
referred to as cytosolic NOS (cNOS), are expressed constitutively and are activated by Ca2+/calmodulin. Inducible NOS is calcium independent and is expressed in
response to inflammatory cytokines and endotoxins
including interleukin-1, tumor necrosis factor-a, g-interferon, and lipopolysaccharide.
There are strong regulatory mechanisms between the
different metabolic pathways of arginine. L-Hydoxyarginine and nitrite, intermediate end products of the
NO pathway, are both strong arginase inhibitors. Furthermore, urea, an end product of arginase activity, inhibits
NO formation. Each pathway is stimulated by a welldefined set of cytokines which then downregulates the
alternate pathway, for example TGF-b stimulates arginase
but inhibits iNOS [2, 3].

Arginine Supplementation and
Critically Ill
It has been established that plasma arginine levels rapidly
decline in critical illness, trauma, and sepsis and are correlated with a worse prognosis [4]. Several factors are
responsible for this decrease including decreased dietary
intake, decreased gastrointestinal absorption, increased
tissue uptake, and increased metabolism of arginine by
arginase and iNOS [4]. Several studies have shown that
enteral supplement of 15–30 g of arginine is safe.
L-arginine is important for cell-mediated immune function,
protein synthesis, wound healing, and microcirculation
maintenance. The potential benefits of arginine supplementation in the critically ill include (1) improved would healing,
(2) stimulation of immune function via its effects on lymphocytes, macrophages, and dendritic cells, (3) increased
organ perfusion, and (4) increased nitrogen balance. Arginine supplementation is hypothesized to aid in various disease conditions: increased collagen deposition in the surgical
patient, normalization of vasomotor tone in the cardiac

247

A

248

A

Arginine Metabolism

Arginine Metabolism. Table 1 Effects of arginine and No [5]

Arginine Metabolism. Table 2 Nutritional formulas

Beneficial effects

Cytotoxic effects

Formula

(g/L)

Hepatic damage following
septic insult

Metabolic pathway
inactivation

Immun-Aid

15.4

Impact

12.5

GI injury and splanchnic
permeability

Alterations in gene
expression

Crucial

10

Perative

6.5

Downregulator of
intercellular adhesion
molecules

Oxidation of sulfhydryl
groups

Alitraq

4.5

Traumacal

3.3

Myocardial ischemia

Nitration of tyrosine

Osmolite

1.45

Secondary sinus infections

Lipid peroxidation

Oxepa

0

Inhibits apoptosis

DNA mutation

Anti-inflammatory mediator

DNA strand breaks

Lung neutrophil infiltration

Activates ADP polymerases

iNOS inhibitor in sepsis is
harmful adhesion

Possible detrimental
hypotension in sepsis

Inhibits NFKB

Damage to cell structure

Prevents endothelial damage
Leukocyte adherence
Free radical scavenger
Enhances anastomotic
healing
Decrease in neutrophil
Decrease in infection rate
Decrease in hospital, ICU, and
ventilator days

patient, improved nitrogen balance and decreased protein
catabolism in the critically ill patient. However, there is
a potential danger of arginine supplementation in the
hemodyamically unstable patient secondary to increased
NO production causing vasodilation and hypotension
(Table 1).
Several meta-analyses of arginine supplementation in
the critically ill have demonstrated decreased infectious
morbidity, decreased ventilator requirement, and
decreased length of stay, but no survival benefits
(Tables 2–4) [5]. Thus far the consensus of the US summit
on immune enhancing enteral therapy has established
benefit of arginine supplementation in elective GI surgery,
abdominal and torso trauma versus probable benefit in
major surgery, severe head injury, burns >30% BSA, and
non-septic ventilator dependent ICU patients.

Arginine in Sepsis
In addition to factors stated above, arginine levels in sepsis
are decreased due to impairment of intestinal transporters
for absorption of amino acid and impairment of intestinal

cellular function in the conversion of amino acids to
citrulline. A third factor for patients that have sepsis with
renal impairment is reduced renal production of endogenous arginine from citrulline. De novo arginine production as well as the precursor nonprotein amino acid of
arginine, citrulline, are also decreased in septic patients.
Although much research has been devoted to determining
the effects of arginine supplementation in varying critically ill populations including sepsis, trauma, burns, and
surgical patients, the data from these studies have been
conflicting. The major studies using an immunemodulating formula containing arginine have reported
benefit, no benefit, and/or potential harm. One reason
for the controversial data is that the immuno-nutritional
formulas often consists of high amounts of arginine in
addition to other active components including glutamine, fish oil, purines, and vitamins. Other flaws in these
studies have included heterogeneous populations,
supratherapeutic or subtherapeutic levels of arginine,
and enteral versus parenteral supplementation [6].
In a canine model of sepsis with E. coli peritonitis,
administration of intravenous L-arginine in the first 6 h
resulted in significantly worsened hemodynamic
parameters and increase in mortality. Although raising
significant concerns, this model used IV arginine during
the induction phases of shock and sepsis, was a short-term
survival study and used infusion rates of less than half of
that administered in standard formulations of total
parenteral nutrition. Data on the clinical outcome on
using arginine alone in sepsis are lacking.

Asymmetric Dimethylarginine (ADMA)
It has become apparent that NO biosynthesis is not only
influenced by substrate availability but also can be affected
by endogenous inhibitors of NOS, including ADMA
(asymmetric dimethylarginine). Synthesis of nitric oxide
by NOS is competitively inhibited by analogs of arginine
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Arginine Metabolism. Table 3 Immunonutrition in critical illness [5]
Study

A

Population

Supplement

N

Results

Atkinson

1998

ICU

IMP/IC-IN

398

Mortality, ICU mortality, LOS,
ICU days, vent days, SIRS days,
renal support

Bower

1995

ICU

IMP

296

LOS, infection rate

Braga

1996

ICU

IMP

40

Mortality, LOS, infections

Braga

1998

Three GI surgical groups

IMP/IC-IN/TPN

166

Surgical infection/complications

Braga

1999

Surgical-GI

IMP/IN

206

Mortality, LOS, infections

Brown

1994

Trauma, NSICU

arg, linoleic acid,
betacarotene

37

Wound infection, PNA, UTI

Cerra

1991

ICU

IMP/Osmolite

22

Bacteremia, mortality, infection

Daly

1992

Surgical

IMP/osmolite

85

Mortality, infection,
complications

Daly

1998

Surgical

Arginine

30

Surgical complications

Daly

1995

Surgical

IMP/tramacal

60

LOS, infections

Di Carlo

1999

Surgical

IMP, IC-IN/TPN

100

Mortality, LOS, infections

Engel

1997

Trauma

IMP/std/TPN

30

ICU days, vent days, infections

Gadek

1999

ICU

oxepa/IC-IN

98

Mortality, LOS, ICU days, Vent
days, MOF

Galban

2000

ICU

IMP/IN

176

Mortality, ICU days, vent days,
infections

Gianotti

1997

Three surgical groups

IMP/IC/TPN

174

Mortality, LOS, infections, sepsis
score

Gottschlich 1990

Three groups

Modular/IN-IC/traumacal 50

Mortality, LOS, ICU days, vent
days, infections, antibiotic days

Joudijk

1999

Two trauma groups

alitraq/IC-IN

72

Mortality, ICU mortality,
infections

Kudsk

1996

Trauma

IA/promote

33

Mortality, LOS, ICU days, vent
days, infections, cost

Mendez

1997

ICU-trauma

Arginine-trace elements- 43
canola oil; IC-IN

Mortality, cost

Moore

1994

ICU-trauma

IA/vivonex

105

Mortality, LOS, ICU days, vent
days, infections, MOF

Rodrigo

1997

ICU

IMP/IC-IN

30

Mortality, LOS, ICU days, vent
days, infections

Schilling

1996

ICU-surgery/generalsurgical

IMP/STD/TPN

42

LOS, ICU days, infection

Senkal

1997

ICU-surgery

IMP/IC-IN

164

LOS, ICU days, infections

Senkal

1999

Surgical

IMP/IC-IN

154

Mortality, LOS, infections

Snyderman 1999

Surgical-Head and Neck

IMP/STD

Weimann

ICU-trauma

IMP/IC-IN

1998

249

Mortality, LOS, infections
32

Mortality, LOS, ICU days, vent
days, infections, SIRS, MOF

IMP impact, IM immun-aid, IC isocaloric, IN isonitrogenous, LOS length of stay, PNA pneumonia, MOF multiple organ failure
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Arginine Metabolism. Table 4 IV arginine use in disease states [5]
Author

Disease condition

IV Dose

Outcome

Barbul (1985)

Surgical wound

28 g/day

Increased collagen deposition

Mehta (1995)

Pulmonary HTN

0.5 g/kg

Decreased pulmonary HTN

Facchinetti (1996)

Preterm labor

30 g/30 min

Decreased uterine contractions

Campisi (1999)

Cardiac

30 g/45 min

Normalized smokers vascular tone

Berard (2000)

Surgical ICU

TPN + arginine

Increased nitrogen balance, decreased
myofibrillar catabolism

Komorrowska (2004)

Free-flap blood flow

30 g/day

Increased blood flow, decreased flap loss

Luiking (2006)

Sepsis

1.2 mmol/min  72 h

No adverse hemodynamics

that have guanidino substitution. These endogenous NOS
inhibitors include ADMA and N-monomethylarginine
(MMA). Recent research has focused on ADMA, since it
is the predominant circulating NOS inhibitor with plasma
levels tenfold greater than those of MMA. ADMA and
L-NMMA are derived from the proteolysis of methylated
arginine residues on various proteins. The methylation is
carried out by a group of enzymes referred to as proteinarginine methyltransferases. Protein-arginine methylation
has been identified as an important posttranslational
modification involved in the regulation of DNA transcription, protein function, and cell signaling.
Early studies demonstrated that ADMA concentrations were increased in patients with renal failure. Subsequently, increased plasma ADMA concentrations have
been noted in situations of endothelial dysfunction
including hypertension, dyslipidemia, diabetes mellitus,
atherosclerosis, hyperhomocysteinemia, aging, and coronary heart disease. Elevated levels of AMDA have been
associated with peripheral artery disease, atherosclerosis,
stroke, congestive heart failure, increased cardiovascular
morbidity and mortality, and increased morbidity and
mortality in critically ill ICU patients. Elevation of
ADMA levels in animal models or human subjects correlate with endothelial dysfunction, decreased renal blood
flow, increased renovascular resistance, renal sodium
retention, and elevated systemic blood pressure. In part
ADMA may partly counteract the NO-dependent hypotension, while simultaneously impairing NO-dependent
host defense.
The CARDIAC (coronary artery risk determination
investigating the influence of ADMA concentration)
study determined that ADMA concentration is an independent risk factor for coronary artery disease. When
administered to healthy volunteers, ADMA produces the
expected effects corresponding to NO synthase inhibition

such as elevation of blood pressure, vasoconstriction,
increased renovascular resistance, reduced forearm blood
flow, reduced heart rate, and reduced cardiac output.
Once a novel marker of cardiovascular risk, elevated
ADMA levels may be key in the pathogenesis of endothelial dysfunction and not only an innocent biochemical
marker.

ADMA Metabolism
There are two known metabolic pathways for the elimination of ADMA in mammals: (1) the major pathway is via
the hydrolysis of ADMA to citrulline and dimethylamine
in the cytoplasm by the dimethylarginine dimethylaminohydrolases (DDAH-1 and DDAH-2), and (2) the minor
path way is via the transamination of ADMA to a-ketod-(N,N dimethylguanidino) valeric acid (DMGV) in the
mitochondria by alanine-glyoxylate aminotransferase 2
(AGXT2). It has been shown that overexpression of
AGXT2 increased basal NO generation and protected
from ADMA-mediated impairment of NO production
in endothelial cells. DDAH1 and DDAH2 may be
downregulated in several pathological conditions, such
as hyperhomocysteinemia, chronic kidney disease, pulmonary hypertension, and diabetes. The two isoforms of
DDAH have unique tissue specificity. DDAH-1 is associated with tissues that express high levels of neuronal NOS,
whereas DDAH-2 is associated with tissues that express
eNOS.
Heterozygous deficiency of DDAH-1 in gene-targeted
mice leads to accumulation of ADMA, impairment in
nitric oxide (NO)-dependent endothelial function, and
elevated systemic and pulmonary blood pressure. Studies
of transgenic DDAH-1 mice have demonstrated that
these mice are protected against cardiac transplant
vasculopathy. Other laboratories have demonstrated
that DDAH overexpression inhibits ADMA-mediated

Arrhythmic Disease in Children

endothelial function in cerebral arteries and can enhance
insulin sensitivity through modulation of nitric oxide. In
distinction, overexpression of DDAH-1 in transgenic mice
results in decreased levels of ADMA in plasma and protection from endothelial dysfunction and myocardial
reperfusion injury. Dysregulation of ADMA metabolism
may occur in hyperhomocysteinemia through an inhibitory effect of homocysteine on the expression and activity
of DDAH. It has also been shown that overexpression of
DDAH1 protects from hyperhomocysteinemia-induced
alterations in cerebral arteriolar structure and vascular
muscle function.
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Australia

Arginine Supplementation
The inhibitory effect of ADMA on NOS activity can be
overcome by this enzyme’s natural substrate, L-arginine.
The rationale to use a NOS inhibitor in critically ill
patients was to attenuate a presumed excessive NO synthesis contributing to circulatory failure, since earlier
studies demonstrated elevated concentrations of NO
metabolites in patients with septic shock. These findings
led to the generally accepted hypothesis that increased NO
synthesis was responsible for the hypotension associated
with sepsis. However, the NOS inhibitor NG-methyl-Larginine was found to increase overall mortality in
a large clinical trial, even though blood pressure and
vascular resistance were improved. Contrary to previous
hypotheses, these results suggest that NO may be beneficial in sepsis. These results add further support that
ADMA may be more than a marker of disease and may
play a role in its pathogenesis.
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Arginine Vasopressin (AVP)
▶ Vasopressin

Definition
Important arrhythmias in pediatric patients include supraventricular tachycardia and postoperative nodal tachycardia. Typically, two thirds of arrests in pediatrics
culminate in asystole–bradycardia.

Characteristics
Supraventricular tachycardiac (SVT) is usually well tolerated despite rates >220 bpm. Wolf–Parkinson–White syndrome is present in a proportion of patients.
Junctional ectopic tachycardiac (JET) is a potentially
troublesome arrhythmia seen postoperatively in children
following cardiac surgery, e.g., transposition of the great
arteries, tetralogy of Fallot, or complete artrioventricular
septal defect (AVSD). It typically presents abruptly with
rates of >200 bpm, it usually has important hemodynamic
implications and requires prompt attention.
Asystole typically results after worsening respiratory
failure or in the setting of septic shock, culminating in
cardiac decompensation and a cardiac arrest.

Management
Supraventricular tachycardiac (SVT) is treated with supportive measures, adenosine, sotalol, amiodarone, or synchronized defibrillation (0.5–2 J/kg). In the setting of
hemodynamic compromise, synchronized defibrillation
is necessary with temporizing external cardiac compressions or extracorporeal membrane support as required.
Junctional ectopic tachycardiac (JET) is definitively
managed by slowing the ventricular output with
amiodarone (5 mg/kg IV over 2 h) and then atrial pacing
via epicardial leads at 150–160 bpm for 24–48 h or
until the underlying JET has resolved. Additional measures such as normalizing electrolytes, maintaining
a temperature<36 C, reducing chronotropic agents, and
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ensuring adequate sedation and analgesia are all worthwhile measures.
Asystole is treated with prompt and effective external
cardiac compressions at 100 bpm and 15:2 ventilations
together with 3 min adrenaline 0.1 ml/kg 1:10,000 that
should lead to a return of spontaneous circulation.
Hypovolaemia, hypothermia, and tension pneumothoraces
can impede recovery of circulation and should be treated.
Calcium should only be administered in documented low
calcium states. VF that develops during an arrest has a poor
prognosis and is managed with defibrillation 2–4 J/kg and
amiodarone as well as effective cardiopulmonary resuscitation (CPR). ECMO is a potential option if feasible and is
implemented in some centers if a third dose of adrenaline is
required.

Arterial Blood Gas Analysis
▶ Arterial Blood Gases Interpretation

Arterial Blood Gases
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Synonyms
ABG; Arterial blood gas analysis; Blood gases

Definition
Arterial blood gas (ABG) is a test that measures or estimates pH, partial pressure of oxygen, partial pressure of
carbon dioxide, and bicarbonate in the arterial blood.

Stepwise Approach to Diagnosing
Ventilation and Acid–Base Balance Disorders
Assessment of acid–base balance and ventilation are made
together by evaluating pH, PaCO2, and HCO3. pH and
PaCO2 are directly measured by the ABG machine, while
HCO3 is a calculated value. Table 1 shows the normal
ranges of pH and PaCO2 [1].
Several methods exist to guide the interpretation of
acid–base balance and ventilation. The following is a sixstep practical approach for the analysis of acid–base disorders utilizing the ABG and serum electrolyte data. It was
originally proposed by Narins and Emmett [2].
Step 1: To determine whether there is acidemia or alkalemia
Assessment of acid–base balance starts with evaluating pH
which identifies acidemia or alkalemia. The normal pH is
7.38–7.42; acidemia is defined as blood pH of <7.38 and
alkalemia as blood pH of >7.42.
Step 2: To determine the type of primary disorder as respiratory or metabolic
Respiratory disorders alter the PaCO2 (normal:
38–42 mmHg; 40 2). A PaCO2 of >42 mmHg is consistent with respiratory acidosis and a PaCO2 of
<38 mmHg is consistent with respiratory alkalosis.
Metabolic disorders alter the serum HCO3 (normal:
22–26 mEq/L; 24 2). A serum HCO3 of <22 mEq/L is
consistent with metabolic acidosis while a serum HCO3
of >26 mEq/L is consistent with metabolic alkalosis.
Respiratory compensation for a metabolic disorder is
verified using Step 6 (Table 3).
Step 3: To determine whether the respiratory disorder is
acute or chronic
Once respiratory acidosis or alkalosis is diagnosed, the next
step is to determine whether the disorder is acute or chronic
by examining the renal compensation. Acute respiratory
acidosis or alkalosis results initially in marked changes in
pH with limited alteration in HCO3. The process of renal
compensation of increasing reabsorption of HCO3 (in
acidosis) or increased elimination of HCO3 (in alkalosis)
develops over several hours, reaching a maximum after
4 days. This process helps in bringing the pH back toward
Arterial Blood Gases Interpretation. Table 1 Normal ranges
of pH and PaCO2

Application
ABG analysis is an essential diagnostic test to assess
acid–base balance, ventilation, and oxygenation. It is
especially important in the management of critically ill
patients, and its usefulness depends on the correct interpretation of the results.

Mean

1 Standard
deviation

2 Standard
deviations

PaCO2
(mmHg)

40

38–42

35–45

pH

7.40

7.38–7.42

7.35–7.45
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Arterial Blood Gases Interpretation. Table 2 Summary of
pH, PaCO2, and HCO3 changes in different acid–base
disorders

A

Arterial Blood Gases Interpretation. Table 4 Anion gap
reflects the minor anions and cations
Major cations

Major anions

Disorder

pH

PaCO2

HCO3

Sodium

Chloride

Respiratory
acidosis

Decreased

Increased

Normal or
increased

Minor cations

Minor anions

Respiratory
alkalosis

Increased

Normal or
decreased

Calcium

Proteins, mostly albumin

Potassium

Organic acids

Metabolic
acidosis

Decreased

Decreased

Decreased

Magnesium

Phosphates

Metabolic
alkalosis

Increased

Increased

Increased

Decreased

Bicarbonate

Sulfates

Arterial Blood Gases Interpretation. Table 3 pH changes in
acute and chronic respiratory disorders
Acute respiratory
acidosis

pH decreases by
0.08

For each 10 mmHg
increase in PaCO2

Chronic
respiratory
acidosis

pH decreases by
0.03

For each 10 mmHg
increase in PaCO2

Acute respiratory
alkalosis

pH increases by
0.08

For each 10 mmHg
decrease in PaCO2

Chronic
respiratory
alkalosis

pH increases by
0.02

For each 10 mmHg
decrease in PaCO2

normal, however, not completely. These relationships are
expressed within the equations shown in Table 3.
Step 4: To determine whether the metabolic acidosis is with
or without an anion gap
The anion gap (AG) is the calculated difference between
the routinely measured major cation (sodium) and the
routinely measured major anions (chloride and bicarbonate) (Table 4).
AG ¼ Naþ  ðCl þ HCO3  Þ
Because blood is electroneutral, cations (including major
and minor) are balanced by anions (including major and
minor). Therefore, the AG (normal: 8–12 mEq/L) represents the unmeasured anions required to counterbalance
sodium’s positive charge.
An increase in the AG indicates the accumulation of
acid in body fluids. Strong acid, HX, reacts with serum
NaHCO3 to form NaX and H2CO3; the latter converts to
H2O and CO2, which is excreted by the lungs. The net
result is to replace the HCO3 anion with the anion X of

the acid. If hydrochloric acid (HCl) is added, 1 mEq of Cl
replaces 1 mEq of HCO3 resulting in normal AG (also
called hyperchloremic or non-AG) metabolic acidosis. Addition of any other acid will lower the HCO3 level without
affecting Na+ or Cl levels, resulting in elevation of the
AG, or AG metabolic acidosis.
As such, the calculation of the AG helps in the diagnosis
of the cause for metabolic acidosis by determining whether
the acidosis is associated with normal or elevated AG.
The calculation of the AG provides reliable data with a
few exceptions. First, hypoalbuminemia, a finding observed in as frequent as 75% of critically ill patients [3], is
associated with the reduction of normal AG. This is
because the negatively charged albumin accounts for a
significant proportion of the unmeasured anions. Therefore, in patients with severe hypoalbuminemia, AG metabolic acidosis may exist with the measured AG being
normal. As such, it is recommended to correct for the
albumin level as per the following formula:
AGcorrected ðmmol=LÞ
¼ AGobserved þ 0:25  ðnormal albumin
observed albuminÞðg=LÞ
This approach has been demonstrated to improve the
diagnostic performance of the acid–base balance assessment [3, 4].
Second, alkalemic patients with pH >7.5 may have an
elevated AG due to metabolic alkalosis and not because of
an additional metabolic acidosis. This is probably due to
the fact that the albumin surface becomes more negative in
alkalemic conditions, thus increasing the unmeasured
anions and in turn the AG.
Step 5: To determine whether other metabolic disorders
coexist with an anion gap acidosis
In patients with pure AG metabolic acidosis, the amount
of accumulated acid correlates with the amount of
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bicarbonate consumed to buffer the acid, and, therefore,
each 1 mEq/L increase in the AG should be associated
with 1 mEq/L decrease in HCO3. This is reflected in the
following formula:
DAG ¼ DHCO3 
However, in the presence of other concomitant metabolic
disorders that affect the bicarbonate level, this reciprocal
relationship is disturbed. For example, in the presence of
concomitant metabolic acidosis, the drop in bicarbonate
is more profound than the change in the AG:
DAG < DHCO3 
On the other hand, concomitant metabolic alkalosis leads
to a less profound change of bicarbonate compared to
the AG:
DAG > HCO3 
Step 6: To assess the respiratory compensation for a metabolic disorder
Metabolic acidosis results in a rapid and predictable respiratory response by hyperventilation. As the change
in PaCO2 exhibits a linear correlation with the change in
HCO3, the expected PaCO2 for any given HCO3 can be
calculated using an equation called Winter’s formula:
Expected Pa CO2 ¼ ð1:5  HCO3  Þ þ ð8

2Þ

As a result, if a patient with metabolic acidosis has a PaCO2
level that corresponds to HCO3 as calculated by Winter’s
formula, then he has a pure metabolic acidosis. However,
if PaCO2 levels are higher or lower than that expected for
the HCO3 level, then a concurrent respiratory disorder
exists. In this case, respiratory disorders would be defined
by the direction of the PaCO2 variation outside the range
predicted by Winter’s formula, and not by the PaCO2 variation from the normal value of 40 mmHg. Subsequently,
if the measured PaCO2 is less than the low expected range,
then concurrent respiratory alkalosis exists; and if the
measured PaCO2 is more than the high expected range,
then concurrent respiratory acidosis exists.
The respiratory response to a metabolic alkalosis is
predicted by the following formula:
Expected Pa CO2 ¼ 0:7ðHCO2 Þ þ 20
As a rule, the increase in PaCO2 to compensate for metabolic alkalosis would not exceed 50–55 mmHg. The diagnosis of concurrent respiratory acidosis or alkalosis
follows the general rules described above.

Other Approaches for the Acid–Base Balance
Interpretation
The interpretation of acid–base balance can be further
completed by assessing the base excess (BE). The BE is
defined as the amount of acid (H+) that would be required
to return the pH to 7.4 at a PaCO2 of 40 mmHg (and thus
eliminating respiratory disorders). As such, the BE provides an estimate of the metabolic component of the acid–
base balance. A BE of >+3 indicates metabolic alkalosis
and <3 indicates metabolic acidosis. The BE is a calculated (not a measured) value, which may affect its accuracy. Additionally, there is a debate about the added value
of BE. In a study by Fencl, the BE missed serious acid–base
abnormalities in about one sixth of the patients, especially
in the presence of hypoalbuminemia [4].
An alternative approach for the assessment of acid–base
balance is the Stewart approach, which states that pH is
primarily determined by PCO2; strong ion difference
(SID), which is the difference between the sums of all
the strong cations (Na, K, Ca2, Mg2) and all the strong
anions (Cl plus other strong anions); and nonvolatile
weak acids. Dubin et al. studied a large cohort of critically
ill patients and demonstrated that the diagnostic performance of the Stewart approach exceeded that of traditional approaches based on HCO3 and the BE [3].
However, when AGcorrected was included in the analysis,
the Stewart approach did not offer any diagnostic or
prognostic advantages [3].

Specific Acid–Base Disorders and Diagnoses
Respiratory Acidosis
Respiratory acidosis results from the accumulation of CO2
in the blood with a drop in blood pH. Specific causes include
● Hypoventilation
– Depression of the respiratory center
● Sedatives and narcotics
● Structural lesions such as trauma or stroke
– Disorders of the spinal cord and the motor nerves
● Spinal cord trauma, ischemia, or tumors
● Guillain–Barré syndrome
● Polio
– Disorders of the neuromuscular junction and
respiratory muscles
● Myasthenia gravis
● Neuropathies
● Severe hypokalemia
– Disorders of the chest wall
● Kyphoscoliosis
● Scleroderma
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– Restrictive hypoventilation: pain, chest injury,
abdominal distension
– Respiratory muscle fatigue
– Upper airway obstruction
– Sleep-disordered breathing: obesity hypoventilation
syndrome, obstructive sleep apnea
● Dead space ventilation
– Pulmonary disease: chronic obstructive lung disease (COPD), asthma, atelectasis, severe pneumonia, pneumothorax, severe pulmonary edema

Respiratory Alkalosis
Respiratory alkalosis results from hyperventilation that is
manifested by excess elimination of CO2 from the blood
and a rise in the blood pH. Specific causes include
●
●
●
●
●
●
●
●

Psychological responses: anxiety, fear
CNS lesions: stroke, infection
Drugs: salicylates, progesterone, respiratory stimulants
Fever, sepsis, pain
Thyrotoxicosis
Liver cirrhosis
Pregnancy
Hypoxemia: early interstitial lung disease, pulmonary
embolism
● Profound anemia

Metabolic Acidosis
A. Anion gap metabolic acidosis: AG metabolic acidosis
results from accumulation of acid in body fluids leading to drop in pH and HCO3 and increased AG.
Specific causes include
● Advanced renal failure
● Ketoacidosis
– Diabetic
– Alcoholic
– Starvation
● Lactic acidosis
● Drug intoxication
– Salicylates
– Methanol
– Ethylene glycol
B. Non-anion gap metabolic acidosis: Non-AG metabolic
acidosis results from bicarbonate loss from body fluids
leading to drop in pH and HCO3 with a normal AG.
Specific causes include
● Early renal failure
● Renal tubular acidosis
● Diarrhea
● Carbonic anhydrase inhibitors (acetazolamide)

A

● Ureteral diversion
● Post-hypocapnic acidosis

Metabolic Alkalosis
Metabolic alkalosis results from an excess of serum bicarbonate or a loss of acid within the body. Specific causes
include
● Excess base results from antacid ingestion, alkali ingestion, or use of lactate in dialysis
● Loss of acids can occur secondary to protracted
vomiting, gastric suction, or hypochloremia
● Volume contraction (overdiuresis)
● Severe hypokalemia
● Excess gluco- or mineralocorticoids, or aldosterone
● Bartter’s syndrome

Oxygenation
Information about oxygenation is derived from PaO2 and
SaO2. PaO2 refers to the partial pressure of oxygen that is
dissolved in the arterial blood, and SaO2 refers to the
arterial oxygen saturation. PaO2 is measured directly by
the ABG machine while SaO2 is a derived value. Some
ABG machines have a built-in co-oximeter that measures
SaO2 directly.
Assessment of oxygenation is performed by evaluating PaO2 and examining whether it is adequate for the
amount of inspired oxygen. The normal PaO2 on room air
(FiO2 = 0.21) is 90–100 mmHg. PaO2 decreases slightly
with age and the following formula can be used as a
reference:
Pa O2 ¼ 104:2  ð0:27  ageÞ
Hypoxemia refers to reduced PaO2 below the normal
values. It is also essential to check the correspondence of
the calculated SaO2 on the ABGs with the saturation
estimated by pulse oximeter. Discrepancy may reflect
incorrect probe measurement, related, for example, to
low perfusion, venous sampling, or carbon monoxide
poisoning.

Alveolar–Arterial Oxygen Gradient
(A–a Gradient)
If PaO2 is lower than expected for the FiO2, calculation of
the alveolar–arterial oxygen gradient (A–a gradient) can
help in differentiating the mechanism.
A normal gradient of 10 mmHg exists between
the alveolar oxygen pressure (PAO2) and the arterial oxygen pressure (PaO2). The A–a gradient increases little
with age (up to 21 in older individuals). Generally, there
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is no gradient between the alveolar carbon dioxide pressure (PACO2) and the arterial carbon dioxide pressure
(PaCO2). The A–a gradient is calculated using the following equation:
PA O2 ¼ FiO2x ðbarometric pressure  PH2 OÞ
 ðPA CO2 =0:8Þ
In patients breathing room air at sea level, the formula
becomes:
PA O2 ¼ 150  ðPA CO2 =0:8Þ
Hypoxemia occurs without structural lung disease via one
of two mechanisms: reduced inspired oxygen (such as at
high altitude) or hypoventilation that leads to increased
CO2 and reduced O2 in the alveoli. In both mechanisms,
the oxygen alveolar exchange is normal and, therefore, the
A–a gradient remains normal.
On the other hand, hypoxemia occurs with structural
lung disease through one of three mechanisms: impaired diffusion, ventilation/perfusion mismatch (V/Q
mismatch), and shunt. In these mechanisms, oxygen alveolar exchange is impaired and, therefore, the A–a gradient
increases.

The sigmoidal-shaped curve represents graphically the
oxygen–hemoglobin affinity. At higher levels of PaO2,
the curve is flat, and the arterial blood becomes fully
saturated with PaO2 of 99.76 mmHg. A small drop of
PaO2 has little effect on saturation. Once SaO2 drops
below 88%, which corresponds to a PaO2 of 50 mmHg,
the oxygen dissociation curve enters its steep part where a
small fall in PaO2 leads to a large drop in SaO2. This is why
a SaO2 of 88% is used as a therapeutic target. As a usual
reference point, a 50% SaO2 corresponds to a PaO2 of
26.25 mmHg.
Several conditions influence the affinity of the oxygen
molecule to hemoglobin. Factors that improve release of
the oxygen molecule include acidosis, fever, hypercarbia,
and increased 2,3-diphosphoglycerate (2,3-DPG). This
change in affinity is called a shift to the right. Factors
that hold the oxygen molecule tightly attached to hemoglobin include hypothermia, alkalosis, hypocarbia, and
decrease in 2,3-DPG. This change is called a shift to the
left and has more negative implications for the patient
than a shift to the right.
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Arterial Hypoxemia

A

Anoxic hypoxia

Inability to oxygenate
hemoglobin

safe, but if it is combined with other causes of tissue
hypoxia in Table 1 (e.g., anemia and/or low cardiac output) then even mild hypoxemia is dangerous.
Oxygen is very poorly soluble in plasma (0.03 mL O2
per litre of plasma per mmHg O2 tension). The vast
majority of oxygen carried by blood (about 99%) is
bound to hemoglobin. The relationship between SaO2
and PaO2 is seen in the oxyhemoglobin dissociation
curve (Fig. 2). Hemoglobin is a complex molecule that
changes its affinity for oxygen as it binds one, two, three,
or four oxygen molecules. This change in affinity is
responsible for the shape of the curve, and this is in turn
important in the pathophysiology of arterial hypoxemia. It
can be seen that when PaO2 rises above 60 mmHg or so,
the curve starts to flatten out, so increasing the PaO2 of
blood at this end of the curve does not markedly increase
the amount of oxygen carried. Increases in temperature,
2,3-diphosphoglycerate (2,3-DPG) concentration, H+
concentration, and partial pressure of carbon dioxide
(PCO2) will shift the oxyhemoglobin dissociation curve
such that, at the same PaO2, hemoglobin affinity for oxygen
is lessened and oxygen offloading to the tissues is increased.
One can trace the path of oxygen delivery from atmosphere to alveolus to arterial blood to tissue mitochondria
as the oxygen cascade (Fig. 3). One of the most important
determinants of arterial oxygenation is the oxygen concentration in the alveolus (PAO2). Room air usually contains 20.93% oxygen, resulting in an atmospheric PO2 at
sea level of 160 mmHg. In the alveolus, water vapor and
carbon dioxide are also present so the PO2 falls. Inhaled
gases become saturated with water vapor, with a partial
pressure of 47 mmHg, so PiO2 is 21%  (760  47) =
150 mmHg. Carbon dioxide is evolved into the alveolus
from the body at a slightly lower rate than O2 is taken up
(200 mL/min CO2 produced vs 250 mL/min of O2 used,
giving a respiratory ratio (R) of 0.8), and a normal PaCO2
is 40 mmHg. The alveolar PO2 (PAO2) is calculated from
the simplified alveolar gas equation PAO2 = PiO2 
PaCO2/R. Substituting normal values gives 150  40 /
0.8 = 100 mmHg. There is normally a small drop in PO2
from alveolus to systemic artery (the “A-a gradient”); this
worsens with age, posture, and pathology. The “normal”
A-a gradient for age is quite variable, but can be estimated
from PAO2  PaO2 = 2.5 + age  0.21 [1].

Anaemic hypoxia

Low hemoglobin
concentration

Characteristics

Stagnant hypoxia

Inadequate tissue blood flow

Histotoxic hypoxia

Tissue poisoning preventing
O2 utilization
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Synonyms
Anoxic hypoxia; Arterial desaturation; Hypoxic hypoxia

Definition
Arterial hypoxemia is the state of low oxygen concentration in arterial blood. The concentration of oxygen in the
blood is proportional to the partial pressure of oxygen
(PO2), and although the PO2 of arterial blood (PaO2) falls
slowly with age, the lower limit of normal for an adult is
usually accepted to be a PaO2 of 60 mmHg (8.0 kPa).
Normal PaO2 in young healthy people is about 95 mmHg.
Arterial hypoxemia is important because it can cause
tissue hypoxia (anoxic hypoxia) (Table 1). Almost all
tissues of the body depend on arterial oxygen for survival,
growth, and function, as it has a vital role in oxidative
phosphorylation, which produces the basic energy substrate adenosine triphosphate (ATP). In the absence of
oxygen, glycolysis may proceed to a limited extent in
some tissues, but will result in lactic acid production and
produce much less ATP than oxidative phosphorylation.
Oxygen is also used in the functions of the cytochrome
P-450 system and other oxidases. Tissue hypoxia may
result in cellular death, stasis, and dysfunction.
The amount of oxygen delivered to the body each
minute (oxygen flux) depends on cardiac output, hemoglobin concentration, and the extent of hemoglobin
saturation with oxygen [1] (SaO2) (Fig. 1). In arterial
hypoxemia less hemoglobin is oxygen-saturated, and
thus oxygen flux is reduced and tissue hypoxia may
occur. It is unclear what degree of arterial hypoxemia is

Arterial Hypoxemia. Table 1 Causes of tissue hypoxia

Causes of Arterial Hypoxemia
The pathophysiological causes of arterial hypoxemia are
low inspired partial pressure of oxygen (FiO2), alveolar
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O2 Flux = Cardiac Output x Blood oxygen content
= Cardiac Output x ( [Hb] x 1.34 x SaO2 + 0.03 x PaO2)
O2 Flux: Amount of O2 delivered to the body each minute (l/minute)
Cardiac output = Net forward flow from left ventricle each minute (l/minute)
[Hb] = Plasma concentration of haemoglobin (gm/l)
1.34 = Amount of oxygen carried by fully saturated haemoglobin (ml O2/gm Hb)
0.03 = oxygen solubility in plasma (ml O2/l plasma/mmHg partial pressure O2)
PaO2 = Partial pressure of oxygen in arterial blood (mmHg)
Approximate normal values: O2 flux = 5 x (150 x 1.34 x 0.99 + 3) = 1000 mls O2
delivered per minute

Arterial Hypoxemia. Figure 1 The oxygen flux equation
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Arterial Hypoxemia. Figure 2 The oxyhemoglobin dissociation curve

hypoventilation, ventilation–perfusion (V/Q) mismatch,
and veno-arterial (“right-to-left”) shunting of blood.
Low inspired partial pressure of oxygen is an unusual
cause of arterial hypoxemia in intensive care. It can occur
if ventilatory equipment malfunctions, but is routinely
seen at high altitudes. At an altitude of 4,600 m, as in the
Andes, the barometric pressure is 430 mmHg, while FiO2
is still 21% resulting in a moist PiO2 of 80 mmHg. From
the alveolar gas equation above, PaO2 would be just
30 mmHg in the absence of compensatory hyperventilation. Adaptation to altitude is by hyperventilation to
increase PAO2, and by the development of polycythemia,
shift in the oxygen-hemoglobin curve position, increased
capillary density, and altered mitochondrial efficiency.
Causes of hypoventilation reside in the brain,
brainstem, spinal cord, nerves, neuromuscular junction,

muscle, chest wall, or upper airway. The PAO2 depends on
the balance of oxygen delivery by ventilation and its
removal by perfusion. Hypoventilation lessens delivery
and thus lowers PAO2 and causes arterial hypoxemia.
Hypoventilation results in an accumulation of CO2.
The alveolar PO2 can be quantified by use of the alveolar
gas equation, which to a first approximation is given above.
It can be seen that if, for example, hypoventilation results in
a PCO2 of 64 mmHg, then the alveolar PO2 will be
decreased from its usual value of 100 to 70, and arterial
hypoxemia will often result. Equally it is clear that elevation in FiO2 by nasal prongs or face mask will easily
overcome arterial hypoxemia caused by hypoventilation.
In relation to pulmonary gas exchange, diffusion is the
process whereby the energy of molecular motion of gases
enables them to cross permeable cell membranes and

Arterial Hypoxemia
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Arterial Hypoxemia. Figure 3 The oxygen cascade

tissue fluids. Oxygen becomes dissolved in body fluids
en route to the red blood cell, wherein it binds to hemoglobin. The rate of diffusion is described by Fick’s law.
Oxygen diffuses across the alveolar cells very rapidly compared to the rate of hemoglobin transit through the alveolar capillary, and the hemoglobin reaches its maximal
saturation after traversing only 30% of the capillary
length. Diffusion has not been shown to be a common
barrier to oxygenation in clinical practice, however in the
context of high cardiac output and markedly desaturated
mixed venous blood, especially if PAO2 is limited then
diffusion limitation may begin to occur.
In young, healthy people ventilation and perfusion are
well-matched in the lung. However, if parts of the lung are
relatively underventilated (have a low V/Q ratio), blood
from those areas will have low PO2, approaching the PO2
of mixed venous blood (40 mmHg) in very low V/Q units.
Because of the shape of the top of the oxyhemoglobin
curve (Fig. 1) and the low solubility of O2 in plasma,
mixing well-saturated blood from higher V/Q lung units
with desaturated blood from low V/Q lung units will only
marginally improve desaturation of the resultant blood.
Arterial saturation is defended by the process of hypoxic
pulmonary vasoconstriction (HPV), diverting blood flow
away from hypoxic alveoli to better ventilated alveoli.
However, when vasodilatory inflammatory mediators are
present in areas of low V/Q ratio (e.g., in pneumonia),
blood will flow through those areas, remain poorly saturated and cause arterial hypoxemia.

Shunt is the extreme of low V/Q ratio, such that some
blood enters the systemic arteries without any exposure to
oxygenated alveoli. There is normally a very small amount
of shunt due to Thebesian and bronchial venous drainage,
contributing to the A-a gradient. Pathological shunt may
be through anatomical abnormalities (e.g., congenital or
acquired cardiac disease or pulmonary arteriovenous fistulae) or via fully consolidated alveoli as may exist in
severe pneumonia. Hypoxemia due to moderate shunt
will persist despite increased FiO2 as the shunted blood
is never exposed to the higher FiO2, and blood from the
normal lung cannot make up for that (see above). The
larger the shunt fraction, the less effect any increase in
FiO2 will have.
Arterial hypoxemia may be complex, for example, in
a patient with atelectasis who develops pneumonia. The
atelectatic lung has low V/Q and this contribution to
arterial hypoxemia will respond to increased FiO2. The
pneumonic areas act as shunt and so this contribution to
arterial hypoxemia will be unresponsive to oxygen. The
impact of arterial hypoxemia in this situation is worsened
by the markedly increased work of breathing and any
reduction in cardiac output.

Effects of Acute Arterial Hypoxemia
Symptoms and signs will depend on the severity and
rate of onset of arterial hypoxemia, as well as on other
factors that affect oxygen flux. Severe arterial hypoxemia
(PaO2 <50 mmHg) stimulates the arterial chemoreceptors
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in the carotid bodies and the aortic arch causing an
increase in ventilatory drive and dyspnoea may be acute.
Arterial hypoxemia actually depresses the central chemoreceptors in the brain, but if lactic acidosis occurs in the
brain this will stimulate the respiratory centre. Arterial
hypoxemia will cause autoregulatory vasodilation in
most tissues, but the lungs will have widespread hypoxic
pulmonary vasoconstriction and the pulmonary vascular
resistance will rise. Cerebral hypoxia will cause headache,
confusion and agitation, and sympathetic activation with
hypertension and an initial tachycardia. Direct effects on
the cardiovascular system become prevalent as hypoxemia
worsens and bradycardia and hypotension will indicate
imminent cardiac arrest. Brain is critically dependent on
oxygen for energy, and coma, seizures, then neuronal
death will begin within minutes of acute profound hypoxia (PaO2<30 mmHg) [1].
Central cyanosis has a poor negative predictive value
for hypoxemia and so oxygenation must be measured. If
there is doubt about oxygenation, treating as if hypoxemia
is present is the safest approach.

Diagnosis and Assessment of Arterial
Hypoxemia
Severe arterial hypoxemia should be treated on suspicion
without awaiting test results. Management of the hypoxemia and diagnosis of the cause should proceed
simultaneously.
The quickest and most readily available tool for
diagnosis of arterial hypoxemia is pulse oximetry.
All patients at risk of arterial hypoxemia should have
continuous pulse oximetry monitoring. A tissue is
transilluminated with radiation of different wavelengths.
The pulsatile component of the transmitted radiation is
taken to represent the arterial blood signal, and the
absorption ratios of red and infrared radiation wavelengths are used to derive an arterial hemoglobin saturation (called SpO2 when derived from pulse oximetry)
from a look-up table of ratio values. Pulse oximetry
gives a rapid and accurate estimate of true saturation
( 1–2%) down to about 80%, but poor peripheral perfusion, probe malposition, motion, and ambient light
artifact can affect the SpO2 reading. The presence and
concentration of dyshemoglobins is important as they
interfere with oxygen carriage and with SpO2. Carboxyhemoglobin tends to make the SpO2 read 100%, while
methemoglobin tends to push the value towards 85%.
New generation oximeters can measure (dys) hemoglobin
concentrations.
PaO2 is measured in the blood gas machine by amperometric techniques. An oxygen-selective membrane

allows O2 from the specimen into an electrode, where
the current that flows in the circuit is proportional to the
partial pressure of O2 in the sample (less the zero current).
In the blood gas machine, spectroscopy based on the
Beer-Lambert law (relating absorption to the extinction
coefficient for a species, species concentration, and the
path length) estimates the concentration of O2Hb,
reduced Hb, and dyshemoglobins. Measurement of light
absorption over a wide spectrum is used to construct the
absorption spectrum of the sample and the concentration
of each species is calculated, and hence the fractional and
functional hemoglobin saturations. Transcutaneous PO2
monitoring is available and relies on “arterialization” of
cutaneous blood by local heating. It is more effective in
neonates and infants than in adults due to the latter’s
thicker epidermis. It has been shown to have good correlation with PaO2 but requires skill and care in application
to prevent cutaneous burns, probe dislodgement, and
artifact generation.
PaO2 or SpO2 assess the end result of attempts to
increase arterial oxygenation, but do not give an idea
of how hard it is to achieve that level of arterial oxygenation. To assess the severity of the oxygenation deficit,
other indices weighup the factors in effect to increase
oxygen carriage against the oxygenation they are achieving (Fig. 4). One assessment tool is the ratio of PaO2
to FiO2 (P/F ratio). It is over 500 mmHg in normal
people. P/F ratio is used in the definition of acute lung
injury (ALI), but does not give an accurate assessment
of the severity of lung pathology, as its value may
change when FiO2, oxygen extraction, or airway pressures
change even if the lung pathology remains the same.
Nonetheless it is a useful index often quoted in expressing
a patient’s oxygenation deficit. Another score is the

P/F Ratio =

PaO2
FiO2

Oxygenation Index =

PaO2
FiO2 * MAP

A-a gradient = PAO2 - PaO2
= (PiO2-47 - PaCO2 /R) - PaO2
Shunt fraction Qs CCO2 - CaO2
=
Qt CCO2 - CvO2
Abbreviations: MAP = mean airway pressure;
R = respiratory ratio; CCO2 is pulmonary capillary,
CaO2 is arterial, and Cv is mixed venous O2 content.

Arterial Hypoxemia. Figure 4 Indices of oxygenation
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oxygenation index (OI), which does include the mean
airway pressure (P/F ratio/MAP).
If the alveolar gas equation is used to estimate the
alveolar pO2 the alveolar to arterial (A-a) gradient can be
calculated and will give further assessment of the severity
of oxygenation impairment in the lung and of any contribution of hypercarbia to arterial hypoxemia.
Shunt fraction is an expression of the oxygenation
deficit in terms of what amount of pure shunt would be
required to produce a given degree of arterial hypoxemia,
even if that hypoxemia is due to a number of different
causes. It is most accurate when the FiO2 is 1, but this FiO2
will itself increase shunt fraction through absorption atelectasis. Shunt fraction will give a reasonable estimate of
true anatomical shunt but is inaccurate if the arterial
hypoxemia is due to variable degrees of V/Q mismatch.

Investigations in Arterial Hypoxemia
Imaging has a vital role in assessing the cause of hypoxemia, the progress of the pathology, and some aspects of
treatment. The chest X-ray is an indispensable part of the
initial management of arterial hypoxemia. It may reveal
pulmonary parenchymal disease (e.g., collapse, edema, or
consolidation), intrapleural pathology (e.g., fluid or air),
or endotracheal tube malposition. It is also important in
detecting complications of the disease process (e.g., lung
abscess) or of treatment (e.g., barotrauma). Transthoracic or transesophageal echocardiogram are often
performed in hypoxemic patients, especially if hemodynamic instability is present. It can reveal causes of arterial
hypoxemia (e.g., left ventricular failure, valve disease,
intracardiac shunt, pulmonary embolus) and reveal cardiac effects of hypoxemia such as right ventricular failure.
Other chest ultrasound modalities may reveal evidence of
raised lung water, or pleural pathology (pneumothorax or
pleural effusion). Bronchoscopy of the airway can be
extremely beneficial when sputum plugging causes arterial
hypoxemia, and can also assist in obtaining specimens for
culture and histology. Computerized tomogram (CT)
scanning of the chest is a part of the management of
complex disease processes causing arterial hypoxemia,
and can be of assistance in diagnosis of lung or pleural
disease. CT-guided aspiration of abscess or loculated
pneumothorax may be indicated in the medium-term
management of arterial hypoxemia. Patients who are
very unstable often do not tolerate transport to the CT
scanner, and the risks should be weighed against any
perceived benefit. Lung biopsy can be of assistance in the
diagnosis of intrinsic lung disease when etiology is in
doubt. As lung biopsy has the significant potential to
worsen respiratory function it must be performed only if
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diagnostic information has a high likelihood of altering
the patient’s clinical course.

Treatment of Arterial Hypoxemia
If pathology causes arterial hypoxemia by hypoventilation,
diffusion impairment, V/Q mismatch, and/or shunt, then
the treatment of arterial hypoxemia is to reverse the
pathology and attend to these mechanisms. The arterial
hypoxemia of hypoventilation is easily abolished with
oxygen, but reversal of the pathology causing the
hypoventilation itself may be more difficult. Diffusion
impairment, if present, will be overcome to some extent
by increased FiO2 and also by increasing mixed venous
oxygenation (e.g., by abolishing spontaneous ventilation if
work of breathing is profound). V/Q mismatch lends itself
somewhat to oxygen therapy alone, but also requires
improvement in the ventilation of low V/Q units, which
requires that alveolar collapse be reversed and alveolar
volume maintained throughout the respiratory cycle.
V/Q matching is sometimes improved by increasing the
perfusion of open lung. Shunt requires reopening of airways or direct attention to the anatomical lesion. Thus,
oxygenation support is mostly about reversing the pathology, giving extra oxygen and matching ventilation with
perfusion.
Acute lung injury (ALI) can be defined as acute hypoxemic respiratory failure (P/F ratio less than 300 mmHg)
with bilateral pulmonary infiltrates on X-ray and not
caused by left atrial hypertension. Acute respiratory distress syndrome (ARDS) is a subset of ALI with a P/F ratio
less than 200 mmHg. ALI/ARDS is not an independent
disease entity, but because it is a common endpoint of
many disease processes and has a high mortality it has
been the focus of many investigations into the treatment
of arterial hypoxemia [3], and many of the treatments
outlined below have been best investigated in the context
of ALI/ARDS.

Oxygen Therapy
Delivery Systems
Any system that allows entrainment of room air with the
delivered gases will give a variable and unpredictable FiO2
due to the highly variable peak inspiratory flow rate of
patients (compare a frail, narcotized old lady with chronic
airways disease to a tall, strong young man with
a pulmonary embolus). Table 2 shows a list of common
delivery techniques and the FiO2 they may deliver in
normal tidal breathing. Medical gases are essentially dry
so it should be remembered that if the upper airway is
bypassed or if little room air is entrained then inspired
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Arterial Hypoxemia. Table 2 Inspired oxygen fraction
according to delivery system
Oxygen appliance

FiO2 (normal tidal breathing)

Nasal prongs 2 L/min

0.33*

Nasal prongs 4 L/min

0.40*

Hudson mask 3 L/min

0.29*

Hudson mask 7.5 L/min

0.41*

Hudson mask 15 L/min

0.59*

Venturi mask set to 0.28

0.29*

Venturi mask set to 0.40

0.40*

Non-rebreathing face
mask

0.80

Anesthesia, ventilator or
CPAP circuit set to 1.0

1.00

Numbers marked* are tabulated from [2]

gases should be humidified to prevent upper airway desiccation with mucus inspissation and loss of ciliary
function.

Adverse Effects of Oxygen
Lung Toxicity
In animals, prolonged exposure to high inspired oxygen
levels causes lung toxicity. In humans it seems that lung
disease itself provides some protection against high FiO2,
and whether high FiO2 is clinically important, and what
level and duration of exposure is safe in any individual is
unknown. It is thought that the generation of reactive
oxygen species in lung exposed to high oxygen concentrations causes cell injury and death through direct toxic
effects and by alterations in intra- and extracellular signalling [5]. Many clinicians aim to keep FiO2 below 60%,
and if higher levels are needed then often they will first
introduce positive pressure to reduce the need for supplemental oxygen. There is animal evidence of an interaction
between mechanical ventilation and raised FiO2 such that
ventilator-induced lung injury (VILI) is much worse in
animals receiving higher FiO2 than in those exposed to less
oxygen. Parallels between hyperoxia and VILI include the
cellular targets (the type I pneumocyte and pulmonary
vascular endothelium) and promotion of polymorphonuclear leukocyte aggregation. In patients previously
exposed to bleomycin or paraquat, increased PiO2 can
result in significant lung injury.
Oxygen therapy has unique problems in pediatrics. In
neonatal practice the development of hyperoxia should be
avoided due to its ability to stimulate retrolental

fibroplasia, and it is recommended to keep PaO2 below
80 mmHg in premature infants. Bronchopulmonary dysplasia, a disease in low birth weight premature infants, has
complex etiology but minimizing FiO2, aiming for SpO2
only in the low 90s and minimizing intubation duration
and pressures seem prudent.

Absorption atelectasis
In arterial hypoxemia mixed venous blood is always
desaturated (very low PO2) so there will be a rapid uptake
of oxygen from the alveolus. If there is no nitrogen in the
alveolus to maintain its volume, i.e., if PAO2 is very high,
there will be loss of alveolar volume and absorption
atelectasis may ensue with subsequent increase in shunt
fraction. In acute severe hypoxemia none of these considerations should prevent administration of 100%
oxygen until safe (SpO2 >88%) levels of oxygenation are
reached.

Chronic Airflow Limitation
In patients with chronic airflow limitation the respiratory
center can become acclimatized to high PaCO2, and ventilatory drive becomes dependent on hypoxia. The abolition of the hypoxic drive to breathe can thus result in
further hypoventilation and CO2 narcosis. In these
patients, initial therapy should include adequate oxygen
to prevent dangerous desaturation (i.e., aim for SpO2 over
88%) while assessment of CO2 levels proceeds. If PaCO2
rises more than 10 mmHg (some rise is common, perhaps
due to increased dead space), oxygen therapy should not
be withheld but instead delivered by a system that helps to
maintain minute alveolar ventilation (e.g., face mask
BIPAP).

Maintaining an Open Lung
Aspects of Positive Pressure Ventilation
At the end of a normal exhalation the volume of gas left in
the lung is called the functional residual capacity (FRC).
When flow ceases at end-expiration, the airway pressure is
close to atmospheric pressure, i.e. zero. Positive endexpiratory pressure (PEEP) is the raising of this airway
pressure to a positive value. Continuous positive airway
pressure (CPAP) is the maintaining of a fixed airway
pressure above atmospheric pressure throughout the
respiratory cycle. Both PEEP and CPAP will result in an
increase in FRC. This improves V/Q matching and oxygenation because it increases the amount of gas in open
alveoli (i.e., increases oxygen reservoir) and reduces the
tendency of alveoli to collapse at the end of expiration
(i.e., decreases shunt). It may also aid in opening up
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(recruiting) collapsed alveoli but it takes greater
transmural force to reopen an alveolus than to keep it
open.
Holding the alveoli open throughout the respiratory
cycle is a lung-protective effect of PEEP (see below).
The increase in lung volume may mean that tidal
breathing is on a steeper part of the pressure–volume
curve such that the lung is more compliant. Spontaneously breathing patients may benefit from the decreased
work of breathing that this affords, but adding too much
PEEP or CPAP will push the lung onto the less-compliant
upper end of the curve. Patients with significant intrinsic
PEEP may benefit from the decrease in early-inspiratory
work that CPAP or PEEP gives, provided the lung is not
overdistended.
Raising the mean airway pressure by increasing inspiratory volume, time or pressure will increase alveolar
volume and improve oxygenation, so in ventilated patients
techniques such as long inspiratory times or inverse-ratio
ventilation are sometimes added to PEEP to further raise
mean airway pressure. The adverse effects are similar to
those of PEEP/CPAP.
Raised mean airway pressure will raise intrathoracic
pressure and decrease venous return, This can be advantageous in the context of congestive cardiac failure and
CPAP can be a very helpful adjunctive therapy in cardiogenic pulmonary edema. PEEP will redistribute lung water
out of alveoli into the interstitium.

Adverse Effects of Positive Pressure
In treating arterial hypoxemia, positive airway pressure is
often life-saving but can have deleterious effects. In some
patients the decrease in venous return and therefore cardiac output can result in decreased organ perfusion and
oxygen flux even if arterial saturation is improved.
Whilst PEEP may maintain recruitment of alveoli,
positive pressure can overdistend other alveoli, especially
if large tidal volumes are added to PEEP. Overstretching
alveoli can cause volutrauma, and excessive pressure,
barotrauma which may be manifest macroscopically (as
pneumothorax or pneumomediastinum) or microscopically (as alveolar damage and inflammation). If alveoli
repetitively collapse and reopen with each breath, as the
alveolar walls come in contact with each other they “stick”
through surface tension forces, and as the alveoli open
again they are torn, becoming inflamed and damaged.
This has been called atelectotrauma. The inflammatory
mediators thus liberated in so-called VILI (ventilatorinduced lung injury) have been implicated in multiple
organ dysfunction syndrome. Avoiding VILI is
important – studies [3] have shown decreased mortality
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and increased ventilator-free days with a ventilation strategy that aimed to limit tidal volume (to 6 mL/kg) and
plateau pressure (under 30 cmH2O), compared with tidal
volumes of 12 mL/kg and plateau pressures of up to
50 cmH2O. Tidal volume was not increased to control
PaCO2 unless pH was under 7.15. Although this was
performed in patients with ALI/ARDS, similar lungprotective principles may be applicable to any patient
with arterial hypoxemia.
The “best” PEEP in any given patient is still an
unknown quantity. The balance must be struck between
a PEEP level that improves oxygenation, prevents tidal
alveolar collapse, and decreases work of breathing versus
a PEEP level that is associated with alveolar overdistension
and/or decreased cardiac output. Whilst the FiO2/PEEP
tables used by the ARDS Network for their low tidal
volumes study are often used as a starting point, some
clinicians consider using higher PEEP levels for a given
FiO2.

An Approach to Arterial Hypoxemia
A suggested empirical approach to arterial hypoxemia is
seen in (Fig. 5). The first priority is a clear airway, to allow
alveolar ventilation with a high FiO2. In the intubated
patient, endotracheal tube obstruction or malposition
must be excluded immediately: passage of a suction catheter will exclude obstruction, while continuity of the tube
with the airway is confirmed visually and by the presence
of an end-tidal CO2 trace on the monitor. A trial of
manual ventilation will eliminate mechanical ventilator
dysfunction. Rapid, focused clinical examination to rule
out acute conditions is indicated, for example, pneumothorax or endobronchial intubation. Oxygen is given, at
high flow rates initially while response is assessed.
The benefit of facemask CPAP in acute, noncardiogenic hypoxemic respiratory failure is contentious,
and a few caveats should be observed. The patient must be
alert, the CPAP device should provide whatever inspiratory flow the patient requires, the unit staff should be
familiar with the technique, the presence of shock makes
failure likely, and if hypoxemia persists despite 10 cmH2O
pressure in 60% oxygen, then intubation should occur
electively, as if these patients worsen then sedation and
intubation are more often associated with acute cardiorespiratory collapse.
When mild arterial hypoxemia occurs despite high
PEEP/mean airway pressure and high FiO2 it can be hard
to decide whether to further stress the lung with PEEP or
FiO2, or to accept borderline SaO2. In managing this
situation, cardiac output and hemoglobin concentration
must be optimized to prevent dangerous falls in oxygen
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Arterial Hypoxaemia
Increase FiO2
Improve V/Q Matching
Treat The Cause

Add Oxygen - increase
FiO2 prn to 0.5

Increase FiO2

Hypoxaemia Persists
OR work of breathing high
Add non-invasive
CPAP at 10 cmH2O

Improve V/Q Matching

Hypoxaemia Persists
Increase Fi02 prn to 0.6

Increase FiO2

Hypoxaemia Persists
Intubate patient and use lung-protective ventilation
Increase PEEP prn to 18cmHO2

Examine Patient
Monitoring
Early Investigations
Chest X-Ray
Arterial Blood Gas
Echocardiogram
Others as indicated eg CTPA
Treat The Cause eg:
Check equipment
Drain pleural collections
Change to BIPAP for ventilatory failure
Afterload reduction and diuretics for LV failure
Bronchodilators and steroids for asthma
Antibiotics and drainage for pneumonia
Thrombolysis in Pulmonary Embolus
Treat cause of ARDS

Decrease oxygen demand and risk of loss of consciousness
Improve V/Q Matching

Hypoxaemia Persists

Check oxygen flux and evidence
of tissue hypoxia; consider
decrease SpO2 target

Consider adding recruitment manoeuvres
to other ventilation strategies

Improve V/Q Matching

Hypoxaemia Persists
Change to HFOV

Improve V/Q Matching

Hypoxaemia Persists
Consider prone ventilation

Improve V/Q Matching

Hypoxaemia Persists
Add inhaled vasodilators

Improve V/Q Matching

Hypoxaemia Persists
Change to ECMO
Continue lung-protective ventilation

Arterial Hypoxemia. Figure 5 An empirical algorithm for the management of arterial hypoxemia

Arterial Hypoxemia

flux. A high or rising serum lactate implies inadequate
tissue oxygenation, and suggests that the current degree of
arterial hypoxemia is unacceptable, but as it may also
come from fatiguing muscle, from drugs, or from sepsis
it should be interpreted with an understanding of the
patient’s physiology in mind. Symptoms and signs of
organ dysfunction (the brain is the most sensitive and
important) are a clear signal to augment oxygen delivery.
There is an emerging role for tissue oxygenation monitoring, and this may in the future be used as a marker for the
adequacy or otherwise of oxygen flux. Because of uncertainty about oxygen toxicity it is unclear at what stage of
the schema (Fig. 5) inspired oxygen fraction should be
increased to 100%.

Recruitment Maneuvers
A recruitment maneuver is the application of very high
airway pressures to the lung for long inspiratory times,
with the aim of recruiting lung that is not recruitable by
normal airway pressures. Various combinations of inspiratory time, PEEP, and peak inspiratory pressure have
been studied, often with peak pressures of 40–
60 cmH2O, with PEEP of 20–30 cmH2O performed for
30–60 s or more. They are usually performed via
a mechanical ventilator with the patient deeply sedated
and paralyzed to prevent coughing. Recruitment maneuvers have been shown to improve oxygenation and respiratory mechanics, as well as reducing atelectasis, but also
to overdistend inflated lung. Recruitment maneuvers can
result in dramatic falls in cardiac output and blood pressure. When first using recruitment maneuvers in each
patient they must be done under close supervision by the
bedside clinician who must decrease the airway pressure
quickly if marked hypotension occurs. The cardiovascular
changes are complex but may differ in the presence of
different pulmonary compliances. While the place of
recruitment maneuvers is not yet clear with data from
human clinical trials, using it to recruit all available alveoli
and then maintaining that recruitment with PEEP (and
decreasing the FiO2 as tolerated to prevent absorption
atelectasis) appears to be a reasonable approach. This
would include use of recruitment maneuvers to reverse
lung collapse after each episode of endotracheal suction.
The effectiveness of recruitment maneuvers in recruiting
lung varies between patients, and may vary depending on
the etiology of arterial hypoxemia.

High Frequency Oscillatory Ventilation
High frequency oscillatory ventilation [4] (HFOV) is the
use of very high frequency but very low tidal volume
breaths. Oscillation is generated in the ventilator by
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pistonic movement of a diaphragm similar to a loudspeaker. HFOV has been thought to provide good lung
protection, as the small tidal volumes makes tidal alveolar
collapse unlikely, whilst oxygenation (via FiO2 and mean
airway pressure) can be treated separately from CO2 clearance (via frequency and amplitude). The rate of ventilation in adults is usually 4–7 Hertz. Oxygenation is
improved because of the high mean airway pressure,
while CO2 is thought to be cleared by a number of mechanisms including bulk flow and chaotic gas movement
within and between lung units. CO2 clearance increases
with increased amplitude but, in contrast to standard
ventilation, decreases with increasing frequency of oscillation. The optimal settings for all these parameters at
this stage are empirical. Initial settings might be frequency
of 7 Hz, amplitude of 45 cmH2O and mean airway pressure of 5–6 cmH2O higher than the patient’s conventional
ventilator mean airway pressure. Frequency is often then
decreased to cause greater “thigh wiggle,” however it may
be that lung protection is maximized if less wiggle than
this is produced, so frequency and amplitude are manipulated such that PaCO2 rises to the tolerable limit. One
disadvantage of HFOV is the absence of an endtidal CO2
signal, so blood gas analysis is used for PaCO2 estimation.
HFOV has not been shown to improve mortality but often
improves oxygenation.

Patient Positioning
As gravity will increase perfusion of the dependent lung
there is oxygenation benefit in nursing a patient with
unilateral disease “good lung down.” This is a useful temporizing measure but the need for pressure-area care,
postural drainage, and wishing to protect the good lung
from dependent atelectasis and soiling mean that it is not
a long-term treatment. Appropriate positioning will ameliorate the effect of chest wall factors whose decrease may
collapse alveoli, such as in abdominal compartment syndrome or obesity. Prone ventilation has been shown to
improve oxygenation and lung compliance in the majority
of ARDS patients. The full mechanism of this is unclear.
The prone position not only redistributes blood flow
during proning but the effects of prone ventilation have
been shown to persist for some time. The logistics of
turning a patient whilst preventing dislodgement of the
endotracheal tube, intercostal catheters, and other invasive devices requires thought, planning, and practice.
Consideration must be given to prevent pressure areas
especially ocular injury. Although studies to prove mortality reduction from prone ventilation are lacking as yet,
it is a useful, if cumbersome, technique to improve oxygenation while other measures take effect.
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Inhaled Vasodilators
When vasodilators are delivered in inhaled gas, they dilate
blood vessels in areas that are ventilated, thus increasing
blood flow through these areas with a subsequent
improvement in V/Q matching and a rise in PaO2. One
available option is nitric oxide (NO). When administered
in doses from 1 to 20 parts per million NO causes direct
vasodilation of pulmonary vessels and has been shown to
improve oxygenation. It requires specialized devices for
administration and monitoring of room gas for toxic
oxidation products of NO. It is very expensive. Prostacyclin (prostaglandin I2) and its analoque iloprost are available for nebulization and can improve V/Q matching with
subsequent rise in PaO2. Prostacyclin is delivered at
20–60 ng/kg/min to an ultrasonic nebulizer in the breathing circuit. It does not require environmental monitoring.
No studies as yet show improved mortality with inhaled
vasodilators in adults but they may have a role in
maintaining safe oxygenation while other therapies
become effective.
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Arterial Pulse Cardiac Output
(APCO)
▶ Cardiac Output, Measurements

Arterial Pulse Power Analysis
▶ LiDCO

Extra-corporeal Membrane Oxygenation
Extra-corporeal membrane oxygenation (ECMO) of the
blood is a technique in which blood is pumped from the
body via venous catheters at high flow rates, and returned
to the body after passing through a gas-permeable, highsurface area interface with oxygen gas. The blood can
return by an artery or vein. When gas-exchange is the
main aim, venovenous ECMO is becoming more common, with drainage from the IVC and return to the
IVC-RA junction. Because ECMO takes the place of the
gas-exchanging function, it allows ventilatory pressures,
rates, and oxygen fractions to be titrated to lung protection, not to other organ function. Improved technology
for the tubing, oxygenator, and pump systems has
improved performance and safety of ECMO since its
inception in the 1970s. ECMO is currently indicated for
short-term support of patients with a life-threatening
reversible lung injury (P/F ratio < 50 mmHg), and is
usually instituted as a last resort when other measures
fail. However, with recent increased experience due to
the recognition of the factors above and increased demand
due to viral pneumonitis ECMO may be poised to be
instituted earlier in critically ill patients of the future.

Arteriobiliary Fistula
▶ Hematobilia

Arteriography with Therapeutic
Embolization
▶ Musculoskeletal Trauma, Pelvic Angioembolization

Arterioles
▶ Microcirculation

Arteriovenous Fistula (AVF)
▶ Vascular Access for RRT
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Definition
Joint infection is an important and sometimes overlooked
source of a septic process. The incidence of septic arthritis
ranges between 2 and 5 per 100,000 in the general
population and approximately 6 and 12 per 100,000 in
children. Rates for patients with rheumatoid arthritis
(RA) and prosthetic joints are approximately 10- and
20-fold higher, respectively. A patient may require admission to the critical care unit for bacteremia and sepsis
secondary to a community-acquired infected joint,
or else a critical care unit patient may develop a septic
joint as a complication of critical care unit admission.
Chronic illness, indwelling catheters, immunosuppression, cutaneous breakdown, and end-stage renal disease,
conditions common to critical care unit patients, all may
predispose to septic arthritis and subsequent bacteremia
and sepsis.

Characteristics
Types of Septic Arthritis
Two-thirds of septic joints caused by Gram-positive
organisms are secondary to S. aureus. The knee is
a common site, although involvement of nearly all peripheral joints and the spine has been described. If not
promptly detected and treated, S. aureus septic arthritis
may lead to severe functional disability, continued bacteremia, and increased mortality. Irreversible articular damage may occur within a time frame as short as 2 weeks.
A recent history of joint replacement surgery should raise
suspicion for a septic joint in a febrile or bacteremic
patient. S. epidermidis, usually a nonpathogenic contaminant, frequently becomes pathogenic in the setting of
a prosthesis where the foreign material is hypothesized to
be conducive to biofilm formation. Another common
Gram-positive organism responsible for joint infection is
S. pnumoniae. Fifty percent of pneumococcal joint infections occur concomitantly with lung and/or meningeal
infection. Overall, 10% of pneumococcal septic arthritis
episodes are polyarticular, although this percentage rises
to 50% in RA patients.
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Beta hemolytic streptococci also may be associated
with septic arthritis. S. pyogenes has been reported to be
associated with septic arthritis, occurring in the context of
toxic shock syndrome as well as with fasciitis. Group B
streptococcus (S. agalactiae, GBS) infections are more
commonly seen in pregnant and immunocompromised
adults. Two-thirds of GBS joint infections are
monoarticular, most often involving the knee, followed
by the shoulder. Prosthetic joints may also become
infected with GBS. Two-thirds of nonpregnant adult
patients with GBS septic arthritis have a predisposing
underlying illness most often diabetes mellitus, chronic
liver disease, and cancer. Septic arthritis secondary to
Enterococcus (Group D streptococcus) is less common
but is increasingly seen following endoscopic procedures
and in patients with underlying malignancy.
Approximately 10% of septic joints are caused by
Gram-negative bacillary organisms. Aerobic Gramnegative bacillary arthritis may be seen in the context of
neonates, immunosuppression, older individuals with
gastrointestinal infections, or following GU procedures.
In contrast, it has been estimated that up to 70% of
episodes of septic arthritis in individuals under 40 years
of age are due to infections caused by Gram-negative
intracellular diplococci, i.e., gonococcal arthritis.
While it is rare to encounter GC arthritis in a
critical care unit, it may be seen in the setting of disseminated gonococcal infection (DGI) associated with
gonococcal endocarditis. A mono- or oligoarthritis
characterized by tenosynovitis and accompanied by pustular skin lesions on the palms and trunk should raise
suspicion for DGI. Pregnancy, menstruation, and late
classical complement component deficiencies predispose to GC arthritis.
Patients with Lyme disease who are sufficiently ill to
require critical care usually suffer from neuroborreliosis.
As this is most often a manifestation of late Lyme disease,
it can be accompanied by chronic Lyme arthritis. This
form of Lyme arthritis is usually a monoarthritis and
often involves the knee. In contrast, musculoskeletal manifestations of early Lyme infection include myalgia and
migratory polyarthralgia. Patients with early Lyme disease
may require monitoring in a critical care setting for heart
block and myocarditis.
Critical care unit patients are often immunosuppressed. These patients may be at risk for opportunistic joint infections. Such infections may include
mycobacterial species including M. tuberculosis and fungal
organisms. Any suspected septic joint that is repeatedly
negative upon routine bacterial culture should be reaspirated and examined for the presence of acid-fast bacilli
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and fungal species. Synovial biopsy may be required for
diagnosis in the rare setting where all smears and cultures
are negative. Pathology revealing granulomatous synovitis
is a clue to the presence of mycobacterial, nocardial, or
brucella infection.

Predisposing Factors
In addition to immunosuppression from cancer chemotherapy and high-dose corticosteroid administration,
other factors may predispose patients to septic arthritis.
Any joint which has incurred prior damage is at risk for
hematogenous seeding during episodes of bacteremia.
This is particularly true for patients with rheumatoid
arthritis. In an RA patient, any joint that is disproportionately inflamed and swollen should be suspected of
concomitant infection and undergo aspiration for bacteriologic diagnosis. The advent of effective anti-cytokine
therapy for RA has also resulted in an increased risk of
infection including septic arthritis. In addition to routine
bacterial infections, RA patients undergoing therapy with
inhibitors of TNF-a are at increased risk for infections
caused by mycobacterial and fungal organisms. TNF-a is
required for intracellular killing of these organisms even in
the presence of effective opsonization and phagocytosis.
It appears that TNF-a monoclonal antibodies confer
a higher risk for Mycobacterial infections as compared to
TNF-a receptor antagonists. Thus, RA patients on TNF-a
inhibitors have an increased risk of septic arthritis and
a greater risk of infection with opportunistic organisms,
particularly M. tuberculosis. Joint aspiration and/or intraarticular injection of corticosteroid are frequently used as
ancillary therapies for RA patients as well as for patients
with other forms of arthritis. Elderly patients with osteoarthritis of the knees frequently receive intra-articular
injections of hyaluronic acid. Introduction of a needle
into the joint space carries a risk for inoculation with
bacteria, most frequently S. aureus. Although not necessarily undergoing treatment with immunosuppressive
drugs, patients with chronic disease, especially diabetes
mellitus and cancer, are at increased risk for the development of a septic joint.

Septic Arthritis in Children
Septic joints in infants up to 3 months are often caused by
S. aureus but may also be secondary to Group B streptococcus and Gram-negative bacteria. Newborns may have
had exposure to N. gonorrhea during delivery. In addition
to septic arthritis secondary to S. aureus, children greater
than 3 months of age may be admitted to the hospital with
joints infected by Group A streptococcus, S. pneumoniae,
K. kingae, and H. influenza b.

Differential Diagnosis
Since most cases of septic arthritis present as a
monoarthritis, by far, the most common differential
diagnostic scenario in adults is crystalline arthritis. The
critical care setting, in fact, is fraught with clinical conditions that predispose to flares of crystalline arthritis
including rapid shifts in fluid balance (particularly postoperatively), diuretic use, tissue catabolism, renal insufficiency, hypercalcemia, and administration of medications
that induce hyperuricemia. Acute crystalline arthritis is
often accompanied by fever, occasionally reaching
102–103 F. Therefore, in most instances, differentiation
between crystalline and septic arthritis is not possible
without examination and culture of synovial fluid. Gout
is by far the most common form of crystalline arthritis;
however, the incidence of acute arthritis secondary to
calcium pyrophosphate deposition disease (CPPD)
appears to be increasing in some centers, perhaps due to
aging of the population and an increased prevalence of
chronic renal insufficiency. Patients in the PACU or SICU
following thyroid or parathyroid surgery are at particular
risk for acute CPPD arthritis triggered by perturbations in
calcium homeostasis.
Reactive arthritis syndromes, particularly those
presenting as monoarthritis or oligoarthritis may be confused with septic arthritis. These include acute rheumatic
fever and reactive arthritis itself (formerly Reiter’s syndrome, ReA). The latter may be particularly difficult to
distinguish from septic arthritis when presenting as
a monoarthritis since ReA patients have often had recent
gastrointestinal or genitourinary infections which have
served as triggers for the ReA episodes. Septic arthritis
may also be confused with monoarthritis secondary to
occult trauma. Hospitalized patients on anticoagulant
therapy may develop a hemarthrosis spontaneously or
with minimal trauma such as striking a knee on a bed
rail. Such joints are painful, warm, and may be erythematous or in an early stage of ecchymosis formation.
Septic arthritis should be suspected in children with
acute arthritis who are sufficiently ill to require admission
to the hospital. Nonetheless, other pediatric diagnoses
may masquerade as septic arthritis. Acute leukemia may
present with a painful swollen joint. This often involves
a knee joint and frequently occurs in the setting of pallor,
fever, and easy bruisability. Juvenile idiopathic arthritis
(formerly JRA) may occur as several subtypes. Children
who present with the systemic onset (Still’s disease)
subcategory may have high spiking fevers, monoarthritis,
and a leukemoid reaction. These children may require
admission to a critical care unit for management of pericarditis or myocarditis.
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Diagnostic Studies
The most crucial diagnostic study in the workup of an
infected joint is arthrocentesis. There is no blood test or
imaging study that is diagnostic of septic arthritis. Most
peripheral joints are readily accessible by needle aspiration
at the bedside. Centrally located joints such as the hips,
sacroiliac joints, and spine can be aspirated under imaging
guidance. The availability of portable ultrasound provides
assistance with arthrocentesis in more technically difficult
cases, i.e., small or loculated effusions. Once obtained,
synovial fluid (SF) should be examined by Gram stain,
culture, and sensitivity. In appropriate cases, it is prudent
to culture SF on special media for gonococcal organisms,
although the yield of gonococcal cultures from SF is relatively low, frequently in the order of 50%. Urethral, rectal,
and pharyngeal cultures for gonococcus should also be
obtained since they have a higher probability of growth.
When suspected, culture for fungal and mycobacterial
organisms should be obtained. Blood cultures should be
obtained in most if not all cases of suspected septic arthritis to rule out concurrent bacteremia. The likelihood of
septic arthritis increases with the degree of SF leukocytosis; however, the predictive value of the SF WBC count is
poor. Not all patients with extremely elevated SF WBC
(>50,000/mm3) have septic arthritis. Conversely, some
patients with relatively low SF WBC (10–25,000/mm3)
have infected joints. Baseline SF WBC counts are also
useful to gauge improvement and efficacy of therapy
since they can be compared to values obtained from SF
samples obtained during subsequent drainage procedures.
SF should also be examined for crystals under polarized
light microscopy. It is important to remember, however,
that joints affected by crystalline arthropathy are also
more susceptible to infection which may occur during
episodes of trauma or bacteremia. Thus, it is not unusual
to find bacteria and crystals in the same synovial fluid
specimen. Therefore, the identification of crystals in SF
does not automatically preclude a diagnosis of septic
arthritis. SF glucose may be depressed and SF LDH may
be elevated in septic arthritis; however, neither is sufficiently specific to warrant routine testing. If arthrocentesis
yields only a few drops of SF, the most important tests to
obtain are Gram stain, culture, and crystal analysis.
While imaging studies are not definitively diagnostic
for septic arthritis, they are invaluable for localizing areas
of inflammation and/or collection, defining the anatomy
of involved structures and providing guidance for needle
aspiration and biopsy. Imaging studies also can identify
complications of septic arthritis such as dissected popliteal
cysts and osteomyelitis. Magnetic resonance imaging,
CT scanning, and ultrasound are all capable of identifying
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joint effusions, bursal effusions, and/or other periarticular
fluid collections. MR is superior for imaging cartilage,
menisci, and tendons, but certain patients have contraindications to MR scanning such as implanted permanent
pacemakers and intracardiac defibrillators. Ultrasonography has the advantage of portability and has become the
standard imaging modality for guiding arthrocentesis of
peripheral joints. Identification of osteomyelitis adjacent
to a septic joint is critical for optimal management,
including determination of the duration of antibiotic
therapy and the necessity for debridement procedures.
Technicium 99 bone scanning is sensitive for areas of
bone involvement but is relatively nonspecific. Labeled
leukocyte scanning, usually with indium 111 oxime, is
more specific, but its usefulness has been questioned in
chronic infection. Identification of marrow changes on
MR imaging is extremely useful for the detection of early
osteomyelitis. MR imaging is indispensable for the identification of septic joints and areas of osteomyelitis in
inaccessible areas such as the spine and sacroiliac joints.

Treatment
The two major principles of septic arthritis treatment are:
(1) prompt administration of antibiotics and (2) drainage
of septic effusions. The choice of antibiotic will be determined in part by the clinical circumstances surrounding
acquisition of the infection, the initial Gram-stain findings, and local microbial antibiotic sensitivities. Critical
care unit patients require careful evaluation for special risk
factors such as exposure to resistant organisms and immunosuppression. Broad spectrum antibiotics are preferred
for initial therapy until specific sensitivities are known.
Currently, third-generation cephalosporins or vancomycin are recommended for Gram-positive infections of
which approximately three-fourths will be S. aureus.
The choice is in part dependent upon the prevalence
of methicillin resistant S. aureus in the community.
Third-generation cephalosporins are also good first
choices for suspected Gram-negative bacillary infections.
Gonococcal infections should be managed with intravenous ceftriaxone. Since nearly all parenteral and some oral
antibiotic regimens achieve excellent synovial fluid antibiotic levels, there is no role for the administration of
intra-articular antibiotic. Antimicrobial treatment of M.
tuberculosis septic arthritis usually requires a four drug
regimen due to the occurrence of isoniazid resistance.
Joint drainage is an integral part of the management of
septic arthritis as infected joints are analogous to closed
space abscesses. Drainage of peripheral joints is most
easily accomplished by bedside arthrocentesis. This is
particularly suited to critical care management where
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transport of a patient to an imaging unit may be difficult.
Daily aspiration may be required to ensure the removal of
recurrent septic effusion. Synovial fluid should be recultured to assess the efficacy of antibiotic therapy. Serial
WBC counts may be useful in documenting improvement
in inflammation. Alternates to needle arthrocentesis
include open arthrotomy or arthroscopic drainage.
While data supporting the efficacy of needle arthrocentesis
for drainage is well established in the literature, small
studies suggest that arthroscopic drainage is also effective.
Aspiration of a para-spinal abscess requires axial imaging
and thus access to CT or MRI.
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Introduction
Apart from pneumonia caused by endemic mycoses,
Pneumocystis jiroveci and Cryptococcus species, fungal
pneumonia is almost always caused by filamentous
fungi. Over the past two decades, the range of people at
risk of pulmonary mold infections has been expanding
with the wider use of immunosuppressive agents in the
treatment of cancer and autoimmune disorders, the growing number of patients undergoing transplantation, and
the aging of the population. Many of these at-risk patients
are hospitalized in hematology wards and transplantation
units. Invasive aspergillosis (IA), by far the most common
mold infection involving the respiratory tract, may affect
up to 10% of patients with acute leukemia, up to 30%
of solid organ transplant recipients, and up to 15% of
allogeneic hematopoietic stem cell transplant patients.
Fortunately, in these specific patient groups, a significant
decrease of the fungal infection-related mortality has been
observed over the last decade.
However, parallel with improvements in medical care,
the spectrum of patients at risk for respiratory fungal
infections is also expanding. Recent studies have focused
on these nonclassic risk groups; these include “apparently
immunocompetent” hosts whose mild-to-moderate
immune deficits may be transiently worsening to a net
state of immunosuppression severe enough to cause lifethreatening fungal infections. Nowadays, many of these
latter patients reside in intensive care facilities and units of
respiratory medicine, including patients with chronic
obstructive lung disease, recipients of low doses of corticosteroids, and patients with cirrhosis, iron overload, and
diabetes. Besides classic risk factors as neutropenia and
(prolonged) use of immunosuppressive drugs, the importance of additional transient attacks to the immune system
such as poorly controlled glycemia, sepsis-associated
immunoparalysis, malnutrition, and moderate to severe
renal or hepatic impairment is now well recognized.
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Epidemiology of Invasive Aspergillosis
in the ICU
In a medical ICU, a high incidence of IA was observed in
two separate, retrospective, autopsy-controlled studies. In
the larger study, 127 (6.9%) of 1,850 hospitalized patients
had microbiologic or histopathologic evidence of aspergillosis during their ICU stay, including 89 cases (70%) in
which there was not an underlying hematological malignancy. The observed mortality rate of 80% was much
higher than the mortality rate predicted on the basis of
the Simplified Acute Physiology Score II (48%) [1]. An
earlier study sought unsuspected causes of death in the
same medical ICU and revealed that, among 100 autopsies, there were 15 cases of IA, of which 5 were missed
before death [2]. These data are in line with previous
autopsy findings, suggesting that invasive fungal infections are among the most commonly missed diagnoses
in ICU patients. During a 6-year period, Cornillet et al. [3]
found that a mean number of 15 patients per year received
a diagnosis of IA; approximately one-half of these patients
were in the ICU. Intercenter differences can be explained
by differences in underlying patient characteristics, case
mixes, and autopsy policies.

Pathogenesis of Invasive Aspergillosis
Over the past two decades, IA has emerged as a lifethreatening fungal infection in patients with hematological diseases. Although many infected patients will eventually be admitted to the ICU for advanced supportive
care, it seems that IA has also gained a foothold in less
severely immunocompromised ICU patients. So, can
a threshold of immunosuppression needed for the development of IA be defined?
Various factors, including the prolonged use of antibiotics and the use of central venous catheters and/or
mechanical ventilation, adversely affect the defense
systems of previously healthy individuals. Although these
factors are present in most ICU patients, many of these
patients do not develop IA. One of the intriguing hypotheses for immunosuppression in the apparently immunocompetent patient with multiple-organ dysfunction
relates to the biphasic response to sepsis. The initial
hyperinflammatory phase is followed by relative
immunoparalysis. This latter process is characterized by
neutrophil deactivation, and it may put the patient at risk
of developing opportunistic infections, such as IA. Additional epidemiological studies are warranted to better
delineate this phase of immunoparalysis.
Patients in the ICU (medical and surgical) are often
treated with steroids. However, in vitro pharmacological
concentrations of hydrocortisone accelerate the growth of
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Aspergillus species. Clearly, high steroid intake diminishes
both lines of cellular defense against IA (i.e., macrophages
and neutrophils). This has been demonstrated in hematopoietic stem cell transplant recipients who received
prolonged courses of steroids for the treatment of graftversus-host disease. Palmer et al. [4] reported that the
threshold steroid concentration varies according to the
type of patient, and they emphasized that underlying
lung disease is a risk factor for IA even when low doses
of steroids are administered. Cases of IA have even been
reported in association with inhaled steroids. Additional
studies are needed to investigate whether administration
of the 7-day course of hydrocortisone (200 mg/day) to
patients with septic shock puts them at risk of developing
IA, knowing that recognition of fungal infection may be
delayed, because the anti-inflammatory properties of steroids blunt the signs of infection.
Two at-risk groups not included in the EORTC/MSG
definitions stand out with regard to IA: patients with
chronic obstructive pulmonary disease (COPD) and
patients with cirrhosis. Patients with COPD have an
increasingly recognized risk of developing IA, and in
some institutions, cases of IA among patients with
COPD treated with steroids outnumber those cases in
“classic” patients.
Hepatic failure is generally not recognized as a risk
factor for IA. A literature review revealed that 5 of 14
previously reported cases of IA in seemingly immunocompetent hosts were associated with liver disease.
Patients with cirrhosis experience depressed phagocytosis,
which may increase their risk for severe infections.
It is expected that new risk categories of IA will arise as
new immunosuppressive agents, such as alemtuzumab
and etanercept (a TNF-a blocker), are used widely.
There are numerous sources of Aspergillus species
for patients in the ICU. Some studies suggest that fungal
colonization of the lungs is present before entry into
the hospital. It is believed that the primary ecological
niche is decomposing material. However, aerosolized
spores may become a potential source of infection
through improperly cleaned ventilation systems, water
systems, or even computer consoles. The use of highefficiency particulate air filtration reduces the risk of IA
but does not reduce it to zero, probably in part because
patients may be colonized before admission to the ICU,
and partly because of breaks in airflow. In addition to the
airborne route, contaminated water has been implicated
as a source of infection. Of note, the development of IA
depends on an interplay between the inoculating dose, the
ability of the host to resist infection, and the virulence of
the organism.
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Disease Manifestations in the ICU
There are several manifestations of IA disease in the ICU.
There are three types of pulmonary pathogen–host interactions. The most frequent interaction is colonization of the
airways; this can be present in patients with defective
mucociliary clearance and structural changes in the bronchial wall. These changes are present in almost every
patient who is undergoing mechanical ventilation, making
them particularly susceptible to colonization. IA will not
develop in these patients unless a critical level of immunodeficiency has been reached. The second type of interaction is “allergic” in nature and is beyond the scope of
this review. The most relevant form of interaction for
ICU physicians is the invasive disease that develops in
persons with impaired immunity. The lungs and sinuses
are implicated in >90% of these cases. The aggressive
angioinvasive form of IA is frequently encountered in
neutropenic patients, whereas cavitating infiltrates are
observed most frequently in patients who are receiving
steroids, patients with COPD, patients with cirrhosis,
solid-organ transplant recipients, etc. In lung transplant
recipients, anastomotic infections are the most frequently
occurring presentations. Other, rarer presentations include
endocarditis, wound infection, mediastinitis (after cardiac
surgery), infection of vascular grafts, and osteomyelitis;
these are occasionally a problem in immunocompromised
patients or during epidemic outbreaks. Infection of the CNS
is frequently an ominous sign and may arise from hematogenous seeding (for which the lung is the most common
primary site), from spread of the pathogen from the sinuses,
or after neurosurgery.
The pathogenesis of IA in patients with steroidassociated immunosuppression differs greatly from that
in neutropenic patients. Data demonstrate that pathologic
lesions are often widespread, and that death is related to
a high fungal burden in neutropenic animals, whereas the
pathogenesis in nonneutropenic, steroid-treated animals
is driven by an adverse inflammatory host response that is
frequently confined to the lungs, with a low fungal burden
in the lung parenchyma and other organs.
Clinical signs are usually nonspecific and do not necessarily differ from those for other causes of nosocomial
pneumonia. Fever, increasing sputum production, and
evolving pulmonary infiltrates despite antibiotics are frequently present but nonspecific. In addition, critically ill
patients with prolonged stays in the ICU often develop
pulmonary infiltrates, atelectasis, and/or acute respiratory
distress syndrome (ARDS), whereas patients with prior
lung disease (e.g., COPD) may present with preexisting
cavities noted by conventional chest radiography. These
features may obscure the classical halo sign or air crescent

sign that is present in hematological patients suffering
from invasive aspergillosis.

Diagnosis of IA in the ICU
Making a timely diagnosis of IA in the ICU population is
probably even more challenging than establishing an early
diagnosis in patients with hematologic disease. Basically,
this is because the index of suspicion is lower in the ICU
population because most patients do not belong to one of
the well-established risk groups. Moreover, the diagnostic
tools were developed in hematology patients. In general,
a diagnosis is made on the basis of a combination of
compatible clinical findings, abnormal radiologic findings, and microbiologic confirmation or on the basis of
histologic proof of tissue invasion by the fungus.
Over the past few years, lung CT has become one of the
most important diagnostic tools. Diagnostic signs of
angioinvasive pulmonary mycosis – not only those due
to Aspergillus species, but occasionally those due to
Mucorales species – include single or multiple small nodules with the halo sign. It should be recognized that the
utility of this sign has been evaluated almost exclusively in
neutropenic patients. In other groups, including ICU
patients, similar CT findings are frequently absent, and if
the signs are present, they are far less specific. Many ICU
patients have nonspecific interfering radiologic abnormalities associated with atelectasis or ARDS.
A positive result of a culture of a respiratory specimen or
positive findings of a direct microscopic examination is
present in only one-half of patients with IA. The predictive
value of a positive culture result depends largely on whether
the patient is immunocompromised and ranges from 20% to
80%. Given the ubiquitous nature of Aspergillus spores,
differentiation of colonization from infection remains
problematic. Two studies have examined the significance
of isolation of Aspergillus species in ICU patients and have
confirmed the poor positive predictive values. However,
although culture and microscopic examination of respiratory tract samples are performed on a regular basis in most
ICUs (once or twice weekly, as a means of surveillance), it
is not an appropriate guide for clinical practice.
Serologic testing techniques based on the detection
of circulating fungal cell wall components, such as
galactomannan (GM) or b-D-glucan, and detection of
circulating fungal DNA by PCR techniques hold promise
for patients with hematologic malignancy, but they have
not been systematically studied for the diagnosis of IA in
the ICU. GM and b-D-glucan are polysaccharide fungal
cell wall components that are released during tissue invasion and that can be detected in specimens of body fluids
(e.g., serum and bronchoalveolar lavage fluid) obtained
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from patients with IA. Studies of neutropenic patients
have revealed high rates of sensitivity (67–100%) and
specificity (86–99%). However, in a retrospective observational study of a medical ICU population, serum GM
was elevated in only 53% of patients with IA. Detection of
serum GM is probably not a sensitive marker for IA
(especially in nonneutropenic patients), as demonstrated
in lung and liver transplant recipients. Viable fungi can
endure in the lung tissue (with encapsulation by an
inflammatory process), whereas circulating markers can
remain undetectable because of clearance by circulating
neutrophils. Bronchoalveolar lavage fluid could be a better
specimen for GM detection as has been demonstrated in
a medical ICU setting [5]. The use of b-D-glucan detection
in the ICU is hampered by false-positive results (associated with the use of albumin, wound gauze, hemodialysis,
and bacterial infections). GM detection yields fewer falsepositive results, although the use of b-lactam antibiotics,
such as piperacillin-tazobactam, may also pose a problem.
Thus far, no prospective data on PCR detection are available for ICU patients.
Critical-care physicians need a helpful instrument to
guide clinical practice. A combination of host status
(number of organ failures, length of stay, intake of immunosuppressive drugs, etc.) and diagnostic markers (e.g.,
galactomannan level in bronchoalveolar lavage fluid, clinical signs, and chest X-ray) should be used for decision
making regarding start of antifungal drugs.

Treatment of IA in the ICU
Amphotericin B has been the mainstay of the treatment of
IA for a long time. However, this formulation is renowned
for being associated with serious adverse effects (e.g.,
nephrotoxicity, hypokalemia, and fever). These events
often result in the use of suboptimal dosing regimens.
Fortunately, over the past few years, lipid-based formulations of amphotericin B and new antifungal drugs with
more favorable tolerability and safety profiles (including
voriconazole, posaconazole, and the echinocandins) have
become available as alternatives.
Recently, voriconazole, a derivative of fluconazole, has
become the new standard of care for treating IA.
A significantly better outcome (response rate, 52.8% vs.
30.6%) was demonstrated in a randomized study that
compared initial treatment with voriconazole versus conventional amphotericin B [6]. Posaconazole is a new, oral,
broad-spectrum triazole that is effective against several
fungi that are resistant to most other antifungals; it is
well tolerated and holds promise as a prophylactic agent
in neutropenic patients. It can be used as an alternative
agent in salvage therapy. Caspofungin, micafungin, and
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anidulafungin belong to a new class of antifungal drugs,
the echinocandins, which act by inhibiting the synthesis of
b-(1,3)-D-glucan in the fungal cell wall. Echinocandins
display activities against Aspergillus species, as demonstrated in several studies of salvage therapy, but convincing data on its use as first-line treatment are still lacking.
(The latter criticism also applies to first-line treatment
with lipid-based formulations of amphotericin B.)
However, most patients who were recruited in these
first- and second-line treatment studies were experiencing
an underlying hematological disorder or were transplant
recipients. These studies usually exclude patients
with baseline characteristics that are commonly seen in
ICU patients, including patients with liver function
abnormalities, coagulation disorders, or renal dysfunction, and patients in need of advanced cardiovascular or
pulmonary support, including mechanical ventilation.
Nonneutropenic ICU patients and patients who are not
transplant recipients largely tend to be underrepresented
in all major trials; and given the impact of these
comorbidities, lower response rates can be anticipated.
In addition, many aspects of antifungal therapy that
are relevant to the ICU population have not been sufficiently addressed in clinical studies, including the pharmacokinetic profile of antifungals in patients with
underlying renal, hepatic, and/or cardiac dysfunction;
the dose–response relationship; the best route of administration (oral, enteral, or parenteral); the monitoring of
drug-related toxicities (e.g., how to monitor voriconazoleinduced visual disturbances in sedated patients); and,
especially, drug interactions with frequently used “ICU
drugs.” The echinocandins have not been studied as firstline therapy but offer the advantage of being free of nephrotoxicity; dose adjustments are not required in the event
of renal failure or in patients who are undergoing continuous hemofiltration. In addition, few clinically significant
drug–drug interactions have been reported.

Prognosis
In an era of increased availability of new immunosuppressive drugs and better intensive care, with prolonged
patient survival, we can expect a continuing increase in
the incidence of IA. The occurrence of IA in the ICU
usually entails a poor prognosis despite major recent
improvements in the diagnosis and treatment of IA in
patients with hematologic diseases. Mortality rate is
above 80% for mechanically ventilated patients with
proven aspergillosis. Multicenter studies are warranted,
to explore the exact incidence of IA in the ICU, and to
better delineate the difference between hospital-acquired,
ICU-acquired, and community-acquired aspergillosis.
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Evaluating the value of galactomannan, b-D-glucan, and
PCR in nonneutropenic, critically ill patients with different sample types (and, especially, with respiratory samples) are needed, as is a better delineation of the patient
population at risk for IA in the broad group of critically ill
patients. Finally, antifungal pharmacokinetics, pharmacodynamics, and interactions with other drugs need to be
explored more thoroughly. These elements can eventually
result in a better prognosis.
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Aspiration Pneumonia
Is defined as the misdirection of oropharyngeal or gastric
contents into the larynx and lower respiratory tract.

Assessment of Preload
Responsiveness or Fluid
Responsiveness
▶ Functional Hemodynamics

Asthma Attack
▶ Acute Asthma

Asthma Exacerbation
▶ Acute Asthma

ATA
The combination (or the sum) of the atmospheric pressure and the hydrostatic pressure is called atmospheres
absolute (ATA). In other words, the ATA or atmospheres
absolute is the total weight of the water and air above us.

Atherosclerotic Aneurysm
▶ Vascular, True Aneurysms

▶ Burns, Pneumonia

Atlantoaxial Dislocation
Aspirin Overdose

DANIEL K. RESNICK, BASHEAL M. AGRAWAL
Department of Neurological Surgery, University of
Wisconsin, Madison, WI, USA

▶ Salicylate Overdose

Synonyms
Atlantoaxial subluxation

Asplenia Infection
▶ Overwhelming Postsplenectomy Sepsis

Definition
Atlantoaxial dislocation (AAD) is characterized by a loss
of bony or ligamentous stability between the first cervical

Atlantoaxial Dislocation

vertebra (C1), the atlas, and the second cervical vertebra
(C2), the axis. Varying degrees of myelopathy can occur
given the severity of vertebral translation; however, death
is rare with appropriate treatment.

Anatomy
Stability of the atlantoaxial joint is greatly dependent on
the ligamentous integrity at this level. The odontoid process is approximated to the anterior arch of C1 by the
transverse ligament. The transverse ligament is the primary restraint against anteroposterior translation of the
dens relative to the arch of C1. Additional ligamentous
support is provided by the alar ligaments, which course
from the posterolateral surface of the dens to the occipital
condyles, the apical ligament extending from the tip of the
dens to the foramen magnum, and the tectorial membrane
(an extension of the posterior longitudinal ligament) [1].

Mechanism
Atlantoaxial dislocation is caused by excessive motion
around the C1-2 articulation. Symptomatic AAD occurs
when the spinal cord is compressed either ventrally by the
odontoid process or posteriorly by the arch of C1.

Imaging
AAD can be diagnosed using plain radiographs of the
cervical spine. Three view x-rays (anteroposterior, lateral,
and open-mouth odontoid) are utilized. Special attention
is given to the atlanto-dens interval (ADI). An ADI of
greater than 3 mm in adults or greater than 5 mm in
children is indicative of AAD. The integrity of the transverse ligament is evaluated by calculating the spread of the
lateral masses of C1 on C2. The cumulative distance
should be less than 7 mm with an intact transverse ligament. Additional indications of instability include displacement of greater than 3.5 mm in flexion–extension
films and prevertebral soft tissue swelling. Computed
tomography can provide additional definition of bony
abnormalities, and magnetic resonance imaging can further demonstrate ligamentous injury.

Treatment
Atlantoaxial dislocation requires evaluation and treatment
by a spine specialist. Consultation with a neurosurgeon or
orthopedic spine surgeon is advised. Treatment may consist of immobilization, traction, surgical fixation, or some
combination thereof [2].

Differential Diagnosis
Trauma
Rheumatoid arthritis
Connective tissue disorders

A

Ankylosing spondylitis
Neurofibromatosis
Os odontoideum
Osteogenesis imperfecta
Mucopolysaccharidosis

Cross-reference to Disease
Trauma
Cervical trauma can result in disruption of either the bony
or ligamentous structures of the C1-2 joint. In adults,
approximately 10% of cervical fractures involve the
atlantoaxial joint with 15% of these resulting in neurologic
manifestation. This low number is attributable to the wide
canal diameter at this level. In children younger than
8 years, the incidence of AAD is higher because of
increased ligamentous laxity, the horizontal orientation
of facets, less mature bone, and forces associated with
larger head/body ratio [3].
Classic injuries resulting in traumatic AAD occur in
motor vehicle accidents when a patient’s head strikes
a windshield or steering wheel. Biomechanically, three
general patterns of AAD include flexion-extension, distraction, and rotation.
Atlantoaxial rotation is produced by hyperrotation or
lateral bending and can vary from subluxation to dislocation. It often manifests with unilateral locked facets.
A four-part classification scheme (Fielding and Hawkins
Classification) has been devised to evaluate rotatory displacement [4]. Injuries involving greater than 5 mm of
anterior displacement or posterior displacement of C1 on
C2 are considered highly unstable injuries.

Rheumatoid Arthritis
Greater than two million individuals in the USA suffer
from rheumatoid arthritis (RA). Twelve to fifteen percent
of patients will have atlantoaxial instability. AAD occurs
because of loss of tensile strength of the transverse ligament. Increased ligamentous laxity coupled with erosive
bony changes common to RA lead to translation. Moreover, rheumatoid pannus formation further destabilizes
the joint. In addition to myelopathy, basilar invagination
may lead to brainstem findings [5].

Grisel’s Syndrome
Grisel’s syndrome is a spontaneous atlantoaxial subluxation following a pharyngeal infection. While the vast
majority of patients are children, similar mechanisms
exist in adults. The presumed pathophysiology involves
a local inflammatory reaction in the cervical spine derived
from shared pharyngeal and prevertebral venous plexuses.
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Grisel’s syndrome is treated with appropriate antibiotics
and external immobilization versus traction and immobilization [3].

Atlantooccipital Dissociation
▶ Occipitocervical Dissociation

Down Syndrome
Down syndrome is characterized with systemic ligamentous laxity. Between 15% and 25% of patients with Down
syndrome have some evidence of atlantoaxial instability.
Treatment is usually reserved for patients with symptomatic subluxation. Consultation with a spine specialist is
commonly performed when such instability is discovered
as part of a screening for athletic competition. Operative
intervention is uncommonly required in asymptomatic
children.

Mucopolysaccharidoses
Mucopolysaccharidoses cause metabolic abnormalities in
complex carbohydrate metabolism. Generalized ligamentous laxity contributes to the atlantoaxial subluxation
described in a variety of mucopolysaccharidoses.
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Atrial Fibrillation
GRIET VAN THIELEN, SUSANNA PRICE
Department of Intensive Care, Royal Brompton Hospital,
London, UK

Synonyms
Auricular fibrillation

Definition
Atrial fibrillation (AF) is a supraventricular tachyarrhythmia characterized by chaotic atrial activity, and is the
commonest documented arrhythmia on the intensive
care unit (ICU). AF can be paroxysmal (self-terminating),
recurrent (2 episodes), or persistent (potentially requiring cardioversion to terminate) [7]. Postoperative AF is
a secondary arrhythmia where treatment of the underlying
precipitant in parallel with the episode of AF is usually
sufficient to terminate the arrhythmia without recurrence.

Epidemiology
AF occurs in up to 15% of patients in the general ICU
population, however, the literature regarding AF-related
mortality in this patient population is controversial [7]. In
the postoperative ICU setting, the incidence of AF is 6.7%.
AF is the most common arrhythmia complicating cardiothoracic surgery, with prevalence between 20% and 40%
following cardiac surgery [5, 6]. In surgical patients, most
arrhythmias occur within 5 days, with a peak incidence on
the second postoperative day [5, 6]. AF increases the risk
of stroke, hemodynamic instability, and mortality. In
addition, it can precipitate ICU admission, prolong ICU
and hospital length of stay (LOS) significantly, and thus
increase hospital costs [5].

Characteristics

Atlantooccipital Dislocation
▶ Occipitocervical Dissociation

The onset of any tachyarrhythmia requires both an initiating trigger and an underlying substrate. Automatic focal
triggers (atrial tachycardia or atrial premature beats) and
propagation of multiple reentry wavelets throughout the
atria are both mechanisms contributing to AF. In the

Atrial Fibrillation

critically ill, altered automaticity and conductivity are
frequently encountered. Factors that contribute to this
altered state include high catecholaminergic state, atrial
stretch, transcellular fluid and electrolyte shifts, metabolic
changes, acute atrial enlargement, ischemia, infarction,
and hypertension. In postcardiac surgical patients additional factors include trauma from cannulation, pulmonary vein venting, pericarditis, hypothermia, cardioplegia,
and an increased inflammatory response due to cardiopulmonary bypass and cross-clamping [5]. In contrast to
AF occurring outside the postoperative period, the initiating triggers are often reversible in this patient population, with sinus rhythm restored in 90% of patients within
6–8 weeks postoperatively [5–8].

Risk Factors for AF in the ICU
Several clinical risk factors for the development of AF have
been identified. These include age, history of AF, chronic
obstructive pulmonary disease, atrial enlargement,
hypovolemia, left ventricular dysfunction, congestive
heart disease, valvular heart disease, withdrawal of either
beta-blocker or angiotensin-converting enzyme (ACE)
inhibitor, obesity, and P-wave duration. In patients undergoing noncardiac surgery, an elevated right atrial pressure
(RAP), and presence of a pro-inflammatory state has been
shown to correlate with the onset of AF. Among these risk
factors, age is probably the most important; age-related
atrial fibrosis and increasing age-related atrial refractoriness support the onset of AF. With an increasingly aging
population, this constitutes a current and increasing clinical burden in the future [5, 6].

Evaluation and Assessment
The onset of AF is marked by an abrupt change in ventricular rhythm with loss of the normal P-wave morphology, and often an abrupt change in ventricular rate. The
atrial rate is usually above 350 beats per minute with
irregular fibrillatory waves on the surface electrocardiogram (ECG). By contrast, in atrial flutter the atrial rate is
between 240 and 320 beats per minute with a sawtooth
pattern (). The diagnosis of an atrial arrhythmia is confirmed by telemetry, 12-lead ECG, or definitively with an
atrial electrocardiogram (AEG). Here, the atrial pacing
wires, placed during surgery (or a standard endocardial
pacing wire positioned in the esophagus), can be
connected to a 12-lead ECG and hence amplify the atrial
activity seen on the surface ECG. Alternatively, where
a permanent pacemaker with an atrial lead is implanted,
interrogation may reveal the underlying arrhythmia. Special attention is needed to diagnose AF during ventricular
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pacing because the pacing spikes may mask AF with slow
ventricular rate or an accelerated junctional rhythm.
In addition to the diagnosis of arrhythmia, an assessment of potential associated risk factors should be
performed to determine potentially reversible precipitants. This is particularly important in the postoperative
patient. (see Fig. 1)

Prevention Strategies
The evidence for pharmacological prophylaxis to prevent
AF varies according to the patient population. In the
medical ICU, there is no evidence that any agent is effective in preventing AF. The situation in postoperative
patients is different. Multiple studies have shown
a consistent benefit in the prophylactic administration of
beta-blockers, including metoprolol, atenolol, carvedilol,
timolol, and propanolol. Nevertheless they are rarely used,
particularly in patients with impaired ventricular systolic
function, due to their side effect profile, although this is
changing with more recent treatment algorithms in heart
failure [5, 4]. Sotalol, a Class III antiarrhythmic agent with
beta-blocker activity, may be more effective, but requires
monitoring of the QTc [1]. Amiodarone has been shown
to reduce the incidence of postoperative AF, and different
dosing regimens have been proposed [5]. The prophylactic
use of amiodarone has been shown to reduce stroke, LOS,
and the cost of admission, especially in the high-risk
patients [8, 1]. Other antiarrhythmics proposed include
propafenone 675 mg daily, however, it is not widely used.
The preoperative use of digoxin or verapamil does not
reliably decrease the incidence of postoperative AF. Finally,
despite initial enthusiasm, there is only limited evidence
that atrial and particularly biatrial overdrive pacing prevents postoperative AF [5, 8, 1]. Thus, in patients undergoing non-cardiothoracic surgery, current guidelines
recommend the prophylactic use of beta-blockers and
amiodarone to prevent postoperative AF, although this is
rarely undertaken. Current recommendations for the prevention of AF in postcardiac surgical patients are the use
of beta-blockers (Class I indication, level of evidence A).
Additionally, these guidelines suggest that preoperative
administration of amiodarone should be considered for
high-risk (Class IIa indication, level of evidence A). There
is discrepancy in the guidelines regarding the prophylactic
use of Sotalol (level of evidence A NICE guidelines, ACC/
AHA/ESC gave only a Class IIb indication) [5, 8]
(Table 1).
Patients undergoing cardiac surgery develop a high
inflammatory response and antioxidant stress
perioperatively. Recent studies have highlighted the use
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Atrial Fibrillation. Figure 1 Twelve-lead surface electrocardiogram in a patient with atrial fibrillation (AF) postcardiac surgery.
Lead V2 is connected to the atrial epicardial pacing wires and the fibrillatory waves are clearly seen

of HMG CoA-reductase inhibitors (statins) and omega-3
fatty acids in primary prevention of AF, possibly due to
their pleiotropic (anti-inflammatory) effects. Further
studies are needed to further elucidate their role [5, 6].

Treatment
If symptoms of ischemia, hemodynamic instability, or
heart failure occur in the context of new AF, an immediate
attempt should be made to restore sinus rhythm with
direct current cardioversion (DCCV). In the absence of
the requirement for urgent cardioversion, rate control can
be considered; however, rhythm control is almost always
the preferred option [8]. In conjunction with the treatment of the AF, other potential exacerbating causes should
generally be corrected. Patients with complex congenital
heart disease may initially tolerate AF well, however, the
potential for sudden and catastrophic hemodynamic deterioration exists (for more detail, see chapter on ▶ AntiArrhythmic Therapy). Here, expert advice should be
sought early. This is particularly relevant to those with
pulmonary hypertension, a univentricular heart or a systemic right ventricle.

Pharmacological Management
The heightened adrenergic state and other confounding
factors, such as electrolyte, fluid and metabolic disturbances, pain, hypoxia, anemia, make it sometimes difficult
to cardiovert and/or maintain sinus rhythm, and therefore
rate control may have to be accepted. The following AV
nodal blocking agents have proven efficacy: beta-blockers,
non-dihydropyridine calcium channel antagonists, and
amiodarone when hemodynamic stability is particularly
of concern. Digoxin can be used, although its effect not
reliable in states of high sympathetic drive. The target
ventricular rate is generally between 70 and 100 beats per
minute with normal cardiac function; however, rates
above this may be required where specific cardiac physiology demands [5, 8]. Where pharmacological cardioversion is attempted, procainamide, amiodarone (together
with magnesium), and ibutilide have all been used with
similar conversion rates. In postcardiac surgery patient,
AF is often self-limiting and self-terminates within 24 h. If
AF persists for >24 h despite attempts to pharmacologically cardiovert and/or with inadequate rate control,
a reconversion strategy should be considered. A number
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Drug

Class

Dose

Side effects

Amiodarone

III

300 mg loading +
900–1,200 mg/24 h iv

Bradycardia

80 mg bid orally
120 mg bid (>70 kg)

QTc prolongation

Mild negative inotrope
Nausea

Sotalol

III+Beta-blocker activity

Renally excreted
Hypotension/bradycardia
Negative inotrope

Ibutilide
Procainamide

III
IA

1 mg/10’ iv (repeat 1 mg)

QTc prolongation

(0.01 mg/kg if<60 kg)

Hypotension

10 mg/kg/1 h loading +
1–2 mg/min/24 h iv

Renally excreted

Negative inotrope
Proarrhythmogenic
Nausea

of pharmacological agents, with or without repeated
attempts to electrically cardiovert (see below), including
amiodarone, although the efficacy in acute cardioversion
is often modest, ibutilide, procainamide, and sotalol have
been shown to be effective [5, 3, 8].
In postoperative AF, recurrence of the arrhythmia is
not uncommon due to the ongoing secondary triggers.
The decision for starting antiarrhythmic maintenance
therapy depends on the tolerance, the risk factors and
the number of episodes of AF of each individual patient.
Because of its efficacy and safety profile, amiodarone is
most commonly used.

Direct Current Management
The most effective way to achieve sinus rhythm is DCCV.
Anteroposterior defibrillation pad position provides
a better vector for cardioversion of AF. If DC cardioversion
does not result in a single beat of sinus rhythm, a second
attempt with higher delivered energy should be considered. If, however, sinus rhythm after DC shock is accomplished (even one beat), but early reinitiation of AF
occurs, antiarrhythmic drugs should be considered. After
loading the antiarrhythmic agent, a further attempt of DC
cardioversion can be performed. In patients following
cardiac surgery, relatively high-rate atrial pacing (for
example rates of 85–100 bpm) anecdotally may reduce
the recurrence rate of AF.

lasting longer than 48 h or with recurring episodes. Where
sinus rhythm is restored within 48 h, anticoagulation
should be considered for patients with underlying structural heart disease (left ventricular dysfunction and
valve disease) and with risk factors indicating an increased
risk for stroke (previous history of ischemic stroke/TIA,
age>75 years with hypertension or diabetes or vascular
disease) [8].
When cardioversion is attempted after 48 h of AF, or
when the onset is not known, transesophageal echocardiography (TOE) should be performed to exclude an intracardiac thrombus. Studies show that when AF persists for
48 h even with a negative TOE pre-cardioversion to sinus
rhythm, stunning of left atrium or left atrial appendix can
persist up to 10 days and more with risk of thrombus
formation. Therefore, anticoagulation should be continued for a minimum of 3–4 weeks [5]. In all cases, the
decision to start oral anticoagulation needs to be balanced
with the bleeding risk of each individual patient.
The management of atrial flutter is similar to AF,
except that performing atrial overdrive pacing should be
the first strategy in attempt to cardiovert the patient.
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Atypical HUS
▶ Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura

Atypical Pneumonia Syndrome
▶ Severe Acute Respiratory Syndrome, Viral (SARS)

Atrial Natriuretic Factor (ANF)
▶ ANP

Auriculin
▶ ANP

Atrial Natriuretic Hormone (ANH)
▶ ANP

Auricular Fibrillation
▶ Atrial Fibrillation

Atrial Natriuretic Peptide (ANP)
▶ ANP
▶ Renal Blood Flow Regulation

Autochthonous
Atriopeptin

Refers medically to something that originates or forms in
the place where it is found.

▶ ANP

ATS
American Thoracic Society.

Autoimmune Disorder of the
Neuromuscular Junction
▶ Myasthenia Gravis

B
B2M
▶ Serum and Urinary Low Molecular Weight Proteins

Bacillus anthracis
▶ Biological Terrorism, Anthrax

Bacillus anthracis Infection
▶ Anthrax

Bacteremia, Primary of Unknown
Origin
VIKAS P. CHAUBEY, KEVIN B. LAUPLAND
Department of Critical Care Medicine, University
of Calgary and Calgary Health Region, Calgary,
AB, Canada

Definition
While many definitions for bacteremia exist, it may be
defined by the growth of a microbe from an aseptically
obtained blood culture specimen associated with symptomatic infection. Determining if an infection is symptomatic is based on multiple factors, including history
of the patient, physical examination, body temperature,
peripheral leukocyte count and differential, clinical
course, results of cultures from other sites, and percentage
of blood cultures positive [1]. The term bacteremia may
be considered synonymous with bloodstream infection.
An important aspect in defining bacteremia is that

contamination of blood culture specimens must be ruled
out. Common skin contaminants including diphtheroids,
Bacillus spp., Propionibacterium sp., coagulase-negative
staphylococci, and micrococci generally require isolation
from two different blood cultures drawn from separate
sites to be considered as significant. A positive blood
culture is requisite for bacteremia; if the test is not
performed the diagnosis cannot be made. In addition,
prior administration of systemic antimicrobials may sterilize blood culture specimens and result in the under
recognition of bacteremia.
Bacteremia may be classified as being either primary or
secondary. In the former, the origin of the bacteremia is
either associated with an intravascular catheter or is of
unknown origin. In the latter, the bacteremia is associated
with infection concurrently diagnosed at another body site,
such as with pneumonia, meningitis, or bone and joint
infection. Catheter-related bacteremia is a special case of
primary bacteremia that occurs in a patient with an intravascular catheter. Such bacteremia is still considered primary
even if localized signs of infection are present at the access
site. A primary bacteremia that is not catheter-related is also
referred to as a bacteremia of unknown origin.
Traditionally, bacteremias that were present or incubating at the time of hospital admission were classified as
community-acquired and those that developed as a complication of hospitalization as nosocomial (usually first identified more than 48 h after admission). However, over the
recent years, there has been a shift in delivery of healthcare
with an increasing number of sicker patients with multiple
comorbidities managed in the community setting. When
community onset bacteremia occurs in patients that have
had extensive healthcare exposure, it tends to be associated
with higher rates of antimicrobial resistance and mortality
[2]. Bacteremias that occur in either community-based
outpatients or that are first identified within 48 h of
admission are now generally classified as healthcareassociated if there is a significant history of healthcare
exposure as evidenced by recent admissions to hospital,
residence in a nursing homes or long-term care facility,
hemodialysis, recent intravenous therapy, or specialized
medical care in the home. Community-acquired bacteremias are diagnosed when these factors are not present [2].
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Epidemiology
While a number of large observational and surveillance
studies have reported on the epidemiology of bacteremia
among critically ill patients, most have focused on nosocomial infections and have not separated ICU patients
from the general inpatient population. Furthermore, it
must be emphasized that considerable differences exist at
the national, regional, and local levels with respect to the
epidemiology of bacteremia. In most cases, ICU-acquired
primary bacteremias are similar to nosocomial primary
bacteremias in the hospital population at large, with the
exception of an increased risk for antimicrobial resistance.
Gram-positive organisms including coagulase-negative
staphylococci and Staphylococcus aureus are the most common etiologies of ICU-acquired bacteremia. Community
onset primary bacteremic disease (including healthcareassociated and community-acquired disease) is less well
defined among patients admitted to ICU, but Escherichia
coli, S. aureus, and Streptococcus pneumoniae are predominant pathogens in most studies. While coagulase-negative
staphylococci are regularly listed as a major etiology of
bacteremia in critically ill patients, these bacteremias are
almost exclusively healthcare or nosocomially associated
and are invariably related to intravascular catheters or
other implanted prosthetic materials.
The diagnosis of bacteremia of unknown origin is
made by exclusion of a secondary infected source. Therefore, its identification will depend in part on the degree of
effort made to localize a source by clinical, laboratory, and
radiological means. As a result, there is considerable variability in reported rates of bacteremia of unknown origin
among critically ill patients and ranges from 10% to 50%
of all bacteremias.
Risk factors specifically for primary bacteremia in critically ill patients have not been studied extensively. However,
even if not recognized as a focal source, intravascular catheters likely represent the main risk factor for development of
healthcare-associated, nosocomial, and ICU-acquired bacteremias. Factors associated with development of catheterrelated bacteremia include inexperience of the operator, high
patient-to-nurse ratios, catheter insertion with less than
maximal sterile barriers, placement in the internal jugular
or femoral vein rather than subclavian vein, placement in an
old site by guidewire exchange, heavy colonization of the
insertion site or contamination of a catheter hub, and
prolonged duration of use.
It is well documented that ICU-acquired bacteremia
increases cost, length of ICU and hospital stay, and mortality.
However, few studies have looked specifically at the effect of
primary bacteremia on outcomes. Generally speaking,

primary bacteremia is associated with a significantly lower
mortality rate than with secondary bacteremia. This may in
part be due to a lower mortality attributable to catheterrelated bacteremias where the infectious source is easily
removed. In one case-control study of 111 episodes of bacteremia in 15 French ICUs, the authors found that the excess
mortality was 20% in patients with primary bacteremia and
was 55% for secondary bacteremia. The excess mortality for
those with catheter-related bacteremia was considerably
lower at 12% [3].

Diagnosis
At least two cultures of blood should be taken from separate
blood draws at different sites in patients suspected of having
bacteremia. Increasing the number of culture sets will
improve the detection rate for pathogens. While the sensitivity of two sets of blood cultures has been reported to be
80–90%, three and four sets may be required to detect >95%
and >99% of bacteremias, respectively. At least one culture
should be drawn by peripheral venipuncture. Cultures may
be obtained through intravascular devices but should not be
taken through multiple ports of the same intravascular catheter. Another advantage of multiple blood culture draws is
that it can aid in the assessment of the potential significance
of common contaminants. Isolating common contaminants
from multiple samples increased the probability that true
bacteremia is present [4]. Markers such as procalcitonin
may also help distinguish blood culture contaminants
from true positive blood cultures. However, the current
clinical standard involves integration of all available clinical and microbiological data.
In patients where bacteremia is documented,
a thorough evaluation must be undertaken to determine
the source of infection as this can considerably influence
management. Common secondary sources for bacteremia
in critically ill patients include pneumonia, vascular catheters, intra-abdominal and surgical site infections, and to
a much lesser degree sinusitis and urinary tract infections.
Catheter-associated bacteriuria is not commonly symptomatic and rarely causes bacteremia. A detailed clinical
examination should be performed, and basic investigations should include a chest roentgenogram and cultures
of suspected body sites (i.e., urine, wounds, cerebrospinal
fluid, synovial fluid) as appropriate. Depending on the
suspected clinical source and the pathogen, further specific radiologic investigations may be indicated [4].
Endocarditis is an important diagnosis to consider in
any patient with bacteremia. While classical clinical signs
such as Janeway lesions, Osler nodes, and splinter hemorrhages are important when present, they are insensitive
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and their absence does not rule out this diagnosis with any
certainty. Other clues that may suggest a diagnosis of
endocarditis include persistently positive blood cultures
(particularly while on adequate therapy), persistent fever
after 72 h of appropriate therapy, and long-term intravascular and hemodialysis catheter use. The specific etiology
of bacteremia is also important. This is especially so with
Staphylococcus aureus as approximately 10–20% patients
with bacteremia due to this organism may have occult
endocarditis, with the rate highest in those with community acquired disease. All patients with Staphylococcus
aureus bacteremia and those with other organisms and
clinical concern should undergo echocardiography.
Increased sensitivity of transesophageal echocardiography
makes it the diagnostic modality of choice to reliably rule
out endocardial complications of S. aureus bacteremia [5].
Upon suspicion of catheter-related bacteremia, the
catheter should be promptly removed under usual circumstances. A confirmation of line-sepsis can be done by
one of several methods including sonication, vortexing,
and the semiquantitative “Maki” roll-plate method.
Although there is concern about the sensitivity of the
Maki-method in detecting endoluminal infection, this
method performs well. Each of these methods has
a sensitivity of 90%. The specificity of both sonication
and the Maki-method are similar at approximately 80%,
while vortexing has a higher specificity of 90%. However, the simplicity of the Maki-method frequently makes
it the procedure of choice in many laboratories. Briefly,
the Maki-method involves rolling the catheter tip across
a blood agar plate and uses a cut-off of 15 colony forming
units (CFUs) to diagnose true infection versus colonization [5].
Controversy exists as to whether all central line tips
that are removed should be cultured or only those that are
removed after identifying bacteremia. On one hand, culturing all removed lines may lead to over treatment of
many patients with uncomplicated line colonization. On
the other hand, such an approach may lead to preemptive
treatment of bacteremia with a reduction in associated
complications. It is prudent to at least culture those central
line tips that are suspected of being infected or removed
following an associated positive blood culture.
In most critically ill adults, removal of a catheter
suspected of being the source of infection is a lowmorbidity procedure. However, an approach where
a catheter could be classified as infected or not while in
situ with removal of only those infected catheters would be
preferred. Several methods have been developed in an
attempt to define whether a line may be infected prior to
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removal and include differential quantitative blood cultures and the differential time to positivity. Differential
quantitative blood cultures with a ratio 5:1 (comparing
colony counts from peripheral blood samples with colony
counts of blood samples from catheter hubs) has
a sensitivity of 70% and specificity of 95% relative to the
Maki-method. Differential time to positivity (comparing
time to positivity between cultures of blood samples
obtained from peripheral veins and from catheter hubs)
has a sensitivity of 95% and a specificity of 90% relative to
the Maki-method. It must be recognized that these
approaches require maintaining potentially infected catheters in situ while cultures are incubated. While this may
be done safely in selected stable patients, suspected
infected catheters should be promptly removed in hemodynamically unstable patients or in those where complications are suspected prior to the availability of blood
culture results.
Diagnostic imaging procedures frequently play an
important role in evaluating potential sources for bacteremia. Roentgenograms of the chest may identify pneumonia. Free air due to a perforated viscus is readily identified
by typical views of the abdomen. Plain radiographs may
also be useful to identify bone and joint sources. While
often a reasonable first investigation, plain radiographs
suffer from limited sensitivity, and other modalities may
be indicated. Computed tomography has generally good
sensitivity and specificity to detect infective foci at most
body sites. Ultrasound is readily available at the bedside
and is particularly valuable for assessing the liver and
biliary tree, and can potentially identify infected large
vessel thrombi using Doppler mode. Magnetic resonance
imaging has markedly improved resolution as compared
to computed tomography and is particularly valuable in
defining infections of the head, neck, and spine. A main
limitation of these mentioned modalities is that they
require the clinician to select the body site to be imaged.
In many cases, clinical clues may suggest a potential focus
of infection, but in many cases, the site of infection is
clinically unapparent.
Nuclear medicine scans have been employed in
evaluation of bacteremia of unknown origin, and it may
allow a full body assessment. Traditionally, 67Gallium,
111
Indium, and 99mTechnetium radiotracers have been
employed but are limited in their specificity for localizing
bacterial infection. Scans using autologous leukocytes
labeled with either 111Indium or 99mTechnitium, while
specific for leukocyte infiltration, do not detect infection
per se. Several newer nuclear technologies are now being
evaluated in the diagnosis of bacterial infections.
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18-Fluorodeoxyglucose positron emission tomography
(18-FDG PET) scans have been investigated with considerable success in identifying metastatic foci of infection.
However, 18-FDG is poorly taken up into the brain, heart,
kidneys, and bladder and therefore is complementary to
other imaging modalities. In addition, 18-FDG PET may
have similar specificity issues as the radiotracers mentioned above. Another new imaging technology using
99m
Technitium-ciprofloxacin has also been developed.
This tracer has the advantage of being specific to bacterial
enzymes. Performance in defining sources of bacteremia
as compared to other techniques is limited.

Treatment
The treatment of primary bacteremia depends on
a number of factors not limited to patient factors including severity of disease and comorbid illness, microbiological factors including infecting species and in vitro
antimicrobial susceptibilities, evidence of metastatic foci
of infection, and whether the primary bacteremia is
catheter-related or is of unknown origin.
In patients suspected of having primary bacteremia, or
among those where preliminary blood culture results indicate a presumptive infection, empiric therapy should be
initiated pending confirmation of true bacteremia.
Numerous observational studies have emphasized the
importance of early administration of effective antimicrobial therapies on the mortality outcome of serious infections including bacteremia. The selection of empiric
therapy involves an evaluation of the most likely agent(s)
causing disease and expected antimicrobial susceptibilities. While generally one or more agents may be required
to cover a broad spectrum of potential bacterial pathogens, it should be recognized that evidence is emerging
that Candida species are frequent causes of primary
bloodstream infection in critically ill patients and that
delays in providing adequate antifungal therapy are associated with adverse outcome. Once the etiology of bacteremia has been established, antimicrobial therapy should
be revised to provide optimum coverage. Generally speaking, high doses of bactericidal/fungicidal agents are preferred and, with few exceptions, should be administered at
least initially through the intravenous route.
Catheter-related bacteremias may be classified as
uncomplicated or as complicated being associated with
one or more metastatic foci of infection. Complicated
catheter-related infections are secondary bacteremias
that require treatment directed at both the catheter source
and the complicated focus, and are discussed elsewhere in
the Encyclopedia. Of note, a negative transesophageal

echocardiogram is required to define an uncomplicated
episode of S. aureus bacteremia. The approach to management of primary (uncomplicated) catheter-related bacteremia involves prompt removal of the infected catheter
source in addition to providing optimal antimicrobial
therapy [5].
The duration of antimicrobial therapy for primary
bacteremia has not been well defined in clinical trials and
is largely based on anecdotal experience. In uncomplicated
primary catheter-related bacteremia, the duration of therapy will depend on clinical response and the infecting
organism. A typical therapy duration for a primary
“uncomplicated” catheter-related bacteremia is 2 weeks
following catheter removal as long as there is good clinical
response. However, it is common practice to prescribe
either no antimicrobials or only a brief course of therapy
in primary catheter-related bacteremias specifically due to
coagulase-negative staphylococci after catheter removal in
patients who do not have implanted prosthetic material.
On the other hand, 4 or more weeks of treatment is
considered standard in primary catheter-related bacteremia due to most multidrug resistant organisms, including methicillin-resistant Staphylococcus aureus [5]. The
treatment duration for primary bacteremia of unknown
origin is less well defined, but because a possible deep body
site focus has potentially not been recognized, treatment
durations are frequently prolonged as a precaution, particularly with Gram-positive and antimicrobial resistant
pathogens. Primary bacteremia of unknown origin caused
by susceptible Gram-negative organisms can generally be
treated for shorter courses (10–14 days).
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▶ Mitral Valvular Disease

Barotrauma
▶ Diving Sickness
▶ Pleural Disease and Pneumothorax

Bacterial Pneumonia
▶ Burns, Pneumonia

Bacteriuria
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▶ Urinary Tract Infections

Synonyms
EMT-basic; Field medicine; First responder; Out-ofhospital care

Bag-Valve-Mask Ventilation
▶ Airway Management

Bailout Surgery
▶ Damage Control Surgery

BAL
Bronchoalveolar Lavage (BAL).

Definition
Basic life support (BLS) is defined as a variety of noninvasive emergency procedures performed to assist in the
immediate survival of a patient, including cardiopulmonary resuscitation, hemorrhage control, stabilization of
fractures, spinal immobilization, and basic first aid.
Some of these procedures can be lifesaving and are often
important to implement early. Specifically in the case of
cardiopulmonary resuscitation (CPR) and defibrillation
with automatic external defibrillators (AEDs), BLS procedures can have a significant impact on survival, and are
typically delivered by initial responders (sometimes
referred to as first-responders) until more advanced and
definitive medical care can be implemented. BLS is typically provided by either ▶ first responders or emergency
medical technician (EMT)-basics.

Characteristics

Bang’s Disease
▶ Brucellosis
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BLS can be provided by first responders or EMTs. EMTs
are classified as ▶ EMT-basic (EMT-b), EMT-advanced,
or EMT-paramedic (please see ▶ Prehospital Care for
a more detailed description of each level of provider).
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Cardiopulmonary resuscitation (CPR) integrates ventilations and chest compressions in the setting of a patient
who is pulseless and/or apneic. The purpose of performing
these maneuvers in sequence is to provide oxygenation
and circulation in an attempt to prevent brain injury in
patients whose heart has stopped. Recent research has
suggested the early access to quality CPR and defibrillation
may be the most significant determinants of whether or
not someone survives and recovers from cardiac arrest [1].
An automatic external defibrillator (AED) is
a portable computerized device that can diagnose a lifethreatening arrhythmia, direct the provider if an electric
shock is indicated, and deliver that electric shock. It can
detect pulseless ventricular tachycardia (VT) and ventricular fibrillation (VF), which then stimulates the machine
to indicate to the provider that a shock is advised. The
AED is also able to recognize a non-shockable rhythm,
such as asystole and pulseless electrical activity (PEA), and
will not designate a shock advisory. The AED is designed
for use by first responders or laypeople that have ideally
been trained in the use of the machine although the use of
AEDs by members of the public that have not been previously trained in its use has been increasing. Lack of training on AEDs should never discourage a member of the
public from using these machines. Early use of AEDs in the
appropriate setting by trained or untrained responders
can have a significant impact on mortality [2].

Pre-existing Condition
1.
2.
3.
4.
5.

Unconsciousness/apnea/pulselessness
Foreign body obstruction/choking
Drowning
Hypothermia
Stabilization of basic injuries

Application
1. Adult BLS/CPR sequence for the unconscious/apneic/
pulseless patient:
● Establish scene safety.
● Assess victim’s level of consciousness: (1) ask “are
you okay?” (2) stimulate the patient physically to
check responsiveness.
● Activate local emergency system: instruct
a bystander to call 911.
● Apply an AED if available, and shock if advised.
● If no suspected spinal injury, open the airway
via head-tilt/chin-lift (image). If spinal injury is
suspected, open the airway via jaw-thrust (image).
● Look, listen, and feel for 10 s: (1) Look for
foreign body; if any are visible, remove with
finger-sweep technique. Blind finger sweep is not

recommended. Look for chest rise. (2) Listen
for breath sounds. (3) Feel for breath; feel for
chest rise.
● If the patient is breathing normally, place patient
in the lateral recumbent (recovery) position and
await transport. Continue to check for breathing.
● If the patient is not breathing, administer two artificial ventilations using mouth-to-mouth technique,
mouth-to-mask technique, or bag-valve-mask. If
using mouth-to-mouth technique, close the patient’s
nostrils between the thumb and forefinger on one
hand, covering the mouth with that of the rescuer’s,
forming a seal. Ensure chest rise with ventilations.
● If no chest rise occurs, reposition the airway utilizing the appropriate technique and attempt artificial ventilations again. If ventilations continue to
be unsuccessful, and the patient is unresponsive,
consider an airway foreign body. Begin chest compressions. Check airway after each set of 30 compressions, removing any foreign body found, and
reattempting ventilations.
● If ventilations are successful, check for a carotid
pulse. If a pulse is found, continue with appropriate ventilations and await immediate transport. If
there is no pulse, begin CPR with 30 compressions
followed by two ventilations at 100 compressions
per minute for five cycles.
● After five cycles of CPR have been completed, the
cycle should be repeated, starting with reassessing
the patient’s airway, breathing, and circulation.
● The BLS sequence should be continued until one
of the following conditions has been met: (1) the
patient regains a pulse, (2) the initial provider is
relieved by another rescuer of equal or higher
medical training, (3) the rescuer is physically
unable to continue with CPR, or (4) the patient
is pronounced dead by a physician.
2. Foreign body obstruction/choking:
Airway obstruction from a foreign body may present in a variety of ways, ranging from minimal symptoms to respiratory compromise and death. The death
rate nears 2,000 annually in the USA, with children
aged 1–3 as the primary victims. Mortality rates are up
to 3.3% [3].
● Assess severity of obstruction. If the patient is able
to cough effectively, the patient should be encouraged to cough and monitored for deterioration.
● If the patient is unable to speak or breathe, is
cyanotic, or has a silent cough, abdominal thrusts
should be administered in rapid progression until
the obstruction is relieved. If the patient is
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pregnant or obese, chest thrusts should be delivered as an alternative to abdominal thrusts. In
infants under 1 year of age, the rescuer should
alternate between back blows and chest thrusts.
● If the patient subsequently becomes unresponsive,
the patient should be lowered to the ground, EMS
activated, and CPR initiated. The airway should be
assessed for foreign body and removed if visualized.
3. Drowning:
Death from drowning reaches over 8,000 annually
in the USA, almost 25% of those being children.
● Remove the patient from the body of water,
maintaining cervical spine immobilization if
trauma is suspected.
● Assess airway, breathing, and circulation as
outlined under Sect. I. Proceed with CPR. Compression-to-ventilation ratio is 30:2.
● There is no need to clear aspirated water from the
airway, as the amount is minimal and does not
obstruct the trachea.
● There is no need to perform the Heimlich maneuver or abdominal thrusts in an attempt to clear
water from the lungs, as these moves are ineffective
and can be dangerous for the patient.
● Patient emesis is not uncommon during resuscitation of the drowning victim. If this occurs, vomitus
from the airway should be removed via finger
sweep with the patient’s head turned laterally. If
the patient has a suspected cervical spine injury,
the patient should be logrolled to the side, and
vomitus swept from the airway.
4. Hypothermia:
For hypothermic patients with a perfusing rhythm:
● Assess airway, breathing, and circulation. The
pulse and respiratory rate may be difficult to
detect, therefore it may take longer to adequately
assess, such as 45–60 s.
● Remove wet garments and prevent any further
exposure to the cold environment.
● Apply warm dry blankets, hot packs, or other
modality to warm the patient. If available, administer warm, humidified oxygen.
For hypothermia patients with no perfusing
rhythm:
● Assess the ABCs, keeping in mind it may take
longer to detect a pulse or respiratory rate.
● If no respirations are detected, begin rescue
breathing. If there is no detectable pulse, or if
there is any doubt that a pulse may be present,
begin compressions. Compression-to-ventilation
ratio is 30:2.
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● If an AED is available, it should be applied. If
the machine advises a defibrillation, the shock
should be delivered one time, then CPR immediately resumed. The number of defibrillation
attempts in the hypothermic cardiac arrest is
controversial; however, further defibrillation
attempts should be postponed until the patient’s
core body temperature warms, in order to
improve the chance of conversion to a normal
rhythm.
5. Stabilization of basic injuries
(a) Bleeding control
● Check airway, breathing, and circulation.
Resuscitate as indicated.
● Expose area by removing or cutting clothing.
● Apply direct pressure to the bleeding wound.
● Check for circulation distal to the wound by
assessing pulse or capillary refill.
● Elevate the wound if possible.
● Apply a clean dressing and bandage firmly in
place.
● Do not remove debris from the wound. If there
is a protruding foreign object, such as a knife,
leave in place and bandage securely so the
object is immobilized.
● For chest wounds, seal open sucking wounds
with hand or an air-tight dressing.
● For abdominal wounds, cover with clean bandage. Do not replace protruding intestines into
the wound.
(b) Fracture splinting
● Immobilize the joints above and below the
fracture site with a splint.
● Check distal circulation, motion, and sensation (CMS) before and after immobilization.
● If the fracture is angulated and there is no
noted distal circulation, attempt to straighten
the fracture into anatomical alignment and
recheck circulation. If there continues to be
lack of circulation, splint in alignment and
seek immediate help.
● If there is an open wound at the site of the
fracture, cover the wound and apply direct
pressure for bleeding control. Splint as above
and elevate.
● If there is a suspected spinal injury, do not
move the patient unless assisted by trained
medical personnel.
(c) Burn care
● Extinguish the burn with a large amount of
water.
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● Check airway, breathing, circulation, and
resuscitate as indicated.
● Remove smoldering clothing, as well as jewelry, belts, and shoes.
● Cover with sterile burn dressing if available;
otherwise use any clean dry dressing.
● Do not open or drain blisters.
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Basic Life Support (BLS)
▶ Cardiopulmonary Resuscitation

oximetry, end-tidal CO2, and techniques for the assessment of cardiac output, and to invasive intravascular
measurements of pressures such as the central venous
pressure (CVP), arterial pressure, pulmonary artery pressure, measurements of cardiac output, airway pressures
and flows, and cerebrospinal pressure. Measurement of
variables over times allows trend analysis so that changes
in the patient’s underlying condition or changes in
response to therapy can be assessed. In this entry, I will
concentrate on the hemodynamic components of bedside
monitoring. (I assume that respiratory and neuro
monitoring are covered elsewhere). For the purpose of this
discussion, a central assumption is that for an individual
patient there is a range of parameters such as heart rate,
blood pressure, cardiac output, and markers of metabolic
stability (e.g., arterial oxygen, lactate, base excess,
central venous oxygen content) that have been identified
by the treating team and there is a desire to maintain the
patient’s values in a given range. When a patient’s
values are in the desired range, the patient is defined as
“hemodynamic stabile.”

Pre-existing Condition
Indications

Bed Sore
▶ Pressure Ulcer Evaluation, Prevention and Treatment

Bedside Hemodynamic
Monitoring
SHELDEN MAGDER
Critical Care Division, McGill University Health Centre,
Royal Victoria Hospital, Montreal, QC, Canada

Synonyms
Hemodynamic monitoring; Pressure monitoring; Vital
signs

Definition
Bedside monitoring refers to the systematic recording
of physiological data over time. This extends from the
technologically very simple and noninvasive collection of
vital signs such as heart rate, blood pressure, respiratory
rate, temperature, and urine output, to the more technologically demanding noninvasive techniques such pulse

Hemodynamic monitoring has the following roles. (1) It
alerts the medical team to deterioration in a patient’s
hemodynamic status and the requirement for urgent
interventions. This includes the development of an inadequate heart rate response or rhythm disturbance, excessively high or low blood pressure or inadequate cardiac
output for tissue needs. (2) It can be used to predict
potential responses to therapeutic interventions. (3) It
allows assessment of the response to therapeutic interventions. (4) The pattern of hemodynamic wave patterns
themselves can have diagnostic information for the underlying condition.
In choosing a monitoring tool one must consider
potential benefits, costs, and risks. Costs and risks generally are more readily available but the benefits are much
harder to define. Although there is no rigorous evidence
that supports the utility of any hemodynamic tools
including vital signs, it is important to appreciate that
a monitoring tool is only as good as the algorithm
that makes use of the information. This is well illustrated
by studies in which investigators have tried to assess the
roles of the pulmonary artery catheters for the management of critically ill patients [1, 2]. No benefit has been
observed in these studies, but in reality they have only
tested the presence of a catheter and not an algorithm and
there is no reason to expect that the catheter itself should
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have a benefit. Even a stethoscope has no value if the
clinician does not know how to interpret the sounds that
are heard and to put them into the context of the patient’s
overall condition.
Perhaps the most significant use of hemodynamic
monitoring is that it allows physicians to continuously
assess responses to therapeutic interventions and to correlate these responses with the patient’s overall condition.
The important phrase here is “overall condition.” When
the predefined targets have been met as assessed by the
monitoring tool, the physician can limit further interventions and potentially prevent harm from excess use of the
interventions. Physicians deal with individual patients,
not populations and hemodynamic monitoring allows
the physician to determine the response to a therapy in
an individual patient. If the expected response does not
occur, it does not make sense to continue the therapy
in that patient even if it is recommended as a standard
treatment from large population studies.
Conditions in which there is a greater potential for
hemodynamic instability to occur and close monitoring is
warranted include: (1) patients with known cardiovascular disease who have either developed new cardiac
dysfunction or who are under increased risk of hemodynamic or rhythmic instability because of surgery or a new
medical condition; (2) patients undergoing high-risk
surgical procedures and who are expected to have major
fluid losses as well as large fluctuations in blood pressure
and cardiac output and in whom the subsequent use of
careful volume resuscitation and vasoactive drugs are
likely to be required to maintain hemodynamic stability;
(3) Patients with recent large blood losses from trauma,
gastrointestinal sources, or large surgical losses;
(4) patients with severe sepsis or septic shock, (5) patients
with major burns and who will have challenging volume
management; (6) patients requiring ongoing analysis
of their respiratory status. In all these conditions
the changing pattern of the measurements are more
important than the actual values.

Applications
Techniques
Measurements can be categorized as those related to
(1) rhythm and rate, (2) pressure, (3) flow measurements,
and (4) metabolic consequences of flow and oxygen
delivery.

Rhythm and Rate
Heart rate and rhythm are easily assessed with surface electrodes and the amplified signal of the electrocardiogram. The
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identification of rapid or bradycardic rhythms is a subject by
itself and will not be dealt with here. However, a cautionary
note is worthwhile related to the significance of rapid sinus
rhythm. A rapid heart rate is always abnormal and should
alert the physician to look for causes. However, it does not
necessarily indicate that the rate should be slowed pharmacologically and I would suggest that unless the patient manifests evidence of myocardial ischemia or is known to be at
high risk of myocardial ischemia, there currently is no evidence that slowing the rate pharmacologically is beneficial.
Tachycardia also is not a reliable indicator of a patient’s
intravascular volume status. Patients with inflammation in
the area of the celiac axis (e.g., pancreatitis, post-surgery, or
who has abdominal abscesses), can often be tachycardic but
volume replete. This likely occurs from activation of sympathetic afferents from local sympathetic ganglia, which
increase central sympathetic output. On the other side,
a normal heart rate does not rule out hypovolemia.

Pressures
General Principles
Pressures that we measure are primarily due to the elastic
force that stretches the walls of vessels and the heart [3].
A key principle is that measured pressures are relative to
a reference value. Since we are normally surrounded by
atmospheric pressure, we are interested in deviations from
atmospheric pressure and atmospheric pressure actually is
the reasonable starting value or “zero” for our measurements. A pressure of zero is actually not zero but around
760 mmHg and an arterial systolic pressure of 120 mmHg
is really about 880 mmHg. The commonly used units of
pressure as millimeters of mercury (mmHg) or centimeters of water (cmH2O) are based on the force produced by
the height of a column of fluid and the density of that
fluid. The density of mercury is 13.6 times greater than
that of water and this value can be used to interconvert the
values in cmH20 and mmHg.
The use of fluid-filled tubes to connect the patient to
a transducer introduces an additional gravitational component to the pressure measurement. The difference in
height of the column of fluid between the reference level
on the patient and the transducer produces an addition
pressure of around 8 mmHg for every 10 cm height.
Standard and consistent leveling of the transducer to the
patient is thus essential for the comparison of values in
a particular patient to other patients and for trending
measurement over time in the same patient. The generally
accepted (although arbitrary) “physiological” reference
level is the midpoint of the right atrium for that is where
the blood comes back to the heart before it is pumped out
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again. That level is approximately 5 cm vertical distance
below the sternal angle which is where the second rib
meets the sternum and is valid when the patient is flat or
sitting at up to 60 . Accurate measurement of this level
requires a carpenter’s leveling device and a marker of 5 cm
below the device so that it is more popular to reference
transducers to the midpoint of the thorax at the fourth rib.
This position, though, should only be used in the supine
position for it will vary relative to the midpoint of the right
atrium when the upper body is elevated. Referencing at
this level gives values of vascular pressures that are approximately 3 mmHg higher than the value obtained by using 5
cm below the sternal angle. The appropriate level on the
transducer is the level of the stopcock that is used to open
the system to atmospheric pressure for zeroing.
It is the pressure across the wall of elastic structures
that determines the stretch of the wall; this is called
transmural pressure. The pressure outside the heart is
pleural pressure and not atmospheric pressure and
pleural pressure changes relative to atmospheric pressure
during the ventilator cycle. However, transducers that are
used to measure intrathoracic pressure are outside the
chest and referenced to atmospheric pressure and it is
not possible to easily obtain the pleural pressure to
calculate the transmural pressure. To minimize the error
produced by of changes in pleural pressure during the
ventilatory cycle, pressures are measured at the end of
expiration (which is also the point just before inspiration)
whether ventilation occurs with negative or positive
pressure ventilation. However, this does not account for
positive end-expiratory pressure and there is no simple
solution for this error. Although expiration is normally
passive, critically ill patients often have active expiratory
efforts and if these increase during the expiratory
phase, they increase the end-expiratory pressure that is
measured relative to atmosphere. In these situations,
the valid pressure is likely at the beginning of the
expiratory phase, before the patient begins to recruit
expiratory muscles.

Arterial Pressure
Arterial pressure is the most commonly measured vascular
pressure and can be measured invasively with intravascular catheters or noninvasively by the classic auscultation
method or by devices that use oscillometry. These latter
devices are frequently used for repeated automatic measurements, but it is important to appreciate that the values
obtained with these devices need to be validated with
occasional auscultatory measured pressures for they can
sometimes produce artifactual values of pressure.

In patients in the ICU following surgical procedures
upper limits for pressure are often set to reduce the risk of
bleeding. Identification of high pressure is also important
in patients with hypertensive crisis, aortic dissection, or an
unstable aneurysm, but not as important in the short run
in most other patients. In the majority of cases, decreased
arterial pressure is the primary concern. Despite the frequency of the hypotension and its aggressive treatment, it
is amazing how little empiric knowledge there is for
acceptable limits of low pressures and whether the important pressure is the systolic, mean, or diastolic pressure. It
is important to remember that flow to the tissues, or even
more precisely delivery of oxygen and nutrients and
clearance of waste is what counts and not pressure.
The pressure is used as a surrogate for potential
flow. The patient’s clinical status provides an important
guide. A low pressure in patient who is awake with normal
sensorium, who has stable renal function, and no acidosis,
is likely of no consequence. However, in many patients
some or all of these are abnormal. The pressure may or
may not be a contributor and empiric values must be
chosen to guide therapy.
There are advantages and disadvantages for the
choices of any one of systolic, diastolic, or mean pressure.
When the pressure is measured by auscultation, it is generally a low systolic pressure that triggers clinical responses
and provides a convenient signal. When arterial catheters
and transducers are used to measure pressure, the characteristics of the measuring device can affect the observed
systolic pressure and one must be careful to make sure that
the waveform of the signal is appropriate and not over- or
under-damped. The mean pressure should be related to
overall flow to organs with higher flows, but does not give
a good guide to regions that receive more of their flow in
systole. There are some patients who also have a low
diastolic pressure but high systolic pressure and targeting
the mean can result in high doses of vasopressor. Finally,
diastolic pressure is important for coronary flow, but
excess use of vasopressors to raise the diastolic pressure
could end up increasing myocardial oxygen demand by
increasing systolic pressures and cardiac ionotropy
and also decrease coronary flow by constricting the
coronary arteries.
Ideal pressures really need to be established empirically, but there are few rigorous studies to provide guidance. Optimal arterial pressures have been studied best for
the kidney and it is suggested that a minimal mean pressure of 80 mmHg is required for normal renal function.
However, this value is primarily derived from animal
studies over short periods of time and without underlying
vascular or intrinsic renal disease. Septic patients are an
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interesting example where monitoring pressure and urine
output can allow individualization of pressure targets.
Elevation of arterial pressure with vasopressors can restore
renal blood flow and function and this individualized
pressure thus provides a useful pressure target for the use
of vasopressors in these patients.
One must be careful of some potential measurement
problems that can occur. Patients with a stenosis proximal
to the measuring device will appear to have low arterial
pressures, when in fact central pressure is normal.
In patients who have a distal arterial catheter and who
are receiving high doses of vasopressors, constriction of
the vessel can lead to underestimates of the central
pressure.

Central Venous Pressure
Central venous pressure (CVP) is a commonly used measure and can even be estimated without a catheter by
examining the level of jugular venous distension [4].
A fuller discussion of the use of CVP with changes in
cardiac output will be given below for the CVP is only
useful in conjunction with an estimate of cardiac output.
It is also the change in CVP in relation to other hemodynamic events that is helpful. Importantly, CVP by itself is
not an indicator of blood volume.

Pulmonary Arterial and Pulmonary Arterial
Occlusion Pressure
Pulmonary artery pressure is an important indicator of
the load on the right ventricle. It is also an indicator of
pathology in the pulmonary vasculature. The pulmonary
artery pressure can be elevated passively because of high
left heart pressures, high pulmonary flow and reactive
pulmonary vascular changes, obstructive processes, or
obliterative processes.
Inflation of a balloon at the end of a pulmonary catheter or advancing a pulmonary catheter until the end-hole
occludes the vessel gives the pressure distal to the end-hole
which after equilibration is equal to the left atrial pressure.
This “wedged” pressure provides diagnostic information
about the behavior of the left side of the heart. It also gives
an indication of the minimal pressures in the pulmonary
capillaries and thus the hydrostatic force that drives pulmonary capillary filtration. On the other hand it does not
give an indication of the preload status of the heart as
a whole for that is related to the CVP for the left heart can
only put out what the right heart gives it. An important
use of these catheters is that they provide a simple tool for
measuring cardiac output which is discussed below.
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Cardiac Output
The cardiac output, liter per minute, is a major component of the ultimate clinical end-point which is the delivery of nutrients to the tissues and removal of waist and
thus a very desirable value to measure [5, 6]. Unfortunately, flow is not as easy to measure as pressure. One of
the most reliable methods but a cumbersome one is based
on the dilution of an indicator that is injected at
a proximal site such as a major vessel and detected by
a sensor at a downstream site. Indocyannine green was
one of earliest indicators, but the development of thermal
sensing catheters allowed the use of temperature which is
a much simpler indicator to use although it has more
potential errors. Small doses of lithium can also be used
as an indicator. Placement of the thermistor in the pulmonary artery allows injection of a solution that is cooler
than blood into the right atrium and sensing the change in
temperature in the pulmonary artery but this requires
passing a catheter through the right heart and the risks
of arrhythmias and perforation. The alternative is to place
the sensor in an artery which generally needs to be bigger
than a radial artery so that it also has an invasive component and is not without risks. Two key requirements for
the use of an indicator dilution technique are that there
must be immediate complete mixing and no loss of “indicator.” This can be a problem when the injection is made
in the right atrium and the patient has tricuspid insufficiency for some of the indicator (temperature) is potentially lost when the blood goes back and forth and mixing
may not be complete because of the regurgitant flow.
Pulmonary catheters can also be equipped with a sensor
for oxygen saturation and these catheters allow the
measurement of cardiac output continuously.
Flow can also be measured with Doppler techniques
which detect the velocity of blood by the phase shift of the
Doppler wave when it hits the flow pulse and gives
a measure of the stroke volume which is then converted
to cardiac output by multiplying by the heart rate.
The calculation of flow from velocity requires a measure
of the cross-sectional area of the vessel for flow is equal to
the product of velocity and the cross-sectional area of the
vessel. The latter is not always easy to obtain and is often
assumed, which is reasonable under basal conditions but
not when a patient is in shock. Continuous assessment of
flow by Doppler probes can be made with a probe placed
in the esophagus but this is really only tolerable in
a heavily sedated or unconscious patient. Appropriate
positioning of the catheter must also be made.
Devices have also been developed to measure the electrical impedance related to blood volume and the changes
during the cardiac cycle give a measure of stroke volume.
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This too is multiplied by heart rate to give cardiac output.
These devises give reasonable estimates in normal subjects
but there are potential problems in critically ill patients
who have increased chest wall edema, pleural or pericardial effusions, or hyperinflated chests
A number of techniques have been developed to try to
estimate stroke volume from the pulse pressure. This
requires knowledge of the elastic properties of the patient’s
vessels which is hard to predict in individual patients. It
will also vary with disease and likely be very sensitive to the
volume in the vessel for elastance is curvilinear against
the radius of vessels. These techniques can give trends in
patients who do not have major pathology but likely will
not be useful in patients who are hemodyanmically unstable which is when you really need them.
All techniques that attempt to measure stroke volume
and calculate cardiac output by multiplying stroke
volume by heart rate will always show at least a moderate
relationship to direct measurements of cardiac output for
populations but one must be cautious about extrapolating
this to individual patients. This is because the heart rate,
which provides a very reliable measure, is a large percentage of the product and therefore drives a large part of the
correlation. However, it is often the smaller changes in
stroke volume that are important for that it identifies
changes in cardiac muscle function.

Therapeutic Application
As discussed above, the values of pressures and flow that
are adequate for a patient’s metabolic need are not well
empirically established and need to be customized to the
individual patient. However, hemodynamic monitoring
that includes a measure of cardiac output can be useful
for detecting a decrease from the values that the patient
had when deemed stable or becomes “stable” and also to
identify the dominant hemodynamic process. Clinical
responses are most often triggered by decreases in arterial
blood pressure. Arterial pressure is approximately equal to
the product of cardiac output and systemic vascular resistance (SVR) (Fig. 1). The two measured values are arterial
pressure and cardiac output (or a surrogate) so that SVR is
a derived variable. This means that it is changes in cardiac
output that are key. If the blood pressure is low and cardiac
output is normal or elevated, the primary problem is
a decrease in SVR and the differential diagnosis for the
problem is specific. If the cardiac output is depressed, then
the next question is why is it decreased? The steady-state
cardiac output is determined by the interaction of cardiac
function (based on the Frank–Starling relationship) and
the function that determines venous return. These two
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Bedside Hemodynamic Monitoring. Figure 1 Predictions of
changes of cardiac output and changes in CVP

functions intersect at the working cardiac output and the
working right atrial pressure which is approximately the
same as the CVP. A low cardiac output with a high CVP
indicates that the cardiac function is the primary limiting
factor, whereas a low cardiac output with a low CVP
indicates that the return function is the primary limiting
factor and the most common cause is inadequate vascular
volume. The specific values are not as useful as the change
in values. A fall in cardiac output with a rise in
CVP indicates a decrease in cardiac function and a fall in
cardiac output with a fall in CVP indicates a return
problem, which is most commonly insufficient vascular
volume (Fig. 2).
If inadequate volume is thought to be the primary
problem then the best test is to do a volume challenge
[4]. In this procedure, a small bolus is given quickly with
the aim of raising CVP. The faster the fluid is given the less
fluid that is needed. The hemodynamic variable that one is
trying to correct needs to be reassessed as soon as the CVP
is increased. A reasonable value for the increase in CVP is
2 mmHg because that is a value that can be detected with
certainty on a monitor. It also should produce an obvious
increase in cardiac output if the heart is functioning on the
ascending part of its function curve. If the cardiac output
increases, more volume can be given to try to maintain the
desired values, but importantly a positive response only
means that the patient is volume responsive but it does not
indicate that the patient actually needs volume. That is
a clinical decision. If the cardiac output does not increase
with a bolus that increased the CVP by 2 mmHg or more,
the patient should be considered volume unresponsive
and further volume loading will not help and may be
harmful no matter what the starting CVP value. This
situation indicates limitation of right ventricular output
and even if the left heart is deemed to be underfilled based
on the pulmonary artery occlusion pressure or by
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Implications of changes in cardiac output and CVP
Cardiac Output
Decreased
Decreased
Increased
Increased

CVP
Decreased
Increased
Increased
Decreased

Indicates
Decreased return (most often volume ↓)
Decreased Pump function
Increased return (likely volume ↑)
Increased pump function

Bedside Hemodynamic Monitoring. Figure 2 Approach to assessment of cause of hypotension and simplified approach to
management. Part arterial pressure, Q cardiac output, SVR systemic vascular resistance, K a constant representing the
“downstream” value of pressure because the true equation is “upstream minus downstream” pressure Q x SVR, Praright atrial
pressure (= CVP), NE norepinephrine. Cardiac output is determined by the interaction of the cardiac function and return function;
the preload of the cardiac function is the Pra which is also the outflow pressure for the venous return (“circuit”)

echocardiography, volume will not solve the problem for
the left heart can put out what the right heart gives it. This
raises an important limitation of the use of echocardiography for “hemodynamic monitoring” as is sometimes
advocated [7]. Besides not being able to provide easy and
rapid assessment of serial values, it mainly assesses left
heart function, but the output of the left heart is totally
dependent upon right heart function which often does not
functioning well in critically ill even though left ventricular function is intact. In that situation, the volume status
of the left ventricle is no help for fluid management.
There have been many attempts to use the respiratory
variations in arterial pressure or pulse with positive
pressure ventilation to predict volume responsiveness
[8]. These techniques can be effective but are only valid
if there are no spontaneous inspiratory or expiratory ventilatory efforts by the patients. The various values given for
these variations also are only valid when the patient is
ventilated with the same ventilator parameters as in the
original study and when the rhythm is regular. Their use is
thus limited.
An inspiratory fall in CVP with a spontaneous
(negative pressure swing) breath, whether the patient is
on a ventilator or not, has also been shown to predict
volume responsiveness [4]. The test works best in the
negative. Absence of an inspiratory fall in CVP in
a patient with an adequate effort indicates that the patient
will not have an increase in cardiac output in response to
an infusion of volume. When using this technique, one
must be careful to make sure that the inspiratory fall in
CVP is not in fact the release of a forced expiration that
looks like an inspiratory fall and produces an apparent
false positive.
Information can also be gathered by examining waveforms. As some examples, a wide arterial pulse pressure is
suggestive of a low SVR. Prominent “y” descents in the
CVP tracing suggest that the right heart is volume limited

and will not respond to further volume loading. A large
C-V wave in the CVP tracing is indicative of tricuspid
regurgitation. A prominent “v” in the pulmonary artery
occlusion pressure is indicative of mitral regurgitation but
is seen when there is excessive filling of the left heart.
A loss of a “y” descent in the CVP can be a sign of the
development of cardiac tamponade.

Conclusion
The important part of bedside monitoring is not the
actual values but the changes in the values as they related
to changes in the patient’s condition. In a sense, the
meaning of a patient’s values should be “calibrated” to
the clinician’s impression of the patient’s overall status.
This is especially important when trying to gauge the
impact of therapeutic interventions. The value of
the information obtained by bedside monitoring can
only be as good as the skill of the clinicians and nurses
receiving them.
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b-blockers in a diverse group of settings has resulted in
much ongoing controversy. In critical care, not only do we
need a clear understanding of the risks and benefits of
acute therapy with b-blockers, but we must also be aware
of the consequences of chronic therapy in our patients.
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Introduction
Beta-adrenoceptor blocking drugs (b-blockers) have been
a mainstay of therapy for hypertension, myocardial ischemia, and, more recently, cardiac failure. The current British National Formulary [1] lists 15 b-blockers while the
medical literature contains at least as many agents again,
either in development or consigned to history. Unlike
most other classes of drugs, the heterogeneity between
b-blockers involves marked differences in their pharmacodynamics as well as differences in their pharmacokinetics. Our understanding of adrenergic receptors and the
myriad roles the sympathetic nervous system plays, in
both health and disease, continues to increase. Coupled
with the extensive body of trial data examining, the role of

The sympathetic nervous system has two principal transmitters, noradrenaline (norepinephrine) and adrenaline
(epinephrine). The receptors for these endogenous agonists have been classified into alpha and beta with more
recent identification of a number of subtypes. Betaadrenoceptors are found in nearly every human organ
and tissue. There are three subtypes: b1, b2, and b3. A b4
subtype was believed to exist but has been proven to be the
b1-receptor in a different conformational state with distinct agonist/antagonist binding [2]. Their tissue location
and agonist binding responses are detailed in Table 1.
Pathophysiologically and therapeutically cardiac betaadrenoceptors have been studied in the greatest detail
[3, 4]. A review of beta-adrenoceptor physiology, pathophysiology, and polymorphisms can be found here [12].
Despite this body of research many questions remain
unanswered.
An important property of beta-adrenoceptors is the
autoregulatory process of receptor desensitization. This
process operates to prevent overstimulation of receptors
in the face of excessive beta-agonist exposure. Desensitization occurs in response to the association of receptor
with the agonist molecule, and is prevented by the interaction of the receptor with an antagonist. The mechanisms by which desensitization can occur consist of three
main processes: (1) uncoupling of the receptors from
adenylate cyclase, (2) internalization of uncoupled receptors, and (3) phosphorylation of internalized receptors.
The extent of desensitization depends on the degree and
duration of the receptor agonist or antagonist response
[13]. From the perspective of b-blockade, the physiological process of desensitization results in an increase in
sensitivity in subjects exposed to chronic blockade.

Indications
b-blockers have been used for multiple indications for
many decades. Perhaps surprisingly therefore, many gaps
remain in our knowledge with regard to the optimal use of
currently available agents. Commonly used b-blockers
exhibit variable degrees of relative affinity to b1-, b2-,
and b3-receptors [14]. The effect of drug receptor binding
also produces variable effects with some agents producing
universal antagonism, while others produce partial
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Beta-Blockers. Table 1 Subtypes of beta-adrenoceptors. Adapted from [3–7]
Receptor

Tissue

Response to agonist

b1

Heart (b1:b2 70:30 atria, Increases heart rate (sinoatrial firing), impulse conduction through the atrioventricular
80:20 ventricles)
node, cardiac contractility (>b2), and rate of relaxation
Ubiquitous coupling to stimulatory G-proteins
Pro-apoptotic
Chronic stimulation results in endocytosis and reduction in functional density

b2

Lung (20%) [8]

Bronchodilatation [9]?

Juxtaglomerular cells

Increases rennin secretion

Innate and adaptive
immune cells

Pro-inflammatory

Coagulation system

May increase platelet aggregability; may decrease fibrinolytic activity

Brain

Poorly characterised [10]

Heart (b1:b2 70:30 atria, Increases heart rate (sinoatrial firing), impulse conduction through the atrioventricular
80:20 ventricles)
node, cardiac contractility (<b1), and rate of relaxation
Coupled to both stimulatory and inhibitory G-proteins
Anti-apoptotic
Chronic stimulation results in uncoupling from adenylyl cyclase (stimulatory) pathway

b3

Lung (180%) [8]

Bronchodilatation and alveolar sodium and water clearance

Smooth muscle

Relaxation of smooth muscle in vasculature, gastrointestinal tract, and genitourinary
tract

Skeletal muscle

Glycogenolysis; uptake of potassium

Liver

Glycogenolysis; gluconeogenesis

Pancreas

Insulin and glucagon secretion

Thyroid

T4 to T3 conversion

Innate and adaptive
immune cells

Downregulate the synthesis of pro-inflammatory cytokines and upregulate synthesis of
anti-inflammatory cytokines

Coagulation system

Reduces platelet aggregability; increases factor VIII and von Willebrand factor
concentration; increases fibrinolytic activity

Brain

Poorly characterized [10]

Heart

Inactive during normal physiologic conditions but upregulated in cardiac failure
Stimulation seems to produce a negative inotropic effect opposite to that induced by
b1- and b2-receptors [11]

Smooth muscle

Relaxation of smooth muscle in vasculature, bronchi, gastrointestinal tract, and
genitourinary tract

Brain

Present in discrete regions including hippocampus, hypothalamus, amygdala, and
cerebral cortex areas known to be involved in thought processes and possibly
responsible for the negative thoughts associated with depressive episodes of bipolar
disorder

Adipose tissue

Lipolysis; thermogenesis

agonism or inverse agonism [15, 16]. Table 2 summarizes
the pharmacology of the most commonly used b-blockers.
It should be stressed that b-blockers are a very heterogeneous group of drugs. Indeed, much of the controversy
surrounding their optimal use results from the wide-

ranging pharmacodynamic and pharmacokinetic properties of available agents and the lack of comparative studies
in patients. Thus, for each indication, the choice of bblocker significantly influences the balance of risks and
benefits.

B

b1:b2

4.7:1

13.5:1

1:4.5

32:1

1:2.5

2.3:1

Drug

Atenolol

Bisoprolol

Carvedilol

Esmolol

Labetalol

Metoprolol

54:1

71:1

12.6:1

10.7:1

76:1

b 2:b3

126:1

28:1

2.8:1

145:1

355:1

b1:b3

Relative receptor affinity

++

+

+

+++

++

+

12

50

55

98

30

10

100% absorption 50% FPM

100% absorption 75% FPM

100% absorption 75% FPM

100% absorption 10% FPM

50% absorption

Lipo* PB (%) Enteral
6–8 h

✓

9 min

4–8 h

3–4 h

✓

✓

✓

6–10 h

9–12 h

T1/2

IV

Removed by hemodialysis

Moderately b1 selective

5–10% GF. Remainder
CYP450 to inactive
metabolites

Crosses normal BBB (CSF
levels 78% of serum). Despite
minimal protein binding not
significantly removed by
haemodialysis

95% converted to inactive
Racemic mixture with two
glucuronide of which 60% GF optical centers. Selective a1and remainder in bile
adrenergic antagonist. b2
partial agonist. Vasodilating

Rapidly and extensively
metabolized via RBC
esterases. Inactive metobilte
100% GF

98% CYP450 to active
Racemic mixture, only S(-)
metabolites, mostly excreted enantiomer has b-blocking
in bile
activity. Both enantiomers
are selective a1-adrenergic
antagonists. Ca2+ entry
blockade. Antioxidant.
Antiproliferative.
Vasodilating. Weak
membrane stabilizer

50% GF. Remainder CYP450
to inactive metabolites

100% GF

Metabolism and elimination Notes

B

Beta-Blockers. Table 2 Commonly used b-blockers and their pharmacology [17, 18]
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1:8.3

1:12

1:26

Propranolol

Sotalol

Timolol

758:1

63:1

141:1

2.1:1

5.2:1

17:1

++

+

+++

+++

100% absorption

100% absorption
Extensive FPM

100% absorption Extensive
FPM

10–30 90% absorption 50% FPM

10

90

98

4–5 h

80% CYP450 to inactive
metabolites. 20% +
metabolites via GF

10–20 h 100% GF

✓

Eight metabolites, at least 1
active. Elimination
independent of GF

3–4 h

CYP450 to 3 metabolites, one
of which is active. Subject to
polymorphisms hence wide
spectrum of T1/2. Active
metabolite is dependant
upon GF for elimination

✓

8–27 h

Commonly used in
ophthalmic preparations but
associated with significant
systemic effects

Racemic mixture. Class II and
III anti-arrhythmic activity.
Potentially pro-arhythmic in
the presence of
hypokalaemia. Partially
removed by haemodialysis

Racemic mixture, only
l-isomer active. Moderate
membrane stabilizing effect.
Decreases Hb O2 affinity.
Decreases platelet
aggregability. Crosses normal
BBB

Racemic mixture. Highly b1
selective antagonist and b3
agonist. Vasodilating
properties by direct action on
endothelium, possibly by NO
production / release

Notes: Relative receptor affinity data taken from [14]. Lipo* = lipophilicity. Lipophilicity is associated with CNS penetration and better CVS outcomes [19]. PB(%) = percentage protein bound.
IV = intravenous preparation available in the UK. T1/2 = elimination half life. GF = glomerular filtration/renal clearance

47:1

Nevibolol

Beta-Blockers
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Hypertension
The optimal role of b-blockers as a class, and specific
agents in particular, in the management of chronic hypertension, remains controversial [20]. However, in patients
with hypertensive crises (malignant hypertension and preeclampsia) or those in whom rapid reduction/control is
indicated (aortic dissection and spontaneous Intracerebral
hemorrhage) b-blockers have an established role. In these
setting, intravenous (IV) labetolol, usually as an infusion
(15–160 mg/h titrated to response), is commonly
employed as a first-line agent. Of the commonly available
b-blockers, labetolol has several pharmacodynamic and
pharmacokinetic properties that make it the optimal
choice. In addition to its b1 antagonism, it is also a b2
partial agonist and a1-adrenergic antagonist thus produces a significant vasodilating effect. It is available as an
intravenous preparation and has a relatively short elimination half-life.

Ischemic Heart Disease (IHD)
b-blockers have an established role in the management of
acute and chronic angina, acute coronary syndromes,
myocardial infarction [20], and during percutaneous coronary intervention (PCI) [21]. Most of these effects are
mediated through b1 antagonism, which results in [20]:
1. A reduction of myocardial oxygen requirements by
a decrease in heart rate, systolic pressure, and ventricular contractility
2. Bradycardia, which prolongs the coronary diastolic
filling period
3. A reduction in arrhythmogenic free fatty acids
4. A redistribution of coronary flow to vulnerable
subendocardial regions
5. A reduction of platelet stickiness
6. An increase in the threshold to ventricular fibrillation
7. A reduction in infarct size
8. A reduction in risk of cardiac rupture
9. A reduction in the rate of reinfarction
However, the evidence of efficacy of the use of b-blockers,
especially in the acute setting, has been questioned by
some authors [22, 23]. Atenolol, metoprolol, and
bisoprolol are the most widely investigated and utilized
b-blockers in the management of IHD. Each agent has its
strengths and weaknesses and no comparative trials exist.
Optimal dosing remains controversial; however, uptitration to maximal tolerated doses is widely advocated.
Adequate dosing can be judged by both resting heart rate
(target <70 beats per min, sinus rhythm) and lack of both
angina and fatigue symptoms on exertion. The latter may

of course be influenced by multiple factors other than an
excessive dose of b-blockade. In the acute setting, many
advocate rapid IV loading with immediate enteral therapy.
Indeed, many authorities consider this intervention to be
underutilized. The strongest evidence for such therapy
does predate the modern rapid thrombolytic/primary
PCI era. However, biological plausibility would suggest
that this approach is still valid as long as cardiogenic
shock is not present.
The use of perioperative b-blockers to prevent cardiovascular morbidity and mortality (in both cardiac and
noncardiac surgery) has been another area of marked
controversy. The most recent consensus guidelines [24]
conclude that such a strategy may have a role but only in
high-risk patients and if started long enough before surgery to achieve optimal dosing/heart rate control.

Cardiac Tachyarrhythmias [25]
b-blockers are the prototypical class II antiarrhythmics.
They are considered first-line therapy in acute onset atrial
and ventricular tachycardias in hemodynamically stable
patients. This advice is based largely on expert opinion
[26, 27]. Their mechanism of action goes beyond simple
beta-adrenoceptor antagonism [28]. There is limited data
directly comparing available b-blockers. Due to their
availability in intravenous formulations and comparatively short duration of action, metoprolol and esmolol
are widely used to initiate therapy and achieve rapid rate/
rhythm control. Landiolol, a comparatively novel, ultrashort acting b-blocker, with a very high b1 selectivity, has
shown potential as the preferred agent for this indication
but this hypothesis remains untested and the drug widely
unavailable [29].
Chronic rate control, in atrial fibrillation, many be
best achieved with combination therapy of b-blockers
and digoxin [30] or amiodarone [25] although recent
evidence questions the previously accepted therapeutic
target rate [31]. Perhaps surprisingly, non-cardioselective
b-blockers, in particular, carvedilol may be the optimal
choice [25, 32].
Sotalol is unique among b-blockers in exhibiting class
II and III antiarrhythmic properties. There is some, albeit
limited evidence, to suggest this action has significant
clinical benefits in some settings [33–35].

Chronic Cardiac Failure
It is now clearly established that combination therapy of
angiotensin converting enzyme inhibitors and b-blockers
(that lack intrinsic sympathomimetic activity) have
markedly beneficial effects on patients with cardiac failure
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(New York Heart Association class II, III and IV), regardless of etiology [36, 37]. b-blockers improve myocardial
performance (increase in ejection fraction of 5–10%) and
prevent complications of cardiac failure by the following
means [20]:
1. Bradycardia, leading to increased diastolic coronary
filling time (particularly relevant to ischemic heart
failure)
2. Reduction in myocardial oxygen requirements
3. Antiarrhythmic activity
4. Upregulation of b1 receptors
5. Inhibition of the rennin/angiotensin system
6. Increasing atrial and brain naturetic peptide secretion
7. Inhibition of catecholamine-induced necrosis. This is
an effect of both b1 antagonism and b2 agonism
There have been positive outcome trials for carvedilol,
metoprolol, bisoprolol, and nevibolol and even a trial
comparing carvedilol and metoprolol. Whether b1 selectivity is an advantage or disadvantage remains controversial, however, carvedilol may be the optimal agent [32]. Of
note, nevibolol, in addition to its marked b1 selectivity, is
a b3 agonist. Whether b3 agonism is a good or bad thing in
chronic cardiac failure remains unclear [11].
b-blocker therapy should not be initiated in patients
with acute decompensation of cardiac failure, until their
condition has been stabilized, however, long-term therapy
should not be stopped unless shock is evident. Therapy
should be started/restarted at the earliest opportunity.
Therapy should commence at a low dose and be uptitrated to the maximal tolerated dose. Again, controversy
exists as to the best determinant of effective dose in an
individual.

Portal Hypertension and Variceal
Hemorrhage
Nonselective b-blockers have an established role both in
the primary and secondary prevention of variceal hemorrhage [38]. Propranolol is the most widely used agent. The
recommended starting dose is 40 mg twice daily, increased
as tolerated up to 160 mg twice daily. Carvedilol [39] and
nadolol [40] have also been investigated but their place in
therapy remains undefined.
To prevent bleeding/re-bleeding, nonselective
b-blockers must reduce the hepatic venous pressure gradient (HVPG) to <12 mmHg or by 10% from baseline
[40]. However, only 30–70% of patients achieve this
[40, 41] and even among responders, undesirable/intolerable side effects, in particular hypotension and fatigue, are
common and may result in cessation of therapy.
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Nonselective b-blockers may have other/additional
beneficial effects in patients with portal hypertension. By
a separate effect on intestinal beta-receptors, they decrease
intestinal permeability thereby reducing bacterial translocation [42]. This not only reduces the incidence of spontaneous bacterial peritonitis in patients the ascities it may
contribute to the prevention of variceal hemorrhage which
is linked to local infection.
In cirrhosis, b3-receptors are upregulated both in
hepatic stellate cells and mesenteric blood vessels.
Whether b3 agonists have a therapeutic role in the prevention or treatment of cirrhosis warrants investigation [43].

Traumatic Brain Injury (TBI) [44]
Non-neurological organ dysfunction is a common
sequelae of TBI and may be provoked or exacerbated by
a hyperadrenergic state. Though difficult to quantify, this
non-neurological organ dysfunction probably makes
a significant contribution to short- and medium-term
morbidity, mortality, and functional neurological outcome. Advocates of the eponymous Lund strategy, which
includes the early use of metoprolol (and clonidine),
together with a series of retrospective cohort analyses
strongly suggests that exposure to b-blockers is associated
with a decreased mortality and improved functional outcome. Prospective studies are warranted to establish guidance on indications for, and timing of, therapy, choice of
agent, and dose titration before a meaningful and pragmatic randomized trial can be designed.

Hypercatabolism Post Burns/Major
Injury [45]
Major burns and other causes of major tissue injury can
result in a prolonged (up to 1 year) hypercatabolic state,
which is associated with a significant morbidity and mortality. Catecholamines, though by no means the only
players, appear to have a central role in its evolution and
perpetuation. From both basic science and clinical reports,
there is significant evidence that b-blockers ameliorate
this condition and appear to confer both morbidity and
mortality benefits in such patients. As with other critical
care interventions, we appear to lack both prospective
randomized control trials and the equipoise to perform
them to clearly establish the role of b-blockers in the postinjury hypercatabolic syndrome.

Sepsis and Immunomodulation [6]
Sepsis, like the systemic inflammatory response syndrome
secondary to traumatic injury and burns, is associated
with a hyperadrenergic state that may result in more
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harm than good. The effects of selective or nonselective bblockade on the innate and adaptive immunoinflammatory systems, remains speculative, but b1blockade coupled with b2 stimulation is a potentially
attractive therapeutic target.

Thyroid Storm [46]
b-blockers relieve the symptoms of thyrotoxicosis but do
not modify the underlying disease. Their use is advocated
in the acute management of a thyrotoxic crisis (storm) as
part of package of endocrine care. Nonselective b-blockers
are usually recommended though this is predominantly
based on historical president.

Useful Neuropsychiatric effects?
Agitation and aggressive behavior, following acquired
brain injury is a common and complex problem for
which numerous pharmacological and therapeutic strategies have been trialled. There is some evidence from smallscale trials to suggest propranolol and possibly pindolol
may form part of a useful strategy in reducing agitation
and aggression following moderate to severe brain injury
[47]. Early studies also suggest a potential role for propranolol in both the prevention and treatment of posttraumatic stress disorder [48].
b-blockers appear to cause measurable neuropyschiatric
effects including sleep disturbance, vivid dreams, anxiolysis,
and subtle effects on memory. When administered during
general anesthesia, they appear to exhit antinociceptive
and anesthetic-sparing effects [49, 50]. Whether this is
a synergistic effect or merely a result of b-blockers altering
the pharmacokinetics of opiates and anesthetic agents
remains unclear.

Contraindications [1]

● Second- and third-degree heart block
● Cardiogenic shock
● Peripheral arterial insufficiency (relative contraindication as vasodilating agents may be well tolerated)
● Asthma (relative contraindication as highly b1 selective agents may be tolerated)
● Recurrent hypoglycemia

Adverse Reactions [1]
b-blocker therapy may be associated with the following
adverse reactions:
● Generalized fatigue.
● Cardiovascular – hypotension, bradycardia, asystole,
cardiogenic shock. A deterioration in symptoms of
peripheral arterial insufficiency.

● Respiratory – bronchospasm, due to b2-blockade,
which may be averted by using highly b1 selective
agents. b-blockers are generally well tolerated in
chronic obstructive pulmonary disease. The respiratory effects of b-blockers in chronic cardiac failure are
complex and reviewed here [51]. In short, the overall
effect is beneficial but some drug-specific effects may
have detrimental effects in some individuals. Monitoring of pulmonary function is advised.
● Brain – sleep disturbances with nightmares, believed
to be less common with the less lipophilic agents.
● Metabolic – a small deterioration of glucose tolerance
and interference with the metabolic and autonomic
responses to hypoglycemia. They may also cause an
increase in serum triglycerides, low density and very
low density lipoprotein cholesterol, and a decrease in
high density lipoprotein cholesterol.

b-Blocker Toxicity and Overdose [52]
In addition to supportive care beta-adrenoceptor agonists,
phosphodiesterase inhibitors (e.g., milrinone), glucagon,
and hyperinsulinemic euglycemia have been investigated
as antidotes. Individually, none are reliably effective and
only anecdotal reports support combination therapy.
Atenolol and sotalol may be significantly cleared by
hemodialysis.

Drug Interactions – Class Effects [1]
Synergistic effects with other antihypertensives can lead to
symptomatic hypotension. Synergistic effects with other
negative chronotropes can lead to symptomatic bradycardia and even asystole. Synergistic effects with other negative inotropes can lead to cardiogenic shock. Use with a1
agonists can result in severe hypertension.

Drug Interactions – Specific Agents [1]
Propranolol decreases the threshold for lidocaine and
bupivacaine toxicity. Sotalol increases the risk of ventricular arrhythmias when coadministered with any drug that
causes QT prolongation.
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C (2009) Acute hemodynamic response to beta-blockers and prediction of long-term outcome in primary prophylaxis of variceal bleeding. Gastroenterology 137:119–128, http://www.sciencedirect.com/
science/article/B6WFX-4VYXMJ2-2/2/8a94fd55572b0befbfecae298‐
998a8cf
De-Madaria E, Palazon JM, Hernandez FT, Sanchez-Paya J,
Zapater P, Irurzun J, Espana FD, Pascual S, Such J, Sempere L et al
(2010) Acute and chronic hemodynamic changes after propranolol
in patients with cirrhosis under primary and secondary prophylaxis
of variceal bleeding: a pilot study. Eur J Gastroenterol Hepatol 22
(5):507–12, http://www.ncbi.nlm.nih.gov/pubmed/20150817
Senzolo M, Cholongitas E, Burra P, Leandro G, Thalheimer U, Patch D,
Burroughs AK (2009) beta-Blockers protect against spontaneous bacterial peritonitis in cirrhotic patients: a meta-analysis. Liver Int
29:1189–1193, http://www.ncbi.nlm.nih.gov/pubmed/19508620
Trebicka J, Hennenberg M, Schulze Probsting A, Laleman W, Klein S,
Granzow M, Nevens F, Zaagsma J, Heller J, Sauerbruch T (2009) Role
of beta3-adrenoceptors for intrahepatic resistance and portal hypertension in liver cirrhosis. Hepatology 50:1924–1935
Tran TY, Dunne IE (2008) German JW: Beta blockers exposure and
traumatic brain injury: a literature review. Neurosurg Focus 25:E8,
http://thejns.org/doi/abs/10.3171/FOC.2008.25.10.E8
Atiyeh B, Gunn S, Dibo S (2008) Metabolic implications of severe
burn injuries and their management: a systematic review of the
literature. World J Surg 32:1857–1869, http://dx.doi.org/10.1007/
s00268-008-9587-8
Kearney T, Dang C (2007) Diabetic and endocrine emergencies.
Postgrad Med J 83:79–86, http://pmj.bmj.com/content/83/976/79.
abstract
Fleminger S, Greenwood RJ, Oliver DL (2006) Pharmacological
management for agitation and aggression in people with acquired

48.

49.

50.

51.

52.

brain injury. Cochrane Database Syst Rev. doi:CD003299,
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=
PubMed&dopt=Citation&list_uids=17054165
Cukor J, Spitalnick J, Difede J, Rizzo A, Rothbaum BO (2009) Emerging treatments for PTSD. Clin Psychol Rev 29:715–726, http://www.
sciencedirect.com/science/article/B6VB8-4X6FNP8-2/2/685352841
60f7a36815568708e6c94b3
Kadoi Y, Saito S (2009) Beta-Blockers in the perioperative period:
are there indications other than prevention of cardiac ischemia?
Curr Drug Targets 10:842–849, http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
19799538
Tanabe T, Fukusaki M, Fujinaga A, Ando Y, Yamashita K, Terao Y,
Sumikawa K (2009) Landiolol, a new ultra-short-acting
beta1-blocker, reduces anaesthetic requirement during sevoflurane/
N(2)O/fentanyl anaesthesia in surgical patients. Eur J Anaesthesiol
26:39–42, http://www.ncbi.nlm.nih.gov/pubmed/19122550
Agostoni P, Palermo P, Contini M (2009) Respiratory effects
of b-blocker therapy in heart failure. Cardiovasc Drugs Ther
23:377–384, http://dx.doi.org/10.1007/s10557-009-6195-2
Kerns Ii W (2007) Management of beta-adrenergic blocker and
calcium channel antagonist toxicity. Emerg Med Clin North Am
25:309–331,
http://www.sciencedirect.com/science/article/B75J34NN0V9V-5/2/00bb40a9a00beaa94934dfdc64bc574f

Beta-Trace-Protein
▶ Serum and Urinary Low Molecular Weight Proteins

BG
(1,3)-b-D-Glucan.

Bilemia
▶ Biliovenous Fistula

Bilevel Positive Airway Pressure
(BiPAP)
▶ Noninvasive Ventilation

Biliovenous Fistula

Bilhemia
Is the flow of bile into the bloodstream. It is usually due to
a fistulous connection between a bile duct and hepatic or
portal vein. Bilhemia is much less common than
hemobilia.
▶ Biliovenous Fistula

Biliary-Venous Fistula
▶ Biliovenous Fistula
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Synonyms
Bilemia; Bilhemia; Biliary-venous fistula

Definition
Biliovenous fistula (BVF) is a fistulous connection
between a bile duct and hepatic or portal vein. This connection can result in bile entering the bloodstream,
a phenomenon known as ▶ bilhemia (or bilemia).
A better-known entity is ▶ hemobilia, hemorrhage into
the biliary tract. Hemobilia is usually the result of a bile
duct to hepatic artery fistula. Hemobilia and bilhemia are
distinct entities with different treatments and outcomes.
This entry will focus on the pathophysiology and management of bilhemia resulting from biliovenous fistulas.
Literature regarding biliovenous fistulas is a collection
of case reports only, due to the rarity of this disease. The
first report of biliovenous fistula was from 1559, describing gallstones found in the portal vein of a patient on
autopsy. Since then, less than 100 cases have been
reported.
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Pathophysiology
Normal common bile duct pressure is about 10–15 mmHg
and can be greater than 20 mmHg during sphincter of Oddi
contraction. Hepatic vein pressure is 0–6 mmHg. The vena
cava, during diastole, can have pressures of 5 mmHg.
When a biliovenous fistula occurs, the differences in these
pressures allows for bile to flow from the bile duct system to
the venous system, leading to bilhemia. Bilhemia cannot
exist in an arterial-biliary fistula due to the high pressures
in the arterial system. Pressure gradients cause blood to
flow from arterial to biliary system, causing hemobilia.
Several case reports note that patients have an abrupt
rise in bilirubin after mechanical ventilation is
discontinued. Mechanical ventilation increases venous
pressures secondary to positive end-expiratory pressures.
Once a patient is extubated, central venous pressures
return to normal, below pressures in the biliary system.
This allows the bile to be shunted into the venous system
when a fistula is present. Several authors have reported
a delay in presentation of bilhemia, and contribute this to
changes in pressure gradients associated with mechanical
ventilation.
The most common cause for biliovenous fistula is
blunt liver trauma. Mechanisms with rapid deceleration
are typical, such as motor vehicle collisions. Central rupture of liver venules and bile ducts can lead to hematomas
and necrotic liver parenchyma. Within these necrotic cavities, intrahepatic biliovenous fistulas may form.
There are reports of biliovenous fistulas occurring
during interventional procedures on the liver such as
tranjugular intrahepatic portosystemic shunt (▶ TIPS)
or liver biopsy. TIPS is used to decompress the portal
venous system for treatment of uncontrolled varices,
recurrent bleeding, refractory ascites, and hepatic hydrothorax. The development of biliovenous fistula is even
more rare in these patients because many have elevated
portal pressures, above 20 mmHg, even after TIPS procedures. The pressure difference favors hemobilia, not
bilhemia. Thrombosed shunts lead to lower pressures
and allow the shunt to reverse causing bilhemia.
There ehave also been a few reported cases of gallstone
erosion into hepatic veins resulting in fistula formation.
Common bile duct obstruction with gallstones elevates the
biliary pressures to increase the likelihood of bilhemia.

Evaluation/Assessment
Successful treatment of biliovenous fistula depends on
accurate and prompt diagnosis; however, many cases are
identified on autopsy. Patients typically present with acute
asymptomatic jaundice. Laboratory findings include
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severe hyperbilirubinemia, greater than 50 mg/dL in many
cases. This rise in bilirubin is rapid, usually taking place in
just days. Direct bilirubin predominates due to bile
dissolving into the bloodstream. Liver enzymes will
remain normal because there is no functional impairment
of the liver. Trauma patients will have elevated liver
enzymes relating to the degree of parenchymal injury.
Patients often have normal hemoglobin levels, as opposed
to hemobilia, where the patient is bleeding into their
biliary system, and may present with anemia.
In a review of more than 50 cases, the most common
source of biliovenous fistula was blunt trauma (23 cases).
Less common reasons include iatrogenic injuries, liver
biopsy, stab wounds to the abdomen, manipulation during surgery, and gallstone erosion into hepatic veins. The
diagnosis of biliovenous fistula should be suspected in
patients with a rapid rise in direct bilirubin after liver
trauma or manipulation, such as biopsy or TIPS procedures, especially in the face of normal enzyme levels.
In order to confirm the diagnosis of biliovenous fistula, endoscopic retrograde cholangiopancreatography
(▶ ERCP) is generally performed. This allows for direct
visualization of the fistula and the direction of flow. Additionally, definitive treatment may be attempted at during
the same procedure. Intraoperative cholangiogram (IOC)
is an option when ERCP is unavailable.

Treatment
Since biliovenous fistula is a very rare disease, it is difficult
to recommend specific treatments. Various authors have
made recommendations based on review of case reports.
There are three general techniques used to treat
biliovenous fistulas: liver resection, fistula occlusion, and
relief of bile duct obstruction.

Liver Resection
Though highly morbid, some patients can only be treated
by liver resection. Large hepatic hematomas can lead to
areas of necrosis and abscess formation. These complications may be difficult to treat with stents or prosthetic
devices due to recurrent infection. Operative management
allows for examination of the fistula, which can be sutured
closed. The patient must have adequate liver function after
the resection to prevent liver failure. Liver transplant was
used for at least one case, in which the diagnosis of
biliovenous fistula was made on examination of the
explanted liver. More conservative treatments are usually
attempted first and liver resection is reserved for cases in
which the diagnosis is unclear or other treatments have
failed.

Fistula Occlusion
Direct occlusion of biliovenous fistulas is possible during
hepatic venography. Endoscopic placement and occlusion
of biliovenous fistula is accomplished by positioning
a balloon catheter in the affected hepatic vein. This will
allow for clot formation and closure of the fistula. Endoscopic retrograde cholangiopancreatography (ERCP) with
stent placement in the bile duct across the area of fistula
can also be used to occlude biliovenous fistulas.

Relief of Ductal Obstruction
The theory behind this treatment is if the pressure in the
biliary system is decreased to below the venous system,
then bile will not be able to flow into the bloodstream and
the fistula can heal. Some authors fear this will lead to
shunt reversal and result in massive hemobilia. However,
there have been case reports that were successfully treated
in this manner without complications.
Several methods for relieving biliary obstruction exist.
While performing an ERCP to confirm the diagnosis of
biliovenous fistula, sphincterotomy or stent placement in
the common bile duct can be done. Stents can be removed
after documenting the fistula has healed. Other options
include nasobiliary drainage and external drainage creating a percutaneous bile fistula. T-tube drain is difficult in
children due to the small size of their common bile ducts.
Closed suction drainage of the necrotic cavity or bile cyst
has been used to shunt bile before reaching the venous
system in children and adults.

After-care
The care required for patients with biliovenous fistula is
dependent on the treatment used. Bilirubin levels should
be obtained to ensure an appropriate decrease following
intervention. Most patients return to normal levels within
days of adequate therapy. If bilirubin remains elevated,
alternate therapy should be considered.

Prognosis
Biliovenous fistula is highly lethal with early reports having a near 100% mortality. More recent literature, especially in pediatric populations, have shown improved
survival. However, there is still an approximately 50%
mortality associated with biliovenous fistulas. Most deaths
are rapid, with only a few reports resulting in death
months after the diagnosis. Late deaths are generally due
to complications of the treatment used, not the fistula
itself. Sudden, early deaths resemble right-sided heart
failure. Bile emboli to the lungs are blamed for the death
in these cases. Autopsy reveals bile staining in lungs and
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kidneys. In survivors, morbidity is generally related to the
underlying cause of bilhemia, such as trauma or liver
disease, not the disease itself. When treatment of
biliovenous fistula is successful, patients have excellent
outcomes and follow-up studies reveal normal liver
anatomy and function.
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Bioincompatible Membrane
The interaction of blood with dialysis membranes made of
cellulose or cellulose polymers results in complement activation. These membranes are thus deemed “bioincompatible.”
Newer, synthetic dialysis membranes cause less complement
activation and so are more “biocompatible.”

Biological Terrorism
The deliberate or threatened release of viruses, bacteria, or
toxins derived from living organisms in an attempt to
cause fear, illness, or death in a population.

Biological Terrorism, Anthrax
GREGORY J. MORAN, RAUL EASTON-CARR
Department of Emergency Medicine, Olive View-UCLA
Medical Center, Sylmar, CA, USA

Synonyms
Bacillus anthracis; Bioterrorism
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Definition
Anthrax is caused by Bacillus anthracis, a gram-positive
organism that is well suited for use as a biological weapon
because it can form spores that are stable over long periods
and can withstand exposure to air, sunlight, and even
some disinfectants. Anthrax also occurs naturally as
a zoonotic disease of persons who handle contaminated
animal products, such as hair or hides. Anthrax has been
used as a bioterrorism agent, most notably in 2001 when
18 people were infected via intentional exposure through
the United States mail.

Clinical Presentation
Anthrax can present as three distinct clinical syndromes in
humans: cutaneous, inhalation, and gastrointestinal. The
key to diagnosis in all three syndromes consists of a high
clinical suspicion and a history of exposure or proximity
to an area with a known outbreak.
Cutaneous anthrax, the most common naturally
occurring form, is usually spread through contact with
infected animals, particularly cows, sheep, and horses, or
their products. Greater than 95% of all anthrax cases are
cutaneous [1, 2], most commonly on the head, neck, and
extremities. There have also been case reports of transmission by insect bites [3]. After inoculation, there is an
incubation period of 1–5 days, after which erythematous
papular lesions form, progressing to vesicles and then
large black eschars. The lesion is usually painless and
may be surrounded by varying degrees of edema, which
can sometimes be quite severe [1, 3]. Patients may also
experience lymphadenopathy, fever, malaise, and nausea.
Gastrointestinal anthrax is rare in humans [2]. It is
acquired by ingesting inadequately cooked meat from
infected animals. The ingested spores germinate with an
incubation period of 2–5 days. The infected person may
then develop ulcers in the mouth or esophagus, or may
develop lesions lower in the intestinal tract causing them
to present with abdominal pain, fever, and bloody diarrhea that progresses to a sepsis syndrome with high mortality [1, 3]. Although the initial presentation may be that
of an acute abdominal syndrome, there may also be substantial dysphagia and respiratory distress associated with
GI exposure to anthrax [1].
A far greater threat is posed by the inhalational form of
anthrax. This type of anthrax, also known as woolsorter’s
disease when it occurs naturally, is only rarely seen among
wool or tannery workers, but is the form of anthrax most
likely to be spread through a terrorist attack [2]. Inhalational anthrax can be rapidly fatal once symptoms begin.
After a 1–6 day incubation period, symptoms typically
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begin as a nonspecific prodrome resembling influenza,
with malaise, dry cough, and fever. This progresses to
chills, diaphoresis, vomiting, chest pain, and respiratory
distress. Patients will often have some abnormality on
chest radiograph or CT scans, including infiltrates, pleural
effusion, or mediastinal widening [1–4]. This widening
may be due to necrosis and hemorrhage of the mediastinal
lymph nodes and surrounding tissues [1]. Some patients
develop meningitis, which is a poor prognostic indicator
[3]. Inhalation anthrax can also sometimes present as
a sepsis syndrome without the usual symptoms of chest
pain and shortness of breath. The illness often progresses
to septic shock and death approximately 24–36 h after the
appearance of respiratory distress [1].

Treatment and Prophylaxis
The mainstay of treatment is antibiotic therapy, but the
regimen should be started as early as possible to be effective. Although penicillin is usually regarded as the preferred treatment for naturally occurring cutaneous
anthrax [3], penicillin-resistant strains are known to
occur, and the belief is that terrorists would be likely to
use a resistant strain (although this was not the case in the
2001 attack). Penicillin is not recommended as empiric
treatment until susceptibility of the organism is known.
Naturally occuring B. anthracis is also susceptible to tetracyclines, erythromycin, chloramphenicol, gentamicin,
and fluoroquinolones. Initial empiric treatment with
ciprofloxacin (400 mg IV every 12 h) or another fluoroquinolone is recommended until susceptibility is known
[2, 5]. Some authors have recommend that inhalation,
oropharangeal, or gastrointestinal anthrax should be initially treated with two IV antibiotics, one of them being
a flouroquinolone or doxycycline (100 mg IV every 12 h),
and for the second agent clindamycin, rifampin, penicillin, ampicillin, vancomycin, imipenem, linezolid,
clarithromycin, cloramphenicol, or an aminoglycoside
[1, 5]. This would be a reasonable approach, since the
particular susceptibilities and virulence of a bioterrorism
agent may not be known at the beginning of an outbreak.
Supportive therapy to maintain the airway, replenish
fluids, and alleviate shock is also crucial. Because spores
can be dormant for a long time, a 60-day course of antibiotics is recommended for treating anthrax [1, 2, 5].
Although, in theory, cutaneous anthrax without systemic
symptoms can be successfully treated with a 7–10 day
course of oral penicillin, cutaneous anthrax in the setting
of a bioterrorism attack would also likely be associated
with inhalation exposure. Therefore it is prudent to treat

any potential systemic exposure initially with the IV regimen recommended above.

Prophylaxis
In patients who were exposed to anthrax but are not yet
sick, illness and death can be prevented with prophylactic
antibiotics. The CDC recommends ciprofloxacin (500 mg
orally twice daily) or doxycycline (100 mg orally twice
daily) as first-line prophylaxis after inhalational exposure
to anthrax and for presumptive treatment of mild symptoms after anthrax exposure [2].
A vaccine for anthrax, derived from an attenuated
anthrax strain, has been licensed by the US Food and
Drug Administration since 1970. This vaccine has been
used mostly for military personnel, and might not be
generally available to the public in adequate amounts in
the event of a large biological attack. The vaccine is given
repeatedly in a series of six subcutaneous injections over
18 months and can cause several adverse effects. It is not
licensed for use against inhalational anthrax exposure, but
some limited animal data suggest protection.

Evaluation and Assessment
Generally, diagnosis must be suspected on clinical grounds
for treatment to be initiated in time to be beneficial. By the
time the disease is confirmed through laboratory tests,
many patients will be beyond help [2]. B. anthracis is
detectable through Gram stain of the blood and blood
culture on routine media, but often not until the patient
is seriously ill. An enzyme-linked immunosorbent assay
(ELISA) for the anthrax toxin exists, but most hospital
laboratories do not have it readily available. The organism
may also be identified in CSF, as many patients exposed to
inhalational or gastrointestinal anthrax will develop hemorrhagic meningitis [1–4].

After-care
Anthrax does not spread person-to-person, and standard
precautions are recommended. However, persons who
present shortly after exposure may still be contaminated
with spores. Any persons coming into direct contact with
a substance alleged to be anthrax spores should simply
bathe with soap and water and store contaminated clothing in a plastic bag, but decontamination procedures for
other persons in the area should not be necessary. Disinfectants such as bleach solutions can be used to decontaminate inanimate objects, but are not recommended for
skin.

Biological Terrorism, Botulinum Toxin

Prognosis
Cutaneous Anthrax
Local cutaneous anthrax has a mortality rate of less than
1% if treated, but can occasionally become systemic, with
mortality rates approaching 20% [1], although this is the
exception rather than the rule. Eighty to ninety percent of
cutaneous infections can be expected to recover without
complications or scarring.
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Synonyms
Bioterrorism; Botulism; Clostridium botulinum

Gastrointestinal and Oropharyngeal Anthrax
After development of severe abdominal symptoms, mortality may be as high as 50%. Severe infections are associated with significant blood loss, electrolyte abnormalities,
hypotension, and shock. Death can result from bowel
perforation and toxemia. If the patient is able to survive
this stage, recovery usually takes 10–14 days [3].

Inhalation Anthrax
Treatment is usually successful early in the course of the
disease, but mortality is much higher once respiratory
symptoms have developed, with 90% succumbing to
death within 24–72 h in most case series [4]. Anthrax
meningitis is a bad prognostic sign as it is almost universally fatal, with death occurring 1–6 days after the onset of
illness, despite intensive antibiotic therapy [3]. In the
absence of appropriate treatment, mortality from inhalational anthrax is essentially 100% [1, 2]. However, the case
fatality rate was 45% among the 11 confirmed inhalational
cases resulting from bioterrorism in the fall of 2001, largely
attributed to earlier and more aggressive supportive care
and antibiotic therapy [2].
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Definition
Botulism is a syndrome caused by exposure to one or more
of the seven neurotoxins produced by the bacillus
Clostridium botulinum, a spore-forming, obligate anaerobic, gram-positive bacillus. The botulinum toxins are
among the most potent toxins in existence. Theoretically,
enough toxin is present in a single gram of crystallized
botulinum toxin to kill more than one million people [1].
C. botulinum spores are found ubiquitously in soil and
marine sediments and can often be found in the intestinal
tracts of domestic grazing animals [2]. Terrorists could
conceivably contaminate food supplies with the botulinum toxins or initiate a large-scale attack by dispersing the
toxins through aerosol over a vast area [3].

Clinical Presentation
Botulism is a neuroparalytic disease, resulting from the
inhibition of presynaptic acetylcholine release at the neuromuscular junction, which results in neuromuscular
paralysis. The time until symptom development as well
as the severity and duration of symptoms are dependent
upon the serotype and amount of toxin to which the
person has been exposed [2].
Unlike most other bioterrorism-related illness, botulism has a fairly characteristic presentation and therefore
can usually be diagnosed from the clinical signs and symptoms alone. The clinical syndrome is similar regardless of
whether the botulinum toxins are ingested or inhaled.
After an initial food-borne exposure to botulism, there
is a variable incubation period of 2 h–8 days [1, 2], after
which the patient may initially present with nonspecific
gastrointestinal symptoms such as nausea, vomiting,
abdominal cramps, and diarrhea. The prompt diagnosis
of botulism will depend on the recognition of the cardinal
signs of the disease: a acute symmetric descending flaccid
paralysis with prominent bulbar palsies in an afebrile
patient with normal sensorium. The bulbar palsies classically associated with botulism are diplopia, dysarthria,
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dysphonia, and dysphagia. These are often followed by
muscle weakness in the following order: muscles involving
head control, muscles of the upper extremities, respiratory
muscles and, lastly, muscles of the lower extremities.
Weakness generally occurs in a proximal-to-distal pattern
and is usually symmetric [2].
On physical examination, infected patients are generally afebrile, alert, and oriented. They may have postural
hypotension, and some complain of dry mouth, sore
throat, or dizziness. Although some paresthesias have
been reported, botulism is not thought to cause objective
sensory deficits.

Treatment and Prophylaxis
The mainstay of treatment is hemodynamic and ventilatory
support, including intensive care monitoring and mechanical ventilation, often for several weeks. Unfortunately, this
strategy would present insurmountable logistical problems
in the event of a large-scale terrorist attack affecting thousands of people. Mechanical ventilators would be in short
supply, and bag-ventilation would be impractical for weeks
to months. The sudden demand for limited resources could
make proper care for the many victims nearly impossible.
Suspected exposures who are breathing spontaneously
should be carefully monitored for impending respiratory
failure, including frequent assessment of vital capacity
and negative inspiratory force. Because a biological
weapon would likely use the toxin rather than the organism
itself, antibiotics have no utility. For wound botulism, in
which C. botulinum is reproducing in damaged tissue and
producing toxin, surgical debridement and antibiotics
such as metronidazole are used.
A trivalent equine botulinum antitoxin is available
from limited sources such as the U.S. Centers for Disease
Control and Prevention, as well as some state health
departments [4]. Unfortunately, it is effective only in
preventing further deterioration; it will not reverse muscle
weakness that has already developed. It would not be
available in adequate amounts to treat the number of
people resulting from a large-scale exposure. Because the
antitoxin is a horse serum product, skin testing for horse
serum sensitivity is recommended before the drug is
administered.
A newer human botulism immunoglobulin, BabyBIG,
has been shown to be effective for infant botulism [5] and
may be effective for preventing progression of botulism
related to bioterrorism events. Since it is derived from
humans, it does not have the high risk of anaphylaxis
observed with equine products or the risk of lifelong
hypersensitivity to equine antigens [2].

Evaluation and Assessment
Laboratory testing is generally not helpful. The diagnosis
usually must be made on clinical and epidemiological
grounds. Botulinum toxins are generally difficult to detect,
and most patients do not have a measurable antibody
response because the amount of toxin required to produce
clinical symptoms is so small. Some bioassay tests are
available, such as a mouse bioassay, in which the specimen
is injected into mice that are then observed for changes.
These assays are labor intensive and take several days, and
are only available in a few laboratories.

After-care
Standard universal procedures should be taken whenever
a patient presents with botulism. Patients who may have
the toxin on their skin as a result of aerosol exposure
should bathe thoroughly with soap and water and discard
their clothes.

Prognosis
Most patients who have botulism will survive if they are
given proper ventilatory assistance. Those who die from
the disease usually succumb to respiratory failure or secondary infections from prolonged mechanical ventilation.
Of those who survive, full recovery generally takes several
weeks or months, during which the patient is required to
remain on a ventilator, because new synapses must grow to
replace the ones damaged by the botulinum toxin. Cranial
nerve dysfunction and some autonomic dysfunction may
persist a year or longer [2]. In the 1950s, mortality from
botulism was approximately 60%, but with adequate ventilatory support and improvements in ICU care, case
fatality rates are now as low as 5–10%.
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Biological Terrorism, Hemorrhagic Fever

Biological Terrorism,
Hemorrhagic Fever
GREGORY J. MORAN, RAUL EASTON-CARR
Department of Emergency Medicine, Olive View-UCLA
Medical Center, Sylmar, CA, USA

Synonyms
Arenaviruses; Argentine hemorrhagic fever; Bioterrorism;
Brazilian hemorrhagic fever; Bunyaviruses; Ebola;
Filoviruses; Flaviviruses; Hantavirus; Lassa fever; Marburg; Venezuelan hemorrhagic fever; Yellow fever

Definition
Viral hemorrhagic fever is an acute febrile syndrome caused
by several viruses and characterized by systemic involvement
which, in severe cases, includes generalized bleeding and can
result in death [1]. The exact nature of the disease depends
on the virulence, strain characteristics, route of exposure,
dose, and host factors [2]. Many of these viruses cause
rapidly progressive illnesses that carry extremely high
mortality rates. Laboratory cultures can yield sufficient
concentrations of organisms to provide a credible terrorist
weapon if disseminated as an aerosol [3].

Clinical Presentation
The main target of viral hemorrhagic fevers is the vascular
bed, therefore, while the clinical presentations of different
viral hemorrhagic fevers vary, all can involve diffuse hemorrhage and bleeding diatheses as a consequence of the
microvascular damage and changes in vascular permeability [2]. The incubation periods of the hemorrhagic fevers
range from 2 to 35 days [1, 2, 4]. The more severe diseases
such as Ebola or Marburg generally have shorter incubation periods. Patients typically present with a nonspecific
prodrome that includes malaise, headache, myalgias,
arthralgias, abdominal pain, nausea, vomiting, diarrhea,
and a high fever. This prodrome typically lasts less than
a week. On physical examination, the only findings may be
conjunctival injection, mild hypotension, flushing, and
scattered petechiae.
Laboratory testing may show thrombocytopenia or
other signs of disseminated intravascular coagulation or
elevated levels of liver enzymes or creatinine.
Within hours or days after the initial presentation,
patients with the more severe hemorrhagic fevers will
experience a rapid deterioration of their status, followed
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by mucous membrane hemorrhage and shock, often with
signs of neurologic, pulmonary, renal and hepatic involvement [2, 4].

Treatment
Good supportive care is the mainstay of therapy for
patients who have any viral hemorrhagic fever. Special
care must be taken during fluid resuscitation because
fluid transudation into the lungs will occur in some
patients. In addition, because the risk for hemorrhage is
high among these patients with fragile vascular endothelium, caution is necessary when performing invasive procedures such as intravenous lines, as well as when
transporting patients. It has also been recommended to
avoid air transport, due to the effects of drastic pressure
changes on lung water balance [2]. Secondary infections
are thought to be quite common, and should be assessed
and treated aggressively. Patients with profuse bleeding
should similarly be assessed and treated for disseminated
intravascular coagulation. Shock should be treated with
crystalloid fluid resuscitation and vasoactive agents; however, due to a combination of myocardial impairment and
increased pulmonary vascular permeability, these patients
may more easily develop pulmonary edema [2].
For patients who have Lassa fever, Bolivian hemorrhagic fever, Congo–Crimean hemorrhagic fever, or Rift
Valley fever, the antiviral agent ribavirin may offer some
benefit [4]. The suggested dose for adults and children is
30 mg/kg IV (max. 2 g) once, followed by 16 mg/kg IV
(max. 1 g) every 6 h for 4 days, then 8 mg/kg IV (max.
500 mg) every 8 h for 6 days. An alternative dosing strategy
for mass casualty settings is 2 g PO once, followed by
1,200 mg/day PO in 2 divided doses for 10 days (for
patients weighing >75 kg) [4]. This may be given empirically to patients with suspected viral hemorrhagic fever
until the causative agent can be identified.

Evaluation and Assessment
The most valuable tool for the prompt diagnosis
of a hemorrhagic fever virus is to have a high index
of suspicion, especially in the early phases of a bioterror
attack. Viral hemorrhagic fevers should be suspected in any
patient presenting with a severe febrile illness and evidence
of diffuse vascular dysfunction (hypotension, petechiae,
nondependent edema, and hemorrhage) who has traveled
to an endemic area, or one where known or suspected
biological attacks may have taken place. Specific tests for
some hemorrhagic fevers exist, but are not available at
most hospital laboratories. Specific identification requires
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ELISA detection of antiviral IgM antibodies or direct culture
of the viral agent from blood or tissue samples. These tests
can only be performed at specialized laboratories, such as
those available at the US Centers for Disease Control and
Prevention or military labs. If the agent remains unknown, it
may be visualized through electron microscopy followed by
immunohistochemical techniques. The laboratory should be
notified if severe hemorrhagic fever viruses such as Ebola or
Marburg are suspected because specimens should be handled under biosafety level 4 precautions.

Biological Terrorism, Plague
GREGORY J. MORAN, RAUL EASTON-CARR
Department of Emergency Medicine, Olive View-UCLA
Medical Center, Sylmar, CA, USA

Synonyms
Bioterrorism; Bubonic plague; Yersinia pestis

Definition
After-care
Contact precautions are necessary for all persons with hemorrhagic fever. All body fluids should be considered infectious. In several outbreaks in Africa, hospital personnel were
able to prevent transmission to themselves and other patients
simply through wearing gowns, gloves, and masks. Respiratory isolation, however, may be necessary for patients who
experience massive hemorrhage into the lungs. Aerosol
transmission of hemorrhagic fever has been shown in animal
studies, but does not appear to be a significant mode of
transmission among humans. Under ideal conditions, each
patient should be cared for in a private room. The room
should be entered through an adjoining anteroom that is
used for decontamination and hand washing.

Prognosis
The overall mortality rate from the hemorrhagic fever
viruses varies from 5 to 20%, although certain outbreaks,
such as the Ebola and Marburg outbreaks in sub-Saharan
Africa, had case-fatality rates approaching 90% [2]. Poor
prognostic indicators include elevated liver enzymes,
bleeding, and neurologic involvement.
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Plague is an infectious disease caused by the pleomorphic
gram-negative bacillus Yersinia pestis. Bubonic plague is
the most common naturally occurring form. It is
a zoonotic infection spread from the rodent reservoir to
humans through the bites of infected fleas. Plague, like
anthrax, also has a pneumonic form that can be transmitted through inhalation of droplets spread by cough.
Y. pestis has potential to be used as an agent of bioterrorism,
most likely, via inhalation. As with anthrax, the pneumonic
form of the disease is far more dangerous. Plague is more
difficult to use as a biological weapon compared with
anthrax because Y. pestis is susceptible to drying, heat,
and ultraviolet light. However, unlike anthrax, secondary
cases may result from person-to-person transmission with
as little as 1–10 Y. pestis organisms being sufficient to cause
infection by respiratory or parenteral routes.

Clinical Presentation
Bubonic plague begins as painful adenopathy, usually
2–8 days after the infecting flea bite. Between 4% and
10% of patients will have a pustule or ulcer at the site of
inoculation. Common initial symptoms in decreasing
order of incidence include malaise, headache, vomiting,
chills, altered mental status, cough, abdominal pain, and
chest pain [1]. Other findings include bladder distention,
apathy, confusion, anxiety, oliguria, anuria, tachycardia,
hypotension, leukocytosis, and fever. By the day following
the onset of symptoms, patients begin to develop visible
swollen, painful, tender lymph nodes, usually in the groin,
axilla, or cervical region. These nodes are commonly called
buboes. They are extremely tender, warm, nonfluctuant
nodes associated with overlying skin erythema and often
surrounding edema [2].
Septicemic plague may be the primary manifestation
of plague, or it may arise secondarily to hematogenous
dissemination. Sepsis caused by plague presents similarly
to that caused by other gram-negative organisms.
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Symptoms include fever, chills, sweats, nausea, vomiting,
diarrhea, and it eventually may progress to acral cyanosis
and disseminated intravascular coagulation [1]. Patients
in the terminal stages of septicemic or pneumonic plague
can develop large ecchymoses on the back, possibly leading to this disease being referred to as “the Black Death.”
Due to the nonspecific presentation of primary septicemic
plague, diagnosis may be delayed compared to bubonic
plague, thus contributing to a higher mortality. Approximately 5–15% of patients will develop a secondary pneumonia that can spread plague through droplets from
coughing.
Pneumonic plague, like septicemic plague, may occur
primarily by exposure to aerosols or by hematogenous
dissemination. Pneumonic plague would be the most
likely presentation after a bioterrorism attack, as the
agent would be most effectively spread to large numbers
of individuals via aerosol [3–5]. After an incubation
period of 1–6 days, patients who have pneumonic plague
typically develop fulminant pneumonia characterized by
dyspnea, chest pain, malaise, high fever, cough, hemoptysis, and septicemia with ecchymoses and extremity necrosis. Findings on chest radiographs are generally typical of
patients who have pneumonia, although bilateral alveolar
infiltrates may be the most common finding [1]. The
disease progresses rapidly, leading to dyspnea, stridor,
cyanosis, and septic shock. Death results from respiratory
failure and circulatory collapse.
Plague meningitis is most commonly seen in children,
usually 9–14 days after ineffective treatment [1]. The presentation is similar to meningitis caused by other bacterial
etiologies.

Treatment and Prophylaxis
Early treatment with antibiotics, within 24 h of the
appearance of symptoms, is crucial to the survival of
patients who have pneumonic plague. Streptomycin
(15 mg/kg IM twice daily) is the traditional preferred
agent but may not be readily available in some facilities.
Gentamicin (5 mg/kg IV/IM once daily) may be similarly
efficacious and more readily available [1, 2]. Doxycycline
(100 mg IV twice daily or 200 mg IV once daily), ciprofloxacin (400 mg IV twice daily), and chloramphenicol
(25 mg/kg IV four times daily) should also be effective
[1, 5]. Chloramphenicol has been suggested as the
preferred treatment for plague meningitis due to its
theoretical ability to better penetrate the blood–brain
barrier; however, this has not been confirmed by clinical
trials [2]. Treatment should be continued for a minimum
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of 10 days, or for 4 days after clinical recovery, whichever is
longer. Pregnant patients should be treated with gentamicin or doxycycline if gentamicin is not available. Although
both gentamicin and doxycycline are potentially teratogenic, aminoglycosides are the most effective treatment for
plague and a large case-control study of doxycycline in
pregnancy showed no teratogenic risk to the fetus [2].
Given the high potential mortality rate of bubonic plague,
its use in this setting likely justifies the risk. Patients who
have mild illness can be treated with oral doxycycline or
fluoroquinolones [5].

Prophylaxis
Persons exposed to plague should receive postexposure
prophylaxis with oral doxycycline (100 mg twice daily)
or ciprofloxacin (500 mg twice daily) for 7 days [1, 2, 5].
Doxycycline is recommended as prophylaxis for children
and pregnant women [2]. Medical personnel who practice
good infection control precautions should not require
prophylaxis. A recombinant vaccine is under development
and seems to protect against pneumonic plague.
Several mammals are known to harbor plague, including bears, cats, pigs, mice, rats, prairie dogs, and squirrels,
with cats being particularly efficient at transmitting the
disease to humans [1]. While no specific recommendations are made regarding these animal vectors, this knowledge may target antibiotic prophylaxis.

Evaluation and Assessment
As with other bioterrorism agents, generally, the diagnosis
must be suspected on clinical grounds for treatment to be
initiated in time to be beneficial. Once suspected,
a presumptive diagnosis can often be made by identifying
Y. pestis in Gram’s, Wayson’s, or Wright–Giemsa stain of
blood, sputum, or lymph node aspirate samples. The
organism has a characteristic bipolar “safety pin” appearance (Fig. 1). A definitive diagnosis is generally made with
culture studies. An ELISA test for plague exists, but it is
not widely available. Direct fluorescent antibody staining
of the capsular antigen is also available.
Buboes may be aspirated with a small-gauge needle for
diagnostic purposes, but incision and drainage should not
be performed because of the risk for aerosolization of the
organism [5]. Sputum samples in pneumonic plague may
contain gram-negative rods, but the yield is variable [1].
Hematologic studies show leukocytosis with left shift.
Bilirubin levels and serum aminotransferases are often
elevated. Antibody studies are not useful for diagnosing
disease during the acute phase. Blood, sputum, bubo
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Septicemic plague can result in disseminated intravascular coagulation, small vessel necrosis, purpura, and gangrene of the nose and digits [2]. In a group of patients in
New Mexico with plague, mortality was 33.3% for septicemic plague compared to 11.5% for bubonic plague [1].
Without treatment, the mortality rate approaches
100% [4].
Pneumonic plague is rapidly fatal unless antibiotics
are administered during the first day of illness [1].
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aspirate, and CSF cultures on normal blood agar media are
often negative at 24 h but positive by 48 h. The colonies of
Y. pestis are usually 1–3 mm in diameter and have been
described as having a “beaten copper” or “hammered
metal” appearance.

After-care
Unlike pulmonary anthrax, pneumonic plague is very
contagious. Strict respiratory isolation is necessary until
infected patients have undergone treatment for at least
3 days [3, 5]. Unfortunately, because the initial presentation resembles that of severe pneumonia caused by other
agents, the actual diagnosis may not be known for several
days. Therefore, patients who present with fulminant
pneumonia after a suspected biological attack should be
held in respiratory isolation until the cause has been
determined. Bubonic plague in humans, without secondary pneumonia, is not considered to be contagious [4].

Prognosis
Without treatment, the mortality rate for bubonic plague
is 60% [1, 4], while some studies suggest that with appropriate treatment, mortality may be as low as 5–14% [2, 4].
With appropriate treatment, buboes typically resolve in
10–14 days [3].
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Biological Terrorism, Smallpox
GREGORY J. MORAN, RAUL EASTON-CARR
Department of Emergency Medicine, Olive View-UCLA
Medical Center, Sylmar, CA, USA

Synonyms
Bioterrorism; Poxvirus; Variola virus

Definition
Smallpox (variola) is a DNA orthopoxvirus that was
a common cause of serious illness throughout recorded
human history. No nonhuman reservoirs or human carriers exist for smallpox; the disease was spread only
through continual person-to-person transmission. The
disease was declared eradicated by the World Health Organization (WHO) in 1980 and routine vaccination was
stopped soon after.
Because of its suitability for airborne dispersal, propensity for secondary human-to-human transmission,
relative stability, and retention of infectivity outside the
host, smallpox is one of the most feared agents that could
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be unleashed in a biological attack [1]. Because routine
vaccination is no longer given, most persons today are
susceptible to infection. Even those who were vaccinated
as children are likely to be susceptible because immunity
wanes over time.

Clinical Presentation
The incubation period associated with smallpox is
approximately 12 days (range 9–14 days). Smallpox begins
with a febrile prodrome, followed by viremia and a rash
that may also be accompanied by malaise, chills, head and
body aches, nausea, vomiting, and abdominal pain [2].
Fifteen percent of patients develop delirium [3]. The characteristic rash develops on the extremities and spreads
centrally. Skin lesions evolve slowly from macules to
papules to vesicles to pustules, with each stage lasting
1–2 days. Unlike chickenpox, all smallpox lesions are at
the same stage of development.
The first lesions are often on the oral mucosa or palate,
face, or forearms. The vesicles or pustules tend to be
distributed with the greatest concentration on the face
and distal extremities, including the palms and soles.
Vesicles and pustules are deep-seated, firm, or hard,
round, well-circumscribed lesions; they are sharply raised
and feel like small round objects embedded under the skin.
As they evolve, the lesions may become umbilicated or
confluent and will scab over in 1–2 weeks, leaving
hypopigmented scars.
If a biological attack is not known to have occurred,
some early smallpox cases are likely to be mistaken for
chickenpox or other diseases. Chickenpox differs from
smallpox in that the prodrome is milder, the vesicles are
superficial (i.e., easily collapse on puncture) and more
heavily distributed on the trunk as opposed to the distal
extremities, and active and healing lesions occur
simultaneously.

Treatment and Prophylaxis
No known effective treatment exists against smallpox. The
drug cidofovir, used to treat cytomegalovirus infections,
may be active against variola virus, but no data currently
show the drug’s efficacy in humans [4]. Gleevec
(imatinib), a drug traditionally used to treat certain leukemias, has been suggested as a possible treatment due to
its observed ability to slow viral progression in mice;
however, no human studies have been done [3]. Management of smallpox is largely supportive care.
A vaccine based on the live vaccinia virus is effective
for immunizing against smallpox and has been the mainstay of smallpox control. Unlike many other vaccines,
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smallpox vaccine can be effective in preventing disease
even up to several days after exposure.
Smallpox vaccination is not without risk. Risks are
higher for those who have never been previously vaccinated. Complications from the use of the current smallpox
(vaccinia) vaccine range from the relatively benign
autoinoculation and generalized vaccinia through the
more severe progressive vaccinia. The most serious complications include postvaccinial encephalopathy and
encephalitis, but fortunately, these are rare [4]. Because
vaccinia is a live virus, potential exists for secondary transmission after vaccination. In the era of routine smallpox
vaccination, contraindications to vaccination included
pregnancy, certain immunocompromised conditions,
and eczema. In the setting of a bioterrorism-related smallpox outbreak, those believed to have been exposed to the
virus would have no absolute contraindications to vaccination since the benefit would likely outweigh the risk.
Health-care workers would be prioritized for smallpox
vaccination in the event of a bioterrorism-related outbreak. Optimal infection-control practices and appropriate site care should prevent transmission of vaccinia virus
from vaccinated individuals to others. Health-care personnel providing direct patient care should keep their
vaccination sites covered with gauze in combination with
a semipermeable membrane dressing to absorb exudates
and provide a barrier for containment of vaccinia virus to
minimize the risk of transmission. The dressing should
also be covered by a layer of clothing.
Patients should be isolated with both airborne and
contact precautions, and considered infectious until all
scabs separate [3].

Evaluation and Assessment
The United States Centers for Disease Control and Prevention (CDC) have an excellent website (http://www.
bt.cdc.gov/agent/smallpox/diagnosis/riskalgorithm/) to
assist clinicians in the early diagnosis of a rash suspicious
for smallpox. The algorithm can be used to quickly identify patients at risk of smallpox when an outbreak is not
known.
The diagnosis of smallpox can be confirmed with
electron microscopy or gel diffusion on vesicular scrapings, but these modalities are not available in most hospital laboratories. If smallpox is suspected, the laboratory
must be notified to take proper precautions. Smallpox
specimens should be handled under biosafety level four
conditions. Because testing for varicella virus is usually
available, a vesicular eruption in which varicella cannot be
identified should alert clinicians to possible smallpox.
Specimens could then be forwarded for testing at
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a specialized laboratory, such as at the CDC or U.S. Army
Medical Research Institute of Infectious Diseases
(USAMRIID).
Electron microscopy cannot reliably differentiate
between variola, vaccinia (cowpox), and monkeypox.
New polymerase chain reaction (PCR) techniques that
can rapidly diagnose smallpox may soon be available.

After-care
Identification of even a single case of smallpox would
signal an infectious disease emergency of worldwide significance. Clinicians who suspect smallpox should immediately contact their local health department and their
hospital infection-control officer. If an initial outbreak
cannot be contained within a single community, an
arduous worldwide eradication effort may need to be
begun anew.
Smallpox is readily transmitted person-to-person
through respiratory droplets. Because delays in the initial
diagnosis are likely, some secondary exposures may
already have occurred by the time smallpox virus is identified as the cause of illness. Although people are generally
not considered infectious until the rash begins, they can
shed virus in early stages of the rash before it can be readily
identified as smallpox.
Aggressive quarantine measures will be necessary to
prevent further spread. Anyone who has had direct contact
with an infected person should undergo strict quarantine
with respiratory isolation for 17 days. In large-scale outbreaks, infected individuals may need to be kept at home.
Virions can also remain viable on fomites for up to
1 week. All laundry, including bedding of infected individuals, should be autoclaved or washed in hot water with
bleach. Standard hospital antiviral surface cleaners are
adequate for disinfecting surfaces (e.g., counters, floors).
Viable virus has been found in scabs that have been stored
for up to 13 years, so meticulous decontamination is
crucial. If possible, all bodies should be cremated to prevent subsequent exposure of individuals who have had
contact with the deceased, such as funeral home workers.

Prognosis
Mortality for variola major, the more severe form of the
disease, is reported as approximately 30% overall among
unvaccinated persons and 3% among those vaccinated,
but this reflects historical data in populations without
modern medical care. Mortality is higher in infants and
elderly individuals, and would likely be much lower
among healthy adults and older children. Death occurs
late in the first week or during the second week of the

illness and is caused by the toxemia induced by the overwhelming viremia.
There is a rare hemorrhagic form seen in less than 3%
of all smallpox patients which is associated with extensive
petechie, toxemia, and massive bleeding into the skin and
gastrointestinal tract followed almost universally by death
within a few days. This form occurs more commonly in
pregnant patients and small children [3, 4]. Other
described complications include bacterial superinfection
(more common in the preantibiotic era), arthritis, osteomyelitis, pulmonary edema (more common in the hemorrhagic form), orchitis, encephalitis, and keratitis [3].
Variola minor, the less severe form of the disease,
carries a 1% mortality in the vaccinated and unvaccinated
alike [5].
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Biological Terrorism, Tularemia
GREGORY J. MORAN, RAUL EASTON-CARR
Department of Emergency Medicine, Olive View-UCLA
Medical Center, Sylmar, CA, USA

Synonyms
Bioterrorism; Deer fly fever; Francisella tularensis; Rabbit
fever

Definition
Tularemia is a disease caused by Francisella tularensis,
an aerobic intracellular gram-negative coccobacillus.
F. tularensis remains viable for weeks in water, soil,
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carcasses, and hides, and for years in frozen meat. It is
easily killed by heat and disinfectants, but can survive for
months in temperatures of freezing and below.
F tularensis has been weaponized by both the United
States and the former Soviet Union [1], and other
countries are also suspected to have weaponized the
organism [2]. F tularensis could potentially be stabilized
for weaponization and produced in either a wet or dried
form for delivery in a terrorist attack [3]. As few as 10–50
organisms may cause disease if inhaled or injected into
skin; however, approximately 108 organisms are required
to cause infection after oral ingestion.
Tularemia is considered to have the potential to be an
especially effective bioterror weapon due to its nonspecific
disease presentation, high morbidity, significant mortality
if untreated, limited ability to obtain a rapid diagnosis,
and the potential to develop antibiotic-resistant strains
which may make standard treatments ineffective [1].

Clinical Presentation
Tularemia can manifest in several ways, depending on the
route of infection and organ systems involved. These presentations are typically divided into ulceroglandular,
oculoglandular, glandular, oropharyngeal, typohoidal,
and pneumonic tularemia. Any of these types may progress into septic shock known as septic tularemia, which
will not be considered here as a separate entity.

Ulceroglandular Tularemia
Ulceroglandular tularemia resulting from contact with
infected animals is the most common form, accounting
for up to 85% of cases. After an incubation period of
3–6 days, patients typically present with fever, chills, headache, cough, and myalgias (in decreasing order of incidence). There is usually associated malaise, an ulcerated
skin lesion, and painful regional lymphadenopathy. Skin
ulcers typically begin in the area of exposure to the organism, most commonly on the hands. The ulcers range in
size from 0.4 to 3.0 cm and occasionally have raised
borders. Pulse-temperature dissociation has also been
reported, although this sign is neither sensitive nor specific for tularemia. Other nonspecific complaints include
chest pain, vomiting, arthralgias, sore throat, abdominal
pain, diarrhea, dysuria, back pain, and nuchal rigidity [1].

Oculoglandular Tularemia
Oculoglandular tularemia is distinguished from the
ulceroglandular form by ocular erythema and exudative
conjunctivitis. Otherwise, it is quite similar to
ulceroglandular tularemia. It is typically acquired through
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contact with infected animals, although it has also been
reported with exposure to contaminated food or water.

B
Glandular Tularemia
Although ulceroglandular and oculoglandular tularemia
typically present with ulcerative skin lesions, there is also
a form referred to as glandular tularemia which is similar
to the two presentations described above, with the exception of skin lesions. This syndrome typically includes
lymphadenopathy greater than 1 cm [1].

Oropharyngeal Tularemia
While pharyngitis has been observed in approximately one
quarter of patients with tularemia, oropharyngeal tularemia as a separate entity is recognized by the predominance
of a severe exudative pharyngitis as opposed to the
nonspecific and mild symptoms of pharyngitis seen with
the other forms. This form typically results from the
ingestion of contaminated food or water.

Pneumonic Tularemia
Lower respiratory tract symptoms are present in 47–95%
of patients with tularemia of any type. There is also
a distinct pneumonic form which can result a few days
to several months after the appearance of non-pulmonary
symptoms in ulceroglandular or glandular tularemia [1].
This form is characterized by an abrupt onset of fever,
headache, sore throat, malaise, myalgia, coryza, and
cough. Chest radiograph findings are nonspecific, and
may be confused with other bacterial pneumonias, tuberculosis, lymphoma, or lung carcinomas. Pulmonary
disease from a naturally occurring tularemia outbreak is
uncommon, and if a significant number of cases
are reported, it would be highly suspicious for a bioterrorism attack [1].

Typhoidal Tularemia
Typhoidal tularemia, which is caused by infectious aerosols, is the form most likely to appear after a terrorist
attack. After an incubation period of 2–10 days, most
victims present with fever, headache, chills, myalgia, nausea, vomiting, and diarrhea. Lymphadenopathy is not
necessarily present. Patients may also have cough and
other respiratory symptoms.

Treatment
The Working Group on Civilian Biodefense [3] describes
various treatments for tularemia in both contained and
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mass casualty settings for adults, children, and pregnant
women. Their recommendations are summarized
below Table 1.
Treatment with streptomycin, gentamicin, or ciprofloxacin should continue for 10 days. Treatment with
doxycycline or chloramphenicol should continue for
14–21 days. A 2-week course should be effective as
postexposure prophylaxis when given within 24 h of aerosol exposure. A live attenuated vaccine against tularemia is
in development [4].

Evaluation and Assessment
Initial laboratory evaluations are generally nonspecific.
These nonspecific signs and symptoms would make
a specific diagnosis of tularemia difficult in the event of
a terrorist attack, possibly leading to increased mortality.
A definitive diagnosis can be made by culturing the organism from blood, ulcers, conjunctival exudates, sputum,
gastric washings, and pharyngeal exudates, although
culture is difficult and the yield is low. The organism
grows poorly on standard media, but can be grown on
media containing cysteine or other sulfhydryl compounds
(e.g., glucose cysteine blood agar, thioglycollate broth).
The laboratory should be notified if tularemia is suspected
because the organism requires specialized culture

techniques and represents a hazard to laboratory personnel. Culture should only be attempted using biosafety level
3 precautions. Tularemia is usually diagnosed serologically
using bacterial agglutination or ELISA. Antibodies to
F. tularensis appear within the first week of infection, but
levels adequate to allow confidence in the specificity of the
serologic diagnosis (titer > 1:160) do not appear until
more than 2 weeks after infection. Cross-reactions can
occur with other organisms, such as Brucella, Proteus,
and Yersinia. Because antibodies may persist for years
after infection, serologic diagnosis depends on a fourfold
or greater increase in the tularemia tube agglutination or
microagglutination titer during the course of the illness.
Titers are usually negative during the first week of infection, become positive during the second week in 50–70%
of cases, and achieve a maximum level in 4–8 weeks.
Although person-to-person transmission of tularemia
is rare, health-care personnel should follow standard universal precautions whenever managing patients who have
the disease.

Prognosis
Tularemia can be quite lethal, with case fatality rates of
untreated naturally acquired typhoidal tularemia being
about 35% [2]. However, with prompt and appropriate

Biological Terrorism, Tularemia. Table 1 Recommendations for the treatment and prevention of Tularemia
Contained casualty setting

Adults

Mass casualty setting or PEP*

Preferred agents

Alternative agents

Preferred agents

Streptomycin 1 g IM once
daily, or

Doxycycline 100 mg IV once
daily, or

Doxycycline 100 mg PO twice
daily, or

Gentamicin 5 mg/kg IV/IM
once daily

Chloramphenicol 15 mg/kg IV 4 Ciprofloxacin 500 mg PO twice
times daily, or
daily
Ciprofloxacin 400 mg IV twice
daily

Children

Streptomycin 15 mg/kg IM
twice daily (<2 g/day), or

Doxycycline: <45 kg, 2.2 mg/kg Doxycycline: <45 kg, 2.2 mg/kg
IV twice daily. >45 kg 100 mg IV PO twice daily. >45 kg 100 mg
twice daily, or
PO twice daily, or

Gentamicin 2.5 mg/kg IV/IM Chloramphenicol 15 mg/kg IV 4 Ciprofloxacin 15 mg/kg PO
three times daily
times daily, or
twice daily
Ciprofloxacin 15 mg/kg IV twice
daily
Pregnant women

Adapted from [3]
*
PE postexposure prophylaxis

Gentamicin 5 mg/kg IV/IM
once daily, or

Doxycycline 100 mg IV twice
daily, or

Ciprofloxacin 500 mg PO twice
daily, or

Streptomycin 1 g IM once
daily

Ciprofloxacin 400 mg IV twice
daily, or

Doxycycline 100 mg PO twice
daily

Bioreactance®

antibiotic treatment mortality rates of 1–2.5% have been
reported. This rate varies depending on the type of infection, premorbid conditions, and the time interval between
infection and the initiation of appropriate antimicrobial
therapy [1].
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Biomarkers
The characteristic biological properties that can be
detected and measured in parts of the body like the
blood or tissue. They may indicate either normal or diseased processes in the body.

Biopsy by Thoracotomy
▶ Bronchial Fibroscopy and Lung Biopsy

Bioreactance®
PIERRE SQUARA1, DANIEL BURKHOFF2
1
CERIC – ICU, Clinique Ambroise Paré,
Neuilly-sur-Seine, France
2
Department of Medicine, Columbia University,
New York, NY, USA

Definition

Bioreactance ® refers to the electrical resistive, capacitive,
and inductive properties of blood and biological tissue
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that induce phase shifts between an applied electrical
current and the resulting voltage signal [1]. This is distinguished from bioimpedance, which refers to the electrical
properties of blood and tissue that determine the amplitude of the voltage field resulting from an applied electrical current. Bioreactance has proved to be useful clinically
because changes in thoracic blood volume occurring during the heartbeat induce instantaneous changes in the
phase shift between an applied current and the measured
voltage signal that can be quantitatively related to stroke
volume and thus can be used to measure cardiac output.

Signal Analysis
In practice, four double-electrode stickers are placed on
the chest wall (Fig. 1).
The exact location of the electrodes is not critical, but
the goal is to place the stickers so as to encase the heart and
thoracic aorta. Typically, the electrodes are placed in the
mid clavicular line, two at the level of the clavicles and two
just below the lower margin of the rib cage. For certain
applications, electrodes can be placed on the side (e.g.,
during surgery to be outside of the surgical field) or on the
back (e.g., during exercise testing so that arm movement is
not impeded). The electrodes are connected by wires to
the signal processor that delivers an electrical current
(I(t)) of known amperage and frequency between the
outer set of electrodes, measures the voltage (V(t))
between the inner two sets of electrodes and analyzes the
phase shift between the current and voltage signals. The
phase shift varies instantaneously in relation to the
amount of blood ejected by the heart in the aorta, which
varies during the cardiac cycle.
An example of the Bioreactance signal in relation to
the electrocardiogram and a directly measured aortic flow
signal is shown in Fig. 2. As seen, the phase signal (F)
increases once flow starts in the aorta (refer to the AoF
signal), reaching a peak at approximately the end of ejection. Since F varies in relation to the volume of blood in
the aorta, it follows that the derivative of the phase signal
(dF/dt) resembles the aortic flow signal, which indeed is
the case. It is seen that the positive portion of the dF/dt
signal (the portion above the zero line shown in red) is in
phase with the aortic flow signal and these two signals start
and end at approximately the same time. Once ejection is
complete, the dF/dt signal becomes negative, reflecting
the discharge of blood stored in the aorta during diastole.
One of the advantages of the Bioreactance approach is
that analysis of phase shifts can be done with very high
precision while allowing a high degree of filtering of electrical noise, be it from ambient signals from other
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Bioreactance®. Figure 1 Typical electrode position and schematic representation of Bioreactance technology

electronic devices or due to patient movement. As a result,
the signal-to-noise ratio is very high with Bioreactance
compared to other electrical approaches that are based
on analysis of voltage amplitudes.

From Transthoracic Bioreactance to Cardiac
Output
The basic assumption underlying transformation from the
measurement of Bioreactance signals to estimation of
cardiac output is that the area under the positive portion
of the dF/dt signal is proportional to stroke volume (SV)
(Fig. 3).
Since the dF/dt is roughly triangular, the area under
the curve is estimated from the peak value of dF/dt (dF/
dtmax) and the duration of ejection (or ventricular ejection
time, VET, which can be measured directly from the dF/dt
signal) so that: SV = CF.½.dF/dtmax.VET, where CF is
a correlation factor that is mainly based on body size,
gender, and age. Once SV is obtained, cardiac output
(CO) is determined by the heart rate (HR): CO =
SV.HR. The value of the correlation factor (CF) and its
variation with body size, gender, and age was initially
determined in a cohort of post-cardiac surgery patients
who had a pulmonary artery catheter for routine
continuous cardiac output (CCO) monitoring by
thermodilution. The age-, height-, weight-, and genderdependent CF derived from these patients was then tested

prospectively in another cohort of 119 patients [2] that
compared the Bioreactance system (NICOM™, Cheetah
medical, Portland, OR, USA) to continuous cardiac output by pulmonary artery catheter-based thermodilution
(PAC–CCO, Edwards Life Sciences, Irvine CA, USA). In
these 119 post-cardiac surgery patients [2], the bias was
optimally analyzed during 40 periods of stable PAC–CCO
to minimize the effects of both natural changes in CO and
time responsiveness differences of the two devices. This
included more than 9,000 minute-by-minute CO values.
The average bias was negligible (0.16 L/min) and the limits
of agreement were 0.88 L/min (Fig. 4) indicating a high
degree of accuracy of Bioreactance for measuring CO
compared to PAC–CCO.
Also, precision (random fluctuation) assessed by the
variability of measurements around the trend line slope
(2SD/mean) was always better for the NICOM than
for PAC–CCO. When the 40 periods of stable CO were
considered, the variability of the averaged PAC–CCO measurements (2SD) was 0.66  0.20 L/min and the precision
(2SD/mean) was 14%  4%, versus 0.62  0.29 L/min
and 12%  7% for the NICOM respectively, p = 0.08.
When CO was consistently changing (PAC–CCO slope >
10%), the precision was better for NICOM than
PAC–CCO: 16%  10 versus 23%  9, (p < 0.0001) for
increasing CO and 16%  10 versus 20%  7, (p = 0.002)
for decreasing CO. Bioreactance has also been validated as
a reliable method for cardiac output monitoring by
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Bioreactance®. Figure 3 The upper part shows an idealized
Bioreactance phase shift signa F(t) and its first derivative
dF/dt with maximal value dF/dtmax and ventricular ejection
time (VET)

dF/dt

®

Bioreactance . Figure 2 Experimental recordings from an
animal instrumented with an aortic flow probe and
a Bioreactance system. The relation between aortic flow (AoF),
the Bioreactance phase shift (F) and its first derivative (dF/dt)
are shown. The positive deflection of the dF/dt signal mimics
the AoF tracing

settings include severe aortic regurgitation, thoracic aortic
prosthesis, large thoracic aortic aneurysm, and intraaortic balloon pumping. In most of these settings, it is
still expected that the Bioreactance technology will appropriately track trends in cardiac output. Another potential
limitation includes patients with continuous flow left ventricular assist devices where there are no aortic pulsations.

Applications
comparison with other available technologies in different
clinical situations [3, 4].

Pre-existing Condition
The only requirement for use of the Bioreactance technique is that the electrodes (stickers) be appropriately
applied to the body so that there is good and stable
electrical contact. Also, the wires that connect from the
stickers to the electronic signal conditioner box should
also be fixed (e.g., taped near the connection) to ensure
stable connection.
There are certain clinical scenarios in which the technique has not been fully tested for accuracy of absolute
values. This is especially the case when the relationship
between change in aortic volume and stroke volume are
different than encountered in a majority of patients. Such

The ability to measure CO, along with other hemodynamic
parameters, can play an important role in diagnosis, establishment of the optimal treatment plan, monitoring treatment effectiveness, and guiding refinement of treatment in
real time to achieve therapeutic goals. Therefore, there are
many situations in which information about CO is desired
but use of invasive techniques are not fully justified or
feasible and availability of an accurate noninvasive
approach can provide significant value. These include circulatory shock (of any cause), trauma, pre-, intra- and
postoperative monitoring and hemodynamic optimization
for high-risk surgical procedures, in patients with heart
failure (acute and chronic), during hemodialysis in patients
at high risk for hemodynamic compromise and high-risk
obstetric patients. Application to pediatric populations is
also feasible, a setting in which CO monitoring is typically
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Bioreactance . Figure 4 Accuracy of the Bioreactance (NICOM)-based cardiac output (CO) as compared to continuous
thermodilution (PAC–CCO). Left panel correlation (r = 0.87) not significantly different from the identity line, Right panel, Bland and
Altman schema showing mean bias = 0.2L and limits of agreements (2SD) = 1L (Reprinted from [2])
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Bioreactance®. Figure 5 Continuous cardiac output: in blue
continuous thermodilution and in red Bioreactance. Passive
leg raise test is indicated by the green bar and rapid fluid
infusion (500 ml) by the blue bar

not available especially in neonates and very small children.
Other, less often considered applications include cardiac
output monitoring during stress testing (especially in
patients with chronic heart failure) and optimization of
cardiac resynchronization therapy (CRT) devices. Settings
in which these applications arise span the entire spectrum of
clinical practice: outpatient clinics, emergency rooms, routine hospital wards, intensive care units, operating rooms,

and cardiac catheterization laboratories. Also, availability of
noninvasive cardiac output monitoring opens many avenues for clinical research that are not otherwise feasible. An
appreciation for how this approach can be helpful is illustrated by the examples shown in Fig. 5 obtained from
a patient following cardiac surgery that demonstrate the
responsiveness of Bioreactance-based cardiac output
monitoring
to
standard
acute
hemodynamic
interventions.
First, consider the response to a passive leg raise (PLR)
followed by a 500 ml infusion of colloid as indicated in
Fig. 5. The PLR maneuver is used by some investigators
as a means of assessing fluid responsiveness. After steady
state was established, the legs were raised to 45 for
5 min. A gradual rise in CO is detected. When the legs
are lowered, CO returns to baseline. The PLR maneuver has
been suggested as a simple, reversible means of assessing
whether or not a patient would respond to fluid administration. As seen, the COs provided by the two modalities start at
nearly the same values. With the introduction of PLR and the
ensuing fluid infusion, CO detected by NICOM increases
almost immediately, followed by a comparable increase
detected by PAC–CCO; the 5 min delay in the PAC–CCO
measurement is likely due to filters incorporated in the PAC–
CCO technology. Despite this time delay, the two technologies both indicate comparable increase in CO once steady
conditions are established several minutes later. Similarly the
Bioreactance-based tracking of CO has been shown to be
comparable to other technologies for CO monitoring during
lung recruitment maneuvers using high external positive end
expiratory pressure (PEEP) and for inotrope drug titration
in patient with heart failure [3, 4]. Assessment of change in
cardiac output in response to drugs and fluids and ability
to assess fluid responsiveness provide the opportunity for

Bioterrorism

18

14
15

12

12

10
8

9

6
6

4
2

200

5

10
15
Time (min)

B

150
100
50

3
0

a

Peak CO (mL/kg/min)

VO 2 (mL/min/kg)

16

321

250

21

NICOM
VO 2

NICOM (L/min)

18

B

0

20

x

FH

b

H
oC

N

HA

1

NY

HA

NY

2

HA

NY

3

HA

4

NY

Bioreactance®. Figure 6 (a) Bioreactance-based measurement of CO during treadmill exercise in a heart failure patient
showing parallel changes in CO and oxygen consumption (VO2). (b) Peak CO during exercise declines as the clinical severity of
heart failure (indexed by New York Heart Association Class) increases (Reprinted from [5])

development of goal-directed therapy (GDT) algorithms
based fully on noninvasive measurements.
In addition to these examples demonstrating appropriate hemodynamic responses to standard hemodynamic
interventions, data obtained during treadmill exercise
testing further serve to illustrate the versatility and robustness of Bioreactance for CO measurement in challenging,
complex settings (Fig. 6). During exercise, there is an
almost immediate gradual rise of CO; as shown in
Fig. 6a, the rise in CO very closely parallels the rise of
total oxygen consumption (VO2). Upon cessation of exercise, both CO and VO2 decrease abruptly. When
performed in a cohort of normal volunteers and patients
with chronic heart failure spanning the spectrum of disease severity (from New York Heart Association Class
I through IV), it is appreciated that the value of CO
achieved at the peak of exercise declines with clinical
severity of disease. Other indexes of cardiovascular performance (such as cardiac power and stroke work, values
dependent upon measurement of stroke volume during
exercise) have been shown to provide even greater ability
to discriminate disease severity than peak CO or even peak
VO2, Fig. 6b. Therefore, noninvasive Bioreactance may
provide a new tool for assessing disease severity, for following response to treatment and for prognostication in
chronic heart failure and other cardiovascular diseases.
CO monitoring is a key component in intensive care,
anesthesia, and many other clinical settings. CO and
related parameters are used to guide diagnosis and decisions on fluid administration and drug titration. The
NICOM Bioreactance-based technology has been proven
accurate and reliable in monitoring CO in clinical studies
when compared to the gold standard of continuous

cardiac output (CCO) and bolus thermodilution. The
noninvasiveness and high degree of accuracy of
the NICOM device may lead to early recognition of clinical situations that call for aggressive fluid resuscitation.
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Bioterrorism
▶ Biological Terrorism, Anthrax
▶ Biological Terrorism, Botulinum Toxin
▶ Biological Terrorism, Hemorrhagic Fever
▶ Biological Terrorism, Plague
▶ Biological Terrorism, Smallpox
▶ Biological Terrorism, Tularemia
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Bioterrorism Agent

Bioterrorism Agent
An organism characterized by easy dissemination, high
mortality rate, potential to cause public panic and social
disruption, and the necessity of special action for public
health preparedness.

BIS Monitoring System
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Synonyms
Bispectral Index (BIS) Monitoring

Definition
BIS monitoring is one method to control anesthetic depth
by continuous automated analysis of the Electroencephalogram (EEG). In 1996, the US American Food and Drug
Administration approved BIS monitoring as an accepted
adjunct measure of the hypnotic effect of anesthetics and
sedative drugs. Today, BIS monitoring is the most frequently used system of EEG monitoring during general
anesthesia and is presently applied in intensive care units
and some emergency departments as well. However, there
is no official recommendation to use BIS monitoring
routinely in clinical practice.

Conventional Clinical Assessment of
Anesthetic Depth
Since the introduction of general anesthesia into clinical
practice in 1846, the assessment of anesthetic drug effects
is challenging due to the complexity of brain function,
drug effects, individual response variability, and clinical
requirements during surgical procedures.
It has to be taken into account in this context that
adequate anesthetic depth is not only characterized by
▶ sedation but also by ▶ analgesia and for numerous
interventions by muscle relaxation as well. Therefore, it
is difficult to define but even more demanding to assess
and control the optimal anesthetic depth.
In the early years, anesthesia was induced and
maintained with only one inhalational anesthetic such as

nitrous oxide, ether, or chloroform. However, due to
pharmacodynamic properties high doses of a single anesthetic drug had to be administered to achieve adequate
sedative, analgesic, and relaxant effects. Therefore, anesthesia at that time was associated with a high risk of
overdosage and concomitant toxic side effects of anesthetic drugs.
With the aim to establish a clinical guide for the assessment of anesthetic depth, Arthur E. Guedel was the first to
present a detailed description of different anesthetic stages
(Fig. 1). Originally, his classification was solely derived
from observations during ether anesthesia but in the following Guedel’s classification has also been applied to
anesthesia induced by other inhalational anesthetic agents.
Today, general anesthesia is usually induced and
maintained by several different and more specific drugs
to influence sedation, analgesia, and muscle relaxation
separately according to particular requirements. This
technique of balanced general anesthesia is based on the
concept that administration of a mixture of small amounts
of anesthetics summates the advantages but not the disadvantages of the individual components of the mixture.
As a consequence, dosage and concomitant side effects of
each drug could be clearly reduced due to the introduction
of this technique. However, in the course of balanced
anesthesia some of the specific characteristics of ether
anesthesia such as the stage of excitement (Fig. 1) cannot
be observed anymore. Nowadays, assessment of anesthetic
depth by Guedel’s classification is therefore no longer
suitable in modern anesthesia.
Nevertheless, assessment of anesthetic depth is of course
still necessary to minimize drug administration thereby
further decreasing side effects, recovery time, and costs.
On the other hand, anesthetic depth should be
sufficient to prevent intraoperative awareness. Until
today, unintended intraoperative awareness occurs rarely
but frequently during general anesthesia. Overall,
intraoperative awareness occurs in 0.1–0.4% of all patients
but in cardiac surgery intraoperative awareness may be
observed in up to 4% and in trauma patients even in up to
11% of all cases. It is characterized by different degrees of
consciousness with or without postoperative recall. In the
most severe cases, patients suffer full consciousness during
surgery with pain and explicit recall of intraoperative
events. Frequently, these patients develop post-traumatic
stress disorders lasting for years. From the patient’s
perspective, prevention of intraoperative awareness is
therefore certainly the most important reason for precise
control of anesthetic depth.
At present, most anesthesiologists rely on somatic
signs (motor response, changes in respiratory pattern)
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Stage I (Stage of Analgesia or the stage of disorientation)
from beginning of induction of anesthesia to loss of consciousness.

B

Stage II (Stage of Excitement of the stage of Delirium)
from loss of consciousness to onset of automatic breathing.
 Eyelash reflex disappear but other reflexes remain intact and coughing, vomiting and struggling
may occur; respiration can be irregular with breath-holding.
Stage III (Stage of Surgical anesthesia)
from onset of automatic respiration to respiratory paralysis.
• Plane I : from onset of automatic respiration to cessation of eyeball movements. Eyelid reflex is
lost, swallowing reflex disappears, marked eyeball movement may occur but conjunctival reflex is
lost at the bottom of the plane
• Plane II : from cessation of eyeball movements to beginning of paralysis of intercostal muscles.
Laryngeal reflex is lost although inflammation of the upper respiratory tract increases reflex
irritability, corneal reflex disappears, secretion of tears increases (a useful sign of light anesthesia),
respiration is automatic and regular, movement and deep breathing as a response to skin
stimulation disappears.
• Plane III : from beginning to completion of intercostal muscle paralysis. Diaphragmatic respiration
persists but there is progressive intercostal paralysis, pupils dilated and light reflex is abolished.
The laryngeal reflex lost in plane II can still be initiated by painful stimuli arising from the dilatation
of anus or cervix. This was the desired plane for surgery when muscle relaxants were not used.
• Plane IV : from complete intercostal paralysis to diaphragmatic paralysis (apnoea).
Stage IV
from stoppage of respiration till death.
 Anesthetic overdose cause medullary paralysis with respiratory arrest and vasomotor collapse.
Pupils are widely dilated and muscles are relaxed.

BIS Monitoring System. Figure 1 Guedel’s classification

and autonomic signs (tachycardia, hypertension, lacrimation, and sweating) to guide the dosage of anesthetic
agents. These signs have also been used to develop a
clinical scoring system, presented by Evans and coworkers
in 1983 (Fig. 2): According to this score, a sum of 2 and
more score points denotes that anesthesia is too light and
should be deepened. Furthermore, somatic signs are still
used to describe the potency of inhaled anesthetics until
today: Thus, one of the most important pharmacologic
variables of inhaled anesthetics is the minimum alveolar
concentration (MAC), which is defined as the alveolar
gas concentration that is needed to prevent motor
response in 50% of subjects in response to a surgical
stimulus.
However, clinical somatic and autonomic signs provide only a poor correlation to the conscious state of
anesthetized patients or to the likelihood of awareness
because somatic signs may be depressed or even
completely interrupted by muscle relaxation and autonomic signs may be considerably influenced by widely
used cardiovascular drugs such as ▶ beta-blockers. Therefore, the use of these clinical signs in judging dosage of
anesthetic agents can also lead to either overdosage or
underdosage, which can result in adverse effects due to
too deep or too light anesthesia.

Index

Condition

Score

Systolic blood
pressure

<control + 10%
<control + 20%
>control + 20%

0
1
2

Heart rate

<control + 10%
<control + 20%
>control + 20%

0
1
2

Sweating

Nil
Skin moist to touch
Visible beads of sweat

0
1
2

Tears

No excess tears in open eye
Excess tears in open eye
Tears overflow closed eye

0
1
2

BIS Monitoring System. Figure 2 Evans’ classification

Goals of Alternative Methods for the
Assessment of Anesthetic Depth
According to the problems described above, alternative
methods for the assessment of anesthetic depth should
meet several requirements:
● A clear relationship between anesthetic dosage and
subsequent response by the assessment system
● Independency of the anesthetic drug

324

B

BIS Monitoring System

● Reliable results during induction, maintenance, and
recovery of anesthesia
● Detection of intraoperative awareness
● Prevention of over- and underdosage
● Detection of malfunction
● Little costs for acquisition and support

EEG-Derived Assessment of Anesthetic
Depth
Electroencephalography, EEG
Electroencephalography (EEG) is the recording of cerebral
electrical activity from multiple electrodes placed on the
scalp, displayed in waves typically changing in amplitude
and frequency in correlation to the state of consciousness
(Fig. 3). Accordingly, typical EEG changes have been
described during general anesthesia: Waves slow down,
shift to lower frequencies, and become closely synchronized with one another. In a relaxed state before induction
of anesthesia there is an alpha wave predominance. Light
anesthesia is accompanied by a decrease in alpha and
increase in beta waves. With deepening of anesthesia,
slow delta- and theta-wave activity predominates whereas

Type

Frequency

Delta

<4

Theta

Alpha

Beta

Gamma

4–7

8–12

12–30

30–100

alpha and beta activities simultaneously decrease as a sign
of cortical activity depression. All these changes are usually reversed in the same order with the return of
consciousness.

Processed EEG Parameters
Developed at the beginning of the twentieth century several attempts were made in the 1980s and 1990s to use
EEG for the assessment of anesthetic depth. However, due
to its complexity usual EEG recordings appeared not suitable to control consciousness during general anesthesia.
However, various mathematical algorithms were developed to analyze specific EEG wave patterns automatically
thereby simplifying the use of this technique [1].
Initially, power spectrum analyses were performed by
using fast Fourier transformation to transform EEG signals
in sinus waves. This transformation allows to calculate the
spectral edge frequency (SEF), defined as the frequency
above 95% (SEF 95) of the total power spectrum and the
median frequency (MF), based on the median frequency of
the EEG signal at any given moment. However, due to a lack
of a clear correlation to the degree of consciousness, similar
SF 95 and MF values could be obtained in awake and
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BIS Monitoring System. Figure 3 EEG wave patterns
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Development and Features of BIS Monitoring
In view of experimental and clinical research data and
contemporary use in clinical practice, BIS monitoring is
the best evaluated and most popular method for EEGderived assessment of anesthetic depth so far.
BIS monitoring is derived by the mathematical
method of bispectral analysis, which provides a more
complex analysis of the relationship between EEG signals
when compared to power spectrum analyses with Fourier
transformation alone. For clinical use, the BIS algorithm
was developed in the early 1990s by multivariate analysis
of numerous processed EEG signals compared to the
▶ Glasgow Coma Scale and similar scoring systems in
a large number of patients and volunteers. In a first step,
those variables with the best predictive value in view to
a movement on surgical stimulation were included. Further analysis used additional end points such as losing
consciousness and intraoperative awareness. As a result,
BIS monitoring now includes analyses of the degree of
high-frequency activation, the amount of low-frequency
synchronization, the presence of nearly suppressed
periods within the EEG, and the presence of fully
suppressed, isoelectric periods. However, it should be
noted that the algorithm is proprietary information,
which means that details are kept secret by the company
that developed it.
The analysis of processed EEG signals is transformed
into one sole parameter, the BIS index, which is a 100
point index score where values close to 100 indicate the
awake state, and values close to 0 indicate very deep

general anesthesia (Fig. 4). Thus, the BIS index should
decrease linearly with increasing doses of anesthesia. The
recommended range on this scale for general anesthesia is
between 40 and 60 [2].
Worth notable, the bispectral index is a work in progress. With new anesthetic agents being developed and
used, the BIS algorithm is continually retested and refined.
As a result, BIS monitoring has undergone several software developments since its initial release. Therefore, the
reported performance of a certain BIS model might not
necessarily apply to other models.

Application
Before induction of anesthesia the special BIS sensor is
applied to the patient’s forehead after an alcohol wipe to
provide good electrical contact. The BIS sensor consists of
four connected sensors, which must be applied carefully
according to anatomic landmarks. No additional gels or
electrodes are required. Usually, the BIS system itself is
integrated into patient monitoring devices produced by
a number of different manufacturers. The BIS system
displays both raw data from the EEG and the BIS Index
between 0 and 100.

Clinical Evidence
BIS monitoring has becoming widely used in anesthesia
practice and has been evaluated in several clinical studies
[3]. Taken their results together, BIS-guided anesthesia
may reduce anesthetic drug requirement and recovery
times for eye opening, response to verbal command, time
to extubation, and orientation in the range of 2–3 min
compared to controls. Moreover, BIS may shorten the
length of stay in the recovery room by an average of
about 7 min but could not be demonstrated to reduce

100

BIS index

sedated patients, these systems could finally not be
implemented in clinical anesthesiology.
Later on the computer-aided topographical electroencephalometry (CATEEM) was developed providing
a high-resolution topographical illustration of cerebral
activity. From this technique, the spectral frequency
index (SFx) was derived, a single value between 0% and
100% with normal values of more than 80% for awake
subjects and a threshold value of 45% for the lose of
consciousnesses. CATEEM has been used to determine
the effect of neurology, anesthesia, and sleep medicine.
Entropy monitoring is another newer method based
on EEG irregularity. The underlying observation of this
technique is that the irregularity within an EEG signal
decreases with increasing anesthetic drug effects. The
calculation of two variables, a state entropy (SE) and
a response entropy (RE), is suggested to provide additional information about muscle activity and upcoming
arousal and awareness. Entropy monitoring is actually
used in clinical anesthesiology.
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Awake
• responds to normal voice

80

Light/Moderate sedation
• may respond to loud commands or
mild prodding/shaking

60

General anesthesia
• low probability of explicit recall
• unresponsive to verbal stimulus

40

Deep hypnotic state

20

Burst supression

0

Isoelectric line EEG

BIS Monitoring System. Figure 4 BIS Index
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time to home readiness. Finally, BIS monitoring has been
shown to significantly reduce the incidence of
intraoperative recall awareness in surgical patients with
high risk of awareness. Only two studies reported
a significantly increased use of opioids or muscle relaxants
due to BIS monitoring. Data on cost effectiveness are
limited. However, at least total anesthetic drug costs have
been shown to be lower during BIS monitoring.

Definition

BIS monitoring does not account for all anesthetic drugs,
including ketamine, nitrous oxide, and halothane [4].
Moreover, high electromyographic activity and electric
device interference may create signal artifacts not necessarily being displayed as artifacts. Furthermore, data
processing time produces a lag in the computation of the
BIS index. Moreover, the EEG effects of anesthetic drugs are
not good predictors of movement in response to a surgical
stimulus because the main site of action for anesthetic drugs
to prevent movement is the spinal cord. Finally, the use of
BIS monitoring is not sufficiently evaluated in children.

A bite injury is defined as a skin wound that is produced by
an animal’s teeth (i.e., dog or cat bite) or mouthparts (i.e.,
insect bite) and may manifest as puncture wounds, lacerations, or crush wounds. A specific type of bite wound is
the clenched-fist injury, in which the skin, and sometimes
tendons, of a person’s closed fist is punctured by the teeth
of the person being punched.
The injury pattern of bite wounds differs between
adults and children and by the type of animal. Injuries to
the head, face, neck, and trunk are more commonly seen in
children whereas upper-extremity injuries are more common in adults. Almost all bat bites and 84% of rodent bites
involve the hand or arm. In pediatric patients, two thirds
of wounds are superficial compared with 50% of adult
wounds. In addition, dogs are more likely to cause lacerations because they have large teeth that can crush and tear
tissue whereas the small sharp teeth of cats are more likely
to cause puncture wounds. Because most injuries are
caused by dog, cat, and human bites, this article will
focus primarily on the treatment of these wounds.

References

Treatment

1.

The goals of treatment are to promote healing, prevent
infection, restore function, and maintain esthetics. Local
wound care begins with a thorough evaluation of the
injury and documentation of the location, number, type,
and depth of the wounds, as well as any signs of wound
infection. Bite wounds are notoriously deceptive and
wounds that appear minor may actually be more extensive
and involve deeper structures. Wounds should be explored
for foreign bodies and concurrent injury to tendons, joint
spaces, and bone. Special attention should be paid to
clenched-fist injuries. Because they are injured when the
hand is clenched, the site of skin penetration will move
proximal to the metacarpal head when the hand is
extended during evaluation and the underlying joint capsule and tendon sheath may appear normal. To avoid
missing a deeper tissue injury involving the joint space,
the wound must be explored throughout the entire range
of motion. In addition, if bony penetration or embedded
foreign bodies (e.g., embedded teeth in cat bites) are
suspected, a radiograph of the site of injury should be
performed.
After examination, all wounds should be thoroughly
cleaned and irrigated with normal saline. Some wounds
require generous debridement, with a scalpel, of
devitalized tissues – tissue embedded with organisms,
soil, and clots that may be difficult to remove by mechanical irrigation. After débridement, the wound should be
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Synonyms
Animal bite wounds; Clenched-fist injury

Bite Injuries

Superficial abrasions and puncture wounds should be
covered with a topical antimicrobial agent. Alternatively,
abrasions may be covered with an absorbent, occlusive
dressing, which creates a moist environment to promote
healing. Patients should change the dressing daily and be
followed closely for wound infection.
Most lacerations, even on the extremities, may
undergo primary closure after good local wound care.
Infection rates after wound closure have been reported
in the literature to be from 5.5% to 7.7% [1, 2]. These
rates are acceptable in wounds where cosmesis is important, such as facial wounds or large extremity wounds. In
a study of dog bites to the head and neck, the infection rate
of wounds that were primarily repaired and not treated
with antibiotics was 1.4% [3]. Very small lacerations
(<1.5 cm) may behave as puncture wounds and should
be allowed to heal by secondary intent. Large wounds
requiring reconstructive surgery should be referred to
the appropriate specialist. Delayed primary closure may
be used to treat lacerations that are heavily contaminated
or that involve the hand, where bacteria are inoculated
into the wound and trapped within the small compartments and numerous fascial planes. Injured extremities
should be immobilized and elevated.

Antibiotics
Infected wounds should be treated with antibiotics
(Table 1). Patients with local cellulitis, no deep structure
involvement, or who lack systemic symptoms may be
treated as outpatients. Amoxicillin–clavulanate is a good
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initial oral antibiotic of choice that provides broad coverage for all bite wounds. Patients with a penicillin and
cephalosporin allergy may be given a fluoroquinolone,
doxycycline, or macrolide antibiotic. Alternative regimens
include clindamycin and either a fluoroquinolone (adults)
or trimethoprim–sulfamethoxazole (children). Outpatient oral treatment should continue for 7–10 days.
Patients should be reevaluated every few days.
Patients with systemic symptoms and signs, complicated infections (e.g., tenosynovitis, osteomyelitis,
lymphangitis), or failed outpatient therapy should be
admitted for parenteral antibiotics and surgical consultation. Ampicillin–sulbactam, nafcillin, or imipenem–
cilastatin with gentamicin (if one suspects a gram-negative
organism) are good antibiotic regimens.
Uninfected, superficial bite wounds in adults and children do not benefit from antibiotic prophylaxis.
Uninfected, high-risk wounds (Table 2) should be considered for antibiotic prophylaxis, even though prophylactic
antibiotics have not been shown to significantly reduce
infection rates of most bite wounds [4]. There was no
difference in infection rates when analyzed by animal
type (dog versus human versus cat bites), injury type
(puncture versus lacerations), or wound location (forearm
versus head and neck). The only subgroups for which
antibiotic prophylaxis decreased the infection rate
included patients with hand bites (2% [antibiotic] versus
28% [control]) and human bites (0% [antibiotic] versus
47% [control]). Hand bites and human bites, especially
clenched-fist injuries, have such a high risk of infection

Bite Injuries. Table 1 Antibiotic recommendations for outpatient therapy and prophylaxis
Oral outpatient antibiotic regimen
Primary

Alternate

Bite

Predominant pathogens

Dog

Pasteurella multocida
Amoxicillin–clavulanate 875/125 mg, BID
Streptococcus species
(adults) or 10–15 mg/kg TID (children)
Staphylococcus aureus
Capnocytophaga canimorsus
Anaerobes

Clindamycin 300 mg QID + ciprofloxacin
500 mg BID (adults) or clindamycin
10–25 mg/kg/day divided QID + TMP/
SMX 30–60 mg/kg/day SMX divided BID
(children)

Cat

P. multocida
S. aureus

Amoxicillin–clavulanate 875/125 mg BID
(adults) or 10–15 mg/kg TID (children)

Cefuroxime axetil 500 mg BID or
doxycycline 100 mg BID (adult) or
cefuroxime axetil 15–30 mg/kg/day
divided BID (children)

Human

S. aureus
Eikenella corrodens
Anaerobes

Amoxicillin–clavulanate 875/125 mg BID
(adults) or 10–15 mg/kg TID (children)

Clindamycin 300 mg QID + ciprofloxacin
500 mg BID (adults) or Clindamycin
10–25 mg/kg/day divided QID + TMP/
SMX 30–60 mg/kg/day SMX divided BID
(children)

TMP/SMX = trimethoprim–sulfamethoxazole
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Bite Injuries. Table 2 Recommendations for antibiotic
prophylaxis
Wound location
Hand or wrist; penetration into joint space
Wound type
Deep puncture wounds; extensive crush injury;
involvement of underlying tendon, muscle, or bone;
retained foreign body
Patient characteristics
Orthopedic prosthesis; immunocompromised state;
prosthetic or diseased cardiac valve
Animal type
Large wild cats, pigs

that those patients should be given prophylaxis. Dog and
cat bite wounds that are full-thickness and deep, contain
devitalized tissue, or are heavily contaminated should also
be given prophylactic antibiotics. Cat bites often penetrate
deeper than they appear and these puncture wounds have
a high infection rate; these types of bites should be treated
with antibiotics.
Once the decision is made to give antibiotics, some
clinicians recommend that the first dose of antibiotics be
administered parenterally to ensure rapid tissue penetration, despite the lack of supporting data. This approach is
reasonable but should not be considered the standard of
care. The same antibiotics used to treat infections are
also given for prophylaxis. Patients should be prescribed
a 3–5-day course.

Wild Animals
Wild animals can cause tearing, penetrating, and crushing
injuries, combined with falls and other blunt trauma.
All patients should have a thorough trauma evaluation
for injuries that are less obvious than the bite wound.
The management of wild animal bites is either extrapolated from studies of dog and cat bites or anecdotal.
Because many exposures occur in remote or wilderness
settings, the delay in seeking medical care increases the risk
of infection. Moreover, certain animals (e.g., wild cats,
pigs, large carnivores) inflict wounds that are prone to
infection. Similar to other animal bites, puncture wounds
and wounds that are heavily contaminated or involve the
hand should be treated with delayed primary closure
or left to heal by secondary intent. All other lacerations
may be repaired primarily. Prophylactic antibiotics are
reasonable for extremity injuries, immunocompromised
patients, large cat and pig exposures, puncture wounds,
and severe crushing injuries.

Tetanus and Rabies Immunoprophylaxis
Bite wounds should be considered tetanus-prone injuries.
In addition, patients should be assessed for the need for
postexposure rabies immunoprophylaxis. The rabies virus
is transmitted through a bite from a clinically ill animal,
enters the central nervous system, and causes an acute,
progressive encephalomyelitis. In the USA, most cases of
human rabies occur from exposure to wild animals, primarily raccoons, skunks, foxes, and bats. Rodents and
lagomorphs (i.e., rabbits and hares) rarely harbor rabies.
Over the past few years, the majority of cases have been
from bat exposures. The Advisory Committee on Immunization Practices’ recommendations for rabies prophylaxis should be followed (Table 3). Local and state public
health officials may be consulted for individual cases.
Postexposure prophylaxis consists of human rabies
immunoglobulin and the 4–5-dose series of rabies vaccine. In 2009, the Advisory Committee on Immunization
Practices removed the fifth dose of vaccine for all immunocompetent persons; the fifth dose is still recommended
for immunocompromised persons [5]. Immunization
with rabies immunoglobulin provides passive immunity
for a few weeks (half-life of 21 days) until the active
antibody response to the vaccine develops (within
7–10 days). As much of the immunoglobulin (20 IU/kg)
should be administered into the wound as possible and the
remainder intramuscularly in the gluteal region. In adults,
the vaccine should be administered in the deltoid region
whereas in younger children, the outer aspect of the thigh
should be used to ensure intramuscular administration.
Patients should return for the remainder of the series
on days 3, 7, and 14, and, if immunocompromised,
on day 28.
Reactions to the rabies vaccine are predominantly
local and mild, including pain at the injection site, redness, swelling, and induration. Systemic symptoms
include headache, dizziness, myalgias, nausea, and weakness. Serious systemic reactions such as anaphylaxis and
neuroparalytic reactions are rare.

Mandatory Reporting
Finally, remember that many local governments mandate
reporting of all domestic and wild animal bites to the
health department. Public health departments can assist
in coordinating follow-up with the animal, its owner, and
the patient that was bitten.

Epidemiology
The true incidence of bite wounds from domestic and wild
animals is difficult to estimate because many who sustain
minor injuries do not seek medical evaluation unless an
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Bite Injuries. Table 3 Postexposure rabies immunoprophylaxis guide: advisory committee on immunization practices
recommendations, 2009
Animal type

Animal characteristics

Recommendations

Domestic dogs, cats, and ferrets

Rabid

Immediate prophylaxis

Healthy and can be confined and
observed for 10 days

No prophylaxis unless the animal
develops signs of rabies

Unknown

Consult local health officials because
rabies risk has regional variation

Raccoons, skunks, foxes, and most
carnivores

All are considered to be rabid unless the Immediate prophylaxis unless the animal
animal is available for testing
tested negative for rabies

Bats

Regarded as rabid unless the animal has Immediate prophylaxis
tested negative; includes any bite or
non-bite exposure (e.g., sleeping with
a bat in the room)

Small rodents (squirrels, mice, hamsters, Rarely infected with rabies; risk only in
gerbils), large rodents (chipmunks), and areas where raccoon rabies is enzootic
lagomorphs (rabbits, hares)

infection or other complication occurs. In the USA, an
estimated 1–2 million animal bites are treated each year,
most often for dog bites, followed by cat bites.
Compared with adults, children have a higher risk of
being bitten by dogs and less likely by cats. Children often
are bitten because they are small and ignorant about what
is considered provocative behavior to a dog. Simple play
or teasing may provoke a dog bite. Children are also three
times more likely to be injured by other pets such as
hamsters, gerbils, and rabbits.
By contrast, 80% of non-dog and non-cat bites (e.g.,
raccoon, rats, mice) occur in adults. In particular, people
in certain occupations (e.g., veterinarians, animal control
workers, laboratory workers, zookeepers) and those that
keep wild animals as pets have the highest risk of wild
animal bites. Because most pediatric injuries occur in the
home, more often than not the involved animal may be
observed or its immunization history may be obtainable.
In adult patients, however, one third of animal exposures
occur in the park or public streets, where information
about the animal would be difficult to obtain.

Bacteriology
Infected dog and cat bite wounds typically have mixed
aerobic and anaerobic bacteria, with a few pathogens that
are unique to the biter’s oral flora. The most common
pathogen is Pasteurella species, isolated from 50% of dog
and 75% of cat bites. In infected dog bites, the most
common strain is Pasteurella canis (26%) whereas
P. multocida (75%) is most commonly implicated in cat
bites. Oral flora (e.g., Streptococcus species) dominate

Consult public health officials; rarely
requires prophylaxis

human skin flora (i.e., Staphylococcus aureus) in bite infection isolates, particularly for puncture wounds. Infections
from dog and cat bites that develop within 24 h are likely
caused by P. multocida whereas symptoms that develop
after 24 h are more likely caused by Staphylococcus or
Streptococcus species.
An important pathogen associated with dog bites is
Capnocytophaga canimorsus, a gram-negative bacillus
found in the normal oral flora. It is a fastidious organism
that can cause severe sepsis with disseminated intravascular coagulopathy, cutaneous gangrene, and multiorgan
failure, especially in asplenic, immunocompromised, and
chronic alcoholic patients, but also in healthy patients.
P. multocida, the major pathogen in cat bite infections,
is a gram-negative coccobacillus that can incite an intense
inflammatory response, typically within 24 h of injury.
It can cause serious infections such as necrotizing fasciitis,
septic arthritis, and osteomyelitis. Less commonly, it
has been implicated in a variety of systemic illnesses
including pneumonia in patients with underlying pulmonary disease, meningitis and brain abscesses in infants
and elderly patients, spontaneous bacterial peritonitis in
AIDS patients, and bacteremia in patients with liver
dysfunction.
Similar to animal bite infections, human bite infections are typically caused by mixed anaerobic and aerobic
bacteria, most commonly Streptococcus species (84%).
Eikenella corrodens, a gram-negative rod, is the infecting
organism in 7–29% of human bites and is very common in
clenched-fist injuries. Eikenella is an important cause of
chronic infection, osteomyelitis, and loss of joint function
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in the hand, but has also been associated with abdominal
abscesses, meningitis, endocarditis, and fatal gramnegative sepsis.

Blackout
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Evaluation/Assessment
As mentioned previously, bite wounds that appear minor
may actually be more extensive and involve injury to
deeper structures. All wounds require a thorough exploration for foreign bodies and concurrent injury to tendons, joint spaces, and bone. Extremities, in particular,
have deep complex fascial planes that may hide foreign
bodies, such as cat teeth, so extremity wounds have a very
high risk of infection. The clenched-fist injury is a good
example of these notoriously deceptive, high-risk wounds.
To avoid missing a deeper tissue injury, the wound must
be explored throughout the entire range of motion. In
addition, if bony penetration or embedded foreign bodies
(e.g., embedded teeth in cat bites) are suspected,
a radiograph of the site of injury should be performed.

Prognosis
The most frequent complication of bites is wound infection, although the majority of bite injuries heal well.
Severe systemic diseases such as sepsis, osteomyelitis,
meningitis, endocarditis, and peritonitis are uncommon.
Moreover, animal bites can potentially transmit other
diseases including cat-scratch fever (Bartonella henselae),
tularemia (Franciscella tularensis), leptospirosis, brucellosis, and rat-bite fever (Spirillum minus) and human bites
can transmit hepatitis B, hepatitis C, syphilis, herpes simplex, tuberculosis, actinomycosis, and HIV.
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Synonyms
Bleeding; Hemorrhage

Definition
Variceal hemorrhage remains one of the most feared and
dramatic complications of cirrhosis and ▶ portal hypertension. Esophageal ▶ varices occur in 40% of patients
with cirrhosis and up to 50% of these will subsequently
bleed, with the risk being greatest in the first 2 years after
diagnosis [1]. Predictors of variceal hemorrhage in cirrhotic patients include: the presence of ▶ Child-Pugh
grade C cirrhosis and high-risk endoscopic features such
as large varices or red wale signs. In the context of cirrhosis, varices tend to bleed only when the pressure gradient
between the portal venous and systemic venous circulation exceeds 12 mmHg with variceal pressure broadly
equating to portal pressure [1]. Although this threshold
value has limited sensitivity, it has a high specificity for the
development of variceal hemorrhage and its clinically
relevance is predominantly a target to aim for in portal
pressure lowering attempts via pharmacologic therapy,
TIPPS, or surgical shunts. It is important to emphasize
that the onset of variceal hemorrhage in a cirrhotic patient
is a highly significant event, which frequently heralds
a poor prognosis. Indeed, mortality following the first
variceal bleed approaches 50% [1, 2].

Pre-existing Condition
While major technological advances (such as video endoscopy, band ligation, and ▶ TIPSS) have been made over
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the past 2 decades, adequate volume resuscitation, including correction of any coagulopathy, remains the mainstay
of the early management of the patient bleeding from
varices. In addition, consideration should be given to
elective endotracheal intubation for airway control in all
patients with torrential variceal hemorrhage. Only once
hemodynamic stability has been achieved and the airway
is secure, should the focus shift toward attempts at bleeding cessation. Therapies that have been proven beneficial
in reducing bleeding and mortality in variceal hemorrhage
include:
(a) Pharmacotherapy with octreotide or terlipressin
(b) Endoscopic therapy with band ligation, sclerosant,
or histoacryl glue injection
(c) Balloon
▶ tamponade
with
▶ Sengstaken–
Blakemore tube (SBT)
(d) Transjugular intrahepatic portosystemic shunts
(TIPSS)
(e) Surgery (surgical shunts, esophageal transaction,
underrunning of varices)
Therapeutic options used to achieve hemostasis in
variceal hemorrhage can also be divided into attempts at
lowering portal pressure (pharmacotherapy, TIPSS,
surgical shunts), disconnecting the site of hemorrhage
from the portal circulation, either through thrombosis
of the varix (sclerosant, band ligation, or glue) or
mechanical dissociation (transection) and, finally, by balloon tamponade of relatively low-pressure varices. This
review will now focus on the indications, technique,
efficacy, and complications of the use of SBT and other
balloon tamponade devices in the management of
variceal hemorrhage.
The choice of therapeutic option will, however,
depend on both the severity of bleeding and the local
expertise. For example, while pharmacotherapy is almost
universally available, expert therapeutic endoscopy may
not always be readily available. In contrast, endoscopic
therapy may have been attempted but failed. Failure of
endoscopic therapy has been precisely defined and is
subdivided into failure before and after 6 h following
treatment [1]. Failure within 6 h is a transfusion requirement of 4 units or more and failure to achieve a 20 mmHg
increase in systolic blood pressure/systolic <70 mmHg, or
failure to reduce heart rate to <100 or a 20 beat/min
overall reduction [1]. In contrast, failure of hemostasis
after 6 h is defined by any of the following: hematemesis
after 6 h, a fall in BP by >20 mmHg, or a 20 beat/min
increase in heart rate on two consecutive readings
1 h apart, the need for a further 2 units of blood to increase
the hemoglobin content above 9 g/L [1].
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Application
Broadly speaking, two situations exist where emergency
therapy is required to stop major hemorrhage and in
which balloon tamponade with an SBTmay be successfully
utilized. The first of these situations relates to failure to
control variceal hemorrhage following initial endoscopic
therapy as previously defined or the inability to identify
a precise bleeding point amenable to targeted endoscopic
therapy. Secondly, if ongoing major bleeding occurs and
advanced therapeutic endoscopy is unavailable, then the
use of a balloon tamponade device, such as a Sengstaken–
Blakemore tube, may be considered as an interim measure
to achieve hemostasis. Contraindications to SBT insertion
include esophageal stricture or recent esophageal surgery,
although these are relative rather than absolute.
The use of a modified naso/orogastric tube to balloon
tamponade bleeding varices in the distal esophagus/
proximal stomach was first described in the 1930s. However, the type of device in clinical use today was first
introduced by Sengstaken and Blakemore in 1950. Consequently, the majority of balloon tamponade devices are
now referred to as SBT even if they have undergone modification and are officially known by another name.
A modified SBT (Minnesota tube) is displayed in Fig. 1.
The basic features of the SBT are a multilumen latex
tube that has a circumferential esophageal balloon and
a distal gastric balloon, each with an inflation port. The
original SBT only carried one aspiration port (gastric) and
therefore a theoretical risk existed of blood pooling in the
esophagus and subsequent aspiration pneumonia. Therefore, a modified four-lumen tube was developed in the
1950s with an esophageal aspiration port, known as
a Minnesota tube. Another modification of the SBT is
that of a single, large capacity (700 mL), gastric balloon
known as the Linton–Nachlas tube, which has been

Blakemore Tube. Figure 1 A four-lumen modified
Sengstaken–Blakemore tube (Minnesota tube)
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suggested to be more effective for the tamponade of gastric
fundal varices. For patients with a latex allergy, both silicone SBT and Linton–Nachlas tubes have been used,
which, in addition, have one-way valves that prevent leakage and enable pressure monitoring of the esophageal and
gastric balloons to be undertaken. Other features relevant
to balloon tamponade devices are that they are radioopaque, typically 85–115 cm in length and include insertion depth markings in centimeters. They are also available
in sizes 16, 18, and 20 French gauges (5.3, 6.0, and 6.7 mm
circumference), although a pediatric 12F (4 mm) tube is
produced by some manufacturers. As all balloon
tamponade devices have identical modes of action and
require the same technique for insertion and monitoring,
henceforth, for consistency of presentation, the term SBT
will refer to all devices, unless explicitly stated.

Efficacy and Safety of SBT
SBT insertion results in cessation of hemorrhage in the
vast majority of patients with hemostasis lasting 24
reported in 80–90% [2, 3]. However, it should be made
clear that all published studies have evaluated the efficacy
of SBT as primary rather than rescue therapy for variceal
hemorrhage. As a consequence, its efficacy among patients
who have failed initial pharmacologic or endoscopic therapy may be lower as these individuals represent a higherrisk group. Furthermore, the use of SBT is merely
a temporizing measure prior to the application of definitive procedures to achieve hemostasis either via endoscopic therapy or by measures that lower portal pressure
(TIPSS, surgical shunts). Highlighting this issue is the
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reported risk of rebleeding, which occurs in 50% within
24 h of deflating the gastric balloon [1, 3, 4].
While effective as a bridge to definitive therapy, clinicians must remain cognizant. of the risks attendant upon
the use of SBT. The most common complication related to
SBT use is the development of aspiration pneumonia,
which occurs in around 10% [3]. The risk of aspiration
pneumonia is further exacerbated by the presence of
hepatic encephalopathy, which is common in these
patients. However, most of the published data related to
this complication refers to patients who were not
intubated [2, 3] for the procedure and the risk of aspiration will probably be ameliorated, though not abolished,
by endotracheal intubation. Indeed, there is a good argument to be made for all major variceal bleeds to be
intubated prior to endoscopy to secure the airway. Less
common, but far more serious, is esophageal perforation/
rupture, which usually occurs as a result of misplacement
of the tube tip, inflation of the gastric balloon within the
esophagus with subsequent esophageal rupture, which is
usually fatal. If ongoing bleeding occurs in a patient who
has suffered an esophageal perforation consideration must
be given to the risks and benefits of repeat endoscopic
treatment. While perforation represents only a relative
contraindication to another endoscopic attempt at achieving hemostasis, repeat intubation may further contaminate the mediastinum.
Figure 2a presents a plain chest radiograph from a
patient with an esophageal perforation following insertion
of an SBT, which led to subcutaneous emphysema, bilateral pneumothoraces, and pneumomediastinum.
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Blakemore Tube. Figure 2 (a) Plain chest radiograph of a patient with esophageal perforation following SBT insertion. Note
the presence of bilateral intercostal chest drains used to treat pneumonthoraces and the presence of subcutaneous emphysema
and pneumomediastinum. (b) Computerized tomography of the thorax in another patient with esophageal perforation following
SBT placement. Extravasation of oral contrast medium into the mediastinum is clearly visualized
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Figure 2b demonstrates the computerized tomography
appearance of extravasated oral contrast in the
mediastinum.
Other reported complications include rupture of the
trachea, jejunal perforation, and SBT impaction. Although
the precise incidence and mortality associated with these
complications remains unknown, they appear to be
uncommon. Thus, in spite of the potentially serious
risks, in uncontrollable variceal hemorrhage, placement
of an SBT probably represents the safest and most efficacious therapy, unless access to rescue TIPSS is immediately
available. Although surgical interventions such as esophageal transection may prevent exsanguination, these procedures require significant experience in themselves and
the short-term rebleeding rate and mortality remain
extremely high, as is usually the case for any patient with
advanced liver disease undergoing surgical intervention.

Technical Aspects of SBT Insertion
Once it has been determined that an SBT is indicated, and
the risks and benefits considered, attention must turn
toward its safe insertion. Despite almost 60 years experience of the use of SBT in the management of variceal
hemorrhage, there is remarkably scant evidence to guide
clinicians in regards their safe and effective insertion.
Consequently, the optimal techniques for initial placement, implementation, and removal of SBT have not
been fully determined.
For example, historical reports have suggested
a significant increased risk of aspiration pneumonia following placement of an SBT in patients with more
advanced grades of hepatic encephalopathy. However,
there are a number of concerns regarding the placement
of SBT in a conscious patient. Firstly, SBT placement is an
extremely unpleasant procedure in a conscious patient.
Also, patients actively bleeding have a high intrinsic adrenergic drive, which leads to distress and agitation. This,
unsurprisingly, renders them poorly compliant of
attempts to place a large bore (16–20 French gauge) tube
nasally or orally. Furthermore, stimulation of the gag
reflex by insertion of an SBTonly tends to provoke further
episodes of emesis, exacerbating patient distress and possibly increasing the risk of aspiration. In addition, these
wide bore tubes may splint the crico-pharyngeus and
therefore leave the airway unprotected, irrespective of the
presence of hepatic encephalopathy, which may further
compromise the airway. Consequently, the risk of aspiration is probably highest at the time of SBT insertion and
therefore it is felt mandatory, in terms of patient safety,
that all patients are sedated, intubated, and ventilated
prior to the placement of an SBT. The major technical
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issue this presents is the resistance to the passage of
the tube due to the presence of an inflated endotracheal
tube cuff.
As already stated, an SBT is placed either nasally or as
an orogastric tube, although if endotracheal intubation is
undertaken, the orogastric route is preferable as the wide
bore of these tube may not permit entry into the nares
and, in addition, the potential for nasopharyngeal trauma
is significant, especially so in patients who frequently are
coagulopathic.
Prior to insertion both esophageal and gastric balloons
should be inflated (to ensure that there is no leak) and
fully deflated. The tube should then be suitably lubricated
and advanced orally beyond the crico-pharyngeus. While
many practitioners keep the tubes in refrigerators to
improve stiffness, there is no objective evidence that this
actually improves stiffness and, indeed, the tubes rapidly
rewarm when removed from refrigeration. It should be
noted that SBT made from silicone is stiffer than those
made manufactured from latex.
Typically, these tubes are inserted “blind” as per regular naso/orogastric tube placement. A concern exists that
particularly among inexperienced operators, a blind technique could lead to the SBT coiling in the esophagus or
upper airways. Subsequent gastric balloon inflation could
then lead to rupture of the trachea or esophagus with
disastrous consequences. Again, we assert that the prior
undertaking of appropriate patient sedation and endotracheal intubation facilitates not only patient compliance,
but also the operators’ ability to gently guide rather than
“blindly” pass the tube. This is particularly useful if pharyngeal resistance is encountered as, in this instance, the
use of a laryngoscope and Magill’s forceps allows visualization of the endotracheal tube and feeding of the SBT
posteriorly into the upper esophagus and beyond.
Methods reported in the literature to try and improve
the likelihood of correct tube placement include the use of
guidewires, ultrasonography, direct visualization at
endoscopy, or plain chest radiography. Most of these techniques are designed to confirm balloon position prior to
maximal inflation with the aim of preventing major complications. Importantly, no head-to-head comparisons
exist, however, as to whether any of these technical modifications improve either ease of insertion or the incidence
of serious complications when compared to “blind” insertion. However, if an SBT is inserted due to failure of
endoscopic therapy, then it seems reasonable to confirm
its position under direct endoscopic visualization prior to
gastric balloon inflation. It must be acknowledged,
though, that it remains virtually impossible for individual
centers to perform such studies due to the relative
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infrequency of SBT usage and, to date, collaborative studies have not been performed.
Once inserted the tube is advanced to at least 50–60 cm
from the teeth (as the gastro-oesophageal junction (GOJ)
usually exists at 35–40 cm) [4], and, once satisfied that no
pharyngeal coiling has occurred, the gastric balloon
should be inflated. To inflate the gastric balloon, a 60
mL) catheter tip syringe and an artery clamp are needed.
The latter is required, as the inflation ports in many
devices lack nonreturn valves. Consequently, after inflation, the clamp should be used prior to disconnecting the
syringe to prevent leakage of the injectate. Although either
air or water may be insufflated into the gastric balloon, it is
our policy to inflate the gastric balloon with 200 mL of
water [5] as leakage from the gastric balloon may then be
easier to detect. In addition, it is also our policy to mix
contrast agents with the water [5] to allow clear identification of the gastric balloon on plain chest radiography. If
excessive resistance to gastric balloon inflation is encountered, any fluid injected should be withdrawn, the presence of any coiling in the oropharynx checked for, and, if
any uncertainty persists about correct positioning, the
device should be removed and a further attempt at placement be made. Assessing what constitutes excessive resistance to gastric insufflation relies partly on operator
experience of placing such devices, and also strongly reinforces the concept and practice of a test inflation of the
gastric balloon prior to insertion of the SBT into the
patient. This allows the clinician to gauge the inflation
forces required when no external resistance is present.
Finally, once inflation is complete, the injected volume
should be recorded and a spigot be placed firmly in the
gastric inflation port.
Once the SBT is satisfactorily placed, the tube should
be slowly withdrawn until resistance is encountered at the
gastro-oesophageal junction (GOJ) and the distance from
the teeth is measured, recorded, and monitored to detect
tube displacement. Tube displacement may occur as
a consequence of normal gut peristalsis or following
patient turning as part of their nursing care. The SBT
should then be secured to the side of the face, preferably
by tape [4, 5] or onto a helmet. Heavy traction (such as
attaching a hung weight to the device) should not be
routinely applied as this could lead to significant pressure
necrosis of the GOJ and may produce only variable traction. The tape fixation should then be removed approximately every 4 h and the SBT taped to the opposite side of
the face to prevent pressure necrosis.
Once again, the optimal duration of continuous
tamponade applied at the GOJ is not known. However, it
is generally accepted that continuous tamponade is

applied for less than 12 h and certainly not more than
24 h [4, 5]. Deflation of the gastric balloon should virtually
always be attempted only when definitive treatment
options are in place. These options usually consist of
repeat attempts at endoscopic therapy or consideration
of TIPSS or, less commonly, surgical shunts. The period
during which balloon tamponade is being applied may
also be used to buy time for definitive therapy to be
organized, which in many instances, necessitates the transfer of the patient to a specialist liver unit.
The vast majority of severe variceal bleeds will be
stemmed by gastric tamponade and if this fails to achieve
hemostasis, the position of the SBT must be checked, the
integrity of the gastric balloon evaluated, and the amount
of traction applied reviewed. If following these checks
hemostasis is not achieved, then consideration should be
given to inflation of the esophageal balloon. Although
generally speaking, the esophageal balloon should almost
never be inflated, due to the risk of pressure necrosis in
extreme circumstances, and under expert guidance, this
may be considered with the tacit acknowledgment of the
increased risk. Such circumstances would include the
nonavailability of definitive treatment measures and/or
the inability to stop torrential variceal hemorrhage in an
unstable patient or the presence of high esophageal perforator vessels, which effectively bypass tamponade at
the GOJ.
If this maneuver is to be undertaken, then the esophageal balloon should only be inflated to a maximum pressure of 40 mmHg [4, 5]. The pressure should then be
frequently monitored with a sphygmomanometer
(attached to the esophageal aspiration port by a Y connector) and the esophageal balloon should be deflated
regularly to prevent pressure necrosis, which could lead
to bleeding or perforation. The optimal time intervals for
pressure monitoring, deflation of the balloon, and duration of deflation remain unknown, but it has been
suggested that esophageal balloon pressure measurements
be taken hourly [4]. Continued failure to obtain hemostasis should lead to a search for bleeding from another
source such as an ectopic varix (usually duodenal),
Dieulafoy lesion, or a peptic ulcer.
Once the SBT is secured in place, a plain chest radiograph should be obtained to check its position. An example of this is demonstrated in Fig. 3. Finally, low-pressure
suction (5 cm H2O) should be applied to the esophageal
aspiration port to prevent existing blood in the esophagus
being aspirated. The gastric aspiration port should be
manually aspirated fully, and then left on free drainage.
Evacuating the stomach of blood is important, as although
aspiration of its contents is unlikely if the SBT is correctly

Blast Injury

B

focus on the efficacy of SBT, specifically among patients
who have failed other therapies, and how we can improve
their safe use. This will require collaborative studies
reporting complication rates and type, the optimal duration of tamponade application and subsequent clinical
outcomes including mortality rates.
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Summary and Conclusion
Despite advances in endoscopic technology and the emergence of TIPSS, the SBT continues to play an essential role
in the management of the patients with acute variceal
hemorrhage. These devices predominantly serve as an
emergency, temporizing, measure to achieve hemostasis
while definitive interventions are arranged. Although
highly effective, their use is not without significant risk.
However, the commonest complication, that of aspiration
pneumonia, can be minimized by the routine use of endotracheal intubation prior to SBT insertion. This will also
render subsequent attempts at endoscopic treatment easier for the endoscopist and, ultimately, safer for the
patient. Endotracheal intubation will not prevent other
serious complications such as esophageal perforation due
to tube misplacement and the specter of such complications reinforces both the need for a thorough understanding of the harms that SBT can cause and the application of
sound insertion technique, for which there is no substitute
for experience. Finally, the increasing burden of liver disease, particularly among Western populations, will
undoubtedly lead to greater numbers of patients
presenting with variceal hemorrhage in the coming years.
Therefore, the future use of an SBT is likely to become
more, rather than less, common. Future work should
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Blast lung; Blast lung injury; Blast trauma; Explosioninduced trauma; Explosion-induced tympanic membrane
rupture; Explosive barotrauma; Explosive injury; Pulmonary barotrauma; Tympanic membrane barotrauma

Definition
Blast injury refers to the anatomic and physiologic damage
caused to organic tissues and the human body by the
physical properties of an explosion, or blast. Since the
invention of gunpowder in the last millennium, the magnitude and destructive potential of explosions have
increased exponentially. They have increasingly been
used to deliberately inflict death and disability on large

335

B

336

B

Blast Injury

populations in the settings of war and terrorism. The
growing availability of explosives has led to an increasing
confrontation of medical providers with the injuries they
impart. This has led to abundant research and knowledge
of the pathophysiology and unique clinical manifestations
of blast injury that differ in many ways from other more
common forms of trauma.

Blast Physics
An explosion is the sudden release of energy from the
rapid conversion of solids or liquids into gas. Low energy
explosives, such as gunpowder, release this energy relatively slowly in the process termed deflagration, and do not
cause major bodily injury. They are generally used as propellants. High energy explosives (e.g., TNT, dynamite,
C-4, Semtex) cause a virtually instantaneous transformation of solids and liquids into the gaseous state in the
process of detonation, or what is commonly called
an explosion. This creates a sudden intense compression
of the surrounding medium that propagates radially
from the source as a shock wave at speeds that may reach
3,000–8,000 m/s. This is the blast wave. The instantaneous
pressure rise, lasting only 2–10 ms, is the peak overpressure,
the magnitude of which depends on the strength of the
explosion. The leading edge of the blast wave, or blast
front, imparts a shattering force known as brissance, as
a result of the high magnitudes of energy involved. The
destructive capacity of the blast wave is measured by the
mathematically calculated force called blast loading, which
is the major determinant of destruction and bodily injury
imparted to objects and organisms in its path [1–3].
High-energy explosions are also characterized by an
intense fireball that is localized to only a small area around
the blast source, which further magnifies the severe
destruction in the immediate locale of a blast. This represents the highest levels of the intense energy release of
detonation. The rapid dissipation of this thermal energy
in a very short distance results in the remaining energy
continuing radially outward beyond the fireball as the
blast wave. As this energy continues to dissipate, the
blast wave degrades into the lower pressure and velocity
range of sound waves, giving rise to the sound of the
explosion [2].
The blast wave dissipates rapidly in open-air explosions, according to the cube of the distance from the blast,
so that moving three times further away reduces its magnitude 27-fold. The instantaneous peak overpressure is
followed by a more gradual decline, lasting ten times
longer, to the point of actually falling below ambient
pressure in a negative pressure, or under pressure phase,
before then returning to ambient pressure. This under-

pressure phase explains the implosive effects commonly
seen in major explosions (Fig. 1). Blast wind refers to the
resulting rapid back and forth movements of air after the
blast wave passes, which can reach hurricane strength
within a fraction of a second, and which creates ongoing
destruction beyond that of the blast wave itself [1, 2].
Blasts that occur in confined spaces are more destructive than in open air as the blast wave is magnified, rather
than dissipated, due to its reflection off floors, walls and
ceilings. The magnitude of confined space explosions is
directly related to the magnitude of the blast force, and
indirectly related to the volume of the space and the degree
of venting and decompression allowed by open doors,
windows, and collapsing walls. The orientation of objects
to the blast wave is another determinant of destructive
potential. A large enough blast inside a building may
collapse the entire structure to further magnify the level
of destruction of objects, and injury and death among
people in it, beyond the effects of the confined-space
blast alone [1–4]. These principles have been demonstrated in a number of major terrorist bombings of the
past 30 years, and explain why bombs are deliberately
detonated in confined spaces and crowded buildings
(Table 1). Busses have been a common location of suicide
bombings in Israel, in which setting mortality approaches
50%, compared to only 8% following open-air bombings.
The open-air terrorist bombings at the Centennial Olympics in Atlanta and the Khobar Towers in Saudi Arabia in
1996, and at a Helsinki shopping mall in 2002, resulted in
death rates of 3% or less.

Blast Pathophysiology and Epidemiology
The highly injurious effects of blasts on the human
body are understandable from the above physical
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Blast Injury. Figure 1 Friedlander curve showing pattern of
pressure changes with time following high energy explosions
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Blast Injury. Table 1 Terrorist bombing events and outcomes

Event

Year

No. Total
Casualties
(Deaths)

Train terminal Bolognab

1980

291 (85)

U.S. Marine barracks Beiruta,b

1983

346 (241)

b

1993

1,042 (6)

AIMA Buenos Airesa,b

1994

286 (85)

Murrah Building Oklahoma Citya

1995

759 (168)

Centennial Olympics, Atlanta

1996

111 (2)

Khobar Towers Saudi Arabia

1996

574 (20)

U.S. Embassies Tanzania and
Kenyaa

1998

4,100 (223)

2000

52 (17)

2001

2,839 (2,819)

2002

166 (7)

U.N. Headquarters Baghdad

2003

100 (17)

Train terminals Madridb

2004

2,092 (191)

Subways and bus Londonb

2005

>700 (55)

World Trade Center, New York City

USS Cole Yemen
World Trade Center, New York City

a

Shopping mall Helsinkib
a,b

a

Involved some element of building collapse
Confined space explosions
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Tympanic Membrane Rupture (TMR)
This is probably the single most common injury found
among casualties of major blasts, as the ear is the most
sensitive organ to PBI. It results from the substantial
pressure gradients that develop between the inner and
external ear compartments, and generally requires 20–50
pounds per square inch (PSI) of pressure to occur. It is
often absent in victims of PBI. Its occurrence relates to
a number of variables, including proximity to the blast, ear
protection, and orientation of the ears to the blast wave.
Following the Madrid terrorist bombings in 2004, less
than 50% of hospitalized survivors had TMR, and the
majority of those were not seriously injured [5]. TMR
may be associated with middle and inner ear damage,
with disruption of the bony ossicles, auditory and vestibular damage, and conductive and sensorineural hearing
loss, cranial nerve palsy, and the long-term sequelae of
cholesteatoma, brain abscess, or meningitis. Clinical manifestations include tinnitus, hearing loss, earache, and
vertigo, although these symptoms are most often temporary. Hearing loss commonly complicates the initial care
of blast victims.

b

Blast Lung Injury (BLI)
characteristics, and tend to result in more severe and lethal
trauma than the standard forms of blunt and penetrating
trauma seen routinely in hospitals. Studies from Israel
have documented among victims of blast injury significantly younger ages, more females, more children, higher
Injury Severity Scores, more complex injuries involving
more than three body regions, more major operations,
more ICU and hospital days, and higher mortality than
among those with non-blast trauma. There are four recognized categories of blast injury, each with distinct etiologies, clinical manifestations, and treatment implications.

Primary Blast Injury (PBI)
The destruction of tissues caused by the blast wave itself
traversing the body results in this category. A distinctive
feature PBI is the absence of any external evidence of trauma
despite significant internal damage. Air-containing tissues
and organs are most susceptible to the destructive effects of
the hypersonic blast wave, especially at air–liquid interfaces
where disruptive shearing forces, known as spalling, occur
due to differences in compressibility of these two media.
Solid organs tend to be spared from PBI due to their
homogeneous densities. This explains the high incidence
of injury to the ear structures, lung, and hollow viscera of
the abdomen following exposure to major blasts [1].
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This is among the most common organ injuries found
among blast victims, especially in open-air blasts.
However, the great majority of casualties with BLI die
immediately due to the close proximity they must be to
the blast to be subjected to the effects of the blast wave, and
therefore it is quite uncommon among survivors. In
a collective review of injury patterns resulting from terrorist bombings published in 1988 (Table 2), only 0.6% of
all survivors had BLI. Following the 2004 Madrid terrorist
bombings, only 0.84% of survivors had BLI. However, the
11–12% mortality among BLI victims in both reports is far
out of proportion to its incidence, indicating how severe is
the tissue damage, and how important is the rapid identification and intense treatment of these victims [4, 5]. The
cause of immediate deaths is multifactorial, as the proximity of the victim to the blast causes severe multisystem
injuries. The pulmonary injury is characterized by disruption of the alveolar: vascular interface, resulting in fatal air
embolism. The most common cause of late death among
afflicted survivors is intractable respiratory failure [3].
Open-air blasts typically cause unilateral BLI on the side
of the blast origin, while confined space blasts result in
bilateral BLI [6].
The clinical and radiological manifestations of BLI are
similar to those of pulmonary contusions. Victims develop
progressive respiratory insufficiency characterized by
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Blast Injury. Table 2 Patterns of injury and mortality in 3,357 victims of terrorist bombings
Specific injury

Incidence in
Incidence in
immediate deaths (%) survivors (%)

Specific mortality(%)a
1.5

% Survivor deaths
with specific injuryb

Head

71

31

Chest

25

2

15

52

Blast lung

47

0.6

11

4

Abdomen

30

1.4

19

21

1.2

21

Traumatic Amputation

–

11

10

Skeletal

–

11

0

0

Soft tissue

–

55

0

0

a

Percentage of all survivors with specific injury who died of that injury
Percentage of all late deaths among survivors who had specific injury
Source: Adapted from [4]. With permission from Lippincott, Williams and Wilkins

b

increased work of breathing and hypoxia. Alveolar disruption commonly results in pneumothorax, pneumomediastinum, bronchopleural fistula and hemoptysis.
Chest x-rays show a spectrum of heterogenous alveolarinterstitial infiltrates and consolidation, which may
progress to a classic “butterfly” pattern. Sustained hypotension may be due to a vagal response to the force of the
blast wave. This clinical picture evolves over a period of
48 h or more, emphasizing the importance of close observation and serial physical and radiologic examinations of
casualties who have been exposed to the primary blast
wave, regardless of how stable, comfortable and uninjured
they may appear initially [3, 6].

Other PBI Organ Injuries
The air-containing hollow viscera of the abdomen are
susceptible to PBI, more so in underwater blasts than
open-air blasts. The colon is the most frequently injured
organ. In a collective review of terrorist bombings (see
Table 2), abdominal injuries were identified in as many as
34% of immediate fatalities and only 1.4% of survivors,
but these survivors had a 19% incidence of late mortality
[4]. All victims of the 2005 bus and train bombings in
London with abdominal injuries were immediately killed
and only 5% of surviving casualties of the 2004 Madrid
bombings had abdominal injuries [5]. Confined space
bombings have resulted in abdominal injuries in as many
as 14% of victims. The two major etiologies of PBI of
abdominal viscera include direct bowel wall microcirculatory disruption leading to perforation, and mesenteric
lacerations leading to infarction. In both settings, symptoms and signs may not manifest until hours or days after
the blast, as with BLI, increasing the risks of mortality and
morbidity if these victims are not monitored carefully [2].

Traumatic amputation of limbs is a devastating injury
caused by the direct coupling of the primary blast wave
into extremity tissues, weakening the long bones from
powerful axial stresses. The subsequent blast wind then
causes a flailing of the limb with fracture and soft tissue
shearing to complete the amputation. These fractures are
typically midshaft and not joint dislocations. As with
other forms of PBI, most casualties with this injury are
immediately killed. The disproportionately high mortality
(11%) among the small minority of afflicted survivors
(1.2%) makes this injury another marker of severity that
should be recognized early as requiring urgent treatment
(see Table 2) [4]. Traumatic amputation of the ears and
nose are similarly devastating injuries with the same management implications.
PBI of the central nervous system (CNS) affects the
brain, spinal cord, and vertebral skeleton. The concussive
effects of the blast wave on the brain may cause altered
mental status, abnormal EEG activity with characteristic
theta-waves, and a spectrum of sensorimotor deficits. Air
emboli to the CNS from BLI may indirectly contribute to
these problems. The classic manifestations of “shell shock”
and post-traumatic stress disorder (PTSD) among blast
victims may have an organic basis from PBI. Spinal shock
from PBI is best distinguished from that caused by air
embolism or direct trauma to the spinal cord by a rapid
and complete resolution without anatomic or radiological
signs of injury. This form of spinal shock is uncommon,
documented in only 1.6% of hospitalized survivors of the
2004 Madrid bombings. Spinal vertebral fractures from
PBI are characterized by involvement of multiple levels of
the spinal column and an association with severe torso
injuries. Among the 5% of afflicted survivors of the 2004
Madrid bombings, 65% involved the upper thoracic
spine [5].

Blast Injury

Secondary and Tertiary Blast Injury
These are the most common forms of blast injuries found
among survivors of explosive events [4]. Secondary blast
injury is caused by the impact on the body of objects and
projectiles that are propelled by the blast wave and blast
wind, or that result from secondary fragmentation of other
objects struck by this debris. Tertiary blast injury results
from the body itself being propelled into objects and
structures by the blast wind, and tends to occur more in
children than adults due to their lighter weight. Both
result in typical though severe blunt and penetrating
trauma and impalement. Skeletal and soft tissue injuries
with little risk of mortality predominate (see Table 2).
Glass shards from shattered windows are among the
most common projectiles causing secondary blast injury.
In recent years, destructive metal fragments have increasingly been placed in bombs by terrorists to magnify the
wounding capacity (Fig. 2). One bizarre injury pattern
recently reported involves biologic projectiles of tissue
and bone from the exploded bodies of suicide bombers
which penetrate victims. In some cases these human
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remains projectiles have been found to be infected with
hepatitis B, further magnifying the level of injury and
terror.

Quaternary Blast Injuries
Also known as miscellaneous blast injuries, this category
includes injuries only indirectly related to the blast,
such as thermal burns from the fireball immediately surrounding an explosion, crush injuries from structural
collapse, and inhalation injuries from dust and toxic
chemicals [2]. The explosive disaster with the highest
incidence of inhalation injuries among casualties (93%)
was the 1993 terrorist bombing of the World Trade Center
in New York City. A substantial number of rescue personnel developed long-term pulmonary problems years after
the September 11, 2001, World Trade Center collapse, due
to inadequate use of personal protection.
The dissemination of biologic, chemical, or radiologic
agents through dirty bombs falls under this category,
although these agents are very difficult to effectively weaponize. The bomb used in the 1993 World Trade Center
explosion contained enough cyanide to contaminate the
whole building, but was destroyed by the blast. There was
also a failed release of cyanide in the 1995 Sarin gas attack
in Tokyo.
Psychological sequelae of explosive disasters are also
included in this category. This may affect casualties,
responders and medical providers and can result in longterm debilitating problems. Untreated acute stress reactions could progress to posttraumatic stress disorder
(PTSD).

Treatment

Blast Injury. Figure 2 Abdominal x-ray of suicide bombing
victim showing multiple destructive metal objects in
abdomen that were packed in the bomb

The two major therapeutic challenges for blast victims
are the multiplicity and complexity of the injuries, and
the probability that they will present in a mass casualty setting. Optimizing the outcome of each casualty
may be impeded by competing, or contradictory treatment modalities for different injuries, with the treatment
of one injury making another worse. Further adding to
this challenge is the fact that major explosions typically
result in a large number of casualties, unlike conventional
forms of trauma which afflict only one patient at a time.
The complex decision-making required for each blast
victim is therefore magnified exponentially and may be
substantially altered by the resource limitations of a mass
casualty event. Triage assumes major importance in this
setting in allocating and rationing scarce resources where
they are judged to maximize overall casualty outcome to
achieve the greatest good for the greatest number [4].
Initial management should follow the basic trauma
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principles of assuring airway, breathing, and circulation
before addressing specific organ system injuries.

Tympanic Membrane Rupture/Ear Injuries
There is no specific intervention required for most cases of
external, middle, or inner ear blast trauma. TMR usually
heals spontaneously without significant long-term consequences. Tympanoplasty may be beneficial in some cases
to prevent infectious complications and hearing problems.
Cholesteatomas may develop over time, and do require
surgical intervention to prevent the danger of erosion
through the skull with the possibility of direct invasion
and infection of CNS structures. Regular follow-up examinations of the ear are recommended to prevent these
long-term problems [5].

Blast Lung Injury
The goal of BLI therapy is to maximize oxygenation while
minimizing air embolism. The challenge lies in the complexity of this injury, which may include elements of
barotrauma from PBI, bronchopleural and alveolarvenous fistulae, pneumothorax, hemothorax, blunt and
penetrating injuries to the chest wall and lungs, inhalation
injury, and shock. The standard treatment of these problems tend to be contradictory, such as the need for high
ventilatory pressures to expand functional residual capacity to improve oxygenation, while the risk of air embolism
and pneumothorax require lower pressures. The volume
expansion required for shock tends to worsen pulmonary
congestion and hypoxia. Ventilatory and shock management must therefore be judicious to achieve a fine balance
between these different therapeutic requirements. Effective ventilation strategies include maintenance of low tidal
volumes (5–7 cc/kg) that restrict peak inspiratory pressure
and plateau pressure to <20 cmH2O and <40 cmH2O,
respectively. Pressure control ventilation is recommended
for difficult cases, with PEEP at 10–20 cmH2O, and keeping FiO2 as low as possible to maintain arterial oxygen
saturation above 90%. Permissive hypercapnia may be
necessary in refractory cases, in which setting pH should
be kept >7.25. Prone positioning and nitric oxide may be
used to enhance oxygenation. Extracorporeal membrane
oxygenation (ECMO) is one intervention to consider in
cases refractory to these methods [6].
Adding to these difficulties is the relatively slow evolution of some cases of BLI over hours to days, requiring
a high index of suspicion, and close observation of those
blast victims with evidence of PBI or thoracic wounds.
Early administration of high flow oxygen is recommended
in these cases, with intubation for the standard indications
to support oxygenation or ventilation.

Research has shown that BLI is associated with an
intense inflammatory response, and that antioxidant and
vasodilating agents such as heme-oxygenase-1 (HO-1),
hemin, and manganese superoxide dismutase (MnSOD)
enhance resolution of the lung damage and inflammation,
improving recovery from BLI. Effective prevention of BLI
has been developed in the form of ballistic vests that
disrupt and dissipate the stress, shock, and shear components of the blast wave before it exerts destructive effects
on the thoracic viscera [3].

Abdominal Blast Injury
All blast victims should be examined for external markers
and physical signs of intra-abdominal injury. Serious injuries may be delayed in their presentation, emphasizing the
importance of close observation and radiologic imaging
for any development of abdominal pain, peritoneal signs,
hypotension and free intraperitoneal air. In mass casualty
settings imaging must be minimized, although abdominal
ultrasound has proven useful in this setting for its sensitivity, safety, and rapidity. Any penetrating wounds to the
torso, no matter how small, should prompt a low threshold for exploratory laparotomy, due to their association
with foreign body damage to the viscera (see Fig. 2) [1–3].

Soft Tissue and Extremity Blast Injury
These injuries are generally noncritical and nonfatal but
may lead to long-term morbidity. Standard shock management and hemorrhage control should be applied to
these victims initially. Open and closed fractures should
be cleansed, covered, and splinted until definitive treatment can be initiated. Soft tissue wounds should be
vigorously managed with debridement and thorough
exploration for foreign body removal, followed by closure
or skin grafting. Crush injuries and associated renal failure, hyperkalemia and rhabdomyolysis should be managed with aggressive volume repletion and debridement of
nonviable tissue. Extremity vascular injuries should be
addressed once life-threatening problems have been stabilized, with shunting to restore perfusion and maintain
limb viability until definitive repair can be undertaken.
Long-term rehabilitation should be planned [2].
Severe thermal burns are found in victims close to the
blast source from the intense fireball. This is the one form
of soft tissue blast injury that has a high mortality. Standard burn management should be applied to afflicted
survivors, including volume repletion, topical antibiotics,
and burn wound excision and debridement. There is
a high risk of compartment syndrome in circumferentially
burned extremities due to the destructive effect of PBI on
the underlying muscle tissue. Therefore, unlike standard
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burns not related to blasts, blast-induced circumferential
extremity burns require routine fasciotomy rather than
simple escharotomy [3].

Blast CNS Injury
Open skull fractures and penetrating wounds to the head
and spine in blast victims should be managed as aggressively as resources permit. The entire spine should be
immobilized due to the known pattern of multiple spine
fractures associated with blast, until a full radiologic and
clinical assessment excludes these injuries. This is one of
the few indications for early CT scan evaluation, as rapid
identification of major intracranial hemorrhage or foreign
body implantation should prompt immediate surgery to
maximize survival. Facial fractures and eye injuries may be
delayed in their diagnosis and definitive management.

Obstetric Blast Injuries
Pregnant women have a unique susceptibility to blast
injury. Although the fetus and gravid uterus do not contain air, the strong amplification of the blast wave through
the amniotic fluid poses risks of fetal injuries from PBI.
Sonographic assessment should focus on detection of uterine rupture or placental abruption, and can also monitor
fetal heart tones and fetal movement. Secondary and tertiary blast phases threaten the uterus with direct trauma.
Rh-negative pregnant women should be given anti-Dimmunoglobulin to protect against isoimmunization in
this setting.
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all blast victims for TMR. Although TMR is a sensitive
marker of exposure to the primary blast wave, and therefore indicates the need to observe afflicted survivors
closely, it does not significantly correlate with severity of
injury or prognosis. Markers that have been associated
with significant mortality risk in victims of blast injury
include chest and abdominal trauma, blast lung injury,
severe head injury, and traumatic amputation of limbs

Blast Injury. Table 3 Prognostic factors in major explosions
Blast-related factors
Magnitude of explosive energy
Proximity to blast
Extent of secondary fragmentation
Biologic, chemical or radiologic dissemination
Occurrence of building collapse
Environmental factors
Surrounding medium – underwater versus air
Confined space versus open-air explosion
Rural or isolated locale
Toxic fumes, dust and debris
Anatomic and physiologic factors
Number of body systems injured
Injury Severity Score >15
Age and comorbidities
Treatment delay

Psychological Trauma
Assessment of casualties, prehospital responders, and
medical providers for mental health issues should be an
integral part of any response to an explosive event. In the
acute phase of casualty management, medical personnel
should be evaluated regularly for critical signs of stress
which could impair their own mental health as well as
their care of casualties. Any person who is judged to be
impaired should then be pulled out of the care system for
a brief rest. Long-term follow-up of victims and providers
is also important in order to identify signs of acute stress
reaction, including irritability, withdrawal, insomnia, and
personality changes. Early treatment interventions for this
could reduce the chance of progression to the more longterm PTSD. Psychological follow-up could also identify
those problems that may have an organic basis from PBI
effects on the brain.

Prognosis
There are several external markers of exposure to the blast
wave that should be recognized on physical examination
of blast victims. Ear examination should be performed on

Primary Blast Injury
Tympanic membrane rupture
Blast lung injury with respiratory failure
Bowel injury
Brain injury
Spine and spinal cord injury
Traumatic amputation
Secondary and Tertiary Blast Injury
Blunt and penetrating torso injuries
Impalement
Skull fractures
Glasgow Coma Score <10
Foreign body implantation (metallic, glass, human remains)
Quarternary Blast Injury
Extensive and deep burns
Crush injuries
Toxic inhalation injuries
Biologic, chemical, radiologic exposure/contamination/
ingestion
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and other body parts. Soft tissue and skeletal injuries
do not generally pose a risk of mortality (see Table 2),
although major burns are a marker of mortality risk in
survivors, as this indicates close proximity to the blast [4].
In victims who were in close proximity to a blast, studies
have shown that the presence of sustained hypotension
and two or more of the elements of multiple (>2) long
bone fractures, penetrating head injury, and associated
fatalities correlate with significant risk of mortality. All
victims of confined space explosions, especially involving
building collapse, have higher risks of mortality than those
from open-air blasts [1–3]. Several other nonanatomic
and non-physiologic prognostic factors also correlate
with the outcome of blast victims (Table 3).
The prognosis of BLI is related to the severity of tissue
damage and the rapidity of provision of oxygenation and
ventilatory support. The Pizov scale is an objective measure of BLI prognosis that correlates with outcome, using
the following three elements of mortality risk: worsening
PaO2:FiO2 ratio, extent and duration of pulmonary air
leaks and bronchopleural fistulae, and the extent of radiographic infiltrates on chest x-ray [6]. This could be useful
in making clinical decisions regarding aggressive interventions to support lung function, such as altering I/E ratios,
prone positioning, use of nitric oxide, and ECMO.
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Synonyms
Chicago disease; Gilchrist’s disease; North American
blastomycosis

Definition
Blastomycosis is a multisystem disease caused by
Blastomyces dermatitidis, a dimorphic fungus. Blastomycosis is endemic in southeastern and southcentral states
bordering the Mississippi and Ohio River basins, the Midwestern states in the USA, and Canadian provinces bordering the Great Lakes. Cases have also been encountered
in Africa, Mexico, and Central and South America.
The clinical presentation ranges from asymptomatic
infection to acute, subacute, or chronic pneumonia and
extrapulmonary disease. Although B. dermatitidis has
been reported to involve any organ, the lung is the most
commonly affected, followed by skin, bones, and genitourinary system.
The lungs are the portals of entry for blastomycosis.
Diverse pulmonary presentations including lobar pneumonia (Fig. 1), mass lesions, single or multiple nodules,
and chronic fibronodular or fibrocavitary infiltrates
have been described. Rarely, patients might present
with an infectious acute respiratory distress syndrome
(ARDS) [1].
Dissemination from the lung resulting in multiorgan
involvement occurs in approximately 20% of cases.
Extrapulmonary disease is either concurrent with active
pulmonary disease or occurs after resolution of a clinical or
subclinical primary infection, often within 1 or 2 years [2].
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Treatment
Immunocompetent Host
Patients with mild to moderate disease involving the lung,
skin, and/or bone, which can be treated with itraconazole,
are unlikely to present to the intensive care unit. By contrast,
life-threatening pulmonary infections, such as those that
require intensive care therapy can be treated with intravenous amphotericin B deoxycholate (0.7–1.0 mg/kg/day) to
a total cumulative dose of 1.5–2.5 g. Treatment can be
delivered daily until there is clinical improvement and
then three times weekly. Since renal function is often
impaired in critically ill patients, liposomal amphotericin
B (5 mg/kg/day) often becomes the preferred agent. Once
clinical stability has been achieved with intravenous therapy, a sequential course of therapy with itraconazole 200 mg
orally twice daily is administered for at least 6 months [4].
Meningeal infections require therapy with
amphotericin B deoxycholate at a dose of 0.7 mg/kg/day,
to a total dose of at least 2.0 g, or, when indicated, liposomal amphotericin B as described above. High-dose fluconazole (400–800 mg daily intravenously or orally) can
be used in combination with amphotericin B from the
onset or used in sequence after initial improvement. The
duration of therapy is for a minimum of 6 months. Fluconazole is used in lieu of itraconazole because of its
superior CNS penetration.

Immunosuppressed Host
Blastomycosis. Figure 1 Blastomycosis in two different
patients. (a) A chest radiograph of acute blastomycosis
resembling bacterial pneumonia. (b) Computed tomography
showing lobar infiltrate in acute blastomycosis

Skin is the second most common site of infection after
the lung. The lesions can be verrucous or ulcerative in
appearance. Subcutaneous nodules are also possible. Osteomyelitis can occur in up to a quarter of patients with
disseminated blastomycosis. Vertebrae, pelvis, and sacrum
are the most common sites. Genitourinary disease manifests in the form of prostatitis or epididymo-orchitis in
men. Rare cases of tuboovarian abscess or endometritis
have been reported in women. In immunocompetent
individuals, less than 5% of patients with disseminated
disease present with central nervous system (CNS)
involvement. In contrast, the CNS is commonly affected
in immunocompromised patients, especially those with
AIDS [3].

Patients with immunosuppression are known to have
higher mortality and therefore require more aggressive
treatment strategies. For treating pulmonary and nonmeningeal blastomycosis, amphotericin B (or liposomal
amphotericin B) is used as the first line agent, followed by
oral itraconazole 200 mg twice daily for a minimum of
12 months. Recommended treatment for mild to moderate clinical infections is oral itraconazole from onset. In
patients with AIDS, lifetime maintenance is required.
CNS involvement is treated with amphotericin
B deoxycholate (or liposomal amphotericin B) in combination with high-dose fluconazole (400–800 mg/daily)
from onset. The sequential therapy with fluconazole is
continued for an additional 12 months.

Special Circumstances
In patients presenting with fulminant pneumonia and/or
ARDS, the initial therapy consists of amphotericin
B deoxycholate (or liposomal amphotericin B) often in
combination with itraconazole 200 mg intravenously
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twice daily until clinical improvement, followed by
oral itraconazole for 6 months (immunocompetent),
12 months (immunocompromised), or indefinitely
(AIDS).
CNS blastomycosis that progresses on amphotericin
B deoxycholate or develops while the patient is on
itraconazle will require a change in treatment strategy.
The recommended regime includes liposomal
amphotericin B plus fluconazole 800 mg/day to clinical
improvement followed by fluconazole for 6 months,
12 months, or indefinitely in immunocompetent, immunocompromised, and AIDS patients, respectively.
For a more complete discussion of therapy with
references, the reader is referred to the ATS Statement on
the management of fungal infections [5].
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Evaluation/Assessment
Once suspected, the diagnosis of blastomycosis can be
supported by the appearance of broad-based budding
yeasts in sputum, bronchoalveolar lavage, or tissue biopsy.
A commercially available urine antigen testing kit is
quite sensitive for diagnosis; however it demonstrates
cross-reactivity with Histoplasma antigen. A culture of
B. dermatitidis remains the definitive diagnostic standard.

Alterations in coagulation in acute renal failure; Impact of
renal replacement therapy on coagulation; Thrombotic
diathesis in acute renal failure; Uremic bleeding; Uremic
coagulopathy

After-care

Desmopressin

In patients with AIDS, maintenance therapy with
itraconazole is required indefinitely.

Synonyms

Trade Names
DDAVP®, Stimate®, Minirin®

Conjugated Estrogens

Prognosis

Premarin®

The mortality rate in appropriately treated blastomycosis
is 15%, but exceeds 50% in patients presenting as ARDS.

Erythropoietin
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Class and Category
Desmopressin
Vasopressin analog

Conjugated Estrogens
Hormone replacement therapy

Erythropoietin
Erythropoiesis-stimulating agent (ESA)

Tranexamic Acid
Antifibrinolytic agent

Bleeding and Hemostasis in Acute Renal Failure

Indications

B

has been described in patients requiring dialysis, but not
specifically in the critically ill patient with ARF.

Bleeding
Alterations in hemostasis in acute renal failure (ARF) are
numerous and may expose the patient to serious risks. The
clinical spectrum of bleeding complications in acute and
chronic renal failure (CRF) ranges from petechia, ecchymoses, and oozing at puncture sites, to life-threatening
gastrointestinal, cerebral, or retroperitoneal hemorrhage.
The intensity and aggressiveness of the interventions taken
to control the bleeding will be dictated by its severity and
acute character. In acute or life-threatening hemorrhage,
the hemostasis should be quickly corrected. Treatments
with short onset of action (desmopressin, cryoprecipitate)
should thus be selected, pending more definitive measures
to control the bleeding diathesis. Subacute or chronic
low-grade bleeding in uremia should be addressed with
longer-lasting interventions, such as conjugated estrogens,
initiation or optimization of dialysis, and correction of
anemia.

Invasive Procedure
Patients with ARF are also at particular risk of bleeding
complications while submitted to an invasive procedure,
such as central venous catheterization, surgery, or renal
biopsy. Agents with a short onset of action (desmopressin,
cryoprecipitate) may be particularly useful in this context.
Screening for abnormal hemostasis may be considered
before performance of any invasive procedure. However,
coagulation tests such as activated partial thromboplastin
time, prothrombin time, and thrombin time are frequently normal in uremia. Prolongation of the cutaneous
▶ bleeding time is regarded as the best indicator of uremic
coagulopathy by many nephrologists, despite controversies regarding lack of reproducibility and of clear correlations of abnormal results with post-procedure bleeding.
The in vitro ▶ closure time (PFA), or platelet function
analyzer, is a more recent test presenting less technical
variability and patient discomfort. In a small case-control
study comparing this assay with a historic cohort of
patients screened with cutaneous bleeding time, a better
positive predictive value and a comparable negative predictive value were shown for hemorrhagic complications
following kidney biopsy [1]. The same study also showed
that bleeding complications were not significantly more
frequent in patients with prolonged bleeding time than in
patients with a normal test. Systematic administration of
desmopressin or cryoprecipitate prior to invasive procedure is probably not cost-effective in most institutions [2].
It should be emphasized that the utilization of both the
cutaneous bleeding time and the platelet function analyzer
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Abnormal Coagulation Test
An abnormal coagulation test, in the absence of bleeding
or anticipated invasive procedure, is not an indication for
a corrective intervention per se.

Dosage
Desmopressin is usually administered intravenously at
a dose of 0.3 mg/kg. The same dosage is recommended
for subcutaneous administration. The intranasal route is
also effective at a dose of 3 mg/kg. Desmopressin effect on
bleeding time appears within 1 h, lasts for 4–8 h, and
disappears within 24 h. The efficacy of desmopressin
decreases over the course of repeated administration.
When cryoprecipitate is selected for correction of uremic bleeding, 10 units are usually infused, and can be
repeated every 12–24 h. Cryoprecipitate corrects bleeding
time in approximately 50% of patients, within 1 h of
administration. Its effect lasts for 4–24 h.
Different dosages have been described for conjugated
estrogens in uremic bleeding, all of them in patients on
chronic hemodialysis [3]. One single 25 mg oral dose of
conjugated estrogens can normalize bleeding time for
3–10 days. Intravenous administration might be more
practical and result in better absorption in the critically
ill patient with ARF. The recommended dose is 0.6 mg/kg
for five consecutive days; the effect on bleeding time lasts
for 14 days. The maximal effect of a single dose is reached
within 24 h. Transdermal estradiol patches application
twice weekly at a dose of 50–100 mg/kg is also effective.
Correction of anemia improves platelets rheology by
promoting their laminar flow along the endothelial surface, increasing platelets-vessel wall interactions.
Depending on the clinical context, use of ESA or packed
red blood cells to raise the hemoglobin above 100 g/l
(hematocrit>30%) has been advocated in patients on
chronic hemodialysis. It should however be emphasized
that there is no evidence of clear benefits for ESA administration in ARF.
Uremic toxins play a key role in platelets functional
abnormalities. Therefore, uremic bleeding is an indication
for initiation or optimization of dialysis in CRF. While the
beneficial effect of uremic toxins clearance on hemostasis
is logical, no optimal dialysis dose has been described for
that matter in chronic hemodialysis patients. As well,
bleeding complications were either not addressed or not
significantly different between groups in the large randomized studies that investigated the outcome of different
dialysis doses in ARF.
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Although tranexamic acid can shorten bleeding time
[4], its role in the treatment of uremic bleeding is not well
characterized. Successful treatment of intracranial or upper
gastrointestinal hemorrhage was described in chronic
hemodialysis patients, but there is no evidence for its utilization in ARF. Various dosages have been reported.
Tranexamic acid accumulates in renal insufficiency. Therefore, this medication should be used in the presence of acute
bleeding when other measures have failed.

Preparation/Composition
Desmopressin (1-deamino-8-D-arginine vasopressin) is
a synthetic derivative of arginine vasopressin, the
antidiuretic hormone. Oral tablet and liquid forms are
available. The liquid form can be administered by the
intranasal route with a metered spray pump. When
administered intravenously, it should be diluted in 50 ml
of normal saline and given over 30 min.
Cryoprecipitate is obtained from centrifugation of
a thawed fresh frozen plasma unit. Virtually all of factor
VIII, von Willebrand factor (vWF), factor XIII, fibrinogen,
and fibronectin of the fresh frozen plasma are found in
a cryoprecipitate unit, in a volume of 10–15 ml instead of
250 ml.
Conjugated estrogens contain a mixture of different
estrogens. The formulations available on the market are
derived from plants or pregnant mares’ urine. The conjugation of estrogens allows for better digestive absorption.
Tranexamic acid is a synthetic analog of the amino
acid lysine. It is available in tablet and injectable forms.
The intravenous formulation may be injected directly,
without previous dilution.
Recombinant human erythropoietin (rHuEPO) is
produced by transfer of the human erythropoietin gene
in a mammalian cell line culture. Darbepoietin alfa
(Aranesp®), an analog of erythropoietin, has two extra
N-linked glycosylation chains that confer longer half-life
and is manufactured in the same manner as rHuEPO. ESA
are available in pre-filled, fixed-dose preservative-free
syringes, and in multi-dose vials, which contain
a preservative.

Contraindications
Although not a formal contraindication, a prolonged
bleeding time or closure time, in the absence of active
bleeding or anticipated invasive procedure, should not
be regarded as an indication for treatment of uremic
coagulopathy.
Estrogens should be avoided in patients with a history
of or an active venous thromboembolic event, with an

active or recent arterial thromboembolic event, or with
an estrogen-dependant tumor.
Tranexamic acid is contraindicated in patients with
active thrombosis or subarachnoid hemorrhage, due to
risk of secondary hydrocephalus.
Hypersensitivity to human albumin, a history of
acquired ESA-related ▶ pure red cell aplasia, and
uncontrolled hypertension are contraindications for
administration of erythropoietin analogs.

Adverse Reactions
Although not frequent, a vasopressor effect of desmopressin
is possible when administered intravenously. Facial flushing
and local discomfort at site of injection may occur. Mild to
moderate thrombocytopenia may develop. Thrombotic
events, especially in patients with pre-existent vascular disease, have been rarely reported following the administration
of desmopressin. When desmopressin is used to treat central
diabetes insipidus, hyponatremia and water intoxication may
become a concern. However, the risk for these complications
is virtually inexistent when the medication is employed to
control uremic bleeding in an oligo-anuric ARF patient.
Cryoprecipitate is a blood product and is thus associated with the risk of viral transmission. Since each
cryoprecipitate is obtained from a different plasma specimen, the transmission risk increases with the number of
cryoprecipitate units administered.
No significant adverse reactions were observed in the
studies describing the use of conjugated estrogens to control uremic bleeding, since the hormone is administered
for a relatively short time. Long-term administration of
conjugated estrogens has nevertheless been associated
with deep vein thrombosis, myocardial infarction, stroke,
and aggravation of hypertension. Caution is thus advised
when prescribing this medication to a patient with
a positive history for these conditions.
Tranexamic acid can cause hypotension when rapidly
infused. Arterial and venous thromboses have been
reported.
Besides usual transfusion risks, packed red blood cells
can cause volume overload in ARF patients not receiving
renal replacement therapy, or on intermittent hemodialysis.
Intravenous administration of ESA is associated with
aggravation of hypertension. In chronic hemodialysis
patients, normalization of the hematocrit with ESA has
been associated with increased mortality and increased
incidence of stroke, cardiovascular events, and arteriovenous access thrombosis. These potential complications are
less concerning in the critically ill patient with ARF, since
ESA was not shown to have a significant impact on the
anemia of acute kidney injury.
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Drug Interactions
Beta-lactam antibiotics and third-generation cephalosporins are commonly prescribed in the intensive care unit.
Their accumulation in uremia may alter platelet membrane function and adenosine diphosphate (ADP) receptors, thereby further disturbing hemostasis. Since their
effect lasts up to 10 days after the last dose, any antiplatelet
drug taken by the patient prior to its intensive care unit
admission may also have an adverse impact on its coagulation. Nonsteroidal anti-inflammatory drugs, on top of
their deleterious renal effects, may have an antiplatelet
effect.
Dialysis has a beneficial effect on hemostasis in the
uremic patient. However, in order to avoid coagulation
of the extracorporeal circuit, heparin is part of a standard
dialysis prescription and therefore exposes the patient
to an increased risk of bleeding. Heparin can also cause
mild, transient thrombocytopenia or florid heparininduced thrombocytopenia with positive anti-heparin
antibodies. Heparin utilization should thus be minimized,
and ideally avoided in the ARF patient with bleeding.
In this regard, different strategies, such as ▶ saline
flushes, hemofiltration in ▶ predilution mode, or citrate
▶ regional anticoagulation, can be employed. The interaction between blood and the dialysis membrane may
result in chronic platelet activation, ultimately resulting
in their exhaustion. This phenomenon is probably more
important with the use, nowadays infrequent in most
units, of ▶ bioincompatible membranes, which resulted
in increased complement activation and cytokine release.
Desmopressin, when used to control uremic bleeding,
is not subject to significant drug interactions since
repeated administration is unusual. Enhancement of the
thrombogenic effect of fibrinogen and activated prothrombin complex concentrates with tranexamic acid is
possible and their combination should consequently be
avoided. Conjugated estrogens induce the metabolism of
CYP 1A2 and CYP 3A4 substrates, leading to many potentially significant interactions. ESA are associated with no
known significant interactions.

Mechanisms of Action
Normal Hemostasis
The three phases of normal hemostasis are primary hemostasis, coagulation, and fibrinolysis.
In primary hemostasis, the interaction of platelet
receptors glycoprotein Ib and glycoprotein IIb-IIIa with
vWF and fibrinogen results in adherence to the breached
endothelium. Adhesion of the platelets to the vessel wall is
followed by a conformational change. ADP, thromboxane,
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vWF, fibrinogen, thrombin, serotonin, and epinephrine
are released from platelets granules. These substances generate further platelet activation and aggregation, and cause
vasoconstriction. Uremic bleeding, mainly a problem of
primary hemostasis, is associated with defects in most
steps of the hemostatic plug formation, probably due to
interactions of uremic toxins with platelet receptors and
granules [3].
The coagulation cascade consists of two pathways. The
intrinsic pathway is activated by contact with negatively
charged surfaces, and the extrinsic pathway is activated by
tissue factor. Tissue factor is a cell membrane protein
exposed after endothelial injury. The complexation of
tissue factor and factor VIIa is the trigger that activates
the cascade that leads to formation of fibrin polymers.
Antithrombin, protein C, the tissue factor pathway inhibitor, and glycosaminoglycans regulate the coagulation cascade. Despite a net bleeding tendency, procoagulant
abnormalities in the coagulation cascade are observed in
uremia [3].
Fibrinolysis, the final step of normal hemostasis, leads
to fibrin dissolution through the proteolytic action of
plasmin. The action of tissue plasminogen activator or
urokinase initiates fibrinolysis by activating plasminogen
to plasmin. Abnormalities in the fibrinolytic system in
uremia are complex, but activation is likely, as suggested
by reports of positive results with tranexamic acid in the
treatment of uremic bleeding [4].

Therapeutic Interventions
Desmopressin exerts its effect on hemostasis by inducing
the release of factor VIII:vWF multimers from the endothelial cells stores. The decrease in desmopressin efficacy
over repeated administration appears to result from depletion of these stores.
The effect of cryoprecipitate on bleeding time is mediated by the presence of vWF multimers.
The mechanism of action of conjugated estrogens in
the treatment of uremic bleeding is not well described.
Inhibition of nitric oxide (NO) synthesis, an inhibitor of
platelet function, seems to be important. Indeed, the effect
of conjugated estrogens on bleeding time is abolished by
the administration of L-arginine, a precursor of NO.
Tranexamic acid may reduce uremic bleeding by
inhibiting fibrinolysis. Binding of plasminogen to fibrin
and activation of plasminogen to plasmin are inhibited,
resulting in stabilization of the hemostatic clot.
ESA and packed red blood cells, by increasing the
hematocrit, have a favorable effect on the platelets rheology. Erythrocytes displace platelets toward the vessel wall,
thereby facilitating platelet–vessel wall interactions.
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Synonyms
(Excessive) blood loss; Hemorrhage

Definition
Blood loss, either spontaneously or upon an invasive procedure. Bleeding may be minor, major, or excessive; for
this classification various criteria are used. Commonly,
excessive blood loss is (arbitrarily) defined as bleeding at
a rate of >200 mL/h, and or bleeding leading to hemodynamic instability, and/or bleeding leading to transfusion
of >5 U red cell concentrate within 3 h. For major bleeding, a more consensual definition is used, that is, any
bleeding leading to a clinically significant intervention
(such as transfusion, hospital admission, a procedure
(e.g., endoscopy)) and any intracranial, intra-abdominal,
retroperitoneal, or intrathoracic bleeding. Minor bleeding
is all other bleeding that does not meet the criteria for
major bleeding.

Characteristics
The leading causes of major blood loss (20% of total blood
volume or more) are surgical operations, among which
the most frequently implicated are cardiovascular operations, liver transplantation and resection, major orthopedic procedures, including hip and knee replacement, and
spine surgery [1]. Nonsurgical causes of excessive blood
loss may also occur. For instance, bleeding is the second

most important cause of death in patients with trauma,
contributing to approximately 30% of trauma-related
mortality. There are also situations in which bleeding
poses a major clinical challenge due to its critical localization, as illustrated by intracerebral hemorrhage.
Severe bleeding often results in the need of allogeneic
blood transfusion. Even if benefits of transfusion outweigh
the still existing risks (allergic reactions, transmission of
infections, acute lung injury, and immunosuppression),
the implementation of strategies meant to minimize the
use of a limited community resource is mandatory (see
further entry on ▶ Blood Transfusion). The most obvious
and probably most effective strategy is the improvement
of surgical and anesthesiological techniques. A successful
example is liver transplantation, which required huge
amount of blood products in the past, but is now
performed with minimal transfusion requirements.
In the bleeding patient, it is first important to rule out
abnormalities of hemostasis that can usually be corrected
by replacement of the defective components. However,
there are cases for which no surgical or hemostatic cause
can be identified and yet excessive blood loss warrants the
adoption of pharmacological strategies, broadly divided in
perioperative prophylaxis during at-risk operations or
intervention should bleeding occur.
Most experience with pro-hemostatic therapy has
been accumulated in the prevention and treatment of
bleeding in patients with congenital and acquired coagulation defects. Indeed, specific correction of a hemostatic
defect is highly effective in this situation, as, for example,
has been shown in the management of hemophilia with
coagulation factor concentrates. There is, however,
increasing evidence that also in patients with less specific
abnormalities or even a normal coagulation status and
who encounter severe bleeding or are at high risk for
bleeding, promoting hemostatic function may be of benefit. Interestingly, there seems in general not to be a strong
need to specifically target a factor or pathway in the
coagulation or fibrinolytic system that is causally related
to the hemostatic defect, since interference in one part of
the system may be able to compensate for a defect in
another part.
The safety of pro-hemostatic therapy also deserves
some consideration. Interfering in the balance between
coagulant and anticoagulant mechanisms can indeed
result in undesirable adverse effects. The best illustration
may be the higher risk of bleeding in patients receiving
anticoagulant therapy. Conversely, pro-hemostatic agents
may, at least theoretically, predispose for thrombotic complications. The occurrence of such complications, which
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are fortunately relatively rare, seems to be very much
dependent on considerate clinical use of this therapy.
Obviously, the expected benefit of the application of
pro-hemostatic agents in distinct clinical situations
should be balanced with the risk of thrombosis in that
particular patient population. Ideally, the benefit/risk
ratio should be evaluated in properly controlled clinical
trials.

Desmopressin (DDAVP)
De-amino
D-arginine
vasopressin
(DDAVP,
desmopressin) is a vasopressin analog that despite minor
molecular differences has retained its antidiuretic properties but has much less vasoactive effects. DDAVP induces
release of the contents of the endothelial cell associated
Weibel Palade bodies, including von Willebrand factor.
Hence, the administration of DDAVP results in a marked
increase in the plasma concentration of von Willebrand
factor (and associated coagulation factor VIII) and (also
by yet unexplained additional mechanisms) a remarkable
augmentation of primary hemostasis as a consequence.
A rare but important adverse effect of DDAVP is the
occurrence of acute coronary syndromes, such as myocardial infarction and unstable angina, particularly in
patients with preexisting unstable coronary artery disease,
probably due to the remaining vasoactive effect of the
drug. Hence, in these patients the use of DDAVP is
contraindicated. The antidiuretic effect of a single or
once repeated dose of DDAVP is clinically not very significant and may be dealt with by fluid restriction for some
time. Exceptions to this rule are children, who may experience a severe dilution hyponatremia after the administration of DDAVP, which should be monitored clinically
for 24 h after its administration.

Recombinant Activated Factor VII
Based on the current insight that activation of coagulation
in vivo predominantly proceeds by the tissue factor/factor
VIIa pathway, recombinant factor VIIa (NovoSeven®) has
been developed as a pro-hemostatic agent and is now
available for clinical use. Indeed, recombinant factor
VIIa appears to exert potent pro-hemostatic effects. Most
experience with recombinant factor VIIa has been accumulated in patients with severe coagulation defects that
are difficult to treat, such as patients with antibodies to
coagulation factors (e.g., so-called inhibitors to factors
VIII or IX) and excessive bleeding. In addition, in patients
with severe thrombocytopenia or disorders of primary
hemostasis that fail to respond to conventional treatment,
recombinant factor VIIa has been applied. In most of these
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situations, administration of recombinant factor VIIa was
shown to be effective in controlling bleeding, although
most of the reports are uncontrolled series. Recombinant
fVIIa has been licensed for the prevention and treatment
of bleeding in patients with antibodies to coagulation
factors and complex platelet disorders. Nevertheless,
there is an abundant number of case reports and case
series on the hemostatic efficacy of rFVIIa in patients
undergoing surgery. However, virtually all these reports
did not include adequate controls, which makes it very
hard to draw any clinical conclusion from them. Notwithstanding this lack of sound evidence, there is widespread
off label use of rFVIIa in patients with excessive blood loss
that is hard to treat by conventional measures. The first
controlled trial of recombinant fVIIa was done in patients
undergoing prostatectomy. This study demonstrated that
the administration of recombinant factor VIIa was associated with a 50% reduction in perioperative blood loss,
thereby completely eliminating the need for blood transfusion. Preliminary trials in patients with liver cirrhosis
undergoing laparoscopic liver biopsies or liver transplantation indicated that the use of recombinant factor VIIa
may limit blood loss and prevent transfusion, and subsequently large trials in major liver surgery were performed.
In parallel, based on successful case reports and encouraging preclinical studies, administration of recombinant
factor VIIa to trauma patients with excessive blood loss
has also been evaluated in large controlled multicenter
clinical trials. Generally, all trials show that administration
of relatively high doses of recombinant factor VIIa is
effective in reducing blood loss and reducing (excessive)
transfusion, however, the intervention is not significantly
effective at clinically directly more relevant outcomes,
including mortality. A recent phase II dose-escalation
and placebo-controlled study in 172 patients with major
blood loss after cardiac surgery showed that the administration of rFVIIa resulted in less blood loss, a significant
reduction in the need for reoperation (25% in the placebo
group, 14% in the group receiving rFVIIa 40 mg/kg, and
12% in the group receiving rFVIIa 80 mg/kg), and
a significant larger proportion of patients not needing
any transfusion after the administration of rFVIIa
(10% in the placebo group, 28% in the group receiving
rFVIIa 40 mg/kg, and 32% in the group receiving rFVIIa 80
mg/kg). However, there were more serious adverse events
in the patients treated with rFVIIa (13% versus 7% in the
placebo group, not significant). Indeed, in view of its prohemostatic potency, the safety of rFVIIa, in particular as
related to the potential occurrence of thrombosis, has been
the subject of attention and surveillance. In controlled
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clinical trials, administration of this agent resulted in
a relatively low incidence of thrombotic complications,
comparable to placebo-treated patients [2, 3]. However,
most of these studies were carried in patients with
impaired coagulation or at low risk for thrombosis. In
the trial carried out in patients with a much higher risk,
such as those with intracerebral hemorrhage, serious
thromboembolic events, mainly myocardial or cerebral
infarction, occurred in 7% of patients treated with rFVIIa,
as compared with 2% of placebo-treated patients. Hence,
there is some indication that rFVIIa may heighten the risk
of thrombotic complications and this needs to be offset to
its potential benefit in patients with severe blood loss.
More randomized controlled trials are needed to establish
efficacy and safety in patients undergoing cardiac surgery.

Antifibrinolytic Treatment
Agents that exert anti-fibrinolytic activity are aprotinin
and the group of lysine analogues. The pro-hemostatic
effect of these agents proceeds not only by the inhibition
of fibrinolysis (thereby shifting the procoagulant/anticoagulant balance towards a more procoagulant state), but
also due to a protective effect on platelets, as has been
demonstrated at least for aprotinin [1]. Aprotinin is a 58
amino acid polypeptide, mainly derived from bovine lung,
parotid gland or, pancreas. Aprotinin directly inhibits the
activity of various serine proteases, including plasmin,
coagulation factors or inhibitors, and constituents of the
kallikrein-kinin and angiotensin system. This rather
nonspecific mode of action of aprotinin is frequently
considered as a disadvantage for its use, however, the
interactions of aprotinin with proteases other than plasmin have never been demonstrated to cause clinically
important adverse effects. The clinically most important
side effect of aprotinin is a rarely occurring but sometimes
serious allergic or anaphylactic reaction. The use of
aprotinin is contraindicated in case of ongoing systemic
intravascular activation of coagulation, as in disseminated
intravascular coagulation (DIC), and in patients with
renal failure. Although many meta-analyses of controlled
clinical trials with aprotinin have confirmed the potency
of this agent to reduce (perioperative) blood loss and
transfusion requirements [4], the safety of aprotinin was
questioned by a study in 4,374 patients who underwent
elective coronary-artery bypass surgery. The study was
observational
and
non-randomized
but
used
a propensity score method to balance the covariates. Compared with untreated controls, aprotinin (but neither
aminocaproic acid nor tranexamic acid) doubled the

occurrence of severe renal failure, increased the incidence
of myocardial infarction or heart failure by 55%, and was
associated with a nearly twofold increase in stroke or other
cerebrovascular events. Subsequently, similar results were
found in two other studies and in an observational survey
conducted by the manufacturer of aprotinin in 67,000
patients undergoing cardiac surgery. A prospective randomized trial comparing aprotinin and lysine analogues
in 2,331 high risk cardiac surgery patients confirmed
a higher 30 day mortality in the aprotinin group (6.0%)
in comparison with 3.9% in the tranexamic acid group
and 4.0% in the aminocaproic acid group. Based on all
these findings, the FDA has suspended the license of
aprotinin in the USA and the manufacturer has stopped
the distribution of the agent in the rest of the world.
Lysine analogues, that is, e-aminocaproic acid and
tranexamic acid are potent inhibitors of fibrinolysis. The
antifibrinolytic action of lysine analogues is based on the
competitive binding of these agents to the lysine-binding
sites of a fibrin clot, thereby competing with the binding of
plasminogen. Impaired plasminogen binding to fibrin
delays the conversion of plasminogen to plasmin and
subsequent plasmin-mediated fibrinolysis, which then
proceeds at an inefficient and slow rate. Subtle molecular
variations between different lysine analogues may have
important consequences for their fibrinolysis-inhibiting
capacity. Indeed, tranexamic acid (Cyklokapron®) is at
least ten times more potent than e-aminocaproic acid
(Amicar®). The use of lysine analogues is contra-indicated
in situations with ongoing systemic activation of coagulation (such as in DIC) and, furthermore, in case of macroscopic hematuria, since the inhibition of urinary
fibrinolysis due to the high concentrations of the
antifibrinolytic agent in the urine may result in deposition
of urinary tract-obstructing clots. In view of the studies
showing an efficacy in reducing blood loss of tranexamic
acid that is similar to that of aprotinin, tranexamic acid
(most frequently used total dose 3–10 g, usually divided in
a loading dose of 2–7 g, and a maintenance dose of 20–250
mg/h, or given as bolus doses of 1 g, four times daily) is the
most appropriate antifibrinolytic agent for use in patients
with major blood loss or patients undergoing surgery, that
is, high risk for bleeding.
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Bleeding Time
The cutaneous bleeding time is used to evaluate primary
hemostasis, mainly in uremic patients. The test is
performed by making an incision of a standardized
depth and length on the skin of the forearm. A fixed
pressure (usually 40 mm Hg) is applied with a blood
pressure cuff above the level of the incision and the
blood is regularly absorbed with a piece of filter paper.
The time necessary for bleeding to completely stop is
recorded and is the bleeding time. The normal bleeding
time is 2–9 min.

ß-Blocker Toxicity
▶ ß-Adrenergic Antagonist Toxicity

Blood and Body Fluid Exposures
▶ Blood and Body Fluid Exposures and Postexposure
Prophylaxis
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Synonyms
Blood and body fluid exposures; Healthcare personnel
exposures; Needle stick exposure; Occupational exposures
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▶ Healthcare personnel (HCP) are constantly at risk of
exposure to patient blood and body fluids. Preventing
contact with these fluids by means of barrier protection
most successfully minimizes this risk. Even with barrier
protection, it is not usual for HCP to experience contact
with patient bodily fluid through a splash or a needle stick
injury at some point in their career. This entry will discuss
the risks of various types of contact with bodily fluid and
the post exposure prophylaxis (PEP) for Human Immunodeficiency Virus (HIV) that is currently recommended
by the Centers for Disease Control (CDC). It is essential
to follow local hospital recommendations when dealing
with ▶ body fluid exposures. All PEP should be
started with either local experts or with help from University of California PEPline hotline at 888 448 4911. All PEP
should be started within hours rather than days to be
effective [1].
Healthcare personnel are paid or unpaid hospital
workers that are at risk of exposure to body fluids, tissue,
or equipment and surfaces contaminated with such fluids.
HCP are at risk for exposure to Hepatitis B, Hepatitis C,
and HIV viruses. Most hospital workers are immunized
against Hepatitis B. If an exposed employee is not immunized against Hepatitis B, they are given Hepatitis B
vaccine and Hepatitis B immune globulin if a source
patient is found to be positive for Hepatitis B surface
antigen. There is no current PEP, vaccine, or immunoglobulin for Hepatitis C. If a source patient is found
positive for Hepatitis C infection the HCP is tested
monthly for a period of 6 months to determine if they
are infected. PEP is given for HIV if the source patient is
found to be HIV positive. The type of medications given
for HIV PEP is determined by assessing whether the exposure is of high or low risk [2].
The average risk of HIV transmission is 0.3% due to
percutaneous exposure of a needle infection with HIV
infected blood. Several factors have been shown to
increase the risk of developing HIV infection after percutaneous needle injury. These factors include: (1) a deep
injury, (2) injury with a device that was visibly contaminated with the source patient’s blood, (3) a procedure with
a needle being placed in the source patient’s artery or vein,
(4) a high HIV viral load in the source blood, and (5) failure to undergo PEP after an exposure [3].
The risk of HIV transmission due to mucous membrane exposure is 0.09%. There is currently no good
estimation of the risk of ▶ non-intact skin coming in
contact with HIV infected body fluid, but the risk is
thought to be less than that of mucous membrane
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exposure. In addition, the risk of contracting HIV from
a “found” needle without a known source patient is
extremely low. There have been no cases of transmission
reported from a found needle outside a medical setting. In
the medical setting, a “found” needle with no source
patient has only been reported to cause three cases of
HIV in 2 decades. Of note, saliva, urine, feces, respiratory
secretions, and gastric fluid that are not visibly bloody
cannot transmit HIV [4]. Risk of different exposures is
found in Table 1.
Occupational Safety and Health Administration
(▶ OSHA) requirements have been set to ensure that
hospitals and clinics have an exposure control plan
that minimizes employee exposures. OSHA requires that
employers maintain a log of occupational blood exposures
as well as provide expert advice to healthcare personnel
who have come into contact with patient body fluids.
OSHA dictates that the employer is responsible for
providing and paying for postexposure evaluation and
follow-up [5].

Steps to Take when Exposed to Blood or
Body Fluid
1. Remove yourself from the area in which you are
exposed. If you have a needle injury, ensure that the
needle device has been removed from the area so that
there is no danger to others. If you are exposed to
a piece of equipment, reporting the danger to others
is essential. Ensure patient and worker safety at the site
of the incident.
2. Wash the area carefully with soap and water. There has
been no evidence that washing with antiseptics such as
alcohol reduces the risk, but it is not contraindicated.
Caustic substances such as bleach solution are
contraindicated. Mucous membranes should be
flushed with water. If you have experienced an eye
splash, use eye wash station that has been provided
by your facility.

Blood and Body Fluid Exposures and Postexposure Prophylaxis. Table 1 Risk of different exposures
Type of exposure

Risk of contracting HIV from
HIV positive source

Percutaneous

1/300

Mucous membrane

1/1,000

Skin with compromised
integrity

<1/1,000

3. After washing the area carefully, contact the employee
health center or officer at your workplace. Your workplace is required by law to have staff to advise you in
this situation.
4. If the needle injury or blood splash is from an identifiable patient, blood is often drawn from the patient
per hospital policy. This blood is tested for HIV and
Hepatitis C antibody to obtain a baseline on the HCP.
5. If the HIV test is a rapid test that will be complete in an
hour, it is reasonable to wait for this test to decide
whether or not PEP for HIV is necessary. If there is no
rapid test (<1–2 h) PEP should be started immediately. If there is no physician available to help with the
ordering of this medicine, call the PEP hotline at
888 448 4911 for assistance. Rapid PEP has been
shown in studies to reduce the transmission of HIV
and should not be delayed.
6. If Hepatitis C test is positive the healthcare worker will
often have serial blood tests over the upcoming
months to determine if they have contracted
Hepatitis C. Since there is no PEP for Hepatitis C the
test results often take longer than the HIV results.
7. Blood is drawn from the exposed healthcare personnel
to obtain baseline HIV and Hepatitis testing. This
helps determine the need for PEP.
8. Extensive history will be taken as to when and why
the accident occurred. This information can help
determine the type of PEP needed. Employee
health centers take this information very seriously
and use it to prevent similar exposure incidents
from occurring.
9. Healthcare workers that are exposed are told to practice safe sexual practices (condom use) with their
partners until the final tests are determined.

HIV Postexposure Prophylaxis
Guidance for PEP should be obtained from local employee
health clinic, infectious disease specialist, or PEP hotline.
These types of drug recommendations are subject to
change and local variation. The type of PEP regiment
used for this type of exposure depends on whether or
not the exposure is determined to be a high-risk or
a low-risk event. As noted above, the needle stick injury
is thought to be of higher risk when it is from a larger
bore needle (such as one used in obtaining a central line),
if the needle stick injury was a deep puncture wound, if
the needle had been in a vein or an artery, or if the patient
is known to have HIV and a high viral load. The basic PEP
for low-risk exposures includes a two-drug therapy with

Blood Purification

either the combination tablet of emtricitabine 200 mg and
tenofovir 300 mg (Truvada) or a combination tablet of
lamivudine 150 mg and zidovudine 300 mg (Combivir).
The patient is given one tablet each day for 28 days.
The expanded PEP for high-risk exposures includes
one additional combination pill to the above regiment.
This pill is a combination of lopinavir/ritonavir (200mg/
50mg) formulation (Kaletra). This additional pill is given
twice a day with the low risk once a day drug. Of course,
recommendations change rapidly and the start of PEP
should be done in consultation with an expert. The
above dosing instructions are given as examples. If there
is confusion or disagreement about whether or not
the exposure is of low or high risk, it is recommended to
start the expanded dosing for high-risk exposures.
There has been concern about the possibility that the
source patient may have HIV infection but could still be in
the window in which they do not test positive. There has
never been a reported infection from a source still in the
window before seroconversion. In addition, pregnancy is
not a contraindication to start PEP in an exposed HCP.
But, there are risks to these medication and the risks
should be discussed with a knowledgeable expert on
these matters before PEP is begun.
One limitation to the success of PEP is the occurrence
of side effects such as nausea, vomiting, drug interactions,
diabetic exacerbation, and nephrolithiasis. Side effects
causing non-adherence may lead to drug resistant strains
if the healthcare worker becomes infected. It is essential
that once the PEP is started for HIV, the HCP tries to finish
the medications as directed.
Body fluid contact and needle stick injuries are
a source of anxiety for all HCP who experience them. It
is essential that workers act quickly to protect themselves
and their family members when they are exposed to
patient blood and body fluids. As required by law, all
hospitals and health care centers are required to provide
equipment to protect their personnel. They are also
required to test and evaluate both the source patient and
the HCP in event of an exposure. The HCP should find
appropriate help and education in this situation from
their employee health center or from online and phone
resources.
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Blood Gas Analysis
▶ Acid–Base Evaluation

Blood Gases
▶ Arterial Blood Gases Interpretation

Blood in Urine
▶ Hematuria

Blood Pressure Support
▶ Inotropic Therapy
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Synonyms
Transferring one or more blood components from a donor
into the circulation of a patient

Definition
Blood component transfusion aims at correcting blood
loss or shortage of one or more blood components.

Pre-existing Condition
In critically ill patients, massive bleeding is a common
indication for the transfusion of all blood components:
red cells, plasma, and platelets. Even fresh whole blood
may be transfused. In other conditions, blood components are usually transfused for specific indications. Historically, red cells were transfused to correct anemia,
platelets in case of low platelet count or planned invasive
procedures, and fresh frozen plasma in case of hemostatic
disorders or invasive procedures. However, transfusion of
allogenic blood is associated with the risk of allergic reactions, infection transmission, immunosuppression,
increased intensive care unit and hospital lengths of stay,
and increased mortality [1]. Moreover, a hemoglobin level
(Hb) as low as 7 g/dL (4.3 mmol/L) is well tolerated by
critically ill patients and the use of a liberal transfusion
strategy targeting a Hb > 10 mg/dL (6.2 mmol/L) may in
fact lead to a worse clinical outcome. Recently, international guidelines for the transfusion of red cells in adult
trauma and critical care have been developed [1] and
a recent review article summarized five international
guidelines for the transfusion of fresh frozen plasma [2].
Several national guidelines for the transfusion of platelets
have been published, among which two recent guidelines
are in English [3, 4].

Common Indications
The clinical practice guideline for red blood cell transfusion in adult trauma and critical care gives level 1 recommendations for the transfusion of red cells in general
critically ill patients [1]. In addition, risks and alternatives
of transfusion are formulated, as well as strategies to
reduce transfusion.

Red Blood Cell Transfusion
In general critically ill patients, red blood cell transfusion
is indicated for patients with evidence of hemorrhagic
shock and may be indicated for patients with evidence of
acute hemorrhage and hemodynamic instability or inadequate oxygen delivery. In critically ill patients with hemodynamically stable anemia and without acute coronary
syndromes, such as acute myocardial infarction or unstable angina, a target Hb of 7 g/dL (4.3 mmol/L) is as
effective as a target Hb of 10 mg/dL (6.2 mmol/L). In
patients with acute coronary syndromes and a Hb < 8.0
mg/dL (5.0 mmol/L) on hospital admission, red blood cell
transfusion may be beneficial. Level 1 recommendations
for red blood cell transfusion are listed in Table 1.

Plasma Transfusion
Plasma transfusion is generally indicated to correct deficiencies of clotting factors for which a specific concentrate is
not available, in patients with active bleeding or in preparation for surgery or other invasive procedures [2, 3].
An additional indication is apheretic treatment for
microangiopathies, such as thrombotic thrombocytopenic purpura. The indications for plasma transfusion in the
critically ill are summarized in Table 2.

Platelet Transfusion
The transfusion of platelets is indicated for the prevention
and treatment of hemorrhage in patients with thrombocytopenia or platelet function defects [3, 4]. The indications for the transfusion of platelets are summarized in
Tables 3 and 4.

Risks of Transfusion
Blood component transfusion carries several risks with an
impact on morbidity and mortality, such as risk of infection, inflammatory response, and organ failure [1].

Blood Transfusion. Table 1 Level 1 recommendations for the
transfusion of red blood cells in the critically ill
Recommendation
Red blood cell transfusion is indicated for patients with
evidence of hemorrhagic shock
Red blood cell transfusion may be indicated for patients
with evidence of acute hemorrhage and hemodynamic
instability or inadequate oxygen delivery
A target Hb of 7 g/dL (4.3 mmol/L) is as effective as a target
Hb of 10 g/dL (6.2 mmol/L) in critically ill patients with
hemodynamically stable anemia, except possibly in patients
with acute myocardial ischemia

Blood Transfusion

Blood Transfusion. Table 2 Indications for the transfusion of
plasma in the critically ill

Disseminated intravascular coagulation (DIC), in case of
active bleeding
Thrombotic thrombocytopenic purpura, during plasma
exchange
Anticoagulation with vitamin K antagonists, in case of
severe bleeding
Massive transfusion

Blood Transfusion. Table 3 Indications for the therapeutic
transfusion of platelets in the critically ill
Clinical condition

Transfusion
threshold platelets

Surgical patient with active bleeding

50–100  10 /L

Massive transfusion

75  109/L

9

Acute disseminated intravascular
50  109/L
coagulation with major bleeding and
thrombocytopenia
Extracorporeal circulation with
bleeding in the absence of a surgical
cause or other coagulopathy

Not set

Platelet function defects with
perioperative bleeding

Not set

Auto-immune thrombocytopenia
with major or dangerous bleeding

Not set

Post transfusion purpura with severe
hemorrhage

Not set

Peripheral blood stem cell autologous Not set
transplantation with grade II or higher
bleeding according to the WHO
bleeding scale

Clinical condition

Transfusion
threshold platelets

Unstable patients with acute
20  109/L
leukemia, except acute promyelocytic
leukemia
Unstable patients with bone marrow
aplasia or myelodysplasia

10  109/L

Patients after allogeneic bone marrow 10  109/L
transplantation
Patients after autologous peripheral
blood stem cell transplantation

10  109/L

Patients with active treatment for
bladder cancer or necrotic tumors

20  109/L

Patients with active treatment for solid 10  109/L
tumors
Patients scheduled for ocular surgery
or neurosurgery

100  109/L

Patients scheduled for major surgery

50  109/L

Patients scheduled for lumbar
puncture, epidural anesthesia,
endoscopy with biopsy, liver biopsy,
or placement of a central venous
catheter

50  109/L

Patients scheduled for bone marrow
biopsy or marrow aspiration

Not set

(range 5.03–5.43). Blood transfusions change the immune
response of the acceptor, enhancing the production of
prostaglandin E2, interleukin (IL)-4 and IL-10, while
decreasing the production of IL-2, IL-12, and interferon g.
The transfusion effect is superimposed on the T helper 2
skewing associated with trauma and surgery. This results in
impaired monocyte and natural killer cell functions with
reduced phagocytosis and killing of micro-organisms, as
well as a lack of pro-inflammatory response to bacterial
endotoxin. Some studies have demonstrated an association
between prestorage leukocyte reduction and a lower incidence of infectious complications, but because of
conflicting results, the evidence is not definitive.

Risk of Infection
A recent meta-analysis including 20 articles demonstrated
the relationship between allogenic red blood cell transfusion and postoperative infections, such as sepsis, pneumonia, and wound infection. The odds ratio (OR) for
postoperative bacterial infection was 3.45 in the transfused
group (range 1.43–15.15) and was even higher in trauma
patients who received red blood cell transfusion: 5.26
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Blood Transfusion. Table 4 Indications for the prophylactic
transfusion of platelets in the critically ill

Clinical condition
Inherited or acquired deficiencies of clotting factors in case
of active bleeding or in preparation for surgery or other
invasive procedures, when specific factors are not available

B

Risk of SIRS and MODS
Several studies in trauma patients have demonstrated an
association between red blood cell transfusion and the
occurrence of the systemic inflammatory response syndrome (SIRS) and the multiple organ dysfunction syndrome (MODS) [1]. In a prospective observational study,
logistic regression identified transfusion of >4 units of
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blood as a significant risk factor for SIRS. In another large
observational study, a dose–response relationship between
early blood transfusion and the later development of
MODS was demonstrated. Subsequent studies confirmed
this finding and documented that the age of the transfused
blood was an independent risk factor for post-injury
MODS [1].

Risk of Acute Lung Injury (ALI) and Adult
Respiratory Distress Syndrome (ARDS)
Transfusion related acute lung injury (TRALI) is an
immune mediated transfusion reaction leading to acute
respiratory distress, non-cardiogenic pulmonary edema,
and hypoxemia [5]. It is the most common cause of
transfusion-related death worldwide, with a mortality
rate ranging from 5% to 35%. TRALI occurs within
6 h of transfusion with the majority of cases presenting
during the transfusion or within the first 2 h. The onset is
insidious and presents with tachypnea, cyanosis and dyspnea with acute hypoxemia, and decreased pulmonary
compliance despite normal cardiac function. The chest
X-ray shows diffuse, fluffy infiltrates consistent with pulmonary edema. Although all blood components have been
implicated in TRALI, fresh frozen plasma and whole blood
derived platelet concentrates have caused the largest number of cases. Neutrophil-priming agents released in stored
cellular blood components, leukocyte antibodies present
in fresh frozen plasma, and platelet concentrates of multiparous donors have all been considered to be causative.
Autopsy specimens have demonstrated widespread neutrophil infiltration with interstitial and intra-alveolar pulmonary edema, hyaline membrane formation, and
destruction of the normal lung parenchyma consistent
with adult respiratory distress syndrome. The treatment
of TRALI is supportive with supplemental oxygen and
mechanical ventilation. Most cases recover within 72 h.

Risk of Alloimmunization
After ABO and Rhesus-D, antibodies against human leukocyte antigen (HLA) are most frequently found after
blood transfusion. Platelet transfusions are most immunogenic. Platelets and lymphocytes carry a similar density
of HLA class I antigens on their surface, representing
70% of the HLA class I in the peripheral blood. By strict
leukocyte removal from all transfusions, HLA antibody
production can be reduced by two thirds. However,
approximately 15–20% of the recipients of leukocyte
depleted red cell and platelet transfusions still produce
HLA antibodies. This most often occurs in females after

prior sensitization by pregnancies. HLA alloimmunization
is the most frequent cause of a poor response to platelet
transfusion.

Contraindications
Relative contraindications to the transfusion of blood components are heart failure and pulmonary edema [1, 3].
Absolute contraindications to the transfusion of fresh
frozen plasma are documented intolerance to plasma or
its components and congenital deficiency of immunoglobulin A (IgA) in the presence of IgA antibodies [3].
Transfusion of platelets is contraindicated in thrombotic
thrombocytopenic purpura and in heparin-induced
thrombocytopenia [3, 4].

Strategies to Reduce Blood Component
Transfusion
Strategies to reduce red blood cell transfusion include:
● Use of intraoperative and postoperative blood salvaging methods
● Intraoperative use of antifibrinolytic agents such as
aprotinin and tranexamic acid
● Use of recombinant factor VIIa for the management of
intractable nonsurgical bleeding unresponsive to routine hemostatic therapy
● Use of reduced volume blood sampling tubes and the
elimination of automatic daily laboratory orders
● Administration of recombinant human erythropoietin
These strategies are listed as level 2 recommendations in
the clinical practice guideline for red blood cell transfusion in adult trauma and critical care [1] and as level I and
II recommendations in the perioperative blood transfusion and blood conservation in cardiac surgery: the society
of thoracic surgeons and the society of cardiovascular
anesthesiologists clinical practice guideline [6].
Strategies to reduce the use of platelet transfusions
include:
● Lowering of the platelet transfusion threshold to 10 
109/L
● Use of local audits of the use of platelet transfusions
● Use of tranexamic acid during consolidation treatment for acute leukemia
● Use of cytokine growth factors in thrombocytopenia
after chemotherapy or stem cell transplant
● Correction of concurrent coagulopathy in bleeding
thrombocytopenic patients
● Preoperative cessation of anti-platelet therapy whenever possible
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● Avoidance of prophylactic use of platelet transfusions
in patients undergoing cardiopulmonary bypass
● Intraoperative monitoring of platelet count and
thrombelastography with appropriate correction of
abnormalities according to an agreed algorithm
● Intraoperative use of aprotinin and tranexamic acid
● Early return to theatre for surgical bleeding
These strategies are recommended in the guidelines for the
use of platelet transfusions [4].

Applications
Red Blood Cell Transfusion
In the absence of acute hemorrhage, red blood cell transfusion should be given as single units [1]. Since transfusion-associated graft versus host disease (TA-GvHD) is the
most frequent cause of transfusion-associated death,
patients at risk of TA-GvHD should be given gammairradiated red blood cell transfusions [4].

B

counts before and after transfusion, corrected for body
surface area. The CCI should be >7.5  109/L at 1 h and
4.5  109/L at 20–24 h. A low CCI (<7.5  109/L) already
in the first hour, is often associated with alloimmunization
to leukocyte and platelet antigens. A normal CCI at
12 h and a low one (<4.5  109/L) at 20–24 h is usually
associated with non-immunological platelet consumption
such as splenomegaly, sepsis, diffuse intravascular coagulation, or treatment with amphotericin B. Patients with
a low CCI on two or more occasions should be screened
for immunological causes of their platelet transfusion
refractoriness. The use of ABO compatible fresh platelet
concentrates (produced within 48 h before transfusion)
is important to determine whether platelet refractoriness is antibody-mediated. Platelets collected more
than 48 h before transfusion have a shortened survival
in patients with non-immunological platelet refractoriness.
Since transfusion-associated graft versus host disease (TAGvHD) is the most frequent cause of transfusion-associated
death, patients at risk of TA-GvHD should be given
gamma-irradiated platelet concentrates [4].

Plasma Transfusion
Fresh frozen plasma must be ABO-compatible, whereas
Rhesus compatibility is not necessary [3]. The plasma
must be thawed between 30 C and 37 C in a water bath
under continuous agitation or with another system to
ensure a controlled temperature. Fresh frozen plasma
must be transfused as soon as possible after thawing, but
in any case within 24 h, if stored at 4 C  2 C. The plasma
must not be refrozen after thawing. The recommended
dose of fresh frozen plasma is 10–15 mL/kg body weight.
However, the dose depends on clinical situation and laboratory parameters, which may justify the administration
of higher doses.

Management of Adverse Effects
Hospitals should have policies for the management and
reporting of adverse events following transfusion, including reporting to Serious Hazards of Transfusion (SHOT).
If a transfusion reaction is suspected, the transfusion
should be stopped immediately, and the patient’s temperature, pulse, and blood pressure recorded. Further
management depends on the type and severity of the
reaction [4].
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subsequent transfusions. The corrected platelet count
increment (CCI) can be calculated from the platelet
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Blunt Abdominal Trauma

Blunt Abdominal Trauma
▶ Abdominal Trauma

Blunt Avulsion of the Scapula
▶ Scapulothoracic Dissociation

Blunt Cardiac Injury
▶ Myocardial Contusion

Blunt Carotid Injury (BCI)
▶ Blunt Cerebrovascular Injury

Blunt Cerebrovascular Injury
WALTER L. BIFFL
Department of Surgery, Denver Health Medical Center,
Denver, CO, USA

Synonyms
Blunt carotid injury (BCI); Blunt vertebral artery injury
(BVI)

Definition
Blunt cerebrovascular injury (BCVI) is an injury to the
carotid or vertebral artery due to a blunt force such as
direct pressure, crushing, or stretching.

Mechanism/Pathophysiology
There are four fundamental mechanisms of BCI [1].
The first, originally thought to be most common, is
a direct blow to the neck, including clothesline-type,

strangulation, and near-hanging injuries. The most common mechanism appears to be due to hyperextension and
contralateral rotation of the head and neck. This may be
explained by anatomical relationships: the lateral articular
processes and pedicles of the upper three cervical vertebrae project more anteriorly than do those of the lower
four cervical vertebrae. The overlying distal cervical internal carotid artery is prone to stretch injury during cervical
hyperextension. Rotation at the atlantoaxial joint may
result in anterior movement of the contralateral C1 lateral
mass, further exacerbating a stretch injury. The third type
of mechanism results from intraoral trauma, and may be
seen in children who have fallen with a hard object (such as
a toothbrush) in their mouth. The fourth mechanism is
injury from bony fragments in the setting of a basilar skull
fracture involving the carotid canal. The primary mechanism of vertebral artery injury is stretch or laceration
during cervical spine fracture or distraction injury [1].
Regardless of the underlying mechanism of injury, the
final common pathway of BCVI in most cases is intimal
disruption. This exposes the thrombogenic subendothelial
collagen, promoting platelet aggregation with subsequent
thrombosis or embolization. In addition, the intimal tear
offers a portal of egress for a dissecting column of blood.
Dissection may result in progressive luminal narrowing
and subsequent vessel occlusion. Whether it is due to
thromboembolism or vessel occlusion, the end result,
particularly in the setting of multisystem trauma with
hypotension, is cerebral ischemia. Less commonly, partial
or complete transection of the artery occurs, resulting in
pseudoaneurysm formation or free rupture. The former
may increase in size to compress and occlude the vessel
lumen; it may be the source of platelet thromboembolism;
or it may rupture. Rupture may result in intra- or extracranial hemorrhage, or arteriovenous fistula formation.
The clinical manifestations of BCVI depend upon the
type of injury, but ultimately the involved artery and
the collateral circulation determine the manner in which
the injury presents.

Incidence
Early multicenter reviews suggested an incidence of BCI of
0.08–0.17% among patients admitted to trauma centers
following blunt trauma, but more recent series reported
incidences of 0.24–0.33%. The argument that the incidence actually is increasing is supported by the fact that
nearly all the patients in the series published through 1997
were symptomatic at the time of diagnosis. By screening
asymptomatic individuals, many centers have reported
BCVI in 1.0–1.6% [2].
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Treatment
Acute
The primary management strategies for BCVI include
observation, surgical repair, antithrombotic drugs, and
endovascular therapy. In determining the treatment for
an individual, the location and grade of the injury
(Table 1), as well as symptomatology, must all be considered [1]. Given the high morbidity and mortality rates
associated with BCVI, observation should not be chosen
unless there are contraindications to alternative strategies.
Extrapolating from penetrating trauma literature, wherein
neurologic morbidity and mortality were better in those
undergoing operation, early reports recommended surgery in the absence of completed hemiplegic deficits.
However, the vast majority of BCVI are not surgically
accessible, involving the carotid artery at the base of the
skull. Thus, inaccessibility precludes direct surgical repair
in most patients. Extracranial-intracranial bypass has been
successfully employed in select patients, but this remains
a controversial concept. Consequently, nonsurgical management is the first-line treatment of BCVI. There have
been no published prospective randomized studies comparing treatment strategies; management recommendations have been made based on retrospective analyses of
patients managed per institutional protocols. Early reports
recommended systemic anticoagulation with heparin,
demonstrating improved neurologic outcomes among
symptomatic patients, as well as stroke prevention among
asymptomatic patients. A few retrospective, uncontrolled
case series, as well as more recent large reports, suggest that
systemic heparinization and antiplatelet therapy are equally
efficacious in stroke prevention [3, 4]. In the absence of
controlled data, systemic heparin may be preferred among
patients with neurologic symptoms and in those who have
no contraindications [2]. Many case reports tout

Blunt Cerebrovascular Injury. Table 1 Blunt carotid and
vertebral arterial injury grading scale [1]
Injury grade Description
I

Luminal irregularity or dissection with <25%
luminal narrowing

II

Dissection or intramural hematoma with
25% luminal narrowing, intraluminal
thrombus, or raised intimal flap

III

Pseudoaneurysm

IV

Occlusion

V

Transection with free extravasation
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endovascular interventions for various types of BCVI,
but there have been no controlled trials. Case series offer
discrepant results [2, 3]. It is clear that controlled trials are
needed, that caution should be used during stent deployment to avoid dislodging unstable thrombus, and that
post-stent antithrombotic therapy is critical.
Treatment recommendations are based on injury location and grade [5]. Grade I injuries have a low stroke risk
and high rate of resolution with antithrombotic therapy [2].
Their lack of flow-limiting potential makes surgery or
endovascular treatment unnecessary; thus, antithrombotic therapy is recommended. Higher-grade
(II-V), surgically accessible lesions should be approached
surgically. Nonsurgical management recommendations
are as follows. Grade V injuries are associated with high
mortality and mandate immediate attempts at control.
Given their relative inaccessability, this typically involves
endovascular techniques. Grade IV injuries – occlusions –
may have a lower stroke rate when treated with
antithrombotic therapy [2]. Although it seems to be
performed occasionally, there is no good literature support for embolization to “reduce the pressure head” proximal to an occlusion. Grade II and III injuries are typically
treated with antithrombotic therapy. In the setting of
progressive vessel narrowing or pseudoaneurysm enlargement, stents have been deployed in an effort to maintain
vascular patency [2, 3]. As stated, the literature base for
this is not robust. A follow-up imaging study is
recommended 7–10 days after injury, or for any change
in neurologic status. Therapy may be changed in 65% of
Grade I and 51% of Grade II injuries, and the imaging may
help plan therapy for Grade III injuries [2].

Long Term
There are no good long-term outcome data. It has
been recommended that patients receive long-term
antithrombotic therapy [5], but the optimal drug and
duration have not been studied. In the absence of
documented healing of the vessel, it is reasonable to provide some treatment, as stroke has been reported as long as
14 years after injury. Coumadin was recommended in
early series [2, 3], but with the apparent efficacy of
antiplatelet therapy in the early period, it seems that
long-term antiplatelet therapy is preferable to warfarin
for its safety and cost profile. Aspirin and clopidogrel
have different mechanisms of action; in addition, some
individuals are resistant to the effects of one or both drugs.
Several studies have evaluated the safety and efficacy of
dual antiplatelet therapy (aspirin combined with
clopidogrel) in various clinical situations, primarily
related to cardiovascular disease. However, based on the
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increased bleeding risk, and the lack of benefit or increase
in mortality in various clinical situations, dual therapy is
not recommended for BCVI until more data become
available.

Evaluation/Assessment
Clinical Presentation
Premonitory signs and symptoms associated with the
vessel injury itself may suggest the presence of BCVI
prior to manifestations of cerebral ischemia [1]. Pain
(neck, ear, face, or periorbital) can be a common symptom, present in up to 60% of patients, and is believed to
reflect either mural hemorrhage or dissection of the vessel
wall. Complaints of such pain are often difficult to elicit in
the multiply injured patient and may be attributed to
other injuries; however, BCVI must be considered in the
differential diagnosis of post-traumatic neck pain and
headache. Horner’s syndrome or oculosympathetic paresis (partial Horner’s syndrome) may result from disruption of the periarterial sympathetic plexus. Pupillary
asymmetry can have several etiologies in the injured
patient. However, if the larger of the pupils is reactive
and the smaller pupil is not, BCVI should be suspected
on the side of the smaller pupil.
Systematic neurologic examination will help to localize the distribution of cerebral ischemia. No single neurologic finding allows a precise diagnosis, but the
constellation of findings may identify the involved artery.
A detailed review of the manifestations of cerebral ischemia has been presented elsewhere [1]. Cerebral ischemic
signs or symptoms may be absent in many patients with
acute BCVI. A latent period between the time of injury
and the appearance of clinical manifestations is characteristic of BCVI, and relates to its pathophysiology. Unless the
vessel is immediately occluded, time is required for
a platelet plug to form and either limit flow or embolize.
In various series, 23–50% of patients first developed signs
or symptoms of BCI more than 12 h after the traumatic
event. Delayed recognition may occur in the face of
multisystem trauma, with critical injuries demanding
immediate attention, or head injury, which may preclude
a meaningful neurologic examination. In order to make
the early diagnosis of BCVI it is imperative that the surgeon recognize the signs and symptoms in a trauma
patient. These include: arterial hemorrhage from neck,
mouth, nose, ears; large or expanding cervical hematoma;
cervical bruit in a patient <50 years old; focal or
lateralizing neurologic deficit, including hemiparesis,
transient ischemic attack, Horner’s syndrome,

oculosympathetic paresis, or vertebrobasilar insufficiency;
evidence of cerebral infarction on computed tomography
(CT) or magnetic resonance imaging (MRI) scan; or neurologic deficit that is incongruous with CT or MRI
findings.

Screening
Stroke rates are significantly lower in treated patients
when compared to untreated patients, and screening
appears to be cost-effective [2, 3]. Identification of
a high-risk group for screening has been debated in the
literature. Analyses of screening have identified the following list of high-risk factors for BCVI: (a) an injury
mechanism compatible with severe cervical hyperextension/rotation or hyperflexion; (b) Lefort II or III midface
fractures; (c) basilar skull fracture involving the carotid
canal; (d) closed head injury consistent with diffuse axonal
injury with Glasgow Coma Score <6; (e) cervical vertebral
body or transverse foramen fracture, subluxation, or ligamentous injury at any level, or any fracture at the level of
C1-C3; (f) near-hanging resulting in cerebral anoxia; or
(g) seat belt or other clothesline-type injury with significant cervical pain or swelling or altered mental status. In
such high-risk groups, 15–30% of screened patients will be
found to have BCVI. With the improved accuracy of
noninvasive screening modalities, there is a tendency to
liberalize screening in an attempt to capture all injuries,
rather than restricting screening to the highest-risk
groups. Broadened screening guidelines may include combined thoracic and cervical or cranial injuries, but there
have not been any large-scale analyses to determine the
yield of such protocols.

Imaging
Four-vessel biplanar cerebral arteriography (ART) has
been considered the gold standard for diagnosis of BCVI.
Unfortunately, it is invasive and resource-intensive, and its
risks include complications related to catheter insertion
(1–2% hematoma; arterial pseudoaneurysm), contrast
administration (1–2% renal dysfunction; allergic reaction), and stroke (less than 1%) [2]. Duplex ultrasonography (US) is widely considered the modality of choice for
imaging the extracranial carotid arteries; however, experience in diagnosing BCVI is limited. In a multicenter
review, US had 86% sensitivity for identifying ICA injuries. In that series it was noted that the lesions missed by
US were located at the base of the skull. Since the large
majority of BCI involve the artery at or near the base of the
skull, this is a major limitation of US. It is also unreliable
in imaging the vertebral artery. Furthermore, while duplex

Blunt Cerebrovascular Injury

can provide indirect evidence of injuries by detecting
turbulence and other flow disturbances, these findings
are not reliable in the presence of stenoses <60%. More
recently, in a series of 1,451 blunt trauma patients, US
missed eight injuries that resulted in stroke, and its overall
sensitivity was just 39%. Consequently, there is virtually
no role for US for BCVI screening. At one time, magnetic
resonance angiography (MRA) held great promise to supplant ART. Potential advantages of MRA include the capability to simultaneously image the entire head and neck
and to detect cerebral infarction earlier than CT scanning,
and avoid contrast. The successful demonstration of BCVI
by MRA has been reported by a number of investigators.
However, prospective trials documented poor sensitivity
and specificity of MRA when compared directly to ART.
Given issues such as timeliness of availability and incompatibility of equipment, MRA is not considered a standard
screening test for BCVI.
Recently, computed tomographic arteriography
(CTA) has gained popularity in the evaluation of the
cervical vessels. There are many features of CTA that
make it an attractive screening tool for BCVI. First and
foremost, patients who are identified for screening typically have indications for CT scanning of other regions.
Thus, additional “road trips” are unnecessary. The BCVI
can be visualized along with associated brain injuries,
facial or basilar skull fractures, or cervical spine injuries.
In addition, the study is noninvasive, examination times
are relatively short, and the image can be manipulated in
three dimensions. Finally, the required dye load is less than
that used for cerebral arteriography. The first two prospective studies performed in trauma patients to assess the
accuracy of CTA versus ART were unfavorable, with poor
sensitivity of CTA for BCVI. However, these studies evaluated early-generation (1- and 2-slice) scanners. More
recently, investigators have reviewed cohorts of patients
undergoing multidetector-row (4- and 8-slice) CTA as
well as ART. Sensitivity for BCI was better, ranging from
83% to 92%, and sensitivity for BVI ranged from 40% to
60%. Sixteen-slice CTA has been adopted by a number of
centers and appears to reliably identify clinically significant BCVI. Three published studies have evaluated the
accuracy of 16-slice CTA compared with ART. The first
reported 100% sensitivity of 16-slice CTA for carotid, and
96% sensitivity for vertebral artery injuries. In another
study, ART was performed on a subset (30%) of patients
with normal CTA, and it was found that CTA missed seven
BCVI among 82 patients, for a negative predictive value of
92%. However, on retrospective review of the CTA images,
the investigators found that the injuries were evident in six
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of the seven patients, and that the seventh patient’s abnormality was most likely not traumatic in origin. Still more
recently, a group has offered a note of caution, reporting
43% false (+) and 9% false () rates for CTA. However,
the inaccuracy of CTA once again appeared to be related in
large part to the radiologists’ experience, as all of the
missed BCVI occurred in the first half of the study period.
Thus, it appears that 16-slice CTA is reliable for screening
for clinically-significant BCVI, but that the accuracy
diminishes with fewer detector-rows. Although
a relatively high false (+) rate suggests CTA may be
oversensitive, ART may be warranted in the setting of
high clinical suspicion but a normal CTA, to definitively
exclude an injury [4]. A relatively high false (+) rate
suggests CTA may be oversensitive. However, ART may
be warranted in the setting of high clinical suspicion and
a normal CTA, to definitively exclude an injury.

After-care
As noted above, long-term antiplatelet therapy is recommended. Patients may be referred for follow-up imaging 3 months after discharge. If the lesion is healed,
treatment may be discontinued. If the injury is still evident, antiplatelet therapy is continued. It might be argued
that simply continuing lifelong antiplatelet therapy with
aspirin is a low-risk, cost-effective alternative to follow-up
imaging. This should be individualized [5].

Prognosis
In early reports, BCVI-related stroke was associated with
28% mortality, and permanent neurologic deficits persisted
in 58% of survivors. In recent series, stroke-related mortality has not improved. Asymptomatic patients do well, with
a late stroke rate approaching 0%. The incidence of bleeding
complications related to treatment is less than 10%.
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Blunt Chest Trauma

Blunt Chest Trauma
▶ Flail Chest

Body Fluid Exposure
A percutaneous injury (needle stick exposure or skin laceration with needle), mucous membrane or non-intact
skin exposure to blood, tissue, or other bodily fluids that
could place a health-care worker at risk for HIV.

Blunt Injury
▶ Patterns of Injury

Body Fluids Noninfectious for HIV
Blunt Injury Thoracic Aorta

Feces, nasal secretions, saliva, sputum, sweat, tears, urine,
and vomitus (unless visibly bloody).

▶ Torn Thoracic Aorta

Blunt Vertebral Artery Injury (BVI)
▶ Blunt Cerebrovascular Injury

BMT
Bone marrow transplantation. A procedure in which bone
marrow that is diseased (or damaged) is replaced by
healthy bone marrow. The bone marrow to be replaced
may be deliberately destroyed by high doses of chemotherapy and/or radiation therapy. The replacement marrow may come from another person, or it may be the
patient’s own marrow (which was removed and stored
before treatment). When marrow from an unrelated
donor is used, the procedure is an allogeneic bone marrow
transplantation. If the marrow is from an identical twin, it
is termed “syngeneic.” Autologous bone marrow transplantation uses the patient’s own marrow.

Body Fluids Possibly Infected
with HIV
Blood, semen, vaginal secretions, cerebrospinal fluid,
pleural fluid, peritoneal fluid, pericardial fluid, and amniotic fluid.

Boerhaave’s Syndrome
Emesis-induced rupture of the esophagus leading to
mediastinitis.
▶ Mediastinal Infections

Bomb Explosions
▶ Multidimensional Injury

Bomb Injuries
BMT Infections
▶ Bone Marrow Transplant: Infectious Complications

BNP
▶ B-Type Natriuretic Peptide

C. CRAWFORD MECHEM
Department of Emergency Medicine, Hospital of the
University of Pennsylvania, Philadelphia, PA, USA
Philadelphia Fire Department, Philadelphia, PA, USA

Synonyms
Blast injuries; Explosive injuries

Bomb Injuries

Definition
A bomb is a device containing a solid or liquid material
that can undergo rapid conversion to a gas with the generation of tremendous amounts of heat and pressure.
Necessary components include an oxidizing agent, such
as ammonium nitrate; a fuel, such as fuel oil; and an
initiating stimulus. Potential stimuli include friction,
direct impact, shock, heat, or an electrostatic discharge.
Radio waves, such as from a handheld radio or cell phone,
can also function as remote stimuli.
Bomb injuries result from exposure to explosions in
a variety of settings including the workplace (forestry,
mining, oil exploration, and ordinance disposal personnel), warfare, and terrorist attacks. The latter category is
perhaps of greatest concern for civilian medical providers.
While much attention has been placed on the medical
consequences of chemical, biological, or radiological
weapons of mass destruction, terrorist attacks involving
explosives continue to generate far more casualties. The
increasing death toll among American and other coalition
soldiers in the Middle East as a result of improvised
explosive devices (IEDs) illustrates the popularity of
explosives as a terrorist weapon. Their appeal is based on
their low cost, relatively low risk, ease of manufacture,
predictable results, ready availability of component parts,
and the variety of delivery options.
Explosives are classified as “high-order” and “loworder.” High-order explosives “detonate,” meaning they
are almost instantaneously converted to gases at very
high pressures. The gases expand at greater than
1,000 m/s, producing a supersonic, overpressurization
blast wave and very high winds. The overpressurization
wave leaves behind a relative vacuum at the site of detonation. This in turn causes an underpressurization wave
that tends to pull objects back inward. Examples of highorder explosives are C-4, Semtex, TNT (trinitrotoluene),
and dynamite.
Unlike high-order explosives, low-order explosives
undergo “deflagration,” meaning they burn rather than
detonate. Energy is released more slowly, so an overpressurization wave is not generated. While still potentially
deadly, low-order explosives do not cause the characteristic injuries associated with the rapid pressure changes and
shearing forces seen with high-order explosives. Examples
of low-order explosives are black powder and fireworks.
Injuries from explosives are categorized as “primary,”
“secondary,” “tertiary,” “quaternary,” and “quinary” [1].

Primary Blast Injuries
Primary blast injuries result from the direct effect of
overpressurization and underpressurization waves. They
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most commonly involve air-filled structures, specifically
the ears, lungs, and bowels. The tympanic membrane
(TM) is the most susceptible, with damage occurring
from as little as 5 lb per square inch above atmospheric
pressure. Patients may present with decreased hearing. On
physical exam, hemotympanum or TM rupture may be
noted. At higher pressures, injury to the middle and inner
ear may occur. Consequences include tinnitus, vertigo,
ossicle dislocation, and perforation of the oval or round
window. In severe cases, hearing loss may be permanent.
The lungs are the structures next most frequently
injured by a bomb blast wave. Pulmonary injuries are
also the most common critical primary blast injury. They
include hemo- or pneumothorax, pneumomediastinum,
air emboli, and pulmonary contusions. Patients may present with dyspnea, chest pain, cough, or hemoptysis.
Findings on physical exam include hemodynamic instability, tachypnea, hypoxia, cyanosis, wheezing, decreased
breath sounds, subcutaneous emphysema, and respiratory
arrest. A characteristic butterfly pattern is frequently seen
on chest radiograph.
Acute air embolism is another manifestation of pulmonary blast injury. Emboli most frequently occlude
blood vessels in the brain or spinal cord and may produce
acute neurologic symptoms. Emboli to the coronary vessels can produce ST-segment elevation and hypotension.
Primary blast injuries of the bowel most commonly
result from underwater explosions and often involve the
colon, producing perforation or mesenteric ischemia.
Symptoms may be delayed and include nausea, abdominal
pain, and hematemesis.
While primary blast injuries most commonly affect
hollow viscera, solid organs can be injured as well. Examples are cardiac contusion or myocardial infarction, renal
contusion or laceration, concussion or air emboli to the
brain, globe rupture or hyphema, and testicle rupture.

Secondary Blast Injuries
Secondary blast injuries are the leading cause of death and
injury in military and civilian terrorist bombings. They
result from projectiles from the explosion, such as flying
debris from IEDs, shrapnel from military explosives, and
glass from shattered windows.

Tertiary Blast Injuries
Tertiary blast injuries result from individuals being
thrown by the blast wind and can affect any part of the
body. Common injuries include fractures, traumatic
amputations, blunt trauma to the chest and abdomen,
and open and closed head injuries.
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Quaternary Blast Injuries
Quaternary blast injuries are most others and include
toxic inhalation, radiation exposure, asphyxiation
(including carbon monoxide and cyanide), dust inhalation, and chemical and thermal burns. While the heat
generated by an explosion generally dissipates rapidly,
thermal burns may still be extensive and are often associated with significant inhalational injury. In the context of
an explosion causing structural collapse, crush syndrome,
characterized by rhabdomyolysis, hyperkalemia, and
oliguric renal failure, is frequently encountered. Compartment syndrome is also a serious concern.

Quinary Injury
The fifth category, the quinary injury pattern, was recently
introduced based on a case series of casualties who were in
close proximity to the detonation of a terrorist bomb in
Israel. This injury results from an immediate hyperinflammatory state characterized by hyperpyrexia, sweating, low central venous pressure, and a positive fluid
balance.

Treatment
Victims of bombings can suffer a wide variety of injuries.
For example, the most frequently encountered injuries
among survivors of the 2004 Madrid train bombings
were ruptured TMs; chest trauma including rib fractures,
pneumothorax, and hemothorax; shrapnel wounds; fractures; burns; eye injuries; head trauma; abdominal
trauma; amputations; and stress reactions [2]. Management of the more commonly encountered conditions will
be discussed.

Ruptured Tympanic Membrane
Initial management of ruptured TMs consists of removal
of debris from the auditory canal and referral to an otolaryngologist for further evaluation and definitive care.
The patient should be instructed to keep the ears dry.
The role of prophylactic antibiotic drops is subject to
debate. However, if used, ototoxic medications such as
gentamicin, neomycin, or tobramycin, should be avoided.
In the majority of cases, TM perforations will heal
spontaneously. In the remaining cases, paper patch
myringoplasty or tympanoplasty may be required.

Pulmonary Blast Injury
Management consists of respiratory support and avoidance of further barotrauma. Because physical activity can
worsen symptoms, the patient should be encouraged to

rest. Most hemo- and pneumothoraces require immediate
decompression. High-peak inspiratory pressures should
be avoided in patients requiring respiratory support due
to the risk of exacerbating underlying injuries such as air
embolism. Likewise, overly aggressive fluid resuscitation
must be avoided because of the risk of precipitating pulmonary edema.

Acute Air Embolism
High-flow oxygen is administered with a tight-fitting
mask. As is the case with other pulmonary blast injuries,
positive pressure ventilation should be avoided or minimized. Placing the patient on his or her left side may
prevent further embolization of bubbles. The value of
placing the patient in the Trendelenberg position is now
in question. Aspirin administration may hasten recovery
by blunting the associated inflammatory response [3].
Finally, hyperbaric oxygen therapy should be considered
as definitive treatment.

Shrapnel Wounds
The treatment is similar to that of low-velocity gunshot
wounds, including local wound care and appropriate tetanus prophylaxis. Because IEDs and other devices
containing nails, bolts, or other small, sharp objects can
leave deceptively benign-appearing wounds, radiographs
should be used liberally to identify foreign bodies and
associated injuries.

Rhabdomyolysis and Crush Syndrome
Crush forces can cause localized muscle injury along with
systemic abnormalities such as electrolyte disturbances,
hypovolemia from third-spacing, and renal failure. Treatment consists of aggressive intravenous fluid administration, initially using isotonic saline to maintain a urine
output off at least 200–300 mL/h. Success of therapy may
be monitored with serial creatine kinase (CK) determinations. To enhance diuresis, intravenous mannitol can be
added after volume deficits are corrected. Alkalinization of
the urine is recommended to minimize the deposition of
myoglobin casts in the kidneys with resultant nephrotoxicity. This can be accomplished by adding three ampules
(44 mEq each) of sodium bicarbonate to a liter of 5%
dextrose in water. This is infused at 100 mL/h, titrating to
maintain a urine pH of 6.5.
Because of the risk of life-threatening hyperkalemia,
serum electrolytes should be closely monitored.
Depending on the severity, hyperkalemia is treated with
calcium chloride, sodium bicarbonate, glucose, insulin,
sodium polystyrene, and an inhaled b2 agonist. In
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refractory cases, hemodialysis may be required. Calcium
and phosphate abnormalities may also be noted but generally only require treatment if the patient becomes symptomatic [4].

Compartment Syndrome
Compartment syndrome is a limb-threatening and potentially life-threatening emergency that results when tissue
pressure within a fascia-enclosed compartment exceeds
perfusion pressure. It often occurs in the setting of longbone fractures or crush injury. Symptoms and physical
findings are frequently unreliable. Therefore, when
suspected, intracompartment pressures should be measured in coordination with the appropriate consultant.
If elevated, emergent fasciotomy should be performed to
restore tissue perfusion.

Burns
The management of blast injury victims with burns consists of airway support, fluid resuscitation, tetanus prophylaxis, adequate analgesia, wound care, and prevention
of complications. When inhalation injury is suspected,
early endotracheal intubation is prudent. Inhalation
injury should be suspected in patients who were in an
enclosed-space explosion or those with facial burns, carbonaceous sputum, voice change, or respiratory distress.
Fluid resuscitation should be initiated early to avoid burn
shock. This is a combination of hypovolemic and distributive shock characterized by hypovolemia, increased
systemic vascular resistance, and decreased cardiac output. Delays in fluid resuscitation of just 2 h can increase
mortality. Appropriate fluid administration requires an
accurate determination of the total body surface area
(TBSA) affected by the burn. Therefore, a Lund–Browder
chart should be completed early in the patient’s care.
Lactated Ringer’s solution is then administered in accordance with the Parkland formula, 4 mL/kg/TBSA burned.
Half of this volume is infused over the first 8 h, with the
rest given over the next 16 h. Target physiological parameters are a urine output of 0.5 mL/kg/h and a pulse less
than 110. While under-resuscitation can increase morbidity and mortality, overly aggressive fluid administration
can also be harmful, with consequences including pulmonary edema and abdominal compartment syndrome.
Once the patient has been stabilized, local burn care
should be initiated. This involves daily hydrotherapy with
debridement of devitalized tissue. A topical antibiotic,
such as silver sulfadiazine, is then applied to reduce
the risk of infection. Escharotomy and skin grafting may
be required. The patient’s nutritional needs should be
addressed early. Finally, the patient should be observed

B

365

for complications such as hypothermia, compartment
syndrome, stress ulcers, and deep venous thrombosis [5].

Eye Injuries
Serious eye injuries are seen in up to 28% of survivors of
explosions. They include lacerations, orbit fractures,
hyphema, optic nerve injury, thermal or chemical burns,
and globe rupture. Visual acuity should be assessed.
Chemical burns are initially managed with irrigation
with sterile saline for up to 60 min. If injury due to an
acid or base is suspected, pH of the eye should be monitored until it reaches 7–7.4. In the case of penetrating
trauma to the globe, a protective convex shield should be
applied pending definitive care. A CT of the brain and
orbits can help to localize foreign bodies and identify
associated injuries. Tetanus prophylaxis, intravenous antibiotics, and antiemetics may be warranted. Early ophthalmologic consultation is recommended for all but the most
minor eye injuries.

Evaluation/Assessment
The vast majority of fatalities from a bombing incident are
instantaneous. These deaths are usually due to shrapnel
injuries; brain trauma; multiorgan system trauma, particularly involving the brain and thorax; and long-bone
fractures. An estimated 9–22% of survivors have critical
injuries. Thus, most survivors have injuries that are not
life-threatening and can be managed as outpatients. These
are generally minor secondary and tertiary blast injuries,
such as soft tissue trauma and minor fractures. Contamination of these wounds with debris or, in some cases,
body fluids from other victims, is a strong possibility.
Multiple factors affect the severity of bomb injuries.
These include the amount of explosive used, the intensity
and duration of the overpressurization and underpressurization waves, the distance of the victim from the
explosion, and whether the bomb contained shrapnel.
Injuries will generally be less severe if the victim is shielded
by a substantial structure or object. Similarly, the use of
body armor will be protective against shrapnel. However,
it may also paradoxically increase the risk of pulmonary
blast injuries. Explosions that cause structural collapse
may lead to crush injuries or compressive asphyxia. Explosions occurring in water can result in greater severity of
injury and have a lethal radius three times that of explosions in air. Likewise, explosions within confined spaces
can be more devastating, as the blast wave tends to reverberate off of walls and around corners, increasing in
intensity two- to ninefold. To illustrate this, a study from
Israel showed a mortality of 7.8% among victims of openair bombings compared with 49% among victims of
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bombings on buses. Finally, injuries can be made more
complicated if toxic or radioactive materials have been
combined with the explosive.

Prehospital Assessment
Prehospital assessment of victims should only be initiated
once the safety of providers is ensured. Secondary devices
and booby-trapped victims may be a very real concern.
Local policies should guide the use of handheld radios and
cell phones, which can remotely detonate another explosive device. With the help of law enforcement, a perimeter
around the area should be established to limit access by
Good Samaritans and the media. Patient care consists of
triage followed by standard trauma interventions. Personal protective equipment should be worn because of
potential exposure to body fluids and tissues. Triage can
be complicated by the fact that patients may be unable to
hear due to ruptured TMs. Unless providers have experience with victims of bombings, there is a tendency to
overestimate the severity of injuries, which can tax limited
trauma center resources. This can be minimized by ongoing training, drills, and close onsite supervision.
Depending on the context, decontamination of victims
may be necessary either before or at the same time as
patient care. Finally, while not a primary concern, emergency responders should be cognizant of the fact that they
are working in a crime scene and so should try to avoid
moving or destroying what could be important evidence
for the associated law enforcement investigation.

Emergency Department Assessment
As a rule, half of all victims of bombings will arrive at the
emergency department (ED) in the first hour following
the incident. The least injured generally arrive first, often
bypassing Emergency Medical Services (EMS), coming in
on foot or by private vehicle. Hospitals closest to the
incident will be most heavily impacted, receiving
50–80% of all casualties. This is regardless of whether
they are trauma centers.
Assessment and management are guided by standard
trauma principles. The patient’s airway, breathing, and
circulation should be addressed and resuscitation initiated
as indicated. The fully exposed patient should then be
examined from head to toe and definitive care administered. The lungs, abdomen, and TMs of all victims should
be carefully examined. If the TMs are intact and the
patient is asymptomatic, primary blast injury is unlikely.
If the TMs are ruptured, but the patient is otherwise
asymptomatic, a chest radiograph should be obtained
and the patient observed for approximately 6 h. Pulmonary injuries may evolve over time, so despite a normal

initial chest radiograph, repeat imaging is recommended if
the patient develops respiratory symptoms.
In addition to chest radiographs, frequently ordered
diagnostic tests include spine and extremity films, and
computerized tomograms (CTs) of the head, chest, abdomen and pelvis. Laboratory studies will be guided by the
severity of injuries and any preexisting medical conditions. A baseline complete blood count may be considered,
along with electrolytes, type and cross, coagulation studies, urinalysis, and, if rhabdomyolysis is a consideration,
a total CK.

After-care
Patients exposed to an open-air explosion who remain
asymptomatic after a 6–8 h period of observation can be
discharged from the ED. Those exposed to a closed-space
explosion, an in-water explosion, and those with ruptured
TMs should be watched longer, with a low threshold for
admission. The disposition of other patients will be
guided by symptoms and associated injuries. Aftercare of
patients discharged either from the ED or inpatient service
will likewise be determined by their specific injuries. All
patients should be educated on the symptoms of
post-traumatic stress disorder and other stress reactions
and appropriate referrals given when indicated.

Prognosis
The prognosis of victims of bomb injuries is greatly
dependent on the injuries sustained. In the combat
arena, increased use of body armor has resulted in the
survival of victims who would previously have died of
their wounds. Many of their injuries, such as traumatic
brain injuries and mangled extremities, may be devastating and require complicated and long-term care. However,
increasing familiarity with these injuries combined with
advances in medicine is helping to decrease mortality and
long-term morbidity.
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Synonyms
BMT infections; Immune compromised hosts

Definition
Bone marrow transplant, now more commonly referred to
as hematopoietic cell transplant (HCT), describes the
procedure in which damaged marrow is replaced with
healthy hematopoietic stem cells obtained from marrow,
peripheral blood, or umbilical cord blood units. This
damage can be iatrogenic, as in the setting of high dose
chemotherapy followed by autologous hematopoietic cell
infusion, or due to inherent damage from malignancy
requiring a donor hematopoietic cell graft. Over
time, the traditional conditioning regimens have
expanded dramatically to include reduced intensity or
non-myeloablative conditioning, reduced toxicity conditioning, as well as the conventional ablative regimens.
Variations in stem cell source and conditioning intensity
have resulted in disparities in the duration of neutropenia
(i.e., longer with umbilical cord blood) and immune
recovery (i.e., longer with T-cell depleting agents or
T-cell depleted grafts). Other factors that contribute
to infectious complications include increasing age of
recipients and complications such as graft versus host
disease (GVHD).

Treatment
Tremendous advances have occurred in the prevention
and treatment of infectious complications after HCT.
In part, the success is due to screening and preemptive
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strategies used to prevent late infections. Despite these
efforts, bacterial, viral, and fungal infections remain an
important cause of morbidity and mortality. A recent
publication extensively details guidelines for prevention
of infection in HCT patients [1].

Viral Infections
Screening and Prevention
The Herpes viruses account for a significant component of
viral infections after HCT. These infections often occur
after reactivation of latent virus. Pertinent Herpes viruses
with known sequelae in HCT patients include Herpes
Simplex Viruses (HSV), Varicella zoster virus (VZV),
Cytomegalovirus (CMV), Epstein–Barr virus (EBV), and
Human Herpes Virus 6 (HHV6). Serologic testing for
evidence of prior exposure to HSV, VZV, CMV, and EBV
is strongly recommended prior to transplant. Respiratory
viruses such as influenza, parainfluenza, respiratory
syncytial virus (RSV), and metapneumovirus also cause
significant morbidity and mortality. Other viruses such as
BK virus and adenovirus can cause severe hemorrhagic
cystitis. Additionally, adenovirus can also cause conjunctivitis, pneumonitis, and hepatitis [1].
In general CMV diseases have severe impact in HCT
recipients. To reduce the risk of CMV transmission, blood
products from CMV seronegative donors or leukocytedepleted blood products should be used in CMV seronegative HCT recipients. It is recommended that CMV
seropositive HCT recipients or CMV seronegative recipients with a seropositive donor follow either preemptive or
prophylactic therapy [2]. Preemptive therapy, designed to
treat early viremia prior to development of CMV disease,
includes close monitoring for the presence of CMV viremia by using CMV pp65 antigen in leukocytes or by CMV
DNA polymerase chain reaction (PCR) viral load. Patients
should be screened at least weekly from 10 days until
100 days after HCT. Prophylactic therapy includes
ganciclovir, high doses of acyclovir, or valacyclovir from
engraftment until 100 days after HCT. If acyclovir or
valacyclovir is used, it is recommended that patients have
frequent viral load monitoring as with preemptive therapy.
The most feared complication related to EBV is
post-transplant lymphoproliferative disease (PTLD).
EBV disease typically results from reactivation of latent
virus or primary transmission from the graft. EBV viremia
is usually asymptomatic but may lead to organ disease
including encephalitis, pneumonitis, hepatitis, and
PTLD. This malignancy results from proliferation of
clonal B cells due to profound T cell immunodeficiency.
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The incidence of PTLD ranges from 0.45% to as high as
29% depending on the type of transplant. High risk
patients include recipients of T-cell depleted grafts or
those receiving anti-T-cell antibodies such as
antithymocyte globulin (ATG). Monitoring EBV viremia
by quantitative PCR once per week for at least 3 months is
recommended in high risk patients [1].
HSV reactivation post transplant can result in significant morbidity and, occasionally, mortality due to dissemination. Patients who are seronegative should be aware of
behaviors that decrease HSV exposure [2]. Prior to the use
of prophylactic acyclovir, the rate of HSV reactivation
among HCT patients was reported to be 80%. Acyclovir
prophylaxis should be offered to all HSV-seropositive
HCT patients to prevent reactivation during the early
post-transplant period. Patients should continue on acyclovir until a minimum of 30 days after transplant but
continued use of acyclovir appears to prevent later HSV
reactivation. Routine use of acyclovir is not indicated for
HSV-seronegative HCT recipients. Valacyclovir is not
approved for the use of preventing HSV disease among
HCT recipients but studies have shown effective suppression following autologous HCT.
Long term acyclovir prophylaxis is recommended during the first year after HCT for all VZV seropositive
patients to prevent reactivation. The use of acyclovir for
longer than a year may be indicated if there is evidence of
GVHD. HCT recipients should avoid exposure to persons
with active VZV infections. However, in the event of
exposure, patients with active GVHD and/or those within
24 months following HCT should receive Varicella zoster
immunoglobulin (VZIG) within 96 h of contact with
a person with chicken pox or shingles. Post exposure
prophylaxis with acyclovir or valacyclovir is acceptable if
VZIG is not available.
The prevention of respiratory viruses such us influenza, parainfluenza, RSV, and metapneumovirus includes
screening with throat viral cultures as soon as symptoms
occur. These patients should be placed under contact and
droplets precautions [2]. Adenovirus screening by weekly
PCR during the first 6 months after HCT has also been
suggested for patients with T-cell lymphopenia, refractory
GVHD, and/or who have received anti-T-cell antibodies.

Pharmacologic Therapy
Intravenous acyclovir is the treatment of choice for severe
forms of mucocutaneous or visceral HSV disease. Oral
acyclovir, valacyclovir, or famciclovir are available for
less severe forms of disease. Resistant strains have
been documented in patients with severe forms of

mucocutaneous, esophageal, life threatening meningoencephalitis, and pneumonia. Such strains of HSV are usually susceptible to foscarnet.
VZV infection can be lethal in HCT recipients, particularly primary infection. These patients are at risk for
visceral dissemination. Intravenous acyclovir is the
drug of choice for disseminated VZV. Oral acyclovir,
valacyclovir, or famciclovir can be an option if there is
no evidence of visceral dissemination such us encephalitis,
pneumonia, or hepatitis.
Prior to the availability of antiviral drugs, the mortality related to CMV infection in HCT was 90–100%. CMV
can present as viremia or disease. CMV disease includes
bone marrow suppression, pneumonitis, gastroenteritis,
hepatitis, nephritis, cystitis, and encephalitis. CMV
encephalitis can be suspected if the MRI reveals
a periventricular hyperintense signal. The diagnosis is
made after PCR for CMV is detected in the cerebrospinal
fluid (CSF). The definitive diagnosis of CMV pneumonitis
and/or gastroenteritis requires tissue biopsy demonstrating the viral inclusion “owl’s eye cells.” Evidence of CMV
by PCR from a bronchoalveolar lavage may also be considered evidence of CMV pneumonitis. Currently most
transplant centers use ganciclovir 5 mg/kg intravenous
every 12 h for 2–3 weeks followed by an additional
2 weeks of maintenance therapy with ganciclovir at
lower doses. Combined therapy with intravenous
immunoglobulin (IVIG) is recommended for patients
with CMV pneumonitis. Foscarnet and cidofivir have
been used as alternatives for ganciclovir resistant CMV
disease or in patients unable to tolerate the marrow
suppression associated with ganciclovir.
Reactivation of HHV6 has been associated with disease. Clinical syndromes associated with HHV6 include
fever, rash, hepatitis, pneumonitis, encephalitis with
temporal lobe enhancing lesions, and bone marrow
suppression with delayed platelet engraftment. Indications for treatment of HHV6 reactivation remain unclear
and further study is warranted. However, treatment with
either ganciclovir or foscarnet can be used.
Reactivation of EBV virus can lead to encephalitis,
pneumonitis, hepatitis, and PTLD. The recommended
first line therapy for EBV reactivation includes antiCD20 immunotherapy (rituximab), and reduction of
immunosuppressive therapy.
Adenovirus infection can present as conjunctivitis,
pneumonitis, gastrointestinal disease, nephritis, cystitis,
and meningoencephalitis. The therapy of choice is
cidofivir.
BK virus can cause severe cystitis and nephritis in HCT
patients. The treatment of choice is intravenous cidofivir.
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Other options include cidofivir bladder installation,
leflunomide, and the fluoroquinolones.
The respiratory viruses including influenza A and B,
parainfluenza, and Respiratory Syncytial Virus (RSV) are
commonly encountered in the general population. HCT
patients can easily acquire them with lethal outcomes.
Influenza and RSV occur mainly in winter months and
parainfluenza in summer. Clinical syndromes include
upper or lower respiratory infections. Antiviral therapy
for influenza A and B includes neuraminidase inhibitors
such us oseltamivir and zanamivir. Amantadine and
rimantadine are only active against influenza A. Treatment
for RSV infections include ribavirin and the monoclonal
antibody palivizumab [2].

Bacterial Infections
Screening and Prevention
Bacterial infections occur throughout all periods of hematologic and immune recovery after HCT. The spectra of
bacterial infections seen during the pre-engraftment
period are primarily related to neutropenia. In the
peri-transplant period, risk factors for infections include
primarily mucositis and indwelling catheters. The most
common gram positive cocci are coagulase negative staphylococcus. Streptococcus viridans is seen in the setting of
severe mucositis. Dental procedures should be done prior
to HCT to minimize Streptococcus viridans infections
Screening for Methicillin Resistant Staphylococcus
aureus (MRSA) and vancomycin resistant enterococcus
(VRE) should be considered for infection control purposes and to appropriately tailor therapy if neutropenic
fever or specific disease develops. Antibacterial
prophylaxis with a fluoroquinolone to prevent bacterial
infections should be strongly considered for patients
undergoing HCT with an anticipated period of neutropenia lasting longer than 7 days and the fluoroquinolone
therapy continued until the neutropenia resolves.
The emergence of fluoroquinolone resistant pathogens
including Klebsiella species, Escherichia coli, Pseudomonas
species, Staphylococcus aureus, and Streptococcus viridans
remains a concern. The role of antibacterial prophylaxis to
prevent gram positive cocci infections is unclear. The
extensive use of vancomycin in this population has led to
an increase of VRE [1]. Metronidazole for prophylaxis
and to reduce the anaerobic bacterial growth is not
recommended.

Pharmacologic Therapy
Broad spectrum antimicrobial therapy for the management of febrile neutropenia is well established. Options
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include single agent therapy with a third or fourth
generation cephalosporin or a carbapenem with antipseudomonas activity. Some physicians add vancomycin,
particularly if there is a concern for line infection, or if
mucositis is present.
The antibiotic of choice can be modified depending on
clinical symptoms; history of recent cultures from blood,
respiratory tract, gastrointestinal tract, or genitourinary
tract; and local resistance patterns. If there is evidence of
VRE colonization, daptomycin or linezolid may be used in
place of vancomycin. Anaerobic coverage with metronidazole is frequently added for patients with fever and
enterocolitis. Aminoglycosides are reserved for treatment
of documented resistant organisms or septic shock. The
frequent use of fluoroquinolone prophylaxis in HCT
patients has limited their utility for empiric therapy
in neutropenic fever for this group of patients due to
potential fluoroquinolone resistant organisms.
The risk of bacterial infections continues after engraftment. Bacterial infections including pneumonia, blood
stream, genitourinary tract, or gastrointestinal tract
can emerge, especially in the setting of severe immune
suppression from GVHD. Such cases should be managed
in an individual basis using clinical symptoms, physical
examination, past cultured organisms, and local resistance
patterns as guidance [1]. Long term antimicrobial
prophylaxis against Streptococcus pneumoniae is indicated
for patients with chronic GVHD and ongoing immune
suppression [1].

Fungal Infections
Screening and Prevention
Over the past 2 decades the epidemiology of fungal infections has changed. Organisms previously thought to be
nonpathogenic or rare are now increasing. In the past
Candida species, specifically Candida albicans, were the
most common cause of fungal blood stream infections
and Aspergillus species were the most common cause of
invasive fungal pneumonia. Recently other emerging mold
infections such as fusarium, zygomycetes, and
scedosporium continue to increase. Several factors are
contributing to this change in epidemiology: changes
in medical treatments and prophylaxis, aggressive new
therapies for HCT and malignancies, and extended
survival of critically ill patients [3].
The risk of Candida species infections is significantly
higher early during the post-transplant period because of
ongoing neutropenia, mucositis, and the presence of central venous catheters. The presence of severe GVHD of the
gastrointestinal tract results in additional continued risk
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of infection with Candida species. Classically, fluconazole
has been the drug of choice to prevent Candida infection
in HCT patients but there are emerging species that are
less susceptible or resistant such as Candida glabrata and
Candida kruseii.
Opportunistic invasive fungal infections (IFIs) such as
aspergillus, fusarium, scedosporium, and zygomycetes are
a major cause of morbidity and mortality in immune
compromised patients. Potential risk factors for the development of IFI include a history of mold infections prior to
HCT, prolonged periods of neutropenia either before
HCT or due to delayed engraftment, and GVHD.
In patients at high risk for mold infections, posaconazole
or voriconazole can be used for prophylaxis.
Pneumocystis jiroveci previously known as Pneumocystis
carini pneumonia (PCP) is a preventable complication of
HCT. Prophylaxis should be continued for longer than 6
months in patients who continue to receive immune suppressive therapy. The preferred regimen for PCP prophylaxis is trimethoprim–sulfamethoxazole (TMP-SMX).
Other medications that can be used to prevent PCP
include aerosolized pentamidine, oral dapsone, or oral
atovaquone [2].

The length of therapy for mold infections is generally
prolonged. Antifungals should be continued until
clinical response is evident and improvement of the
immunosuppressed status is appreciated. Close followup is indicated to prevent relapses.

Pharmacologic therapy

4.

The diagnosis of IFIs remains a challenge. Diagnostic
criteria are based on tissue culture or histopathology. If
tissue culture and/or histopathology are not available or
are difficult to obtain, host risk factors plus radiologically
demonstrable lesions (halo sign, reverse halo sign) can be
used as a probable diagnosis [4].
Treatment of mold infections such as Aspergillus spp.,
Fusarium spp., and Scedosporium spp. includes voriconazole
or posaconazole. Some species of fusarium may be resistant
to the new generation of azoles such as voriconazole and
posaconazole but remain susceptible to amphotericin B. The
treatment of choice for zygomycetes is amphotericin B.
Posaconazole can also be used for patients unable to tolerate
amphotericin B [3].
Combination therapy for severe mold infections has
being described. For refractory cases of fusarium, the
combination of voriconazole or posaconazole plus
amphotericin B has been reported to be successful. Additionally the combination of terbinafine plus an azole, or
amphotericin B plus pentamidine, or amphotericin B plus
voriconazole has been studied for the therapy of
scedosporium. Innovative treatment options have also
been reported for the treatment of zygomycetes including
deferasirox, granulocyte growth factors (GCSF, GM-CSF),
and the combination of amphotericin B with an
echinocandin [3].
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Borderline Patient
The term “borderline patient” describes a specific subgroup of trauma patients who, although hemodynamically stable, are at particular risk when subject to the
additional physiologic insult sustained from prolonged
surgical procedures.
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Synonyms
Infectious mass lesion in the central nervous system

Definition
Brain abscess is defined by the presence of focal infection
in the brain parenchyma commonly caused by bacterial,
fungal, and parasitic pathogens [1]. The entity of brain
abscess may include other central nervous system (CNS)
infections, such as subdural empyema, since they may
coexist with brain abscess. Subdural empyema is defined
as a purulent infection of the space between the cranial
dura and arachnoid membrane. Clinical symptoms in
patients with brain abscess range from constitutional
symptoms to significant neurological deficits. Given the
lack of hallmark clinical findings for brain abscesses, the
combination of radiographic and microbiological evaluation are important in the definitive diagnosis of brain
abscess.

Treatment
Brain abscess is a life-threatening infectious disease requiring urgent medical attention. A multidisciplinary approach,
including surgical and medical management, is required for
definitive therapy. Antimicrobial therapy is the mainstay of
medical management. Empiric antimicrobials should cover
likely pathogens in the context of the individual clinical
settings. Choice of empiric antimicrobials should be determined by several factors. These include the known or presumed original source of infection (i.e., contiguous spread
from adjacent structures vs hematogenous origin). Patient
factors (e.g., age and immune function) and pharmacological factors (i.e., the degree of penetration of particular
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antimicrobial agents into the cerebrospinal fluid) also influence the choice of antimicrobials. For brain abscess arising
from a contiguous source, such as sinuses or the oral cavity,
empiric antimicrobial therapy should be broad-spectrum
and have activity against Gram-positive (i.e., Streptococci
and Staphylococci), Gram-negative (i.e., Enterobacteriaceae
with or without Pseudomonas spp.), and anaerobic (e.g.,
Bacteroides) bacteria. The combination of a third- or fourthgeneration cephalosporin and metronidazole, with or without vancomycin, is a reasonable choice. Using empiric
antipseudomonal agents should be strongly considered for
brain abscess associated with penetrating trauma, intravenous illicit drug use, and severe immunocompromised
status, including poorly controlled diabetics with malignant
otitis exterena. A carbapenem can be used instead of the
combination of cephalosporin and metronidazole since this
drug class covers the wide range of causative pathogens,
including Gram-positive (except methicillin-resistant Staphylococci), Gram-negative, and anaerobic bacteria. However,
carbapenems should be used cautiously since they can be
associated with a lowered seizure threshold. Vancomycin is
recommended to treat methicillin-resistant Gram-positive
bacteria (e.g., methicillin-resistant Staphylococcus aureus).
Newer agents with activity against resistant Gram-positive
bacteria, such as linezolid, daptomycin, or telavancin are
also available, but limited clinical data currently exist
regarding their use in the treatment of brain abscesses.
In addition to empiric antimicrobial coverage for
common bacterial pathogens, antimicrobial therapy may
need to be expanded to treat relatively uncommon pathogens, depending on the clinical scenario. Several opportunistic pathogens can cause brain abscesses in
immunocompromised patients. Nocardial brain abscess
should be considered in immunocompromised patients
who presented with focal neurological signs and symptoms, or infection due to Nocardia spp. at another body
site. Brain abscess due to Listeria monocytogenes can be
seen in immunocompromised or elderly individuals. Fungal brain abscesses caused by yeast, dimorphic fungi, and
molds are associated with severely immunocompromised
individuals, such as solid organ or stem cell transplant
patients, and in the case of brain abscess, due to Rhizopus
spp., in poorly controlled diabetes. Patients with acquired
immunodeficiency syndrome (AIDS) have a risk for developing brain abscesses due to Toxoplasma gondii. Other, less
common causes of brain abscess, (e.g., Mycobacterium
tuberculosis, Taenia solium, and Trypanosoma cruzii)
should be considered in individuals from endemic regions
or with the appropriate exposure history.
A neurosurgical evaluation is warranted on patients
with a brain abscess. Although the surgical treatment for
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brain abscesses has significantly evolved over recent
decades, the indications for surgical therapy remain controversial. Surgical therapy included open craniotomy,
stereotactic abscess drainage and ventriculostomy for elevated intracranial pressure. Surgical therapy for brain
abscesses is recommended if the size of the abscess is
greater than 2.5 cm, given the poor response to antimicrobial therapy alone [2]. Also, surgical drainage of
periventricular abscesses or abscesses in the posterior
fossa is usually indicated due to the risk of intraventicular
rupture or cranial herniation. Foreign bodies or bone
fragments associated with a traumatic brain abscess
should be surgically removed. Difference in clinical outcome between stereotactic drainage versus open craniotomy remains unclear; however, minimally invasive
surgical techniques are generally preferred. A coexisting
subdural empyema with a brain abscess is an absolute
indication for emergent surgical evacuation due to the
risk of rapid expansion and herniation [1].
Dexamethasone is generally given to patients with
brain abscesses to reduce intracranial pressure, especially
in patients with impending brain herniation. Dexamethasone reduces vasogenic edema around a brain abscess and
may also reduce inflammatory response associated with
the infection. However, the overall benefit (i.e., improvement of morbidity and mortality) of dexamethasone therapy remains unclear. Non-randomized studies for
assessing the efficacy of dexamethasone in patients with
brain abscess may be confounded by selection bias since
patients who received dexamethasone are more likely
to have impending herniation, which is independently
associated with morbidity and mortality.
Seizures can occur in patients with brain abscesses.
Seizures may lead to altered mental status and complications such as aspiration pneumonia. Incidence of seizure
may be influenced by the size and location of an abscess.
Institution of prophylactic anticonvulsants (e.g.,
fosphenytoin, phenytoin, valproate, and levetiracetam)
should be considered, especially in the early course of
therapy. Anticonvulsant therapy should always be given
to patients with a brain abscess who present with a seizure.

Evaluation and Assessment
The diagnosis of brain abscess requires the high index
of suspicion. The classic clinical trial of brain abscess
(headache, mental status changes, and focal neurological
deficits) is insensitive and nonspecific.
Definitive diagnosis of brain abscesses consist of radiographic and microbiological evaluation. Computed
tomography (CT) or magnetic resonance imaging (MRI)
is commonly used for the diagnosis of brain abscess.

Rim-enhancing mass lesions are the common finding in
cranial imaging with intravenous contrast. There are both
advantages and disadvantages to these two imaging modalities: CT is widely available and useful for assessing brain
abscess associated with penetrating trauma, and orbital or
sinus fractures, but MRI is generally preferable for detecting
smaller lesions or lesions in the posterior fossa.
A microbiological diagnosis is important for determining appropriate antimicrobial therapy. Advanced
techniques in neurosurgery, such as stereotactic aspiration, enable clinicians to obtain microbiological specimens in a relatively noninvasive manner. While empiric
antimicrobial therapy should not be delayed in patients
presenting with sepsis or impending herniation, antimicrobial therapy can be held in neurologically stable
patients until a microbiological and histological diagnosis
is made. This is because the use of preoperative antimicrobials may reduce the diagnostic yield of cultures.
Microbiological specimens should be sent for aerobic,
anaerobic, fungal, and mycobacterial cultures. Histopathological evaluation for biopsy specimen should be
performed as well. Since empiric antimicrobials are may
be started before obtaining a microbiological culture,
a causative pathogen may not be recovered. Newer molecular methods (e.g., 16 S ribosomal DNA sequencing) may
help identify pathogens and tailor antimicrobial therapy
in cases of culture-negative abscesses [3]. Serological testing, for parasitic or fungal brain abscess, should be
ordered when clinical history warrants.
Evaluation of a patient with brain abscess should
be done in an expedited manner and involve regular
neurological exams. A grave complication of brain abscess
is cerebral herniation due to increased intracranial
pressure. Deteriorating neurological exams, vital sign
changes (e.g., Cushing phenomenon), or papilledema on
fundoscopic exam should prompt immediate cranial
imaging with CT and neurosurgical evaluation. An emergent ventriculostomy may need to be performed, or surgical decompression, especially in case of cerebellar or
brain stem abscesses, given the small volume of the posterior fossa. Intensive care is required for patients who
need frequent neurological exams, are intubated for airway protection due to altered mental status, have intraventricular catheters, or are septic. Periodic, thorough
neurological exams and close monitoring are essential in
the early course of therapy. Besides infection, various
factors can alter a patient’s mental status, including seizures,
hyponatermia due to salt wasting or syndrome of inappropriate antidiuretic hormone (SIADH), antimicrobial toxicity, and fever. Patients with a brain abscess associated with
a mycotic aneurysm or endoarteritis may be a risk of

Brain Death

intracranial bleeding. Serial imaging studies might be necessary in case of prolonged altered mental status to evaluate
for new complications, such as bleeding.

After-care
After patients received adequate surgical evaluation or
treatment, continuing antimicrobial therapy is
a mainstay of long-term management. The optimal duration of antimicrobial therapy is unclear and differs individually. Traditionally, antimicrobial therapy for pyogenic
brain abscess has been for at least 6–8 weeks, depending on
the patient’s clinical response, radiographic improvement,
and the causative pathogens. For brain abscess caused by
common bacterial pathogens, such as Streptococcus spp.,
antimicrobial therapy can be continued until the abscess
has resolved radiographically and clinical improvement is
achieved. For more atypical pathogens, such as Nocardia
spp., or Actinomyces spp., prolonged courses of antimicrobial therapy (e.g., 12 months) are required to minimize the
risk of recurrence, regardless of radiographic resolution.
Once the causative pathogens are identified, empiric
therapy should be modified to pathogen-targeted therapy.
Definitive therapy should be based upon the in vitro
susceptibility of the pathogen and the penetration of antimicrobial agents into central nervous system. Many physicians prefer simplified antimicrobials, which allow for
once- or twice-a-day dosing. Periodic blood test (i.e., complete blood count and comprehensive metabolic profile) are
necessary to detect side effects due to long-term antimicrobial therapy. Antimicrobial therapy for pyogenic abscesses
requires parenteral agents. Switching to oral antimicrobials
with excellent bioavailability may be possible, in the chronic
phase of treatment; however, it should be done in consultation with an infectious diseases specialist.
Although many physicians utilize periodic imaging
studies to determine the duration of antimicrobial therapy, there is no guidance how often and how frequent
radiographic imaging should be performed. The resolution of radiographic findings after treatment varies and is
hard to predict. Moreover, it may be difficult to distinguish scar tissue from residual infection, especially after
surgical resection. A repeat imaging bimonthly or
monthly during long-term therapy is reasonable [1].

Prognosis
Because of advancements in critical medicine and surgical
management, the mortality associated with brain abscess
has substantially decreased over the last 30 years [4].
However, it continues to result in substantial morbidity
and mortality. In a large case series of patients with brain
abscess over an 18-year time period, the unfavorable
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outcomes (death, persistent vegetative status, and severe
disability) occurred in 26% of patients [5]. Factors associated with morbidity and mortality in brain abscesses
include the anatomical location and size of the abscess,
altered mental status on presentation, patient underlying
comorbidities, intraventricular rupture of the abscess,
delayed diagnosis, and suboptimal accessibility of
advanced care (i.e., timely neurosurgical management).

Summary
Prompt diagnosis and timely medical and surgical therapy
are key to the successful management of brain abscesses.
An intensive monitoring of patients with brain abscess
early in treatment is important. Comprehensive care
involving critical care physicians, neurosurgeons, and
infectious diseases specialists optimizes clinical outcome.
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Synonyms
Brainstem death; Coma depasse; Neurologic death

Definition
The definition of brain death is “the irreversible loss of
function of the brain, including the brainstem” or in
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a much more refined manner “the irreversible loss of the
capacity for consciousness combined with the irreversible
loss of all brainstem functions including the capacity to
breathe.”
The concept of brain death is a relatively young one.
First described in 1959, Mollaret and Goulon presented
a series of patients who had lost consciousness, brainstem
reflexes, as well as the ability to breathe and had a flat
electroencephalogram. They described this condition as
irreversible coma – coma depasse. Subsequent separate
reviews on the issue by an ad hoc committee of the Harvard Medical School, the Conference of Medical Royal
Colleges, and their Faculties in the United Kingdom and
by Mohandas and Chou further clarified the diagnosis and
the concept of irreversible coma placing emphasis on the
complete and irreversible injury to the brain stem as
a main factor in the diagnosis of this condition and calling
it “brain death.” They made the statement that “without
brain stem there is no life.” As a result, some define brain
death as irreversible brainstem injury while others require
global brain injury to be present before the diagnosis may
be established. Some countries have embraced the concept
of only requiring demonstration of irreversible complete
brainstem injury and not global brain injury as in other
countries.
In the 1980s and 1990s, the President’s Commission
and the American Academy of Neurology published
guidelines regarding the diagnosis of brain death. Similar
guidelines have been published since that date by different
medical societies throughout the world. However, there is
currently no global consensus on the diagnosis criteria and
medicolegal implications of brain death.

Clinical Determination of Brain Death
The clinical determination of brain death requires an
exhaustive and precise evaluation and understanding of
the process that led to complete and irreversible damage of
the brain stem, a thorough neurologic examination of the
patient, and the exclusion of any conditions that may
mimic brain death.
This process can vary from country to country, from
state to state, or even from hospital to hospital within the
same city. Additionally, practices may vary based on
patient age. Adults are often viewed differently in terms
of brain death than children or neonates. In some locations, these guidelines have been made into laws and any
variation from them can be considered criminal. These
differences are most commonly related to the number of
observers required to determine brain death, the specialty

of the assessing physician, the duration of observation,
and the use of confirmatory tests. Therefore, it is strongly
advised that, prior to initiating a brain death determination evaluation on a patient, one get accustomed to the
local brain death diagnosis guidelines.
To begin with, the determination of brain death
should be done by somebody with the knowledge and
understanding of neurologic disease. In many places, it is
required that the person conducting the evaluation should
be a board certified neurologist or neurosurgeon. The
most common causes of brain injuries leading to brain
death include traumatic brain injury (TBI), hypoxic or
anoxic brain injury, spontaneous intracerebral hemorrhages due to either arterial hypertension, amyloid
angiopathy, cerebral aneurysms, arterious venous
malformations, hydrocephalus, and brain tumors or
other space occupying lesions. The diagnosis of the conditions leading up to brain death require a full understanding of the events, signs and symptoms, a thorough
physical examination of the patient, and an evaluation of
any associated studies. Cerebral imaging either by computed tomography (CT) or magnetic resonance imaging
(MRI) is important. These will often indicate the cause of
the brain injury. Often a cause for the brain damage
cannot be identified initially and requires observation
over time, repetition of studies, and/or evaluation by
more specialized practitioners. It is important to know
and understand the cause of the brain injury in each
individual patient prior to proceeding with brain death
diagnosis, and be able to rule out conditions that may
mimic brain death. Severe systemic disease leading to
acid–base or electrolyte alterations can lead to coma suggestive of brainstem injury. Severe hypothermia below
32 C, hypotension, drug intoxication, poisoning, and
anesthetic and neuromuscular blockade can all induce
a profound coma. These reversible causes of coma must
be ruled out prior to the examination of brain death.
Coma is a state of absolute willful or centrally regulated unresponsiveness to external stimuli. In a coma,
a patient may not open or close the eyes spontaneously
or have any purposeful movement. It is evaluated by
evaluating the absence or presence of the movement to
painful stimuli such as pressing on the supraorbital rim,
the temporomandibular joint, sternal rub, or by applying
pressure to the nail bed. At times, it might be difficult to
differentiate between a withdrawal reaction that is centrally mediated and would exclude brain death and an
entirely spinally mediated reflex such as the triple flexion
response in the lower extremities that is not centrally
mediated and does not exclude the diagnosis of brain
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death. The lack of spontaneous respiratory efforts should
also be documented.
Once coma has been established, one should proceed
with the evaluation of the brainstem reflexes:
1. Pupillary reflex: This reflex is mediated by an afferent
CNII and efferent CNIII reaction. In brain death, the
pupils can be midpoint or fully dilated without constrictive response to light. This reflex is usually still
present even with deep sedation, but conditions such
as prosthetic globe, pseudophakia, intentional or incidental topical application of midriatic agents, Adie’s
pupils, bilateral isolated CN III palsies, among others
may mimic the condition.
2. Corneal reflex: This reflex is mediated through an
afferent CN V and efferent CN III and VII reaction. It
is evaluated by applying soft cotton on the cornea and
evaluating if the patient’s eye lid contracts. It is important to apply the corneal stimulus lateral to the pupil
and to avoid applying too much pressure on the eyelid
while trying to open the patient’s eye as it may obscure
the response.
3. Occulo-cephalic reflex: This evaluates the vestibular
system in the brain stem. When turning the head on
a comatose patient in whom this reflex is not impaired
the eyes will turn the opposite way, while in a braindead patient they will remain fixed in a mid position –
doll’s eyes. This test cannot be performed on patients
with suspected cervical spinal injuries or in awake
patients.
4. Occulo-vestibular reflex or caloric testing: In a patient
with this reflex intact the irrigation of the external
auditory canal with ice water will cause the eyes to
turn toward that ear. This test cannot be done if the ear
canal is obstructed by wax or blood, or if the eardrum
is perforated. This reflex is absent in brain-dead
patients.
5. Gag reflex: Also called pharyngeal reflex is a reflex
contraction of the back of the throat, evoked by touching the soft palate. The afferent limb is supplied by CN
IX and the efferent limb by CN X. It is elicited by
applying pressure onto the soft palate.
6. Cough reflex: This reflex is mediated by the CN X for
both the afferent and efferent pathways. In intubated
patients, it can be elucidated by inserting a suction
tubing through the endotracheal tubing to irritate the
bronchial airways.
All reflexes should be evaluated as they evaluate
different aspects of the brain stem: The pupillary
reflex evaluates the midbrain, the corneal reflex the pons,

B

the occulo-cephalic and occulo-vestibular reflex both
the pons and midbrain, and the gag and cough reflex
evaluate the medulla. They all need to be absent in the
case of brain death.

Apnea Test
The final step in the clinical evaluation and determination
of a patient with suspected brain death is the apnea test.
This test is done with the rationale that a functional
medulla will induce a respiratory effort if the patient’s
pCO2 rises above 60 or 20 mmHg above the patient’s
baseline.
In order to perform this test, initially the physician
needs to establish the patient’s hemodynamic status that is
stable enough to tolerate an apnea test. It needs to be
ensured that the patient’s core temperature is within normal range, the patient has no significant metabolic or
electrolyte disturbance that might interfere with the test,
there are no sedatives or toxins that could interfere or
masquerade the results of the test, the patient’s pCO2 is
near a normal level and that the patient has no high
cervical spine injury, maxillofacial or thoracic injury that
may interfere with the physiological response of
a ventilatory effort.
The patient should be pretreated with 100% oxygen
for about 10 min and a baseline arterial blood gas level
should be obtained. Thereafter, the patient should be
disconnected from ventilator support, either by placing
him on a CPAP setting or disconnecting him completely
from the ventilator and placing a large bore catheter with
oxygen into the endotracheal tube. The patient’s chest and
abdomen should be uncovered and carefully watched for
any respiratory efforts for a period of 10 min. It is noted
that one must differentiate respiratory effort movements
from cardiac pulsations or ventilatory support caused by
a CPAP ventilator with very sensitive trigger settings. If
after 10 min no respiratory efforts have been noted, a new
arterial blood gas should be obtained and the patient
should be reconnected to ventilatory support. If the
patient’s pCO2 has risen above 60 mmHg or greater than
20 mmHg above the baseline level without any obvious
respiratory effort, the test is considered positive and consistent with brain death. Any respiratory effort should
render the test as negative and rule out the diagnosis of
brain death.

Confirmatory Tests
The diagnosis of brain death is considered a sole clinical
diagnosis. In most countries, the use of confirmatory test
for the diagnosis of brain death is considered optional,
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although in other places it is mandatory. There currently
exist a wide variety of confirmatory tests, some of which
are better established in the literature than others. Most
guidelines recommend performing confirmatory tests in
the following conditions:
● Inability to establish a diagnosis of coma due to sedation, use of paralytics, systemic neuropathies
● Inability to perform a thorough brainstem reflexes
exam due to extensive maxillofacial trauma, suspicion
of cranial neuropathies, drug-induced paralysis
● Inability to perform an apnea test due to patient’s
hemodynamic and/or respiratory instability, high cervical spine injury, or in patients who are high carbon
dioxide retainers
● In children, especially those under 1 year of age
The ideal confirmatory test is a test that would have no
false positives to minimize the risk of overdiagnosing
brain death and very few false negatives. In addition, it
should be readily accessible and require minimal intervention on a patient who is most likely hemodynamically
unstable. At present, the ideal confirmatory test does not
exist.
There are two types of confirmatory tests. The electroencephalogram (EEG) that evaluates the presence or
absence of cerebral electrical activity and those studies
that evaluate intracranial blood flow.
The use of EEG bases itself on the theory that in case of
brain death, there will be no recordable electrical activity.
It is one of the most studied and most validated confirmatory tests of brain death. Its advantages include the fact
that it is usually readily available, it can be applied on the
patient at bedside, and it is not invasive. Recordings are
obtained for at least 30 min with a 16- or 18-channel
instrument. In a brain-dead patient, electrical activity is
absent at levels higher than 2 mV with the instrument set at
a sensitivity of 2 mV per millimeter. The drawbacks of this
test are that it requires that the patient should not be
under any sedative medication, as well as not be in
supratherapeutic levels of any antiepileptic medication.
The presence of multiple monitoring devices, as usually
found in most ICU settings, can also introduce artifacts
into the EEG that can interfere with the interpretation.
The other line of confirmatory tests constitutes those
that evaluate cerebral blood flow and perfusion. The basis
of these is that a condition that leads to brain death will
most commonly cause severely elevated intracranial pressure, either due to the presence of a volume occupying
lesion such as a hematoma, a tumor, or a cerebrospinal
fluid in case of hydrocephalus or due to diffuse cerebral

edema in case of diffuse trauma or anoxic brain injury. In
order to ensure that there is no intracranial blood flow, the
intracranial pressure must surpass the arterial pressure.
The most common and most studied blood flow studies
are cerebral angiography, transcranial doppler, and cerebral scintigraphy. In the case of cerebral angiography,
pressure injections should be done at both the anterior
and posterior circulations and no flow should be detected
past the entry point into the intracranial vault of the
carotid or vertebral arteries. External carotid flow and
delayed longitudinal sinus flow can however be visible.
In the case of transcranial doppler, it needs to be
established if the patient has insonation windows, because
if these are absent a different study needs to be selected.
Once established, the presence of small systolic peaks with
absent diastolic flow or reverberating flow is consistent
with brain death. For the cerebral scintigraphy with technetium-99m hexamethyl-propylene-amineoxime, no
intracranial uptake of isotope should be noted.
More recently, other blood flow studies such as computed tomography angiography and magnetic resonance
angiography have been coming in vogue, mainly because
of their availability and ease of interpretation. However,
there are not enough studies yet to fully justify their use.

Differential Diagnosis
Although the diagnosis of brain death seems straightforward, there are several conditions that may mimic it.
Examples of this include the use of sedatives, anesthetics,
antidepressant (especially large quantities of tricyclics),
and paralytics. Though these medications will rarely
cause suppression of brainstem reflexes, care needs to be
taken when determining brain death on a patient for the
clinical evaluation may be influenced by these medications. Often, one must wait until these medication levels
are below their respective therapeutic levels or their effects
are reversed to proceed with brain death evaluation.
Patients who are in status epilepticus or who are
postictal may also be in profound coma and evaluations
such as an EEG should be undertaken if this condition is
suspected.
Other neurologic states such as coma, vegetative state,
and locked-in syndrome demonstrate profound states of
unresponsiveness, but these patients do not have absent
brainstem reflexes, unless they have individual cranial
nerve palsies. The presence of any brainstem reflex during
evaluation should rather suggest one of these conditions.
In patients with brain death, there are certain physiological responses that are often disconcerting but still
compatible with brain death. They may exhibit
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spontaneous movement of limbs or body other than pathologic extension or flexion movements that are mediated
by the spine. These have been referred also as “Lazarus
signs” and are especially evident after discontinuation of
ventilatory support. Brain-dead patients may also present
sweating, blushing, tachycardia, deep tendon reflexes, triple flexions responses, superficial abdominal reflexes, back
arching, shoulder elevation and adduction and Babinski
responses. In addition, the persistence of pituitary function does not exclude the diagnosis of brain death as the
blood supply of the pituitary gland is often supplied by
extracranial vessels.
Overall, the medicolegal implications of brain death
are far reaching. Once a patient is pronounced dead, legal
issues such as probate proceedings, organ donations,
insurance claims, or actions for wrongful death and criminal prosecution may be initiated. In addition, many laypeople remain suspicious of the concept of brain death,
fearing that premature determination of death may be
prompted by the need for donor organs. Therefore, the
diagnosis of this condition should be done with absolute
attention to detail and documented extremely well. The
misdiagnosis or misnomer of this condition can have
serious implications in the future.

Cross Reference

▶ Death by Neurologic Criteria

2.
3.

The Quality Standards Subcommittee of the American Academy of
Neurology (1995) Practice parameters for determining brain death in
adults (summary statement). Neurology 45:1012–1014
Wijdicks EF (2001) The diagnosis of brain death. N Engl J Med
344(16):1215–1221
Morenski JD, Oro JJ, Tobias JD, Singh A (2003) Determination of
death by neurological criteria. J Intensive Care Med 18:211

Brain Injury Prognosis
▶ Glasgow Coma Scale

Brain Natriuretic Peptide
▶ B-Type Natriuretic Peptide
▶ Renal Blood Flow Regulation

377

Brain Trauma
▶ Traumatic Brain Injury, Initial Management

Brainstem Death
▶ Brain Death

Brazilian Hemorrhagic Fever
▶ Biological Terrorism, Hemorrhagic Fever

Breakbone Fever
▶ Dengue

References
1.

B

Bright’s Disease
▶ Glomerulonephritis

Bronchial Endoscopy
▶ Bronchial Fibroscopy and Lung Biopsy

Bronchial Fibroscopy
▶ Bronchial Fibroscopy and Lung Biopsy

B

378

B

Bronchial Fibroscopy and Lung Biopsy

Bronchial Fibroscopy and Lung
Biopsy
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Université de la Méditerranée Aix-Marseille II,
Marseille, France

Synonyms
Biopsy by thoracotomy; Bronchial endoscopy; Bronchial
fibroscopy; Bronchoscopy; Fibrobronchoscopy; Open
lung biopsy; Surgical lung biopsy

Definition
Fibrobronchoscopy is performed with a flexible cylindrical tube (whose external diameter is 3 to 6 mm) that is
mounted on a handle, connected to a light source with
optic fibers that transmit this light and produce an image
in an eyepiece. A swing bar on the handle enables the
operator to orient the last 5 cm, which is more flexible
and thinner. The fibroscope is also equipped with
a suction intake and an operator conduit for diagnostic
or therapeutic procedures. A watertight sheath contains
and isolates the optic fibers and the operator conduit.
Bronchoscopy in the ICU is performed in spontaneously
breathing or mechanically ventilated patients and is used
for various diagnostic (bronchoalveolar lavage, protected
specimen brushing, transbronchial, or bronchial biopsies) and therapeutic procedures (tracheal intubation,
atelectasis, hemoptysis). In this chapter, only its diagnostic use within the framework of bronchoalveolar lavage
(BAL) and protected specimen brush (PSB) will be
described.
Lung biopsy by thoracotomy is one of the techniques
to obtain a lung tissue sample for diagnostic purposes
(postaggressive fibrosis from acute respiratory distress
syndrome, diffuse infectious or noninfectious pathologic
process) in ICU patients under sedation and invasive
mechanical ventilation and in whom less invasive
methods such as fibroscopic BAL are not contributive.
It is an invasive surgical procedure that consists of
a thoracotomy and the harvesting of a sample of pulmonary parenchyma for multimodal analysis.

Pre-existing Condition
Fibroscopy in the ICU
Fibroscopy with a flexible endoscope is used since 1967
and intensivists rapidly adopted it for therapeutic acts
(which will not be described in this chapter) such as
difficult intubation, verification for hemoptysis, or atelectasis. Fibroscopy is also an indispensable diagnostic tool
that enables bronchial or alveolar sampling:
transbronchial and bronchial biopsies, simple suction,
and especially protected specimen brushing (PSB) and
bronchoalveolar lavage (BAL), which are by far the two
most frequently used fiberoptic procedures in the ICU.
Bronchoalveolar lavage: the principal studies that
have shown the interest of fibroscopic BAL in the diagnosis of nosocomial pneumonia have been performed in
spontaneously breathing and often immunodepressed
patients. Within the framework of ventilator-associated
pneumonia (VAP), a comparison of BAL with histological
examination revealed the sensitivity of BAL at a threshold
of 104 CFU/mL ranged from 47% to 58%. In patients who
do not receive antibiotics before their death, this sensitivity can reach 91%. Specificity, however, has been diversely
determined. If one refers to studies with a histological
standard, it ranges from 45% to 100%. In a meta-analysis
of 23 studies, there was a sensitivity of 73%  18% and
a specificity of 82%  19% for the diagnosis of VAP [1].
Moreover, the dilution of secretions carries the risk of
false-negative results. Thus, in a study of 47 patients
presenting a suspicion of VAP, the rate of potential falsenegative results linked to dilution was evaluated at 17%.
The reproducibility of BAL is also in question. In
44 patients with suspected VAP, two BALs were consecutively performed in the same pulmonary region by the
same operator. The patients were matched for the presence or absence of pneumonia at the usual threshold of
104 CFU/mL in only 75% of the cases. However, the
interest of BAL is based on the possibility of detecting
other pathogens such as intracellular germs. Molecular
biology makes it possible to examine the nucleic acid of
these intracellular bacteria, thanks to specific PCR amplification, and appears to be of greater interest than cultures
that are difficult to perform. Viral diagnosis, in particular
Herpes simplex virus and Cytomegalovirus can also benefit
from PCR amplification parallel to usual cultures and
cytologic analysis. Fungal culture (Aspergillus, yeasts, Cryptococcus) and detection of parasitosis (pneumocystosis,
toxoplasmosis, strongyloidosis) are even possible with
BAL. BAL cytology (see Tables 1 and 2) is also a valuable
tool in pneumonia. BAL also enables the diagnosis of
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Bronchial Fibroscopy and Lung Biopsy. Table 1 Alveolar cell
numeration and formula in normal nonsmoking subjects
n/mL
Epithelial cells

%

Rare
86  1

Cellular viability
Cellularity

129  20/103

Macrophages

99  8/103

85  2

Lymphocytes

15  2/10

12  1

Neutrophiles

1  0.001/103

Eosinophiles

0.2  0.012/10

3

2  0.07
3

0.2  0.06

Bronchial Fibroscopy and Lung Biopsy. Table 2 BAL results
for noninfectious pneumopathies
Diffuse neoplastic
infiltration

Presence of neoplastic cells

Intraalveolar hemorrhage

Presence of siderophages

Hypersensitivity
pneumonia

Presence of lymphocytosis
(>50%), and presence of
mastocytes and eosinophiles

Alveolar proteinosis

Milky aspect, PAS-positive
proteinated material

Histiocytosis X

Numerous Langerhans cells
(Birbeck bodies)

Eosinophilic pneumonia

Presence of over 40%
eosinophiles

Pneumoconioses:
Asbestosis/berylliosis/
silicosis

Analyses for crystals
(mineralogy)

Sarcoidosis

Predominance of
T lymphocytes with elevated
CD4/CD8 ratio
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associated with culture on the same brush could explain
the number of false-negative results. A repetition of the
PSB in case of a negative first result if associated with
a clinical suspicion of VAP has been proposed. Repetition
of PSB after a borderline result (102 and <103 CFU/mL)
made it possible to make a diagnosis of VAP following the
second PSB at a threshold of 103 CFU/mL in 35% of the
cases. This concept of a threshold at 103 CFU/mL is all the
more open to criticism since numerous differences, above
and below this threshold, are noted when two PSB are
performed during the same fiberoptic procedure and in
the same territory. The specificity of PSB is the object of
almost as much controversy as its sensitivity [2]. When the
reproducibility of PSB was studied (two PSB performed
successively), differences in 14% of the cases at a threshold
of 103 CFU/mL were reported. The concentration of each
germ varied by a factor of at least 10 in 59% to 67% of the
sample pairs. This would appear to be due to the heterogeneity of the pneumonia lesions and to the low volume of
collected secretions. Finally, from the twelfth hour after
administration of adapted antibiotherapy, PSB was
negatived in almost one third of the cases, thereby justifying sampling before the administration of any new
antibiotherapy.
All in all, within the framework of pulmonary infectious pathology, no guidelines have been established for
the choice of a fiberoptic diagnostic technique. Nevertheless, it appears that BAL in the ICU can be considered as
superior given the possibilities it offers in terms of a direct
examination that can facilitate the choice of empiric
antibiotherapy and the diversity of examinations that
can be performed on the sample in order to approach an
infectious or noninfectious pathology (inflammatory,
neoplastic, etc.).

Open-Lung Biopsy
noninfectious pulmonary pathologies that are sometimes
found in ICU patients. Specific analyses for crystals, alveolar cytokines or procollagen (the precursor of collagen
involved in pulmonary fibrosis) dosage, neoplastic cells, or
cells that are specific to systemic diseases can be performed
according to the clinical picture.
Protected specimen brushing (PSB): as opposed
to BAL, this technique, developed in vitro by Wimberley,
is only useful for pneumonia. Human histologic studies [2] have shown a sensitivity of PSB ranging between
33% and 57%. The usual threshold of 103 CFU/mL, the
low volume of secretions collected (approximately 1 mL),
and the difficulty to perform a direct examination

In order to best treat unresolving acute respiratory distress
syndrome (ARDS) after making sure that prior treatment
has been optimal vis-à-vis plateau pressure and volemia,
three questions must be asked: Was the initial cause insufficiently treated? Is there an additional cause (nosocomial
pneumonia)? Is post-aggressive fibrosis developing? There
are two essential reasons for the clinician to harvest a sample
of the lung parenchyma: to diagnose an etiology that is
potentially curable when less invasive examinations such
as BAL were not contributive and/or reveal post-aggressive
fibrosis in order to administer corticoids which could
improve survival or at least improve lung physiologic
parameters. In current practice, such corticotherapy is readily “blindly” administered in cases of unresolved ARDS on
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approximately the seventh day of evolution. This therapy is
potentially immunosuppressive. In case of pulmonary
infection, the classic sampling techniques for microbiological examinations lack sensitivity and specificity to contraindicate or delay corticosteroids after the beginning of an
adequate anti-infectious treatment. In particular, the viral
risk is far from being negligible as reported by the authors of
a study in which Cytomegalovirus was identified in 50% of
the 36 patients presenting ARDS and undergoing surgical
lung biopsy [3]. In addition, the dosing of alveolar
markers for post-aggressive fibrosis is not yet in current
practice and lacks specificity. Procollagen III has yet to be
correlated with histologically proven post-aggressive
fibrosis. The clinical consequences of the results of a lung
biopsy performed within the framework of ARDS can
therefore be major. On the one hand, therapeutic modifications can be dictated by the anatomopathological and/
or microbiological results: administration of corticosteroids in case of post-aggressive fibrosis, administration or
modification of anti-infectious treatment, and in particular, administration of antiviral treatment for
a Cytomegalovirus infection or another Herpes virus [3].
On the other hand, the prognosis can be totally modified if
a potentially curable etiology is detected (infectious, in
particular) or on the contrary, owing to a tumoral cause
(e.g., carcinomatous lymphangitis). Detection of postaggressive fibrosis can worsen the vital prognosis although
the patient can benefit from an anti-inflammatory treatment. The time it takes to implement a specific treatment
can be shortened by carrying out a rapid analysis of a fresh
biopsy fragment that has been immediately transported to
the anatomopathologic laboratory before fixation and
more exhaustive analysis. In the same manner, this immediate analysis makes it possible to avoid potentially deleterious empiric corticotherapy if signs of active infection,
in particular viral, have been detected. In a recent study,
100 surgical lung biopsies for unresolving ARDS with
noncontributive BAL made it possible to detect the presence of fibrosis in only 53% of the cases [1]. Moreover,
of the patients with fibrosis, more than half had
a concomitant infection requiring anti-infectious treatment before the administration of corticotherapy. This
biopsy was contributive in the sense that it made it possible to make a specific therapeutic modification in 78% of
the cases. The main result of this study was that the
outcome in terms of survival is significantly better with
a contributive biopsy (67% survival versus 14% with
noncontributory biopsies p < 0.001) [3]. One can therefore consider that without this histological proof,
almost half of the patients with unresolving ARDS would
have received unjustified corticotherapy. The recent

randomized prospective study performed by the ARDS
network, which studied the benefit of corticotherapy for
unresolving ARDS, did not report a decrease in mortality
in the treated group. In this study, no proof of the presence
of fibrosis was provided by lung biopsy. Nevertheless, in
the treated subgroup with low alveolar procollagen III,
a comparatively high death rate was noted which suggests
that the patients without fibrosis did not undergo
corticotherapy (although the correlation between this
marker and fibrosis has not been absolutely established).
Moreover, when corticosteroid treatment is delayed
(beyond the 13th day), one can also observe an increased
mortality which argues for early lung biopsy in order to
avoid administering corticotherapy for an irreversible
lung fibrosis. Lachapelle and Morin have already reported
a better outcome in patients for whom a therapeutic modification was based on early biopsy with a more specific
diagnosis. Given our experience and recent recommendations, we propose a practical attitude in cases of
unresolving ARDS. A lung biopsy can be proposed on
approximately the seventh day of evolution if, despite
treatment adapted for an initial cause, ARDS persists and
post-aggressive fibrosis is suspected. If no etiology is
found initially despite BAL, it is consequently desirable
to perform an earlier biopsy. Specific treatment (antibiotic, antiviral, chemotherapy, etc.) is then administered as
soon as the results are known. In cases of post-aggressive
fibrosis, corticotherapy is administered but possibly
delayed after adapted treatment in case of concomitant
infection. Lung biopsy remains, pending less invasive but
equally specific examinations, the best diagnostic tool for
unresolving ARDS.

Application
Flexible Fibroscopy
We only consider flexible fibroscopy for its diagnostic use
with BAL and PSB. Therefore, we will not discuss the
possible therapeutic acts in the ICU (difficult tracheal
intubation, hemoptysis, or atelectasis), see Fig. 1.
Flexible fibroscopy requires preparation of both the
patient and the equipment. It is a clean but not sterile
procedure. Nevertheless, it is indispensable that the operator be equipped with a cap, a mask, sterile gloves, and
a disposable paper gown. The operator positions himself
or herself next to the patient who can remain positioned
between 30 and 45 on the bed. An assistant, positioned
on the other side of the bed, is useful for this procedure to
help maintain the intubation tube in position, handle the
equipment required for collection of samples, monitor
vital signs, modify ventilator adjustments, and optimize
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Bronchial Fibroscopy and Lung Biopsy. Figure 1 Flexible
fibroscopy

sedation. A cold light source is necessary (plugged into the
mains or on battery and positioned directly on the
fiberscope).
Fibroscopy can be performed in conscious patients on
spontaneous ventilation with a mask with a high concentration of oxygen or under continuous positive airway
pressure (CPAP). Given the considerable progress and
the now very broad use of noninvasive ventilation
(NIV), this technique should be considered for fibroscopy.
Under these conditions, the patient has been fasting for at
least 4 h and the use of a local anesthetic such as lidocaine
at 5% in the nasal fossa and the pharynx is necessary
before the insertion of the fiberscope. This anesthesia is
completed by the instillation of lidocaine at 1% through
the operator channel of the fiberscope, in the larynx and
then the trachea. The patient then continues fasting for
2 h after administration of the local anesthetic. However,
fibroscopy in the ICU concerns patients under sedation
and invasive mechanical ventilation in the majority of the
cases.
In case of mechanical ventilation, fibroscopy increased
the frequency of asynchronies between the patient and the
ventilator, thereby decreasing the efficacy of mechanical
ventilation. During aspirations by the fibroscope and
given the reduction in tidal volume, PaO2 can decrease
by 40% and PaCO2 increase by 30%. Whatever the breathing mode, it is necessary to increase the FiO2 in order
to obtain an SpO2 that is superior to 90% during the
fibroscopy. If this objective is not reached before the
beginning of the procedure, the benefits of the fibroscopy
should be weighed with the elevated risks of the procedure.
Moreover, the placing of a fiberscope in an intubation
tube triggers excess pressure that can reach 80 cmH2O.
This high pressure is recorded at the level of the intubation
tube but does not represent the real alveolar pressure.
It is due to the reduction in the diameter of the intubation
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tube caused by the fiberscope that increases the resistive
component of airway pressure. On the other hand, this
excess pressure persists at the level of the trachea on
expiration, thereby creating an auto positive end expiratory pressure (PEEP). This was also noted in 18 mechanically ventilated ICU patients after BAL was performed.
A fiberscope with a 5.7 mm external diameter occupies
51% of the surface of a tube with an internal diameter of
8 mm and 66% of a 7-mm tube. It was therefore
recommended to take off the external PEEP applied by
the ventilator in order to limit this effect. However, this
attitude is controversial, particularly in cases of ARDS,
because repeated aspirations during fibroscopy provoke
drops in pressure in the distal airways and therefore a risk
of alveolar derecruitment and hypoxemia. The compromise setting is probably represented by maintaining external PEEP level and a maximum inspiratory pressure level
set to the superior level, in order to limit alarms, and in
modern ventilators, to not be responsible for a limitation
of current volume delivered once the recommended
intratracheal pressure has been reached. Moreover, the
use of a fiberscope with an external diameter that is at
least 2 mm inferior to the internal diameter of the intubation tube and in particular, the shortest endoscopy time
possible with limited aspirations must be respected.
ARDS represents a risk factor for increasing hypoxemia during this procedure. However, if hypoxemia
occurs, it is transitory and rarely serious. In a series of
110 patients with ARDS (defined by a PaO2/FiO2 ratio
inferior to 200) who underwent fiberoptic bronchoscopy
with BAL, only one patient had a major reduction in SpO2
(<80%) during the procedure and only one pneumothorax occurred. In this series, there were no cases of alteration in respiratory mechanics or hemodynamic status.
Fiberoptic bronchoscopy can generate an increase in intrathoracic pressures which could potentially be deleterious
in patients with intracranial hypertension (by increasing
intracranial pressure). During 26 fiberoptic bronchoscopies performed in patients with an intracranial hypertension, there was an elevation in intracranial pressure in
21 of the patients, 38 mmHg on average, there was
a concomitant elevation in mean arterial pressure such
that there was no variation in cerebral perfusion pressure.
These changes were also transitory and no neurologic
deterioration was reported during fibroscopy in this series.
Here again, while caution is the rule, fiberoptic bronchoscopy is not contraindicated but must be performed with
maximum safety under sedation and paralysis. Finally, the
risk of fiberoptic bronchoscopy in patients with cardiopathy has not been specifically evaluated but in the American College of Chest Physicians (ACCP) registry of 48,000
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procedures in all kinds of patients, six deaths out of the ten
reported occurred in patients with ischemic cardiopathy.
Moreover, out of the 29 patients over 50 years of age
(including 45% smokers, 34% hypertensive, 17% ischemic
heart disease, and 14% with histories of myocardial infarction), 5 (17%) presented a modification in ST segment on
EKG during fiberoptic bronchoscopy and only 1 of these
5 patients had a history of coronaropathy. The benefit/risk
ratio must therefore be carefully evaluated in mechanically
ventilated patients with severe ischemic cardiopathy. In
patients under invasive mechanical ventilation, reinforcement of sedation or even the addition of paralysis is
necessary to ensure the safety and effectiveness of the
procedure, particularly in ARDS patients suffering from
intracranial hypertension or ischemic cardiopathy.
After optimizing the ventilator settings, it is indispensable to insert a mouthpiece in patients with an orotracheal
tube in order to avoid biting the fiberscope through the
tube which could damage the watertight sheath and in
particular the optic fibers. In addition, the fiberscope
sheath must be coated with silicon spray to facilitate
passage in the tracheal interface.
The fiberoptic bronchoscopy is inserted through an
orifice made in the oxygen mask or through the annular
orifice of the CPAP or NIV mask or through the endotracheal interface that has first been decontaminated with an
iodized solution, for example. The eyepiece must then be
adjusted to the operator’s view. Right-left identification in
the bronchial tree is easily obtained by anterior visualization of the tracheal rings and the anatomic appearance.
Bronchoalveolar lavage (BAL) consists in instilling
sterile saline solution at an ambient temperature through
the internal channel of the fiberscope, which is positioned
in the third- or fourth-generation bronchus ventilating
the pulmonary territory that the operator wishes to analyze. It is then no longer moved during the entire procedure in order to avoid contamination by bronchial
secretions and thereby preserve the alveolar specificity of
the examination. In this manner, only the distal bronchioles and the alveoli are sampled. A total volume of 100 to
400 mL is administered, ideally by 50-mL adapted syringes. In fact, there is no established consensus on the
quantity to administer by aliquot, the number of aliquots,
or whether to keep or eliminate the first aliquot that is
supposed to represent the bronchial fraction of BAL. Nevertheless, BAL is considered as effective and representative
in a patient on mechanical ventilation if at least 40% to
50% of the instilled liquid is collected. Aspiration must be
smooth to avoid damaging the bronchial mucosa and the
risk of hemorrhagic contamination. The administration of
a local anesthetic in the bronchi being sampled can

diminish coughing in the patient with little or no sedation
but must be avoided given the bacteriostatic character of
this type of product. After collecting the instilled fluid in
a single-use receptacle, whose volume is adapted to the
procedure and observing the macroscopic aspect, the sample is divided up and sent to the various laboratories
concerned (microbiology, virology, biochemistry, pathology, immunology, etc.). The sampled alveolar liquid must
be cultured within less than an hour to avoid the risk of
a false-negative result. Refrigeration at 4 C can buy time
when the sample cannot rapidly be processed. BAL tolerance in ventilated patients can limit its use and fever can
follow its use and be associated with arterial hypotension.
However, a study of 12 ventilated patients (mean PaO2 at
100 mmHg with PEEP  10 cmH2O and FiO2  0.5) did
not reveal an alteration in hemodynamic status after BAL.
On the other hand, a prolonged reduction in PaO2 was
noted after the return of FiO2 to its level prior to the
fibroscopy. During performance of the procedure, as for
any fiberoptic bronchoscopy, it would therefore appear to
be necessary to increase the FiO2 to 1 and then only reduce
progressively over a period of several hours after the end of
the examination. In patients on invasive mechanical ventilation, the level of sedation must in all cases be optimized
to avoid the hemodynamic and in particular, the respiratory consequences of this act.
Protected specimen brush (PSB) is a double catheter
sealed with a polyethylene-glycol plug. After inserting the
catheter through the operator conduit until the area to be
analyzed, the internal catheter is released from its covering, thereby ejecting the polyethylene-glycol plug (which
will gradually be destroyed in the bronchial tree), then
enabling a brushing of the distal bronchial mucosa. Before
withdrawing the device, the internal catheter containing
the sample is again retracted into the external catheter in
order to avoid contamination. The volume of collected
secretions is low (approximately 1 mL). This technique
could theoretically be performed blindly by inserting the
catheter directly into the tracheal interface but its precision and the occasional necessity to harvest the sample in
the left bronchial tree (inaccessible by blind technique)
requires the use of an endoscope. In addition to the risks
linked to the fibroscopy, the use of this catheter only rarely
causes complications such as bronchial hemorrhage or
pneumothorax.

Open-Lung Biopsy
Lung biopsies can be performed by percutaneous,
transbronchial (under endoscopy), or pleural (medical
or surgical thoracoscopy) approach, but for reasons of
safety and/or effectiveness, these techniques are poorly
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adapted to the context of ARDS. Only surgical pulmonary
biopsy by thoracotomy fulfills the conditions required in
this framework, see Fig. 2.
The majority of open-lung biopsies are performed at
bedside in the ICU, which is of great interest since such
patients are often difficult to transport [4]. The most
pathologic lung area is usually chosen for the biopsy. The
only ventilator adjustment required is to increase FiO2 to
1 with deep sedation and the administration of neuromuscular blocking agents is often necessary. The patient
therefore is positioned in supine position with a pad
placed under the scapula homolateral to the biopsy in
order to tilt the patient approximately 15 [4]. The
homolateral upper limb is held in abduction with the
forearm folded up over the head. An anterolateral thoracotomy of approximately 10 cm is performed in the fifth
intercostal space with access facilitated by means of a small
retractor [4]. Exploration of the pulmonary parenchyma
and pleural cavity is first performed. Pleural liquid is
sampled (for cytologic and microbiologic analysis),
drained, and quantified. Extreme care must be taken in
handling the lung tissue to avoid alveolar rupture, with
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particular attention (monopolar electrocoagulator) given
to preventing bleeding. A single but broad biopsy is
performed in an area that appears to be macroscopically
pathologic (usually at the level of the dependent zones)
with mechanical forceps with linear stapling [4]. The
ventilator must be temporarily disconnected in order to
limit tissue thickness to ensure better aerostasis. The parenchymatous sample is then cut into five parts and each
fragment is packaged in a specific manner for histologic,
bacteriologic, virologic, parasitologic-mycologic, and
immunologic analyses [4]. Two chest drains, anterior and
posterior, are inserted and then placed on aspiration. Verification by chest X-ray is performed at the end of the procedure. The mean duration of the procedure is 30 min [4].
Pulmonary parenchymatous leaks are evaluated, blood
loss through the drains is evaluated daily, and the surgical
wound is examined regularly for any local complications.
Thoracic X-ray is performed daily until the drains are
taken out which is usually after weaning from the mechanical ventilator. It is very rare that the biopsy cannot be
performed because of poor respiratory or hemodynamic
tolerance. There have been no cases of preoperative death

a

b
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d

Bronchial Fibroscopy and Lung Biopsy. Figure 2 Pulmonary biopsy by lateral thoracotomy at the bed of a patient in the ICU
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directly attributable to the biopsy reported in the literature. The postoperative complication generally reported is
prolonged bubbling at the level of thoracic drain (15–20%
of the cases) which is rarely associated with pneumothorax. The evolution of these complications which is usually
spontaneously favorable can require a mobilization of the
thoracic drains, a new chest drain, and in rare cases,
surgery. Other complications such as hemorrhages, pleural, or parenchymatous infections are rarely observed. This
surgical lung biopsy technique by thoracotomy was
recently recommended by the French Society of Intensive
Care in order to sample lung tissue [5].
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Synonyms
Chronic
bronchial
bronchiectasis

sepsis;

Non-cystic

fibrosis

Definition
Chronic Bronchitis
The term chronic bronchitis refers to a symptom, rather
than a disease, and is defined as daily cough with production of sputum for 3 months of the year, for more than
2 consecutive years. The principal cause of chronic

bronchitis is cigarette smoking, and the majority are
cured with smoking cessation. Chronic bronchitis with
associated predominantly fixed airflow obstruction
forms part of the clinical syndrome of Chronic Obstructive Pulmonary Disease (COPD).

Bronchiectasis
The term bronchiectasis may be used to describe a clinical
syndrome, a radiological appearance, or a pathological
finding. The clinical syndrome of bronchiectasis is characterized by symptoms of chronic cough, chronic sputum
production, and recurrent respiratory infections. It is
a disease of children and adults. The disorder is associated
with impaired mucociliary clearance and frequent chronic
colonization of the normally sterile airway with bacteria.
Approximately two-thirds of patients with bronchiectasis
are chronically colonized with microorganisms, most frequently Haemophilus influenzae and Pseudomonas
aeruginosa, but also Streptococcus pneumoniae, Staphylococcus aureus, Moraxella catarrhalis, and gram-negative
Enterobacteriacae. Patients are also susceptible to colonization with environmental mycobacteria. Recurrent exacerbations lead to increased utilization of health-care
resources and hospitalization in severe cases.
Pathologically, bronchiectasis is characterized by permanently damaged and dilated airways. Lung damage is
typically the result of a vicious cycle of inflammation,
infection, and tissue destruction caused by one of a large
number of inherited and acquired disorders (discussed
later). The disease may be localized to a single anatomical
lobe or be more generalized.
Radiologically, bronchiectasis is now defined by
a characteristic appearance of bronchial dilatation on
high-resolution chest computed tomography. In health,
the overall diameter of a bronchus is approximately equal
at any given level to its adjacent pulmonary artery and
a ratio of bronchus diameter: vascular diameter >1
denotes abnormal dilatation. Cylindrical/tubular bronchiectasis is the mildest form of bronchiectasis, where the
diameter of the bronchus exceeds that of the adjacent
blood vessel. In varicose and cystic bronchiectasis, there
is further bronchial dilatation, and this is seen in patients
with more advanced disease. There may be associated
mucus plugging, atelectasis, subsegmental, segmental or
lobar collapse, and emphysema.
An exacerbation of bronchiectasis that would benefit
from antibiotic therapy is defined as deterioration in
a patient with known bronchiectasis from their stable
condition, associated with increased cough, increased
sputum production, increased sputum purulence, and/or
increased dyspnea/wheeze. In addition to these subjective
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symptoms, patients may have objective evidence of reduction in forced expired volume in 1 s (FEV1) or a reduction
in exercise capacity.

Treatment
Treatment in Stable Patients
In stable patients, the priority of management is as follows
●
●
●
●
●

Promote airway clearance
Maximize exercise capacity and lung function
Prevent exacerbations
Treat exacerbations promptly
Manage complications

Identifying and treating the underlying cause is also
important [1]. More specific management may be
required in special circumstances, such as immunoglobulin replacement therapy in patients with common variable
immunodeficiency, but this is not the case in the majority
of patients with bronchiectasis.

Patient Education
Patient should be given information about the disease and
educated in how to recognize an exacerbation. The need to
promptly treat exacerbations with antibiotic therapy is
emphasized. Patients should be encouraged not to smoke
and to adhere to their prescribed treatment regime. Pneumococcal vaccination and annual influenza vaccination
are encouraged.
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Some physiotherapists advocate the use of nebulized
0.9% saline to promote chest clearance in patients admitted
with an exacerbation. Further studies are needed before we
could advocate the use of hypertonic saline (3% or higher)
as routine therapy to aid chest clearance. Recominant
human DNase has been used as an aid to airway clearance
in cystic fibrosis with good clinical efficacy. It is not, however, recommended in adults with non-CF bronchiectasis
as a well-designed randomized controlled trial found no
evidence of benefit, and a worsening of lung function in
patients randomized to DNase [2].
There is an absence of trial evidence to support the
use of mucolytics or osmotic agents such as mannitol
currently.

Exercise Capacity and Lung Function
Exercise
Aerobic exercise maintains cardiovascular fitness, promotes well-being and, in the context of bronchiectasis,
may aid airway clearance.
Pulmonary rehabilitation is effective in Chronic
Obstructive Pulmonary Disease, and there is some evidence of benefit following pulmonary rehabilitation in
patients with bronchiectasis. Patients with bronchiectasis
should be encouraged to remain active, and patients with
limiting breathlessness should be offered pulmonary rehabilitation if facilities are available.

Bronchodilators

Airway Clearance
Effective airway clearance can reduce distressing symptoms of retained secretions. Airway clearance is achieved
through a combination of physical therapy and
pharmacotherapy.

Physiotherapy
Commonly used physiotherapy techniques to promote
airway clearance include the active cycle of breathing
technique and postural drainage. Positive pressure assist
devices, such as Acapella and Flutter are also used, and
may be more convenient than traditional methods. Aerobic exercise is also recognized as an effective means of
mobilizing secretions. In patients with more advanced
disease, twice daily physiotherapy is recommended,
while in milder disease, physiotherapy may only be
required during exacerbations.

Pharmacological Management
Bronchodilators prior to physiotherapy may aid sputum
clearance and avoid bronchospasm post physiotherapy.

Bronchiectasis may coexist with Chronic Obstructive
Pulmonary Disease or asthma where the benefit of shortacting and long-acting bronchodilator medications are
established. Patients with bronchiectasis may have
impaired lung function, particularly in advanced disease.
In patients with impaired lung function, reversibility testing with inhaled or nebulized bronchodilators may provide evidence of airway reversibility and can guide which
bronchodilator to use (beta2-agonists and/or anticholinergics). Even in those without significant airways reversibility, patients with impaired lung function and reduced
exercise capacity are often offered a trial of inhaled bronchodilators, either beta2-agonists and/or anticholinergics,
with these medications continued if there is evidence of
clinical benefit.

Inhaled Corticosteroids (ICS)
Similarly, inhaled corticosteroids have an established role
in asthma and COPD. Patients with these conditions in
addition to bronchiectasis will frequently be prescribed
these medications. In patients without asthma or COPD,

385

B

386

B

Bronchitis and Bronchiectasis

small studies have suggested ICS may reduce sputum
volume but without significant effects on lung function
or exacerbation frequency. Patients may be offered a
6-month trial of inhaled corticosteroids, with the medication continued if there is evidence of clinical response.

experiencing 3 or more exacerbations per year [3]. Further
studies are needed. Options currently for patients with
Pseudomonas aeruginosa are nebulized gentamicin,
tobramycin, or colomycin, the choice being decided by
sensitivity results and local availability.

Preventing Exacerbations

Surgery

Maximizing patients physical fitness, maintaining good
airway clearance, and maintaining good lung function
are likely to minimize exacerbations. The role of longterm antibiotics and surgery is discussed next.

Long-Term Oral Antibiotic Therapy
In cystic fibrosis, the efficacy of long-term antibiotic therapy is well established. The evidence in adult non-CF
bronchiectasis is less clear, and the benefit of preventing
exacerbations must be balanced against the risks of antibiotic side effects and encouraging antibiotic resistance. In
a 12-month Medical Research Council sponsored trial
(conducted in 1957) of tetracycline, long-term therapy
was associated with reduced sputum volume, sputum
purulence, and fewer days absent from work due to ill
health. Similarly, in 1990, an 8-month trial of high dose
oral amoxicillin observed a reduction in 24 h sputum
volume, sputum purulence, and a reduction in days absent
from work. Other studies using an open label design have
shown a reduction in exacerbation frequency.
The British Thoracic Society Guidelines recommend
consideration of long-term antibiotics to patients
experiencing 3 or more exacerbations per year [3].
In general, long-term antibiotic therapy should be
tailored to individual patient need, with the class of antibiotic chosen based on the patient’s usual microbiology.

Localized bronchiectasis that has a significant effect on
health-related quality of life, not responding to medical
management, may be considered for surgical resection. In
practice, bronchiectasis is now an unusual referral for
surgical management except in the context of lifethreatening haemoptysis.

Treatment – Exacerbations
Prompt antibiotic therapy for exacerbations prevents further airway damage and speeds clinical recovery. Antibiotic therapy should be tailored to individual patients
taking into account their previous sputum bacteriology
and severity of disease. It is essential to send a sputum
sample at the beginning of exacerbations so that treatment
can be altered if necessary and to monitor changes in
bacterial pathogens and antibiotic resistance (see Table 1).

Assessment of Severity
The majority of exacerbations are mild and can be managed with oral antibiotics in the community. Medical
indications for hospitalization include: hypotension, confusion, hypoxaemia, respiratory distress, systemic sepsis,
large volume haemoptysis, culture of a pathogen only
sensitive to intravenous antimicrobials, failed response to
oral antibiotics.

Nebulized Antibiotic Therapy

Antimicrobial Treatment

Nebulized antibiotic therapy has the potential to deliver
bacteriocidal doses of antibiotic to the lungs while minimizing systemic absorption. Treatment with nebulized
therapy is more expensive than oral treatment and carries
a risk of bronchospasm, even when administered with
inhaled bronchodilators.
Nebulized tobramycin has been shown to reduced
bacterial density and reduce hospitalization in patients
chronically colonized with Pseudomonas aeruginosa.
Nebulized gentamicin over 1 year in patients chronically
colonized with two or more exacerbations per year
reduced the microbial burden, exacerbation frequency,
improved time to next exacerbation and improved health
related quality of life [4]. Further studies are needed.
The British Thoracic Society Guidelines recommend
consideration of long term antibiotics to patients

Table 1 suggests first- and second-line antimicrobial treatments for patients with bronchiectasis based on current
UK recommendations. Resistance patterns for organisms
such as Streptococcus pneumoniae, Haemophilus
influenzae, and Pseudomonas aeruginosa vary substantially
in different countries. Antibiotic choice should be personalized based on knowledge of the patient’s usual pathogens, and knowledge of local organism susceptibilities and
local practice.
As shown in Table 1, oral monotherapy is
recommended for the majority of patients, but dual therapy is recommended for patients with MRSA and in
hospitalized patients with Pseudomonas aeruginosa. Dual
therapy is recommended to reduce the chance of development of antimicrobial resistance. Severe exacerbations are
treated with intravenous antibiotic therapy (see above).
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Bronchitis and Bronchiectasis. Table 1 Antimicrobial recommendations
Usual colonizing
organism

First-line treatment

Second-line treatment

Severe exacerbation

Haemophilus influenzaeBeta lactamase negative

Amoxicillin or Doxycycline Clarithromycin

Intravenous amoxicillin or
Intravenous third-generation
cephalosporin

Haemophilus influenzaeBeta lactamase positive

Amoxicillin with clavulanic Clarithromycin
acid or Doxycycline

Intravenous third-generation
cephalosporin or Amoxicillin with
clavulanic acid

Streptococcus
pneumoniae

Amoxicillin or Doxycycline Clarithromycin

Intravenous third-generation
cephalosporin or Amoxicillin with
clavulanic acid

Moraxella catarrhalis

Amoxicillin with clavulanic Ciprofloxacin or Clarithromycin
acid or Doxyxycline

Intravenous Amoxicillin with
clavulanic acid

Staphylococcus aureus

Flucloxacillin

Clarithromycin

Intravenous flucloxacillin

Methicillin resistant
Staphylococcus aureus

Rifampicin + Doxycycline

Rifampicin + Trimethoprim

Intravenous Vancomycin or
Teicoplanin or Linezolid

Coliforms (e.g., klebsiella, Amoxicillin with clavulanic Ciprofloxacin
enterobacter)
acid
Pseudomonas aeruginosa Ciprofloxacin

Intravenous Amoxicillin with
clavulanic acid or third-generation
cephalosporin

Intravenous Ceftazidime or
Intravenous Ceftazidime or
Piperacillin with tazobactam or
Piperacillin with Tazobactam or
Meropenem, +/ Aminoglycoside Meropenem, +/ Aminoglycoside

The optimum duration of therapy is unknown, but the
majority of studies have used 10–14 days. Longer antibiotic courses are recommended because of the higher airway bacterial load in patients with bronchiectasis
compared to patients with other infections.

Adjunctive Treatment in Exacerbations
Patients should perform at least twice daily chest physiotherapy duration exacerbations to aid expectoration of
increased sputum volumes. Bronchodilators are
recommended for patients with airway obstruction, and
systemic corticosteroids may be prescribed for patients
with coexistent asthma or Chronic Obstructive Pulmonary Disease or if lung function is reduced.

Evaluation/Assessment
History
Bronchiectasis should be considered as a diagnosis in any
patient presenting with persistent cough and sputum production, or recurrent respiratory infections. Symptoms of
airways obstruction such as wheeze and breathlessness
may also be present. There may or may not be a history
of an associated disorder (see below).

Imaging
The gold standard investigation for diagnosis of bronchiectasis is high-resolution chest computed tomography.
Bronchiectasis is defined as bronchial dilatation and is
recognized radiologically as the internal diameter of the
bronchial lumen exceeding that of the adjacent artery.
Dilatation can be classified as tubular, varicose, or cystic.
Varicose and cystic dilatation is often associated with
a greater disease severity. Examples of tubular, varicose,
and cystic dilatation are shown below (Figs. 1–3).

Sputum Bacteriology
Sputum should be sent for culture in all patients with
bronchiectasis complaining of productive cough. Twothird of patients will be chronically colonized with organisms even when well, and the presence of these organisms
helps to guide antibiotic therapy during exacerbations
(Table 1).

Lung Function
Spirometry can be normal even in advanced bronchiectasis but both obstructive and restrictive patterns can also be
seen.
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Bronchitis and Bronchiectasis. Figure 1 Mild tubular
bronchiectasis in both lower lobes (arrows show two examples
where the diameter of the bronchus is larger than the adjacent
vessel)

Bronchitis and Bronchiectasis. Figure 3 Cystic
bronchiectasis- marked cystic dilatation in the right lower
lobe – one cyst highlighted – see arrow

Underlying Cause
A specific underlying cause is only identified in a minority
of patients with bronchiectasis. Performing investigations
to find associated disorders is important, however, as
some have specific treatments. Many patients are classified
as having “post-infective” bronchiectasis based on
a previous history of respiratory infection such as pneumonia or whooping cough. It is important to investigate
these patients for other underlying causes as these histories are not specific. Specific therapies are available for
some underlying disorders, for example, immunoglobulin
replacement for common variable immunodeficiency, and
corticosteroids +/ antifungal therapy for active allergic
bronchopulmonary aspergillosis (Table 2).

After-care

Bronchitis and Bronchiectasis. Figure 2 Varicose
bronchiectasis in the right upper lobe – see arrow – the
bronchus is enlarged and saccular

Patients with frequent exacerbations, patients treated
with long-term oral or nebulized antibiotic therapy,
patients colonized with Pseudomonas aeruginosa, and
patients requiring specialist management for an underlying disorder (e.g. immune deficiencies) should have follow-up in secondary care. This is best achieved in
a respiratory unit with access to a multidisciplinary team
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Bronchitis and Bronchiectasis. Table 2 Underlying causes identified in adults with bronchiectasis
Underlying disorder

Frequency

Confirmatory test or physical findings

Idiopathic and post-infective

60%

Diagnosis of exclusion

Post-tuberculous

25%

Radiological evidence (CXR or CT) of previous pulmonary tuberculosis

Rheumatoid arthritis and other
3–6%
connective tissue diseases(systemic
sclerosis, systemic lupus erythematosus,
ankylosing spondylitis)

Positive autoantibodies. Some other clinical evidence of connective
tissue disease is usually required for diagnosis

Allergic bronchopulmonary aspergillosis 1–7%
(ABPA)

History of asthma + aspergillus hypersensitivity + radiological change
(fleeting infiltrates and/or central bronchiectasis)

Immunodeficiency

1–8%

Typical disorders associated with bronchiectasis are IgG subclass
deficiencies (particularly subclass 2), common variable
immunodeficiency, X-linked agammaglobulinamia, IgA deficiency.
Early onset bronchiectasis, or bronchiectasis in the context of
recurrent non-pulmonary infections should lead to consideration of
inherited or acquired immunodeficiency

Cystic fibrosis

2–4%

Suspect in patients aged <40 years with associated malabsorption,
male infertility, upper lobe bronchiectasis, colonization with
Staphylococcus aureus, and/or Pseudomonas aeruginosa. Confirm by
CFTR genotyping and/or sweat test

Recurrent aspiration or inhaled foreign
body

2–10%

Bronchiectasis may occur in the context of any cause of aspiration

Primary ciliary dyskinesia

2–4%

Suspect in patients with a history of upper respiratory tract infections,
otitis media, or male infertility. Confirm by ciliary function testing or
saccharin test

Inflammatory bowel disease

1–2%

Patients will usually have an established diagnosis of inflammatory
bowel disease

Foreign body may be located at bronchoscopy

Congenital airway structural abnormality <1%

Usually identified on chest radiograph or HRCT

of respiratory physicians, physiotherapists, microbiologists, and nursing staff.
Patients with mild bronchiectasis, or patients in whom
the disease has been stable for many years may be managed
in primary care, provided that the basic principles of
bronchiectasis managed are followed, such as airway clearance and regular monitoring of sputum bacteriology.
Bronchiectasis may remain stable for many years, but
patients should have access to specialist secondary care if
they experience increasing symptoms, frequent exacerbations, or an important change in their disease such as
acquisition of Pseudomonas aeruginosa.

patients with bronchiectasis appears to be good, and some
studies suggest that life-expectancy is not reduced in
patients receiving modern management. This will largely
depend on the severity of patient’s disease and their adherence to follow-up and treatment. In a recent investigation
of 120 patients with bronchiectasis followed-up for
13 years, risk factors for death were age, male gender,
colonization with Pseudomonas aeruginosa, reduced lung
function, and poorer activities on the St. George’s Respiratory health-related quality of life Questionnaire [5].
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Differential Diagnosis
The diagnosis of BPF should be suspected in any patient
with a persistent postoperative air leak. Other causes of
postoperative air leak may include technical problems
with the pleural drainage system, misplacement of tube
thoracostomy, and benign air leak from the cut surface of
the lung parenchyma. The diagnosis of BPF can be made
based upon clinical and radiographic findings. The presence of a persistent air leak after excluding other possible
etiologies is suggestive of the diagnosis. Radiographic
findings include steady increase in the volume of
intrapleural air, the appearance of a new air-fluid level in
the chest or changes to a pre-existing air-fluid level, and
the development of a tension PTX. Multidimensional
computed tomography may be helpful and allows for
visualization of the fistula tract. Bronchoscopy may also
be diagnostic and can be employed to visualize the site of
the fistula in the bronchial tree. Methylene blue may also
be selectively instilled under bronchoscopic guidance into
the bronchial tree, with subsequent drainage of the Methylene blue from the pleural space being diagnostic for BPF.

Definition
Bronchopleural fistula (BPF) is defined as an abnormal
connection between the bronchial tree and the pleural
cavity. This is a rare but highly morbid condition that
can be extremely difficult to manage. BPF is most commonly seen in patients that have undergone pulmonary
resection, with a reported incidence of 1.5–28% [1]. Other
causes of BPF include lung necrosis after pulmonary infection, tuberculosis, chemotherapy or radiation therapy for
pulmonary malignancy, iatrogenic or traumatic injury,
and persistent spontaneous pneumothorax. The development of BPF is associated with an increased risk of death,
with an associated mortality rate of 18–67% [2].
The clinical presentation of BPF is variable in both
time of presentation and clinical findings. BPF can be
divided into the categories of acute (postoperative days
1–7), sub acute (postoperative days 8–30), and delayed/
chronic (postoperative day >30) depending upon the
time of presentation [3]. Acute BPF typically presents
with the classic findings of a tension pneumothorax
(PTX) with acute onset of dyspnea, chest pain, hypotension, subcutaneous emphysema, jugular venous distention, mediastinal shift, and pulsus paradoxus. The
clinical presentation of sub acute and delayed BPF is not
typically as impressive in presentation, with the most
common findings being cough and a change in appearance of the chest x-ray. In the postsurgical setting, most
BPFs will present between postoperative days 7 and 15.

Cross-Reference to Disease
Lung Cancer Patients
Patients with lung cancer represent the vast majority of
BPF patients. This is because BPF most commonly occurs
after surgical resection. The development of BPF can also
occur as a result of tumor necrosis following chemotherapy or radiation therapy. In the surgical patient, development of a BPF results from failure of the bronchial stump
to properly heal after resection. This can be seen following
any type of lung resection but is more commonly seen in
pneumonectomy patients, occurring in up to 20% of
patients [4]. It can also be seen following lobectomy, but
the incidence is much lower at 0.5% [4]. Failure of the
bronchial stump to heal can be due to technical complications at the initial surgery, inadequate blood supply to
the bronchial stump, of persistence of tumor at the bronchial stump. Risk factors for the development of BPF
include diabetes mellitus, malnutrition, steroid use, performance of a mediastinal lymph node dissection, high
dose preoperative radiation therapy, residual tumor at the
bronchial margin, performance of a right-sided resection,
and need for prolonged positive pressure mechanical
ventilation.
Treatment of BPF should initially focus on stabilizing
the patient, particularly in patients presenting with
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a tension PTX. If the patient does present with a tension
PTX, emergent decompression of the chest is critical.
Pulmonary flooding may also occur as a result of entry
of fluid from the pleural cavity into the bronchial tree.
This can be addressed by placing the patient with the
affected side down and establishing adequate drainage of
the pleural space with a tube thoracostomy. In the acute,
postoperative setting, surgical management of BPF is
often utilized. Surgical repair of BPF should include coverage of the new bronchial suture line with some type of
tissue flap. Available options include muscle flaps, pericardial fat flaps, and omental pedicle flaps.

Pulmonary Infections
Patients presenting with BPF in the setting of infection are
initially managed medically. These patients are often
chronically debilitated as a result of their underlying infectious state. Management of these cases of BPF includes
adequate drainage of the associated empyema allowing for
reduction of the pleural space, aggressive antimicrobial
therapy, and optimization of the patient’s nutritional status. Initially, these patients are managed medically. If the
patient requires mechanical ventilation, maintaining airway pressures below the critical opening pressure of the
BPF may improve closure of the BPF. In the event that the
patient does not respond to a trial of medical therapy,
surgical consultation may be necessary. The surgical management of BPF in the setting of infection abides by the
same principles described above.
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Introduction
The diagnosis of pulmonary infections in the intensive
care unit (ICU) can be challenging for critical care practitioners since the clinical signs and symptoms for pulmonary infection are nonspecific. As in noncritically ill
patients, the suspicion of a respiratory infection in ICU
patients is based on the development of clinical signs such
as increasing sputum production, fever, or hypothermia
and findings on physical examination such as bronchial
breath sounds, if any. These may be accompanied by
laboratory abnormalities such as abnormalities in white
blood cell count or gas exchange. However, in critically ill
patients these clinical signs and symptoms may also arise
from systemic inflammation secondary to their underlying disease and not from infection. As an example, an ICU
patient with severe pancreatitis may have fever, leukocytosis, and respiratory failure secondary to acute respiratory distress syndrome without having a respiratory
infection. Moreover, as in this example, abnormal chest
X-rays in patients in the ICU are nonspecific and the
majority of patients with abnormal chest X-rays in the
ICU do not have pulmonary infection. Common
noninfectious etiologies of an abnormal chest X-ray in
the ICU which may be mistaken for pneumonia include
pulmonary edema both cardiogenic and non-cardiogenic,
atelectasis, pulmonary hemorrhage, and pulmonary
infarction.
Given the nonspecific clinical and radiological findings of respiratory infection in the critically ill, the diagnosis of a respiratory infection has been traditionally
based on microbiological confirmation. In mechanically
ventilated patients access to respiratory tract secretions is
straightforward and endotracheal aspirates (ETA) are
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commonly sent for culture. However, the difficulty with
cultures of ETA aspirates is that the organisms isolated
may be colonizers or pathogens. That is, they may be
present on biofilms present on the endotracheal tube or
on the trachea or larger airways without tissue invasion.
Further, many cultures of ETA are negative and the possibility of inadequate sampling arises. To circumvent
these difficulties, the focus has been on bronchoscopic
methods of obtaining secretions from the lower respiratory tract with quantitation of microorganisms in order
to improve the sensitivity and specificity of cultures
obtained. In this entry we will discuss bronchoscopy
and associated techniques as a means of diagnosing
respiratory tract infections in the critically ill. We will
then discuss their applicability to the diagnosis of ventilator-associated pneumonia (VAP), ventilator-associated
tracheobronchitis (VAT), and the evaluation of pulmonary infection in critically ill immunocompromised
patients.

Bronchoscopy and Associated
Techniques
While rigid bronchoscopy was first described in the 1890s,
it was not until the 1960s that technological advances
allowed the advent of flexible fiber-optic bronchoscopy
(FOB). While FOB did not come into common use until
the 1970s, improvements in technology and affordability
have led to its widespread use, particularly in the ICU and
over time video bronchoscopes have gradually replaced
standard bronchoscopes. In the ICU, bronchoscopy is
utilized for both therapeutic and diagnostic purposes.
We will only discuss the use of bronchoscopy for the
diagnosis of pulmonary infectious diseases in this entry.

Bronchoscopy-Intubated Patient
The technique in an intubated mechanically ventilated
patient is relatively straightforward. The presence of an
endotracheal tube or tracheotomy tube allows the upper
airway and associated reflexes to be bypassed thereby
minimizing the amount of sedation/analgesia required.
Further, the majority of these patients are already sedated
for the facilitation of mechanical ventilation and may only
require small amounts of additional sedation and analgesia.
Similar to bronchoscopy in outpatients, cough reflexes can
be blunted through the application of aqueous lidocaine
1% through the suction port of the bronchoscope. Care
must be taken to avoid toxic levels of lidocaine in the
bloodstream as it is well absorbed through the bronchial
mucosa and for this reason the maximum dose of lidocaine
in adults should be limited to 8.2 mg/kg in adults with

lower maximum doses in patients with impairments in
hepatic function or at risk from cardiac suppression [1]. If
additional sedation is required, short-acting agents such as
midazolam or propofol along with short-acting narcotics
such as fentanyl for analgesia are the agents of choice.
In a mechanically ventilated patient the bronchoscope
is introduced through the endotracheal tube or tracheotomy tube using an adapter which allows for a tight seal
around the bronchoscope and minimal air loss. The major
consideration is the diameter of the artificial airway since
the insertion of the bronchoscope through the airway can
cause functional obstruction. For example, the insertion
of a bronchoscope with an external diameter of 5.1 mm in
a No. 7.5 endotracheal tube (ETT) will obstruct 46% of the
cross-sectional area and in a No. 7 ETT, it will obstruct
53%. Narrowing of the effective size of the ETT may
reduce the ability to ventilate the patient and cause acute
increases in positive end expiratory pressure (PEEP).
These, along with loss of lung volume from suctioning
along with de-recruitment at the initiation of the study
procedure if the patient is disconnected to place the adapter
on the ETT, may cause significant hypoxemia during the
procedure. These may be mitigated by having as large an
ETT as possible, maintaining the same amount of minute
volume during the procedure and increasing the amount of
supplemental oxygen. Further, acute increases in PEEP
along with coughing during the procedure may increase
intrathoracic pressure thereby decreasing venous return
and cause hypotension during the procedure. This may be
minimized by fluid loading if no contraindications are
present and avoiding acute increases in PEEP along with
adequate sedation and topical anesthesia to avoid coughing.
Overall, bronchoscopy in the critically ill is very
well tolerated with minimal complications but significant
morbidity and mortality have been reported. Reported
complications include hypoxemia, bronchospasm,
arrhythmias, pneumothoraces, and hemorrhage. In addition, reduction in mesenteric blood flow during bronchoscopy may occur and put patients at risk for mesenteric
ischemia and bacterial translocation. In outpatients in
which there is more information but which may have
fewer complications because of their greater cardiorespiratory reserve, rates of major complications have been
reported as occurring in only 0.5% of all cases [2].

Bronchoscopy-Non-intubated Patient
In contrast to patients who are intubated and mechanically ventilated, bronchoscopy in the critically ill who are
not intubated poses more challenges. For the diagnosis of
infection, access to lower respiratory tract secretions may
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not be available as in patients who have an endotracheal
tube or a tracheostomy in place and this may be the
indication for bronchoscopy. These patients may require
high levels of supplemental oxygen and hemodynamic
support. Topical anesthesia of the upper airway is important such the sedative and analgesia use may be minimized
and respiratory depression avoided. Since it may be difficult to spray the upper airway in a patient who is in
respiratory distress or receiving high levels of supplemental oxygen, an alternative technique that can be used for
topical anesthesia of the airway is the nebulization of 4cc
of 4% lidocaine while delivering high flow oxygen prior to
bronchoscopy. Recognizing that oxygen requirements will
increase during the procedure, the provision of supplemental oxygen can be accomplished with high flow oxygen
through a face mask in which a port is made to accommodate the bronchoscope or commercially available
facemasks specifically designed for this purpose. For
patients whose respiratory status is unstable bronchoscopy utilizing noninvasive ventilation during the procedure or through a laryngeal mask have been described [3].
To facilitate bronchoscopy with noninvasive ventilation,
commercial facemasks with extra ports for the introduction of the bronchoscope are available. These techniques
may be beneficial in patients in which there is a desire not
to intubate such as in immunocompromised patients with
pulmonary infiltrates.

Bronchoscopic Techniques
Bronchial Lavage
Bronchial lavage involves the injection of saline and aspiration of secretions from the larger airways. With bronchial
lavage, no attempts are made to sample the alveoli. It is
unclear if secretions obtained in this manner are superior to
ETA. The major indication for bronchial lavage is for the
detection of cancerous cells and in non-intubated patients’
infectious agents. Unless there is another indication for
bronchoscopy, in a critically ill patient, performing
a bronchoscopy just for bronchial lavage does not justify
the risks involved with the procedure.

B

saline instilled for a BAL, larger amounts have been safely
used and may sample larger amounts of lung. Smaller
amounts may only sample the proximal airways; there
should be at least 40–70% recovery of total instillate. In
order to maximize returns, intermittent suction may be
more effective than continuous suction or excessive suction will collapse the airway and thereby decrease BAL
fluid return. If BAL is being performed for the evaluation
of a pulmonary infection, the channel of the bronchoscope is first lavaged with 20 ml of saline to minimize
the influence of upper airway secretions that may have
been suctioned prior to wedging the bronchoscope. Complications of BAL include transient fever, bronchospasm,
transient pulmonary infiltrates, worsening gas exchange,
and increased hypoxemia or requirement for supplemental oxygen. In non-intubated critically ill patients the
transient worsening of lung function may lead to
intubation.

Protected Specimen Brush
Similarly to BAL, a protected specimen brush (PSB) is
used to minimize the influence of upper airway secretions
on culture results. This is done by having the sampling
brush enclosed in a protective catheter closed off with
a polyethylene glycol plug which quickly dissolves when
extruded. To sample using a protected specimen brush,
the catheter containing the brush is advanced through the
suction channel of the bronchoscope until it protrudes
from the end of the bronchoscope. When the desired area
is reached, the brush is advanced and the plug is extruded.
The area is then brushed and the brush is withdrawn into
the catheter. The catheter is then removed and the brush is
cultured. Problems with PSB include variability in the
technique, small amount of secretions sampled with possibility of sampling error, patient selection, and comparisons with which the PSB is compared to [4]. For these
reasons, it is felt to have high specificity but low sensitivity
in the diagnosis of VAP. In spite of these difficulties, both
PSB and BAL are used interchangeably in the diagnosis of
respiratory tract infections in the critically ill.

Transbronchial Biopsies
Bronchoalveolar Lavage
Bronchoalveolar lavage (BAL) is a procedure designed to
be able to obtain material from the smaller airways and
alveoli. To perform a BAL, the bronchoscope is wedged
into a distal bronchial segment and saline is instilled into
that lung segment in 20–40 ml aliquots until 100–120 ml is
reached. This amount of saline is sufficient to sample up to
the alveolar level. Although 100 ml is a usual amount of

There is limited information on the utility of
transbronchial biopsies for the diagnosis of pulmonary
infections in non-immunocompromised critically ill
patients. Concerns about the risk of complications such
as hemorrhage and pneumothoraces in patients who have
respiratory compromise along with the requirement for
specialized expertise have made this procedure fairly
uncommon in the ICU. Not surprisingly, published series
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on the conduct of transbronchial biopsies in mechanically
ventilated patients have reported pneumothorax, hemorrhage, and worsening hypoxemia as the most common
complications. It is not clear if transbronchial biopsies
add to the diagnostic efficacy of ETA or BAL for the
diagnosis of infection in the non-immunocompromised
critically ill although it may add to the diagnostic utility of
BAL in immunocompromised patients. Further a high
percentage of critically ill patients with a suspicion of
pulmonary infection will have absolute or relative contraindications to transbronchial biopsy such as coagulopathy,
high levels of PEEP, and severe gas-exchange abnormalities. Given the potential for significant complications, lack
of evidence for utility and that the diagnosis may be
available from less invasive procedures, transbronchial
biopsy for the diagnosis of pulmonary infection in immunocompetent critically ill patients should be reserved only
for experienced clinicians when BAL fails to arrive at
a diagnosis.

Non-bronchoscopic Sampling
Since bronchoscopy and its associated procedures requires
specialized equipment and expertise that may not be
available at all centers, non-bronchoscopic methods for
sampling the distal airways for infection have been developed. These are “blind” BAL and “blind” PSB and are
conducted at the bedside without using a bronchoscope.
For the sake of completeness they will be discussed here
although an extensive discussion is beyond the scope of
this review. For blind PSB, the brushing catheter is
advanced blindly through the ETT until resistance is met
and the airway is brushed similarly as when the procedure
is conducted through the bronchoscope. Blind BAL is
conducted by inserting either a single lumen or double
lumen protected catheter through the ETT until resistance
is met and at that point saline is instilled and then aspirated. The amount of saline instilled is usually 20 ml
although volumes from 10 to 100 ml have been described.
It has been reported as being highly reproducible although
it is a blind technique.
The degree of correlation between bronchoscopic PSB
and blind PSB has been reported to be approximately 80%
in all pneumonias and to be higher when the suspected
pneumonia was suspected on the right. Blind PSB has
been reported as having the same sensitivity and specificity as bronchoscopic BAL. Variable efficacy in the diagnosis of VAP has been reported for blind BAL [5].
Overall these techniques are effective in obtaining
microbiological sampling of the lower airways without
bronchoscopic guidance. However, the difficulty in

interpreting these studies is the lack of a reference standard
for pulmonary infection and there is no evidence that they
are superior to ETA in guiding therapy and improving
patient outcomes.

Disease Considerations
Ventilator-Associated Pneumonia
The clinical suspicion of ventilator-associated pneumonia
(VAP) is based on clinical and radiological criteria. As
these criteria are nonspecific, microbiological confirmation is necessary. The method of obtaining samples for
microbiological confirmation has been the focus of extensive study. Methods that have been studied have included
noninvasive techniques such as ETA without quantitation
and techniques with quantitative cultures including BAL
and PSB, both blind and bronchoscopic. The threshold
levels for quantification of BAL are greater than 105 colony
forming units (cfu)/ml and greater than 103 cfu/ml
for PSB. These techniques have reported variable sensitivity and specificity depending on the technique, patient
population, and comparator to which the test was
compared [6].
In discussions of diagnostic tests and methods of
microbiological sampling for VAP, it is important to note
that there is no accepted reference test for VAP. In the
absence of a reference standard for VAP it is impossible
to know which test or diagnostic strategy is superior and
the question then becomes which test is associated with
the best patient outcomes and management when VAP is
suspected. In considering bronchoscopic tests with quantitation, these tests require specialized equipment and
training, laboratory support, and may not be available at
all institutions or if they are available may not be accessible
at all times of the day.
Five randomized controlled trials have examined the
question of the best diagnostic strategy for VAP [7–11].
Two randomized trials have compared the results of quantitative cultures from BAL to quantitative cultures from
ETA [7, 8] and three randomized trials have compared
results from quantitative cultures from BAL to
nonquantitative ETA [9–11]. When these studies are combined in a meta-analysis (Fig. 1), a diagnostic approach for
suspected VAP using bronchoscopy and quantitative cultures of BAL and/or PSB compared to nonquantitative
cultures of endotracheal aspirates does not lead to differences in hospital mortality, length of stay, or duration of
mechanical ventilation. Given the higher costs, higher risk
of complications and lower availability for bronchoscopy
and BAL, ETA are favored for microbiological sampling in
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Bronchoscopy, Role in Suspected Infection. Figure 1 Meta-analysis of randomized controlled trials comparing the effect of
bronchoalveolar lavage (BAL) and endotracheal aspirates (ETA) on mortality

VAP. An important consideration is that all of the five
trials evaluated immunocompetent patients and four of
the five trials used empiric antibiotic therapy initiated at
the time of suspected VAP.

Ventilator-Associated Tracheobronchitis
Ventilator-associated tracheobronchitis (VAT) is defined
using the following criteria: the presence of fever (>38 C)
with no other recognizable cause, purulent sputum production, and positive cultures of respiratory specimens
without radiographic signs of new pneumonia. This entity
is controversial but is felt to be a precursor of VAP before
the radiographic signs of pneumonia develop. It is not
known whether bronchoscopic techniques and quantitative cultures add to the specificity of diagnosing VAT and
what threshold of bacterial growth should be used. At this
time, there is not enough evidence to choose over the
various techniques for microbiological sampling of the
airways although it stands to reason that techniques that
sample the alveoli such as BAL would have less of a role in
the diagnosis of VAT. Quantitative ETA cultures have been
suggested for the diagnosis of VAT but again it is not clear
that they add to diagnostic specificity over standard
cultures of ETA [12].

Immunocompromised Patient
The diagnosis of the cause of pulmonary infiltrates in the
setting of critical illness and immunodeficiency is difficult.
These patients have many potential causes of abnormal

chest radiography including infectious and noninfectious
causes. Infectious causes may include usual pathogens,
difficult to culture organisms or opportunistic pathogens.
Noninfectious causes include alterations of pulmonary
permeability such as acute respiratory distress syndrome,
pulmonary hemorrhage, drug reactions, or neoplastic diseases. Because of the wide spectrum of diagnostic possibilities, alveolar sampling increases the diagnostic yield
and bronchoscopy with BAL has become the procedure
of choice. In cohorts of immunocompromised patients
with pulmonary infiltrates, infection accounts for 50–70%
of the final diagnosis and BAL can identify up to 80% of
the infectious etiologies [13].
The yield of bronchoscopy in patients who are immunocompromised and have respiratory infiltrates depends
on the etiology of the immunosuppression with the major
distinction being immunosuppression secondary to
human immunodeficiency virus (HIV) and all other
causes. In patients with immunosuppression from HIV
and diffuse pulmonary infiltrates, diagnostic yields of BAL
for Pneumocystis jiroveci have been reported to be 90% and
yields for other pathogens have been reported to be in the
range of 60–85%. In contrast to the diagnosis of pulmonary infections in the critically ill, transbronchial biopsies
along with BAL do increase the diagnostic yield. For
Pneumocystis yields of close to 100% have been reported
using a combination of BAL and a transbronchial biopsy
with a negative predictive value over 90%. Fortunately, the
frequency of patients with HIV being admitted to the ICU
has dropped dramatically with the use of highly active
antiretroviral therapy.
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Although the frequency of patients with HIV has
declined, the incidence of patients with non-HIV-related
immunosuppression admitted to the ICU is increasing.
With non-HIV-related disease immunosuppression, the
diagnostic yield from BAL is lower. The requirement for
bronchoscopy in immunocompromised patients is dependent on the pathogen suspected and in intubated immunocompromised patients the yield for ETA is high for
bacterial disease. The yield for bronchoscopy with BAL
has been reported to be as high as 80% in patients with
infectious causes for pulmonary infiltrates. The yield in
noninfectious causes of pulmonary infiltrates in the
immunocompromised is lower and this patient population where both infectious and noninfectious etiologies
are possible transbronchial biopsy may be additive to BAL.
However, as discussed previously many of these patients
will have significant contraindications to transbronchial
biopsy. A relatively frequent relative concern for the conduct of bronchoscopy and BAL in patients who are
immunosuppressed is the presence of thrombocytopenia.
However, with the support of platelet transfusions, both of
these procedures have been shown to be safe even in the
presence of severe thrombocytopenia.

Conclusion
Bronchoscopy for the diagnosis of pulmonary infection is
not indicated for all critically ill patients. As a routine,
in non-immunocompromised patients the incremental
benefit of bronchoscopic microbiological sampling over
ETA is minimal and should only be done when there are
other indications or unusual pathogens are suspected. For
immunocompromised critically ill patients, bronchoscopy with BAL is the procedure of choice with or without
transbronchial biopsies, dependent on the presence of
contraindications.
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Bronchovenous Air Embolism
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Synonyms
Air embolus; Pulmonary venous air embolism; Systemic
air embolism
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This syndrome occurs when there are concomitant injuries to a pulmonary vein and a bronchus leading to the
passage of air to the left side of the heart.

Historical Perspective
Air embolism has been known to occur during cardiopulmonary bypass, neurosurgical procedures in the sitting
position, and diving accidents. Nonetheless, part of the
first description of air embolism from penetrating chest
trauma was reported in 1974 [1] by Art Thomas,
a thoracic and trauma surgeon at San Francisco General,
and Boyd Stephens, the Medical Examiner for the City and

Bronchovenous Air Embolism

County of San Francisco. They described four cases of
bronchovenous air embolism following penetrating chest
trauma involving a lung injury. In the first two cases, they
did not see the air in coronary arteries, but air was aspirated from the left ventricle. In the other two cases, air was
found in the coronary arteries and the left ventricle. Neither one of these cases survived. They previously reported
four other cases at the American Association for Thoracic
Surgery meeting in 1973. The mechanism of air embolism
was found to be a concomitant injury to the bronchus and
the pulmonary vein, which allows air to travel into the left
side of the heart. Although a moderate amount of air can
be tolerated on the right side of the heart, as little as one cc
of air in the coronary artery can lead to ventricular fibrillation. Perhaps the most important clinical observation
that the authors made was that all eight of their patients
had positive pressure ventilation when the embolism was
recognized, which caused the air to be pushed from bronchus into the pulmonary vein. Working in the autopsy lab,
Dr. Stephens pointed out that the only way to detect an
arterial air embolism was to perform an autopsy anaerobically or under water, which he did on several occasions.

Clinical Manifestations of
Bronchovenous Air Embolism
A high index of suspicion should be maintained regarding
bronchovenous air embolism when patients sustain penetrating chest trauma. The important tipoff is that the
patient will deteriorate once positive pressure ventilation
has begun. This can occur because pulmonary venous
pressure may be low due to thoracic blood loss. This can
promote passage of air from a bronchial injury into
pulmonary circulation when positive pressure ventilation
has begun. These findings may be seen in the pre-hospital
setting, in the emergency department, or in the operating
room, and air embolism should be suspected if the patient
deteriorates after positive pressure ventilation. The majority of the patients with air embolus have penetrating
trauma. In my experience, we treated one patient with
air embolus from blunt trauma (a forklift injury), who
required a pneumonectomy in order to be salvaged.

Treatment and Outcomes
Emergency Department (ED) thoracotomy may sometimes be required to salvage patients with air embolus. In
our original series from San Francisco General [2] of 168
patients who underwent ED thoracotomy for trauma,
only 11 patients had air embolism. Only one of these
patients survived (9%) compared to the 14% survival for
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patients with hypovolemic cardiac arrest, and a 38% survival for pericardial tamponade. In addition to cross
clamping the pulmonary hilum, other resuscitative measures that have been advocated are placing the patient in
Trendelenburg’s position with the aspiration of air from
the apex of the left ventricle, or aspiration of air from the
root of the aorta.
Salvage of these patients requires prompt recognition
of the clinical syndrome of bronchovenous air embolism.
A rapid thoracotomy on the affected side, followed by
clamping the pulmonary hilum is the key to success.
In addition, it may be necessary to aspirate air from the
left ventricle, which may be more easily accomplished with
a left thoracotomy. The pulmonary injury and the bronchial injury can then be repaired. The patient will usually
tolerate cross clamping as long as oxygenation can be
maintained by ventilating the other lung. A review from
San Francisco General, published in 1983 by Yee, Verrier,
and Thomas, identified 61 patients (from 1970 to 1981)
who had air embolism [2]. Interestingly, 15 of these
patients had blunt trauma, but the majority of the patients
had gunshot wounds or stab wounds to the chest. The air
embolism was recognized by visualizing air in the coronary arteries (57%) or aspiration air from the heart (30%).
Again, the key to diagnosis was early thoracotomy and
cross clamping of the pulmonary hilum on the affected
side. In a number of these cases, aortic cross clamping was
also necessary. Interestingly, the overall survival rate was
44% in this group of critically injured patients.
A recent paper from Harbor–UCLA Medical Center
described 24 patients who required thoracotomy for
trauma, 3 (13%) of whom required pulmonary hilar
cross clamping [3]. In this series, this maneuver was
done for massive hemothorax. The major point of this
article was that the authors described a “hand-over-hand”
technique that allowed control of the pulmonary hilum
with control of hemorrhage and prevention of air embolism prior to definitive cross clamping.
Another article from Parkland Hospital in Dallas
described systemic arterial air embolism, which is
a synonym for bronchovenous air embolism [4]. Over an
8-year period, they had nine patients with penetrating lung
injuries with this syndrome. Eight of these patients had
sustained gunshot wounds to the chest and then developed
cardiac arrest after receiving positive pressure ventilation.
Air was visualized in coronary arteries in all nine patients,
and in three of these patients, air was aspirated from the apex
of the left ventricle and the aortic root. In seven of the nine
patients, the only injury was to the lung. Six of the patients in
this series died (66%). It is clear that prompt recognition of
air embolism in the setting of patients with penetrating chest
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trauma, since clinical deterioration often follows the institution of positive pressure ventilation.

Brown Sequard Syndrome
▶ Spinal Cord Injury Syndromes

Conclusion
Bronchovenous air embolism is particular clinical syndrome that occurs primarily in patients with penetrating
lung injuries. The pathophysiology of this syndrome is
related to entraining of air from an injured bronchus
into the nearby pulmonary vein. The air is then embolized
into the coronary arteries leading to cardiac decompensation. The tipoff in these patients is that they may be stable
initially, but they then decompensate when they receive
positive pressure ventilation (either by bag valve mask
technique, or after endotracheal intubation). The key to
salvaging these patients is rapid thoracotomy (either in the
emergency department or in the operating room), with
clamping of the pulmonary hilum. The mortality rates
have varied widely between 91% [2], 66% [4], and 44%
[5]. The last series is the largest, and the better survival rate
probably reflects increased recognition of the syndrome.
In summary, early diagnosis of the syndrome of
bronchovenous air embolism requires a high index of
suspicion followed by rapid thoracotomy and cross
clamping of the pulmonary hilum in order to salvage
these patients.
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Broselow Pediatric Emergency
Tape
This is a tape that allows measurement of the height or
length of the patient and from this, the tape indicates the
sizes of tubes, doses of drugs, and rates of fluid
administration.
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Synonyms
Bang’s disease; Gibraltar fever; Malta fever; Mediterranean
fever; Undulant fever

Definition
Brucellosis is a zoonotic disease with a worldwide distribution. The disease is caused by infection with the bacterial genus Brucella. Brucella spp. are small aerobic
intracellular coccobacilli. All Brucella spp. belongs to
a monospecific genus termed B. melitensis, and all other
species are subtypes as they pose a high interspecies
homology of >87%. Based on antigenic variation and
primary host, the genus Brucella is classified into seven
species and include Brucella melitensis (sheep and goats),
B. suis (hogs), B. abortus (cattle), B. ovis (sheep), B. canis
(dogs), B. neotomae (wood rats), and B. maris (marine
mammals). The species responsible for causing disease
in humans are B. abortus, B. suis, B. melitensis, and
B. canis [1].

Epidemiology
The most common species to cause human disease worldwide is B. melitensis. The route of acquisition of human
brucellosis is variable and include direct inoculation
through cuts and skin abrasions, ingestion of contaminated food such as raw milk, raw meat, or soft cheeses
made from non-pasteurized milk, or by inhalation of
infected aerosols. Consumption of unpasteurized dairy
products is the most common mean of transmission. In
addition, occupational acquisition of brucellosis is of particular importance in shepherds, abattoir workers, veterinarians, dairy-industry professionals, and personnel in
microbiologic laboratories.

Brucellosis

Brucellosis is a worldwide disease; however, hot zones
for the disease with high rates of occurrence are observed
in countries of the Mediterranean basin, Arabian Gulf, the
Indian subcontinent, parts of Mexico, Central and South
America [2]. In 2003, most cases were reported from Syria
(23,297), Iran (17,765), Turkey (14,435), Mexico (3,008),
and Algeria (2,766) [2].

Evaluation/Assessment
None of the symptoms of brucellosis is specific enough to
make a definite diagnosis. Moreover, brucellosis may present
with variable signs and symptoms. Although nonspecific,
fever seems to be the most common sign and symptom of
brucellosis. Constitutional symptoms including anorexia,
asthenia, fatigue, weakness, and malaise are common manifestations of brucellosis. In one study, the most common
symptoms were fever (78.3%), arthralgia (77.5%), and
sweating (72.5%) [3]. A localized disease such as endocarditis and spine infection may also occur in brucellosis.
A positive culture from blood, bone marrow, liver
biopsy specimens, or other sites would indicate a definite
diagnosis. However, the sensitivity of blood cultures for
brucellosis is about 80% [3]. Serology is the most common method for the diagnosis of brucellosis. Serological
tests include the Rose Bengal agglutination, serum agglutination (standard tube agglutination) (SAT), complement fixation, anti-brucella Coombs, and enzyme-linked
immunosorbent assay (ELISA). Titers of  1:160 in conjunction with compatible clinical presentation are highly
suggestive of infection. However, titers of >1:320 are more
specific in endemic areas.
Polymerase chain reaction (PCR): PCR testing for
brucellae allows for rapid and accurate diagnosis of brucellosis. However, after completion of the standard treatment, Brucella DNA may persist in the serum weeks to
months.

Treatment
The mortality rate of untreated brucellosis was reported
historically to be 2% in B. melitensis infection [3]. In
addition, monotherapy is associated with a high relapse
rate. The use of combination therapy allows for a lower
relapse rate and reduction in treatment failure. The World
Health Organization (WHO) recommended the use of
a combination therapy of doxycycline-streptomycin
(DOX-STR) or doxycycline-rifampicin (DOX-RIF).
WHO recommended the use of rifampicin and
doxycycline daily for a minimum of 6 weeks and, alternatively, rifampicin could be replaced with streptomycin,
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intramuscularly, for the initial 2 weeks [3]. In a metaanalysis, the efficacy of DOX-STR regimen was superior
to DOX-RIF regimen. Superiority of DOX-STR regimen is
also supported by pharmacokinetic data [1].
In some studies, the combination of quinolone plus
doxycycline showed a similar relapse rate of 8.3% compared
to rifampin and doxycycline [3]. However, those studies
included heterogeneous study populations, different combinations of antibiotics used and their dosages, variable
duration of treatment, and periods of follow-up [3].
Fluoroquinolones in combination with rifampin or
doxycycline, however, could be used for the treatment of
acute uncomplicated brucellosis [4]. Other studies recommend the use of these antibiotics only in the context of
properly designed prospective clinical trials [1].
The treatment of brucellosis in children less than 8 years
of age is usually with a combination of trimethoprimsulfamethoxazole (TMP-SMX) and rifampin orally for 45
days or TMP-SMX plus rifampin and a short course of an
aminoglycoside [3]. For children aged 8 years and older,
a combination of doxycycline and rifampin with gentamicin or streptomycin is recommended.
The treatment of brucella spondylitis varies widely.
However, aminoglycoside-containing regimens seem to
be superior to rifampicin-containing ones and a longer
duration of treatment of not less than 3 months [1].
Brucellar endocarditis is associated with a high mortality
rate; however, there are no randomized studies on the
optimal therapy. Surgical intervention seems to be necessary in the majority of reported cases [1]. Therapy of such
conditions is based on case repots only and includes longterm combination antimicrobial therapy and surgical
valve replacement when required [3]. There are no randomized trials for treatment of brucellosis in pregnancy;
however, most series support the use of TMP-SMX alone
or in combination with rifampicin [1].

After-care
The compliance of patients with the recommended therapy is an important aspect of the road to cure. After
adequate therapy of brucellosis, recurrent symptoms
should prompt a search for localized disease or relapse of
the initial condition. Serologic testing using ELISA or
other methods may be used to document response to
therapy. Persistently high IgG agglutinating antibodies or
ELISA may reflect inadequate treatment and persistent
infection. However, persistently elevated IgG titers are
not an uncommon finding in cured patients who had
high titers or focal disease on presentation. Rising agglutinating titers or levels of IgG may suggest relapse [5].
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Prognosis
The outcome of brucellosis is usually good; however,
relapse may occur. The relapse is characterized by
reappearance of symptoms or signs of the disease or new
positive blood cultures in the following 12 months after
therapy. Predictors of relapse include presence of positive
blood cultures at baseline, presence of symptoms for
<10 days before treatment, and fever of 38.3 C [6].
The mortality rate of human brucellosis is low (<5%)
and is usually related to endocarditis.

B-Type Natriuretic Peptide
ANDREW K. ROY, PATRICK T. MURRAY
School of Medicine and Medical Science,
University College Dublin, Dublin, Ireland

Synonyms
Brain natriuretic peptide; BNP; Endogenous natriuretic
hormones; Natriuretic peptides

Prevention
In almost all countries, effective prevention of brucellosis
among humans and other animals is based on disease
control programs in domestic animals, involving vaccination and slaughter of infected animals. Most of the successful disease control programs in animals have occurred
in developed countries. Despite the existence of effective
brucella vaccine for cattle and goats, control efforts in
poor developing endemic countries have failed due to
lack of funding and infrastructure. The best preventive
strategies for human brucellosis are based on occupational
food hygiene since no human vaccines are available to
prevent disease transmission to humans. Heavy education
campaigns about the avoidance of consumption of raw
milk or products made from raw milk is highly valuable in
interrupting the chain of disease transmission.
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Trade Names
Natrecor, Nesiritide, Noratek.

Class and Category
Recombinant human BNP intravenous vasodilator
therapy.

Indications
For the treatment of acutely decompensated heart failure
in patients presenting to hospital who have dyspnoea at
rest or at minimal activity.

Dosage
The licensed dose for nesiritide is an IV bolus of 2 mcg/kg,
followed by a continuous infusion of 0.01 mcg/kg/min
(nesiritide product information).

Drug Interactions
Nesiritide is physically and/or chemically incompatible
with injectable formulations of heparin, insulin,
ethacrynate sodium, bumetanide, enalaprilat, hydralazine,
and furosemide. These drugs should not be coadministered as infusions with nesiritide through the
same IV catheter. The preservative sodium metabisulfite
is incompatible with nesiritide. Injectable drugs that contain sodium metabisulfite should not be administered in
the same infusion line as nesiritide. The catheter must be
flushed between administration of nesiritide and incompatible drugs.

Contraindications

BTP
▶ Serum and Urinary Low Molecular Weight Proteins

1. Hypersensitivity to any of its components.
2. Nesiritide should not be used as primary therapy for
patients with cardiogenic shock, patients with systolic
blood pressure <90 mmHg, or those with, or
suspected of having, low filling pressures.

B-Type Natriuretic Peptide

Definition
Natriuretic peptides are produced as a result of increased
myocardial (atrial and ventricular) wall stretch, to act as
counterregulatory hormones with antagonistic effects on
the renin-angiotensin-aldosterone and sympathetic nervous systems. They have potent vasodilating properties,
maintain salt and water homeostasis, and have been
shown to influence cardiac remodeling, fibrosis, and
myocyte hypertrophy. In humans, the family of natriuretic
peptides consists of atrial natriuretic peptide (ANP – see
previous chapter), B-type natriuretic peptide (BNP) (both
of myocardial cell origin), C-type natriuretic peptide
(CNP) derived from endothelium, and urodilatin (Uro)
originating from the kidney. Human recombinant ANP
(Carperitide) and BNP (Nesiritide) are available in certain
countries for therapeutic use, and recombinant Uro
(Ularitide) is currently in advanced phase III trials in
Europe and the US. Measurements of circulating BNP
and its N-terminal pro-BNP have also been shown to be
useful biomarkers for the diagnosis and prognostic evaluation of heart failure, particularly in the emergency
department. This chapter describes the cardiorenal physiological effects of BNP, in the context of the therapeutic
actions of the recombinant BNP Nesiritide, and reviews
some of the clinical trials and issues surrounding its US
FDA approval for use in acute heart failure in 2001.

Synthesis, Structure, and Secretion
BNP was originally described by Sudoh et al. in 1990, in
extracts of porcine brain tissue, hence the original name
“brain natriuretic peptide.” Thereafter it was discovered
in much higher concentrations in cardiac tissues
(Mukoyama, 1991). It shares the common feature of the
natriuretic peptide family, a 17 amino acid disulfide ring
structure, with different biological activity being conferred
by its unique N and C terminal portions. Human BNP is
encoded for by the NPPB gene (GeneID 4879), located on
chromosome 1 at 1p36.2. Similar to ANP and CNP, BNP is
secreted as a preprohormone. PreproBNP is 134 amino
acids long, made up of a 26 amino acid signal sequence,
followed by the proBNP consisting of 108 amino acids.
Cleavage by several peptidases results in circulating
mature, active 32 amino acid BNP, and other smaller
BNP fragments which are presumed to possess some
degree of biological activity as well. The majority of BNP
is found in ventricular myocardial tissue, with very small
amounts also stored with ANP in atrial granules. BNP
release occurs constitutively, with continuous secretion
under the control of transcription factor GATA4, as determined by left ventricular pressure and volume overload. It
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is also released in a pulsatile fashion through the coronary
sinuses in response to left ventricular wall stretch, volume
overload, and tissue hypoxia, along with multiple neurohormonal factors. Plasma levels of BNP under normal
conditions are negligible.

Mechanism of Action
The natriuretic peptide receptors NPR-A, NPR-B, NPR-C
are binding proteins with varying affinities for the different natriuretic peptides. ANP, BNP, and Uro bind to the
natriuretic peptide-A receptor (NPR-A) binding protein.
This in turn catalyzes synthesis of 30 ,50 -cyclic guanosine
monophosphate (cGMP) to mediate cell signal for natriuresis, vasodilatation, renin and aldosterone inhibition,
anti-mitogenesis, and positive lusitropic effects. To
a lesser degree, BNP also binds NPR-B and NPR-C. The
importance of natriuretic peptides in cardiorenal homeostasis has been demonstrated using genetically altered
knockout mice, with ANP modification or NPR-A/B
antagonism having profound effects on hypertension,
renal responsiveness to volume expansion, and ventricular
hypertrophy. Mouse BNP gene knockout models demonstrate significant ventricular fibrosis. Targeted receptor
anatagonists resulting in activated renin-angiotensinaldosterone system, increases in cardiac filling pressures,
and excess sodium retention. In human studies nesiritide
produces dose-dependent reductions in pulmonary capillary wedge pressure, and systemic arterial pressure in
patients with heart failure. No improvements in cardiac
contractility have been demonstrated in animal models,
and tachyphylaxis does not occur during infusions of BNP
for up to 48 h; however, this may occur during longer
exposure. As NPR-A is a membrane-resident protein
dependent on phosphorylation, Potter et al. have reported
dephosphorylation as a possible mechanism of desensitization in response to prolonged natriuretic peptide exposure or protein kinase C activation. NPR-A is found in
kidney, brain, heart, lung, adrenal, and vascular smooth
muscle tissue.

Clearance
All four peptides are cleared by NPR-C, the clearance
receptor, and eventually degraded by 24.11 neutral endopeptidase (NEP), both of which are widely expressed in
heart, kidney, lung, and vascular wall. BNP first requires
cleavage of its 6 amino-terminal amino acids by
a metalloprotease in the kidney brush border before NEP
degradation. The half-life of circulating human BNP is
20 min. The half-life of nesiritide is 18 min, with time to
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approach steady state level accordingly less than 90 min.
Clearance for nesiritide is similar to endogenous BNP,
with no dosage modification needed for impaired renal
function.

Synthetic BNP Therapy for Congestive
Heart Failure
Nesiritide is a human purified form of BNP manufactured
from Escherichia Coli using recombinant DNA technology.
It has been extensively studied as a therapeutic tool in
a number of clinical trials for management of heart failure.
Nesiritide has been shown to lower filling pressures, decrease
pulmonary and systemic vascular resistance, and increase
cardiac output in a dose- dependent manner. Two major
clinical trials led to the approval of human recombinant
BNP/nesiritide by the FDA in the US in 2001 – the
multicenter Vasodilatation in the Management of Acute
Congestive Heart Failure (VMAC) trial by Young et al. [1],
and the Efficacy and Comparative trials published by
Colucci et al. [2]. Patients hospitalized for heart failure
requiring intravenous therapy were recruited into either
the Efficacy (double-blind design) or Comparative (openlabel) trials (Colucci et al.). In the Efficacy trial, 127
patients with a Swan-Ganz catheter and pulmonary
wedge pressures of 18 mmHg and cardiac
index 2.7 l/min/m2 were randomized to placebo or
nesiritide 0.3 mg/kg IV bolus followed by infusion of
0.015 mg/kg/min, or nesiritide 0.6 mg/kg/min bolus,
followed by an infusion of 0.03 mg/kg/min for 6 h.
A dose-dependant decrease in systemic vascular resistance
was seen, as well as a decrease in PCWP of 6 mmHg and
9.6 mmHg, respectively, compared with placebo. A dosedependant increase in cardiac index was seen, with no
change in heart rate noted. Global clinical status improved
by up to 40% compared with placebo, with reductions in
dyspnoea and fatigue. The Comparative trial reported
improved global status, dyspnoea, and fatigue for up to
7 days, similar to that observed for standard therapy.
Nonetheless, symptomatic and asymptomatic hypotension were reported more frequently in the nesiritide
group (Safety). Lower doses of nesiritide were used in
the VMAC trial [1], a randomized, double-blind study to
compare efficacy of intravenous nesiritide, nitroglycerin,
and placebo in 489 patients with decompensated heart
failure and dyspnoea at rest. Bolus dosing of 2 mg/kg
followed by an infusion of 0.01 mg/kg/min was administered, with primary endpoints of change in dyspnoea and
absolute change in PCWP at 3 h. Nesiritide improved
PWCP and dyspnoea at 3 h compared with placebo, and
the incidence of hypotension was similar between groups.
Taken together, these data led to the approval of nesiritide

for treatment of dyspnea in patients with acute
decompensated heart failure.

Nesiritide Use for Preservation of Renal
function
Several small nesiritide studies have demonstrated
improvements in renal function indices, particularly
with low-dose “nonhypotensive” nesiritide infusions in
cardiac surgery patients. The reported beneficial effects
of nesiritide on renal function include increases in renal
blood flow (via vasodilatation of the afferent arteriole and
vasoconstriction of the efferent arteriole of the glomerulus), improvements in GFR, enhanced natriuresis via
decreased sodium reabsorption in the proximal tubule
and collecting duct, and diuresis. Furthermore, in contrast
to the effects of other diuretics, aldosterone inhibition
occurs during BNP-induced natriuresis. The NAPA [3]
study randomized patients undergoing cardiopulmonary
bypass for cardiac surgery with preoperative impaired LV
systolic function (EF <40%) to placebo or nesiritide
0.01 mg/kg/min without bolus. They found that
the nesiritide group had better indices of renal function
post-op. Specifically, in the immediate postoperative
period there was less increase in serum creatinine
(0.15  0.29 mg/dl versus 0.34  0.48 mg/dl; p  .001),
a smaller fall in GFR, and greater urine output, without
significant systemic or pulmonary hemodynamic changes.
Some improvements in LOS and mortality were seen at
180 days. Interestingly, Mentzer Jr. et al. suggest that some
beneficial results may be due to dosing with no bolus
given, and also make the (debatable) point that these
patients are stable in compared with the decompensated
heart failure population. As was seen with ANP, the effects
of blunting neurohormonal activation (sympathetic overactivity, increased circulating norepinephrine levels) in
response to cardiopulmonary bypass initiation might
account for some of the observed beneficial effects on
renal function. Conversely acute decompensated heart
failure patients may indeed rely on some of these physiological mechanisms for maintaining GFR. Similarly, in
another pilot study, Chen and colleagues [4] studied
low-dose nesiritide doses (0.005 mg/kg/min) in a small
group of patients (n = 40) with preoperative renal insufficiency (CrCl<60 ml/min), receiving nesiritide infusion
for 24 h after anesthesia induction and during cardiopulmonary bypass cardiac surgery. Cystatin C was used as
more sensitive endogenous GFR marker than creatinine.
Proof of biological activity was demonstrated by increased
plasma second messenger cGMP, plasma BNP, and
reduced plasma aldosterone in the nesiritide group compared with placebo. The placebo group had a greater

B-Type Natriuretic Peptide

decline in renal function at 48 and 72 h as measured by
increase in plasma cystatin 0.3 mg/l 26% placebo versus
12% nesiritide. Postoperative outcomes were improved,
with 37% placebo versus 12% nesiritide requiring inotropic
support >48 h. Although encouraging, these studies are
limited by small sample size and a lack of clinical endpoints
and long-term follow-up. Unfortunately, the NAPA II/CS
trial that was planned to confirm and extend these findings
was withdrawn prior to subject enrollment, and will apparently not be conducted [5].

Nesiritide Safety Issues
Renal Function
Post-hoc analyses of clinical trial data have raised concerns
about potential adverse renal effects and increased
in mortality in nesiritide-treated patients. Thirtyday
follow-up data in the 2000 Colucci trial [2] showed
a deterioration in renal function in nesiritide-treated
patients, with serum creatinine values more than three
times higher than patients treated with placebo (p = .04).
Wang et al. (2004) reported no effect (positive or negative)
of nesiritide on GFR or urine output in a crossover study
of 15 patients with heart failure and worsening renal
function. However, Sacker-Bernstein and colleagues [6]
performed a meta-analysis of FDA data from five trials,
and suggested that nesiritide therapy might be associated
with an increased risk of acute serum creatinine elevation
>0.5 mg/dl in patients with heart failure. They point out
that increases in SCr often occurred days after cessation of
study infusions, and 11.1% (32 of 288) of nesiritide
patients required a “medical intervention” for worsening
renal failure in comparison with 4.2% (6 of 144) in the
control group. There was no change in the need for dialysis
between both groups (nesiritide 2.5% vs. control 2.2%).
The manufacturer notes – “doses higher than 0.01 mg/kg/
min increase the rate of elevated serum creatinine over
baseline compared with standard therapies.” In follow-up
analysis of the VMAC trial at day 30, the incidence of
elevation of SCr to >0.5 mg/dl over baseline was 27% vs.
21% (p = .11) with GTN.
Excess hypotension is a known adverse effect of
nesiritide, with a VMAC trial incidence of 4% for
a mean duration of 2.2 h – in some cases causing syncope,
nausea, and dizziness requiring volume resuscitation. It is
this significant reduction in systemic blood pressure
which may, along with other factors, be a contributor to
worsening renal function via reduced renal perfusion pressure and paradoxical hypotension-induced activation of
the RAAS and SNS. This has led to promising data examining lower dose nesiritide, both in intravenous, and
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subcutaneous forms, with reno-protective properties
reported in elective cardiac surgery patients on cardiopulmonary bypass with left ventricular dysfunction, the
NAPA [3] trial (discussed above).

Mortality
Concerns regarding the potential adverse effects of
nesiritide on mortality are significant, in addition to possibly worsening renal function. 30 day follow-up data in
the 2000 Colucci trial [2] suggest nesitritide associated
mortality was 7.1% as compared with 4.8% in the placebo
group (p = .62). 30 day mortality rates in the VMAC trial
were 8.6% in the nesiritide group versus 5.5% among
controls (relative risk, 1.56; 95% confidence interval,
0.75–3.24; p = .20). A meta-analysis conducted by
Sacker-Bernstein et al. [7] of short-term risk of death in
three large, randomized controlled trials found treatment
with nesiritide was associated with a 74% increased risk
of death within 30 days (although the trend was marginal;
p = .059). Notably this meta-analysis only included 3 of
the 12 randomized controlled trials, as their intention was
to focus only on FDA’s approved indication for nesiritide.

Clinical Conclusion
The clinical roles of the natriuretic peptides and their
synthetic analogs are evolving, and current ACC/AHA
guidelines for acute decompensated heart failure recommend a role for nesiritide as vasodilator therapy, in
conjuction with standard treatments. Future targets and
candidates for therapy include chimeric natriuretic peptides, specific cyclic GMP activators, and low-dose
nesiritide for aldosterone suppression in acute myocardial
infarction. Given the significant safety concerns, and
pharmacoeconomic implications, “off-label” use of
nesiritide should be strongly discouraged. For the indication of treatment of those patients presenting to hospital
with acute decompensated heart failure with dyspnoea at
rest, physicians should carefully consider the potential risk
and benefits and the availability of alternative therapies.
Further clinical trials with prospective mortality evaluations, re-hospitalization rates, and pharmacoeconomic
analyses, such as the European Evaluating Treatment
with Nesiritide in Acute Decompensated Heart Failure
(ETNA) [5], and the ASCEND-HF [5] trial, will provide
important information to fully define safety parameters,
dosages, and utility of these therapies.

References
1. Publication Committee for the VMAC Investigators (Vasodilatation
in the Management of Acute CHF) (2002) Intravenous nesiritide vs
nitroglycerin for treatment of decompensated congestive heart

403

B

404

B
2.

3.

4.

5.
6.

7.

8.

9.

10.

Bubonic Plague

failure: a randomized controlled trial. JAMA 287:1531–1540 [Erratum, JAMA (2002) 1288:1577]
Colucci WS, Elkayam U, Horton DP, Abraham WT, Bourge RC,
Johnson AD, Wagoner LE, Givertz MM, Liang CS, Neibauer M,
Haught WH, LeJemtel TH (2000) Intravenous nesiritide,
a natriuretic peptide, in the treatment of decompensated congestive
heart failure. Nesiritide study group. N Engl J Med 343:246–253
Mentzer RM Jr, Oz MC, Sladen RN, Graeve AH, Hebler RF Jr, Luber
JM Jr, Smedira NG on behalf of the NAPA Investigators (2007) Effects
of perioperative nesiritide in patients with left ventricular dysfunction undergoing cardiac surgery. J Am Coll Cardiol 49:716–726
Chen HH, Thoralf MS, Cook DJ, Heublein DM, Burnett JC Jr
(2007) Low dose nesiritide and the preservation of renal function
in patients with renal dysfunction undergoing cardiopulmonarybypass surgery. Circulation 116(I):I–134–I–138
www.clinicaltrials.gov; NCT00530361
Sackner-Bernstein JD, Skopicki HA, Aaronson KD (2005) Risk of
worsening renal function with nesiritide in patients with acutely
decompensated heart failure. Circulation 111:1487–1491
Sackner-Bernstein JD, Kowalski M, Fox M, Aaronson K (2005)
Short-term risk of death after treatment with nesiritide for
decompensated heart failure: a pooled analysis of randomized controlled trials. JAMA 293:1900–1905
Wang W, Ou Y, Shi Y (2004) AlbuBNP, a recombinant B-type natriuretic peptide and human serum albumin fusion hormone, as a longterm therapy of congestive heart failure. Pharm Res 21:2105–2111
Mukoyama M, Nakao K, Hosoda K, Suga S, Saito Y, Ogawa Y et al
(1991) Brain natriuretic peptide as a novel cardiac hormone in
humans. Evidence for an exquisite dual natriuretic peptide system,
atrial natriuretic peptide and brain natriuretic peptide. J Clin Invest
87: 1402–1412
Sudoh T, Minamino N, Kangawa K, Matsuo H (1990) C-type natriuretic peptide (CNP): a new member of natriuretic peptide family
identified in porcine brain. Biochem Biophys Res Commun
168:863–870

Bubonic Plague
▶ Biological Terrorism, Plague

Bumetanide
▶ Diuretics for Treatment of Acute Kidney Injury

Burn Fluid Resuscitation
DEVASHISH J. ANJARIA, EDWIN A. DEITCH
Department of Surgery, UMDNJ-New Jersey Medical
School, Newark, NJ, USA

Synonyms
Correction of burn shock; Fluid resuscitation

Definition
Burn injury of any etiology including thermal, chemical,
or electrical can have profound cardiovascular effects.
Significant burns are associated with hemodynamic
changes including depressed cardiac output, vasodilation,
extravascular fluid shifts, and fluid loss. Collectively, these
changes result in burn shock or hypoperfusion at the
tissue level. The purpose of fluid resuscitation post-burn
is to restore and/or maintain tissue perfusion in the
patient with major burns.

Pre-existing Condition

Any patient with >10% total body surface area (TBSA)
thermal or chemical burns or any high-voltage electrical
burns is at risk for the development of requiring fluid
resuscitation. For thermal or chemical burns, second or
third degree, but not first degree, burns are considered in
calculating burn size, since superficial first-degree burns
do not contribute significantly to the metabolic/hemodynamic response.
After major burn injury, vasoactive mediators are
released that cause decreased cardiac output while increasing
vascular permeability, resulting in leakage of intravascular
fluid into the interstitial space with formation of edema. The
loss of intravascular fluid results in intravascular
hypovolemia with a compensatory vasoconstrictive
response. This leads to an interesting combination of distributive shock and hypovolemic shock. If untreated, the
compensatory mechanisms will eventually fail, leading to
hypotension, organ dysfunction, and ultimately death [1].
Because of this, after a major burn, it is imperative to
initiate volume resuscitation therapy promptly. Delay in
resuscitation for more than 2 h after a major burn has been
shown to complicate resuscitation and increase mortality [2].

Application

Bunyaviruses
▶ Biological Terrorism, Hemorrhagic Fever

Calculation of Resuscitation Requirement
The amount of fluid resuscitation required is dependent
on the extent of the burn and the size of the patient.

Burn Fluid Resuscitation

The extent of second- and third-degree burn should be
estimated by the rule of nines or any available burn diagram. With the rule of nines, each body part is divided
into a multiple of 9% TBSA (Fig. 1a, b). Each upper
extremity is 9% TBSA while a lower extremity is 18%
TBSA. Of note, the rule of nines is accurate at estimating
burn extent in adults; however, it can be inaccurate in
children due to changing body proportions. Therefore,

many burn centers use a Lund and Browder chart to
determine burn percentage in children (Fig. 2). This
chart can be used for increased accuracy of estimating
burns in adults, but the rule of nines still provides
a useful tool for rapid assessment of the extent of burn
injury [3]. A patient’s baseline weight should be determined as soon after injury as possible, preferably prior to
dressing of the burns. Ideally, a pre-burn weight can be

Rule of nines
Head

a

9%

Anterior Trunk

18%

Posterior Trunk

18%

Right Upper Extremity

9%

Left Upper Extremity

9%

Right Lower Extremity

18%

Left Lower Extremity

18%

Perineum

1%

4.5%

4.5%

18%

18%

4.5%

4.5%

4.5%

4.5%

1%

9%

9%

B

9%

9%

b
Burn Fluid Resuscitation. Figure 1 (a, b) The rule of nines for estimating burn extent in adults
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Age in years
1

1 to 4

Area Burned

5 to 9

10 to 14

15

Adult

Percentage of Total Body Surface

Head

19

17

13

11

9

Neck

2

2

2

2

2

7
3

Anterior Trunk

13

13

13

13

13

13

Posterior Trunk

13

13

13

13

13

13

Left Buttock

2.5

2.5

2.5

2.5

2.5

2.5

Right Buttock

2.5

2.5

2.5

2.5

2.5

2.5

Genitals

1

1

1

1

1

1

Right Upper Arm

4

4

4

4

4

4

Left Upper Arm

4

4

4

4

4

4

Right Lower Arm

3

3

3

3

3

3

Left Lower Arm

3

3

3

3

3

3

Right Hand

2.5

2.5

2.5

2.5

2.5

2.5

Left Hand

2.5

2.5

2.5

2.5

2.5

2.5

Right Thigh

5.5

6.5

8

8.5

9

9.5

Left Thigh

5.5

6.5

8

8.5

9

9.5

Right Lower Leg

5

5

5.5

6

6.5

7

Left Lower Leg

5

5

5.5

6

6.5

7

Right Foot

3.5

3.5

3.5

3.5

3.5

3.5

Left Foot

3.5

3.5

3.5

3.5

3.5

3.5

Burn Fluid Resuscitation. Figure 2 Lund and Browder chart for estimating the extent of burns in children

obtained from the patient or family. Accurate determination of burn extent and weight will increase the accuracy of
calculation of estimated resuscitation requirements.
The fluid requirement for a given patient is then calculated as follows [4].
● Adults: 2–4 ml Ringer’s lactatekg body weight% TBSA
burn
● Children: 3–4 Ringer’s lactatekg body weight% TBSA
burn – with small children or greater than 40% TBSA
burns, this will underestimate needs and should be given
in addition to maintenance requirements
● Infants<12 months and small children: fluid with 5%
dextrose at a maintenance rate in addition to the
resuscitation fluid calculated above
For adults, the traditional formula used for calculation is
the Parkland formula, which calls for 4 ml/kg/% TBSA burn.
The fluid requirement calculated with the appropriate formula above provides an estimate of the fluid requirement in
the first 24 h post-burn. Half of this total calculated resuscitation is given in the first 8 h post-burn injury, and the other
half is administered over the subsequent 16 h. For example,
for a 100 kg man with a 50% TBSA burn the total calculated
resuscitation requirement would be 4 ml100 kg50%
TBSA=20,000 ml of Ringer’s lactate. This would be

administered with 10,000 ml given in the first 8 h postburn and the subsequent 10,000 ml given over the next 16
h. If the patient’s presentation or resuscitation is delayed, the
initial rate of resuscitation is increased to administer the
prescribed fluid by the time goals. It is important to note
that the above formulas provide estimates of fluid requirement for the burn patient and clinical therapy must be
tailored to efficacy of restoring perfusion. As a rule of
thumb, these formulas work in about 70–80% of patients,
but may either over- or underestimate fluid needs in the
other 20–30%.

Access for Resuscitation
Peripheral intravenous lines are the ideal access for fluid
resuscitation. Ideally, peripheral IVs are placed in areas without burn involvement. If necessary, peripheral lines can be
placed through burned skin into underlying veins. If peripheral access is unobtainable, central venous access can be used,
preferably through non-burned skin given the increased risk
of infection.

Monitoring Adequacy of Resuscitation
As the calculated resuscitation requirement is an estimate,
monitoring for adequacy of resuscitation becomes
extremely important. Urine output is the most important

Burn Fluid Resuscitation

measure of resuscitation and volume status in the burn
patient. Urine output should be monitored with an
indwelling urinary catheter. Adequate urine output is:
● Adults: 0.5 ml/kg/h
● Children: 1 ml/kg/h
Using urine output, approximately 20% of patients are
observed to have fluid administered in excess of what is
required to restore intravascular euvolemia and tissue
perfusion. These patients are usually young and healthy
with second-degree burns. A high urine output (greater
than 2 ml/kg/h) with hemodynamic stability can be the
first sign of potential over-resuscitation. In these patients,
hourly resuscitation should be decreased by 25% and if
urine output is maintained above 0.5 ml/kg/h for adult
patients, the reduced resuscitation rate is continued. If at
any point, the hemodynamic status deteriorates or urine
output drops, the volume of resuscitation is increased.
Conversely, in approximately 10% of the patients these
formulas will underestimate resuscitation requirements. Specific conditions that may lead to an increased fluid volume
requirement include older patients, associated non-burn
injuries, deeper burn injuries, electrical injury, inhalational
injury, preexisting dehydration, and/or delays in treatment or
resuscitation. Need for increased fluid volume is often initially seen as a persistent low urine output less than 0.5 ml/kg/
h for more than 2 h. In these patients, the calculated resuscitation rate should be increased by 25% with continued
monitoring of urine output and volume status and additional titration of resuscitation as required. It should be noted
that in the setting of an acute burn, the treatment of oliguria
should be additional resuscitation and never diuretics.
Traditional hemodynamic parameters such as heart rate
and blood pressure have their limitations as end points of
resuscitation. Tachycardia of 100–120 is common in patients
after burns in whom intravascular euvolemia has been
reached with adequate resuscitation. However, a heart rate
of greater than 120 may be indicative of inadequate resuscitation. Blood pressure tends to be lower in the burn patient
due to a potentially decreased cardiac output and increased
peripheral vasoconstriction and therefore a systolic blood
pressure of greater than 100 mmHg is considered adequate.
Of note, measurement of blood pressure can be limited in
noninvasive routes secondary to edema and therefore if
significant resuscitation is required, a peripheral arterial
catheter is recommended for continual pressure monitoring.

Refractory Burn Shock
Although the majority of patients can be successfully
resuscitated with the guidelines above, there is a small
group of patients who may be refractory despite aggressive
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fluid resuscitation (greater than 6 ml/kg/%TBSA). This
includes patients with limited cardiovascular reserve and/
or preexisting cardiac disease and patients with massive
burns (i.e., greater than 80% TBSA). In these patients, if
perfusion is limited despite adequate volume resuscitation, then consideration should be given to the use of
ionotropic agents, such as dopamine or dobutamine.
Additionally, in these patients, early administration of
colloid resuscitation, specifically albumin, may be successful in treating the refractory shock.

Special Considerations in Burn
Resuscitation
Smoke Inhalation
Inhalational injury superimposed on a major burn causes
a major increase in the physiologic effect of a burn regardless of extent. Patients with inhalational injuries can
require up to 50% more fluid for adequate resuscitation
in the initial 24 h post-burn period (therefore up to
6 ml/kg/% TBSA). Attempts at under-resuscitating these
patients in order to decrease pulmonary edema are ineffective and can result in increased pulmonary sequestration of fluid in the lungs. Therefore, resuscitation of these
patients should be titrated according to the guidelines
described above.

Electrical Burns
There are two factors making resuscitation of major highvoltage electrical injuries challenging. First is the under
appreciation of the extent of tissue injury. Electrical injuries often have minimal cutaneous signs with significant
injury to the underlying muscle and tissues. It has been
estimated that these patients can require two to three
times (8–12 ml/kg/% TBSA) the amount of fluid resuscitation as calculated by the Parkland formula based on their
cutaneous burns [3].
Second, injury to the muscle results in release of myoglobin and myoglobinuria. To lessen the nephrotoxic
effects and decrease the incidence of acute renal failure,
urine output must be maintained at 1–1.5 ml/kg/h
(>100 ml/h in adults). This is continued until the
myoglobinuria clears. If the patient fails to have adequate
urine output despite aggressive fluid administration, the
addition of 12.5 g of mannitol as an osmotic diuretic to
each liter of resuscitation fluid can be considered to augment clearance of myoglobin and maintain urine output.
If myoglobin persists or continues to increase despite all
resuscitative measures, a search should be made for an
unrecognized compartment syndrome.
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Complications of Inadequate Resuscitation
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Continued burn shock with tissue hypoperfusion leads to
organ failure. The most commonly effected organ is the
kidney. Untreated burn shock and organ failure will lead to
increased mortality if shock is inadequately appreciated and
treated.
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Complications of over Resuscitation
Although the traditional emphasis on evaluating resuscitation has been on preventing under-resuscitation,
increasing evidence is present that over-resuscitation is
not without significant complication. The patients most
sensitive to excessive fluid administration include children, the elderly, and patients with preexisting cardiac
disease. The most common complication is excessive tissue edema. This edema decreases cellular oxygen availability in tissues and may worsen injury to already damaged
tissues. This can result in the conversion of superficial
burns into deep burns. In addition, there is recognition
that excessive fluid resuscitation may increase the incidence of pulmonary edema and/or ARDS. More recently,
excessive fluid resuscitation has been recognized as a cause
of compartment syndromes including abdominal compartment syndrome, whose treatment may require surgical intervention.
This has brought to question whether the Parkland
formula should be the gold standard for burn resuscitation in the average burn patient given the significant rate
of overestimation of fluid resuscitation observed with its
use. In a recent retrospective analysis of the use of the
Parkland formula (4 ml/kg/% TBSA) versus a modified
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overestimated by the Parkland formula.

Summary
The goal of fluid resuscitation after burn injury is to restore
tissue perfusion and maintain organ function. It begins with
determining the extent of burn and using a standard formula
such as the Parkland formula in adults as a guide to initiate
prompt therapy. However, appropriate resuscitation is tailored to the specific patient scenario keeping in mind complicating factors and adjusting resuscitation based on clinical
response. With watchful and attentive resuscitation, burn
shock can be successfully corrected without the morbidity
of under- or over-resuscitation.
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Burn Injury
Body injury due to flames and or combustion products.

Burn Injury, Compartment
Syndromes
DEVASHISH J. ANJARIA, EDWIN A. DEITCH
Department of Surgery, UMDNJ-New Jersey Medical
School, Newark, NJ, USA

Synonyms
Abdominal compartment syndrome; Muscle compartment syndrome; Secondary compartment syndrome

Definition
A compartment syndrome is a disease process where the
pressure within a compartment, such as the fascial compartment surrounding the muscle tissue, exceeds the vascular perfusion pressure of that compartment resulting in
decreased blood flow of the muscle contents of the compartment and hence tissue ischemia. In the case of a burn
injury, this can be caused by the accumulation of tissue
fluid or by the extrinsic compression by the burned tissue
acting as a tourniquet and resulting in high pressures in
a closed fascial space. This results in impaired perfusion of
the tissues within the compartment compromising their
viability if left untreated.
Specifically, compartment syndromes are most commonly observed in patients with high-voltage electrical
burns or patients with circumferential third-degree burns.
In high-voltage electrical burns, the underlying muscle
tissue through which the current passes is frequently
injured and hence becomes swollen and edematous.

Burn Injury, Compartment Syndromes

The rigid fascial compartments that surround this injured
muscle cannot distend and hence the pressure within this
fascial compartment increases. A second common clinical
scenario resulting in a compartment syndrome is seen in
patients with circumferential third-degree extremity burns
where the rigid burn eschar does not expand as tissue fluid
accumulates and thus causes extrinsic compression of the
extremity and a compartment syndrome.
Major burn injury can also cause secondary compartment syndromes in body parts not directly affected by the
burns. This is a side effect of the high-volume crystalloid
resuscitation often required to correct burn shock. This
secondary compartment syndrome can occur in the
extremities but can also present as an abdominal compartment syndrome.
Most compartment syndromes associated with burn
injury do not present in the immediate postburn period
unless there is associated traumatic injury or the patient
presents in a delayed fashion. As such, compartment syndromes after burns are not commonly observed in
the emergency department. Instead, they develop during
the first 6–12 h of the initial volume resuscitation period as
the administered intravascular volume goes into the interstitial and intracellular spaces resulting in tissue edema in
or under the burned tissue.

Treatment
High clinical suspicion leading to early diagnosis is the
most important factor in the treatment of compartment
syndromes. Once a compartment syndrome is diagnosed,
prompt surgical treatment is required [1]. Treatment of
extremity compartment syndrome whether primarily due
to electrical injury or secondary to resuscitation is with
a surgical fasciotomy of the affected portion of the extremity [2]. A surgical fasciotomy can be performed in the
operating room or at the bedside, if necessary, but should
be performed with the patient asleep on mechanical ventilation due to concerns about patient comfort and pain
control. Minimal instruments are required although an
electrocautery is recommended as bleeding can be
encountered. Although fasciotomies can be technically
easy procedures for the experienced surgeon, a thorough
understanding of the anatomy and location of the fascial
compartments is required to decompress all potentially
affected compartments. If a documented compartment
syndrome is being treated, it is recommended to perform
full decompression of the compartment with skin as well
as the fascia so as to obviate any potential of untreated
compartment syndrome in that specific extremity. A “skin
sparring” fasciotomy with a full fascial incision under
a limited skin incision can be complicated by incomplete
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decompression of the compartment and a recurrent compartment syndrome and therefore is not recommended.
Once the fasciotomy is completed, the open wounds are
covered and dressed with sterile dressing.
For circumferential third-degree burns causing extrinsic compression and decreased perfusion, the therapy is an
escharotomy (Fig. 1). An escharotomy is a bedside procedure requiring only a scalpel. An incision is made dividing
the eschar down to the subcutaneous tissue, NOT through
the fascia. The incision is created only through eschar and
does not continue onto non-third-degree burned skin. As
such, it is a relatively painless and bloodless procedure that is
well tolerated at the bedside. Once the escharotomy is completed, an assessment of distal perfusion is completed to
assess the efficacy of the procedure and any need for additional surgical intervention. It should be noted that
a circumferential third-degree burn is not mutually exclusive
from a traditional compartment syndrome and it is possible
to have both processes concurrently, especially with highvoltage electrical injuries. Therefore, even after an
escharotomy is performed, if perfusion to the extremity is
not restored or diminishes after initial restoration, an evaluation must be made for a “subfascial” muscle compartment
syndrome and fasciotomy performed for decompression [3].
Once perfusion is restored, the escharotomy incision(s)
are covered in antimicrobial cream such as silver sulfadiazine and sterile dressings applied.
For abdominal compartment syndrome secondary to
burns, the primary question prior to deciding which therapeutic option should be employed is to determine
whether or not there is a significant amount of abdominal
free fluid [4] A CTscan or bedside ultrasound may assist in
making the diagnosis. Multiple studies have shown that in
cases where the interstitial leak after burn presented as
significant abdominal free fluid, paracentesis is an effective method for alleviation of abdominal compartment
syndrome. However, it is recommended to repeat
a bladder pressure after paracentesis to assess the efficacy
of treatment. If paracentesis is effective, but significant
resuscitation is ongoing, it is possible to have
a recurrence of the abdominal compartment syndrome
and therefore due diligence must be observed in monitoring fluid reaccumulation. In cases of abdominal compartment syndrome that do not have significant free fluid, or if
elevated intra-abdominal pressures persist despite
paracentesis, a decompressive laparotomy is the therapy
of choice. The laparotomy is combined with a temporary
abdominal closure (whether utilizing a commercially
designed product for that purpose or noncommercial
approach such as a silo or Bogota bag). This combination
of laparotomy with temporary wound closure ensures
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Burn Injury, Compartment Syndromes. Figure 1 Standard location for escharotomy for circumferential burns on the body and
hands

adequate decompression of the intra-abdominal contents
while providing protection to the viscera and allowing
drainage and collection of abdominal fluid.

Evaluation/Assessment
Diagnosis of an extremity compartment syndrome
requires a high degree of clinical suspicion. The clinical
signs include pain, pallor, paresthesias, and coolness of the
distal extremity with the loss of pulses being a late finding.
Thus, the diagnosis should be made before loss of arterial
flow has occurred. Physical examination, while potentially
helpful, may be limited secondary to the significant edema
that occurs with a major burn injury and is especially
difficult in high-voltage electrical injuries where the injury
causing the compartment syndrome occurs in the muscle
compartment. Thus, individuals with high-voltage electrical injuries should be monitored with serial measurements
of creatinine phosphokinase (CPK). A persistently rising
CPK or a failure to clear myoglobinuria may indicate
a developing compartment syndrome. In case of clinical
suspicion, a definitive diagnosis can be made with by

directly measuring the compartment pressures of the
extremity in question. Pressure measurements of the fascial compartments can be performed with a commercial
pressure monitoring device such as a Stryker IntraCompartmental Pressure Monitor, more commonly
known as a Stryker Needle. If this is not available, one
can use a critical care monitor with a pressure transducer
system as one would use for central venous pressure monitoring that is attached to an 18 gauge needle for pressure
measurements. A thorough understanding of the anatomy
of the region in question is necessary to ensure that the
pressures in all at risk compartments are measured. Compartmental pressures of greater than 30 mmHg are worrisome and warrant either decompression or continued
invasive monitoring depending on the clinical scenario.
In patients with circumferential third-degree burns of
the extremities, pain and/or paresthesia distal to the burn
may be the earliest symptoms of vascular compromise.
In these patients, serial Doppler examinations of distal
arterial flow are recommended [5]. Escharotomy is
required for patients in whom distal arterial flow
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diminishes or becomes absent. After escharotomy is completed, restoration of arterial flow must be documented to
ensure that the escharotomy is complete.
Intra-abdominal hypertension progressing to abdominal compartment syndrome can have many signs. The
two most frequently seen signs are oliguria and elevation
of peak inspiratory pressures. Oliguria is secondary to
decreased cardiac output secondary to decreased venous
return as well as direct compression of the kidneys and the
venous outflow. In the setting of a major burn, oliguria is
first assumed to be secondary to inadequate resuscitation
and therefore the rate of fluid resuscitation is increased.
If the problem is an abdominal compartment syndrome,
increased fluid resuscitation will potentially improve the
oliguria in the short term, however increased tissue edema
due to capillary leak will potentially perpetuate and
worsen the process. Respiratory insufficiency is a second
common presenting sign in patients with an abdominal
compartment syndrome and will present as respiratory
distress in non-ventilated patients and as elevation of
peak inspiratory pressures in patients on mechanical ventilation. This occurs secondary to elevation of the diaphragm from the increased intra-abdominal pressure
with a resulting decrease of vital capacity and pulmonary
compliance. Physical examination is limited in the diagnosis of abdominal compartment syndrome with
a sensitivity of only 50%. The definitive diagnosis is
made by the determination of the intra-abdominal pressure, most commonly via measurement of a bladder pressure. This is performed through an indwelling Foley
catheter as follows: After complete drainage of the bladder,
50–100 ml of sterile saline is infused through the catheter
and then clamped. The catheter is then attached via an
18 gauge needle or a needleless access system and transduced by a pressure transducer with the zero reference
being the pubic symphysis. Pressures over 20 mmHg are
worrisome for intra-abdominal hypertension and
a pressure over 25 mmHg warrants intervention. For the
burn patient, approximately 20% will be amenable to
paracentesis, while the remainder will require
a decompressive laparotomy. Therefore, if the diagnosis
of abdominal compartment syndrome is made, an
abdominal ultrasound should be obtained to determine
if there is significant peritoneal fluid allowing for
a “minimally invasive” therapeutic option.

After-care
After decompression of an extremity compartment
syndrome, local wound care is provided to the open
fasciotomy with clean dressings applied to the open
wounds. The extremity is maintained elevated. As
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edema of the extremity resolves, delayed primary closure,
often in staged procedures may be possible. When delayed
primary closure is not feasible, closure of the fasciotomy
wounds often require split thickness skin grafting for
coverage.
For patients requiring escharotomy, initial care
requires the application of antimicrobial cream such as
silver sulfadiazine and sterile dressings. The third-degree
burns will require operative excision and skin grafting for
definitive therapy of the affected extremity.
In cases of abdominal compartment syndrome,
if the intra-abdominal hypertension was relieved with
paracentesis, continued serial monitoring of intraabdominal pressure continues until such time that it is
clear that repeated paracenteses will not be required.
If decompressive laparotomy was required, the patient is
maintained with a temporary abdominal closure with
return to the operating room every 2 to 3 days for evaluation. Patients with a decompressive lararotomy should
remain on mechanical ventilation and heavily sedated,
since otherwise the risk of visceral evisceration is greatly
increased. If the patient’s visceral edema resolves, primary
fascial closure is possible. However, if there is a concern
that complete closure of the laparotomy incision will result
in recurrence of the abdominal compartment syndrome,
then staged procedures with sequential partial closure of
the laparotomy should be attempted. If fascial closure is
attempted, either partial or complete, the change in peak
inspiratory pressures on the ventilator can be used as
a real-time surrogate for intra-abdominal pressure to
determine if further closure will risk recurrent abdominal
compartment syndrome. If fascial closure is completed,
skin closure is not recommended as the skin and subcutaneous tissues are colonized with skin flora and have a high
rate of superficial wound infection. The open skin wound
is treated with local wound care, allowing the skin incision
to heal by secondary closure. If complete closure of the
abdominal wall is not possible, the patient will require split
thickness skin grafting of the viscera with delayed reconstruction of the abdominal wall at 9–12 months.

Prognosis
Although the extent of tissue injury directly caused by the
burn injury is an important prognostic factor, in patients
with extremity compartment syndromes, prognosis is
improved by early diagnosis and prompt therapy. Delays
in diagnosis and definitive treatment can be associated
with significant preventable morbidity including longterm nerve injury and myonecrosis as well as acute
renal failure secondary to prolonged or excessive
myoglobinuria. Likewise, delayed recognition and
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treatment of an abdominal compartment syndrome
increases the risk of the patient developing multiple
organ failure with a significant increase in mortality.
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Synonyms
Smoke inhalation injury

Definition
Inhalation injury (INH-INJ) is a complex entity that comprises local and systemic alterations (e.g., physical damage to
the airway, release of oxygen radicals, and proinflammatory
cytokines to the systemic circulation) caused by the inhalation of physical and chemical agents. It is considered one
of the major predictors of mortality following severe burns
[1, 2]. Isolated INH-INJ accounted for 0.3% of admissions
to burn centers in the USA [1], and is observed concomitantly with burns in 7–30% of cases [1, 3], with the
incidence of INH-INJ increasing with age [1].

Pathophysiology
The extent of injury is determined by the origin, temperature, water solubility, and size of inhaled substances and

particles (fumes, gasses, and mists). The most common
toxic compounds associated with inhalation injury
include, but are not limited to, carbon monoxide (CO),
cyanide, hydrogen chloride (HCl), phosgene (COCl2),
ammonia, sulfur dioxide (SO2), acrolein, formaldehyde,
isocyanates, and acrylonitriles [3]. These substances are
typically produced by combustion of upholstery (CO,
cyanide, HCl, phosgene, ammonia, acrolein, isocyanates,
and acrylonitriles), wood (CO, acrolein), and clothing and
fabrics (CO, cyanide, HCl, ammonia, and SO2) [4].
Inhalation injury is classified according to the extent
of injury as follows [3]:
(a)
(b)
(c)
(d)

Upper airway injury
Lower airway injury
Pulmonary parenchymal injury
Systemic toxicity

The upper airway is usually affected by heat and
chemicals, and the subsequent edema formation follows
the same behavior seen in thermal burns of other regions
of the body [3]. Following resuscitation, rapid and massive edema can be life-threatening, obstructing the airway
and making intubation of the patient very difficult, if not
impossible, in this scenario.
Due to heat dissipation and the highly effective temperature regulation within the upper airway, direct thermal injury of the lower airway is unusual. Chemicals
present in smoke are commonly responsible for injuries
observed in this area. These lead to inflammation and
subsequent hyperemia, shedding of the respiratory epithelia, and profuse transudate formation [3]. The accumulation of this exudate/transudate obstructs the airway and
induces further inflammation, perpetuating the injury
(Fig. 1).
In the pulmonary parenchyma, the inflammation produced leads to pulmonary edema and pulmonary dysfunction, with loss of hypoxic pulmonary vasoconstriction,
and is reflected clinically as reduced arterial partial pressure of oxygen/fraction of inspired oxygen ratio (PaO2/
FIO2) (Fig. 1).
For study purposes, INH-INJ can be viewed in three
clinical stages [5]:
1. First phase (0–36 h): Manifested as upper airway
obstruction, bronchospasm, and acute pulmonary
insufficiency. Usually observed with CO poisoning,
thermal injury, and hypoxia.
2. Second phase (24–72 h): Characterized by damage to
the respiratory epithelium, sloughing of mucosa, and
formation of plugs and casts. Clinically manifested with
pulmonary edema, atelectasis, and tracheobronchitis.
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Stimulation of sensory nerves of airway
Release of neuropeptides
Release of inflammatory
mediators into pulmonary circulation

Bronchial vasodilatation

Increased bronchial
blood flow

Up-regulation of adherence
molecules on pulmonary
microvascular endothelial cells
Adherence of neutrophils
to endothelium

iNOS

Superoxide

Nitric oxide

Vascular
hyperpermeability

Loss of
hypoxic
vasoconstriction

Increased bronchial
venous drainage into
pulmonary circulation

Increased airway
exudate containing
procoagulants

Peroxynitrite
Pulmonary shunt
fraction

DNA single-strand break
NF-κB

Increased
bronchovascular
permeability

PARP activation

Airway
obstruction

Increased pulmonary
transvascular fluid flux

NF-κB

ATP depletion

Poor gas exchange

Cellular dysfunction
Pulmonary edema

Pulmonary dysfunction

Pulmonary edema

Burn Injury, Inhalation Injury. Figure 1 Pathophysiology of burn and smoke inhalation-induced acute injury. iNOS,
inducible nitric oxide synthase; PARP, poly(ADP-ribose) polymerase. (Reprinted from Total Burn Care [3] Copyright 2007, with
permission from Elsevier)

3. Third phase (3–10 days): Lung defenses are impaired,
usually resulting in bronchopneumonia. The perpetuated injury can lead to acute respiratory distress syndrome (ARDS).

Evaluation/Assessment
The diagnosis of INH-INJ is based on the following
aspects:
●
●
●
●

Clinical
Bronchoscopical
Clinical imaging
Toxicological

It is imperative to obtain a detailed history of the event,
including the source of fire or incident, time of exposure,
and history of loss of consciousness. A history of

entrapment in a closed space, facial burns, singed nasal
hair, hoarseness, stridor, and carbonaceous sputum (sooty
sputum) are early findings that should raise suspicion of
the presence of INH-INJ. However, it is important to
remember that INH-INJ can be present without cutaneous burns. In the case that both history and clinical findings are suggestive of INH-INJ, the patient should be
considered to present with this until proven otherwise.
On arrival, the patient can be disorientated or present with
altered mental status as a result of CO, cyanide, drug and
alcohol intoxication, or head injury [5].
Fiberoptic bronchoscopy is the most useful diagnostic
tool for the assessment of the airway and should be
performed in every patient with clinical suspicion of
INH-INJ. Furthermore, it has an advantage of facilitating
intubation if needed. Typical bronchoscopic findings
include hyperemia, edema, and presence of carbonaceous
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material along the airway [3, 5]. Bronchoscopic findings
can be classified into five grades of severity based on the
Abbreviated Injury Score (AIS) criteria[6]:
● Grade 0 (no injury): absence of carbonaceous deposits,
erythema, edema, bronchorrhea, or obstruction
● Grade 1 (mild injury): minor or patchy areas of erythema, carbonaceous deposits in proximal or distal
bronchi (any or combination)
● Grade 2 (moderate injury): moderate degree of erythema, carbonaceous deposits, bronchorrhea, with or
without compromise of the bronchi (any or
combination)
● Grade 3 (severe injury): severe inflammation with friability, copious carbonaceous deposits, bronchorrhea,
bronchial obstruction (any or combination)
● Grade 4 (massive injury): evidence of mucosal
sloughing, necrosis, endoluminal obliteration (any or
combination)
Other studies that are useful for diagnosis and followup, which should be obtained once the patient is admitted,
include:
●
●
●
●

Chest radiography
Arterial blood gasses
Carboxyhemoglobin
Cyanide levels

Arterial gasses and chest radiographs are often normal at
admission, so this situation does not exclude INH-INJ,
but are valuable as a baseline and necessary to monitor the
evolution of the patient. Carboxyhemoglobin levels are
used to identify CO poisoning and cyanide levels to assess
exposure to hydrogen cyanide.

Treatment
Patients from a burn scene should be managed similar to
any other trauma patient, following the basic ABC
approach. If the airway is patent and there is no need for
intubation at the site of the accident, 100% oxygen should
be administered until arrival to the hospital.
At arrival, once inhalation injury is diagnosed, the
patient must be closely monitored. The airway must be
secured before edema jeopardizes the intubation.
Specific treatment includes:
● High-flow humidified oxygen (100%), maintaining
oxygen saturation (SaO2) >90–95%
● Chest physical therapy
● Tracheal suction

● Aerosolized heparin
● N-acetylcysteine
Aerosolized heparin and N-acetylcysteine have improved
mortality and reduced the incidence of atelectasis and
reintubation [2]. Frequent position changes and early
ambulation are warranted. Early extubation is encouraged, but without jeopardizing the patient.
CO poisoning requires 100% oxygen until carboxyhemoglobin levels are under 10% [5]. The half-life of CO is
dependent on oxygen tension. The half-life is 320 min in
room air, and approximately 75 min with 100% oxygen at
atmospheric pressure. There are some reports that hyperbaric oxygen decreases the half-life of CO even further, but
its utility in patients with INH-INJ has not been clearly
demonstrated.
Cyanide treatment is controversial and requires close
monitoring. Amyl nitrite or sodium nitrite is used as an
antidote by inducing methemoglobin, which binds to the
cyanide-forming cyanmethemoglobin. It further metabolizes to thiocyanate and is excreted in the urine.

Pharmacoeconomics
Inhalation injury increases hospital length of stay, need for
intensive care, days on respiratory support, and the incidence of complications such as pneumonia. All these variables increase the in-hospital costs to a great extent.

Prognosis
Inhalation injury is one of the most important predictors
of morbidity and mortality in burn patients. When present, INH-INJ increases mortality by up to ten times
[1, 2]. Inhalation injury most likely requires endotracheal
intubation, which in turn increases the incidence of pneumonia. Pneumonia is a common complication of INHINJ, and increases mortality by up to 60% in these patients
[2]. Patients usually recover full pulmonary function and
late complications are not the rule. Complications can be
secondary to the INH-INJ or to the endotracheal or tracheostomy tube. Hyperreactive airways and altered patterns of pulmonary function (obstructive and restrictive)
have been described following INH-INJ [5]. Scarring of
the airway can cause stenosis and changes in the voice,
requiring voice therapy and occasionally surgery.

Future Directions
Advances in critical care, respiratory support, and the use
of novel therapies have led to reduced morbidity and
mortality in patients with INH-INJ. High-frequency
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percussive ventilation, airway pressure release ventilation,
and extracorporeal membrane oxygenation are some of
the newer strategies used to improve oxygenation while
decreasing trauma to the airway. In CO poisoning, drugs
including thiosulfate and hydroxycobalamin seem to be
useful options with fewer side effects than nitrites. Inhaled
nitric oxide (NO) dilates the capillaries of the ventilated
areas, increasing the PaO2/FiO2 ratio. Tocopherol is
a reactive oxygen scavenger and has been used successfully
in ovine models, with promising results. Large clinical
trials are needed to assess the clinical impact of these
therapies.
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Synonyms
First-degree burn; Full-thickness burn; Partial thickness
burn; Second-degree burn; Thermal injury; Third-degree
burn

Definition
Burn wounds can be classified as first, second, or third
degree based on surface appearance. First-degree wounds
are superficial, painful, and reddened. They do not require
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surgical intervention and are generally treated with topical
moisturizers and avoidance of recurrent injury. This
injury is typified by the injury from prolonged sun exposure without blisters. Second-degree burns are deeper,
causing a superficial edema deposition between deeper
viable tissues and injured tissues that are more superficial.
The surface appearance is moist with blisters in various
degrees of rupture. Treatment involves debridement of
intact blisters at risk for rupture to remove the fluid,
which contain high concentrations of thromboxanes and
coverage with topical antimicrobial agents or synthetic
wound dressings. The deeper elements of the skin remain
intact and can regenerate the epithelial layer. Third-degree
wounds are deeper and appear whitened, black, or dry,
leather like skin. They require surgical debridement and
skin grafting if larger than 2 cm. Full-thickness burns
destroy all of the dermal elements, hence there are no
epidermal cells left to regenerate the injured area. Partial
thickness injuries allow epidermal cells to survive in the
dermal elements, such as sweat glands or hair follicles, to
repopulate the injured area.
In general, partial thickness and second-degree burns
are used interchangeably, while full thickness and third
degree are synonymous.

Treatment
Treatment begins by removing the victim from the continuing source of injury.
Evacuation from proximity to flame, extinguishing
flames, removal of clothing, continued lavage of chemical
agent off the patient to the ground, and removal from
contact with electrical circuits are used to stop the initial
process of a burn. Subsequently, treatment follows the
principles of management of airway, breathing, and circulation of trauma care resuscitation. Patients do not expire
from undressed wounds during the initial assessment but
are at genuine risk from loss of the airway, hypovolemia,
and hypothermia.
Ensuring the patency of the airway with intubation or
cricothyroidotomy is necessary if there is any possibility of
inhalation injury before massive edema develops. Burned
facial structures can be suggestive of inhalation injury,
stridor, inspiratory grunting, wheezing, or tachypnea signal impending airway loss. Carbon monoxide binds to
hemoglobin, falsely elevating measurements with oxygen
saturation monitors. Oxygen at 100% is administered
from the scene of the accident to increase the rate of
dissociation of CO from hemoglobin. Any suggestion of
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smoke inhalation should be investigated with an arterial
blood gas determination.
Fluid resuscitation is aimed at restoring circulating
intravascular volume.
Venous access is best obtained via two large bore
peripheral IVs, although alternate methods are sometime necessary, such as central access, venous
cutdowns, or interosseous infusions. Delay in administration of resuscitation has been shown to have
a direct negative correlation with survival. Commonly
used resuscitations administer between 2 and 4 cc/kg
body weight/% body surface area burned of lactated
Ringer’s solution. The “Rule of Nines” is used to
estimate percentage body surface area (BSA) with
major body parts in the adult divided into multiples
of nine. The head and neck are 9% body surface area
(BSA), the upper extremity is 9% BSA, the anterior
and posterior trunk are 18% BSA each, and each leg
and thigh are 18% BSA. This estimation predicts the
fluid needs over the first 24 h post injury, with half of
the budgeted volume administered during the first
8 h and the remainder over the following 16 h, measured from the time of the injury. It cannot be stressed
enough that these formulas provide only a “budget”
for required fluids, and must be adjusted based on
objective parameters, urine output (0.5 cc/kg for
adults or 1.0 cc/kg for children) or persistent metabolic acidosis. Young children have different body proportions and a greater percentage body water; hence
evaporative losses can be greater, so the needs are
estimated using the Galveston formula of 5,000 cc/m2
BSA burned and 2,000 cc/m2 total BSA. Another method
to account for the differences of the pediatric population is
to administer size appropriate maintenance fluid
(containing dextrose because of the limited glycogen
reserves of this population) and give 4 cc/kg/% BSA
burned. The same administration plan as for adults is
used, with the first 1/2 of the volume given over 8 h and
the remainder over the next 16 h, again with urine output
as the ultimate guide to adequacy of resuscitation. Maintenance Dextrose is administered in children less than
2 years of age to prevent hypoglycemia with their relatively
diminished glycogen stores. After a burn injury, the ensuing shock results from alterations in microvascular permeability and fluid shifts that result in tissue edema,
reaching a maximum at between 8 and 48 h post injury.
The use of albumin is not advised in the early post burn
resuscitation period when the increased albumin would
simply pass out into the tissues and cause greater edema.

Later use of albumin replacement is still undergoing evaluation, but no definite answer has been found.
The need for surgical intervention/debridement
depends on the depth of the injury. The experienced
burn care provider is able to look at the characteristics
of a wound and predict potential for healing, based on
presence of surviving dermal buds and hair. Maintained
sensation in a burned area, particularly to sharp stimulation, indicates the deeper layers of skin are
uninjured and will repopulate the burned area. Efforts
to scan the surface of a burn wound, usually with
a heated laser probe Doppler have been proposed to
evaluate depth of injury without widespread acceptance
or consistent success. Absence of these characteristics
implies the wound will need grafting. Second-degree or
partial thickness wounds are expected to heal spontaneously. As such, the role of protection of the wound
bed from infection is paramount. Topical antibiotics
can be applied in the form of silver sulfadiazine or
surface delivery systems for silver products, such as
Acticoat™. Temporary wound coverage can be accomplished with amniotic membrane or Biobrane™ promoting a healing environment for the wound. It is
generally accepted that early debridement and grafting
of wounds requiring surgery reduces hospital stay and
morbidity/mortality. Previously wounds became
infected, and through bacterial action, the eschar
would separate leaving a granulating bed for skin
grafting. The risk of such management is the development of invasive wound infection and sepsis. By early,
aggressive surgical debridement, nonviable tissue is
removed and hence the wound bed is relatively infection free. Every effort is made to have the burn wound
completely excised of nonviable tissue within 1 week of
the initial injury. This can be done in one aggressive
operation or staged excisions to limit operative time
and stress on the patient. The removal of dead tissue
has the potential to reduce the generation of chemical
mediators that stimulate the inflammatory cascade
leading to remote and multisystem organ failure. Complete debridement should proceed at the earliest possible opportunity, even if donor sites are insufficient to
provide total wound coverage. In this case, biological
dressings (preferably Cadaver allograft or porcine xenograft) should be used to cover the remaining wounds.
Excision of burn wounds requires large volumes of
blood for transfusion (approximately 1cc/cm2 to be
excised). Blood loss can be minimized by the use of excision to the level of fascia, or tourniquets when performing
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tangential excisions of the extremities. Tangential excision
gives a better cosmetic outcome by leaving subcutaneous
fat, but blood loss is greater.
After the eschar has been excised, the wound must be
closed. In general, wounds of 30% total body surface area
or less can be closed in a single operation with split
thickness skin grafts taken from unburned areas. As the
size of the injury increases, there is proportionately less
donor site for autografting; so alternate techniques are
required. Larger expansions of the skin using meshers
are available, usually requiring cadaver allograft
overgrafting of 4:1 or greater autograft skin expansion.
Wounds of greater than 90% may require up to ten
operations for coverage, or use of cultured epithelial
autografts [1].
Organ dysfunction associated with the systemic
inflammatory response syndrome may occur. Renal failure previously complicated cases of inadequate resuscitation, but increased awareness of its causes (i.e., poor
renal perfusion and nephrotoxic drugs) have reduced
the frequency of this complicating factor. Pulmonary
injury from smoke and toxin inhalation can be minimized by use of aerosolized heparin and mucomyst the
high-frequency percussive ventilator, minimizing
barotraumas, and expeditious removal of the endotracheal tube to allow coughing for pulmonary hygiene.
Smoke inhalation injury and multisystem organ
failure in association with burns have a mortality as
high as 50%.
Patients with severe burns have metabolic rates from
100% to 150% higher than normal.
The support of the hypermetabolic response to burns
is accomplished by keeping patient rooms warm (80–
90 F) and meeting nutritional needs (1,500 kcal/m2
Total BSA and 1,500 kcal/m2 burned) in children or
24 kcal/kg body weight and 40 kcal/% Burn BSA for
adults. The use of hormonal modulation is also employed,
commonly using oxandrolone, propanolol, and recombinant human growth hormone replacement. Without this
treatment, increased energy and protein requirements
must be met to prevent impaired wound healing, cellular
dysfunction, and decreased resistance to infection [2].
Rehabilitation begins with wound coverage to prevent
burn scar contracture. Aggressive physical and occupational therapy with exercise and splinting in position of
function are key. Use of pressure garments has been shown
to organize the collagen of a wound more rapidly, but
evaluation of its cosmetic and functional advantages are
currently undergoing study. Plastic and reconstructive
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surgeons should be involved early on in the hospital
course so that future need for releases and surgeries can
be planned [3].
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Synonyms
Estimation of burn size; Lund and Browder chart

Definition
Burn injuries represent a severe insult to body homeostasis. An extensive hypermetabolic and inflammatory
response occurs as a consequence of thermal tissue damage to more than 40% of the total body surface area
(TBSA) and can lead to considerable morbidity and mortality [1]. This response may be so extensive that victims
invariably suffer cardiovascular derangements if more
than one third of the TBSA is affected. This condition is
defined as burn shock [2].

Characteristics
Quantifying the extent of the burn injury is of utmost
importance because it allows the physician to provide an
adequate and comprehensive treatment that includes fluid
resuscitation, nutritional support, pharmacologic agents,
wound care, surgical interventions, and rehabilitation.
The current understanding of how the burn size is
associated to the inflammatory response and fluid
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9%
Adult body

% of total

Part

BSA

Arm

9%

Head

9%

Neck

1%

Leg

18%

Anterior trunk

18%

Posterior trunk

18%

1%
Front
18%
9%

9%

Back
18%

18% 18%

Burn Injury, Rule of Nines. Figure 1 Estimation of burn size
in adults using the “rule of nines” (From Advanced Burn Life
Support Providers Manual. Chicago, IL: American Burn
Association, 2005). Authorization Pending

shifts can be dated back to the studies performed by
Frank P. Underhill, who, as a Pharmacology and Toxicology professor at Yale, suggested that burn patient mortality was due to fluid loss and not due to toxins [3]. Work
done by Lund and Browder in the 1940s later led to fluid
replacement strategies based on the percentage of body
surface area burned. Knaysi, Crikelair, and Cosman then
proposed the “rule of nines” for calculating the extent of
the burn injury [4]. In 1946, Cope and Moore further
determined that tissue swelling is due to the shift of fluid
into the interstitial space and is proportional to the burn
size [5]. They also concluded that this fluid has to be
replaced in the first hours after the thermal injury.
Moore then developed a formula to calculate the fluid
requirements of burn patients based on the extent of
body surface area burned [6].
The rule of nines is accurate in determining the extent
of body surface area in adults and adolescents. It is important to keep in mind that this rule does not apply to
patients younger than 15 years because the surface distribution of body parts between adults and children is different (Fig. 1).
Pediatric patients have a larger cranial surface and
a smaller lower extremity surface in relation to the torso

10%

13%

15%
9%
9½%

32%

9%

36%

9½%

19%
9½%

9½%

32%

32%

9½%

9½%
18%
18%
17%

15%

18%

18%

17%

15%

1–4

5–9

10–14

Adult
(Rule of nines)

Burn Injury, Rule of Nines. Figure 2 The “rule of nines” altered for infancy and childhood (From [2]) Authorization pending
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Age

0–1

1–4

5–9

10–14

15

A – ½ of head

9½%

8½%

6½%

5½%

4½%

B – ½ of one thigh

9½%

8½%

6½%

5½%

4½%

C – ½ of one leg

9½%

8½%

6½%

5½%

4½%

A

B

A
3½%

3½%
1%

Adult

1%
2%

2%

2%

2%

13%

13%

1½%

1½%

1½%

1½%
2½%

2½%

4¾%

4¾%

1%
1½%

1½%

1½%
4¾%

4¾%

1½%

B

B

B

C

C

C
3½%

3½%

1¾%

3½%

1¾%

1¾%

B
C
3½%

1¾%

Burn Injury, Rule of Nines. Figure 3 The Lund and Browder chart describes a more detailed distribution of body surface area
(From Advanced Burn Life Support Providers Manual. Chicago, IL: American Burn Association, 2005). Authorization pending

than adults. For this patient population, a more accurate
assessment can be made by using charts that take into
account the anthropomorphic differences in infancy and
childhood (Figs. 2 and 3).
In summary, the rule of nines and other detailed charts
can be used to accurately quantify the percentage of TBSA
burned. This in turn will aid the clinician in providing an
appropriate and multidisciplinary treatment plan.
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Synonyms
Burn wound cellulitis; Burn wound impetigo; Burn
wound infection; Burn wound sepsis

Definition
Burn skin infection refers to an infection in or originating
from pathogenic organisms colonizing or infecting a burn
wound, typically involving devitalized tissues. Burn skin
sepsis can occur when organisms that have colonized the
burn eschar invade the bloodstream causing sepsis. Burn
wound cellulitis describes the spread of infection from the
burn wound into surrounding healthy tissues. Burn wound
impetigo is a secondary infection of re-epithelialized skin,
such as that healing by secondary intention, or grafted skin.
Since treatment of more severe burns involves surgery,
surgical site infections may also occur [1].

Epidemiology
Burns are traumatic injuries associated with significant
morbidity and mortality. In the United States, there are
approximately 500,000 burn injuries treated each year,
with 40,000 requiring hospitalization. Sixty percent of
hospitalizations occur at specialized burn centers [2]. Fortunately, mortality has improved significantly over the
past four decades, with approximately 15,000 deaths
annually in the 1970s decreasing to approximately 3,245
non-firefighter deaths in 2006. Whereas in the 1970s,
a 30% total body surface area (TBSA) burn was associated
with a 50% risk of death, in the modern era this degree of
mortality risk requires an 80% TBSA burn. Despite these
improvements, the primary predictors of mortality from
burn injury remain unchanged: extremes of age, %TBSA,
presence of full thickness burns, and inhalational injury [3].
Owing to its prognostic importance, diagrams allowing
calculation of %TBSA on the basis of anatomic involvement are readily available in most emergency departments, emergency medicine textbooks, and burn centers.

Pathophysiology and Staging
Cutaneous burns result in a gradient of damage radiating
outward from the burn site, with several zones of distinct

histologic injury patterns. Nearest the heat source is the
zone of coagulation, which includes necrotic and
devitalized skin tissue that forms the eschar. Adjacent to
this is the zone of stasis, representing viable tissue that is at
risk for ischemic necrosis from impaired vascular perfusion. The third area is the zone of hyperemia, in which
there is minimal cellular injury and increased blood flow
from local vasodilation [1].
Thermal burn injuries are staged on the basis of the
depth of injury and the %TBSA involved. First-degree
burns involve only the epidermis. Second-degree burns
extend below the epidermis to the superficial or deep
dermis. Third-degree (full-thickness) burns destroy the
overlying dermis and epidermis, down to the level of the
subcutaneous tissues. A feature of third-degree burns is
the absence of pain due to the complete destruction of
cutaneous sensory nerve endings in the dermis [1].
Chemical burns are caused by reactive chemicals such
as strong acids or bases, oxidizing agents or corrosive
substances [2]. Chemical burns may introduce physiologic
concerns unique to the particular agent, such as hypocalcemia with hydrofluoric acid exposure due to the intracellular chelation of calcium. Poison control centers may
be a helpful source of information on the care of specific
agents causing chemical burns.
Systemic effects of burns generally proceed in two
distinct phases, with important implications on pharmacotherapy [3]. The initial 48 hours following injury are
characterized by local vasodilation and increased capillary
permeability allowing albumin to leak into the interstitial
space. Intravascular fluid follows the albumin to maintain
neutrality of osmotic forces, and the fluid volume in
the interstitial compartment can double. For this reason,
burns often cause hypovolemic shock and circulatory failure requiring aggressive fluid resuscitation and secondary
organ damage related to hypoperfusion. Thereafter,
patients who have been adequately resuscitated with intravenous fluids become hypermetabolic, reflecting the influence of a cascade of inflammatory substances released by
dead and dying tissues. Hemodynamic findings can mimic
septic shock, with increased cardiac contractility, increased
cardiac output, and decreased systemic vascular resistance.

Treatment
Ideally, antibacterial therapies should be selected on the
basis of demonstrated antimicrobial susceptibilities and
minimal inhibitory concentrations of proven or suspected
pathogens isolated in culture, in relation to achievable
drug concentrations in burned skin for the selected
agent. Empiric therapies should follow the burn unit’s
antibiogram, which may differ from that of other hospital
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wards, as intensive care units (ICUs) offer a unique microbiological niche utilized to great effect by some pathogenic
organisms [2]. Empiric therapy should target more virulent organisms with established mortality risk, such as
Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Staphylococcus aureus [3]. Consultation with medical personnel skilled in clinical microbiology and management of
infectious diseases may be helpful.
Difficulty in diagnosis of invasive fungal infection can
lead to a desire for empiric or preemptive therapy with
antifungal agents, such as amphotericin B. Aspergillus spp.
are generally susceptible to this agent, with the notable
exception of Aspergillus terreus. Voriconazole has activity
against this species, but introduces difficulties with other
hepatically metabolized drugs. Amphotericin B has been
historically viewed as a nephrotoxic agent, although this
toxicity may be reduced with more modern liposomal
preparations. Regardless, antifungal therapy may be problematic in patients with renal or hepatic compromise, or
who require treatment with other interacting agents.

Systemic Therapy
Conventional antimicrobial doses recommended for nonburned patients may be inadequate for burned patients.
This is due to the radical alterations in the physiology of
burn patients, as described above. In the initial phase
(within 48 hours of injury), the drug distribution is slowed
and renal clearance may be reduced if renal function has
been compromised [5].
In the hypermetabolic phase (after 48 hours), high
cardiac output and low systemic vascular resistance cause
blood flow to the liver and kidneys to increase, which in
turn may accelerate pharmaceutical clearance. It is well
established that aminoglycoside clearance is greatly
increased in burn patients, and substantially increased
doses are required to achieve target peak levels. Hepatic
synthesis of acute-phase reactant proteins is increased,
which may decrease the free fraction of protein-bound
pharmaceuticals. The pharmacokinetic effects are difficult
to predict in burn patients during the hypermetabolic
phase, due to the variable individual responses to burn
injury. Necessary interventions such as dialysis or limb
amputation can further complicate the antimicrobial
dose selection [5]. Therefore, drug levels should be utilized whenever available. Unfortunately, drug levels are
not routinely available in clinical practice for the majority
of antimicrobial agents. Furthermore, studies detailing the
impact of various dialysis modalities are lacking for many
antimicrobial agents in burn patients. Treatment regimens
should be considered in the context of anticipated drug–
drug interactions with other required therapies.
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Topical Agents
Topical antimicrobials have been shown to improve mortality in burn patients by decreasing the bacterial burden
growing on the eschar [1]. Silver-containing compounds
are the most commonly used, with several preparations
that differ primarily in their degree of eschar penetration
and side effects. Silver atoms interact with thiol groups in
key enzymes to poison the biochemical respiratory pathways of bacteria. Silver compounds can inhibit wound
healing through DNA binding, and caution is advised
when applying to healing wounds. It is important to
note that topical agents can be associated with systemic
side effects.
Mafenide (silver sulfamylon) is a topical sulfonamide
agent active against Gram negative bacteria, which diffuses
freely into the eschar [1]. It is available as a 10% cream, or
a 5% solution. The cream is applied twice daily and left
uncovered, whereas the solution is applied as a saturated
gauze dressing three times daily. It is metabolized to an
inhibitor of carbonic anhydrase (p-carboxybenzenesulfonamide), which may cause metabolic acidosis. Application of mafenide may cause pain.
Silver nitrate is a broad-spectrum bacteriostatic agent
with activity against Gram positive and Gram negative
bacteria and Candida species [1]. Eschar penetration is
poor. Drawbacks include oxidation to a black color, which
can cause permanent black staining of the patient’s immediate surroundings. It also obscures visual monitoring of
the wound bed for signs of infection, and leaching of
cationic electrolytes across the burn wound can cause
hyponatremia, hypokalemia, hypocalcemia, and hypomagnesemia. Electrolytes should therefore be monitored
when silver nitrate is used. It is applied in thick layers and
covered by mesh gauze to prevent desiccation. Dressings
are generally changed twice daily.
Silver sulfadiazine is bactericidal against Gram positive
and Gram negative bacteria and Candida species [1].
The silver ion binds to nucleic acids, releasing the sulfadiazine moiety, which interferes with bacterial metabolic
pathways. However, its effectiveness may be limited as it
does not diffuse beyond the surface epithelium and thus it
has poor penetration into the eschar. Leukopenia is the
primary side effect of concern, but may not preclude
treatment if it develops.
Various nanocrystalline silver dressings are commercially available. These dressings are composed of a mesh
backing to which crystallized silver coating is applied in
a time-release formulation [1]. This provides a longer life
span on the wound, reducing the number of dressing
changes and the associated mechanical trauma. The silver
crystals leach into the wound and become ionic silver.
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Their activity is similar to silver nitrate, and the wound is
obscured by the dressing and is stained black. However
because the silver is adherent to the dressing, it is less likely
to stain the surrounding environment. Significant systemic side effects are absent.
Other topical therapies, such as subeschar clysis
(direct injection of antimicrobial agents beneath the
eschar) date from the pre-escharotomy era, and do not
represent standard-of-care practice today. Various antifungal agents are available as topical formulations for
direct application onto infected wounds, but data
supporting the effectiveness of this approach are lacking.

Surgical Treatments
Surgery is a critical component of burn wound management [2]. The eschar is a moist, avascular, and proteinrich environment that is ideal for the growth of microbes.
Without debridement, dead tissue can become a source of
persistent and sustained burn wound sepsis. Regional
amputation should be considered for extremities harboring deep infections and/or severe vascular compromise
limiting the delivery of antimicrobials to infected tissues.
Skin grafting and the use of artificial skin materials to
cover open burn wounds may reduce infections by reducing the degree of microbial colonization in the wound.

Evaluation and Assessment
Establishing a diagnosis of infection in the burn wound
can be exceedingly difficult [2]. If the burn is less severe
and localized to a small area surrounded by unaffected
skin, the classic signs of inflammation (calor, rubor, dolor,
and tumor) developing in the adjacent non-burned skin
may be helpful clues. In more severe burns with extensive
tissue damage over large areas of the body, the normal
physiologic response to cutaneous infection is altered,
and these indicators of inflammation may be absent in
burned skin.
Inspection of the wound may reveal features
concerning for infection: pain, erythema, unexpected
change in color, appearance and depth, systemic changes,
and premature separation of the burn eschar. P. aeruginosa
can produce yellow–green exudates in the wound, but
invasive infection with this organism is indicated by
purple–black or punched-out areas. Infections with Candida species may produce small purulent papules, and
Aspergillus species may look grossly like gray–brown
plaques, or whitish fuzz growing on the surface of
devitalized skin. In each of these cases, distinguishing
colonization from invasive infection is problematic.
Systemic signs of infection such as WBC count, temperature, respiratory rate, and heart rate have poor

sensitivity and specificity for detecting infection in burn
patients due to the massive metabolic disturbances that
occur with higher TBSA and deeper burns [3]. These
findings are often present in burned patients in the
absence of infection, as cellular damage stimulates the
release of pro-inflammatory cytokines, driving the systemic inflammatory response syndrome (SIRS). Inflammatory markers such as C-reactive protein, procalcitonin,
and cytokines are not specific for identifying infection in
this population. Criteria for diagnosis of wound infection
have been established by the American Burn Association
(Table 1) [4].
Microbiological investigations include cultures of surface swabs, biopsy specimens, escharotomy specimens,
and blood. Surface cultures from swabs or tissue do not
discriminate between colonizing and pathogenic organisms, but may be helpful in recovering potential pathogens
for antimicrobial susceptibility testing [1]. Wounds typically become colonized with bacteria within 48 hours of
injury even in the absence of infection. Colonizing organisms may originate from sweat glands and hair follicles at
the time of injury, or may be introduced from the hospital
environment or by the hands of health care providers.
Quantitative cultures have generally poor predictive

Burn Skin Infection. Table 1 American burn association
criteria for diagnosis of burn wound infection
Syndrome

Criteria

Wound
colonization

Bacteria on wound surface at low
concentration (<105 bacteria/g tissue);
no tissue invasion

Wound infection

Bacteria in the wound and eschar at
high concentration (>105 bacteria/g
tissue); no invasive infection

Invasive infection

Pathogens in burn wound at
a sufficient concentration (frequently
>105 bacteria/g tissue), depth, and
surface area to cause suppurative
separation of eschar or graft loss,
invasion of adjacent unburned tissue,
or sepsis

Cellulitis

Bacteria present in wound and/or
wound eschar at high concentration
(>105 bacteria/g tissue) with erythema,
induration, warmth, and/or tenderness
in surrounding tissue

Necrotizing
infection/fasciitis

Aggressive invasive infection with
involvement below the skin resulting in
tissue necrosis

Burn Skin Infection

value for infection and the development of burn wound
sepsis.
Blood cultures are more sensitive than surface cultures
for invasive infection, but do not distinguish from other
anatomic sites of origin, such as the lungs. While clearly
desirable, detecting infection once it has reached the
bloodstream misses the window of opportunity for early
pharmacologic intervention to prevent a progression to
sepsis. Invasive burn wound infection may therefore be
distinguished from colonization only retrospectively. In
addition, some frequent colonizers of wounds, such as
Aspergillus species, do not readily grow in blood culture
even when invasive. Recently, new approaches have been
proposed involving surveillance detection of pathogenspecific products, such as 1,3-b-D-glucan produced by
replicating fungi or galactomannan (specific for Aspergillus species) secreted during fungal replication. Limitations
include assay interference by commonly used antimicrobial agents, the fact that not all fungal organisms produce
these chemicals, and such markers are lacking for bacterial
organisms.
Tissue histology can be used to observe the depth of
organisms in the skin layers, with organisms in deeper
layers presumed to indicate invasive infection [2]. Tissue
depth as a surrogate marker for invasive infection has not
been adequately validated, and the reliance of this method
on biopsy specimens makes this approach subject to sampling error. With the exception of some fungi, which have
pathognomonic appearances, histologic methods are disadvantaged by their inability to provide a definitive identification of the pathogen or aid in selection of an
appropriate therapeutic agent. Sample interpretation
requires specialized training in dermatopathology, which
may not be available at all centers.

Clinical Syndromes
Burn wound sepsis describes the development of sepsis
resulting from invasive infection by organisms originating
in the devitalized tissues of the burn wound [1]. As noted
above, antecedent prediction of and surveillance for the
development of invasion is problematic. Traditional
parameters of sepsis are insensitive because they are present in many burn patients without sepsis. The American
Burn Association has released criteria for sepsis, which
add thrombocytopenia, non-diabetic hyperglycemia, and
tube feeding intolerance to the traditional parameters of
temperature and cardiopulmonary status [4]. Studies validating this approach are limited.
Burn wound cellulitis describes the spread of infection
from the burn wound into surrounding healthy tissues [1].
Clinical indications are erythema extending from the
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perimeter of a burn wound into surrounding non-burned
skin. Localized pain, progressive swelling and erythema,
and distal lymphangitis along the path of draining lymphatic channels may be present.
Burn wound impetigo is a secondary infection of reepithelialized skin, such as that healing by secondary
intention, or grafted skin [1]. The pathogenic organisms
are primarily Staphylococcus and Streptococcus species, just
as in impetigo involving non-burned skin.
Surgical wound infections occur at sites of surgical
debridement or escharotomy, similar to other surgical
site infections. Erythema in adjacent normal skin, overt
culture-positive purulence, and loss of synthetic or autologous overlying skin grafts may be indications of surgical
burn wound infection.

Infection Control
ICUs are a unique environmental niche utilized to
great effect by some organisms. Acinetobacter baumannii,
Enterobacter cloacae, Klebsiella pneumoniae, and
P. aeruginosa are common Gram negative species that
thrive in this environment, and can be associated with
disease outbreaks. These organisms have a propensity to
develop resistance to multiple antimicrobials, can persist
on environmental surfaces for long periods of time, and
can be transmitted to uninfected patients on the hands of
health care workers or patient care equipment, such as xray film cassettes. Strict adherence to infection control
measures, such as contact precautions using full gown
and gloves with every patient contact, may be necessary
to prevent nosocomial infection outbreaks in burn and
other ICUs. Unnecessary traffic should be minimized in
the burn unit to limit the spread of these organisms to
other areas of the hospital. Individual nursing units, isolation rooms, strict hand-washing and use of personal
protective equipment, single-patient monitoring equipment, and patient cohorting for nursing care are all strategies that should be considered to limit the spread of
pathogens. Surveillance for other resistant pathogens
such as MRSA and VRE should be considered as well.
Infection control personnel should be involved in monitoring the organisms and antibiograms of pathogens arising from patients in the burn ICU [2, 3].

After-care
Burn injuries can cause prolonged hospitalization and
major debility. Physical and occupational rehabilitation
are usually required [2]. Reconstructive surgery may be
considered on the basis of cosmetic or functional concerns, within the restrictions imposed by the anatomy of
affected areas. Burn patients should be screened for
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psychological sequelae of the inciting traumatic episode,
such as the post-traumatic stress disorder, and referred for
psychiatric care if appropriate. Physical deformity
resulting from burn scars may also heavily impact
patients’ mental and emotional wellness.

Burn Wound Infection
ARTHUR SANFORD, RICHARD L. GAMELLI
Stritch School of Medicine, Loyola University Medical
Center, Maywood, IL, USA

Prognosis
The primary predictors of mortality from burn injury are
extremes of age, %TBSA, presence of full thickness burns,
and inhalational injury. Mortality has decreased sharply
over the past 40 years, attributable to improvements in
shock resuscitation, airway and ventilatory management,
nutrition, wound care, and infection control practices.
The advent of multidrug resistance among more virulent
bacteria, such as Klebsiella spp., Enterobacter spp., and
P. aeruginosa, has added an additional challenge to the
care of the burn patient. Other individual and institutional factors, such as the availability of adequate rehabilitative care, may impact the degree of recovery attainable
by the burn patient.
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Synonyms
Burn wound sepsis

Definition
Wound colonization is where bacteria are present on the
wound surface at low concentrations. There is no invasive
infection.
Wound infection is when bacteria are present in the
wound and wound eschar at high concentrations. There is
no invasive infection.
Invasive burn wound infection occurs when the presence of pathogens in a burn wound is at concentrations
sufficient in conjunction with depth, surface area involved
and age of patient to cause separation of eschar or graft
loss, invasion of adjacent unburned tissue or cause the
systemic response of sepsis syndrome. Pathogens are present in the wound at high concentrations. Invasion or
destruction of unburned skin/tissue due to an invasive
infection may occur with or without sepsis. Many burn
wound invasive infections, however, are life threatening
and need urgent treatment (usually wound excision).
Cellulitis indicates bacteria present in the wound and/
or wound eschar at high concentrations and examination
of surrounding tissue reveals advancing erythema, induration, warmth, tenderness. Simple redness around the
wound may not require treatment.
Necrotizing soft tissue infection/Necrotizing fasciitis
is an aggressive, invasive infection with underlying and
aggressive tissue necrosis [1].

Treatment

Burn Wound Cellulitis
▶ Burn Skin Infection

Burn Wound Impetigo
▶ Burn Skin Infection

Effective burn wound management is a combination of
excision when appropriate, and minimizing the complications of wounds and the possibility of infection. Infection remains a significant problem until the integrity of
the skin, lungs, and gut can be restored and resolution of
post burn immunosuppression occurs. Topical antimicrobial therapy is used to control localized infection at the
wound site, but will not be effective if significant amounts
of devitalized tissue remain. Common topical antimicrobials are listed in Table 1 along with their common side
effects.

Burn Wound Infection

Burn Wound Infection. Table 1 Common topical
antimicrobials
Topical agent

Unique property

Silvadene

Painless to apply, poor
penetration of eschar

Sulfamylon

Metabolic acidosis,
penetrates eschar

Polymyxin

Control of wound
colonization, poor
penetration

Silver nitrate

Hyponatremia, surface
staining

Nystatin powder

Antifungal

Dakin’s solution

Quickly inactivated

Acticoat

Convenient, stable for
several days

Evaluation/Assessment
Burn wound sepsis is sometimes difficult to assess in the
face of the ongoing hypermetabolism. It is a systemic
response to the infected burn wound. The challenge is in
determining what the normal hypermetabolic response to
a burn is and when the condition is pathologic as in burn
wound sepsis. These changes, such as increases in temperature, heart rate, leucocytosis, respiratory rate, and blood
pressure, would, by current guidelines to define sepsis,
result in the diagnosis in virtually all major burn injuries.
The burn sepsis definition must therefore distinguish
changes in patient status as the result of infection due to
a microbial entity from the alterations secondary to the
burn injury itself. Burn wound related sepsis is characterized by five signs: obtundation, hyperventilation, hyperglycemia, thrombocytopenia, and enteral feeding
intolerance (as evidenced by diarrhea, ileus, or elevated
gastric residuals).
All skin surfaces and wounds have bacteria present.
The presence of bacteria alone does not indicate an infection. The patient/bacterial interaction is a more important
factor than the presence of bacteria. The wound needs
constant surveillance since the major method of detecting
an infection is from observing a significant change in
the wound appearance. Quantitative wound cultures are
useful for surveillance and colony counts of greater than
1  105 organisms/gm tissue indicates a wound at risk for
invasion. This is best confirmed by histologic examination
of a wound biopsy where actual invasion of viable tissue by
pathogens is seen. The changes may be subtle but any
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change should prompt further investigation. The wound
may change color, have increased exudate, have increased
pain, or appear to increase in depth. The classic definition
suggests that there is an early separation of the burn
eschar. An eschar is the tough coagulated protein covering
a deep burn. Superficial burns develop a dry exudate that
forms from fibrin, cellular debris, and the residue of topical antimicrobial agents. These are sometimes called
pseudoeschar. The normal process of eschar separation is
the result of bacteria digestion of nonviable tissue away
from the underlying viable tissue. Today, early separation
is rare because most burn surgeons excise a deep burn
followed by skin grafting long before bacterial invasion.
A frequent burn wound colonizer, Pseudomonas
aeruginosa, tends to produce a yellow/green exudate.
This is not an invasive infection. Invasive Pseudomonas is
a surgical emergency. This invasive infection produces
purple–black and “punched-out” areas of the wound classically described as ecthyma gangrenosum. The invasion
frequently destroys both deep and superficial wounds.
Split-thickness donor sites and even unwounded skin are
sometimes involved. Treatment involves both systemic
culture directed antibiotics and injection (clysis) of antibiotics beneath the wound. Most importantly, these
wounds need aggressive surgical debridement and
excision.
Other pathogens in addition to bacteria can cause
disease. Yeast and molds are significant causes of burn
wound invasion. In a superficial wound, Candida may
present with small papules of purulence. Aspergillus is
manifested as gray–brown plaques in a liquefied wound.
Herpes simplex is a not uncommon cause of breakdown in
a superficial wound where it is characterized by punchedout lesions in normal tissue or in the wound.
Systemic antibiotics are indicated for perioperative
coverage of suspected wound pathogens and gut flora
and need not be continued after dressings are taken
down and healed wounds are exposed. Oral prophylaxis
with antifungals has been shown to reduce the incidence
of fungal wound infections.

Effectiveness
Early and prompt treatment of the septic wound source
can prevent an overwhelming sepsis in the patient. A study
by Ramzy et al. [2] demonstrated a better correlation with
wound-cultured organisms than central bronchial cultures when post mortem lung abscesses were cultured.
The implication is that undertreated wounds lead to
a hematogenous spread of organisms.
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Pharmacoeconomics
Efficiency of burn care is measured by length of stay, and
usually correlated with body surface area burned. The
general estimate is for 1 day of hospital stay for each
percent body surface area burned (e.g., a 30% total body
surface area burn would be expected to remain in hospital
for 1 month). This crude estimate does not include correlation with adverse events such as a burn wound infection,
although the establishment of a national burn database
(TRACS) will provide a means to investigate the cost of
this complication.

Prognosis
The presence of a septic wound has been found to increase
the incidence of mortality in massively burned children by
two to three times [3]. This finding highlights the importance of early recognition and treatment of burn wound
infection.

Cross-References
▶ Burns Infections
▶ Burn Skin Infection
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Synonyms
Burn sepsis; Burn wound infection; Ventilator-associated
pneumonia

Definition
Any infection that occurs in a burn patient can be defined
as a burn infection. However, many reviews focus on burn
wound infection and avoid focusing on the entire burn
patient. There is clear overlap between the clinical presentation associated with the burn injury itself and the classic
parameters used to raise suspicion for a new infection.
As a result, burn infections can be more challenging to
diagnose than their counterparts in non-burn patients
because signs such as fever, tachycardia, and leukocytosis,
which are used in the non-burn definition for systemic
inflammatory response syndrome (SIRS) and sepsis, are
often present in uninfected burn patients due to their
extensive wounds, hypermetabolic state, and chronic
exposure to inflammatory mediators, but may not always
be indicative of an infection in this group [1]. Conversely,
infection can occur in the absence of the above signs.
The most common sites of infection are the bloodstream, lungs, wound, and urinary tract [2]. Burn patients
are at increased risk of pneumonia with concomitant
inhalational injury. Ventilator-associated pneumonia is
also common in burn patients and is associated with
increased mortality, especially in the setting of inhalational injury. Many of the infections are nosocomial,
hence the need for strict infection control in burn centers.
Burn units have the highest rates of urinary catheter–
associated urinary tract infections, ventilator-associated
pneumonias, and central line–associated bloodstream
infections as compared to other units. Endocarditis may
also occur in burn patients.

Epidemiology

“Burning Hands” Syndrome
▶ Central Spinal Cord Syndrome

Each year, 450,000 people are treated for burn injuries in
the United States, with approximately 3,500 deaths annually from both residential fires and motor vehicle/aircraft
crashes and electrical and chemical burns. Nearly 75% of
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these deaths occur at the scene of the incident or during
transport. More than 55% of the 45,000 hospitalizations
annually for burns are to the approximately 125 hospitals
with specialized burn centers. Thirty-eight percent of
admissions exceed 10% total body surface area (TBSA)
burned and most include burns of the face, hands, and
feet. Seventy percent of patients admitted to burn centers
are male and more than half are Caucasian [3].
Mortality has been decreasing with a survival rate of
94% among all admissions to burn centers. Increased
mortality risk is associated with TBSA burned, inhalational injury, age, and percentage of full-thickness burns.
Improvements in the morbidity and mortality associated
with burns can be attributed to advances in burn care
including initial resuscitation, nutritional support, ventilator management, burn wound care, and strict infection
control strategies [2, 4].
If patients survive the initial burn and resuscitative
phase, infections are the cause of mortality in 75% of
deaths in patients with more than 40% TBSA burned,
with six of the top ten complications also being infectious
to include 4.6% of patients with pneumonia, 2.7% with
septicemia, 2.6% with cellulitis/traumatic injury, 2.2%
with wound infection, 2% other infection, and 1.4%
with line infection. Urinary tract infections are more common in older patients. Wound infections and cellulitis are
more common in burn injuries related to scalding and
contact with hot objects. Patients who sustain burns during military operations are more likely to die from infectious etiologies than those not burned in military
operations, who are often older with preexisting
comorbidities and are at increased risk for cardiovascular
and renal complications in addition to infections [4].

Microbiology
Bacteria, fungi, and viruses can all cause burn infections
[2]. They may come from exogenous or endogenous
sources. Bacteria that cause burn infections commonly
include the gram-negative bacteria Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Acinetobacter
baumannii-calcoaceticus (ABC) complex, and the grampositive methicillin-resistant Staphylococcus aureus
(MRSA) [2]. K. pneumoniae and P. aeruginosa are associated with increased mortality with S. aureus having less
impact on mortality. ABC is frequently isolated but has
lower virulence than the other commonly isolated gramnegative bacteria. Each individual burn unit has its own
resistance pattern, which may differ from other units in the
same hospital and from other burn units in different hospitals. Antimicrobial resistance is increasing in burn units,
impacting the choice of empiric antibiotic coverage and
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making treatment of these organisms more challenging,
particularly during prolonged hospitalizations. Use of an
individual unit’s antibiogram is useful when determining
appropriate empiric coverage in an acutely ill burn patient.
Fungal organisms may also cause burn infections, in
particular Candida species, Aspergillus species, and other
molds. These organisms contribute to increased mortality
in particular in patients with 30–60% TBSA burns [2]. The
risk of isolating fungal elements increases over time after
the burn injury, with one study stating that fungal invasion was detected on average 16 days after the initial burns.
Fungi mainly cause wound infections and pulmonary
infections. Burn patients are among the highest risk for
invasive fungal infections due to their underlying immune
dysfunction, presence of a portal of entry through burn
wounds, and use of broad-spectrum antibacterial agents.
Urinary catheters, central lines, and total parenteral nutrition are also associated with fungal infections. Fungal
pathogens, in particular those with Aspergillus-like
histology, are responsible for increased mortality in this
population. Though Candida may be the most common
organism cultured, its associated mortality rate is lower
than for the molds. A culture from any site positive for
mold or Aspergillus is strongly predictive of death, increasing the odds ratio nearly 12-fold.
Viruses play an unclear role in burn infections. Viral
infections in this population can be due to reactivation or
primary infection and are generally due to herpesviruses:
cytomegalovirus (CMV), herpes simplex virus (HSV), and
varicella-zoster virus (VZV) [2]. Varicella has been
described in burned children and may result in wound
related complications to include delays in healing as well
as varicella pneumonitis. The cases described are of primary varicella after the patient was exposed to an index
case highlighting the need for good infection control and
isolation of known cases. HSV and CMV have also been
described in burned children and are thought to be generally endogenous, likely due to reactivation with the
impaired cell-mediated immunity found in large burns.
Primary infection with CMV has occurred with blood
products and allografted skin. Murine studies have
shown that CMV infection may decrease the inflammatory response and consequently decrease resistance to
bacterial infection resulting in higher mortality in mice
infected with CMV and bacteria than with bacteria alone.
Some human studies have demonstrated that CMV infection contributes to a higher rate of episodes of bacterial
sepsis; however, currently no increased mortality is associated with CMV infections in burned humans. HSV may
be reactivated by fever, which is a common finding in burn
patients, as well as due to the depressed cell-mediated
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immunity in this population. Clinical manifestations
include asymptomatic shedding, eruption of vesicles (usually within the margins of healing partial-thickness
wounds), prolonged fever, and rarely systemic dissemination. HSV superinfection of burn wounds has been
described. Though they may result in delay in wound
healing, they do heal spontaneously and otherwise have
no effect on outcomes. As with CMV, infection with HSV
may predispose to bacterial sepsis, but does not correlate
with increased mortality in this group.

Pathophysiology
The skin is the largest organ in the body and is responsible
for many vital functions to include serving as the body’s
first line of defense against infection by acting as a physical
barrier. When this barrier is damaged, pathogens can
directly enter the body, which may result in infection [5].
In addition, burns suppress both innate and adaptive
immune responses. For the innate immune response, natural killer (NK) cells are widely distributed throughout the
body and migrate to sites of inflammation. They produce
IFN-g in response to microbial threats but not in response
to burn inflammation; thus there is transient IFN-g deficiency with burns, in effect, a clinical immune paralysis,
which may result in the host being more susceptible to
infectious complications and sepsis. This deficiency may
remain for up to 40 days post burn. T-cell immunity (cellmediated immunity) is also suppressed after burns, for up
to a month after the burn injury. Loss of skin tissue also
signals recruitment of polymorphonuclear neutrophils
(PMNs) and monocytes initially, also as part of the innate
response, and later B-cells and T-cells [5]. The phagocytic
cells help in controlling bacterial colonization and
preventing invasive wound infections. In full-thickness
burns, where keratinocyte progenitors are lost, wound
healing will not occur without skin grafting [5]. However
in partial-thickness burns, the wound site can heal with
help from the phagocytic cells unless there is an infection
present to damage the underlying tissue.
Burns result in an inflammatory state with enhanced
production of various cytokines and chemokines, which
results in fever, leukocytosis, tachypnea, and increased vascular permeability. The hypermetabolic state associated
with burns may also result in immunodeficiency which
can also result in impaired wound healing and sepsis.
Early excision of the burn eschar and closure of the wounds
attenuates this response, as does nutritional support.
Risk factors for pneumonia in burn patients include
their relative immunosuppression, inhalational injury
resulting in dysfunctional ciliary movement which

impairs clearance of secretions, acute lung injury resulting
in pulmonary inflammatory activation, and leakage of
nutrient-rich plasma into the lung parenchyma.

Treatment
Treatment should be focused on the site of infection and
causative pathogen. Empiric therapy should be based on
the individual burn unit’s antibiogram since resistance
profiles can vary from other units within the same hospital
and from other hospitals. Empiric antibiotics should also
be directed at common pathogens with high associated
mortality such as Klebsiella pneumoniae and Pseudomonas
aeruginosa. In hospitals with a high rate of extended spectrum beta-lactamase (ESBL)-producing organisms, an
antipseudomonal carbapenem is reasonable empiric therapy for the gram-negatives. Vancomycin is often used for
empiric coverage for S. aureus and other gram-positive
bacteria given the high rates of MRSA.
Given the hypermetabolic state of burn patients, pharmacokinetics of antimicrobial agents in burn patients are
different from unburned patients [2]. This variability has
been noted with vancomycin, aminoglycosides,
carbapenems, and cephalosporins. With vancomycin,
there is an increase in total clearance with a decreased
elimination half-life. Similarly, aminoglycosides are
cleared more rapidly in burn patients requiring higher
doses than usual to attain goal peaks and troughs. Consequently it is important to check drug levels and closely
monitor renal function. In addition, use of hemodialysis
including continuous renal replacement therapy needs to
be factored in when choosing and dosing antibiotics.
Aerosolized antibiotics are sometimes used in burn
patients with pneumonia. No clear benefit or harm has
been shown from this [2].
The treatment of fungal infections also depends on
identifying the causative organism and site of infection.
Antifungal options include azoles (such as fluconazole,
voriconazole, and posaconazole), echinocandins (such as
anidulafungin,
micafungin,
caspofungin),
and
amphotericin B (conventional or liposomal). All fungi
are not susceptible to amphotericin B, which was the
traditional first-line antifungal agent. Currently, selection
of antifungal agent depends on the likely fungal pathogen,
toxicity, and drug interactions. Candida glabrata and
Candida krusei are resistant to fluconazole. Some burn
units have noted the presence of Aspergillus terreus,
which has inherent resistance to amphotericin B, so
voriconazole is often used for empiric coverage of
suspected Aspergillus infections, despite its many drug–
drug interactions. Early antifungal therapy for empiric or
preemptive treatment of fungal infections is most
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beneficial in patients with 30–60% TBSA burned since it is
in this population where early therapy may prevent invasive infection and reduce morbidity and mortality [2]. An
ophthalmologic exam is necessary for patients with
candidemia to evaluate for candidal endophthalmitis
since this affects both the outcome and the duration of
antifungal therapy.
Surgical treatment is crucial in the prevention and
treatment of infections [2]. Early excision of burn eschar,
within 5 days of the initial burn injury, is associated with
an improved mortality rate since the eschar is an avascular
environment ideal for growth of bacteria and difficult for
immune cells to reach along with systemic antibiotic therapy. It is also important to cover the burn area with grafts
to provide a wound barrier, reduce wound microbial
colonization, and prevent evaporative loss, though grafts
can also develop infections. Early excision and coverage is
also important in the prevention of invasive fungal wound
infections especially given the lack of adequate topical
antifungal therapies once an invasive fungal wound
infection has taken hold.
Topical antimicrobial therapies are generally used in
the prevention of burn wound infection and include silver
nitrate, silver sulfadiazene, mafenide acetate, and silverimpregnated dressings. Each antimicrobial agent covers
a different spectrum of microbes and comes with its own
risks and benefits [2].
Acyclovir has been used in children with >20% TBSA
burns and VZV infections. Again, the need for strict infection control to prevent cross-infection of other patients is
crucial. This isolation should be continued throughout the
VZV incubation period of 8–21 days. With more widespread varicella vaccination, herd immunity should
increase and fewer children should be at risk. Given the
minimal attributable mortality to CMV at this time, there
is no specific recommendation for treating with ganciclovir, foscarnet, or cidofovir for CMV-infected burn
patients. In CMV seronegative burn patients, consideration of transfusion of seronegative or leukocyte-depleted
blood products could be given, though this remains controversial. Topical or systemic acyclovir is generally
recommended for HSV infections to avoid a delay in
wound healing and to avoid disseminated disease in this
immunosuppressed population. Prophylactic acyclovir
for seropositive patients at risk for reactivation is not
recommended. Surgery should be avoided until the vesicles are dried up and resolving.

Prevention
Strict infection control in burn units is crucial in the
prevention of nosocomial infections and reduction in
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infection-related morbidity and mortality [2]. Individual
patient rooms with anterooms or individual doors are
necessary and dedicated operating rooms and facilities
may help to minimize transmission. Providers should
wear full gown and gloves for all patient contact and
hand washing must be enforced. Surveillance and aggressive infection control for multidrug-resistant organisms is
necessary.
Catheter-related bloodstream infections are associated
with the number of lines placed and total number of
central line days, but the site of insertion (upper vs.
lower) has not been shown to affect infection rates [2]. It
is preferable to distance the insertion site from the burned
area if possible. It is unknown whether changing a line
over a guide-wire is comparable to inserting a new line at
a new site. More frequent line changes may be associated
with fewer line infections as well. Other invasive measures
including endotracheal intubation and urinary catheterization have been shown to be associated with nosocomial
infections as well, so use of invasive devices should be
avoided as much as possible.
Other burn patient care may also play a role in
preventing infections. Selective gut decontamination to
decrease pneumonia risk may be effective; further data
are needed [2, 4]. The gastrointestinal tract is also involved
in the immune response and risk of infection may increase
with bacterial translocation in the gut. Enteral nutrition
may be helpful in the prevention of bowel complications.
Early nutritional support, within 24–72 h after initial
resuscitation, may blunt the hypermetabolic response to
burn injury [2, 4, 6]. It is unclear at this time whether this
actually reduces infection risk. Feeds should be enteral if
possible, and are generally continuous. The content of the
feeds to include the type of feeds and supplements such as
iron, zinc, and vitamins C and E varies from center to
center [6]. Medications that may manipulate the
hypermetabolic response including beta blockers such as
propranolol and metabolic stimulants such as insulin and
oxandrolone are often used in burn centers. More data are
needed on their effectiveness. Intensive glycemic control is
described in the Burn Sepsis chapter.

Evaluation/Assessment
As noted above, the standard definitions of SIRS and
sepsis do not apply in burn patients. Patients with extensive burns have baseline tachycardia and tachypnea with
baseline temperature reset to 38.5 C even without the
presence of infection. Therefore, the term SIRS is not
used in burn patients. The American Burn Association
(ABA) has defined criteria for sepsis in this population,
which can be used to raise concern for the onset of
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infection and trigger further evaluation (see Burn Sepsis
chapter) [1]. Biochemical inflammatory markers including leukocyte count, erythrocyte sedimentation rate,
C-reactive protein, and neutrophil count have not been
shown to be helpful in distinguishing between septic and
non-septic patients in this population [2]. Pro-calcitonin
is under evaluation, but at this point does not have a clear
role in the clinical management of burn patients.
Bacterial bloodstream infections are diagnosed using
the standard analysis of pathogen, clinical syndrome, and
number of positive blood cultures [2]. The quantity of
blood and type of bottles required is unclear at this time.
Blood cultures positive for fungal organisms are predictive
of invasive fungal burn wound infections. Fungemia can
also be a primary infection, especially when associated
with central venous catheters.
Clinical diagnosis of pneumonia may be difficult in burn
patients and quantitative cultures from bronchoalveolar
lavage are being used more to confirm the diagnosis and
avoid unnecessary antibiotic treatment. To diagnose pneumonia, two or more of the following are needed: a new or
persistent infiltrate, consolidation, or cavitation on chest
x-ray (CXR), sepsis, or a recent change in sputum or purulence in the sputum. The diagnosis is confirmed in patients
with the appropriate clinical syndrome plus microbiological
confirmation, probable in a patient with the appropriate
clinical syndrome without microbiological confirmation,
and possible in a patient with an abnormal CXR with low
or moderate clinical suspicion but with microbiologic confirmation [1, 2]. Quantitative microbiologic criteria are
tracheal aspirate with 105 organisms, bronchoalveolar
lavage with 104 organisms, or protected bronchial brush
with 103 organisms [1].
Burn patients also experience purulent tracheobronchitis,
which consists of fever and increased sputum production
without CXR abnormalities or purulent discharge coating
the trachea during bronchoscopy. Tracheobronchitis may
be associated with increased risk of prolonged mechanical
ventilation so may still be treated with antibiotics.
Wound infections are diagnosed by ABA criteria.
Concerning findings include changes in the eschar appearance including development of dark brown, black, or
violaceous discoloration, edema at the wound margin, or
rapid eschar separation [2]. P. aeruginosa colonization can
produce yellow-green exudates in the wound but invasive
infection presents with purple-black or punched-out
areas. Infections with Aspergillus species can look like
white fuzz growing on the surface of burned skin or like
gray-brown plaques. The yield from cultures from swabs
or biopsies is limited since it may not distinguish between
colonization and invasive infection. Histology is used

in some burn centers and can help distinguish colonization from invasion into viable tissue, but it does not
always correlate with culture results. The use of the
galactomannan assay for detection of Aspergillus species
and 1,3-b-D-glucan for detection of replicating fungi has
not been fully evaluated in this population and may be
limited by false positives related to commonly used antimicrobial agents as well as false negatives, since not all
fungi produce these chemicals.

Effectiveness
The prolonged hospitalizations required for the treatment
of severe burns place patients at risk of recurrent infections. While initial therapy is often effective, it may also
select for different pathogens, as illustrated by the later
onset of fungal infections, as described above. In addition,
it may select for multidrug-resistant pathogens making it
more challenging to treat subsequent infections.

Pharmacoeconomics
Long hospital stays with repeated courses of antimicrobials for recurrent infections result not only in direct costs
(i.e., the cost of the medications and therapies needed to
treat the infections) but also in the indirect costs related to
the potential fostering of antimicrobial resistance and
selecting for new infections, such as fungal infections.
These can lead to further increased costs associated with
burn hospital care by necessitating use of novel and often
expensive antimicrobial therapy. No systemic measure of
these indirect costs has been taken but the cost related to
burn infections is likely to be quite high.

After-care
Duration of antimicrobial therapy varies depending on
the site of infection and the organism being targeted.
Broad-spectrum antibiotic therapy should be tailored to
the specific organism(s) isolated when culture and susceptibility results are available. Bacterial infections are generally treated for 10–14 days [2]. Once a bacterial infection
has been adequately treated, antibiotics should be
discontinued to avoid fostering resistance and prevent
unnecessary antibiotic toxicity. Invasive fungal infections
are generally treated for longer than bacterial infections.
Adequate surgical debridement also affects the duration of
antifungal therapy. Patients with severe burns remain at
risk for recurrent infections as long as they have uncovered/unhealed burn wounds and until their immunosuppression improves. Continued infection control is
necessary. If possible, avoidance of unnecessary invasive
devices may also be helpful.
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Prognosis
Though overall improvements in survival have been made
as a result of advances in burn care including initial resuscitation, airway and ventilator management, wound care,
and infection control, mortality is still high. After initial
resuscitation, death in a burn patient is most likely to be
due to infectious causes. For patients with a burn size
greater than 40% TBSA, 75% of all deaths are due to
infection. Infections due to K. pneumoniae, P. aeruginosa,
and invasive fungal infections with Aspergillus and other
molds carry the worst prognosis while infections due to
Staphylococcus aureus, Candida species¸ and herpesviruses
play less of a role in mortality in the burn population.
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Synonyms
Acute Respiratory Distress Syndrome (ARDS); Aspiration
pneumonia; Bacterial pneumonia; Bronchopneumonia;
Community-Acquired Pneumonia (CAP); Inhalation
injury; Pneumonia; Ventilator associated
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Introduction
Definition
Pneumonia is defined as an inflammatory illness of the
lung; the main cause of pneumonia is infection due to
bacteria, viruses, fungi, or parasites. Sometimes
noninfectious agents, including physical or chemical
injury to the lungs may cause pneumonia. Infectious bacterial pneumonia is a major concern in burn patients, but
physical or chemical injuries also occur. Bacterial pneumonia results from the invasion of the lung parenchyma;
bacteria cause necrosis of epithelial cells, then these pathogens invade the lungs across the injured epithelium and
produce toxins that lead to acute epithelial injury and
bacterial dissemination. Inflammatory host’s response
through the defense mechanisms produces cellular infiltration, parenchymal consolidation, and abnormal alveolar filling with fluid (exudates). The most important
syndromes of pneumonia that could be found in burns
patients include ▶ ventilator-associated (VAP) and community-acquired pneumonia (CAP); in patients who sustain burn injury in the setting of risk factors for increased
oropharyngeal aspiration, aspiration pneumonia could be
the mechanism of acquisition of pneumonia. Inhalation
injury can produce similar physiological responses as
pneumonia and in fact both, inhalation injury and pneumonia happen usually together in the burned patient.
Inhalation injury occurs in approximately 20–35% of
burn cases requiring admission; it increases the incidence
of pneumonia and mortality. The mortality rate of smoke
inhalation victims with burns is 30–50% but without
burns is less than 10%.
Pneumonia in burns patients concerns principally
VAP, has not been specific to burn patients in the literature, however similar principles of management to those
used in non-burn patients should be applied. Pneumonia
in burns is a pathologic process that happens in the postresuscitation period (from 2 days to some weeks postinjury), characterized by a hypermetabolic state and
increased risk of infection. Risk of VAP in the intensive
care patient is approximately 1% per day but in patients
with inhalation injury the risk reaches 40% per day during
the first days. A primary admitting diagnosis of burns has
been found to be an independent predictor of VAP.
Patients with combined thermal and inhalation injury
requiring urgent intubation have a high incidence of bacterial bronchial contamination. Inhalation injury creates
a damaged tracheobronchial mucosa and early intubation
provides a portal for bacterial contamination (Fig. 1,
panels B and C). When ▶ smoke inhalation injury is
combined with ▶ burn injury or pneumonia, the
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Burns, Pneumonia. Figure 1 Histopathology of the lung and airway of a patient who suffered smoke inhalation injury and
developed VAP. Panel a: microphotograph of the bronchial wall, the black arrow shows deposits of carbon particles (Montalti
sign); panels b and c: microphotograph of bronchial mucosa showing partial loss of surface epithelium; Panel d:
bronchopneumonia: pulmonary alveoli filled with polymorphonuclear leukocyte exudates

physiological responses are different and more severe than
those of smoke inhalation injury alone. Treatment strategies should be planned based on these pathophysiological
aspects.

Etiology
Most pneumonia in burn patients follows similar patterns
to VAP in the non-burn population with early onset pneumonia (3 days) more often due to endogenous admission flora; in this setting, gram-positive organisms are the
most common causative agents (Table 1). Sometimes this
complication follows the pattern of late onset pneumonia;
in this setting, pneumonia is more likely due to Pseudomonas aeruginosa, Acinetobacter spp, methicillin-resistant

Staphylococcus aureus (MRSA), and enteric gram-negative
organisms (Table 1). The distribution of causative organisms and the prevalence of multiple antibiotic resistances
may vary between institutions and even within separate
units in one institution. The organisms causing bacteremia that exert a species-specific effect on the mortality
related to extent of burn injury and patient age have
changed in concert with changes in pathogenic flora.

Diagnosis
Pneumonia in burns is defined in the presence of clinical
and microbiologic criteria and in the absence or other
diagnoses that may mimic pneumonia (ARDS,
tracheobronchitis, chest contusion, blast injury, inhalation
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Burns, Pneumonia. Table 1 Microbiological data from bronchoalveolar lavage and blood culture from 12 patients that were
admitted after smoke inhalation injury showing predominance of gram-positive microorganisms; most of the Staphylococcus
aureus were methicillin susceptible
Bronchoalveolar lavage
Patient

Gram stain

Culture (104 cfu/mL)

Blood culture

1

Gram-positive cocci

Acinetobacter spp.

Negative

Streptococcus pyogenes
Staphylococcus aureus
2

Gram-positive cocci

Staphylococcus aureus

Negative

3

Negative

Enterobacter aerogenes

Enterobacter aerog,enes,
Klebsiella pneumoniae,
Enterobacter cloacae

4

Negative

No growth

Negative

5

Negative

Pseudomonsa aeruginosa

Negative

6

Negative

Streptococcus pyogenes

Negative

7

Gram-positive cocci

Staphylococcus aureus

Negative

8

Negative

Staphylococcus aureus

Negative

9

Gram-positive cocci

Staphylococcus aureus

Negative

10

Negative

No growth

Negative

11

Negative

Corynebacterium spp.

Negative

12

Negative

Acinetobacter spp.

Negative

Pseudomonas aeruginosa

injury), but on the other hand, it has to be kept in mind
that such conditions could coexist with the presence of
pneumonia. The clinical diagnosis of VAP in burn patients
is a major challenge due to the low sensitivity of clinical
diagnosis including scoring systems, especially in the presence of systemic inflammation and ARDS. The ▶ Clinical
Pulmonary Infection Score (CPIS) is considered as
a useful tool for the diagnosis of VAP; however, in burn
patients its sensitivity is 30% and its specificity of 80% for
predicting pneumonia [1]. Due to the poor predictive
value of CPIS in VAP in burn patients there exists some
consensus that VAP diagnosis should rely on clinical suspicion verified by quantitative culture results of lower
respiratory tract specimens. The diagnosis of infection
and sepsis following the standard criteria does not apply
to burn patients. Burn patients are constantly and chronically exposed to the environment. In response to this
exposure, inflammatory mediators that change the baseline metabolic profile of the burn patient are continuously
released, the baseline temperature is reset to about 38.5 C,
and tachycardia and tachypnea persist for months in
patients with extensive burns [2]. Continuous exposure
leads to significant changes in the white blood cell (WBC)

count, making leukocytosis a poor indicator of sepsis.
Clinical diagnosis is defined by at least two of the following: (a) chest x-ray revealing a new and persistent infiltrate, consolidation, or cavitation; (b) sepsis; and (c)
purulence in the sputum. Microbiologic definition of pneumonia includes confirmed (clinical + pathogen isolated),
probable (clinical without microbiological confirmation),
and possible (abnormal chest X-ray with uncertain cause
with low or moderate clinical suspicion, but with microbiologic definite criteria met or pathogen identified).
Microbiologic confirmation requires that quantitative cultures of tracheal aspirate, bronchoalveolar lavage (BAL),
or protected bronchial brush yield 105; 104 cfu or 103
colony forming units (cfu) per ml, respectively, or when
positive blood cultures are present.

Treatment
Antimicrobial therapy should be administered empirically
for the presence of pneumonia complicating smoke inhalation injury or burn injury. In the presence of pneumonia, the physiological responses are different and more
severe than those of smoke inhalation injury alone and
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treatment strategies should be planned based on these
pathophysiological aspects. Early onset VAP is due to
microorganisms susceptible to monotherapy with ampicillin-sulbactam, the third-generation cephalosporins
cefotaxime or ceftriaxone, ertapenem, or respiratory
fluoroquinolones, if they do not have other risk factors
for multidrug-resistant microorganisms (Fig. 2, panel a);
on the other hand, if there exist conditions favoring the
presence of multidrug-resistant microorganisms, the antimicrobial therapy should include the coverage of nonfermentating gram-negatives (P. aeruginosa and
Acinetobacter spp), enteric bacteria, and MRSA [3]. The
use of combination antimicrobial therapy including an
anti-pseudomonal beta-lactam + an aminoglycoside or
a fluoroquinolone and linezolid or vancomycin, taking
into consideration the local epidemiological data could
provide appropriate antimicrobial coverage against those
microorganisms (Fig. 2, panel b). In some settings, particularly in the presence of P. aeruginosa or Acinetobacter
spp susceptible only to colistin, nebulized and/or intravenous colistin could be necessary to bring appropriate
antimicrobial coverage, newer antimicrobials, and the
use of some of the commonly used antibiotics active
against those multidrug-resistant non-fermentating
gram-negatives administered aerosolized could provide

further coverage but could not be recommended as there
are not clinical trials confirming their safety and efficacy
(Fig. 2, panel c). Skin infection and colonization may be
the starting point for further respiratory tract infection.
Non-fermentating microorganisms are frequently found
as wound colonizers and may become the pathogens
of VAP. Local epidemiological data are essential to prescribe antibiotics in this subset of multidrug-resistant
microorganisms.
Brunsvold et al. found in a small series of eight cases of
VAP (most of them due to P. aeruginosa and S. aureus)
among 12 critically injured burned patients treated with
drotrecogin alpha (recombinant human activated protein
C) that the mortality rate was comparable to that of other
severe sepsis trials and better than predicted by the SOFA
score. Patients in this series tolerated drotrecogin alpha
treatment with an acceptable rate of bleeding complications. Also drotrecogin alpha in burn patients significantly
attenuates smoke inhalation injury in a dose-dependent
manner at 2 h after insult, by preserving microvascular
permeability and proinflammatory cytokine IL-1beta (but
not TNF-alpha) in bronchoalveolar lavage fluid. More
controlled studies are needed, but consideration of its
use in appropriate patients may be beneficial in reducing
the impact of VAP mortality in these patients.

Burns, Pneumonia. Figure 2 A 17-year-old previously healthy female arrived unconscious to the Emergency Room after smoke
inhalation during a fire. She was intubated and mechanically ventilated (FIO2 = 100%). Early bronchoscopy showed inhalation
injury (edema, hyperemia, carbon soot) but not burns; temperature 38.5 C, chest X-R: mild opacity at LLL; aspiration pneumonia
was suspected (Fig. 1a). Empirical ceftriaxone + clindamycin intravenously were initiated; after 48 h BAL culture result yielded S.
viridans >104 cfu/mL, susceptible to the prescribed antimicrobials. Three days later, the infiltrate worsened, superinfection was
suspected, and antimicrobials were changed to imipenem + vancomycin (Fig. 1b); BAL culture disclosed S. maltophilia
(imipenem-resistant) and A. baumannii at >104 cfu/mL. The patient was even worse, PaO2/FIO2 = 120 mmHg; ARDS in
fibroproliferative stage was suspected (Fig. 1c), a new BAL was performed and piperacillin-tazobactam + i.v corticosteroids were
added. The BAL culture yielded A. baumannii >104 cfu/mL susceptible only to colistin, iv + inhaled colistin were added, the
patient improved and was weaned and extubated 10 days later

Burns, Pneumonia

Prophylaxis

Nosocomial pneumonia ▶ prophylaxis in burn patients
include the usual approach in other critically ill patients
based on the recommendations by the Institute for
Healthcare Improvement including: to elevate the head
of bed to maintain the patient at a semirecumbent position (30–45 ), sedation vacation with assessment of
extubation readiness, and prevention of peptic ulcer
disease and deep vein thrombosis prevention measures.
Additionally burn patients should be regularly assessed for
aspiration risk; chest physiotherapy and bronchodilators
should be used as needed; a rational use of antimicrobials
including cessation of antibiotics upon pneumonia resolution together with infection control procedures are also
very important.
Infection control procedures, including scheduled surveillance cultures, utilization of cohort patient care methodology, strict enforcement of patient and staff hygiene,
and patient monitoring, have been effective in eliminating
endemic-resistant microbial strains, preventing the establishment of newly introduced resistant organisms, diagnosing infection in a timely fashion, instituting antibiotic
and other necessary therapy in a prompt manner, and
documenting the effectiveness of present-day burn patient
care and the improved survival of burn patients. Two
consecutive, randomized, double-blinded supplementation studies demonstrated that enhancing trace element
status and antioxidant defenses by selenium, zinc, and
copper supplementation was associated with a decrease
of nosocomial pneumonia incidence in critically ill,
severely burned patients.

Evaluation/Assessment
Smoke inhalation injury is the injury below the glottis
caused by products of combustion; its diagnosis requires
the evaluation of the history of exposure to products of
combustion and a bronchoscopy revealing carbonaceous
material or signs of edema or ulceration. Carboxyhemoglobin levels are used in the evaluation of the burn,
when elevated, increase suspicion for smoke inhalation
injury, both entities can occur independently of each
other. Flame burns to the face may be associated with
increased risk for inhalation injury but not all flame
burns to the face result in inhalation injury. In burn
patients with possible inhalation or thermal injury bronchoscopy should be performed within a few hours after
admission for bronchial toilet and to assess the severity of
airway injury. Chou’s classification is useful to evaluate the
airway (Table 2). In those patients with lesions in the
airway, bronchoscopy should be repeated each 24–48 h.
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Burns, Pneumonia. Table 2 Grading according to depth of
mucosal damage estimated by fiberoptic bronchoscopy, as
per Chou’s classification
Grade

Findings

Grade 0

Negative (no mucosal damage)

Grade b Positive (mucosal damage) confirmed by biopsy
Grade 1

Mild edema + hyperemia, with or without carbon
soot

Grade 2

Severe edema + hyperemia with or without
carbon soot

Grade 3

Ulceration, necrosis, no cough reflex or bronchial
secretions

Bronchoalveolar lavage should be performed to obtain
lower respiratory tract specimens for culture in those
patients with possible pneumonia. Scheduled surveillance
cultures, diagnosing infection in a timely fashion,
documenting the effectiveness of present-day burn patient
care and the improved survival of burn patients could be
of help. It has been observed that patients intubated before
transfer appear to have the greater risk for subsequently
developing pneumonia, and this should be taken into
account during the initial evaluation.

Prognosis
Advances in burn therapy and the evolution of specialized
burn centers have led to improved survival. Pneumonia
represents a significant source of morbidity and mortality
in the burn population; its contribution to mortality has
been reported to be near 80% in patients with combined
inhalation injury and pneumonia. Inhalation injury alone
increases mortality by approximately 20% and pneumonia
by approximately 40%, with a maximum increase of
approximately 60% when both are present. The influence
on mortality was maximal in the midrange of expected
mortality without these complications for any age group.
These data indicate that inhalation injury and pneumonia
have significant, independent, additive effects on burn
mortality and that these effects vary with age and burn
size in a predictable manner.
Pneumonia and the ARDS and inhalation injury that
may occur simultaneously in the same patient could be
responsible for long-term pulmonary dysfunction in
burned patients. In one study in Spain it was determined
that the etiology of pneumonia or bacteremia is
a prognostic factor for death in burn patients, and in
a multivariable analysis it was determined that pneumonia
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and bacteremia were predominantly due to P. aeruginosa
or Acinetobacter spp among non-fermentative gramnegative bacteria (OR 3.7) and S. aureus (OR 2.8). Other
microorganisms have no significant association with
death.
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Pneumonia and burn care are associated with increased
morbidity, mortality, and costs. VAP increases length of
ICU stay from 5 to 7 days, the costs of the diagnostic tests
and the cost of antimicrobial therapy indicate that the
additional cost of evaluating and treating a patient with
VAP would be between $10,019 and $13,647; burn patients
could incur in several times higher hospital costs, along
with a longer length of stay. Hospital costs related to VAP
are strongly influenced by hospital mortality and may not
reflect the actual costs of treating patients with VAP due to
multidrug-resistant microorganisms. The cost to the
health care system in the incremental hospital cost of
burn patients who developed pneumonia is about
$40,000. Clinicians caring for patients at risk of nosocomial infections, including VAP, should be aware of the
local prevalence of infections due multidrug-resistant
microorganisms and should develop local strategies
aimed at optimizing the delivery of appropriate initial
therapy for these high risk infections. Additionally, future
research aimed at more rapid and cost-effective identification of bacterial pathogens and their susceptibilities
should be pursued [4]. The age of the population of
burn patients developing pneumonia is less than the age
of non-burn patients developing pneumonia, while severity of illness, complexity of care, recurrence rate is higher
and it is likely that the societal burden of pneumonia in
burns will increase.

Burn wound sepsis; Infection; Septicemia; Systemic
inflammatory response

After-care

Definition

Unresolving ▶ acute respiratory distress syndrome complicating pneumonia and smoke inhalation injury have
been treated with corticosteroids at a narrow optimal
time between the acute and late phases in patients with
prolonged mechanical ventilation, fever, hypoxemia, and
negative cultures. It has been proposed that this therapy
improved their outcome [5]. The deleterious effect that
the combination of inhalation and thermal injury together
with severe pneumonia could produce on the future lung
health of patients should be taken into account, evaluation
of lung function, administration of inhaled bronchodilator or corticosteroid therapy and prophylactic vaccination
should be considered after discharge.

3.

4.

5.
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Synonyms

Sepsis is a systemic inflammatory response secondary to
an underlying infectious process. Clinical signs and symptoms may be relatively mild as can be seen in some elderly
or immunosuppressed patients. Conversely, they may be
quite dramatic. When it occurs in a patient with burn
injury, it is referred to as burn sepsis. When clinical signs
of “sepsis” develop in a burn patient, it can often be
difficult to distinguish between an infectious and
noninfectious etiology. Sepsis exists on a continuum of
severity based on evidence of end organ dysfunction and
the development of shock. “Severe sepsis” refers to sepsis
with multiple organ dysfunction syndrome (MODS). This
term no longer applies to burn patients, as there is rarely
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an intermediate phase between sepsis and the development of septic shock. Also, the classification is not useful
for clinical trials. MODS is still used but is only applicable
after the initial resuscitation (3 days). The Marshall
MODS scoring system is currently preferred. With the
onset of shock-like hemodynamics, the term septic shock
is used [1].

Epidemiology
More than 500,000 burn injuries occur annually in the
United States leading to more than 40,000 hospital admissions and 4,000 deaths. For those that survive transport
and resuscitation, infection has been estimated to contribute to mortality in 75% of patients. Infection typically
precedes the onset of multiple organ dysfunction and
sepsis by a median of 4 days. Bloodstream infection with
subsequent development of sepsis represents one of
the most significant and costly types of infection
encountered [2]. The American Burn Association
maintains a running repository of burn-related data.
Over the preceding 10 years, infections caused seven of
the top 10 clinically relevant complications with
“septicemia” ranking as the sixth most common.

Microbiology
Burn sepsis can be caused by a wide range of organisms
including bacteria, fungi, and viruses. They may be of an
exogenous or endogenous source and the relative incidence varies depending upon a number of factors. One
factor is the site of underlying infection. Most commonly,
this is pneumonia, bloodstream infection (BSI), or invasive wound infection. Bloodstream infections may or may
not be catheter related. Urosepsis is less common but does
occur. It should also be noted that involved microorganisms can vary over time in a single patient, and so past
isolates should be considered but not relied upon when
selecting empiric therapy. Streptococcus species
represented the most commonly involved organisms in
burn sepsis, however this is no longer the case. The most
common organisms now include Staphylococcus aureus,
Pseudomonas aeruginosa, Acinetobacter baumannii, and
Klebsiella pneumoniae [2].
Antimicrobial resistance has become a significant
problem in the current treatment of burn patients.
Methicillin resistant Staphylococcus aureus (MRSA),
vancomycin resistant Enterococcus (VRE), and multidrugresistant (MDR) gram-negative rods (e.g., Pseudomonas
aeruginosa, Acinetobacter species, and Enterobacteriaceae)
have all been associated with infections in burn patients.
Appropriate antibiotic treatment and strict infection
control practices are paramount [2].

B

Nonbacterial causes of systemic infection are increasingly being recognized in burn patients. Candida species
and Aspergillus species are the most commonly isolated
fungi, but a number of other fungi have also been reported
including Mucor and Fusarium species [3]. The potential
impact of fungal infection on the patient cannot be understated. In a study of attributable mortality of fungal infections in burn patients, Aspergillus was found to be
a contributing factor in more than 30% of cases when
identified on histopathology at the time of autopsy. Candida species are frequent colonizers in burn patients but
should always be considered a pathogen when isolated
from blood culture. Disseminated viral infections are
uncommon but do occur. Herpesviruses such as herpes
simplex virus and cytomegalovirus have been associated
with significant morbidity and mortality [3].

Pathophysiology
The pathophysiology of sepsis involves the interactions
between an infecting microorganism, the resulting
immune response, and the inflammatory and coagulation
cascades. It is further complicated in burn patients given
that severe burn injury (i.e., >20% total body surface area
or TBSA) leads to metabolic, physiologic, and immunologic alterations. These changes are both more severe and
prolonged when compared to other forms of trauma.
Understanding these alterations is essential to recognizing
a patient with burn sepsis given that patients will often
manifest changes in various clinical parameters (e.g., temperature, heart rate, respiratory rate, and white blood cell
count). The underlying pathogenesis begins with direct
tissue injury and disruption of the body’s natural barrier
to infection. This leads to activation of the inflammatory
and coagulation cascades. A state of systemic inflammation coupled with hypermetabolism ensues. It is generally
proportional to the severity of injury. Metabolic alterations include increased energy requirements, altered glucose metabolism, increased lipolysis, and increased
proteolysis. Neuroendocrine changes include an increase
in catecholamines, decreased growth hormone, and
altered thyroid hormone concentrations. The immunologic response is both dynamic and complex. It begins
with the initial inflammatory response and involves both
innate and adaptive immunity. Activated macrophages
play a key role and lead to an increase in cytokines and
other inflammatory mediators. The body attempts to
maintain homeostasis with what is often referred to as the
counter-anti-inflammatory response. A number of host
factors serve to mitigate the immune response including
hormonal changes, extremes of age, nutritional status,
as well as other comorbidities. Additionally, there are
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a number of pathogen-specific factors that contribute to the
ability of pathogens to evade the immune system and cause
infection. The end result is an immunosuppressed state
leaving the burn patient at risk of infection [4].

Treatment
Treatment of burn sepsis is challenging and requires a
multifaceted approach consisting of specific antimicrobial
therapy, aggressive resuscitation, and supportive care. This
includes early excision of the burn wound, volume resuscitation, aggressive nutritional support, and intensive
insulin therapy. Other potential adjunctive therapies
have also been considered, including renal replacement
therapy, corticosteroids, specific immune modulating
therapies, and activated protein C. Preventive measures
should emphasize strict infection control practices.
Early initiation of appropriate antibiotic therapy is
essential. Studies of sepsis in intensive care unit (ICU)
patients have shown increased morbidity and mortality
in those not receiving early and adequate antimicrobial
therapy. In order to achieve “adequate” therapy, local
antibiograms must be utilized when selecting empiric
antibiotics. MDR pathogens are prevalent and vary
between different burn units. Isolates from burn units
are often more resistant compared to those from other
ICUs and wards of the same hospital. Risk factors for
acquisition of a drug-resistant pathogen include antibiotic
use prior to infection, prolonged hospitalization, invasive
procedures, and age. Empiric antibiotics generally include
coverage for MRSA as well as drug-resistant gram-negative
bacteria (i.e., P. aeruginosa, K. pneumoniae, etc.). Again,
the antibiogram should guide the selection. In facilities
with high rates of extended spectrum beta-lactamase
producing organisms (ESBL), an antipseudomonal
carbapenem might be considered as initial therapy.
Empiric antifungal coverage should be chosen based on
the site of primary infection and the suspected organism.
It will also depend upon the incidence of fungal organisms
present in the particular burn unit. Commonly available
options include azoles (i.e., fluconazole, voriconazole, and
posaconazole), echinocandins (i.e., anidulafungin,
micafungin, and caspofungin), and formulations of
amphotericin B. Drug selection should be based upon
efficacy, toxicity, and drug interactions. Fluconazoleresistant Candida species such as C. krusei and C. glabrata
are increasingly being recognized. Resistance to
amphotericin B is also seen. Some burn units have
reported a relatively high prevalence of Aspergillus terreus,
which is intrinsically resistant to amphotericin B. Once the
organism is known and the patient is stabilized, antimicrobial therapy can be narrowed as appropriate based

on susceptibilities. Duration of treatment is typically
10–14 days but may need to be adjusted in some
patients [2].
The pharmacokinetics of antimicrobial agents in
patients with severe burns varies considerably making it
difficult to optimize antimicrobial therapy. Vancomycin
exhibits an increased total clearance while the elimination
half-life is decreased. Significant pharmacokinetic variability has also been shown for other commonly
used antimicrobials in the burn unit including
aminoglycosides, carbapenems, and cephalosporins.
Complicating matters further is the frequent use of dialysis including the use of continuous renal replacement
therapy, which needs to be taken into account when
selecting and dosing drugs. Therapeutic drug monitoring
should be employed whenever available [2].
Aggressive surgical care of the burn wound includes
early excision (within 5 days) and skin grafting. While it
has become the standard of care in many nations, this is
based on limited evidence. In a recent meta-analysis,
decreased mortality rates were found only in patients
without inhalation injury [2]. The specific impact early
excision has on burn sepsis is unknown.
Supportive treatment aimed at early and aggressive
resuscitation to maintain blood volume and adequate
tissue perfusion is appropriate. Early goal-directed resuscitation with measurement of oxygen delivery is associated
with improved survival in ICU patients with septic shock.
However, the appropriateness in burn patients is not clear
at this time. This strategy would entail the administration
of a significantly greater volume of fluid increasing the risk
of abdominal compartment syndrome [1].
Early institution of enteral feedings (e.g., within
24 h of admission) has been shown to have several benefits. There are decreases in catecholamines and glucagon as
well as improved caloric intake, increased insulin secretion, and improvement in protein retention. The catabolic
response is blunted, leading to an overall decrease in
weight loss. In patients who cannot tolerate enteral
feedings, centrally administered parenteral feedings are
appropriate. Enteral nutrition appears to be superior
with regard to preserving gastrointestinal function
and mucosal integrity. This leads to a decrease in
bacterial translocation, plasma endotoxin, and inflammatory mediators. Regarding specific immune-modifying
diets (i.e., glutamine-enriched diets), there is insufficient
evidence currently to recommend their use.
Intensive insulin therapy (IIT) (maintaining serum
glucose 80–110 mg/dL) has become a common supportive
treatment in most burn centers despite relatively limited
study in this patient population. The initial report in 2001
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of a mortality benefit in surgical ICU patients (only 4%
were trauma or burn patients) led to a shift in thinking
with regard to the effects of hyperglycemia in the critically
ill. IIT in this study was found to be associated with
decreased ventilator dependence, less renal replacement
therapy, and fewer episodes of sepsis. The mechanisms
underlying these benefits are not completely understood.
This mortality benefit has also not been demonstrated in
other patient populations. Several studies published in the
pediatric burn literature have associated hyperglycemia
with increased catabolism, bacteremia, fungemia, skin
graft loss, and mortality. Experimental models of burn
injury have suggested that insulin therapy may counteract
hypercatabolism and mitigate decreases in lean body mass.
These studies make IIT an attractive adjunctive treatment
in the burn ICU. A recent observational study in adult
burn patients showed a decreased rate of pneumonia,
ventilator-associated pneumonia, and urinary tract infection. The specific impact regarding sepsis in this population is currently unknown. Based largely on the reduction
in morbidity (including sepsis rates) and mortality in
surgical ICU patients combined with the limited study
in burns, IIT has become the standard of care. It should
be noted, however, that it is not without side effect (i.e.,
hypoglycemia) and further study is required regarding the
risks and benefits of this therapy.
Application of renal replacement therapy, specifically
continuous renal replacement therapy (CRRT) is becoming a more commonly applied supportive treatment in
burn ICUs. The diagnosis of acute kidney injury (AKI)
in conjunction with both sepsis and severe burn injury
carries a poor prognosis. CRRT is associated with a smaller
hemodynamic effect than conventional dialysis and thus is
useful in burn sepsis. Questions remain regarding the
optimal dosing, timing, and immunomodulatory effect
of therapy. CRRT has been evaluated in a prospective
randomized trial comparing low- and high-volume dosing (20 versus 35 and 45 mL/kg/h). A mortality benefit was
seen with both 35 and 45 mL/kg/h, but no difference was
seen between the two. Interestingly, subset analysis
revealed a mortality benefit in septic patients with the
highest volume. High-volume CRRT may provide patients
with significant inflammation (e.g., burn sepsis), a benefit
not seen in others. Study in burn patients has revealed the
ability of CRRT to decrease endotoxin and cytokines (i.e.,
IL-1, IL-8, and TNFa). Early application of high-volume
CRRT has been retrospectively evaluated in septic and
non-septic burn patients. It was associated with
a decreased 28 day and in-hospital mortality compared
to matched controls. Despite the suggestion that earlier
initiation of high-volume CRRT may be beneficial in burn
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sepsis, the clinical data are limited. Overall, studies of
CRRT and sepsis have been small and lack adequate
power to demonstrate mortality differences. There is
insufficient evidence currently to recommend the use of
CRRT in burn patients for nonrenal indications.
Low-dose corticosteroid therapy also has potential use
in burn sepsis. The basis of this therapy is to treat occult
adrenal insufficiency and peripheral glucocorticoid resistance. For those patients with refractory septic shock,
increases in vasopressor doses and volume are required,
which can lead to impairment of the microcirculation.
This can worsen burn-induced necrosis. Corticosteroid
use in septic patients in the ICU is controversial and not
without side effects, including risk of recurrent or secondary infection, impaired wound healing, myopathy, hyperglycemia, and hypernatremia. Efficacy is seen in
catecholamine-dependent patients with septic shock.
Results of studies in burn patients are conflicting and the
role in this population is unclear at this time. Available
evidence is based on a few studies with small sample sizes
and methodological flaws. Further randomized prospective studies are needed prior to routine use.
Specific immune-modulating therapies such as cytokine inhibitors and antiendotoxins have also been tried,
but have not been efficacious. This may be due to the
complexity of the interactions between the various components of the immune system. Therapy directed at
a single target may not be adequate for impact. Future
research directed at multiple targets may be warranted.
Activated protein C is another potential adjunctive
treatment for the most severely ill patients. It has been
shown to decrease mortality in ICU patients with severe
sepsis and Acute Physiology and Chronic Health Evaluation (APACHE) II scores 25. It works by inhibiting the
inflammatory and procoagulant responses. While this
mechanism suggests there may be some utility in burn
sepsis, the therapy carries significant risk. The major side
effect is bleeding. The initial studies leading to FDA
approval of activated protein C did not include burn
patients. For these reasons, despite the potential utility,
its use cannot be recommended at this time. Further study
is required.
Infection control is a critical component of preventing
infection in burn patients. Strict aseptic technique (i.e.,
sterile gloves, gowns, and masks) is important. Various
environmental controls (e.g., contained perimeter, isolation rooms, and cohorting of nursing care) are often used.
Surveillance for common hospital-associated infections
may help to identify outbreaks when they occur.
Antibiograms should be maintained and practices should
be adjusted based on resistance trends. Proper infection
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control requires the cooperation of all members of the
health care team [3].

Evaluation/Assessment
Being able to distinguish between the septic and nonseptic burn patient is critical. Instituting early and appropriate therapy has been demonstrated in various patient
populations to impact mortality. The metabolic, physiologic, and immunologic perturbations associated with
severe burn injury make the traditional signs and symptoms of infection and sepsis insensitive, nonspecific, or
both. Fever has classically been the most common finding
associated with infection. This finding is unreliable with
burn injury as patients are often febrile in the absence of
infection. Also, patients are often hypothermic or normothermic even in the setting of severe infection. Other
clinical and laboratory parameters have been and are
being evaluated to determine their association with burn
sepsis and mortality [1]. Biochemical inflammatory
markers such as total white blood cell count, neutrophil
count, erythrocyte sedimentation rate, C-reactive protein,
tumor necrosis factor-a, interleukin-6, and procalcitonin
have been studied. None reliably distinguish between the
septic and non-septic burn patient. Procalcitonin is perhaps
the most promising of the biomarkers and is much debated
in the literature, but to this point does not have a clear role
in the clinical management of the infected burn patient [5].
The systemic inflammatory response syndrome (SIRS)
defined in 1992 as part of the American College of Chest
Physicians/Society of Critical Care Medicine Consensus
Conference is a set of criteria used to identify a state of
systemic inflammation that when associated with an
underlying infectious process is the basis for a definition
of sepsis. Unfortunately, it is not specific in burn patients.
Although not systematically evaluated in this population,
up to 90% of surgical ICU patients meet the SIRS criteria
in some series. It has not helped our understanding that
burn injury has been an exclusion criterion for most trials
investigating sepsis. To address this and establish standardized definitions regarding burn sepsis, a Consensus
Conference to Define Sepsis and Infection in Burns was
convened in early 2007 by the American Burn Association.
Sepsis was defined as a change in the patient that should
“trigger” concern for infection. The trigger is the presence
of 3 of 6 clinical criteria (Table 1). The criteria include
temperature, progressive tachycardia, progressive tachypnea,
thrombocytopenia, hyperglycemia, and inability to continue
enteral feeds. The selection of these criteria was based upon
expert opinion and the limited published data regarding
burn sepsis in the adult and pediatric burn literature. The
diagnosis of sepsis should always be tied to a documented

Burns, Sepsis. Table 1 American burn association sepsis
criteria
The “trigger” is the presence of 3 of six clinical criteria
I. Temperature (>39 or <36.5 C)
II. Progressive tachycardia
▪ Adults >110 beats per minute
▪ Children >2 SD above age-specific norms (85% ageadjusted heart rate)
III. Progressive tachypnea
▪ Adults >25 breaths per minute or minute ventilation
>12 L/min if ventilated
▪ Children >2 SD above age-specific norms (85% ageadjusted respiratory rate)
IV. Thrombocytopenia (Does not apply until 3 days after the
initial resuscitation)
▪ Adults <100,000/mcL
▪ Children >2 SD below age-specific norms
V. Hyperglycemia (Does not apply in diabetics)
▪ Untreated plasma glucose >200 mg/dL
Or
▪ Insulin resistance (>7 units/h or >25% increase in insulin
requirement over 24 h)
VI. Inability to continue enteral feeds >24 h
▪ Abdominal distension
Or
▪ Increased residuals two times the feed rate for adults or
>150 mL/h in children
Or
▪ Uncontrollable diarrhea (>2,500 mL/day for adults or
>400 mL/day for children)

infection. This may be a positive culture, pathologic tissue
source, or clinical response to antimicrobials. It should be
recognized that there is still significant heterogeneity among
burn patients with respect to the inciting focus as well as the
involved organism leading to sepsis. While practical, the
above criteria serve as a framework for study of a complex
process in a complex patient population. These specific
criteria have yet to be validated [1].
Once there is concern for sepsis, the patient should
immediately be evaluated for the site and source of infection. Major sources of sepsis include invasive wound
infection, pneumonia, bloodstream infection and,
catheter-related infection. Blood, sputum, and urine cultures should be obtained. Evaluation should include
inspection of the entire burn wound. Tissue biopsy of
concerning areas should be performed. Not only should
histopathology be sent, but also bacterial and fungal cultures should be done. Correlation between histopathology
and fungal culture results is variable. Given the prevalence
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of resistant organisms, identification to the species level is
required to guide therapy. When evaluating for ventilatorassociated pneumonia, consideration should also be given
to use of quantitative bronchoalveolar lavage, which has
been shown to increase both sensitivity and specificity.
Empiric antibiotic therapy should not be delayed.

Pharmacoeconomics
Burn sepsis is a common clinical syndrome with a high
mortality. Surprisingly, there is relatively limited data
regarding incidence, cost, and outcome. What is available
is incomplete. Considering all patients with sepsis, recent
estimates have placed the cost per case at more than
$20,000 in adults and more than $40,000 in children,
respectively. This translates to annual costs in the billions,
in the United States alone. Costs are generally recognized
to be greater in ICU and surgical patients and expected to
increase annually. Based on this information, sepsis in
a burn patient represents a common and costly
complication.

[2]. Full thickness burn size, inhalation injury, and
extremes of age are risk factors for sepsis and death. For
septic patients with evidence of end organ damage, mortality has been estimated in some series at more than 50%.
Outcomes may be worse with certain pathogens and with
polymicrobial infections. Longitudinal studies have demonstrated an increase in attributable mortality of more
than 20% with gram-negative bacteremia and fungemia
[3]. There are also reports of gram-negative organisms being
associated with a 50% increase in predicted mortality in
patients with bacteremia compared to those without. More
specifically, Klebsiella pneumoniae has been associated with
a greater virulence leading to excess mortality when compared to other organisms such as Acinetobacter
baumannii. Acinetobacter spp. demonstrate more resistance but may be less virulent [2]. Further study is needed
to better define the relative contribution of sepsis to the
overall morbidity and mortality of burn patients.
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Sepsis is a leading cause of morbidity and mortality in the
burn population. While progress is being made, there is
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▶ Calcium Channel Blocker Toxicity

Calcium Channel Blocker Toxicity
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Synonyms
Calcium channel antagonist poisoning

Definition
Calcium channel blockers (CCBs) are widely used
throughout the world and are commonly prescribed for
the treatment of hypertension as well as dysrhythmias,
migraine headaches, Raynaud phenomenon, esophageal
spasm, and post-subarachnoid hemorrhage vasospasm.
While CCBs are relatively well tolerated therapeutically,
in overdose, these agents can lead to significant hemodynamic instability including hypotension and bradycardia.
For the most severely poisoned patients, there is no consistently reliable treatment available. Therefore, management decisions must be individualized on a case-by-case
basis and the physiologic response to each intervention
should be careful monitored and considered while the
treatment continues.

All calcium channel blockers act by antagonizing
▶ voltage-sensitive calcium channels (L-type) which are
involved in excitation-contraction coupling in both
the myocardial and vascular smooth muscle as well as the
spontaneous depolarization and conduction within the SA
node, the AV node, and the conduction tissue in the myocardium. While these calcium channels are also present on
skeletal smooth muscle cells, CCBs have little effect on these
tissues function because these cells rely almost exclusively
on intracellular calcium stores rather than calcium influx
for their contractility needs [1].
In general, CCBs are well absorbed orally and are
hepatically metabolized, predominantly by the CYP3A
subgroup of the cytochrome P450 enzyme system. This
metabolism can by saturated in overdose, potentially
prolonging the half-life and duration of activity of these
drugs. CCBs are highly protein bound and have relatively
large volumes of distribution making it unlikely that
hemodialysis or even hemoperfusion would be of any
value in treating an overdosed patient [2].
In therapeutic doses, CCBs reduce calcium influx
into vascular smooth muscle cells resulting in a decrease
in the baseline contractility or tone of the peripheral vascular smooth muscle and, ultimately, a reduction in
peripheral vascular resistance and blood pressure. In
a typical myocardial cell, this reduction in calcium influx
also results in decreased contractility. However, in the
specialized conduction cells within the myocardium, this
reduction in the influx of positively charged calcium both
decreases the rate of spontaneous depolarization (phase 0)
of the SA and AV nodes, and it reduces the electrically
induced depolarization essential in cardiac conduction
(Purkinje tissue). In therapeutic dosing, this reduces the
resting heart rate as well as the conduction through the AV
node, and may suppress spontaneous depolarizations initiated by abnormal or diseased myocardium as well as their
propagation and thereby suppressing dysrhythmias [1].

Effects in Poisoned Patients
In poisoned patients, the physiologic effects that have
just been described for therapeutic dosing become exaggerated resulting in hypotension (most common) and
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bradydysrhythmias. The clinical symptoms and presentation of CCB toxicity depends predominantly on the degree
of cardiovascular compromise with symptoms ranging
from fatigue, dizziness, and postural light-headedness,
seen early and in milder cases, to confusion, syncope,
and shock, seen later and in more severe cases. Myocardial
chronotropy, dromotropy, and inotropy may become
impaired with initially causing sinus bradycardia but progressing to AV conduction abnormalities, idioventricular
rhythms, or complete heart block [2].
Although in overdose all CCBs are capable of causing
severe cardiovascular compromise and death, there are
some subtle differences in physiologic manifestations
depending on the particular agent. The CCBs with the
most significant myocardial effects, verapamil and diltiazem, have the most profound inhibitory effects on the SA
and AV node. Because of this, these two agents, especially
verapamil, are responsible for the majority of CCB overdose deaths. In contrast, nifedipine and the other
dihydropyridines have little myocardial binding. They
may initially produce a hypotensive patient with relatively
normal or even increased heart rate before progressing
into a bradycardic rhythm if the poisoning is severe
enough.
Consequences of severe cardiogenic shock such as
seizures, cerebral and bowel ischemia, and renal failure
are all associated with severe CCB poisoning. Notably,
severe CNS depression without cardiogenic shock is
uncommon. In fact, any overdose cases involving CCBs
in which altered mental status is a predominant feature in
the setting of relatively normal vital signs, a coingestant
should be strongly considered. In addition, hyperglycemia
is often seen in severely poisoned patients which is, in part,
due to the impairment of calcium into the b-islet cells and
insulin secretion
The degree of toxicity present ultimately depends on
multiple factors including which CCB is ingested, the total
dose of the ingestion, the product formulation, and the
patient’s underlying cardiovascular health. The timing of
presentation of CCB toxicity can be as early as 2–3 h postingestion but can be significantly delayed for 8–12 h when
sustained release products are involved. Sustained release
formulations are particularly difficult to manage because
of this potential delay in onset of hemodynamic changes
combined with the continued and prolonged duration of
absorption, and, often, the large amount of the CCB
ingested [1].

Treatment
Given the high mortality associated with CCB toxicity,
patients presenting with CCB overdose should be started

on treatment immediately, starting if applicable, with gastrointestinal decontamination. If the patient is able to
cooperate, activated charcoal should be given orally at
a recommended dose of 1g/kg to help reduce systemic
absorption from the gastrointestinal tract.
Multiple doses of activated charcoal (MDAC), in
a reduced dose of 0.5 g/kg and without a cathartic, should
be repeated every 1–2 h in ingestions involving sustained
release CCBs. This is an attempt to fill the gastrointestinal
tract with charcoal in an attempt to rapidly adsorb the
CCB as it is slowly, but continuously, released from its
formulation. Orogastric lavage should be considered if the
ingestion involves a large dose of CCB, if the patient presents within 1–2 h postingestion, or if they are critically ill.
Orogastric lavage may increase vagal tone and potentiate
any bradydysrhythmias.
▶ Whole bowel irrigation (WBI) with polyethylene
glycol in poisonings involving sustained-release formulations should also be strongly considered, even in asymptomatic patients. The dosing is 1–2 L/h via a nasogastric
tube in adults and 300–500 mL/h in children and may be
the most effective method of removing the large gastrointestinal reservoir of the CCB from the patient before it is
systemically absorbed. This should be continued until the
rectal effluent is clear. Both MDAC and WBI are important gastrointestinal decontamination methods and
should be initiated as early as possible in cases involving
sustained-release CCBs, even in well-appearing patients
and particularly children, in an attempt to avoid progressive toxicity [3].
Pharmacotherapy should focus on improving and
supporting both cardiac output as well as peripheral
vascular tone. There is no single drug or regimen that
has been consistently effective. A crystalloid bolus of
10–20 mL/kg of normal saline for hypotension and atropine 0.1 mg/kg for bradycardia are reasonable starting
points for each manifestation respectively and may be
initially stabilizing for mildly poisoned patients but are
often inadequate in moderate to severe poisonings where
multiple modalities are often needed simultaneously.
A reasonable approach to a CCB-poisoned patient,
after a fluid bolus and dose of atropine, may be to treat
with a calcium bolus as well as a catecholamine infusion
while you prepare to administer ▶ hyperinsulinemic
euglycemia therapy (HIET). Recently, lipid emulsion
therapy has been used successfully and should be
strongly considered in significantly poisoned patients
[1]. Drugs including glucagon and phosphodiesterase
inhibitors may have limited efficacy and should be considered secondary adjuncts in the most critically ill
patients.
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Calcium
Calcium administration transiently improves myocardial
inotropy and chronotropy and reverses the hypotension
seen in CCB toxicity, and should be given early in
bradycardic or hypotensive patients. It also improves the
action of atropine if given concurrently. The exact dosing
is unclear but a reasonable initial bolus is approximately
13–25 mEq of Ca2+ IV (10–20 mL of 10% calcium chloride
or 30–60 mL of 10% calcium gluconate), followed either
by repeat boluses every 15–20 min up to 3–4 doses
or a continuous infusion of 0.5 mEq/kg/h of Ca2+
(0.2–0.4 mL/kg/h of 10% calcium chloride or 0.6–1.2 mL
of 10% calcium gluconate). Although there is no difference in the efficacy of calcium chloride or calcium gluconate, the calcium salt administered should be chosen
carefully as 1 g of calcium chloride contains 13.4 mEq of
calcium, which is more than three times the 4.3 mEq
found in 1 g of calcium gluconate. If repeat dosing or
continuous infusions of calcium are used, the serum
concentrations of calcium and phosphate should be
monitored for hypercalcemia or hypophosphatemia. In
addition, intravenous calcium may also cause nausea,
vomiting, flushing, constipation, confusion, and angina.

Catecholamines
Catecholamines are indicated in any hypotensive CCBpoisoned patient. Mechanistically, it is logical to select an
agent, such as norepinephrine, that has both b1-adrenergic
effects and a1-adrenergic effects as a first line drug.
Assessing the patient’s cardiac output and systemic vascular resistance will allow more refined catecholamine
choices. Dopamine is not recommended as a first-line
agent because it is predominantly an indirect acting pressor that acts by stimulating the release of norepinephrine
from the distal nerve terminal rather than by direct a- and
b-adrenergic receptor stimulation and these presynaptic
catecholamines are often depleted in severely stressed
patients.

Insulin and Glucose
The use of insulin and glucose, often termed
hyperinsulinemic euglycemia (HIEG) therapy, has become
the treatment of choice for severe CCB poisonings. The
rational for this use is multifactorial and includes CCB
poisoning inhibiting insulin release, forcing the normally
free fatty acid–dependent myocardial tissue to become
predominantly carbohydrate dependent as well as resistant
to insulin [4]. In addition, insulin itself has positive inotropic effects. Dosing recommendations, based on
published clinical experience, include an initial bolus of
25–50 g of dextrose (0.5–1 g/kg) and 0.1 U/kg of insulin.
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Follow this by infusions of dextrose at 0.25–0.5 g/kg/h and
insulin at 0.5 u/kg/h. This insulin infusion rate should be
increased every 30–60 min if there is no hemodynamic
improvement. Serum glucose should be monitored hourly
throughout HIEG treatment [4].

Lipid-Emulsion Therapy
Calcium channel blockers are highly lipophilic agents, and
lipid emulsion therapy is emerging as a promising new
adjunctive therapy for the management of CCB toxicity.
The efficacy of this treatment is likely a pharmacokinetic
one in that the highly lipophilic drugs are tightly bound to
the fat emulsions and thereby lower the free serum drug
levels. A recommended initial bolus infusion of a 20%
lipid emulsion at 1 mL/kg over 1 min, repeated every
3–5 min to a maximum of 3 mL/kg, should be followed
by a drip of 0.25/mL/kg/min [5]. This treatment has
gained great favor in the anesthesiology literature for the
treatment of iatrogenic bupivacaine poisoning, and many
institutions have protocols that can be extrapolated to
CCB-poisoned patients.

Adjunctive Hemodynamic Support
In a few cases of severe CCB poisonings, the bradydysrhythmias and severe hypotension can be refractory to any
and all pharmacologic therapy, so successful treatment
may require more invasive measures such as cardiopulmonary bypass or extracorporeal membrane oxygenation.
These modalities are technically demanding and only
available at tertiary care centers; however, if implemented
appropriately, they have been shown to provide the hemodynamic support needed until the CCB is metabolized
and eliminated, and baseline myocardial function is
restored. Cardiac pacing may be attempted but is often
unhelpful because patients with severe bradydysrhythmias
from CCB poisoning are also like to have dramatically
impaired cardiac contractility as well. Therefore, even if
the heart rate is successfully improved, the cardiac output
remains poor

Evaluation and Assessment
Any patient suspected of a CCB overdose should be immediately evaluated, even if there are no symptoms or signs of
toxicity at the time of initial presentation. This is paramount given the seriousness and potentially fatal nature of
CCB poisoning. Even with early and aggressive management, patients who present asymptomatic can deteriorate
rapidly developing cardiogenic shock. This is especially
true for pediatric patients who can be poisoned with
very small doses [3]. Furthermore, with higher-dose
and extended-release preparations available, the clinical
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presentation of toxicity can be significantly delayed for up
to 12–15 h post ingestion.
Intravenous access and continuous electrocardiographic monitoring should be initiated immediately
upon arrival of the patient. In patients exhibiting any
evidence of cardiovascular compromise, early central
venous access and arterial catheterization is strongly
recommended to allow for more accurate hemodynamic
monitoring and guide therapy. Initial treatment should
begin with adequate oxygenation and airway protection as
clinically indicated. Given the potential for rapid deterioration of a severely poisoned patient, and the need for
aggressive critical therapies, early control of the airway
should be obtained.
A 12-lead ECG should be obtained promptly to assess
for dysrhythmias and conductional abnormalities, and
repeated at least every 1–2 h for the first several hours. If
the patient’s condition improves over time, ECGs can be
repeated at longer intervals.
Careful assessment of the degree of hypoperfusion and
its sequelae, if any, may include a chest radiograph, pulse
oximetry, serum chemistry analysis for metabolic acidosis
and renal function, and monitoring urine output. Assays
for various CCB serum concentrations are not routinely
available and are not used to manage patients after overdose. If a patient presents with bradycardia of unclear
origin, assessing electrolytes, particularly potassium and
magnesium, renal function, and a digoxin concentration,
is warranted.
All patients who have overdosed with CCBs who manifest any consistent signs or symptoms should be admitted
to an intensive care setting. In addition, because of the
possibility of significant delayed toxicity, cases involving
sustained-release formulations should be admitted for
24 h to a monitored setting, even if they are asymptomatic.
This is particularly important for toddlers and small
children in whom even one or a few tablets may produce
significant toxicity [3]. Only patients with a reliable history involving an immediate release formulation of the
CCB, who received appropriate gastrointestinal decontamination, who had a consistently normal ECG over
several hours of monitoring and who are asymptomatic,
can be safely referred directly for further psychiatric
assessment as needed.

regain their baseline neurologic function, their after-care
will be limited to treating any complications from their
hospital stay. Myocardial and peripheral vascular function
should return to its baseline function. Patients with intentional ingestions, regardless of the degree of toxic manifestations, typically will require formal psychiatric evaluation.

Prognosis
While severe calcium channel blocker toxicity can cause
profound cardiogenic collapse and death, if treatment is
not delayed and invasive hemodynamic support is available, even severely poisoned patients can be supported for
days with subsequent full recoveries. Multiple case reports
document severely poisoned patients who were treated
with seemingly extraordinary measures such as several
days of extracorporeal membrane oxygenation or cardiopulmonary bypass despite minimal neurologic function,
who make a complete recovery and regain their baseline
cardiac and neurologic function. Many hypothesize that
CCBs’ unique neuroprotective effects may explain these
remarkable results.
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▶ Heparin

California Valley Fever
▶ Coccidioidomycosis

After-care
The disposition of patients following treatment of calcium
channel blocker toxicity will depend on the extent of their
recovery. Patients who sustain any permanent neurologic
injury will need appropriate care including rehabilitation.
Otherwise, for those who make a complete recovery and
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Synonyms
Candida infection; Candidemia; Invasive candidiasis

Definition
Although there are no strict definitions for nonimmunocompromised, critically ill patients, Invasive
Candidiasis (▶ IC) encompasses a wide variety of severe
or invasive diseases that excludes superficial or less
severe diseases, like oropharyngeal and esophageal
candidiasis, and includes four overlapping forms:
candidemia, acute disseminated candidiasis, chronic
disseminated candidiasis, and deep organ candidiasis.
Essentially, all forms of IC probably begin as an episode
of candidemia, but the clinical presentations of these
four forms are different enough to make this classification useful. Therefore: (a) candidemia means the
isolation of Candida from one or more blood specimens;
given its high mortality and morbidity, essentially all
patients with candidemia, even those with a single culture, should receive therapy; (b) acute disseminated candidiasis usually presents as candidemia, but the special
feature of this form is that spread to several organs,
namely liver, kidney, spleen, eyes, brain, and heart, is
apparent; (c) chronic disseminated candidiasis (previously
hepatosplenic candidiasis) occurs almost exclusively following prolonged episodes of bone marrow dysfunction
and neutropenia; the liver, spleen, and sometimes kidney
are prominently infected with Candida, and blood cultures are rarely positive at this point, although presumably they were positive at the time infection was initiated;
(d) deep organ candidiasis in which, at the time of presentation, the blood is sterile and focal infection of the
specific organ is the only manifestation, although an
episode of candidemia must have led to seeding of the
affected area.
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Treatment
Epidemiology
Candida spp. infections can no longer be considered as
rare infections restricted to neutropenic or immunocompromised patients. All types of patients are now concerned,
particularly those with severe underlying disease or critical
illnesses that need aggressive diagnostic or treatment procedures. Increased survival in patients with severe diseases,
more aggressive use of surgery, invasive procedures and
immunosuppression, and also increased use of broad spectrum antibacterial agents led to an increasing incidence of
candidemia in Europe and in the USA.
Candida species are the most common cause of invasive fungal infections (70–90%) and are generally reported
to be the fourth most prevalent pathogen isolated in blood
cultures or deep-site infections, although this prevalence
varies depending on the population surveyed [1].
▶ ICU candidiasis represents one third of all IC. The
incidence of candidemia, although rather variable from
unit to unit, ranging from 0,5 to 2,22 per 10,000 patient
days, is tenfold higher in the ICU than in the wards, and
Candida species are responsible for around 10% of all
ICU-acquired infections worldwide. In the recent SOAP
study, Candida spp. accounted for 17% of all sepsis in the
ICU and for 20% of all ICU-acquired sepsis.
A marked increase in the proportion of non-albicans
Candida isolates has been reported in several countries,
usually accounting for 40–60% of cases. This observation
correlated with the increasing use of azoles for prophylaxis
or empirical treatment. However, the association of previous fluconazole use with the isolation of non-albicans
strains has been shown in some studies but not proven in
many more. The increasing incidence of non-albicans
Candida species is important, as some studies show
that candidemia due to non-albicans species, especially
C. glabrata, C. tropicalis and C. krusei, are associated
with higher mortality. The fact that C. glabrata has
reduced susceptibility, and C. krusei intrinsic resistance
to fluconazole, may have to do with this higher mortality
and must be taken into account for the empiric therapeutic choice (Table 1). In fact, Kovacicova et al. found a significantly higher attributable mortality in patients infected
with fluconazole-resistant strains [1].
However, there are important geographic and demographic variations in terms of the prevalence of species of
Candida. For instance, C. glabrata is the second most
prevalent species, following albicans, in North America
and Northern Europe, but not in Southern Europe, Asia,
and Latin America, where C. parapsilosis occupies that
position. This fact may also have therapeutic implications
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Candidiasis. Table 1 Epidemiological distribution and common susceptibility patterns of Candida species
Common susceptibility patterns
Species

Frequency (%)

Amphotericin B

5-FC

Fluconazole and
itraconazole

Voriconazole and
posaconazolea
Echinocandinsb

C. albicans

40–60

S

S

S

S

C. glabrata

20–30

S to I

S

S-DD to R

S to S-DD?

S

C. Krusei

5–10

S to I

I to R

R

S to S-DD?

S

C. lusitaniae

0–5

R

S

S

S

S

C. parapsilosis

10–20

S

S

S

S

S to I?

C. tropicalis

20–30

S

S

S

S

S

S

5-FC 5-fluorocytosine, S susceptible, I intermediate, S-DD susceptible does-dependent (dose needs to be increased to achieve therapeutic efficacy),
R resistant
a
Although voriconazole and posaconazole are active in vitro, in vivo, and in early clinical experience against C. glabrata and C. krusei, their efficacy
against these classically azole-resistant organisms hasn’t been clearly established
b
Minimum inhibitory concentrations of the echinocandins are higher for C. parapsilosis than for other Candida species

as C. parapsilosis may have reduced susceptibility to
echinocandins and, therefore, azoles are the preferred
agents (Table 1).

Timing
Kumar et al. showed that median time to initiation of
effective antimicrobial therapy in septic shock is significantly higher for Candida (35.1 h) than for bacteria
(5.5 h). He also demonstrated that survival decreased
12% per hour of delay of initiation of adequate antifungal
therapy in patients with fungal sepsis and shock [2].
Morrell et al. evaluated the impact of delayed antifungal
therapy in mortality. Time to initiation of empiric antifungal therapy was measured in 12-h increments, and
a significant mortality benefit was observed when therapy
was started within 12 h of the drawing of the first positive
blood culture [2, 4]. Garey et al. showed that early – within
24 h – antifungal initiation was associated with significantly less mortality rate and that there was a progressive
mortality increase with increasing delays in initiation of
therapy [2, 4]. More recently, Parkins et al. found that
early adequate empiric antifungal therapy was associated
with a significant reduction in mortality [4]. Taur et al.
subdivided time from collection of blood cultures to initiation of antifungal therapy in three periods: incubation
period (time from collection to positivity), provider notification period (time from blood culture positivity to
provider notification), and antifungal initiation period
(from provider notification to the administration of the
first dose of antifungal). In this study, in cancer patients
with candidemia, the incubation period (median 32.1 h)
accounted for a significant amount of time compared with
the provider notification (median 0.3 h) and antifungal

initiation times (median 7.5 h), and its duration was
associated with inhospital mortality. Therefore, as modern
blood culture systems still require around 24–48 h of
incubation to positivity, new strategies are needed to
shorten the incubation time.

Which Antifungal Drug?
“Old” (fluconazole and polyenes) and “new” (secondgeneration azoles and echinocandins) antifungals for the
management of candidemia and other forms of IC differ
from each other in terms of spectrum, pharmacokinetics
and pharmacodynamics, efficacy, interactions, and side
effects. Two main factors should be taken into account in
the choice of the antifungal: the species of Candida and the
host (focus, hemodynamic stability, organ dysfunction,
previous use of azoles, concomitant drugs).

Triazoles
Triazoles exert their effects within the fungal cell membrane. The inhibition of cytochrome P450 (CYP)dependent 14-a-demethylase prevents the conversion of
lanosterol to ergosterol. This mechanism results in the
accumulation of toxic methylsterols and resultant inhibition of fungal cell growth and replication.
Fluconazole remains one of the most prescribed
triazoles because of its excellent bioavailability, tolerability, and side-effect profile. More than 80% of ingested
drug is found in the circulation, and its absorption is not
affected by food consumption, gastric pH, or disease state.
Almost 60–70% is excreted unchanged in the urine; therefore, the dose should be adjusted in patients with
a reduced clearance of creatinine. Only 10% is protein
bound, and it also exhibits excellent tissue penetration,
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namely, in the central nervous system, where CSF levels are
80% of matched serum levels [4]. Fluconazole is active
(fungistatic) against most Candida spp. with the exception
of Candida krusei (intrinsic resistance because of an
altered cytochrome P-450 isoenzyme). Candida glabrata
can be resistant or dose-dependent susceptible (12 mg/kg/
day). For IC, a loading dose of 12 mg/kg followed by
a daily dose 6 mg/kg should be administered since higher
doses seem to be associated with a better outcome [3].
Although fluconazole has substantially fewer drug–drug
interactions than other triazole compounds, it may
increase serum levels of phenytoin, warfarin, rifabutin,
benzodiazepines, cyclosporine, glipizide, and glyburide.
On the other hand, fluconazole levels are reduced with
concomitant use of rifampin [4].
Voriconazole is a low molecular weight water-soluble
second-generation triazole with a chemical structure similar to fluconazole. It has a potent fungistatic activity
against Candida spp. usually with lower MICs compared
to fluconazole. Voriconazole is available in intravenous
(▶ IV) and oral formulations. This last formulation has
an excellent bioavailability which is reduced with fatty
foods by 80%. Like fluconazole, CSF and vitreous
penetration is excellent. In adults weighing more than
40 kg, the recommended oral dosing regimen includes
a loading dose of 400 mg twice daily on day 1, followed
by 200 mg twice daily. Intravenously, after a loading dose
of 6 mg/kg twice daily, a maintenance dose of 3–4 mg/kg
IV every 12 h is recommended [3]. In patients with a creatinine clearance lower than 50 ml/min, IV voriconazole
should not be used as the risk of accumulation of
cyclodextrine, to which the drug is complexed, exists.
Oral voriconazole does not require dosage adjustment
for renal failure, but it is the only triazole that requires
dosage reduction for patients with moderate-to-severe
liver failure [3]. In adults, voriconazole presents a
nonlinear hepatic metabolism. Polymorphisms within
CYP2C19 are responsible for interpatient serum concentrations differences. The unpredictability of patient enzymatic activity has generated an interest in the routine use
of voriconazole serum-level determination. During first
week of treatment, serum levels should be kept between
1 and 5.5 mg/l, not only to prevent treatment failures,
but also to reduce toxicity, mainly neurotoxicity. In IC,
its clinical use has been primarily for step-down oral
therapy in patients with C. krusei and fluconazoleresistant but voriconazole-susceptible C. glabrata infections. Voriconazole is typically well tolerated, but some
patients experience abnormal vision (up to 23%; usually
transient and infusion related, without sequelae), skin
rash, and transaminase elevation [5].
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Despite having in vitro activity against Candida spp.
that is similar to voriconazole, posaconazole is not
recommended for primary IC therapy. It is currently
available only as an oral suspension with high oral bioavailability, especially when given with fatty foods [3].

Polyenes
Amphotericin B and nystatin are the currently available
polyenes, but nystatin is limited to topical use.
Amphotericin B binds to ergosterol within the fungal cell
wall membrane. This process disrupts cell-wall permeability by forming oligodendromes functioning as pores with
subsequent efflux of potassium and intracellular molecules causing fungal death. Amphotericin B deoxycholate
(▶ Amb-d) demonstrates a rapid fungicidal in vitro activity against almost all Candida spp. with the exception of
Candida lusitaniae, but is associated with high toxicity. To
avoid amphotericin B deoxycholate–induced nephrotoxicity, several lipid formulations were developed: liposomal
amphotericin B (▶ L-Amb), amphotericin B lipid complex, and amphotericin B colloidal dispersion. These lipid
formulations are generally less toxic but equally effective
as Amb-d [5]. The peak serum level to mean inhibitory
concentration ratio is the best predictor of outcome. All
formulations are highly protein bound, have long halflives, and are widely distributed into tissues, but exhibit
poor CSF penetration. The exact route of elimination of
amphotericin B is not known and, despite its nephrotoxicity, no dose adjustment is necessary in patients with
renal failure. Renal toxic effects of Amb-d are associated
with a sixfold increase in mortality and a significant
increase in hospital costs. Infusion-related reactions
(fever, chills, hypotension, and hypoxemia) are also
frequently observed [3, 5].
For most IC, the usual dosage of Amb-d is 0.5–0.7 mg/
kg/day, but dosages as high as 1 mg/kg/day should be
considered for infections caused by less susceptible species
such as C. glabrata or C. krusei. The typical dosage for lipid
formulations is 3–5 mg/kg/day [3].

Echinocandins
Echinocandins (caspofungin, anidulafungin, micafungin)
are the most recently introduced class of antifungals. They
inhibit the synthesis of b-1,3 glucan by inhibiting the
activity of glucan synthase. This mechanism impairs cellwall integrity and leads to osmotic lysis. They are fungicidal drugs, active against albicans and non-albicans
species, and susceptibility differences between the different
agents in this class are minimal. C. parapsilosis and
C. guilliermondii demonstrate less in vitro susceptibility
to echinocandins than do most other Candida spp. related
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to amino acid polymorphism in the main subunit of
glucan synthase (Fks1). However, association between
▶ MIC and treatment outcome is inconsistent [4]. Considering that echinocandin efficacy is predicted by peak to
MIC ratios (five- to tenfold), they are administered once
daily. Although echinocandin resistance is uncommon, it
may occur during therapy. Several studies reported
a decrease in microbial kill at higher doses and supraMIC concentrations: the paradoxical effect. However, its
mechanism and clinical implications are unknown. This
class of antifungals is only available in IV formulations due
to its poor oral absorption. They are highly protein bound,
have long half-lives, and their vitreal and CSF penetration
is negligible [4]. Caspofungin is metabolized by both
hepatic hydrolysis and N-acetylation, and inactive metabolites are then eliminated in the urine. Micafungin is
metabolized by nonoxidative metabolism within the liver,
and anidulafungin undergoes unique nonenzimatic degradation. All echinocandins have few side effects (phlebitis,
headache, abdominal pain, diarrhea, elevated liver transaminases) and do not need dosage adjustment in patients
with renal failure or dialysis. It is recommended to reduce
caspofungin dosage in patients with moderate-to-severe
hepatic impairment [3, 5]. No significant drug interactions
were described for anidulafungin. Caspofungin has several
drug interactions with agents metabolized through the
cytochrome P450 system. As serum levels are reduced in
the presence of rifampin, phenytoin, carbamazepine, and
phenobarbital, caspofungin dosage should be increased
to 70 mg/day in patients taking these medications.
Tacrolimus serum levels may decrease with concomitant
administration of this echinocandin [4]. Micafungin may
increase levels of sirolimus, nifedipine, and cyclosporine.
For IC, a loading dosage for caspofungin (70 mg/day) and
anidulafungin (200 mg/day) is necessary. The maintenance dosage for caspofungin, micafungin, and
anidulafungin is 50, 100, and 100 mg/day, respectively [3].

Antifungal Therapy: A Patient-Based
Approach
All current antifungals have been shown to be either equivalent or non-inferior to each other in several studies that
included critically ill patients [3, 4]. In these clinical trials,
success of therapy ranged from 60% to 83%. The high
incidence of adverse events with polyene led to a higher
incidence of therapy discontinuation. Due to this potential
for toxicity, several international recommendations considered fluconazole and echinocandins as first-line therapy for
IC, leaving polyenes as a valid alternative [2, 3].
The hemodynamic status of the patient is an important criterion for selection of empiric antifungal therapy.

In hemodynamically stable patient without organ dysfunction, fluconazole is a safe choice. Alternative drugs
are echinocandins or amphotericin B. In contrast, hemodynamically unstable patients with severe sepsis or septic
shock should be treated with a fungicidal, broad spectrum
agent with a good safety profile and, therefore, an
echinocandin is the first choice. Alternatively, a lipid
formulation of amphotericin B may be used [2, 3].
The likelihood of a patient being infected with an azoleresistant Candida spp. is very difficult to predict but must
be taken into account. Colonization by an azole-resistant
species, previous exposition to an azole or admission to an
ICU with a high prevalence (>15–20%) of these species
should lead the physician to prescribe an echinocandin, or
as an alternative amphotericin B, and avoid azole [2].
The presence of organ dysfunctions is an important
issue. Fluconazole dosage should be reduced in patients
with renal dysfunction, and IV voriconazole should not be
used in patients with creatinine clearance lower than
50 ml/min. Caspofungin and voriconazole dosages should
be adjusted in patients with liver impairment [3].
As azoles and echinocandins, except anidulafungin,
have important drug–drug interactions, concomitant
therapy should also influence antifungal choice. An adequate penetration of antifungal to the source of infection
is crucial. For instance, azoles penetrate well in the CNS
and in the eye while echinocandins do not. Higher dosages
may be necessary for the treatment of fungal endocarditis
if an echinocandin is used [3].
Candida spp. ability to adhere to inert and biological
surfaces is associated with virulence. Echinocandins and
polyenes are the only classes of antifungals with high
capacity to act in Candida biofilms. Intravenous catheter
removal is strongly recommended for non-neutropenic
patients with candidemia. This strategy is associated not
only with shorter duration of candidemia but also with
reduced mortality [2, 3].
The concept of transition or step-down is also
recommended. If the patient is clinically stable and the
isolate is azole-susceptible, a switch from an echinocandin
or an amphotericin B formulation to fluconazole is indicated. Voriconazole is recommended as step-down oral
therapy for selected cases of IC due to Candida krusei or
voriconazole-susceptible Candida glabrata [2, 3].
In the management of documented IC, an echinocandin
is the preferred agent for the treatment of C. glabrata
infections. For infection due to C. parapsilosis, fluconazole
is recommended. Yet, if the patient initially received an
echinocandin, is clinically improving, and follow-up cultures are negative, continuing the use of an echinocandin
is reasonable. IC by C. albicans or C. tropicalis may be
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treated with fluconazole as long as the patient is not in
severe sepsis or septic shock [2, 3].
Regarding deep organ candidiasis, namely endocarditis, meningitis, osteomyelitis, and endophtalmitis,
amphotericin B with or without 5-flucytosine is the preferred treatment in unstable patients. Fluconazole may be
used in stable patients or for step-down therapy in these
situations [3, 5].

Combination Therapy
The rationale for the use of combination therapy is based
on the hypothesis that efficacy can be improved when
drugs with different mechanisms of action are used. The
combination of antifungals may be used in forms of deep
organ candidiasis as stated above. In a study recently
conducted by Rex et al. comparing fluconazole with
amphotericin B to fluconazole alone for patients with
candidemia, combination therapy resulted in a better
response rate (69% vs. 56%), especially in patients with
APACHE II score between 10 and 22, and more rapid
clearance of Candida from blood, but amphotericin B
was associated with significant toxicity [2]. Another
study has shown that combination therapy of the antibody
to Heat Shock Protein (HSP) 90 with L-Amb is superior to
L-Amb in monotherapy [5]. In contrast, the usefulness of
adding echinocandins to fluconazole may be limited due
to a possible antagonism demonstrated in an in vitro
Candida biofilm model [5]. To date, the use of combination antifungal therapy in patients with IC is not
recommended, and further studies are required [2].

Duration
In candidemia without obvious metastatic complications,
treatment should be continued for 2 weeks after the last
positive blood culture and resolution of symptoms. However, the duration of antifungal therapy must be
prolonged in endophtalmitis, CNS, and osteoarticular
and cardiovascular Candida infections [3].

Evaluation and Assessment
The diagnosis of IC is still a major challenge in the ICU, and
it is often made late in the course of the infection. Clinical
manifestations are often nonspecific, and, frequently, it is
hard to differentiate colonization from infection. The current “gold standard” for the diagnosis of IC is either
a positive culture specimen from a sterile site or characteristic histopathology. These two methods have limited
sensitivity. Blood cultures are known to be negative for
around 50% of patients with IC, and improvements in
blood culture technique have increased the sensitivity to
70%, at the best.

C

The difficulties of clinically recognizing Candida infections together with the paramount importance of early
initiation of treatment favored the search for predictive
factors of fungal infection on which early empiric antifungal treatment should be based. Recognized risk factors for
IC are: severity of illness (APACHE II score), neutropenia,
colonization with Candida spp., presence of central
venous catheter, parenteral nutrition, ICU length of
stay 7 days, prior abdominal surgery, previous broad
spectrum antibiotherapy, hemodyalisis or renal failure,
and cancer chemotherapy [1].
In order to improve the risk factor–driven approach,
several authors have focused on combining risk factors
to develop predictive algorithms and scoring systems
that may help physicians to identify patients who will
benefit from early antifungal therapy. Pittet et al. in
a prospective cohort study identified two independent
risk factors that predicted subsequent invasive Candida
infection: the severity of illness assessed by the APACHE II
score and the intensity of Candida spp. colonization
defined as the colonization index (threshold for intervention set at 0.5). The corrected index (product of
the colonization index times the ratio of the number of
distinct body sites showing heavy growth to the total
of distinct body sites growing Candida spp.) with a threshold of 0.4 was associated with a 100% sensitivity and
specificity [1, 4].
In a retrospective cohort analysis with prospective
validation, Dupont et al. developed a predictive score for
the isolation of yeast from peritoneal fluid in critically ill
patients with peritonitis. In patients with three of four
independent risk factors (female gender, upper GI tract
origin, intraoperative cardiovascular failure, and antimicrobial therapy at least 48 h before onset of peritonitis),
the positive and negative predictive values for isolation of
yeast were 67% and 72%, respectively. Leon et al. based on
a large prospective, cohort, observational, and multicentre
study developed the bedside “Candida score”: total parenteral nutrition (1 point), surgery (1 point), multifocal
colonization (1 point), and severe sepsis/septic shock
(2 points). A Candida score 3 points was associated
with a 7.75-fold increased likelihood of proven IC and
accurately predicted (sensitivity 81% and specificity
74%) patients who could benefit from early antifungal
therapy and is highly improbable if a Candida colonized
non-neutropenic critically ill patient has a Candida
score <3 [1, 4, 5].
Ostrosky-Zeichner et al. developed a prediction rule
that can be applied to 10% of patients who stay in the
ICU 4 days. The presence of at least one major risk
factor (previous antibiotherapy or presence of central
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venous catheter) and at least two minor risk factors (total
parenteral nutrition, dialysis, any major surgery, pancreatitis, steroids, use of other immunosuppressive agents)
was associated with a low sensitivity (34%) but with
a high negative predictive value (97%) [1, 4, 5].
At present, no single predictive rule provides a gold
standard algorithm for IC, and further prospective validation in a clinical setting is necessary.
New methods to avoid delays in appropriate antifungal therapy are therefore needed. (1,3)-b-D-glucan
(▶ BG) is a cell-wall component of most fungi, except
Zygomycetes and Cryptococcus, which is released during
tissue invasion. BG test seems to be a promising tool for
early diagnosis of IC given its high sensitivity (from 55%
to 100%) and specificity (78–100%). Positive results occur
not only in patients who have candidiasis, but also in
aspergillosis, gastrointestinal colonization with Candida
spp., endemic mycoses, and Pneumocystis jiroveci pneumonia. However, its use in the critically ill patient has
two main limitations: it was not yet validated in nonneutropenic patients and there is a significant rate of
false positive results (bacteremia, surgical gauze, albumin,
hemodyalisis, and antibiotics such as piperacilin) [1, 4]. In
addition, the cutoff for positive result is not well defined
ranging from 20 to 75 pg/ml.
Leon et al. showed that procalcitonin increased the
predictive value of “Candida score,” as patients with
multifocal colonization by Candida spp., staying more
than 7 days in the ICU, that develop IC showed significantly higher values of this biomarker.
The detection of Candida DNA by ▶ PCR holds great
promise as a sensitive and potentially rapid diagnostic test,
but, unfortunately, methodologies have not been standardized and only limited evaluations have been performed in
clinical specimens. McMullan et al. conducted a prospective
study of 145 consecutive non-neutropenic patients admitted to a single adult ICU. Serum was drawn twice weekly
and fungal DNA amplified using a real-time PCR capable
of detecting Candida spp. This assay showed a high sensitivity (71–99%) and specificity (99–100%) and an excellent positive (83–100%) and negative (99–100%)
predictive value. These data suggest that this assay may
perform well for the rapid diagnosis of candidemia in
non-neutropenic adults, providing results on the same
day [1, 4].
Since both time and distinction between albicans and
non-albicans species are important new techniques are
necessary. Actually, the rapid identification and differentiation of Candida albicans from Candida glabrata can be
achieved within 3 h using commercial nucleic acid fluorescent in situ hybridization (PNA FISH) technique [4].

After-care
Once a patient has been started on antifungal treatment,
it is advisable to repeat blood cultures after 4–5 days
to monitor response and breakthrough infections. All
patients with candidemia should undergo funduscopic
examination within the first week after initiation of therapy to rule out endophtalmitis, which occurs in about
10% of patients with candidemia and impacts on antifungal selection and duration of therapy.
Patients showing suboptimal responses in spite of
adequate antifungal therapy should be evaluated for several common causes of therapeutic failure, namely: lack of
removal of an intravascular catheter, presence of other
vascular niduses (e.g., an infected heart valve or
endovascular graft), seeding of a protected site (e.g.,
endophtalmitis, osteomyelitis, and hepatosplenic disease)
or other prosthetic devices (e.g., artificial joints and peritoneal dialysis catheters).

Prognosis
Invasive candidiasis is associated with a crude mortality rate
of around 60%. As underlying diseases contribute to mortality, the estimated “attributable” mortality is usually
reported as 40–49%. However, attributable mortality varies
depending on study design: 20–50% in retrospective casecontrol studies and 5–7% in prospective clinical trials [4].
Tumbarello et al. in a retrospective analysis, identified
three risk factors for mortality: inadequate antifungal
therapy, infection with biofilm-forming Candida species,
and APACHE III score [1]. In the study performed by
Morrell et al. APACHE II score prior use of antibiotics
and initiation of antifungal therapy more than 12 h after
the first positive blood culture were independent determinants of hospital mortality [4].
IC and candidemia are also associated with a high ICU
(12.7 days) and hospital stay (15.5 days) and with
increased costs [1]. The extra cost of an episode of
candidemia in adults has been estimated as 44,000 USD
and 16,000€. These data underscore the need for improved
means of prevention and treatment of candidemia.
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EM, Müller E, Putensen C, Rotstein C, Sganga G, Venditti M, Crespo
RZ, Kullberg BJ (2009) Management of invasive candidiasis and
candidemia in adult non-neutropenic intensive care unit patients:
part II. Treatment. Intensive Care Med 35:206–214

Capillary Refill
3.

4.
5.

Pappas PG, Kauffman CA, Andes D, Benjamin DK Jr, Calandra TF,
Edwards JE Jr, Filler SG, Fisher JF, Kullberg BJ, Ostrosky-Zeichner L,
Reboli AC, Rex JH, Walsh TJ, Sobel JD (2009) Clinical practice
guidelines for the management of candidiasis: 2009 update by the
Infectious Diseases Society of America. Clin Infect Dis 48:503–535
Playford EG, Eggimann P, Calandra T (2008) Antifungals in the ICU.
Curr Opin Infect Dis 21:610–619
Hollenbach E (2008) Invasive candidiasis in the ICU: evidence based
and on the edge of evidence. Mycoses 51(2):25–45

CAP
Community-acquired pneumonia: Pneumonia occurring
in any patient who does not meet the criteria for HCAP,
HAP, or VAP.

Capillaries
▶ Microcirculation

Capillary Refill
BRIAN G. HARBRECHT
Department of Surgery, University of Louisville,
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Synonyms
Circulation; Microvascular perfusion; Perfusion

Definition
Capillary refill is a subjective, noninvasive assessment of
peripheral cutaneous perfusion used to evaluate the adequacy of the regional or systemic circulation. A test of
capillary refill involves manual compression, typically on
the nailbed or distal skin of an extremity, to blanch the
skin followed by rapid release of the pressure. If it takes
<2 s for the skin to return to normal pink coloration,
capillary refill is adequate. Delayed return of normal coloration to the area of compression (>2 s) suggests an
abnormality in either the regional or systemic circulation.
By definition, capillary refill measures or assesses
the status of the perfusion of the skin of an extremity.
In clinical practice, it is often used to evaluate the presence

C

or absence of shock. The ability of capillary refill to reflect
the adequacy of the systemic circulation is based on the
body’s compensatory responses to shock [1]. When global
tissue hypoperfusion is present due to hypovolemia, cardiac dysfunction, or other causes, increased sympathetic
activation leads to a1-adrenergic-mediated peripheral
vasoconstriction. This peripheral vasoconstriction increases
peripheral arteriolar resistance and shunts blood from the
less essential peripheral vascular beds (skin, splanchnic
organs) to more essential visceral organs such as the heart
and the brain [1]. Increased sympathetic tone also constricts capacitance vessels in selected vascular beds to
increase venous return. These responses contribute to
the pale appearance of the skin and its cool, clammy
consistency to the touch.
Several environmental and patient factors can introduce variability into assessments of capillary refill [2, 3].
These factors include patient age, gender, and the ambient
temperature the patient is exposed to. Much of the variability in capillary refill between individuals, however,
appears to be due to factors that are difficult to define.
Despite the subjective element in its interpretation and the
relative nonspecific nature of the test, assessment of capillary refill remains a commonly performed component of
the physical examination of patients. It has been reported
to correlate well with hypovolemia in selected populations
of patients such as infants. Capillary refill remains
a component of the physical assessment of injured patients
in the Advanced Trauma Life SupportR course from the
American College of Surgeons and is included in guidelines for the assessment of perfusion in critically ill
patients [4, 5].
Technical issues can interfere with the accuracy of
using capillary refill as an index of systemic perfusion.
Severe hypothermia can induce intense peripheral vasoconstriction that can interfere with capillary perfusion of
peripheral tissues even though the intravascular volume
may be adequate. Adequate illumination is essential to
determine when normal coloration returns to the skin
after compression. While generally not a problem in the
Emergency Department or Intensive Care Unit, this limitation hinders applicability of capillary refill in the
prehospital setting, at night, or in austere environments
such as military field triage. This limitation can be significant since a technically simple, readily available test to
assess perfusion may be most useful in these environments
where physical examination is the only tool available to
assess the patient. As mentioned above, variability
between individuals can also exist independent of the
status of the systemic circulation due to patient-specific
factors that remain difficult to define. The assessment of
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capillary refill is particularly useful in the field of orthopedics where casts, splints, and braces may limit access to
peripheral pulses to assess perfusion. The examiner should
keep in mind, however, that peripheral vascular disease,
peripheral vascular injuries, or other disorders of regional
blood flow can interfere with the ability of capillary refill
to reflect the status of the systemic circulation.
As technology has improved, a variety of modalities
have been developed to assess peripheral perfusion. These
technologies measure different endpoints in peripheral
tissues that reflect distal tissue circulation. Their ability
to measure systemic perfusion is based, in part, on the
same compensatory physiologic responses that govern
capillary refill. These modalities include near-infrared
spectroscopy (NIRS) to measure peripheral muscle tissue
oxygen saturation (StO2), microprobes, or transcutaneous
sensors to measure arterial pH, arterial oxygen pressure,
and arterial carbon dioxide pressure, and laser Doppler
flowmetry to measure cutaneous capillary blood flow.
Clinical trials on the use of NIRS to monitor StO2 as an
index of the adequacy of shock resuscitation in trauma
patients have been performed and the devices are commercially available for clinical use. Laser Doppler
flowmetry has also been utilized clinically in selected centers, primarily to monitor microvascular perfusion of flaps
in free tissue transfer operations (free flaps). One could
even consider sublingual capnometry, gastric tonometry,
and oxygen consumption/oxygen delivery-based goaloriented therapy as extremely sophisticated technologies
designed to measure tissue or peripheral perfusion analogous to the capillary refill test [3]. Unfortunately, none of
these modalities are universally accepted for assessing the
adequacy of the peripheral circulation or as an index of the
adequacy of resuscitation from shock in all cases. Several
of these technologies continue to undergo active investigation in both the clinical and the basic science environment. Whether these tools will prove to be more useful
than simple clinical assessment of the patient remains
undetermined.

and clammy versus warm and dry), and the appropriate
clinical setting for a patient in shock. Once shock is
suspected, resuscitative maneuvers should be implemented
while an etiology is sought. The clinician should keep in
mind that the body’s compensatory mechanisms to circulatory disturbances will act to restore intravascular volume
and maintain perfusion to key visceral systems through
increased heart rate, increased contractility, and activation
of neuroendocrine responses. Hypotension is a relatively late
development when these compensatory mechanisms have
been overwhelmed. The presence of shock should not be
equated with hypotension since significant hypoperfusion
can occur before systemic blood pressure falls.
As previously discussed, the clinician needs to be
aware of potential confounders that can result in abnormal capillary refill in the face of adequate intravascular
volume. Hypothermia, peripheral vascular disease, age,
and poor ambient light can all interfere with the ability
of capillary refill to reflect the status of the systemic circulation. One should keep in mind that constricting casts or
bandages, proximal peripheral vascular injuries, or proximal vascular thromboses may produce regional abnormalities of perfusion in the face of normal systemic
circulation. Assessment of the opposite extremity or
a different peripheral vascular bed will prove useful in
these cases.
As with many other tests used to evaluate perfusion
and shock resuscitation, a single measurement may provide useful information, but serial assessments over time
are frequently optimal to gauge the response to therapy.
Other parameters to assess perfusion and the systemic
circulation are discussed in greater detail in other sections
of this work. Repetitive assessment of a number of clinical
endpoints (capillary refill, heart rate, urine output, base
deficit, etc.) will often help the clinician to determine
whether shock persists or homeostasis is being restored.
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Capnograph
▶ End-Tidal CO2

Capnography
▶ End-Tidal CO2
▶ Pulse Oxymetry and CO2 Monitoring

Capnometry
▶ End-Tidal CO2
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Definition
Infective endocarditis (IE) is defined as infection involving
the endocardium. Although any part of the endocardial
surface may be involved, the heart valves are affected most
frequently. Endocarditis may also occur at the site of a
septal defect or a site where the endocardium has been
disrupted by abnormal flow or intracardiac devices. The
term infective endocarditis is now preferred to the older
terminology, bacterial endocarditis, as it is recognized that
a wide variety of pathogens may cause endocarditis. The
pathologic lesion at the site of infection is the vegetation
which consists of fibrin, platelets, and the offending
microorganism; a paucity of inflammatory cells is present.
Injury to the endothelium results either in direct infection
by organisms present, even transiently, in the blood stream
or may result in the formation of a platelet-fibrin thrombus that may then become secondarily infected.

Treatment

Capsaicin- 8-methyl-N-vanillyl-6nonenamide
Capsaicin- 8-methyl-N-vanillyl-6-nonenamide, is the
active component of chili peppers, plants which belong
to the genus Capsicum. It is an irritant for animals and
produces a sensation of burning in tissues that it contacts.
Capsaicin selectively binds to a protein known as TRPV1
that is located on the membrane of heat and pain sensing
neurons. Prolonged activation of these neurons depletes
presynaptic substance P, one of the body’s neurotransmitters for pain and heat, and the sensation of pain is reduced.

Carbonic Anhydrase Inhibitors
▶ Diuretics for Management of AKI

Cardiac and Endovascular
Infections
DONALD P. LEVINE, PATRICIA D. BROWN
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Synonyms
Bacterial endocarditis; Endocarditis; Fungal endocarditis
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Comprehensive, evidenced based guidelines for the
diagnosis and management of IE are published by the
American Heart Association (AHA) which were last
updated in 2005 [1]. Probably the most important
development impacting the initial empiric therapy of
suspected IE is the emergence of Staphylococcus aureus as
the most common etiology of native valve IE in most
centers, reflecting the fact that a significant proportion
of IE cases are now health care associated infections [2].
Methicillin resistant S. aureus (MRSA), both communityacquired and health care associated strains, must be considered a potential etiology of IE, particularly in patients
whose severity of illness is sufficient to warrant admission
to the intensive care unit. Because receipt of initial empiric
therapy that covers the causative organism is an important
predictor of favorable outcome in critically ill patients
with sepsis, it is anticipated that even patients with
suspected IE will receive broad-spectrum antimicrobial
therapy initially. Once the diagnosis is confirmed and the
causative organism identified, antibiotic therapy should
be revised to a regimen known to be effective for the
treatment of IE due to the isolated pathogen. The recommendations discussed below are targeted toward patients
with native valve IE (NVE); the treatment of prosthetic
valve infective endocarditis (PVE) is discussed separately.

Viridans Group Streptococci and
Streptococcus bovis
The appropriate regimen for IE caused by viridans
streptococci and S. bovis depends on the minimum inhibitory concentration (MIC) to penicillin for the isolate.
Increasing penicillin MICs among these streptococci is
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well described; therefore it is imperative that MIC values
be available and reviewed before antibiotic therapy is
adjusted. Highly susceptible isolates (MIC  0.12 mg/ml)
can be treated with aqueous crystalline penicillin
G sodium (12–18 million units per day, given by continuous infusion or divided into 4 or 6 equal doses) or
ceftriaxone (2 g every 24 h) for 28 days. The duration
of therapy may be shortened to 14 days if gentamicin
(3 mg/kg every 24 h) is used; however, this “short course”
regimen should not be used in patients with cardiac or
extra-cardiac complication of IE or in patients at increased
risk of aminoglycoside related nephrotoxicity. Vancomycin
for 28 days is an alternative in patients with severe penicillin
allergy. Clinicians are reminded that the strong association
between S. bovis IE and colonic lesions (including malignancy) mandates an evaluation of the gastrointestinal
tract once the patient’s clinical condition has stabilized.
Viridans streptococci and S. bovis isolates with penicillin MIC > 0.12 to  0.5 mg/ml should be treated with
penicillin or ceftriaxone for 28 days with single daily dose
gentamicin for the first 14 days of therapy.
Viridans streptococci with penicillin MIC > 0.5 mg/ml
along with Abiotrophia, Granulicatella, and Gemella species should be managed as for enterococcal IE (discussed
below). If vancomycin is used, combination with gentamicin is not necessary.
IE due to S. pyogenes can be treated with 28 days of
penicillin, as outlined above. Cefazolin or ceftriaxone are
alternatives; vancomycin should only be utilized in cases
of severe B-lactam allergy. IE due to groups B, C, or
G streptococci is managed similarly; some experts do
recommend the addition of gentamicin to the regimen
for the first 14 days of therapy and consideration of
a more prolonged (42 day) total course of treatment for
these three pathogens.
Although uncommon, S. pneumoniae remains an
important pathogen in IE. Isolates with penicillin MICs up
to 4 can be successfully treated with high dose (up to
24 million units/day) of penicillin; if the patient has concomitant meningitis, cefotaxime or ceftriaxone must be
used for isolates with penicillin MICs  0.1 (provided
the isolate is susceptible to these agents); penicillin and
cephalosporin resistant isolates are generally managed with
vancomycin in combination with cefotaxime or ceftriaxone.

intrinsic property of enterococci; therefore serous infections such as IE due to enterococci are optimally managed
with the addition of an aminoglycoside for synergy. IE due
to strains susceptible to penicillin and gentamicin should
be treated with ampicillin (12 g daily, divided into six
equal doses) or aqueous crystalline penicillin G sodium
(18–30 million units daily, continuously or divided into
six equal doses) plus gentamicin 3 mg/kg daily in two or
three divided doses (adjusted for peaks of 3–5 mg/ml with
a trough of <1 mg/ml). Four weeks of therapy is sufficient
for patients whose symptoms have been present less than
3 months; 6 weeks of therapy is recommended for those
with symptoms more than 3 months. If the organism
is sensitive, vancomycin can be substituted in patients
with penicillin allergy; however, these patients should
receive 6 weeks of therapy, regardless of the duration of
symptoms. Streptomycin should be used for isolates
that have high level resistance to gentamicin, but not to
streptomycin; 15 mg/kg every 24 h divided into two doses
is recommended in patients with normal renal function.
Optimal therapy of isolates that demonstrate
susceptibility to penicillin but high level resistance to
gentamicin and streptomycin is not well established.
Several studies support the use of high dose ampicillin
(12 g/day) in combination with ceftriaxone (2 g every
12 h) in these cases; therapy should be given for 6 weeks.
This regimen may also be a reasonable alternative for
patients with aminoglycoside susceptible isolates who
develop progressive nephrotoxicity during therapy.
Optimal therapy for enterococcal isolates that are
resistant to penicillins, vancomycin, and aminoglycosides
is also unknown. For infections due to Enterococcus
faecium, the AHA guidelines recommend either linezolid
(1,200 mg/day in two divided doses) or quinopristindalfopristin (22.5 mg/kg per day divided into three equal
doses) for a minimum of 8 weeks. Resistant E. faecalis
infections may be treated with ceftriaxone plus ampicillin
or imipenem-cilastatin plus ampicillin for a minimum of
8 weeks. Surgery should be a strong consideration for
the management of these infections for which synergistic
antimicrobial therapy is not possible. An increasing
number of case reports have documented successful
treatment with daptomycin in such cases, although
therapeutic failures have also been reported and additional
data are clearly needed.

Enterococci
Enterococcal isolates suspected of causing IE must
undergo testing for penicillin (or ampicillin) and vancomycin MICs as well as testing for the presence of high
level resistance to gentamicin and streptomycin. Relative
resistance to penicillin (ampicillin) and vancomycin is an

Staphylococci
As discussed above, S. aureus is now the most common
cause of IE in the developed world and patients critically
ill with suspected IE should receive initial empiric therapy
that includes coverage for this pathogen, including the
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possibility of MRSA. Although typically considered important pathogens mainly in early PVE, coagulase-negative
staphylococci (CoNS) have emerged as important pathogens
in NVE, causing almost 8% of such infections in noninjection drug users with IE in a recent large prospective
study. Almost half of NVE due to CoNS is health care
associated; medical comorbidities, long-term intravenous
catheter use, and recent invasive procedures appear to be
risk factors. Among the CoNS, S. lugdunensis appears to be
particularly virulent, often associated with metastatic
infection as well as periannular extension of the infection.
Surgical treatment may be required more frequently
in patients with IE due to CoNS than in patients with
S. aureus infections.
Patients with IE due to methicillin-susceptible S. aureus
(MSSA) should be treated with nafcillin (12 g/day divided
into four or six equal doses); cefazolin (6 g/day divided
into three equal doses) is an alternative for patients
with non-life threatening penicillin allergy. Vancomycin
can be used in patients with severe B-lactam allergy.
Although clinicians may be tempted to substitute vancomycin for a B-lactam, particularly in patients with reduced
renal function because of the convenience of less frequent
dosing, vancomycin is inferior to the B-lactams for the
treatment of susceptible isolates, therefore this practice is
not acceptable. It is very important to note that while the
AHA guidelines recommend vancomycin dosing to
achieve serum trough concentrations of 10–15 mg/ml,
a more recently published consensus review recommends
a vancomycin target trough of 15–20 mg/ml for serious
infections such as IE [3]. The AHA guidelines list the
addition of 3–5 days of gentamicin therapy as optional,
noting that a clinical benefit of initial aminoglycoside
therapy in S. aureus IE has not been proven. Recently,
initial low dose gentamicin for S. aureus bacteremia and
native valve IE was associated with significant risk of
nephrotoxicity. Given the lack of data regarding benefit
in this setting, we do not recommend it.
Vancomycin is the recommended therapy for IE due to
MRSA. However, a growing body of evidence indicates
that patients with serious infections due to MRSA whose
isolates have vancomycin MICs > 1 mg/ml respond less
favorably to vancomycin therapy than those due to isolates
with lower MICs. Daptomycin achieved clinical success
rates that were non-inferior to vancomycin for bacteremia
and right-sided endocarditis due to MRSA; data for
the use of daptomycin in the treatment of left-sided IE
is derived mainly from observational studies and case
reports. There are very limited data to support the use of
other agents for MRSA IE. Success has been reported with
the use of trimethoprim-sulfamethoxazole, doxycycline,
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minocycline, linezolid, and quinopristin-dalfopristin.
Clearly, the optimal management of MRSA IE, especially
infections due to isolates with higher vancomycin MICs,
remains to be defined.
Despite in vitro susceptibility, the addition of rifampin
to the regimen for the treatment of native valve IE due to
S. aureus is not recommended.
In general, 6 weeks of therapy is recommended for
patients with S. aureus IE; patients with uncomplicated
infections can be treated with 4 weeks of therapy. Injection
drug users (IDUs) with uncomplicated right-sided IE due
to MSSA can be successfully managed with a 2 week course
of nafcillin in combination with an aminoglycoside; the
presence of septic pulmonary emboli does not preclude
the use of “short course” therapy in this setting.
NVE due to CoNS should be treated with regimens
similar to those outlined above, based on the in vitro
susceptibility data.

Gram-Negative Pathogens
Native valve IE due to organisms of the HACEK
group (Haemophilus, Actinobacillus, Cardiobacterium,
Eikenella, and Kingella) should be treated with ceftriaxone
(2 g daily); ampicillin-sulbactam and ciprofloxacin are
alternatives. A 4 week course of antibiotic therapy is
recommended. Non-HACEK Gram-negatives account
for less than 2% of cases of NVE. Therapy should be
based on in vitro susceptibility data; surgery is frequently
required for successful management.

Culture Negative Infective Endocarditis
Blood cultures may be negative in patients with IE
due to the presence of a fastidious bacterial pathogen, a
non-bacterial pathogen or the receipt of antibiotic therapy
before blood cultures are obtained. The latter reason is
probably most common, particularly among patients who
are critically ill on presentation. The importance of assuring that blood cultures are obtained, even in the most
critically ill patient, prior to the administration of antibiotics cannot be over emphasized. Options for the empiric
therapy of culture negative NVE include ampicillinsulbactam plus gentamicin or vancomycin plus gentamicin plus ciprofloxacin. A recent case series of patients with
culture negative endocarditis underscored the importance
of aminoglycoside therapy in the management of this
infection; patients who did not receive an aminoglycoside
containing regimen had a significantly higher mortality.

Fungal Endocarditis
The majority of cases of fungal IE are due to Candida species.
C. albicans is most common in non-IDUs; non-albicans
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candida are more common in IDUs. Recommendations
for management of fungal endocarditis are based mainly
on expert opinion. The most current recommendations
can be found in the guidelines for the management of
candidiasis from the Infectious Diseases Society of America (available at www.idsociety.org). Initial therapy should
consist of amphotericin B, either a standard or a liposomal
preparation, with or without five flucytosine, or an
echinocandin. Fungal endocarditis remains a strong indication for valve replacement.

Prosthetic Valve Endocarditis
PVE occurs in 1–6% of patients with a prosthetic valve.
Mechanical and bioprosthetic valves have similar rates of
infection overall; however, mechanical valves have
a higher rate of infection during the first 3 months after
implantation. S. aureus has emerged as the most common
infecting agent, followed by CoNS and streptococci. Initial
empiric antibiotic therapy for critically ill patients
with suspected PVE will likely include broad-spectrum
coverage for both Gram positive and Gram-negative
pathogens; the regimen chosen should always include
coverage for MRSA. If S. aureus or CoNS are confirmed,
nafcillin or vancomycin should be utilized, based on
susceptibility results. Rifampin (900 mg daily in three
divided doses) and gentamicin should be added, although
gentamicin may be discontinued after 2 weeks. Prolonged
(at least 6 weeks) therapy will be required. Therapy for
viridans streptococci and S. bovis isolates with penicillin
MIC  0.12 mg/ml is the same as that outlined for
native valve infections except that short course (2 week)
regimens should not be used. The addition of gentamicin
(single daily dose) to a B-lactam for the first 2 weeks of
therapy is optional and the total duration of therapy
should be 6 weeks. PVE due to viridans streptococci and
S. bovis isolates with penicillin MIC > 0.12 mg/ml should
be treated with penicillin or ceftriaxone plus gentamicin
(single daily dose) for 6 weeks; vancomycin should only
be utilized for patients with severe B-lactam allergy. The
treatment of enterococcal PVE is the same as for native
valve infections; all regimens should be given for
a minimum of 6 weeks.
Therapy for culture negative PVE depends on
whether the onset is early (less than 1 year since valve
replacement) or late. Empiric therapy for early culture
negative PVE should include vancomycin, gentamicin
(3 mg/kg daily in three divided doses), cefepime, and
rifampin. For late PVE, the regimens outlined for native
valve culture negative IE may be used, with the addition
of rifampin.

Anticoagulation
Anticoagulation has not been shown to provide benefit in
patients with native valve IE, and active IE is considered
a strong contraindication to anticoagulation because of
the potential risk of bleeding from unrecognized central
nervous system (CNS) mycotic aneurysms. The use
of anticoagulation in patients with PVE is much more
controversial. The AHA guidelines recommend continuing anticoagulation in patients with PVE, except in
patients with S. aureus infections who have experienced
a CNS embolic event. Anticoagulation may be cautiously
resumed once these patients have completed 2 weeks of
appropriate antibiotic treatment.

Surgery
In a recently published multicenter cohort study of IE,
almost 50% of patients underwent valvular surgery for the
management of their infection. Despite widespread use
and the belief that surgery improves outcomes in selected
patients, there are virtually no data from randomized
controlled clinical trials regarding appropriate indications
and timing of surgery. Congestive cardiac failure (CHF) is
the most common indication for surgery in IE and the
clinical condition of the patient, not the duration of antibiotic therapy, dictates the timing of surgery. Surgical
intervention should also be considered for infections due
to resistant pathogens for which optimal bactericidal
therapy cannot be devised (e.g., vancomycin resistant
enterococci) and patients with left-sided IE who remain
bacteremic after a week of appropriate antimicrobial therapy, provided that a metastatic focus of infection has been
excluded as a cause of persistent bacteremia (4). Other
generally accepted indications for surgery include one or
more major embolic events in patients with left-sided IE,
paravalvular extension of infection, and valve perforation
or rupture. Fungal IE has long been considered a strong
indication for valve replacement; however, the availability
of newer and less toxic antifungal agents and the use
of oral azoles for long-term suppressive therapy has
resulted in clinical success.
The availability of transesophageal echocardiography
(TEE) has resulted in additional recommendations for
surgery including persistence of a vegetation after
a systemic embolic event, anterior mitral leaflet vegetations (particularly those >10 mm in size), and increase
in the size of a vegetation despite appropriate antibiotic
therapy.
In addition to the indications listed above, surgical
therapy should be considered for PVE due to S. aureus,
S. lugdunensis, and early PVE due to other CoNS.
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Indications for surgical treatment are likely prevalent
among patients with IE who require admission to the
intensive care unit. The perception that the patient is
“too sick” to undergo surgery often results in a delay of
a potentially lifesaving procedure. Decisions regarding
surgical intervention must be made with input from the
intensivist, cardiologist, infectious diseases specialist, and
the surgeon. The timing of surgical intervention in those
who have had a CNS embolic event, especially if hemorrhagic, is particularly problematic. In addition to the
team outlined above, input from the neurologist or
neurosurgeon will be essential to optimize management
for these patients.

Evaluation
Although it remains an uncommon infection, advances in
medical technology and care have expanded the number
of patients who are at risk for IE. As many as 20% of
individuals with IE have no recognized preexisting cardiac
condition that places them at increased risk for the
infection. The diagnosis should be considered in any
patient with persistent bacteremia, evidence of a systemic
embolic event, or evidence of infection in the setting of
a predisposing cardiac lesion. Up to 25% of IE cases are
health care associated infections. The presenting features
of IE may include stroke and other embolic phenomenon,
evidence of metastatic infection such as musculoskeletal
infection or splenic abscess, or CHF but most patients
have nonspecific manifestations of infection. Elderly
patients with IE are more likely to have been hospitalized
for an invasive procedure before the onset of infection and
have lower rates of embolic events, immune phenomena,
and septic complications. Older individuals are likely to
present acutely with infection due to virulent pathogens
such as S. aureus; the classic peripheral stigmata of IE have
become far less common as a presenting manifestation of
the disease. Nevertheless, meticulous examination of the
patient who presents with evidence of sepsis may reveal
a conjunctival, retinal, or subungual (splinter) hemorrhage or even Janeway lesions or Osler’s nodes, findings
that suggest the diagnosis even before blood cultures turn
positive or the results of echocardiography are available.
The majority (up to 85%) of individuals with IE will have
an audible murmur. Mitral valve involvement is more
common than aortic valve infection. Tricuspid valve IE is
a well-recognized complication of IDU; however, in several recent series left-sided IE was more common than
right-sided infections in this patient population. Tricuspid
valve IE also occurs in non-IDUs with central venous
catheters. Patients with right-sided IE often present with
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pulmonary manifestations due to septic pulmonary
emboli. The possibility of IE should be seriously considered in all patients with S. aureus bacteremia. Risk factors
for valve infection in these patients include an unknown
source of bacteremia, presence of a prosthetic valve, persistent fever, and persistent positive blood cultures. The
risk of IE in patients with community-onset enterococcal
bacteremia is also high.
Because of the requirement to provide specific pathogendirected antimicrobial therapy for a prolonged course, the
necessity of ensuring that a microbiologic diagnosis is confirmed cannot be overemphasized. Two sets of blood cultures
should be obtained prior to the initiation of empiric antimicrobial therapy. One set of blood cultures is defined as
a blood sample drawn at a single time from a single site,
regardless of how many bottles or tubes are submitted from
that sample. In total, 3–4 sets of blood cultures should be
obtained during the first 24 h of evaluation. In patients who
have no or limited peripheral venous access, cultures may be
obtained via an intravascular device; however, a sample
obtained in this manner represents a single set of blood
cultures, even if obtained from more than one port. At
least two sets of blood cultures should be obtained on each
subsequent day to document the persistence or clearing of
bacteremia.
While blood cultures remain the single most important diagnostic test in the evaluation of patients with
suspected IE, echocardiography, particularly TEE, has significantly improved both diagnosis and earlier recognition
of complications of IE. The sensitivity of transthoracic
echocardiography (TTE) for the diagnosis of IE is
60–65%; the sensitivity of TEE is 90–95%. Both have
a specificity of greater than 90%. The superior sensitivity
of TEE is even more significant in the evaluation of PVE.
In patients at high risk of IE or for whom the clinical
suspicion of IE is moderate to high, TEE should be the
initial imaging procedure chosen; the procedure can be
safely performed even in patients who are critically ill.
Previously, the definite diagnosis of IE required confirmation of infection based on specimens obtained at the
time of valve replacement surgery. With the advent of
echocardiography, a definite diagnosis can now be made
based on a constellation of clinical, microbiologic and
echocardiographic findings. The modified Duke criteria
are now widely accepted for the diagnosis of IE [4].

Pacemakers and Implantable CardioverterDefibrillators
As the number of accepted indications for the use of permanent pacemakers and implantable cardioverter-defibrillators
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has increased, cardiac device–related infections (CDIs) have
become more common. CDIs may be confined to the
generator pocket, or may include wire infections complicated by endocarditis. The majority of patients with CDIs
present with localized findings of infection at the site of the
generator pocket; however, the absence of such findings
does not exclude the device as a potential source of sepsis.
TTE lacks sufficient sensitivity to evaluate for device-related
infection. S. aureus is implicated most often; infections
due to CoNS, enterococci, Gram-negatives, and candida
also occur.
Successful treatment of CDIs in association with
positive blood cultures requires complete removal of
the device, especially in patients with IE. The mortality
rate for device-related IE is as high as 66% without
device removal, but is as low as 18% with complete
removal and appropriate antimicrobial therapy. Emergent device removal is particularly important in the
management of patients with severe sepsis. Baddour
and colleagues devised an algorithm for the management
of these infections that is a useful guide [5]. The device
may not be safely re-implanted until the generator pocket
has been adequately debrided and the blood cultures are
negative.

Prognosis and After-care
In-hospital mortality for IE is 15–20%; the 1 year mortality may be as high as 40%. Risk factors for in-hospital
death include increasing age, CHF, infection due to
S. aureus or CoNS, the presence of mitral valve vegetations, paravalvular complications, surgery indicated but
not performed, and PVE. Surgical treatment for IE and
infection due to S. viridans is associated with a decreased
risk of in-hospital mortality. For right-sided IE, there
is tremendous disparity in the risk of mortality based
on the risk factor for acquisition. Overall mortality is
very low in IDUs, but much higher in patients with
right-sided IE due to intravascular devices. IE that is
health care associated is an independent predictor of
both in-hospital and 1 year mortality from the infection
as is IE due to S. aureus. In addition, there is a significant
difference between the risk of mortality in right-sided vs.
left-sided IE in IDUs. A TEE should always be performed,
even in patients with clear evidence of right-sided infection (such as septic pulmonary emboli) because concomitant infection of the left-sided valves may also be
present.
Because a prior episode of IE is one of the strongest
risk factors for subsequent episodes of IE, these patients
must receive prophylactic antibiotics as recommended in
the AHA guidelines for the prevention of IE.
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Synonyms
Inotropy

Definition
Cardiac contractility can be defined as the tension developed and velocity of shortening (i.e., the “strength” of
contraction) of myocardial fibers at a given preload and
afterload. It represents a unique and intrinsic ability of
cardiac muscle to generate a force that is independent of
any load or stretch applied.

Characteristics
Factors increasing cardiac contractility – positive inotropic effect [1]:
● Sympathetic nervous system activation
● Circulating endogenous catecholamines

Cardiac Contractility
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● Drugs – inotropic agents, digoxin, calcium ions (Ca2+)
● Metabolic – hyperthermia, hypercalcaemia
● Heart rate – as heart rate increases (e.g., during exercise), contractility increases (this occurs up to a certain
point beyond which the tachycardia impairs normal
cardiac function). This phenomenon is known as the
Treppe or Bowditch effect. It is thought to be mediated
by an increase in cytoplasmic Ca2+ due to reduced
reuptake by the sarcoplasmic reticulum secondary to
a reduction in the diastolic time.
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Factors reducing cardiac contractility – negative
inotropic effect [1]:
● Parasympathetic nervous system activation (e.g., vagal
maneuvres)
● Drugs – b adrenoceptor antagonists
● Metabolic – hypothermia, hypoxia, hypercapnia,
hyperkalemia, hypocalcemia
● Pathological states – diastolic and systolic dysfunctions

Assessment
It is very difficult to clinically assess cardiac contractility
in vivo. One method involves measuring the rate of change
of ventricular pressure with respect to time (dP/dt) and
then using the maximum rate of pressure rise (peak dP/dt)
to compare contractility of the heart.
Another method involves the use of serial pressure –
volume (PV) loops to obtain end-systolic pressure–volume relationship (ESPVR) curves (Fig. 1). These methods
are quite invasive and clinically are not practical [2].
Direct, real-time visualization of myocardial wall
motion and blood ejection patterns using echocardiography and Doppler allow an assessment of the functional
status of the heart to be made. With echocardiography,
two useful parameters are ejection fraction and shortening
fraction. The left ventricle (LV) ejection fraction (normal
range between 55% and 75%) is defined by (LV diastolic
volume – LV systolic volume)/LV diastolic volume. The
shortening fraction ratio measures the change in diameter
of the LV between its contracted and relaxed states (LV
end-diastolic diameter – LV end-systolic diameter)/LV
end-diastolic diameter. These measurements can give an
idea of heart performance, but they cannot provide
objective assessments of myocardial contractility.
The concept of contractility can be illustrated using
force–velocity curves (where the term “force” represents
the afterload to the heart and “velocity” refers to the speed
of myocardial muscle shortening) (Figs. 2–4) [3]. A heart
with a good contractility responds to volume loading in a
different way to a heart with impaired contractility (Fig. 5).
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Cardiac Contractility. Figure 1 Pressure volume loop for
normal left ventricle. Where: EDP is end-diastolic point (when
mitral valve closes), ESP is end-systolic point (when aortic valve
closes), ESV is end-systolic volume and EDV is end-diastolic
volume. Increasing contractility moves the ESP up and to
the left, while decreasing contractility moves it down and
to the right

Cardiac Contractility. Figure 2 Force–velocity curve for an
isolated myocardial fiber: as the force (afterload) reduces, the
velocity of muscle contraction increases until a maximal
velocity (Vmax) is achieved at zero afterload (in reality, Vmax
cannot be obtained experimentally because the myocardium
does not contract in the absence of any load, and therefore
this value is obtained by extrapolation)

C

Cardiac Disease

Cardiac Contractility. Figure 3 Effects of increasing preload
on force–velocity curve for an isolated myocardial fiber. As
preload gradually increases, the isometric tension within the
myocardial fiber increases as dictated by the Frank–Starling
mechanism of the heart (length–tension relationship).
However, Vmax remains unchanged, demonstrating the fact
that it does not depend on the length of the muscle fiber (i.e.,
preload) from which contraction is initiated
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Cardiac Contractility. Figure 5 Modification of Frank–
Starling curve. A heart with normal contractility (N) and
a failing heart with poor contractility (F) have different abilities
to respond to volume loading and hence increase their stroke
volumes by different amounts

affected, right ventricular end-diastolic pressures rise
which can lead to an increase in right atrial pressures
and venous congestion resulting in peripheral edema,
ascites, and hepatomegaly. Quite often left-sided systolic
dysfunction will eventually cause right-sided systolic
dysfunction, and this is commonly termed biventricular
failure or congestive cardiac failure.
There are numerous causes of systolic dysfunction
including coronary artery disease (myocardial ischemia
and infarction), valvular heart disease, dilated cardiomyopathy, myocarditis, amyloidosis, drugs (e.g., ethanol
excess and cocaine) and toxins (e.g., sepsis).
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Cardiac Contractility. Figure 4 As contractility increases, the
curve is shifted up and to the right with an increase in both
Vmax and isometric tension. This increase in Vmax (V’max) is of
particular significance as it is a measure of cardiac contractility
that is unrelated to changes in preload or afterload

Systolic Dysfunction
Systolic dysfunction, often termed ventricular failure,
refers to an impairment in ventricular contractility which
results in a reduced stroke volume and hence inadequate
cardiac output. If the left ventricle is affected, left ventricular end-diastolic pressures gradually rise which can lead
to an increase in left atrial and pulmonary pressures
resulting in pulmonary edema. If the right ventricle is
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Cardiac Disease
▶ Congenital Heart Disease in Children

Cardiac Doppler
▶ Echocardiography

Cardiac Magnetic Resonance Imaging

Cardiac Failure in Children
JONATHAN R. EGAN, MARINO S. FESTA
The Children’s Hospital at Westmead, Westmead,
Australia

Definition
Inability of the heart to meet the metabolic needs of the
body as a result of an inability to sustain an effective
cardiac output.

Characteristics
Cardiac failure can occur as a result of a myriad of cardiogenic causes in the setting of congenital cardiac disease,
which can be grouped into four main categories. Cardiac
failure resulting from acquired disease is discussed
subsequently.

Increased Pulmonary Blood Flow
An atrial, ventricular, or large vessel communication (e.g.,
patent ductus arteriosus (PDA)) results in shunting of
blood and a volume load on the systemic left ventricle.
This leads to ventricular failure and pulmonary venous
congestion.

Left Ventricular Outflow Obstruction
In the setting of aortic stenosis or coarctation there can be
early myocardial failure in the neonatal, infant, or childhood age groups – depending on the degree of obstruction.

Valvular Regurgitation
A volume load on the ventricle leads to forward delivery
failure and backward obstruction to venous inflow.

Right Ventricular Failure
Isolated right ventricular failure occurs in the setting of
pulmonary embolism, pulmonary hypertension, or
chronic respiratory failure.

Management
An A, B, C approach to stabilization is required – it is
important to consider the effect of excessive inspired oxygen upon pulmonary vascular resistance, which can exacerbate left-to-right shunting and worsen pulmonary
venous congestion. Providing positive end expiratory
pressure (PEEP) via a bag and mask, with an initial FiO2
of 0.3–0.4 maximum should prove both safe and beneficial. A carefully observed trial of noninvasive ventilation
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may improve oxygenation and the work of breathing.
Subsequently intubation can be performed if considered
necessary. Intubation of a neonate or child with cardiac
failure can be risky and should be undertaken by senior
trained intensivists/anesthetists. Induction drugs that can
lead to pronounced reductions in systemic vascular resistance and myocardial contractility – such as thiopentone
or propofol are best avoided. Ketamine is a good alternative. Apart from optimizing oxygenation and induction
drugs, the hemodynamic status of the child should be
preemptively stabilized with administration of fluid
boluses (5–10 ml/kg of normal saline) and vasopressors
(5 mcg/kg/min dopamine). Vasopressor and inodilator
therapy can be modified following stabilization, full
assessment, and provision of central venous and arterial
lines. Initially reducing the systemic vascular resistance
with either dobutamine and milrinone or levosimendan
infusions – as systemic perfusion pressure permits and
then transitioning to captopril will optimize myocardial
performance.
It is important to determine the underlying lesion(s)
and any contributing factors – viral pneumonitis/bronchiolitis through careful history, examination, echocardiography, and other directed investigations. Management of
fluid balance, energy requirements, and expenditure will
provide a foundation on which to add diuretic, inotropic,
and vasodilator therapy. Surgical repair maybe indicated
and the timing of this depends on overall patient stability
and local resources.
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Synonyms
Cardiac MR; Cardiac MRI; CMR
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Cardiac Magnetic Resonance Imaging

Definition
Cardiac magnetic resonance imaging (CMR) is the use of
magnetic resonance (MR) techniques to obtain images of
the heart. As with all MR technology, tissues are subjected
to a strong magnetic field that orients the protons of
hydrogen atoms so that they rotate, or “precess,” in a
uniform manner. These hydrogen atoms are then exposed
to a radio signal, commonly referred to as a pulse
sequence, which transiently changes their orientation.
After the radio signal, the protons revert to their original
precession patterns and create a signal that is captured to
create images. The time to reversion to their orderly precession is dependent on tissue composition and therefore
the resulting signal patterns are specific to the tissue composition. As disease states change tissue composition, the
tissues provide a different signal allowing the determination of normal and disease states.
By utilizing ECG-gating, signals obtained from CMR
can be processed to create both still and motion images of
the heart. Further, imaging can be conducted during rest,
or during cardiac stress. Finally, contrast agents can be
used to exploit subtle differences in cellular and tissue
composition or function.

Pre-existing Condition
Overview
CMR has seen increased use over the past decade. Newer
imaging techniques and scanner technologies have greatly
enhanced the quality and diagnostic accuracy of CMR.
Common indications for CMR are discussed in the section
immediately below. However, in the critically ill patient,
obtaining CMR testing is associated with several logistical
challenges that are discussed in the Application section.
Because of these challenges, other imaging modalities are
often preferred over CMR. Circumstances when CMR
may be strongly considered in the critically ill patient are
further discussed under the heading “Clinical circumstances in which CMR would be useful in critically ill
patients.”

Common Indications and Appropriateness
Criteria
Criteria developed by a multidisciplinary panel provide
guidance to determine when CMR is considered an appropriate diagnostic test [1]. These appropriate indications
are summarized in the paragraphs below.

Evaluation of Acute Chest Pain
CMR in combination with pharmacologic vasodilator
(adenosine, Persantine) perfusion imaging or inotropic

stimulation (dobutamine) wall motion imaging can be
used to detect inducible myocardial ischemia. Multiple
studies have demonstrated that stress CMR has equal or
higher accuracy compared to other stress testing modalities with sensitivity ranging from 86% to 96% and specificity from 83% to 100% for detecting 50% coronary
artery luminal narrowings [2, 3]. Patients unable to exercise or who have ECGs that are not interpretable are
particularly well suited for CMR imaging. CMR to evaluate acute chest pain is inappropriate in low risk patients
with interpretable ECGs and the ability to exercise, as well
as in patients with high pretest probability of CAD combined with positive biomarkers or ST-segment deviation.
All uses of MR angiography to evaluate for CAD as a cause
of acute chest pain are considered inappropriate.

Evaluation of Cardiac Structure and
Function
CMR is well suited to provide information on cardiac
anatomy and function. CMR is particularly useful when
technically limited echo images have been obtained. CMR
can appropriately be used to determine left ventricular
function after myocardial infarction (AMI) or in patients
with heart failure, assess for congenital heart disease
including anomalous coronary arteries, and evaluate
native and some prosthetic valves. Furthermore, CMR is
useful and appropriate to evaluate for cardiomyopathies,
myocarditis, pericardial disease, cardiac thrombus,
cardiac masses, and aortic dissection. Although aortic
dissection can be detected by cardiac MRI, the aorta is
extra-cardiac and is not further discussed in this chapter.

Application
Equipment
CMR exams are commonly performed on commercially
manufactured MRI machines with specialized software to
obtain cardiac images. 1.5 Tesla machines are widely used,
with some institutions adopting machines with stronger
magnetic fields. Power injectors are ideal if perfusion
imaging is to be performed. Specialized monitoring
equipment that is MRI compatible is required.

Policies and Procedures
Policies and procedures must be in place for patient
screening and emergency response. Patients must be
screened for MRI compatibility. Pacemakers, defibrillators, and ferrous implants are generally not compatible
with MRI. Emergency response plans should be well delineated in the event the patient’s condition deteriorates
during the exam.

Cardiac Magnetic Resonance Imaging

Components
CMR consists of several components that must be tailored
to the clinical question.

Stress Agents
Stress testing is commonly used to assess acute chest pain.
The “stress” component can be either a vasodilator or an
inotropic agent such as dobutamine. Vasodilators such as
adenosine are used in conjunction with perfusion imaging
techniques to capture stress myocardial perfusion images,
which can then be compared with similar rest myocardial
perfusion images obtained in the absence of the vasodilator and other infarct “delayed enhancement” techniques.
By comparison, dobutamine stress examinations rely on
the identification of a regional left ventricular wall motion
abnormality that occurs when the patient has achieved
target heart rate (target heart rate = [220age]0.85)
during peak pharmacologic stress. The detection of perfusion defects or wall motion abnormalities during stress
is suggestive of significant coronary stenosis.

Use of Gadolinium: Perfusion Imaging and
Delayed Enhancement
Gadolinium containing contrast agents are used to
enhance the information provided from CMR. The presence of gadolinium contrast agents modifies the signal
emanating from nearby protons. By exploiting differences
in normal and abnormal gadolinium distribution within
the myocardium both perfusion imaging and delayed
enhancement imaging can aid in the diagnosis of underlying disease states. For instance, in the normal heart there
should be no perceptible difference in the perfusion of
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gadolinium through the myocardium during rest or stress
perfusion imaging with vasodilators such as adenosine.
The presence of a perfusion defect during adenosine stress
perfusion is strongly suggestive of inducible ischemia, and
the myocardial segments involved are predictive of the
vascular territory affected by a high-grade flow-limiting
stenosis, as demonstrated in Fig. 1.
Delayed enhancement imaging exploits the fact that
various disease states allow abnormal accumulation of gadolinium within myocardial tissue. Because of this, inflammation and cell death from acute myocardial infarction or
acute myocarditis, scarring from old myocardial infarction
or prior myocarditis, and infiltrative processes that result
in myocardial scarring (such as sarcoidosis, amyloidosis,
and hypertrophic cardiomyopathy) can all be identified
with delayed enhancement imaging. In the setting of
acute inflammation as can be seen with myocarditis
or acute infarction it is the leaky basement membranes of
the myocardial microvasculature, expanded extracellular
space related to edema and leaky cell membranes that
allow excessive accumulation of gadolinium within affected
myocardial territories. In the setting of chronic scarring
from prior infarct or prior myocarditis, ventricular
remodeling results in the deposition of a fibro-fatty infiltrate in the area of scarring. The collagenous matrix of this
infiltrate expands the extracellular space and traps gadolinium in these regions of scarring. And finally, with the
various infiltrative cardiomyopathies, there is typically an
abnormal accumulation of proteins and/or disordered
array of myocytes also associated with regions of fibrosis
and scarring that result in accumulation of gadolinium.
In all of these settings, delayed enhancement imaging

c

Cardiac Magnetic Resonance Imaging. Figure 1 (a) Short axis image obtained through the mid-ventricle during adenosine
stress perfusion. The white arrows demonstrate a large region of decreased signal intensity indicative of an area of decreased
perfusion involving the lateral wall segments. (b) Catheter angiogram demonstrating injection of the left main coronary artery.
The white arrow demonstrates a critical stenosis of the proximal left circumflex coronary artery, while the white arrowhead
demonstrates the limited perfusion of a large obtuse marginal branch from the circumflex. (c) Repeat angiogram
following percutaneous transluminal coronary intervention with stent (white asterices) placement in the proximal obtuse
marginal branch. Note restoration of normal flow in the distal vessels (small white arrows)
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sequences allow clear recognition and delineation of disease
regions of myocardium when compared with adjacent normal myocardium.

T2-Weighted Images
T2-weighted image sequences are able to detect myocardial
edema. Myocardial edema is an early marker of myocardial
ischemia or inflammation. The use of T2 weighted images
allows the early determination of myocardial infarction, at
times before chemical evidence is present in the blood. The
combined use of T2-weighted imaging sequences and
delayed enhancement imaging sequences can be used to
discriminate between several types of myocardial injury
including, acute inflammation in the setting of myocarditis,
acute injury in the setting of acute myocardial infarction,
and chronic scarring in the setting of remote myocardial
injury. Figure 2 demonstrates features of a severe left
anterior descending (LAD) territory infarction.

Nephrogenic systemic fibrosis – The use of gadolinium
containing contrast agents has been linked to nephrogenic
systemic fibrosis, which can be a progressive fatal condition. The relationship between gadolinium containing
contrast agents and nephrogenic systemic fibrosis resulted
in a boxed warning from the FDA against use in patients
with acute or chronic renal insufficiency (glomerular filtration rate <30 ml/min), acute renal insufficiency of any
severity due to hepatorenal syndrome, or in the perioperative liver transplant period. Because this is a rapidly
evolving area, readers are encouraged to consult the
most recent guidance on the risk of nephrogenic systemic
fibrosis.
Claustrophobia – MRI is conducted in a closed
environment. Therefore it may not be tolerated by
patients with severe claustrophobia unless sedation is
provided.

Logistical Barriers to CMR Use
Complications
Flying objects – Metallic objects in the room or entering
the room will be forcefully attracted to the magnet. This
can cause severe injury or death.
Burns – Unrecognized implanted metallic objects can
cause tissue heating, neural stimulation, or skin burns.
Implanted device malfunction – Some devices are MRI
compatible, such as some ventriculo-peritoneal shunts,
but require programming after the scan is completed.
Others are not compatible, such as defibrillators, and can
cause death if MRI is conducted.
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Ultrasound or computed tomography is often used for
patients in the first 24 h of an acute illness due to their
wide availability. Even in some instances where CMR may
be the preferred test, CMR is less commonly used due to
logistical challenges performing the procedures in critically ill patients.
The logistical challenges associated with CMR include
the need to have a scanner capable of CMR imaging,
expertise and support to perform these examinations,
and skilled readers to provide high quality expert interpretation. Critical illness adds complexity for a multitude
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Cardiac Magnetic Resonance Imaging. Figure 2 (a) Short axis T1-weighted image of the heart at the level of the mid left
ventricle before the administration of IV gadolinium. (b) Similar T1-weighted image shortly after the administration of gadolinium
demonstrates increased signal intensity within the anterior (A) and anterolateral (AL) wall segments, representative of early
accumulation of gadolinium within the territory of the LAD coronary artery. (c) T2-weighted short axis image at the same
level demonstrating increased signal intensity in the same distribution (small white arrows) representative of myocardial edema in
the LAD territory. (d) Delayed enhancement image at the same level demonstrating extensive delayed enhancement in the
LAD territory (small white arrows) indicative of progressive accumulation of gadolinium in the myocardium related to acute LAD
territory infarction. In this particular instance the patient suffered a ST-elevation myocardial infarction (STEMI) secondary
to complete occlusion of the LAD resulting in profound ischemia; the black subendocardial regions (white asterices) within this
distribution are representative of regions of complete microvascular occlusion in the LAD territory
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of reasons. First, life-sustaining equipment must be nonferrous and MRI compatible. Second, imaging times can
last 30–60 min, which may be impossible in patients with
hemodynamic instability. Third, patients must lie flat
during the exam, which can exacerbate some disease processes. Fourth, critically ill patients commonly have renal
insufficiency. Renal insufficiency increases the risk of
developing nephrogenic systemic fibrosis after administration of gadolinium containing contrast agents that are
commonly used in CMR. Finally, CMR may not be available emergently when it is needed.

Clinical Circumstances in Which CMR Would
Be Useful in Critically Ill Patients
1. Patients with new onset heart failure of uncertain
etiology when echocardiography is unavailable or
nondiagnostic.
CMR will identify myocardial edema, inflammation, wall motion, ventricular function, and can distinguish acute from chronic myocardial infarction.
This information can provide supporting or refuting
evidence for AMI, myocarditis, cardiomyopathies,
cardiotoxic effects of therapy, restrictive pericardial
disease, and valvular dysfunction.
2. Concern of AMI or ACS in patients with a noninterpretable ECG and nondiagnostic cardiac markers.
Patients with bundle branch blocks or other
conditions preventing an accurate ECG assessment,
or continuous unrelieved symptoms may benefit
from CMR imaging. While bedside echo is often
used to determine ejection fraction and to assess
for regional wall motion abnormalities, CMR may
also serve in similar capacity. This may be particularly
useful in patients with a complicated revascularization history. CMR can be used to assess for edema,
obtain resting wall motion and perfusion, and
delayed enhancement. These latter features help to
characterize tissue and define the etiology of left or
right ventricular wall motion abnormalities. In addition, these imaging strategies have previously been
shown to accurately detect MI and can do so before
elevation of cardiac markers [4]. Early acquisition of
this information may allow early planning of treatment strategies.
3. Clinical history concerning for a cardiac thrombus
or mass.
In patients with suspected intracardiac thrombus,
CMR can accurately depict the presence of an
intracavitary thrombus within the heart, and commonly offers superior visualization of the apical
regions that may improve detection in the setting of
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apical thrombus. CMR is also capable of identification
and characterization of mass lesions intrinsic to the
heart, including not only benign lesions but also primary and metastatic neoplasms.

C
Conclusion
CMR is able to provide a comprehensive evaluation for
cardiac disease. CMR exams are able to assess for structural and functional disease of the heart with high accuracy. However, the logistical challenges associated with
obtaining a CMR exam in patients with critical illness
limits its use in these patients. However, there are several
scenarios in which care providers, despite these logistical
challenges, may choose to perform CMR imaging over
other imaging modalities.
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Definition
Cardiac markers are proteins that are released from myocardial cells during acute myocardial infarction (AMI).

Characteristics
Cardiac Markers
Creatine Kinase-MB
Prior to the use of cardiac troponin I (cTnI) and cardiac
troponin T (cTnT), creatine kinase-MB (CK-MB) was
the most common marker used in the evaluation of individuals for possible acute myocardial infarction (AMI).
Creatine (CK) is a dimer composed of two subunits,
M and B. Skeletal muscle is predominantly composed
of CK-MM, and CK-BB is mainly in brain and kidney.
CK-MB, which comprises 20–30% of cardiac muscle, is
released into the circulation during myocardial injury that
occurs during AMI. Although CK-MB is predominantly
located in the myocardium, 1–3% of the CK in skeletal
tissue is CK-MB; smaller quantities of CK-MB are also
located in other tissues such as intestine, diaphragm,
uterus, and prostate. The use of CK-MB in the diagnosis
of AMI is limited by low specificity in the setting of trauma
or renal insufficiency. A relative index has been used,
which is a function of the amount of CK-MB relative to
total CK. The use of the relative index does improve
specificity but decreases sensitivity in the diagnosis of
AMI. In the setting of AMI, CK-MB becomes elevated in
the circulation 3–6 h after symptom onset, and can remain
elevated for 24–36 h.

Cardiac Troponin I and T
The cardiac troponins (cTn) are proteins that modulate
the interaction between actin and myosin in myocardial
cells. There are isoforms of cTnI and cTnT that are
unique to cardiac tissue, which has allowed specific assays
to be developed that measure only the cardiac forms.
Most of the cTn is bound to the contractile apparatus
in the myocardium but 3% of cTnI and 6% of cTnT exist
free in the cytoplasm. The initial elevation of cTnI and
cTnT is likely due to the free cTn, while the more
prolonged elevation is secondary to the degradation of
cTn bound to the contractile apparatus. The early release
kinetics of cTnI and cTnT are similar becoming elevated
3–6 h after the initiation of an AMI. However, cTnI and
cTnT may remain elevated for 4–7 and 10–14 days,
respectively. There is a standard assay used for cTnT so
there is consistent reporting of values. However, at present there is no such standardization for the different
cTnI assays, and cTnI is released in various forms.

Different assays detect these forms in varying degrees
leading up to a 20-fold difference in measurement for
the same cTnI serum concentration. These different cTnI
assays, with different cut-points and measured absolute
values, can lead to clinical confusion when a patient is
transferred from one hospital to another. Also cTnT, as
compared to cTnI, is more commonly elevated in
patients with renal insufficiency.
In the evaluation of patients for possible AMI, cTnI
and cTnT have numerous advantages over CK-MB, and
are the recognized preferred cardiac markers to be used in
evaluating such patients [1]. In addition to having better
specificity, the cTn have higher sensitivity detecting AMI.
Patients that previously would have been diagnosed with
unstable angina with normal CK-MB values may have
minor myocardial necrosis that can be detected by an
abnormal cTnI or cTnT. With some of the newer more
sensitive assays the number of patients with ACS classified
as AMI will increase further. Multiple studies have consistently shown that elevated cTn is associated with adverse
events: higher mortality, recurrent MI, and need for
urgent revascularization. Even minor cTn elevations are
associated with high-risk angiographic findings: extensive
atherosclerosis, visible thrombus, complex lesions, and
slower coronary flow. Patients with ACS and an elevated
cTn benefit from aggressive pharmacologic therapy and
revascularization.
The recommended cut-point for an elevated cTn is
the 99th percentile of a normal reference population at
a precision level of<10% coefficient of variation [1, 2].
The coefficient of variation is a measure of precision and
defined as the standard deviation/mean when a sample is
run multiple times on the same assay. In the past cTn
assays where not able to meet the precision requirement
at low values so only higher levels were reported as
abnormal, but newer assays are more precise at low levels
and guidelines recommend reporting these low levels as
abnormal. Although cTn elevation is very specific for
myocardial injury it does not indicate the mechanism
of myocardial injury. When cardiac markers have been
measured the diagnosis of AMI requires an elevated
marker (preferably cTn) and at least one of the following:
ischemic electrocardiographic changes, symptoms consistent with myocardial ischemia, or a new wall motion
abnormality with cardiac imaging. Many acute conditions may lead to myocardial stress and damage with
elevated cTn.

Myoglobin
Myoglobin is a protein that is found in all tissues. Myoglobin is a smaller molecule as compared to CK-MB
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or cTn, and has been used as an early marker in the
identification of AMI as it can be detected 1–2 h after
symptom onset. However, the sole use of myoglobin has
significant limitations in that the levels may normalize in
patients that present>24 h after symptom onset, and has
low specificity for AMI in the setting of renal insufficiency or muscle trauma. Considering its low specificity,
and rapid rise and fall, myoglobin has usually been used
in combination with either CK-MB or cTn. An elevated
myoglobin is also associated with a worse prognosis in
both patients with ACS and non-ACS even after adjusting
for cTn elevation. The reason for this association is
unclear and there is no known specific therapy that
should be given to a patient based on an elevated
myoglobin.

Serial Measurement of Cardiac Markers
The measurement of cardiac markers at presentation in
the Emergency Department is not sufficiently sensitive to
exclude AMI, and markers in general need to be measured
serially over time. Guidelines recommend that cardiac
markers, preferably cTn, should be measured over 6–9 h
[1, 2]. Patients that present 8 h after their last symptoms
only need one cTn to be measured. In a study of 383
consecutive patients with nondiagnostic electrocardiograms, no high-risk clinical features, and normal CK-MB
values at presentation had CK-MB and cTnT measured at
0, 4, 8, and 12 h. All patients that were identified by
elevated CK-MB and cTnT at 12 h had elevation of both
CK-MB and cTnT at 8 h. Thus, this study suggests that
measurement of cardiac markers beyond 8 h does not
improve sensitivity. Another study of 773 patients who
were evaluated for possible ACS had cTnI measured at
presentation and at least 6 h after symptom onset. In this
study there was one death and one AMI at 30 days in the
602 patients that had all normal cTnI, yielding an adverse
event rate of 0.3%.

Multi-marker Strategies and Dynamic
Change in Markers
Studies have taken advantage of the different release kinetics of various cardiac markers to be used in combination
to more rapidly exclude MI. A marker that rises early
during MI, such as myoglobin, combined with one that
becomes elevated later, CK-MB or cTn, enables AMI to
be identified earlier, and therefore more rapidly excluded.
In a study of 817 patients evaluated in the Emergency
Department for possible ACS had CK-MB, cTnI, and
myoglobin measured at 0, 1.5, 3, and 9 h. There were
65 patients diagnosed with AMI. The combined sensitivity
for myoglobin and cTnI at 90 min was 96.9% with a
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negative predictive value of 99.6%. The measurement
of CK-MB and sampling at 3 h did not improve sensitivity.
In another study the combined sensitivity of CK-MB and
myoglobin was 100% at 4 h.
A dynamic change in individual cardiac markers, or
a combination of markers, can identify patients with AMI
earlier. In a study of 817 patients the combined sensitivity
of cTnI, myoglobin, and a change in myoglobin (defined as
a>than 20 ng/ml increase) had a combined sensitivity of
97.3% at 90 min. In a study of over 1,000 patients evaluated in the Emergency Department the combined sensitivity of CK-MB, cTnI, and a change in myoglobin (defined
as a>25% increase), had 100% sensitivity at 90 min.
In addition, a study of 975 patients demonstrated a change
of CK-MB of >0.7 ng/ml over 2 h and had a higher
sensitivity for MI at 93.2%, when compared to
a change of myoglobin of >9.4 ng/ml over the same time
period of only 77%. Most institutions employ a simple
single point cut-point strategy as opposed to a change in
cardiac maker strategy over time, likely because a single
cut-point approach is simpler.

Improved Troponin Assays: Sensitivity,
Precision, and Implications for CK-MB/
Myoglobin
Until recently most cTn assays did not meet the stringent
precision recommendation of<10% coefficient of variation at the 99th percentile as advised in the consensus
document the Universal Definition of MI in 2007 [2].
The newer more sensitive and precise assays have implications for the utility of CK-MB and myoglobin measurement, and the required time period for serial testing.
Many earlier studies used a CK-MB definition of MI and/
or older cTn assays that were less sensitive and precise
than assays presently available, which makes protocols
based on these studies inapplicable for present practice.
There have been some studies that foreshadowed how
cardiac markers will be used in the era of these newer
cTn assays. In a retrospective study from stored specimens of 258 patients, samples drawn at presentation and
then hourly for 6 h in 1996 demonstrated that there was
no significant difference between the number of AMIs
identified at 3 h compared to 6 h. In a multicenter trial
published in 2009, 718 patients had measurement of
cardiac cTn by four more contemporary assays at 0, 1,
2, 3, and 6 h [3]. The sensitivity for AMI (using a cTnbased definition) with these four assays at presentation
ranged from 85% to 95%. The overall diagnostic utility of
all four assays was very high at 3 h with an area under the
curve of 0.98 as measured by receiver operator characteristic curve analysis, and was not improved by blood
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sampling at 6 h. The implication of this study is that
with these newer assays sampling is adequate at 3 h and
measurement at 6 h is not required. With the introduction
of these new cTn assays patients with ACS that were
identified as unstable angina will be reclassified as AMI.
A study using a research assay that is not commercially
available demonstrated that in patients with unstable
angina and normal cTnI values using a contemporary
cTnI assay, 44% had elevated cTnI at presentation and
82% at 8 h [4].
The advantage of myoglobin has been its early release
in the setting of AMI enabling the early identification of
myocardial necrosis. Several single center studies have
shown that the newer more sensitive cTn assays can identify MI as early as myoglobin. This was confirmed in the
Reichlin study where neither myoglobin nor CK-MB measurement improved early diagnostic utility (as measured
by area under the curve) when added to sensitive cTn
measurement. Presently many institutions use CK-MB in
combination with cTnI, although CK-MB does not
improve diagnostic accuracy when added to cTn measurement. Even when cTn is used as the sole marker evaluating
patient with possible AMI, CK-MB may be helpful in
identifying reinfarction in patients that have sustained
a definite AMI and have recurrent symptoms several days
after presentation when cTn values are still elevated and
CK-MB may have normalized. However, newer studies
suggest that following a change in cTn after recurrent
symptoms may be able to replace CK-MB measurement
to identify recurrent MI. The Universal Definition of AMI
recommends a change in cTn values greater than 20% over
6 h after recurrence of symptoms to identify recurrent
AMI. The role of an early change in either myoglobin or
CK-MB needs to be studied further in the context of the
new cTn assays, but recent studies suggest there is no use
for myoglobin or CK-MB (using an absolute cut-point) in
evaluating patients with possible or definite MI.
Although low-level cTn detection by these new assays
enable a more rapid detection of myocardial necrosis,
and therefore a more rapid exclusion of AMI, these
low-level elevations have lower specificity for AMI. Elevation of cTn is specific for myocardial necrosis but does
not determine the mechanism of injury. Conditions that
are well-known to be associated with cTn elevations with
the older cTn assays (such as pulmonary embolism, sepsis, heart failure, hypertensive crisis, and many others)
will find a higher frequency of cTn elevations in these
conditions with the new assays. Ambulatory, asymptomatic patients with a history of chronic kidney disease,
heart failure, left ventricular hypertrophy, or diabetes
more commonly have cTnT elevation [5]. In this era of

the new ultrasensitive cTn assays historical features, electrocardiographic changes, and cardiac imaging studies will
be even more important in determining which patients
have suffered an AMI.
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Synonyms
Arterial Pulse Cardiac Output (APCO); Cardiac Output
(CO); Cardiac output monitoring; Continuous Cardiac
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Definition
The function of the heart is to transport blood to the cells
of the body, deliver oxygen, nutrients and chemicals, and
removing cellular wastes in order to ensure their survival
and proper function. In certain tissues, the perfusion of
blood can have additional important functions. In the
kidneys, sufficient blood flow is required for maintaining
proper excretory function; in the gastrointestinal tract, it is
important for glandular secretion and for nutrient absorption; and in the skin, changes in blood flow play a crucial
role in the control of body temperature. Thus, each tissue
has a certain requirement for blood flow and the cardiac
output (CO) must keep in step with these needs. In
human physiology, CO represents the volume of blood
expelled by the ventricles per minute. It is calculated as the
product of stroke volume (SV) and the heart rate (HR),
expressed as liters of blood per minute (CO = SV ∗ HR).
In the healthy human adult, resting cardiac output is
estimated to be slightly greater than 5 L/min. It may
increase with anxiety or exercise and as much as fivefold
with exercise.

Pre-existing Condition
The stroke volume of the left ventricle is ultimately determined by the interaction between its preload, the contractile state of the myocardium, and the afterload faced by the
ventricle. Unfortunately, there is no simple measure of the
“contractile state” and consequently no single equation
exists that is able to describe the relationship between
these three parameters. The fact that “preload” (or rather
the stretch) on myocardial fibers at the end of diastole has
a significant effect on the subsequent force of contraction
was first recognized by Otto Frank toward the end of the
nineteenth century. This fundamental relationship has
since been analyzed in great detail and the adjustment of
preload by blood volume transfusion or depletion remains
one of the most important therapeutic maneuvers in acute
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cardiovascular medicine. In practice, the adjustment of
cardiac preload can be achieved via various approaches:
Circulating blood volume can be increased by the
administration of fluid, or reduced by the use of diuretics
and/or fluid restriction.
Venous return can be varied by the adoption of a headdown or head-up posture.
Venous capacitance can be altered through the use of
vasoconstrictor or vasodilator therapy.
In its strictest sense, the term “contractility” refers to
the inotropic state of the myocardium – that is, the force
and velocity with which the myocardial fibers contract.
This can be easily measured in an isolated muscle preparation under specified loading conditions, but it is notoriously difficult to measure in humans. In clinical practice,
various contraction-phase indices are used, such as the
velocity of fiber shortening, the peak rate of rise in ventricular pressure and the end-systolic pressure-to-volume
ratio, but they are all affected to a greater or lesser degree
by loading conditions.
The “chronotropic” or “rate” state of the intact heart
should also be incorporated into any clinical definition of
“contractility” because variations in the pulse rate can
have obvious and important effects upon CO, and manipulation of the pulse rate through the use of positive or
negative chronotropes can be an important therapeutic
maneuver in sick patients. It is not possible to make any
precise measurements of contractility with a pulmonary
artery catheter (PAC), although it is possible to make
reasonable inferences about the contractile state through
the use of ventricular function curves. This concept was
developed by Barash and colleagues and they have
described the use of a “Hemodynamic Tracking System”
which defines the relationship between left ventricular
stroke work index (LVSWI) and pulmonary artery occlusion pressures (PAOP) in patients with normal, slightly
depressed, or severely depressed ventricular function.
Adjustment of both the inotropic and chronotropic state
of the heart through the use of inotropic drugs is commonly practised in critically ill medicine.
In physiological terms, afterload can be defined as “the
sum of all forces which oppose ventricular muscle shortening during systole” – although in a clinical sense it is
probably more useful to consider systemic vascular resistance as a more appropriate definition. In isolated cardiac
muscle, an inverse relationship exists between afterload
and the initial velocity of muscle shortening. This would
suggest a potential dependence of CO afterload. Yet, in the
intact human, the output of the normal heart is relatively
unaffected by changes in vascular resistance until the point
when afterload becomes quite extreme. This is probably
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because an increase in afterload leads to an almost immediate, secondary increase in preload by the “damming up”
of the blood within the left ventricle. In turn, this increases
end-diastolic volume and enhances contractility
according to the Frank-Starling mechanism. On the contrary, if myocardial function is severely depressed, CO may
become crucially afterload-dependent.
Thus, “sick” hearts can be considered as being relatively preload independent and afterload dependent, while
the reverse is true for “healthy”’ hearts. As a result,
“afterload reduction” (reduction of systemic vascular
resistance by the use of appropriate vasoactive drugs) is
of the great benefit in those whose myocardial function is
most depressed.
The role played by blood viscosity and, indirectly,
hemoglobin concentration in determining systemic vascular resistance (SVR) is often overlooked. Although
hemodilution is not commonly used as a therapeutic
maneuver for reducing afterload, inadvertent hemodilution is often concomitant of serious illness. Hematocrit
and fibrinogen are the most important determinants
of blood viscosity and therefore make a significant
contribution towards vascular resistance. As blood is
a non-Newtonian fluid, no simple expression relating
SVR to hematocrit and fibrinogen levels exists; however, it
is easy to demonstrate the completely passive increase in
venous return and CO which occur during hemodilution.
Finally, it should not be forgotten that the degree of
ventricular interdependence can also influence ventricular
performance. The position of the interventricular septum
(IVS) can alter the compliance of each ventricle under
altered loading conditions with secondary effects on contractility. This effect is not usually important, but it can
become so in conditions such as tension pneumothorax,
cardiac tamponade, right ventricular infarction, and during mechanical ventilation in critically ill patients.
The measurement of cardiac output, as first described
by Fick in 1870 (although only put into practice in
1959), also makes an evaluation of respiratory exchange
possible: that is, a measure of the delivery of oxygen to
the tissues.
The Fick principle involves calculating the oxygen
consumed over a given period of time by measuring the
concentration of oxygen in venous blood and in arterial
blood. Cardiac output can be calculated from the following measurements: VO2 consumption per minute, using
a spirometer (with the subject rebreathing the same air)
and a CO2 absorber; the concentration of oxygen in blood
taken from the pulmonary artery (representing mixed
venous blood); the concentration of oxygen in blood

taken from a cannula in a peripheral artery (representing
arterial blood).
We know that:
VO2 ¼ ðCO  CaÞ  ðCO  CvÞ
where Ca is the concentration of oxygen in arterial blood
and Cv is the concentration of oxygen in venous blood.
Thus, rearranging the above, it is also possible to
calculate cardiac output:
CO ¼ ðVO2 =½Ca  CvÞ  100:
Whilst it is considered to be the most accurate method
for the measurement of CO, the Fick method is invasive,
requires time for analyzing the blood samples and making
accurate oxygen consumption measurements is difficult.
Moreover, the calculation of the arterial and venous blood
oxygen concentrations is a straightforward process.
Almost all oxygen in the blood is bound to hemoglobin
molecules in the red blood cells. Measuring the content of
hemoglobin in the blood and the percentage of saturation
of hemoglobin (and therefore the oxygen saturation of the
blood) is a simple process that is readily available to
physicians. Using the fact that each gram of hemoglobin
can carry 1.36 mL of O2, the concentration of oxygen in
the blood (either arterial or venous) can be estimated
using the following formula:
CaO2 ¼ ðHb g=dLÞ  1:36  SatO2 =100
þð0:0032  PaO2 torrÞ
CvO2 ¼ ðHb g=dLÞ  1:36  SatO2 =100
þð0:0032  PvO2 torrÞ
The Fick method is considered to be the “gold standard”
for measuring cardiac output, but it is not useful in clinical
practice as a bedside technique. In current clinical practice, dilution technology is more commonly used.
The dilution technique method was initially described
using an indicator dye and assumes that the rate at which
the indicator is diluted reflects the CO. The method measures the concentration of a dye at different points in the
circulation. The dye is usually administered via an intravenous injection and the blood subsequently sampled at
a downstream site, typically in a systemic artery. The dye
dilution cardiac output measurement is based on the
Stewart–Hamilton equation; more specifically, the CO is
equal to the quantity of indicator dye injected divided by
the area under the dilution curve measured downstream:
The indicator method has been further developed
with the indicator dye being replaced with cooled
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fluid and the change in temperature being measured at
different sampling sites; this method is known as
thermodilution (TD).
The pulmonary artery catheter (PAC) was the first
clinical device enabling the bedside measurement of cardiac output using the thermodilution technique and since
its introduction in 1970 by Swan, Ganz and colleagues, it
has been considered as a “clinical standard” for cardiac
output assessment despite there being no true reference
technique for the clinical determination of CO. The
thermodilution method involves the injection of a small
amount (10 mL) of cold saline at a known temperature
into the pulmonary artery, the temperature of which is
measured using the same catheter. The calculation of CO
is again based on the Stewart–Hamilton equation:
CO ¼ ðVðTb  TiÞK1K2Þ=ðTbðtÞdtÞ
Where: CO = cardiac output, V = volume of injectate,
Tb = blood temperature, Ti = injectate temperature, K1 =
catheter constant, K2 = apparatus constant, Tb(t)dt =
change in blood temperature over a given time.
The Stewart-Hamilton equation should theoretically
be used under conditions of constant flow.
Usually, the measurements are repeated three or five
times and then averaged to improve accuracy. Under optimal conditions, the coefficient of variation for repeated
bolus TD measurements is less than 10%. There are many
sources of inaccuracy in the method: the cardiac output
derived from PAC (COpa) is influenced by significant
variations in respiration, and hence from the phase of
the mechanical breath during which the injection is
made. Mechanical ventilation was also shown to cause
a high incidence of significant tricuspid insufficiency and
mild to severe vena caval backward flow, which, like other
valvular regurgitations, may reduce the accuracy of COpa
measurements.
The insertion of a PAC is a procedure associated with
a number of known complications. Catheter insertion can
result in arterial injury, pneumothorax, and arrhythmias.
The catheter can be associated with potentially fatal pulmonary artery hemorrhage, thromboembolism, sepsis,
and endocardial damage.
Following its introduction into clinical practice and
for the following 20 years, intermittent thermodilution
was the only device available for measuring CO.
Since the late 1970s, PAC monitoring of CO has
expanded rapidly and broadly in clinical practice for its
use in several subgroups of patients; the receiving patients
include those undergoing cardiac surgery and those with
sepsis and acute respiratory distress syndrome (ARDS).
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The appropriate indications necessitating PAC monitoring have been debated for many years. The potential
benefits of using the device are well known. For example,
its use in measuring important hemodynamic indices
(e.g., pulmonary artery occlusion pressure, CO, mixed
venous oxygen saturation) allows for improved accuracy
in the determination of the hemodynamic status of critically ill patients compared to that possible by clinical
assessment alone. The additional information it provides
can also be important when caring for patients with confusing clinical scenarios in whom errors in fluid management and drug therapy can result in severe consequences.
In surgical patients, PAC data often help evaluate hemodynamic changes that may lead to serious perioperative
complications. Preoperative PAC data are claimed to be
helpful in determining whether or not it is safe for highrisk patients to proceed with surgery. Unfortunately, the
impact of PAC monitoring in patients during anesthesia
and intensive care upon clinical outcomes remains
uncertain.
The American Society of Anesthesiologists (ASA)
established the Task Force on Pulmonary Artery Catheterization in 1991 in order to examine the evidence on the
benefits and risks arising from the use of PAC in the
various settings encountered by anesthesiologists. By the
time the Society’s guidelines had been ascertained in 1992
and published in 1993, and several groups had issued
statements on the appropriate indications and on competency requirements for hemodynamic monitoring. These
groups included the American College of Physicians, the
American College of Cardiology, the American Heart
Association Task Force on Clinical Privileges in Cardiology, a panel established by the Ontario Ministry of Health,
and an expert panel from the European Society of Intensive Care Medicine. In 1996, a milestone study performed
by Connors and colleagues made clinicians reconsider the
invasiveness and utility of PAC. The ASA therefore
reconvened the Task Force on Pulmonary Artery Catheterization in 2000 in order to review its 1993 guidelines,
consider the evidence and the concerns over the use of
PAC that had emerged in the interim and issue an updated
guideline that was subsequently published in 2003 [1].
Due to criticisms of PAC and research yielding negative judgments over its use, clinicians have started to move
to less invasive, time inexpensive, easy to use, and continuous techniques.
Another dilution technique is the transpulmonary
indicator dilution technique (TPID). TPID is a less invasive technique developed in the 1980s and the PiCCO
system is the oldest and the most studied less invasive
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device based on TPID technology. A central venous catheter for the injection of a thermal indicator is required,
together with an arterial thermistor-tipped catheter normally placed into the femoral artery. The TPID technique
works with 15–20 mL of either cold or room temperature
injectate. Intermittent cardiac output is calculated from an
arterial thermodilution curve in the usual way using
the Stewart-Hamilton equation. Cardiac output by intermittent TPID has been widely validated against the
intermittent TD [2]. Since transpulmonary thermodilution
is less invasive than pulmonary artery thermodilution, the
transpulmonary cardiac output (COart) technique is more
often used, particularly when cardiac output monitoring is
necessary over a long period of time. The TPID method is
not suitable for patients with severe peripheral vascular
disease, those undergoing vascular surgery, or those showing other contraindications opposing femoral artery
cannulation.
The LiDCO system is also based on the TPID technique and uses lithium as a tracer. The lithium dilution
technique is performed using 0.3 mL of lithium injected
into either a central or a peripheral vein. The resulting
lithium concentration–time curve is recorded by withdrawing blood (4.5 mL/min) through a special disposable
sensor, attached to the patient’s arterial line, which consists of a lithium-selective electrode in a flow-through cell.
The voltage across the lithium-selective membrane is digitized online and recorded via a computer that converts
the voltage signal into a lithium concentration. The
Stewart-Hamilton curve allows the cardiac output
(COLi) to be measured from the indicator dilution curve.
COLi is calculated according to the equation:
COLi ¼ LiCl  60=AUC  ð1  PCVÞ
where LiCl is the concentration of lithium chloride
(mmol), AUC is the area under the primary dilution
curve and PCV is the packed cell volume, which can be
calculated when the patient’s hematocrit is known. The
lithium dilution technique is of sufficient accuracy when
there is constant blood flow, homogeneous mixing of the
blood, and when there is no loss of indicator between the
site of injection and the detection site [3].
This technique cannot be performed in patients
receiving lithium therapy. It is also difficult to use in the
operating theatre, where the use of muscle relaxants
containing quaternary ammonium ions can interfere
with the lithium sensor and therefore the TPID should
be performed with adequate time before or after muscle
relaxant administration.
An advantage of the lithium indicator dilution cardiac
output technique is that no central venous line is

necessary. This is because the indicator bolus can also be
applied via a peripheral line even if, to the best of our
knowledge, only one clinical study has been performed
using a peripheral venous line for lithium injection.
The continuous cardiac output measurement was
recently introduced in order to provide a continuous or
semicontinuous evaluation of cardiac output.
Continuous CO measurements can be obtained using
a modified PAC with an embedded heating filament
(Edwards Lifesciences, Irvine, California, USA), which
releases small thermal pulses every 30–60 s following
a pseudorandom binary sequence. The resulting changes
in pulmonary artery temperature are measured via a distal
thermistor and matched with the input signal. Cross correlation of input and output signals allows for CO values
to be calculated with time from the resulting TD wash-out
curve. Every 60 s, a trended continuous CO (CCO) measurement is displayed, which reflects the average course of
the CO over the previous 3–6 min. As relatively small
quantities of heat are used to calculate CO, sudden
changes in temperature or infusion of high quantities of
cold infusate can influence the accuracy and reliability of
the method. Hyperthermia does not influence the accuracy of CCO monitoring, although a relative increase in
bias is reported for measurements taken immediately after
a hypothermic cardiopulmonary bypass (CPB). (i.e., for
Opti-Q, Abbott, Abbott Park, IL and Vigilance catheters,
Edwards LifeSciences, Irvine, CA).
Pulse contour (or wave) analysis is based upon the
principle that vascular flow can be predicted by means of
the arterial pressure wave form that is itself a result of an
interaction between stroke volume and the systemic vascular system. Thus, resistance, compliance, and characteristic impedance at the site of signal detection have to be
considered. Different models have been used to address
these issues in the various pulse wave analysis devices
currently available (PiCCO plus, Pulsion Medical Systems,
Munich, Germany; PulseCO, LiDCO Ltd, London, UK;
FloTrac/Vigileo, Edwards LifeSiences, Irvine, CA, MostCareTM, Pressure-recording-analytical-method-PRAM;
Vytech HealthTM, Padova, Italy).
Pulse contour analysis initially used an algorithm
based on the Wesseling algorithm. Over recent years, this
algorithm has been evolved in a number of steps into what
is today integrated into the PiCCO monitor. For the
calculation of continuous cardiac output (PCCO) the
system uses a calibration factor (cal) determined by
thermodilution cardiac output measurement and heart
rate (HR), as well as the integrated values for the area
under the systolic part of the pressure curve (P(t)/SVR),
the aortic compliance (C(p)) and the shape of the pressure
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curve, represented by the change of pressure over time
(dP/dt). This algorithm is described as follows:
ð
SV ¼ cal  HR 
½PðtÞ=SVR þ CðpÞ dP=dtdt
systole

This algorithm uses the TPID technique to convert the
PCCO derived from the algorithm into a more accurate
“calibrated” value. The calibrated algorithm is then able to
track stroke volume in a continuous manner.
Continuous cardiac output measured using the
PiCCO monitor has been studied and compared to the
TD from the PAC in different clinical fields, and these
comparisons confirm the PCCO system as being accurate
and precise [2]. However, it has also been shown to have
some limitations, particularly during periods of hemodynamic instability.
The pulse power analysis obtained from the LiDCO
System (PulseCO) is different from the classic pulse contour analysis. It is based on the hypothesis that a change in
the power in the vascular system (i.e., the arterial tree)
during systole is due to the difference between the amount
of blood entering the system (stroke volume) and the
amount of blood flowing out peripherally. It is based on
the principle of conservation of mass/power and the
assumption that following the correction for compliance
and calibration there is a linear relationship between net
power and net flow. This algorithm takes the entire beat
into account, thus tackling the problem of the reflected
waves, and uses a so-called autocorrelation to define
which part of the “change in power” is determined by
the stroke volume. Autocorrelation is a mathematical
function used to analyze signals that tend to be formed
of repeated cycles across time (similar to a Fourier transformation), as is clearly the case for SV in human physiology. In this way, all the curve is analyzed and SV
continuously recorded. When SV is established, the CO
can be easily calculated by multiplying SV by HR.
Initially, the algorithm transforms the arterial pressure
waveform into a standardized volume waveform (in arbitrary units) using the formula:
DV=DP ¼ calibration  250  ek:p
where V = volume, P = blood pressure, k = curve
coefficient.
The number 250 represents the saturation value in mL,
that is, the maximum additional value above the starting
volume, at atmospheric pressure, that the aorta/arterial
tree can fill to. Autocorrelation uses the volume waveform
and derives the period of the beat plus a net effective beat
power factor, proportional to the nominal stroke volume
ejected into the aorta. This nominal stroke volume is then
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calibrated in order to be equalized to a measured SV. Until
the calibration is performed the system behaves as if the
calibration factor is 1. Following calibration, a calibration
factor of the ratio between the arbitrary CO and the
measured CO can be derived. In theory, the calibration
factor should be constant in the patient unless significant
hemodynamic changes occur. The lithium dilution technique measures CO that is then used to calibrate the pulse
pressure algorithm: the PulseCO. The continuous cardiac
output of LiDCO has been validated in several studies in
cardiac surgery, in major surgery and in liver transplant
patients. This new algorithm has, so far, proven to be
reliable in surgical and intensive care patients [3].
The Vigileo system represents the newest arterial
pulse wave analysis device (Arterial Pressure Cardiac
Output – APCO). This device does not use a dilution
technique to calibrate the algorithm as it is an uncalibrated
technique. The algorithm gets all the information it needs
to calculate the arterial impedance from the analysis of
the arterial pressure waveform together with the patient’s
demographic (age, sex, height, and weight). The system
can use any arterial line already in situ. However, the signal
needs to be sampled by a specific transducer, the FloTrac.
The FloTrac algorithm analyses the pressure waveform
at one hundred times per second over 20 seconds, capturing 2,000 data points for analysis. According to the manufacturer, the algorithm is primarily based on the standard
deviation of the pulse pressure waveform, as follows:
APCO ¼ f ðcompliance; resistanceÞ  sp HR
where sp is the standard deviation of the arterial pressure,
HR is the heart rate, and f (compliance, resistance) is
a scaled factor proportional to vascular compliance and
peripheral resistance. This function is also referred to as Х.
The calculation of X in the first version of the software was
executed every 10 min, whereas in the second version, the
software recalculates X every minute and CO is computed
every 20 s. The standard deviation of the arterial pressure
waveform is computed on a beat-to-beat basis using the
following equation:
p
sp ¼ ½1=ðN  1Þ  SðN1; k¼0Þ ðPðkÞ  PavgÞ2 
where P(k) is kth pulse pressure sample in the current
beat, N is the total number of samples, and Pavg is the
mean arterial pressure.
Compliance and resistance are derived from the analysis of the arterial waveform. The hypothesis retains that
the shape of the arterial pressure wave, in terms of its
degree of kurtosis or skewness, can be used to calculate
the effects of compliance and peripheral resistance upon

475

C

476

C

Cardiac Output, Measurements

blood flow. Additional parameters, such as the pressure
dependent Windkessel compliance Cw , heart rate and the
patient’s body surface area (BSA) are also included in
order to take other specific patient characteristics into
account.
Despite the fact that the Vigileo system represents
a revolution in the field of pulse pressure analysis, being
a real “plug and play” tool, an assessment of the performance of the algorithms (two versions of the software have
already been released in less than 3 years) is still underway.
It can already be said, however, that some authors have
found good agreement between the Vigileo system and
intermittent thermodilution, while others have reported
poor limit of agreement [4].
Beat-to-beat values of uncalibrated CO can also be
obtained using the pressure recording analytical method
(PRAM). This new method is based on the mathematical
analysis of the arterial pressure profile changes. It allows
for the continuous assessment of SV from the pressure
signals recorded in the radial and femoral arteries. Based
on the perturbation theory from physics, and applied to
this issue of physiology, all the elements determining CO
can be taken into consideration simultaneously and in
a beat-to-beat manner. Sampled at 1000 Hz, the detected
pressure curve it must be submitted to a form of analysis;
the result is the calculation of actual (beat-to-beat)
stroke volume; with no constant value of impedance
and as it is derived from an external calibration neither
pre-estimated in vivo nor in vitro data are required. In
contrast to the bolus TD technique, PRAM is less invasive, easier to use and provides continuous data. To date,
PRAM has been used in volunteers, during vascular and
cardiac surgery and in patients with congestive heart
failure but there have been no studies comparing PRAM
with the TD technique under hyperdynamic clinical
conditions.

Non-invasive Techniques
Nowadays, several types of Doppler techniques are commercially available for the estimation of CO by measurement of aortic blood flow (ABF) [5]. An ultrasound beam
directed along the ABF is reflected, caused by the moving
red blood cells, with a shift in frequency (the Doppler
effect) that is proportional to the blood flow velocity
according to the equation:
Fd 1=4 2 f 0 ¼ C V cos u
where Fd is the change in frequency (Doppler shift), f 0 is
the transmitted frequency, V is the blood flow velocity,
and u is the angle between the direction of the ultrasound
beam and the blood flow. CO is estimated by multiplying

the blood flow velocity by the cross-sectional area (CSA)
of the aorta at the insonation point. The esophageal
Doppler probe is introduced either orally or nasally and
placed at the level of the descending aorta. This technique
has some advantages over the classical suprasternal technique, the most important being a more stable positioning
of the probe once the descending aorta is insonated. Three
models of esophageal CO monitoring systems are commercially available and differ from each other in some
important ways. Two systems use a built-in nomogram
to obtain a measurement of the descending aortic diameter (CardioQ, Deltex Medical, Chicester, Sussex, UK;
Medicina TECO, Berkshire, UK), whereas the other system uses M-mode echocardiography for this purpose
(HemoSonic, Arrow International, Reading, PA). By
rotating the esophageal Doppler probe, the best Doppler
image possible can be achieved. ABF is calculated by
multiplying ABF velocity by the CSA of the descending
aorta and the heart rate. The limitations of this technique
are turbulent flow, negotiation of blood flow to the upper
part of the body, and the angle of insonating the aorta.
Moreover, the technique is poorly tolerated in awake,
nonintubated patients and cannot be used in patients
with an esophageal disorder. Once a Doppler probe is in
place, transesophageal echocardiography (TEE) cannot be
performed. In summary, esophageal Doppler-derived ABF
is a semi-invasive approach, which enables trend monitoring of CO. The statistical limit of agreement of this
technique are greater compared to invasive technique.
However, in contrast to most other techniques, it has
been demonstrated in subsets of patients that hemodynamic treatment according to Doppler-derived CO measurements leads to a decrease in perioperative morbidity
and length of stay in intensive care units.
Doppler flow measurements obtained with transthoracic echocardiography (TTE) or TEE can also be used
to estimate CO. Their accuracy depends upon image quality, sample site, angle of insonation, the profile of the
blood flow velocity distribution, the signal-to-noise ratio
of the blood flow velocity, and the possibility of measuring
the diameter of the vessel and the shape of the cardiac
valve. Most often, measurements of blood flow velocity
and CSA are performed by both TTE and TEE at the level
of a cardiac valve or the right ventricular (RVOT) or left
ventricular outflow tract (LVOT). The best results are
usually obtained by the transaortic approach using the
triangular shape assumption of aortic valve opening
and CO determination at the LVOT. In summary, Doppler echocardiography is technically demanding, timeconsuming, and requires a skilled operator. It is a safe,
fairly reproducible and reasonably accurate method for
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measuring CO in selected patients, provided the signal
quality is adequate during recording.
The ultrasonic cardiac output monitor (USCOM Pty
Ltd., Coffs Harbour, NSW, Australia) is a noninvasive
transcutaneous device that provides cardiac output by
continuous-wave. It was introduced for clinical use in
2001 and is based on continuous-wave Doppler ultrasound. The flow profile is obtained by using a transducer
(2.0 or 3.3 MHz) placed on the patient’s chest in either the
left parasternal position to measure transpulmonary
blood flow or the suprasternal position to measure
transaortic blood flow. A standard ultrasound conducting
gel is used. This flow profile is presented as a time–velocity
spectral display that shows variations of the blood flow
velocity against time. Once the optimal flow profile is
obtained, the trace is frozen. The CO is then calculated
from the equation:
CO ¼ HR  SV
where the stroke volume is the product of the velocity time
integral (VTI) and the cross-sectional area (CSA) of the
chosen valve. The VTI represents the distance that
a column of blood travels with each stroke and is calculated from the peak velocity detected. In the USCOM
monitor, this is performed using a unique TouchPoint
semiautomated flow profile trace which requires the operator to mark out the flow trace for a chosen stroke of the
heart. This device simultaneously measures the patient’s
heart rate. The CSA of the chosen valve is determined by
applying height-indexed regression equations that are
incorporated into the USCOM device or by using another
imaging method (e.g., two-dimensional echocardiography). The regression equation used to calculate the aortic
valve area is that proposed by Nidorf and colleagues. The
pulmonary valve area is calculated by a separate regression
equation derived from the Nidorf equation.
The NICO system (Novametrix Medical Systems, Wallingford, CT, USA) uses Fick’s principle applied to carbon
dioxide (CO2) for the measurement of CO. For CO2
analysis, a mainstream infrared and airflow sensor is
used. CO2 production is calculated as the product of
CO2 concentration and air flow during a breathing cycle
and arterial CO2 content is derived from end-tidal CO2
and the CO2 dissociation curve. A disposable rebreathing
loop allows an intermittent partial rebreathing state to be
determined in cycles of 3 min. The rebreathing cycle
induces an increase of end-tidal CO2 and mimics a drop
of CO2 production. The obtained differences of these
values are then used to calculate CO. Validation studies
with conflicting results have been published over recent
years. Fairly good CO determination was observed as long
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as the NICO system was applied to intubated and mechanically ventilated patients with minor lung abnormalities
and fixed ventilatory settings. However, variations in ventilatory modes, mechanically assisted spontaneous breathing or the use of this technique in patients with lung
pathologies (increased shunt fraction) resulted in
a decrease of CO accuracy. Thus, good accuracy can only
be obtained using the partial CO2 rebreathing technique
when applied in a precisely defined clinical setting to
mechanically ventilated patients.
Bioimpedance cardiography is based on the application of a high-frequency, low-alternating electrical current
to the thorax (thoracic electrical bioimpedance). Changes
in bioimpedance to this current are related to cardiac
events and blood flow in the thorax. Using a mathematical
conversion, changes in bioimpedance can be transformed
into an estimate of stroke volume. Recently, electrical
velocimetry was introduced as a new bioimpedance technique using a new algorithm: the Bernstein–Osypka equation (Aesculon, Osypka Medical, Berlin, Germany).
The accuracy and reliability of the majority of thoracic
bioimpedance devices have been evaluated with conflicting results. It is therefore possible that their use
could lead to inappropriate clinical interventions. Common cylinder and cone-based models for bioimpedance
stroke volume calculation represent oversimplifications of
the complex electrical events that occur inside the thorax
during the cardiac cycle; this is also the case when only the
intrathoracic blood volume is used as a model. Consequently, bioimpedance CO is not currently accepted as
a valid and reproducible method in clinical practice.
Although some results do seem promising, this technique
requires further investigation.
Bioreactance technology (NICOM system, Cheetah
Medical Inc., Portland, OR, USA) is the analysis of the
variations in the frequency of a delivered oscillating current
that occurs when the current traverses the thoracic cavity, as
opposed to traditional bioimpedance that purely relies
upon the analysis of changes in signal amplitude. To our
knowledge, three validation studies have been conducted
that compared bioreactance to intermittent (COpa) and
continuous cardiac output (CCO), obtained from PAC,
and to PCCO and APCO obtained respectively form
PiCCO and Vigileo Systems. In each case bioreactance
was found to give results comparable to those arising
from the other techniques. More recently, bioreactance
was also tested against intermittent and continuous CO
obtained from the PiCCO System in 20 cardiac surgical
patients during the postoperative period. The authors concluded that although occasional discordance may occur
in CO values assessed by transthoracic bioreactance
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and pulse contour arterial wave analysis, the level of precision was acceptable.

Applications
CO is nowadays monitored in critically ill patients to
assess cardiac function with the primary aim of
maintaining tissue perfusion (Table 1).
In addition to measurement of CO, modifications of
the original PAC have allowed for continuous measurement of mixed venous oxygen saturation (SvO2), right
ventricular function (RVEF), and right ventricular enddiastolic volume (RVEDV); however, the use of PAC can
also cause complications. Several reports have described
intrinsic morbidity and mortality arising from the use of
PAC; thus its application should be restricted to highly
selected patient populations. The selective use of the PAC
can only be justified in patients with right ventricular
failure and patients with increased pulmonary vascular
resistance requiring vasodilator therapy. The use of the
PAC in low-risk cardiac surgery, vascular surgery and
major abdominal, orthopedic or neurosurgical procedures

should not be recommended. Advocates of the PAC suggest that it is crucially important that physicians and
nursing staff are familiar with the PAC technology, including the procedure of inserting, positioning and
maintaining the PAC. The use of PAC requires training
and education as misinterpretation of data obtained with
this apparatus is common. Finally, due to its invasiveness,
PAC used for the purpose of CO monitoring is no longer
justified.
Calibrated vs. uncalibrated wave analysis. The two
available CO measurement systems, PiCCOplus and
LiDCOplus, require calibration prior to the measurement
of continuous CO based on the assumption that the systolic part of the arterial pressure waveform represents
stroke volume. The PiCCO system requires
transpulmonary thermodilution for the calibration procedure, whereas LiDCO can be calibrated using lithium
dilution. Recalibration is also necessary after profound
changes in arterial compliance (e.g., sepsis following
CPB) and/or hemodynamics in order for subsequent measurements of CO with continuous pulse contour CO to be

Cardiac Output, Measurements. Table 1 Cardiac output monitoring, different tools and clinical applications
OR

OR/ICU

OR/ICU

*Unexpected low CO

*Cardiac patients undergoing major
non-cardiac surgery

*Heart failure

Cardiac patients undergoing minor
surgery

Hyperdynamic CV status

Patients with PHP and RV dysfunction

Major orthopedic surgery

Intraoperative time in Ltx

Liver transplantation

HD monitoring for ICU stay (long time)

Lung transplantation

ARDS/Septic shock/Heart failure

Cardiac surgery
ARDS/Septic shock

Baseline approach
Arterial Line

Arterial Line (radial/femoral)

Arterial Line

Peripheral venous line or CVC

CVC

PAC

ED

ED

PAC

Vigileo

PiCCOplus

Advanced PAC (Vigilance)

LiDCOplus

LiDCOplus

Devices

Limitations
Arrhythmias (Vigileo)

Vascular surgery (PiCCO)

PAC related complication

Arterial signal quality (Vigileo)

Esophageal surgery (ED)

Time limited insertion

Esophageal surgery (ED)

Arterial signal quality (PiCCO/LiDCO)

*If available and you are familiar with, first check the CV status with a TTE and or a TEE
OR: operating room; ICU: intensive care unit; CO: cardiac output; Ltx: liver transplant; HD: hemodynamic; PHP: pulmonary hypertension; RV: right
ventricle; CVC: central venous catheter; PAC: pulmonary artery catheter; ED: esophageal Doppler; CV: cardiovascular; TTE: transthoracic echocardiography; TEE: transesophageal echocardiography
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carried out with the usual accuracy. This prerequisite is
mainly due to resulting changes in vasomotor tone. When
these criteria are fulfilled, the accuracy of both techniques
is sufficient for clinical purposes.
Moreover, the PiCCO System (based on TPID technique) allows the estimation of preload index as intrathoracic blood volume index (ITBVI) and a “lung edema”
index as extravascular lung water index (EVLWI). The
ITBVI has been extensively investigated as a static preload
index in critically ill and surgical patients (cardiac surgery,
liver, and lung transplant surgery). These studies have
shown that the ITBVI can predict preload better than
filling pressure, particularly during the intraoperative
period. The EVLWI positively correlated with survival
and seems to be an independent predictor of prognosis
in critically ill patients, especially in septic patients. It
seems reasonable that fluid management based on
EVLWI measurements can be beneficial to the critically
ill. Indeed, it has been shown that fluid restriction and
keeping a low EVLWI improves oxygenation, reduces the
length of time that mechanical ventilation is required, and
may also improve survival rates. Unfortunately no definitive data have been published so far on EVLWI and its
clinical applications. Moreover, stroke volume variation
(SVV) and pulse pressure variation (PPV) experimentally
and clinically validated fluid responsiveness indexes in
controlled mechanically ventilated patients are also continuously monitored with PiCCOplus.
Together with CO, the LiDCOplus system provides
information about a series of derived variables including
oxygen delivery (Hb values and SaO2 need to be inserted
manually) and fluid responsiveness indices such as PPV,
SVV, and Systolic Pressure Variation (SPV). Recently,
a protocol targeting DO2I of 600 mL/m2 in high-risk
surgical patients, using the LiDCO system was proven to
improve patient outcome, reduce morbidity, and length of
hospital stay. Good accuracy and precision between the
intermittent and continuous data obtained from LiDCO
and PAC were also detected in hyperdynamic patients in
the postoperative period following liver transplantation
procedures.
The uncalibrated Vigileo technique showed conflicting results even when the last generation algorithm
was used; particularly in the hyperdynamic setting (liver
transplant and septic shock patients). Together with CO,
the monitor gives other derived variables such as oxygen
delivery (Hb values and SaO2 together with PaO2 are
inserted manually) and dynamic indices of fluid responsiveness. Based on actual references, Vigileo monitoring
seems to be useful in patients with a low or normal CO
level, that is, for intraoperative goal-directed therapy
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(GTD). At present, its use in septic shock, liver transplant,
and arrhythmic patients should not be encouraged.
Doppler flow measurements for CO estimation can be
performed in the descending aorta using probes that are
smaller than conventional TEE probes; their correct insertion is crucial requiring highly skilled operators. Initially
the esophageal Doppler technique was serially utilized
in multiple prospective, randomized, controlled perioperative trials to guide hemodynamic management and
it consistently demonstrated a reduction in complications and lengths of hospital stay. It has been used
intraoperatively in cardiac surgical, femoral neck repair,
and abdominal surgical patients, as well as postoperatively
following cardiac surgery and multiple trauma; the control group in each study was randomized to standard
practice either with or without the use of a central venous
catheter. More recent clinical trials have, however, shown
conflicting results.
Limited accuracy may result from signal detection
problems, the assumption of fixed regional blood flow or
the use of nomograms to determine aortic cross-sectional
area. The HemoSonic 100 device was developed to eliminate the latter by echocardiographic aortic diameter measurement, but optimal adjustment of both the Doppler
technique and the ultrasonic signal can be challenging.
Therefore, the value of the esophageal Doppler technique
is limited in clinical practice. However, Doppler devices
may be used in specific situations by skilled observers.
Based on the ability to reliably track CO changes over
time, early goal directed therapy in the intraoperative
setting may be a typical indication, since different studies
have demonstrated improved outcomes when using this
concept.
Until now, tools for continuous CO monitoring have
been validated as if they were tools for snapshot measurements. Most authors have compared variations in CO
between two time-points and have used Bland–Altman
representations to describe the statistical agreement
between these variations. The impact of time and repetitive measurements over time have not been taken into
consideration. Recently Squara and coworkers proposed
a conceptual framework for the validation of CO monitoring devices [6]. Four quality criteria were suggested and
studied: accuracy (with a small bias), precision (with
a small random error in measurements), a short response
time, and an accurate amplitude response. As an amount
of deviation in each of these four criteria is admitted, the
authors proposed to add, as a fifth criterion, the ability to
detect significant cardiac output directional changes.
Other important issues regarding the designing of studies
to validate cardiac output monitoring tools were also
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underscored: the choice of patient population to be studied, choice of reference method, the method of data acquisition, data acceptability checking, data segmentation,
and the final evaluation of reliability. The application of
this framework underlines the importance of precision
and time response for the clinical acceptance of monitoring tools.
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Toxicity
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Synonyms
Digoxin toxicity; Foxglove toxicity; Oleander toxicity

Definition
Cardioactive steroids are a class of animal and plantderived compounds with a steroid nucleus and a specific
inotropic, chronotropic, and dromotropic effect. The
term cardiac glycoside refers to a subgroup of cardioactive
steroids that also contain sugar residues and include
digoxin, digitalis, and ouabain. In the United States, the
most common source of cardioactive steroid exposure is
pharmaceutical digoxin. Plant sources include oleander

(Nerium oleander), foxglove (Digitalis spp.), lily of the
valley (Convallaria majalis), and red squill (Urginea
maritima), a rodenticide of historical significance. The
dried secretions of the Bufo toad, a purported aphrodisiac
when topically applied, contain a cardioactive steroid and
have also caused toxicity when ingested.

Pathophysiology
Ingested cardioactive steroids (CAS) are approximately
80% bioavailable. However, toxicokinetics depends on
multiple factors, including electrolyte abnormalities, medication interactions, renal dysfunction, and disruption
of gastrointestinal flora. Hypokalemia, in particular,
results in excessive sensitivity to CAS as less binding to
skeletal Na+-K+ ATPase may result in increased effects on
the myocardium. Hypomagnesemia and hypercalcemia
may also potentiate CAS toxicity. Drug interactions are
unfortunately common with other cardiovascular medications. Amiodarone, spironolactone, furosemide, diltiazem, carvedilol, and verapamil can all interfere with the
kinetics of CAS through alteration of protein binding,
inactivation of P-glycoprotein, and decreased renal
perfusion.
Cardioactive steroids inhibit the Na+-K+ ATPase on
the membrane of the cardiac myocyte, thereby raising
the intracellular Na+ content, which then prevents the
Na+-Ca2+ antiporter from expelling Ca2+ in exchange
for Na+. This results in an increase in intracellular Ca2+
within the myocyte and calcium-mediated Ca2+ release
from the sarcoplasmic reticulum. Positive inotropy is
achieved by increased available calcium to bind troponin,
actin, and myosin. CAS also can affect the parasympathetic nervous system through increase of acetylcholine
from the vagus nerve.
The resultant effect on cardiac conduction and electrophysiology is variable. Therapeutically, CAS cause a
decreased rate of depolarization and conduction through
both the sinoatrial and atrioventricular nodes. A higher
resting membrane potential also leads to shortened repolarization and increased automaticity of the atria and
ventricles. The common ECG finding in patients
on therapeutic CAS is referred to as “digitalis effect.”
Digitalis effect is characterized by PR interval prolongation, QT shortening, and the ST-segment forces opposite
in direction from the QRS. This is a reflection of therapeutic effect in contrast to the ECG findings in CAS
toxicity.

Presentation
It is important to distinguish between those patients with
acute and chronic CAS toxicity as clinical manifestations

Cardiac Steroids and Glycoside Toxicity

and management differ significantly. An assessment of the
serum digoxin concentration, serum electrolytes, especially potassium and magnesium, renal function, and electrocardiogram are essential in determining the severity of
toxicity and the need for treatment. In the case of plantderived CAS exposure, the serum digoxin immunoassay
exhibits some cross-reactivity with these compounds and
will provide qualitative assessment. These cases should be
managed more by the clinical picture than the actual
serum level. Digoxin toxicity, however, typically requires
a concentration greater than 2 ng/mL.
In acute toxicity, early nausea and vomiting are nearly
universal; extracardiac manifestations may include confusion and lethargy. ECG findings vary widely, and essentially
any rhythm is possible in CAS toxicity with the notable
exception of rapidly conducted supraventricular tachydysrhythmias. Biventricular tachycardia, while pathognomonic, is rarely seen. The most commonly observed
findings are premature ventricular contractions and atrial
fibrillation or flutter with atrioventricular block [1].
Digitalis effect is not the result of CAS toxicity and represents normal therapeutic effect as mentioned earlier.
An elevated serum potassium concentration as a result
of Na+-K+ ATPase pump inhibition has been shown to be
prognostic in adults with acute ingestion. A large observational cohort study performed before the development
of digoxin-specific antibodies demonstrated a strong
correlation between serum potassium and mortality [2].
A potassium concentration between 5.0 and 5.5 mEq/L
was associated with a 50% mortality, and a serum potassium concentrations greater than 5.5 mEq/L was associated with 100% mortality. Though hyperkalemia may
exacerbate the toxicity due to CAS, it is more a marker
of severity in adults with acute ingestion rather than the
primary etiology.
Chronic CAS toxicity is more challenging both to
diagnose and to manage. Systemic symptoms are often
present, including malaise, GI symptoms, weakness, confusion, delirium, and various visual disturbances. These
often include decreased visual acuity and visual color
changes (xanthopsia).
Unlike acute CAS toxicity, chronic toxicity is often
complicated by hypokalemia due to concomitant diuretic
use which as mentioned may potentiate toxicity. Hypomagnesemia, when present, will enhance the myocardial irritability these patients exhibit. However, hyperkalemia and
hypermagnesemia may also be present, most commonly
in the setting of new onset renal failure or insufficiency.
Similar bradydysrhythmias and ventricular tachydysrhythmias which occur in acute toxicity are more common
in patients presenting with chronic CAS toxicity.
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Treatment
Digoxin-specific antibody fragments have revolutionized
the treatment of CAS toxicity. The decision to administer
is multifactorial and should consider the amount ingested,
serum level, clinical evidence of toxicity, as well as
the patient’s underlying conditions which may be exacerbated by complete removal of digoxin where clinically
needed. In general, digoxin-specific Fab should be given
to patients with:
1. CAS-related dysrhythmias
2. Acute ingestion with potassium greater than 5 mEq/L
3. Chronic toxicity presenting with dysrhythmias, CNS
findings, or gastrointestinal symptoms
4. Serum digoxin concentration greater than 15 ng/mL at
any time or greater than 10 ng/mL 6 h post-ingestion
regardless of symptoms in an acute ingestion
5. Poisoning with a non-digoxin CAS
The optimal dosing of digoxin-specific Fab can be
determined based on the serum concentration, amount
ingested, or clinical presentation [3].
1. If the serum digoxin concentration is known, the dose
is calculated as:
# of vials ¼ ½serum digoxin concentration ðng=mLÞ
weight=100
2. If the amount ingested is known and the ingestion is
acute, the dose is calculated as:
# of vials ¼ ½amounted ingested ðmgÞ=0:5 ðmg=vialÞ
 0:8 ðrepresents 80%bioavailability Þ
3. In the patient presenting with life-threatening toxicity
requiring immediate treatment before the serum concentration can be obtained, with an unknown amount
ingested, the recommended empiric dose is 10–20 vials
in acute poisoning, and 5 vials in chronic poisoning.
Gastrointestinal decontamination should be considered in patients with acute ingestions especially for those
with non-digoxin CAS ingestions. Multiple dose–
activated charcoal may be effective due to enterohepatic
recirculation of CAS. Gastric lavage and emesis should be
limited to the very few presenting early with non-digoxin
CAS ingestions.
Replacement of potassium and magnesium should
occur prior to administration of digoxin-specific antibody
fragments as correction often leads to abatement of the
presenting cardiac dysrhythmia, and Fab administration
may decrease the potassium further. In contrast, correction of hyperkalemia should begin with administration
of digoxin specific antibody fragments followed by
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intravenous insulin, dextrose, and sodium bicarbonate,
being careful not to cause hypokalemia. Intravenous calcium administration is contraindicated due to the relative
intracellular hypercalcemia which exists in CAS-poisoned
patients. Administration has been associated with cardiac
dysfunction and arrest.
Transvenous and external pacing is contraindicated in
patients with CAS poisoning due to increased adverse
outcomes associated with delay in digoxin-specific Fab
administration and conversion to unstable ventricular
dysrhythmias [4]. However, cardioversion and defibrillation is indicated in those with hemodynamic instability
and ventricular dysrhythmias.

Prognosis
The prognosis of CAS-poisoned patients is dependent
upon the complications of CAS toxicity that develop.

After-care
After management of acute medical consequences,
patients with intentional overdoses should be referred
for counseling. Patients with chronic CAS toxicity should
be evaluated for alternative treatment of the underlying
disorders so that unintentional toxicity will be less likely to
recur.

Definition
Cardiac Tamponade describes the hemodynamic sequelae
resulting from compression of the cardiac chambers due
to accumulation of fluid (or gas) within the pericardium.

Pathophysiology [1, 2]
An understanding of the underlying pathophysiology is
essential to fully grasp the clinical findings associated with
tamponade. The pericardial sac is relatively inelastic. It can
stretch to accommodate a limited volume (pericardial
reserve volume) before any further increase in pericardial
contents causes increased pericardial pressure and competition between the extracardiac contents and the contents of the cardiac chambers for the finite available space.
As tamponade develops, the cardiac chambers are compressed and their compliance is reduced. This imposes
a constraint on cardiac filling, reduces stroke volume and
ultimately leads to a decrease in cardiac output.
The compliance of the pericardium and the rate
of fluid accumulation determine the likelihood of
tamponade occurring (Fig. 1). Rapid accumulation of
fluid (e.g., traumatic intrapericardial hemorrhage) will
rapidly result in tamponade. Conversely, with slow fluid
accumulation (e.g., as a result of inflammation), up to 2 l
of fluid may be present before causing tamponade.
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Synonyms
Pericardial tamponade

Cardiac Tamponade. Figure 1 The effect of rapid
accumulation of pericardial fluid compared to gradual
accumulation. In acute tamponade, very little volume (point a)
is needed before pericardial reserve volume is exhausted and
a critical pressure reached. With gradual accumulation,
compensatory mechanisms allow more volume (point b) to be
accommodated before this critical pressure is reached. In both
cases, small increments in pericardial fluid beyond this point
result in rapid pressure rises

Cardiac Tamponade

Chronic changes in pericardial compliance allow the pericardium to accommodate this extra fluid. Compensatory
mechanisms based on sympathetic stimulation (tachycardia, increased peripheral vascular resistance and increased
ejection fraction due to increased contractility) with
increased blood volume (upregulation of the reninangiotensin system) act to delay the decrease in cardiac
output.
In all cases, at the critical inflection point, very little
extra fluid needs to accumulate to substantially raise pericardial pressure and cause tamponade (likewise, great
benefit is seen from the initial removal of fluid during
pericardiocentesis). As tamponade increases, eventually
the diastolic pressures in all cardiac chambers equalize at
a level similar to the pericardial pressure (15–30 mmHg).
Pneumopericardium is rare but may occur after
trauma, due to iatrogenic causes or secondary to gasforming infections. It can present in a similar way to
fluid tamponade and is similarly a medical emergency.

Hemodynamic Sequelae
Venous Return
Venous return usually has two peaks – one during early
diastole and one during ventricular systole. Progressive
tamponade causes increased pericardial pressure throughout the cardiac cycle. Since the heart chambers in total are
fullest during diastole (and diastolic pressure is increased)
there is effectively no space for extra blood to flow into. In
contrast, the stroke volume leaving during ventricular
systole makes room for venous return. Filling is therefore
progressively shifted towards systole and diastolic
filling diminishes. Jugular venous distension is present
and the x descent of the central venous pressure trace is
lost, but the y descent remains. Once tamponade is
advanced enough, filling also drops during systole leading
to a further fall in total venous return and cardiac output.

Ventricular Interdependence and Pulsus
Paradoxus
Changes in pleural pressure are still transmitted to the
heart during tamponade. Therefore, in spontaneous inspiration, systemic venous return increases due to the fall in
intrathoracic pressure. Since the RV free wall is constricted
by the pericardial effusion, the extra volume can only be
accommodated by shifting the interventricular septum
leftward at the expense of left ventricular volume. Therefore, during spontaneous inspiration, left ventricular cardiac output drops, manifested by an exaggerated decrease
in systolic blood pressure (>10 mmHg), a phenomenon
known as pulsus paradoxus (Fig. 2). Increased LV
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Cardiac Tamponade. Figure 2 Pulsus paradoxus. Note the
decreased aortic systolic pressure and narrowing of pulse
pressure during spontaneous inspiration and rise again during
expiration. Timings are reversed in the RV pressure trace

afterload due to the decreased intrathoracic pressure may
also contribute to this decrease in left ventricular stroke
volume.
Right ventricular output will increase during inspiration secondary to the increased venous return. Since the
ventricles are in series, a few beats later, this also contributes to an increased left ventricular stroke volume during
expiration. Thus the effects of ventilation during
tamponade are to produce right and left sided stroke
volume and pressure changes which are 180 out of phase.
Note that with intermittent positive pressure ventilation (IPPV), the above findings will be reversed as intrathoracic pressure is at its highest during inspiration and
decreases during expiration.

Decreased Cardiac Output
The end-result of the effects of tamponade is a decrease in
cardiac output. The decrease in systemic venous return
and reduction in end diastolic chamber volumes are the
primary reasons for the low cardiac output state. End
systolic volume does also decrease due to increased contractility secondary to sympathetic activation. However,
this is not sufficient to maintain stroke volume, hence the
reliance on tachycardia to maintain adequate cardiac
output.
The effects of IPPV itself on cardiac output are complicated and variable, but on the whole, IPPV tends to
reduce venous return and consequently cardiac output.
Therefore, IPPV should be avoided in patients who are not
intubated at presentation. Corrective treatment by rapid
pericardiocentesis should be the aim as this will reverse
most indications for ventilation.

484

C

Cardiac Tamponade

Etiology and Subtypes of Tamponade

shock and the differential diagnosis should include other
causes for this.

Classical Tamponade
This presents with a spectrum of severity, from a simple
effusion with few symptoms to a life-threatening emergency. It is sometimes divided on the basis of duration into
acute and sub-acute. Acute tamponade is usually due to
trauma, cardiovascular rupture (e.g., retrograde flow from
type A aortic dissection) or iatrogenic causes (e.g., cardiac
catheterization). Sub-acute tamponade develops more
insidiously, usually as a result of an inflammatory process
(e.g., infection, neoplasm, autoimmune, radiation or
drug-induced) but sometimes due to a non-inflammatory
process (e.g., hypothyroidism, amyloidosis) in which the
underlying pathogenesis of the effusion remains unclear.
Idiopathic pericardial effusion is also seen, often
presenting with large volumes of pericardial fluid. Whatever the cause, it is important to treat any decompensation
as a medical emergency and institute the appropriate
management.

Low Pressure Tamponade
It is the trend towards pressure equalization between pericardial pressure and intracardiac pressure that gives rise
to tamponade. Therefore in patients who are severely
hypovolemic for whatever reason (e.g., hemorrhage, hemodialysis), with low intracardiac pressures, tamponade has
been demonstrated with pericardial pressures in the range
of 6–12 mmHg. Echocardiographic features are similar to
patients with classic tamponade (effusion size, chamber
collapse, exaggerated respiratory variation in transvalvular
flow), but clinical signs such as tachycardia, jugular venous
distension and pulsus paradoxus are less prevalent.

Regional Tamponade
Loculated or localized effusions or hematoma can occur,
commonly after cardiac surgery. The hemodynamic effects
of these vary widely depending on the affected chambers
and the typical features of classical tamponade are often
missing. Although the presentation may mimic that of
heart failure, it is difficult to generalize about clinical
findings and detailed imaging is often necessary to establish the diagnosis. A high index of suspicion should prevail
if there is a possibility of regional tamponade given the
clinical findings and a suggestive history.

Evaluation and Assessment
As mentioned above, tamponade manifests a continuum
of symptoms with a range of clinical severity. Presentation
may also include many non-specific signs and symptoms.
Ultimately, the presentation will be that of cardiogenic

History
In cases of suspected tamponade, the usual history should
be taken and predisposing factors should be sought. This
may be more relevant on the ICU where patients may not
be able to communicate.

Symptoms
Symptoms tend to relate to the degree of impairment in
cardiac output. Patients may complain of tachycardia,
dyspnea and fatigue as well as a central chest discomfort,
often relieved by sitting forward.

Clinical Signs
These become all the more relevant in sedated intensive
care patients who are unable to give a history or describe
their symptoms. Sympathetic upregulation resulting in
tachycardia is seen in virtually all cases, with exceptions
being those patients in whom their underlying disease
manifests bradycardia (e.g., hypothyroidism).
Cardiac sounds may be muffled and the apex beat
difficult to palpate in the presence of a large effusion.
A pericardial rub may be present if pericarditis is the
underlying etiology. Elevated jugular venous pressure
is seen, with the y descent often attenuated or absent
due to the absence of diastolic filling as discussed above.
The x descent is usually preserved. This is usually more
easily appreciated on a central venous pressure trace than
by clinical examination.
Pulsus paradoxus can be demonstrated in most cases
of tamponade. The sphygmomanometer cuff is deflated
slowly. Initially, the first Korotkoff sounds are only audible
during spontaneous expiration (or IPPV inspiration), but
as the cuff is deflated further, sounds are heard throughout
the respiratory cycle. The difference in pressure between
these two events quantifies the degree of pulsus paradoxus.
There are situations in which tamponade does not give rise
to pulsus paradoxus. These include any pre-existing condition where left ventricular diastolic pressure or volume
are already raised (e.g., atrial septal defects, severe aortic
regurgitation, chronic renal failure). Pulsus paradoxus
may also occur outside the context of tamponade. It is
seen in severe asthma or COPD, pulmonary embolism and
in up to one third of cases of constrictive pericarditis.
In intensive care patients, tamponade must always
be amongst the differential diagnosis of any patient who
manifests cardiogenic shock. The usual symptoms of hypotension, diaphoresis, shut down extremities and oliguria
may also be used as a crude indicator of progression
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Cardiac Tamponade. Figure 3 Electrical alternans. Note the changing size of sequential QRS complexes possibly due to the
heart “swinging” in the pericardial effusion

of tamponade over time and the need to perform
pericardiocentesis.

Investigations
Tamponade remains a clinical diagnosis, but certain investigations are useful to confirm suspicions.

Electrocardiography
This usually demonstrates tachycardia and may be of
lower voltage than usual, although this is a non-specific
finding. It may be possible that this finding is limited to
tamponade alone rather than effusion per se. Patterns
associated with acute pericarditis may also present. Electrical alternans (Fig. 3) is very specific, but insensitive for
tamponade. There is a beat to beat variation in the size of
electrical complexes, often, but not necessarily, restricted
to the QRS. This is thought to be possibly due to the heart
“swinging” in the pericardial fluid although the exact
mechanism is poorly understood.

Chest Radiography
At least a moderate pericardial effusion (approx. 200 ml) is
required before the cardiac silhouette begins to enlarge to
a characteristic, round, “flask-shaped” appearance.
A lateral view may show a pericardial fat pad due to
separation of pericardial fat from epicardium by the pericardial fluid. Chest radiographs typically appear normal in
acute tamponade, except that the lung fields usually
appear oligemic.

Echocardiography [3]
Echocardiography remains the standard for non-invasive
assessment of pericardial effusion and its hemodynamic
consequences. There is a class 1 recommendation for
its use in assessment of patients with suspected pericardial disease (American College of Cardiology/American
Heart Association/American Society of Echocardiography

Cardiac Tamponade. Figure 4 Large anterior and posterior
effusion containing fibrin strands

guidelines 2003). The presence of pulmonary hypertension may mask echocardiographic findings in tamponade.
Typical echocardiographic findings associated with
tamponade include:
● Effusion
Effusion is usually well visualized (Fig. 4). It normally
needs to be circumferential for classical tamponade to
occur, but regional tamponade may present with loculated
or localized effusions.
● Diastolic chamber collapse
During atrial relaxation, the pressure in the RA is at
its lowest and pericardial pressure at its highest leading

486

C

Cardiac Tamponade

a

b

Eff
Eff
RV

LV

LV

RV
Eff

Eff
RA
RA

LA

Eff

LA

Cardiac Tamponade. Figure 5 Right atrial collapse as a result of tamponade. In mid diastole, the RA is seen to be full (a). After
end diastole the RA collapses – this has persisted into early systole (b). Note the free wall of the RV and the LA are not well
visualized in b. Eff,Effusion; RA, Right Atrium; RV, Right Ventricle; LA, Left Atrium; LV, Left Ventricle

to atrial collapse (Fig. 5). If this persists for more than
one third of the cardiac cycle, it is highly specific and
sensitive for tamponade. Brief collapse may occur for
other reasons.
RV collapse occurs in early diastole when the RV is still
empty (Fig. 6). This is a less sensitive, but more specific
finding for tamponade than RA collapse and may not
occur when diastolic pressure is raised, there is raised RV
afterload, or there is RV hypertrophy (since the RV
becomes less compliant).
Left sided collapse occurs less often. LV collapse occurs
very rarely since the wall is more muscular. LA collapse
when found is very specific for tamponade.
● Ventricular interdependence and septal shift
As discussed earlier, changes in right sided filling with
spontaneous inspiration result in the interventricular septum shifting into the LV (Fig. 7), the cause of pulsus
paradoxus.
Respiratory variation in trans-mitral and transtricuspid flow is also a result of the respiratory influence
on filling and ventricular interdependence. During
spontaneous inspiration (or IPPV expiration), rightsided filling increases and trans-tricuspid flow is
increased relative to that during spontaneous expiration

(or IPPV inspiration). The reverse is true for transmitral flow. Therefore the respiratory variation in flow
across the atrio-ventricular valves is 180 out of phase
(Fig. 8).
The presence of pulmonary hypertension can mask
some of the echocardiographic signs of tamponade.
● Venous hemodynamics
A plethoric IVC is often seen due to the raised central
venous pressure, which may also manifest a reduced
reduction in IVC diameter (<50%) during spontaneous
inspiration (Fig. 9) despite the transmission of intrathoracic pressure to the RA. Doppler patterns of atrial filling
will also reflect the shift towards systolic filling and the loss
of the diastolic component.

CT/MRI [4]
These should not be used in unstable patients, but may
have a role in situations where the diagnosis is unclear and
the patient is relatively stable (e.g., suspected regional
tamponade). Pericardial effusion may also be an incidental finding on CT. Findings suggestive of tamponade
include large sized effusions, systemic venous distension,
chamber deformity and interventricular shift as seen
on echocardiography. Cine MRI is also capable of
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Cardiac Tamponade. Figure 6 RV collapse in diastole due to tamponade (a). Note that the RV end diastolic volume is also
reduced (b), contributing to the low cardiac output state. Eff,Effusion; RA, Right Atrium; RV, Right Ventricle; LA, Left Atrium; LV,
Left Ventricle
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Cardiac Tamponade. Figure 7 Interventricular septal shift seen in tamponade with spontaneous inspiration. Note both frames
are taken at the same point of the electrocardiogram. In (a), during spontaneous expiration, a normal anatomical relationship
exists. In (b), the patient has inhaled, resulting in increased filling of the right side and bowing of the interventricular septum into
the left ventricle as the only way to accommodate the extra RV volume. Eff,Effusion; RA, Right Atrium; RV, Right Ventricle; LA,
Left Atrium; LV, Left Ventricle

488

C

Cardiac Tamponade

Inspiration
Inspiration
Expiration

a

Expiration

b

Cardiac Tamponade. Figure 8 The effect of spontaneous ventilation on atrio-ventricular valve flow velocities in tamponade.
Trans-tricuspid flow (a) increases during spontaneous inspiration due to the increased systemic venous return, and decreases
during expiration. During inspiration, trans-mitral flow (b) is impaired due to reduced LA filling and increased LV pressure
as a result of ventricular interdependence. The reverse is true during expiration

Treatment

Cardiac Tamponade. Figure 9 M-mode echocardiography of
the inferior vena cava during tamponade, showing a plethoric
IVC with very little respiratory variation in size

demonstrating all findings seen by echocardiography.
Underlying pericardial pathology is better assessed by CT
than echocardiography.

Invasive Pressure Measurement
A pulmonary artery catheter will show equalization of
diastolic pressure across cardiac chambers and the respiratory changes in right and left sided pressures responsible
for pulsus paradoxus. It is also useful to monitor the
effects of treatment – filling pressures that remain elevated
after pericardiocentesis may indicate underlying pericardial pathology. Monitoring after pericardiocentesis can
help in early detection of any reaccumulation of fluid
and pressure changes indicating impending tamponade.

This depends on the severity of the hemodynamic disturbance. Early tamponade with minimal hemodynamic disturbance and no significant loss in cardiac output may be
treated conservatively, especially since the risks associated
with pericardiocentesis are increased with small effusions.
Treatment should be aimed at the underlying cause (e.g.,
steroids for autoimmune disease, correction of clotting
etc.) and monitoring must be commensurate with the
clinical picture. Invasive monitoring (including consideration of a pulmonary artery catheter) is indicated and
these patients should be nursed in a high dependency
setting. Serial assessment is needed to ascertain the likelihood of worsening tamponade and the patient watched
carefully for evidence of end organ dysfunction due to any
decrease in cardiac output (e.g., oliguria, altered mental
state).
In patients with idiopathic effusion alone, but no
tamponade, opinion is divided as to treatment. Removal
of fluid should only be undertaken for treatment of possible tamponade, and not for routine diagnosis. There is
conflicting evidence as to the rate of progression to
tamponade, but an effusion measuring greater than
20 mm on echocardiography should be considered for
drainage. This may also reduce recurrence in the future.
Patients with overt tamponade represent a clinical
emergency and require definitive treatment by removal
of the pericardial fluid. Intravenous fluids have been
used as a temporizing measure, with best effects seen in
patients with a systolic blood pressure of <100 mmHg.
Hydration raises pericardial pressure as well as RA pressure and LV end diastolic pressure which may explain why
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some patients do not benefit. Positive inotropes with or
without vasodilators are of limited efficacy, probably
because of the maximal endogenous sympathetic drive
seen in most cases.

Pericardiocentesis and Pericardectomy [4]
Pericardial fluid is usually removed either percutaneously
or by surgical pericardectomy, although balloon
pericardectomy has been described in neoplastic effusions.
Echocardiography allows the optimum site for
pericardiocentesis to be located (the shortest route to the
pericardial fluid via an intercostal approach). Echocardiography also reduces the risk of myocardial puncture and
allows visualization of fluid removal and consequent
hemodynamic effects. Under full asepsis, a needle is
advanced into the pericardial fluid. Agitated saline may
be used to confirm needle position (easily seen on echocardiography). Up to 150 ml of fluid should be removed
through the needle to ameliorate the worst of the
tamponade (as discussed earlier, removal of only a small
volume of pericardial fluid may have great benefit).
A guidewire is fed through the needle and a pigtail catheter
passed over this and secured in place. This procedure in
the Mayo Clinic had a success rate of 97% with complication rates of 3.5% (minor) and 1.2% (major) respectively.
Complications include perforation of myocardium or coronary vessels, arrhythmias, pneumothorax, air embolism,
and abdominal trauma. Pericardiocentesis should be done
in the cardiac catheter laboratory unless the patient is too
unwell to be moved.
Fluoroscopy may be used if echocardiography is
unavailable, with the sub-xiphoid route being commonest,
the needle being directed towards the left shoulder. Once
pericardial fluid is aspirated, a small amount of contrast is
injected to confirm position and the guidewire introduced.
The guidewire position is checked in two planes and the
pigtail catheter passed over it.
In emergency situations (e.g., during a pulseless electrical activity arrest), a sub-xiphoid entry point is used
and the needle directed toward the patient’s shoulder.
Aortic dissection is a major contraindication to
pericardiocentesis and coagulopathy a relative one.
A surgical approach is preferred where there are loculated
effusions, small effusions (<1 cm) or where there is evidence of clot or adhesions. Recurrent tamponade (especially due to neoplasm) is also often best managed
surgically. Pericardectomy is usually performed via a
sub-xiphoid approach under general anesthesia since a
small window is usually sufficient to relieve tamponade
(whereas removal of the entire pericardial sac via an
anterior approach is used in constrictive pericarditis).

C

Balloon pericardectomy allows drainage from the pericardium into the pleural cavity. The risks of general
anesthesia are increased in tamponade and even partial
drainage by pericardiocentesis prior to induction may
help to decrease risk.
Pericardial fluid samples should be sent to the laboratory for staining and culture (including mycobacteria),
plus differential white cell count, specific gravity, hematocrit and protein content if the diagnosis is not known
beforehand. Adenosine deaminase levels should also be
requested if tuberculous effusion is a possibility.

After Care and Prognosis
A pericardial drain usually stays in place until drainage is
less than 25 ml/day. During this time, the patient should
remain fully monitored for recurrence of tamponade
or possible complications. Mortality and morbidity are
very low since the advent of echocardiography guided
procedures, with recent studies estimating the major complication rate to be between 1.2% and 1.6%. Patients with
pre-existing pulmonary hypertension complicated by
tamponade seem to be at higher risk of death.

Comparison between Cardiac Tamponade
and Constrictive Pericarditis [5]
There are some important similarities and differences
between constrictive pericarditis and cardiac tamponade.
Constrictive pericarditis also results in increased intracardiac pressure and equalization of left and right filling
pressures. The fibrotic, scarred pericardium prevents
changes in intrathoracic pressure being transmitted to
the cardiac chambers (unlike tamponade). These changes
are still transmitted to the pulmonary circulation. On
spontaneous inspiration, the gradient from pulmonary
veins to left atrium is therefore reduced and left-sided
filling is impaired. This allows an increase in right sided
filling during spontaneous inspiration (the same ventricular interdependence which occurs in tamponade occurs
in constrictive pericarditis). The opposite occurs with
spontaneous expiration. Therefore, although the mechanism is different to tamponade, pulsus paradoxus can
occur in constrictive pericarditis, so cannot reliably be
used to distinguish between the two (although it is more
common in tamponade). Changes in transmitral and
transtricuspid flows are similar between the two.
In constrictive pericarditis, atrial filling occurs primarily in diastole due to raised atrial pressures driving flow.
This stops abruptly around mid-diastole when the noncompliant ventricle reaches its volume limit (due to pericardial constriction). This results in the so called “square
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root sign” – the right ventricular pressure trace shows an
initial dip followed by an acute rise in early diastole and
then a subsequent plateau during which no more filling
occurs. This is not seen in tamponade.
The JVP in constrictive pericarditis is raised (also in
tamponade) but contains both an x descent and
a prominent, collapsing y descent (unlike tamponade
where the y descent is attenuated or may be missing).
Since inspiratory pressures are not transmitted to the
RA, the usual increase in right heart return does not
occur and so systemic venous pressure increases (or at
least does not drop) during spontaneous inspiration
(Kussmaul sign). The Kussmaul sign does not occur in
tamponade.
Pericardial effusion leading to tamponade does occur
in patients with pre-existing constrictive pericarditis
(effusive constrictive pericarditis). Echocardiographic
findings may initially be intermediate, but pericardiocentesis unmasks the typical findings associated with constrictive pericarditis.

Cardiac Ultrasound
▶ Echocardiography

Cardiogenic Pulmonary Edema
▶ Heart Failure, Acute
▶ Ventricular Dysfunction and Failure

Cardiogenic Shock
▶ Acute Heart Failure: Risk Stratification
▶ Heart Failure, Acute
▶ Ventricular Dysfunction and Failure

References
1.
2.

3.
4.

5.

Spodick DH (2003) Acute cardiac tamponade. N Engl J Med
349:684–690
Zipes DP, Libby P, Bonow RO, Braunwald E (eds) (2005) Braunwald’s
heart disease: a textbook of cardiovascular medicine, 7th edn.
Elsevier Saunders, Philadelphia, pp 1762–1769
Wann S, Passen E (2008) Echocardiography in pericardial disease.
J Am Soc Echocadiogr 21:7–13
Restrepo CS, Lemos DF, Lemos JA et al (2007) Imaging findings
in cardiac tamponade with emphasis on CT. Radiographics
27:1595–1610
Maisch B, Seferovic PM, Ristic AD et al (2004) Guidelines on the
diagnosis and management of pericardial diseases. executive summary. The task force on the diagnosis and management of pericardial
diseases of the European society of cardiology. Eur Heart
J 25:587–610

Cardiomyopathy in Children
JONATHAN R. EGAN, MARINO S. FESTA
The Children’s Hospital at Westmead, Westmead,
Australia

Definition
A disease of the heart muscle in children is typically the
result of inherited conditions (consider genetic and metabolic disorders) or viral myocarditis that has become
indolent – characterized by cardiogenic failure.

Characteristics

Cardiac Troponin I
▶ Cardiac Markers for Diagnosing Acute Myocardial
Infarction

Cardiac Troponin T
▶ Cardiac Markers for Diagnosing Acute Myocardial
Infarction

It is useful to categorize pediatric cardiomyopathy into the
following four groups, the majority of which present prior
to 12 months of age [1]:

Hypertrophic Cardiomyopathy (HCOM)
Caused as a result of hypertrophic expansion either of the
left ventricular septum alone or in combination with free
wall hypertrophy. This disease leads to impingement on
the left ventricle cavity, impaired ventricular filling, and
variable left ventricular outflow obstruction. Most commonly, this is an inherited condition and there is a strong
association with Noonan’s syndrome, it is characterized by
shortness of breath or syncope on exertion. It is an important cause of sudden death in young people.

Cardiopulmonary Resuscitation

Dilated Cardiomyopathy (DCMP)
Typically as the result of burnt out viral myocarditis (40%)
or idiopathic in origin. There is reduced systolic performance and global cardiac dilatation. This has a poor prognosis and apart from supportive therapies will require heart
transplant where feasible and appropriate. As a result of the
dilatation and resulting arrhythmic propensity there is also
a risk of mural thrombus formation. Selenium deficiency
also results in a dilated cardiomyopathy.

Restrictive Cardiomyopathy (RCMP)
RCMP is not common and results from infiltrative conditions such as hemochromatosis, amyloidosis, and glycogen storage diseases. It is increasingly prevalent with
increasing age and diastolic function is primarily
compromised.

Arrhythmogenic Right Ventricular Dysplasia
and Left Ventricular Noncompaction
Right ventricular dysplasia is an inherited condition in
which the right ventricle is replaced by fibrous-fatty tissue.
Patients typically present with arrhythmias in early adulthood. Left ventricular noncompaction is variably
inherited and associated with systemic disorders. There
are coarse trabeculations of the ventricular apex, which
can affect both systolic and diastolic performance of the
systemic ventricle.

Management
Patients with HCOM have restrictions on physical activity
and typically receive beta blockade prophylaxis. Partial
septal myomectomy can also be considered. Given the
generally guarded prognosis of the cardiomyopathies it is
important to determine any (rarely) reversible causes – in
particular deficiencies of thiamine, selenium or carnitine,
endocrinopathies (thyroid and growth hormone abnormalities as well as phaeochromocytoma) need to be considered. Anticoagulation should be considered and
maintained in those with dilated cardiomyopathy. Subsequently, supportive medical and mechanical therapies
maybe indicated together with heart transplant depending
on the underlying cause and overall condition of the
patient. Initial supportive measures are similar to those
outlined in the cardiac failure section, but about half of
pediatric heart transplants are for cardiomyopathies [6].
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Cardioparacentesis
▶ Periocardiocentesis

C
Cardiopulmonary Resuscitation
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Synonyms
Basic life support (BLS); Chest compression (CC)

Definition
Cardiopulmonary resuscitation (CPR) is a method of
providing artificial (externally-generated) circulation and
ventilation during cardiac arrest to achieve the return of
spontaneous circulation (ROSC). The main actions
performed during CPR are delivery of chest compressions
(CC) and rescue breaths. In a newer form of the therapy
specifically for lay public providers (“hands-only” CPR),
only CCs are delivered without the provision of rescue
breaths.

Role of CPR
Indication
Cardiac arrest (CA), defined as the abrupt cessation
of cardiac output usually due to sudden arrhythmia, is
an exquisitely time-sensitive condition common in
intensive care environments. In-hospital CA has
a survival to hospital discharge rate of approximately
20%. It is critical to perform CPR as promptly as possible
in all patients suspected of suffering from CA that do not
have advanced directives stating a preference to eschew
resuscitation efforts. It can be difficult to determine if
a patient is truly in CA. Generally speaking, international
resuscitation guidelines put forth by the International
Liaison Committee on Resuscitation (ILCOR) recommend that rescuers begin CPR in any victim who
becomes suddenly unconscious with absent or markedly
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abnormal (gasping) respirations [1]. This definition was
primarily designed for recognition of out-of-hospital CA;
for in-hospital skilled providers, CA can be identified by
the lack of a palpable pulse and/or measurable blood
pressure. It is important to remember that CPR does not
represent definitive therapy, in that correction of the
underlying cause of CA must be addressed to reverse the
condition (see Table 1).

Epidemiology
Each year over one million people in Europe and North
America are afflicted with CA. Survival rates vary greatly
depending on initial cardiac rhythm, location of arrest
(in-hospital versus out-of-hospital, for example), and
a number of other factors. Including all initial rhythms,
survival rates have been documented below 10% for outof-hospital CA, and approximately 20% for in-hospital
CA. During out-of-hospital CA, bystander CPR has been
shown to more than double the survival rate. Unfortunately, the prevalence of CPR performed by bystanders has
been documented to be as low as 25% [2].

Cardiopulmonary Resuscitation. Table 1 Potential underlying causes of cardiac arrest
Category

Specific etiology

Cardiac

Myocardial ischemia
Primary arrhythmia
Secondary arrhythmia from
myocardial scar
Cardiac tamponade

Pulmonary

Hyperkalemia
Acidemia
Hypothermia

Toxins

CPR is designed to maintain coronary and cerebral perfusion as well as oxygenation during CA until definitive
therapy, such as defibrillation or reversal of underlying CA
pathophysiology, can be performed to achieve ROSC. The
commonly used acronym ABC (airway, breathing, circulation) describes the main principles that are highlighted
during CPR. It must be noted that the ensuing description
most aptly applies to the general case of an out-of-hospital
(non-intubated) patient. For patients already in intensivecare environments, the approach to CC remains the same
although clearly airway and breathing approaches
will vary. See Table 2 for summary of CPR delivery
recommendations.

Airway and Breathing
Technique
The initial step in evaluating the unresponsive patient is to
establish an open airway. This can be accomplished by the
head-tilt, chin-lift maneuver. If obstructing material
(food, emesis) is visible in the oropharynx, then the rescuer may perform a finger sweep in an attempt to clear the
airway. Additionally, if airway obstruction with a foreign
body is suspected, then chest thrusts, back blows, or
abdominal thrusts should be performed in order to relieve
the obstruction. Once an open airway has been
established, and the patient is still not breathing, rescue
breaths should be given. Current resuscitation guidelines
recommend administering two rescue breaths for every
30 CCs for adult victims of SCA [1]. Once advanced
medical support is available, endotracheal intubation
should be performed. Endotracheal intubation is considered the definitive airway management in CA patients.

Pulmonary embolism
Hypoxic respiratory failure

Metabolic

Application

Carbon monoxide

Cardiopulmonary Resuscitation. Table 2 Summary of CPR
recommendations
Characteristic

Parameters

Chest compressions (CCs)

Rate of 100 per min
Depth of 5+ cm

Opioid toxicity
Hemorrhage

Gastrointestinal bleeding
Other

Complete recoil between CCs

Cerebral hemorrhage
Drowning

Minimize interruptions in CCs
Ventilations

Hanging
Penetrating or blunt trauma
Common etiologies of cardiac arrest are represented here; this list is
not intended to be comprehensive. Readers are encouraged to consult
with reference [1] for further information

Rate of 8–10 per min
Volume of 400–800 cc for most
adults
Employ FiO2 of 1.0

Other

Call for assistance from others
Obtain defibrillator

Cardiopulmonary Resuscitation

Once this has been established, then a ventilation rate of
8–10 per minute is recommended, and should be
performed in parallel to ongoing CCs [1].
Traditionally, performing rescue breaths was considered as important a procedure as providing CCs. The
purpose of ventilation during cardiac arrest is to provide
oxygenation, decrease hypercapnia, and reduce acidosis.
However, recent evidence has demonstrated the detrimental effects of hyperventilation and prolonged pauses in CCs
while providing ventilation. Hyperventilation increases
intrathoracic pressure, thereby causing decreased venous
return to the heart. This ultimately results in decreased
coronary and cerebral perfusion. Additionally, interruptions in CCs to provide ventilation (in the non-intubated
patient) result in decreased blood flow to the heart and
brain.

Circulation
The most important action during CPR is to provide high
quality CCs, which generate blood flow and perfusion to
the brain and heart. Indeed, a more recently explored form
of resuscitation care for the lay public, “hands-only” CPR,
consists solely of CC delivery without rescue breaths, until
the arrival of trained health-care personnel.

Technique
The patient should be supine on a hard surface. If the
patient is on a soft surface (e.g., a mattress), a backboard
should be placed under the patient. The proper technique
for performing CCs in adults is to place the heel of one
hand in the center of the chest over the lower portion of
the sternum, with the other hand on top of the first. The
rescuer should keep the elbows straight and push firmly
and quickly. The sternum should be compressed to a depth
of 4 to 5 cm at a rate of 100 compressions per minute. After
reaching maximum depth, the chest wall should be
allowed to fully recoil before the next CC is delivered [1].

Physiology of CC
Currently, two models of the mechanism of blood flow
during CC exist. The “cardiac pump model” postulates
that the heart is compressed between the sternum and
vertebra generating an artificial systole with forward
blood flow from the ventricles; then during the decompression phase, the heart passively fills [3]. The “thoracic
pump model” argues that direct compression of the heart
is not responsible for the forward blood flow. This model
suggests that CCs cause an increase in intrathoracic pressure, which creates a pressure differential for blood to
flow to the lower-pressure extrathoracic arteries. During
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decompression, the intrathoracic pressure falls, resulting
in passive refilling of the heart [3]. It is likely that this latter
model more accurately represents the action of CPR.

CPR Quality
CA outcomes are dependent on the quality of CPR. The
key components of CPR quality are CC rate, CC depth,
chest-wall recoil, ventilation rate, and CC pauses. Higher
CC rates have been associated with higher rates of ROSC.
Increased depth of CC has been associated with greater
defibrillation success for ventricular tachycardia/ventricular fibrillation. In addition, decreased interruptions in CC
have been linked to improved survival. Incomplete chestwall recoil increases intrathoracic pressure, thereby
decreasing the preload of the heart and decreasing coronary and cerebral blood flow.

Adjunct CPR Techniques and Devices
Despite evidence demonstrating that high-quality CPR
positively impacts outcomes from SCA, studies have
documented that overall CPR performance is poor, both
during out-of-hospital and in-hospital CA. As a result,
there have been a variety of adjunctive techniques and
devices developed with this in mind.

Active Compression-Decompression CPR
(ACD-CPR)
In this method of resuscitation, CPR is performed with
a suction cup compression device that is attached to the
middle of the sternum. The purpose of this suction cup is
to convert the passive decompression phase of CC into an
active decompression phase. This in turn produces a
greater negative intrathoracic pressure between compressions, which enhances venous return to the heart, subsequently increasing blood flow from the heart. Evidence
supporting ACD-CPR has been conflicting. While some
animal and human investigations have demonstrated that
ACD-CPR is capable of producing higher perfusion pressures compared to standard CPR, most have shown no
overall survival benefit [3].

Mechanical CPR Devices
It has been well documented in the literature that CCs are
not performed to a quality consistent with guideline recommendations, partly due to rescuer fatigue. This has led
to the introduction of mechanical devices that are able to
deliver CCs at a consistent rate and depth. Furthermore,
these devices are able to liberate rescuers from the function
of CC delivery so that they can perform other important
resuscitation tasks.

C
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Two types of these tools are the mechanical piston
device and the load-distributing band (LDB) device. The
mechanical piston device compresses the sternum via
a plunger mounted on a backboard. This mechanical
adjunct has been shown to improve perfusion parameters
like mean arterial pressure and end-tidal CO2 in both in
and out-of-hospital settings [4].
The LDB uses a load-distributing compression band
that is placed circumferentially around the chest and
attached to a small backboard. It compresses the entire
anterior chest wall resulting in increased intrathoracic
pressure at a specified rate. Use of this device has shown
to improve mean aortic pressure as well as coronary perfusion pressure. In 2006, two studies were published comparing an LDB device with standard CPR that yielded
conflicting results. One study showed an improvement
in survival to discharge with the LDB compared to standard CPR. The other study showed no improvement in
survival and actually reported a significant decrease in
patients with good neurological outcome. One common
criticism of all mechanical CPR devices is that using these
devices may lead to a clinically significant delay in the
initiation of CPR. Currently, evidence supporting the use
of mechanical CPR devices in lieu of standard CPR
remains inconclusive but suggestive of benefit.

Impedance Threshold Device (ITD)
The ITD is a valve that attaches between the endotracheal
tube and resuscitation ventilation bag or mechanical
ventilator. It limits the flow of air into the thoracic cavity
during the decompression phase of CC. In doing
so, intrathoracic pressure is reduced allowing for
improved venous return to the heart. Studies have
suggested that the use of an ITD improves early outcome
in patients with out-of-hospital SCA. As of yet, no study
has shown an improvement in the victim’s long-term
outcome [4].

Monitoring and Feedback Devices
In an effort to improve the quality of CPR, defibrillators
have been developed with CPR-sensing capabilities and
the ability to provide automated feedback. In this fashion,
CPR parameters such as CC rate, depth and ventilation
performance can be “coached” via an automated system.
Such devices still require provider action to modify errors
in CPR delivery. Recent investigations in both the inhospital and out-of-hospital setting have suggested that
the use of CPR-sensing defibrillators can improve both
CPR delivery and initial survival rates, although these
devices have not been tested in randomized controlled

trials at this time. CPR-sensing and recording defibrillators may also serve an important educational role,
allowing for detailed debriefing after CA events where
rescuers can be shown their individual CPR performance
characteristics.

Cardiocerebral Resuscitation (CCR)
Recent evidence has shown that interruptions in CCs during CPR results in poor hemodynamic consequence and are
associated with poor outcomes. These observations have
led investigators to study an alternative strategy to resuscitation, known as cardiocerebral resuscitation or CCR. This
resuscitation approach involves providing a greater number
of uninterrupted CCs to optimize cardiac and cerebral
perfusion. One such protocol was instituted by investigators in Arizona with promising results. This protocol
entailed initially providing 200 uninterrupted CCs before
defibrillating a shockable cardiac rhythm, followed by
200 uninterrupted CC post-defibrillation. Further minimization of interruptions in CCs was accomplished by
delaying endotracheal intubation and positive pressure
ventilation by initially providing passive oxygen insufflation via an oral pharyngeal airway and non-rebreather
face mask. This study demonstrated a significant improvement in survival to discharge for OHCA from 1.8% before
the CCR protocol to 5.4% after the protocol [5].

Continuous Chest Compression (CCC)-CPR or
“Hands-Only” CPR
Recently, there has been a parallel trend in bystander CPR
questioning the necessity of ventilations early during
CA-resuscitation care. Some resuscitation experts have
even called for the abandonment of ventilations altogether
in bystander CPR for out-of-hospital CA victims. One of
the major arguments for CCC-CPR is that bystanders are
more likely to perform CCC-CPR than standard CPR.
Also, in CA from sudden arrhythmia early ventilations
are unnecessary as blood is likely to be adequately oxygenated. In fact, ventilations require pauses in CCs which
decrease coronary and cerebral perfusion. CCC-CPR is
also easier to learn and teach. Several animal investigations
have demonstrated improved hemodynamics and outcome comparing CCC-CPR to standard CPR. Several
non-randomized clinical studies have shown that there is
no difference in outcome when comparing CPR with
rescue breathing to CCC-CPR. In fact, one study showed
that CCC-CPR led to better neurological outcome in
certain population subsets. The American Heart Association issued an advisory statement in 2008 that encouraged
CCC-CPR in witnessed CA, when untrained bystanders or
bystanders are not willing to perform rescue breathing [2].

Cardiorenal Syndrome

Complications
Complications from CPR can result from providing ventilation or CCs. Victims of CA may suffer tracheal or other
airway injuries during intubation attempts. Inadvertent
esophageal intubation may result in increased intragastric
pressures leading to vomiting and aspiration. Rib fractures
and sternal fractures are uncommon but recognized complications from receiving CCs. The incidence of these
fracture complications is not known; recent work has
suggested that they are both uncommon, and when they
do occur, they are of small clinical consequence.
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Cardiopulmonary Resuscitation
(CPR)
Is a constellation of maneuvers provided by bystander(s)
to a person who has lost spontaneous respiration and
circulation. Described by the American Heart Association
(AHA), it is designed to temporarily sustain life while
awaiting definitive medical care and typically involves
rhythmic external compression of the chest and rescue
breathing (“mouth-to-mouth”).
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Synonyms
Heart–kidney interaction

Definition
Although generally defined as a condition characterized by
the initiation and/or progression of renal insufficiency
secondary to heart failure, the term cardiorenal syndrome
is also often used to describe the negative effects of
reduced renal function on the heart and circulation
(more appropriately named ▶ reno-cardiac syndrome)
(Fig. 1, Tables 1 and 2) [1–4].
A major problem with the previous terminology is that
it does not allow clinicians or investigators to identify and
fully characterize the relevant pathophysiological interactions. This is important because such interactions differ
according to the type of combined heart/kidney disorder.
For example, while a diseased heart has numerous negative effects on kidney function, renal insufficiency can also
significantly impair cardiac function. Thus, a large number of direct and indirect effects of each organ dysfunction
can initiate and perpetuate the combined disorder of the
two organs through a complex combination of neurohumoral feedback mechanisms. For this reason a subdivision
into different subtypes seems to provide a more concise
and logically correct approach to this condition. We will
use such a subdivision to discuss several issues of importance in relation to this syndrome.

Evaluation

CardioQ
▶ Esophageal Doppler
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Cardiorenal Syndrome Type I (Acute
Cardiorenal Syndrome)
Type I CRS or Acute Cardiorenal Syndrome (ACRS) is
characterized by a rapid worsening of cardiac function,
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Chronic

Acute

Cardiorenal Syndrome. Table 2 Proposed definition of
cardiorenal syndromes
Cardiorenal syndrome (CRS)
general definition

C-R

A pathophysiologic disorder
of the heart and kidneys
whereby acute or chronic
dysfunction in one organ
may induce acute or chronic
dysfunction in the other
organ.

CRS type I (acute cardiorenal Abrupt worsening of cardiac
syndrome)
function (e.g., acute
cardiogenic shock or
decompensated congestive
heart failure) leading to
acute kidney injury.

R-C

CRS type II (chronic
cardiorenal syndrome)

Chronic abnormalities in
cardiac function (e.g.,
chronic congestive heart
failure) causing progressive
and permanent chronic
kidney disease.

CRS type III (acute
reno-cardiac syndrome)

Abrupt worsening of renal
function (e.g., acute kidney
ischemia or
glomerulonephritis) causing
acute cardiac disorder
(e.g., heart failure,
arrhythmia, ischemia).

CRS type IV (chronic
reno-cardiac syndrome)

Chronic kidney disease
(e.g., chronic glomerular
disease) contributing to
decreased cardiac function,
cardiac hypertrophy, and/or
increased risk of adverse
cardiovascular events.

CRS type V (secondary
cardiorenal syndrome)

Systemic condition
(e.g., diabetes mellitus,
sepsis) causing both cardiac
and renal dysfunction.

Cardiorenal Syndrome. Figure 1 The bidirectional nature of
the cardiorenal syndrome and the acute or chronic temporal
characteristics of the syndrome

Cardiorenal Syndrome. Table 1 Heart and kidney
interactions
● CKD secondary to HF
● AKI secondary to contrast induced
nephropathy (CIN)
● AKI secondary to cardiopulmonary bypass
(CPB)
● AKI secondary to heart valve replacement
● AKI secondary to HF
● Cardiovascular mortality increased by end
stage kidney disease (ESKD)
● Cardiovascular risk increased by kidney
dysfunction
● Chronic HF progression due to kidney
dysfunction
● Uremia-related HF
● Volume-related HF
● HF due to acute kidney dysfunction
● Volume/uremia-induced HF
● Renal ischemia-induced HF
● Sepsis/cytokine induced HF

which leads to acute kidney injury (Fig. 2). Acute heart
failure may then be divided into four main subtypes
(hypertensive pulmonary edema with preserved LV systolic function, acute decompensated chronic heart failure,

cardiogenic shock, and predominant right ventricular failure). Type I cardiorenal syndrome (CRS) is common.
More than one million patients in the USA alone are
admitted to hospital every year with either de novo acute
heart failure (AHF) or with an acute decompensation of
chronic heart failure (ADCHF) [2]. Among patients with
ADCHF or de novo acute heart failure (AHF), premorbid
chronic renal dysfunction is common and predisposes
to acute kidney injury (AKI). The mechanisms by which
the onset to AHF or ADCHF leads to AKI are multiple
and complex. They are broadly described in previous
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Cardiorenal Syndrome: Type I
Hemodynamically mediated damage

C

Exogenous factors
drugs

Acute
heart
dysfunction

Humorally mediated damage

Acute
kidney
injury

Hormonal factors

Immuno-mediated damage

Cardiorenal Syndrome. Figure 2 Diagram illustrating and summarizing the major pathophysiological interactions between
heart and kidney in type I cardiorenal syndrome

publication [1]. The clinical importance of each of
these mechanisms is likely to vary from patient to patient
(e.g., acute cardiogenic shock vs. hypertensive pulmonary
edema) and situation to situation (AHF secondary to
perforation of a mitral valve leaflet from acute bacterial
endocarditis vs. worsening right heart failure secondary to
noncompliance with diuretic therapy). In AHF, AKI seems
to be more severe in patients with impaired left ventricular
ejection fraction (LVEF) compared to those with
preserved LVEF and increasingly worse when LVEF is
further impaired. AKI achieves an incidence >70% in
patients with cardiogenic shock. Furthermore, impaired
renal function is consistently found as an independent
risk factor for 1-year mortality in AHF patients with
ST-elevation myocardial infarction. A plausible reason
for this independent effect might be that an acute decline
in renal function does not simply act as a marker of
illness severity but also carries an associated acceleration
in cardiovascular pathobiology leading to a higher rate
of cardiovascular (CV) events, both acutely and chronically, possibly through the activation of inflammatory
pathways.

Cardiorenal Syndrome Type II (Chronic
Cardiorenal Syndrome)
Type II CRS or chronic Cardiorenal syndrome (CCRS) is
characterized by chronic abnormalities in cardiac function

(e.g., chronic congestive heart failure) causing progressive
chronic kidney insufficiency (Fig. 3).
Worsening renal function (WRF) in the context of
heart failure (HF) is associated with significantly increased
adverse outcomes and prolonged hospitalizations. The
prevalence of renal dysfunction in chronic heart failure
(CHF) has been reported to be approximately 25%. Even
limited decreases in estimated GFR of >9 ml/min appears
to confer a significantly increased mortality risk. Some
researchers have considered WRF a marker of severity of
generalized vascular disease. Independent predictors of
WRF include: old age, hypertension, diabetes mellitus,
and acute coronary syndromes.
The mechanisms underlying WRF likely differ based
on acute versus chronic HF. Chronic HF is characterized
by a relatively stable long-term situation of probably
reduced renal perfusion, often predisposed by both
micro- and macrovascular disease in the context of the
same vascular risk factors associated with cardiovascular
disease. However, although a greater proportion of
patients with low estimated GFR have a worse NYHA
class, no evidence of association between LVEF and estimated GFR can be consistently demonstrated. Thus,
patients with chronic heart failure and preserved LVEF
appear to have similar estimated GFR than patients with
impaired LVEF (<45%). Neurohormonal abnormalities
are present with excessive production of vasoconstrictive
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Cardiorenal Syndrome. Figure 3 Diagram illustrating and summarizing the major pathophysiological interactions between
heart and kidney in type II cardiorenal syndrome

mediators (epinephrine, angiotensin, endothelin) and
altered sensitivity and/or release of endogenous vasodilatory
factors (natriuretic peptides, nitric oxide).

Cardiorenal Syndrome Type III (Acute
Reno-Cardiac Syndrome)
Type III CRS or acute reno-cardiac syndrome (ARCS) is
characterized by an abrupt and primary worsening of
renal function (e.g., acute kidney injury, ischemia, or
glomerulonephritis), which then causes or contributes to
acute cardiac dysfunction (e.g., heart failure, arrhythmia,
ischemia). The pathophysiological aspects are summarized in Fig. 4.
The development of AKI as a primary event leading to
cardiac dysfunction (Type III CRS) is considered less
common than type I CRS. This is partly because, unlike
Type I CRS, it has not been systematically considered or
studied. However, AKI is a condition with a growing incidence in hospital and ICU patients. Using the recent
RIFLE consensus definitions and its Injury and Failure
categories, AKI has been identified in close to 9% of
hospital patients and, in a large ICU database, AKI was
observed in more than 35% of critically ill patients. AKI

can affect the heart through several pathways whose hierarchy is not yet established. Fluid overload can contribute to
the development of pulmonary edema. Hyperkalemia can
contribute to arrhythmias and may cause cardiac arrest.
Untreated uremia affects myocardial contractility through
the accumulation of myocardial depressant factors and can
cause pericarditis. Partially corrected or uncorrected
acidemia produces pulmonary vasoconstriction, which, in
some patients, can significantly contribute to right-sided
heart failure. Acidemia appears to have a negative inotropic
effect and may, together with electrolyte imbalances, contribute to an increased risk of arrhythmias. Finally, as
discussed above, renal ischemia itself may precipitate activation of inflammation and apoptosis at cardiac level.

Cardiorenal Syndrome Type IV (Chronic
Reno-Cardiac Syndrome)
Type IV CRS or chronic reno-cardiac syndrome (CRCS) is
characterized by primary chronic kidney disease (CKD)
(e.g., diabetes or chronic glomerular disease) contributing
to decreased cardiac function, ventricular hypertrophy,
diastolic dysfunction, and/or increased risk of adverse
cardiovascular events (Fig. 5). The National Kidney
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Cardiorenal Syndrome. Figure 4 Diagram illustrating and summarizing major pathophysiological interactions between heart
and kidney in type III cardiorenal syndrome
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Foundation divides CKD into five stages based on
a combination of severity of kidney damage and GFR.
Individuals with CKD, particularly those receiving renal
replacement therapies are at extremely high cardiovascular
risk. Greater than 50% of deaths in CKD stage V cohorts
are attributed to CV disease, namely, coronary artery
disease (CAD) and its associated complications. The
2-year mortality rate following myocardial infarction
(MI) in patients with CKD stage V is high and estimated
to be 50%. In comparison, the 10-year mortality rate post
MI for the general population is 25%. Type IV cardiorenal
syndrome is becoming a major public health problem.
A large population of individuals entering the transition
phase towards end stage kidney disease (ESKD) is emerging. National Kidney Foundation guidelines define these
individuals as having CKD. CKD, which also encompasses
ESKD, is defined as persistent kidney damage (confirmed
by renal biopsy or markers of kidney damage) and/or
glomerular filtration rate (GFR)<60 ml/min/1.73 m2
over 3 months. This translates into a serum creatinine
level of 1.3 mg/dl, which would ordinarily be dismissed
as not being representative of significant renal dysfunction. Using these criteria, current estimates of CKD
account for at least 11 million individuals and rising.
The association between increased CV risk and renal dysfunction originally stemmed from data arising from ESKD
or stage V CKD cohorts. The leading cause of death
(>40%) in such patients is cardiovascular event-related.
This observation is supported by Australian and New
Zealand Dialysis and Transplant Registry (ANZDATA),
United States Renal Data System (USRDS), and the
Wave 2 Dialysis Morbidity and Mortality Study. Based
on these findings, it is now well established that CKD is
a significant risk factor for cardiovascular disease, such
that individuals with evidence of CKD have from 10- to
20-fold increased risk for cardiac death compared to ageand sex-matched controls without CKD. As discussed,
part of this problem may be related to the fact that such
individuals are also less likely to receive risk modifying
interventions compared to their non-CKD counterparts.
Less severe forms of CKD also appear to be associated with
significant cardiovascular risk. Evidence for increasing CV
morbidity and mortality tracking with mild to moderate
renal dysfunction, has mainly stemmed from communitybased studies [5]. All these studies documented an inverse
relationship between renal function and adverse cardiovascular outcomes. In particular, the association between
reduced renal function and CV risk appears to consistently
occur at estimated GFR levels below 60 ml/min/1.73 m2,
the principal GFR criterion used to define CKD. Among
high CV risk cohorts, baseline creatinine clearance is

a significant and independent predictor of short-term
outcomes (180 days follow-up), namely, death and myocardial infarction. Similar findings were also noted among
patients presenting with ST-elevation myocardial infarction, an effect independent of the Thrombolysis in Myocardial Infarction (TIMI) risk score. Other large-scale
studies that have examined the relationship between
renal function and cardiovascular outcomes among high
CV risk cohorts with left ventricular dysfunction have
included the Studies of Left Ventricular Dysfunction
(SOLVD), Trandolapril Cardiac Evaluation (TRACE),
Survival and Ventricular Enlargement (SAVE), and
Valsartan in Acute Myocardial Infarction (VALIANT) trials. These studies excluded individuals with baseline
serum creatinine of 2.5 mg/dl. In all these studies,
reduced renal function was associated with significantly
higher mortality and adverse CV event rates.
Renal insufficiency is highly prevalent among patients
with heart failure and is an independent prognostic factor
in both diastolic and systolic ventricular dysfunction. It is
an established negative prognostic indicator in patients
with severe heart failure.

Cardiorenal Syndrome Type V (Secondary
Cardiorenal Syndrome)
Type V CRS or secondary cardiorenal syndrome (SCRS) is
characterized by the presence of combined cardiac and
renal dysfunction due to systemic disorders (Fig. 6).
There is limited systematic information on type V CRS,
where both kidneys and heart are affected by other systemic processes. Although there is an appreciation that, as
more organs fail, mortality increases in critical illness,
there is limited insight into how combined renal and
cardiovascular failure may differently affect such an outcome compared to, for example, combined pulmonary
and renal failure. Nonetheless, it is clear that several
acute and chronic diseases can affect both organs simultaneously and that the disease induced in one can affect
the other and vice versa. Several chronic conditions such
as diabetes and hypertension are discussed as part of
type II and type IV CRS.
In the acute setting, severe sepsis represents the most
common and serious condition, which can affect both
organs. It can induce AKI while leading to profound
myocardial depression. The mechanisms responsible for
such changes are poorly understood but may involve the
effect of tumor necrosis factor on both organs. The onset
of myocardial functional depression and a state of inadequate cardiac output can further decrease renal function as
discussed in type I CRS and the development of AKI can
affect cardiac function as described in type III CRS. Renal
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Cardiorenal Syndrome. Figure 6 Diagram illustrating and summarizing the major pathophysiological interactions between
heart and kidney in type V cardiorenal syndrome

ischemia may then induce further myocardial injury in
a vicious cycle, which is injurious to both organs.

Treatment
Cardiorenal Syndrome Type I
The salient clinical issues of type I CRS relate to how the
onset of AKI (de novo or in the setting of chronic renal
impairment) induced by primary cardiac dysfunction
impacts on diagnosis, therapy, and prognosis and how
its presence can modify the general approach to the treatment of AHF or ADCHF. The first important clinical
principle is that the onset of AKI in the setting of AHF
or ADCHF implies inadequate renal perfusion until
proven otherwise. This should prompt clinicians to consider the diagnosis of a low cardiac output state and/or
marked increase in venous pressure leading to kidney
congestion and take the necessary diagnostic steps to
either confirm or exclude them (careful physical examination looking for ancillary signs and laboratory findings of
a low cardiac output state such as absolute or relative
hypotension, cold extremities, poor post compressive capillary refill, confusion, persistent oliguria, distended jugular veins, and elevated or rising lactate). The second
important consequence of the development of type I
CRS is that it may decrease diuretic responsiveness. In
a congestive state (peripheral edema, increased body
weight, pulmonary edema, elevated central venous pressure), decreased response to diuretics can lead to failure to

achieve the desired clinical goals. The physiological phenomena of diuretic breaking (diminished diuretic effectiveness secondary to post-diuretic sodium retention) and
post-diuretic sodium retention may also play an enhanced
part in this setting. In addition, concerns of aggravating
AKI by the administration of diuretics at higher doses or
in combination are common among clinicians. Such concerns can also act as an additional, iatrogenic mechanism
equivalent in its effect to that of diuretic resistance (less
sodium removal). Accordingly, diuretics may best be given
in AHF patients with evidence of systemic fluid overload
with the goal of achieving a gradual diuresis. Furosemide
can be titrated according to renal function, systolic blood
pressure, and history of chronic diuretic use. High doses
are not recommended and a continuous diuretic infusion
might be helpful. In parallel, measurement of cardiac
output and venous pressure may also help ensure continued and targeted diuretic therapy. Accurate estimation of
cardiac output can now be easily achieved by means of
arterial pressure monitoring combined with pulse contour
analysis or by Doppler ultrasound. Knowledge of cardiac
output allows physicians to develop a physiologically safer
and more logical approach to the simultaneous treatment
of AHF or ADCHF and AKI. If diuretic-resistant fluid
overload exists despite an optimized cardiac output,
removal of isotonic fluid can be achieved by ultrafiltration
(Fig. 7). This approach can be efficacious and clinically
beneficial. The presence of AKI with or without concomitant hyperkalemia may also affect patient outcome by
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Cardiorenal Syndrome. Figure 7 Diagram presenting the technical features of ultrafiltration as applicable to patients with acute
heart failure and diuretic-resistant fluid overload

inhibiting the prescription of ACE inhibitors and aldosterone inhibitors (drugs that have been shown in large
randomized controlled trials to increase survival in the
setting of heart failure and myocardial infarction). This is
unfortunate because, provided there is close monitoring
of renal function and potassium levels, the potential benefits of these interventions likely outweigh their risks even
in these patients.
The acute administration of beta-blockers in the setting of type I CRS is generally not advised. Such therapy
should wait until the patient has stabilized physiologically
and concerns about a low cardiac output syndrome have
been resolved. In some patients, stroke volume cannot be
increased and relative or absolute tachycardia sustains the
adequacy of cardiac output. Blockade of such compensatory tachycardia and sympathetic system-dependent inotropic compensation can precipitate cardiogenic shock and
can be lethal. Particular concern applies to beta-blockers
excreted by the kidney such as atenolol or sotalol, especially
if combined with calcium antagonists. These considerations should not inhibit the slow, careful, and titrated
introduction of appropriate treatment with beta-blockers
later on, once patients are hemodynamically stable.
This aspect of treatment is particularly relevant in
patients with the cardiorenal syndrome where evidence
suggests that undertreatment after myocardial infarction

is common. Attention should be paid to preserving renal
function, perhaps as much attention as is paid to preserving myocardial muscle. Worsening renal function during
admission for ST-elevation myocardial infarction is
a powerful and independent predictor of in-hospital and
1-year mortality. In a study involving 1,826 patients who
received percutaneous coronary intervention, even a transient rise in serum creatinine (>25% compared to baseline) was associated with increased hospital stay and
mortality. Similar findings have also been shown among
coronary artery bypass graft cohorts. In this context, creatinine rise is not simply a marker of illness severity but it
rather represents a causative factor for cardiovascular
injury acceleration through the activation of hormonal,
immunological, and inflammatory pathways. Given that
the presence of type I CRS defines a population with high
mortality, a prompt, careful, systematic, multidisciplinary
approach involving invasive cardiologists, nephrologists,
critical care physicians, and cardiac surgeons is both
logical and desirable.

Cardiorenal Syndrome Type II
Pharmacotherapies used in the management of HF
have been touted as contributing to WRF. Diuresis-associated hypovolemia, early introduction of renin-angiotensin-aldosterone system blockade, and drug-induced
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hypotension, have all been suggested as contributing factors. However, their role remains highly speculative. More
recently, there has been increasing interest in the pathogenetic role of relative or absolute erythropoietin (EPO)
deficiency contributing to a more pronounced anemia in
these patients than might be expected for renal failure
alone. EPO receptor activation in the heart may be
protective from apoptosis, fibrosis, and inflammation.
In keeping with such experimental data, preliminary
clinical studies show that EPO administration in patients
with chronic heart failure, chronic renal insufficiency, and
anemia leads to improved cardiac function, reduction in
left ventricular size, and lowering of B-type natriuretic
peptide. Patients with type 2 CRS are more likely to receive
loop diuretics and vasodilators and also to receive higher
doses of such drugs compared to those with stable renal
function. Treatment with these drugs may participate in
the development of renal injury. However, such therapies
may simply identify patients with severe hemodynamic
compromise and thus a predisposition to renal dysfunction rather than being responsible for worsening renal
dysfunction. Regardless of the cause, reductions in renal
function in the context of heart failure are associated with
increased risk for adverse outcomes.

Cardiorenal Syndrome Type III
The development of AKI, especially in the setting of
chronic renal failure can affect the use of medications
that normally would maintain clinical stability in patients
with chronic heart failure. For example, an increase in
serum creatinine from 1.5 mg/dl (130 mmol/l) to 2 mg/dl
(177 mmol/l), with diuretic therapy and ACE inhibitors,
may provoke some clinicians to decrease or even stop
diuretic prescription; they may also decrease or even temporarily stop ACE inhibitors. In some, maybe many cases,
this may not help the patient. An acute decompensation of
CHF may occur because of such changes in medications.
When this happens the patient may be unnecessarily
exposed to an increased risk of acute pulmonary edema
or other serious complications of undertreatment.
Finally, if AKI is severe and renal replacement therapy
is necessary, cardiovascular instability generated by rapid
fluid and electrolyte shifts secondary to conventional dialysis can induce hypotension, arrhythmias, and myocardial
ischemia. Continuous techniques of renal replacement,
which minimize such cardiovascular instability, appear
physiologically safer and more logical in this setting.

Cardiorenal Syndrome Type IV
The logical practical implications of the plethora of data
linking CKD with CV disease is that more attention needs
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to be paid to reducing risk factors and optimizing medications in these patients, and that undertreatment due to
concerns about pharmacodynamics in this setting may
have lethal consequences at individual level and huge
potential adverse consequences at public health level.
Nonetheless, it is also equally important to acknowledge
that clinicians looking after these patients are often faced
with competing therapeutic choices and that, with the
exception of MERIT-HF, large randomized controlled trials that have shaped the treatment of chronic heart failure
in the last two decades have consistently excluded patients
with significant renal disease. Such lack of CKD population-specific treatment effect data makes therapeutic
choices particularly challenging. In particular, in patients
with advanced CKD, the initiation or increased dosage of
ACE inhibitors can precipitate clinically significant worsening of renal function or marked hyperkalemia. The
latter may be dangerously exacerbated by the use of aldosterone antagonists. Such patients, if aggressively treated,
become exposed to a significant risk of developing dialysis
dependence or life-threatening hyperkalemic arrhythmias.
If too cautiously treated they may develop equally lifethreatening cardiovascular complications. In these
patients, the judicious use of all options while taking
into account patient preferences, social circumstances,
other comorbidities, and applying a multidisciplinary
approach to care seems to be the best approach.

Cardiorenal Syndrome Type V
Treatment is directed at the prompt identification, eradication, and management of the source of infection while
supporting organ function with invasively guided fluid
resuscitation and inotropic and vasopressor drug support.
In this setting, all the principles discussed for type I and
type III CRS apply. In these septic patients, preliminary
data using more intensive renal replacement technology
suggest that blood purification may have a role in improving myocardial performance while providing optimal
small solute clearance. Despite the emergence of consensus definitions and many studies, no therapies have yet
emerged to prevent or attenuate AKI in critically ill
patients. On the other hand, clear evidence of the injurious effects of pentastarch fluid resuscitation in septic AKI
has recently emerged. Such therapy should, therefore, be
avoided in septic patients.

After-care
The proportion of individuals with CKD receiving appropriate risk factor modification and/or interventional strategies is lower than in the general population, a concept
termed “therapeutic nihilism.” Many databases and
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registries have repeatedly shown that these therapeutic
choices seem to parallel worsening renal function. In
patients with CKD stage V, who are known to be at
extreme risk, less than 50% are on the combination of
aspirin, b blocker, ACE inhibitors, and statins. In a cohort
involving over 140,000 patients, 1,025 with documented
ESKD were less likely to receive aspirin, b blockade, or
ACE inhibition post MI. Yet those ESKD patients who did
receive the aspirin, b blocker, and ACE inhibitor combination had similar risk reductions in 30-day mortality
when compared to non-ESKD patients who had received
conventional therapy. This failure to treat is not just limited to ESKD patients. Patients with less severe forms of
CKD are also less likely to receive risk modifying medications following myocardial infarction compared to their
normal renal function counterparts.
Potential reasons for this therapeutic failure include
concerns about worsening existing renal function, and/or
therapy-related toxic effects due to low clearance rates.
Bleeding concerns with the use of platelet inhibitors and
anticoagulants are especially important with reduced renal
function and appear to contribute to the decreased likelihood of patients with severe CKD receiving aspirin and/or
clopidrogrel despite the fact that such bleeding is typically
minor and the benefits sustained in these patients. However, several studies have shown that when appropriately
titrated and monitored, cardiovascular medications used
in the general population can be safely administered to
those with renal impairment and with similar benefits.
Newer approaches to the treatment of cardiac failure
such as cardiac resynchronization therapy (CRT) have not
yet been studied in terms of their renal functional effects,
although preserved renal function after CRT may predict
a more favorable outcome. Vasopressin V2-receptor
blockers have been reported to decrease body weight and
edema in patients with chronic heart failure, but their
effects in patients with the cardiorenal syndrome have
not been systematically studied and a recent large randomized controlled trial showed no evidence of a survival
benefit with these agents.

Prognosis
Considering that the presence of any type CRS defines
a population with high mortality, a multidisciplinary
approach involving cardiologists, nephrologists, critical
care physicians, and cardiac surgeons is recommended.
In both chronic and acute situations, an appreciation of
the interaction between heart and kidney during dysfunction of each or both organs has practical clinical implications. The depth of knowledge and complexity of care
necessary to offer best therapy to these patients demands

a multidisciplinary approach. In addition, by using an
agreed definition of each type of cardiorenal syndrome,
physicians can describe treatments and interventions,
which are focused and pathophysiologically logical. They
can also conduct and compare epidemiological studies in
different countries and more easily identify aspects of each
syndrome, which carry a priority for improvement and
further research. Randomized controlled trials can then be
designed to target interventions aimed at decreasing morbidity and mortality in these increasingly common conditions. Increasing awareness, ability to identify and define,
and physiological understanding will help improve the
outcome of these complex patients.
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Infection
ANDREW M. MORRIS
Mount Sinai Hospital and University Health Network,
University of Toronto, Toronto, ON, Canada

Synonyms
Foley-catheter infection; Pyelonephritis; Urinary catheter
sepsis; Urosepsis

Definition
Catheter-associated urinary tract infection (CAUTI) is
generally defined in the medical literature as bacteriuria
or funguria (of at least 103 cfu/mL) in association with a
urinary catheter. The definition has remained problematic, as it ignores a central tenet in the management of
infections: differentiating colonization from infection.
In patients without urinary catheters, pyuria is strongly
associated with urinary tract infection, but some have
contested using such a criterion for CAUTI. A preferred
definition would be the symptoms and signs of urinary
tract infection accompanied by pyuria and greater than
103 cfu/mL microorganisms in association with an urinary
catheter.

Epidemiology
The epidemiology of CAUTI is poorly understood, owing
to the problematic definition used in the literature, but
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CAUTI appears to affect approximately 9% of all patients
in the ICU, with a rate of 12.0 per 1,000 catheter-days. Risk
factors include female sex, duration of catheterization,
and duration of ICU stay. Outside of the ICU, failure to
use a closed collection system has also been associated
with CAUTI. Antibiotic use appears protective, but this
may be because of confounding. Gram-negative bacilli
and enterococci are the most common isolates, although
candida species are frequently isolated in patients with
prolonged ICU stay (usually in patients receiving prolonged and/or repeated courses of broad-spectrum
antimicrobials).

Prevention
Avoiding urinary catheters and removing them when
unnecessary are the best means of preventing CAUTI.
Condom catheters for men have been shown to reduce
CAUTI with acceptable tolerability; in-and-out catheterization is also well tolerated. Nevertheless, neither of these
methods has been widely adopted in ICUs to prevent
CAUTI. Use of antimicrobial catheters may reduce bacteriuria, but have not been shown to prevent CAUTI or
other meaningful outcomes [1].

Treatment
There are few randomized trials evaluating management
of CAUTI. A small trial of catheter-associated bacteriuria
in women (not in the ICU) demonstrated that asymptomatic bacteriuria frequently progressed to symptomatic
CAUTI that single-dose antibiotic treatment was equivalent to a 10-day course of therapy. Another recent trial
compared short-course (3 days) antibiotics and catheter
change with standard care (i.e., no change, no antibiotics)
for patients with asymptomatic catheter-associated bacteriuria and found no difference in meaningful outcomes,
including development of pyelonephritis. Similarly, treatment of candiduria with fluconazole in immunocompetent patients temporarily eradicated the candidura, but
failed to offer any long-term benefit.

Evaluation
As mentioned above, evaluation is problematic. At present, routine urinalyses cannot be advocated. In
catheterized patients, pyuria (greater than 10 white
blood cells/mL) is specific but insensitive for the presence
of bacteriuria. Because it is unclear if treatment of asymptomatic patients with bacteriuria is warranted, routine
cultures are also not warranted. Investigation of fever of
unknown origin should include, however, urinalysis and
urine culture.
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Prognosis
When adjusted for confounding factors, CAUTI does not
appear to be associated with increased mortality in critically ill patients.

Economics
The attributable patient cost of CAUTI in the USA
ranges from $862 to $1, 007, costing US hospitals $0.39
to $0.45 billion annually [2].
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Catheter-Related Bloodstream
Infection
ANDREW M. MORRIS
Mount Sinai Hospital and University Health Network,
University of Toronto, Toronto, ON, Canada

Synonyms
Catheter-associated bloodstream infection; Catheterrelated infection; Central line infection; Central venous
catheter infection; Line sepsis; Vascular catheter infection

Definition
Catheter-related bloodstream infection (CRBI) is
bacteraemia or fungaemia that originate from an intravascular catheter. For the purpose of this chapter, CRBI will be
limited to catheters that are usually inserted and removed in
intensive care units and will not include tunneled catheters
or other long-term catheters. CRBI most commonly originates from the skin-insertion site, with microorganisms
traveling along the course of the vascular catheter into the
bloodstream. Less often, organisms contaminate the catheter hub and travel intraluminally. Some organisms, primarily coagulase-negative staphylococci, elaborate a protective
multilayered biofilm matrix preventing immune system
effectors and antimicrobials from reaching the organisms.
Although localized infection may occur at the site of insertion (often termed “exit site infection”), such infections are

easy to diagnose, do not generally cause systemic illness,
and are beyond the scope of discussion here. The study of
CRBI has been complicated by the lack of a definition that is
both sensitive and specific. Fever and other clinical criteria
are sensitive but nonspecific, whereas repeatedly positive
blood cultures drawn from the periphery and vascular
catheter with identical organisms in the presence of clinical
signs of infection without other primary foci are specific but
insensitive. For this reason, catheter-associated bloodstream infection is often measured, which identifies
bacteraemia in the presence of a vascular catheter, but
may not be caused by the catheter.

Epidemiology
The epidemiology of CRBI is not well known, although
the reported rate of CRBI in the province of Ontario,
Canada (population 13 million), is 1.4 per 1,000 catheter-days. The National Nosocomial Infection Surveillance
system of the CDC estimates the rate to be 1.8–5.2
per 1,000 catheter-days. There are an estimated 92,011
cases of CRBI annually in the USA [1]. Coagulase-negative
staphylococci are the most common organisms responsible
for CRBI, followed by (in decreasing order) Staphylococcus
aureus, Candida species, and gram-negative bacilli.

Prevention
The Centers for Disease Control recommend five procedures that are likely to have the greatest impact on reducing CRBI with the lowest barriers to implementation:
hand washing, using full-barrier precautions during the
insertion of central venous catheters, cleaning the skin
with chlorhexidine, avoiding the femoral site if possible,
and removing unnecessary catheters. Using these very
same procedures resulted in dramatic reductions across
103 ICUs in Michigan, reducing median rates of CRBI
from 2.7 per 1,000 catheter-days to zero [2].

Hand Washing
The evidence supporting hand-washing in preventing
CRBI is not strong but is it low-cost, theoretically appealing, and, when bundled with full-barrier precautions, is
proven to be effective in reducing CRBI.

Full-Barrier Precautions During Insertion
Sterile gloves, long-sleeved sterile gown, mask, cap, and
large sterile sheet drape during insertion have been shown
to dramatically reduce CRBI.

Cutaneous Antisepsis
Although povidone–iodine remains the most widely used
skin antiseptic in hospitals, there is strong evidence that

Catheter-Related Bloodstream Infection

chlorhexidine is superior to povidone–iodine. Tincture of
iodine also appears to be superior to povidone–iodine, but
is less well studied.

Site of Insertion
The femoral site is unequivocally inferior to the subclavian
site vis à vis infection risk. However, preference between
internal jugular and subclavian veins is less clear, with
colonization being greater for internal jugular venous
catheters compared with subclavian venous catheters,
but there is no evidence showing lower rates of CRBI
with the subclavian site.

Routine Changing of Lines
Although most teaching (including that of the CDC) states
that routine changing of lines is not advised, it is based on
little evidence. One study from 1981 looked at routine
changing of haemodialysis catheters in 90 patients, and
showed no difference between routine changes over a wire
at 7 days rather than at a new site. Another study from
1990 compared no routine changes with routine changes
over a wire and routine changes at a new puncture site, and
showed no difference.

Treatment
Treatment of CRBI begins with removal of the vascular
catheter when infection is suspected. In many cases, this
proves curative, with fever abating and leukocytosis
resolving without the need for antimicrobials. Clearly,
however, this requires further study. Optimal treatment
of documented CRBI requires (a) removal of the catheter
(where feasible) and (b) antimicrobial therapy [3].

Catheter Removal
Catheter removal for CRBI is always preferred; however,
situations do occur when this is not feasible or desired. In
such situations, an option includes antibiotic lock therapy,
whereby an aliquot of antibiotic is left in the catheter hub
and tubing continuously. This is only likely to be beneficial
for patients whose CRBI is due to an intraluminal infection, and is not supported by high-quality trials. Some
experts recommend retaining the vascular catheter for
CRBI due to coagulase-negative staphylococci, but the
recurrence risk is high.

Antimicrobial Therapy
Empiric Therapy
Treatment, as with all nosocomial infections, should be
based on the likely organism coupled with severity of
illness. For many such infections, patients will be
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haemodynamically stable, and treatment of the most likely
pathogens (usually staphylococci) will suffice. In centers
with a high prevalence of methicillin-resistant S. aureus,
vancomycin is likely an appropriate empiric therapy.
However, it may be reasonable to consider a methicillinlike penicillin (e.g., cloxacillin) or first-generation cephalosporin in stable patients.

Pathogen-Specific Therapy
Coagulase-negative staphylococci: Removal of the catheter
is often sufficient, but many authorities recommend
5–7 days therapy, unless there is no other medical hardware
in situ, the vascular catheter has been removed, the patient is
haemodynamically stable, and repeated blood cultures are
negative. No approach has been formally evaluated with
randomized controlled trials. S. lugdunensis is a coagulasenegative staphylococcus that should be treated as S. aureus.
S. aureus: Treatment should be based on susceptibilities. The most effective therapy for methicillin-susceptible
S. aureus is a b-lactam. However, in cases of severe allergy
or resistance, vancomycin is a preferred agent. Recently,
concerns have been raised regarding the effectiveness and
safety of vancomycin, especially with the emergence of
strains that are either resistant to or have reduced susceptibility to vancomycin. However, a recent open-label noninferiority trial comparing linezolid with vancomycin for
CRBI showed a trend favoring vancomycin in intentionto-treat analysis. Optimal duration of therapy for S. aureus
CRBI is unclear. Although teaching for many years has
maintained the axiom “treat for 2 weeks if a removal focus
of infection, and it has been removed,” recent studies
have questioned this wisdom with the recognition that
(a) infective endocarditis may complicate up to 13% of
catheter-associated bacteraemia and (b) infective endocarditis and other complications may be seen in approximately 6% of cases of S. aureus CRBI treated with 2 weeks
therapy (compared with 4 weeks). I prefer 4 weeks of therapy unless a trans-esophageal echocardiogram is performed
and is negative (making endocarditis highly unlikely), which
is largely consistent with recent recommendations [3].
Enterococci: The optimal treatment of enterococci
is ampicillin; if unable to use ampicillin because of resistance or allergy, then vancomycin is the preferred
agent. Linezolid or daptomycin are options when ampicillin
or vancomycin cannot be used, although there is limited
experience with these agents. The duration of treatment for
enterococcal bacteraemia is unclear, although 7–14 days is
usually sufficient. The risk of subsequent infective endocarditis is quite low, estimated at around 1%.
Gram-negative bacilli: The optimal treatment of
Gram-negative bacilli (GNB) is dependent on local
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susceptibilities. Empiric choices prior to speciation should
cover the majority of possibilities, and may include combination therapy (especially if the patient is neutropaenic,
severely ill, or known to be colonized with multidrugresistant organisms). However, there is weak evidence
supporting combination therapy once susceptibility is
known, including therapy for non-lactose-fermenting
agents such as Pseudomonas aeruginosa. The optimal duration of therapy is also unknown, although 7–14 days is
usually sufficient.
Candida species: Candidaemia is a frequent cause of
CRBI in patients who have been receiving prolonged broadspectrum antibacterial agents, as well as patients receiving
total parenteral nutrition, or who have received solid organ
or stem cell transplantation. Empiric therapy should be
based on local data, but may include amphotericin B,
fluconazole, or an echinocandin. These appear to be equally
efficacious, although azole resistance has been rising in
centers with high azole use. For this reason, many have
recommended echinocandin therapy to be first-line treatment. Candidaemia is generally treated with 2 weeks of
effective therapy, with the first negative blood culture
being considered day 1.

Evaluation
Diagnosis is primarily a microbiological one following
clinical suspicion. Where possible, cultures should come
from both peripheral blood and the catheter lumen prior
to antimicrobial therapy. Catheter tip cultures (using
a 5 cm segment and using either a roll-plate method or
sonification) are also advised; however, positive tip cultures reflect colonization, not CRBI.
CRBI can be confidently diagnosed when:
(a) Peripheral and catheter-drawn blood cultures are positive with the same isolate, and the catheter-drawn
culture grew more quickly (i.e., with a differential
time-to-positivity, or DTP, of at least 2 h)
(b) A catheter-drawn blood culture and a catheter-tip
culture are positive with the same isolate
(c) Both peripheral and catheter-drawn blood cultures
are positive, but the colony-count is threefold higher
in the culture growing from the venous catheter.

Prognosis
CRBI has an attributable mortality of approximately
12–25%.

Economics
The attributable patient cost of catheter-associated bloodstream infection (not CRBI) in the USA ranges from

$7,288 to $29,156, costing US hospitals $0.67–2.68 billion
annually [1].
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Definition
Cauda equina syndrome is a clinical condition arising
from acute, subacute, or chronic dysfunction of nerve
roots that comprise the structure known as the “cauda
equina.” It is considered a spine emergency during the
acute stages of neurologic deterioration from compressive
lesions. Anatomically, the spinal cord ends at approximately the first to second lumbar vertebrae in normal
adults. The dural sac continues as a fluid-filled structure
to approximately the second sacral vertebrae. Within this
sac, between levels L2 to S2, are contained the nerve roots
that have emanated from the spinal cord. These nerve
roots are collectively referred to as the “cauda equina,”
as they exist prior to exiting the dural sac and spinal
canal in pairs, through the neural foramina at each level.

Cauda Equina Syndrome

A variety of lesions can serve as the etiology for cauda
equina syndrome, including herniated intervertebral
disks, intradural, or extradural tumors, traumatic fractures, hematoma, abscess, and non-compressive causes
such as neuropathy or ankylosing spondylitis [1].
The incidence of cauda equina syndrome (CES) as
a true clinicopathologic entity is extremely rare; however,
it is frequently over-diagnosed on initial evaluation of
patients with signs and symptoms from spine or nerve
dysfunction in the lower extremities. This is likely due to
two reasons, (1) the highly generalized symptoms that are
found at presentation, and (2) the consequences of permanent functional impairment with under-diagnosis.
Because of its rarity, epidemiologic data is sparse, but
historic reports place its prevalence at 1–3: 100,000 population. In patients with low back pain, the occurrence of
CES is 4: 10,000. The most common etiology is herniated
nucleus pulposis (HNP), still presenting as only 1–2% of
those HNP cases requiring surgery [1].

Clinical Presentation
The classic symptomatology of cauda equina syndrome
includes perineal anesthesia, urinary or fecal retention
and/or incontinence, low back and/or radicular pain,
numbness in the lower extremities, weak rectal tone, or
weakness in the lower extremities and associated reflexes
[1]. While none of these symptoms are specific for CES
individually, their presence in various combinations, frequently accompanied by certain anatomic hallmarks, can
be highly sensitive for cauda equina dysfunction. The
symptom with the greatest sensitivity for CES is urinary
retention, found to be 90% sensitive in multiple series [2].
Without this, only 1:1,000 cases of suspected CES will be
true [1]. Likewise, “saddle anesthesia,” which is absent
sensation in the perineal region, has a sensitivity of 75%
for CES. In the astute patient who presents early, rapid
progression of clinical findings can also be an indication of
CES. However, patients frequently fail to recognize the
severity of their symptoms until they are more advanced.
Shi et al. created a classification system to categorize
severity of CES [2]. Patients fell into preclinical, early,
middle, or late categorization, with no determination as
to temporal progression of symptoms. The preclinical
patient was considered to show only electrophysiologic
changes in pudendal reflexes with imaging signs of compression; the early CES patient was considered to show
slight saddle sensory disturbances and sciatica; the middle
CES patients were considered to show severe saddle sensory
disturbances, some bowel or bladder dysfunction, and
lower extremity weakness; and late CES patients were
considered to show no saddle sensation, severe bladder
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and bowel dysfunction, severe sexual dysfunction. It is an
important concept to attempt a categorization of severity
for CES patients, as a differential response to surgery based
on severity is well recognized throughout the literature [2].
The severity at presentation is as important for prognostication as timing of intervention for many patients [3].
This confounder is difficult to account for, and sometimes
the distinction is minimized or ignored in level II and III
analyses focusing on timing of intervention.
Recognizing the difference between cauda equina dysfunction and spinal cord/conus medullaris dysfunction is
important for diagnosis of CES. Asymmetry of sensory or
motor disturbances can be an important finding that
distinguishes cauda equina dysfunction from higher
lesions affecting the spinal cord or conus medullaris [2].
For example, saddle anesthesia or lower extremity weakness can be a unilateral process in CES, but is frequently
bilateral and symmetric in conus medullaris lesions.
Another distinguishing finding of the saddle anesthesia
resulting from CES is its lack of sensory dissociation,
which is often found in spinal cord pathology. Pain can
sometimes distinguish a cauda equina lesion from a spinal
cord lesion. While not as sensitive for CES, if present, pain
is frequently the symptom that will bring the patient to
seek medical attention early. Pain from CES will be in the
lumbar region or radicular in nature, radiating to lower
extremities or the perineal region. The pain from CES may
be quite prominent, while spinal cord lesions will usually
cause only local pain (above L1 level), or little to no pain in
the case of conus medullaris lesions [1]. Because of the
anatomic relationship between the autonomic nervous
system (ANS) and the cauda equina, symptoms relating
to the function of the ANS are frequently encountered late
in the course of CES, while they may be encountered
relatively early with spinal cord or conus lesions due to
their second degree neurons’ intramedullary location [2].
These ANS symptoms include bladder dysfunction, impotence, and sphincter disturbances.
Cauda equina syndrome is considered a clinical
diagnosis that is usually, but not always, accompanied by
imaging findings suggesting compressive pathology.
When the above-mentioned symptomatology is linked
with compressive anatomic findings, urgent to emergent
surgical remediation may be warranted. However, caution
in diagnosis should be applied as there are many instances
when imaging studies convey a compressive structural
abnormality in the lumbar spine, while the patient experiences little or no symptoms. Without symptomatology,
there is no indication for a diagnosis of CES. This is an
important distinction when deciding if emergent surgery
is needed for treatment.
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Evaluation
Treatment is dictated by accompanying findings on full
clinical evaluation. A thorough history and physical examination are paramount as a guide for proper decisionmaking in diagnosis and treatment. An appropriate
physical exam will consist of the standardized format for
a full neurologic examination, which consists of (1) mental
status and executive function evaluation, (2) cranial nerve
evaluation, (3) sensory exam, (4) motor exam, (5) central
and peripheral reflex exam, (6) coordination evaluation,
(7) gait evaluation.
For the purpose of this discussion, focus will be placed
on examination of peripheral function, i.e., sensory,
motor, reflex, coordination, and gait examination, of the
lower extremities. The elements of a thorough sensory
exam include the dermatomal distribution of light
touch, sharp-dull distinction, pain, and temperature, as
well as non-segmental proprioception. Figure 1 shows the
generally accepted distribution of segmental nerve root

innervation for cutaneous sensation, described by Foerster
in 1933 [4]. With specific nerve root impingement, one
expects to find derangement in those dermatomes served
by its respective lumbosacral segmental level. Frequently
in CES, there is impingement of multiple roots producing
a regional derangement of sensory function, which usually
includes the lower sacral dermatomes, producing the saddle anesthesia in addition to more distal sensory changes.
Motor function, likewise, has been well characterized
with respect to the segmental innervation of the lower
extremity musculature, termed myotomes. It follows
a similar pattern as the innervation of cutaneous sensation. It is most valuable to describe any motor derangements by the function that is impaired or absent.
The myotome served by L1 nerve roots causes hip flexion,
L2-3 causes knee extension, L4 causes hip adduction,
L5 causes foot inversion, eversion and dorsiflexion. The
sacral nerves cause plantar flexion and knee flexion (S1-2).
Strength is described as a gradient from 0 (no movement
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Cauda Equina Syndrome. Figure 1 Lower extremity dermatomes (Adapted from aafp.org)

Cauda Equina Syndrome

or muscle contraction) to 5 (full strength). Cauda equina
syndrome may cause weakness along any point of the
strength spectrum with lower motor neuron findings,
which include atrophy from trophic influences, decreased
tone, and reflex arc interruption. The degree of weakness
found along the strength spectrum tells the story of the
severity of the cauda equina lesion. Coordination and gait
disturbances will occur in so much as the patient has
weakness of the lower extremities. The degree of weakness
will dictate the success or failure of the measures of multiple muscle coordination, such as gait. Lower sacral nerve
impairment will cause weakness of rectal tone; this is
always an important test to perform when evaluating for
spinal cord or spinal nerve injury.
Deep tendon reflexes are another element of the physical examination that will inform the examiner of the
extent of injury. Reflexes become diminished in CES due
to interruption of the reflex arc at the level of the lower
motor neuron. It is usually the knee jerk and ankle jerk
that are affected. The neurons serve an arc that communicates tendon stretch directly with alpha motor neurons
and inhibitory interneurons. Interruption of this arc will
cause a diminution or absence of the reflex for its respective myotome. This may be noticeable at multiple levels,
reflecting the common multi-neuronal dysfunction within
the cauda equina during the process of CES.
In the acute stages of the disease, imaging is an important modality to help guide the clinician toward surgical
treatment if appropriate pathology is seen. If trauma is
suspected, initial imaging should include lumbar roentgenography or computed tomography (CT) scans, if available. The sensitivity and specificity of lumbar CTscan have
been shown to be 97% and 95%, respectively, compared
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with 86% and 58%, respectively, for lumbar roentgenograms (9). A CT scan has better resolution for fractures,
and their relationships with the spinal canal and neural
foramina can be viewed in sagittal, coronal, and axial
planes. While harder to interpret due to its 2-dimensional,
monoplanar depiction, roentgenograms are frequently
used as a screening tool to guide decision algorithms for
subsequent diagnostic maneuvers, especially in those
patients in whom CT scan is contraindicated or impractical due to habitus, availability, etc.
For better representation of soft tissue structures
including neural elements, a magnetic resonance image
(MRI) of the lumbar spine may be important in determining the nature and anatomic location of compressive
pathology if surgical considerations are being made.
Figure 2 shows a representation of lumbar stenosis causing
neural compression. No contrast is needed in any imaging
modality on evaluation of an acute process, as the diagnostic value is not improved. However, if tumor or infection is suspected, either iodinated contrast for CTscans, or
gadolinium for MRI scans, is an important addition for
diagnostic considerations.
Another important factor in consideration of the traumatic etiology of CES is to recognize an unstable lumbar
spine. With or without ongoing neural compression,
treatment considerations will shift to a multimodal
approach. If ongoing compressive pathology exists, surgical plans may include decompression as well as stabilization procedures. On the other hand, if CES is the result of
a transient compression of neural elements that
underwent closed reduction, then conservative treatment
of the CES symptoms, in conjunction with a surgical
stabilization procedure, may be appropriate.

Cauda Equina Syndrome. Figure 2 (a and b) MRI in sagittal (a) and axial (b) planes showing a herniated disc causing cauda
equine syndrome (Adapted from Chou et al. Orthopedics 200813)
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Treatment
The timing of when to address a surgical lesion in CES is
the most controversial aspect of this syndrome. It is commonly accepted as a surgical emergency. Once recognized,
if appropriate compressive signs are found on imaging,
surgery should be performed within 48 h from the onset of
CES symptoms [3]. Some surgeons argue that evidence
supports a time frame within 24 h from symptom onset.
Shaprio [3] analyzed 39 cases of documented CES and
described that cases operated within 24 h showed better
functional recovery of lower extremity strength than cases
operated within 48 h, which showed better functional
recovery than cases operated after delay (two groups
with mean delays of 3.4 and 9 days). Likewise, for pudendal
symptoms, 24 h proved better than 48 h for urinary, bowel,
and sexual function recovery, and delayed surgery showed
no return of function. However, the differences in postsurgical recovery between surgery timed at <24 h versus
<48 h were determined from n=2. In patients presenting
after 48 h from onset of symptoms, especially if symptoms
include urinary retention or incontinence, and saddle
sensory changes, functional recovery is poor with or without surgery.
The Shapiro study only grouped patients by timing of
surgery, and did not address analysis by severity of symptoms at presentation. In a meta-analysis, Ahn et al. found
that there was multivariate significance in improvement
among patients presenting with CES – that based on
surgery <48 h and that based on a lower degree of symptom severity at presentation. Those with worse symptom
severity, including chronic low back pain, urinary symptoms, saddle anesthesia, and rectal dysfunction on presentation, tended to show worse prognosis for improvement
postoperatively, even in patients operated within 48 h.
Those patients with less severe symptoms, for instance,
lower extremity weakness and saddle hypoesthesia, had
greater chance of improvement with surgery <48 h from
onset compared with surgery >48 h from onset.
Other factors found to contribute to results from
surgery include acuity of symptoms. Those with more
acute symptom onset tend to have a better chance at
improvement after surgery compared with those showing
a more insidious, chronic onset. Time to recovery of
symptoms has been shown to vary in small level II and
III analyses [5]. Usually full extent of recovery is found
within 2 years, but gradual recovery of some function has
been observed for up to 5 years.
The type of surgery performed also varies widely
in the literature. It is a consensus that minimally invasive lesionectomy, such as semi-hemilaminotomy and
microdiscectomy, is inadequate to decompress the nerve

roots from the offending lesion once CES has developed.
Among the procedures that produce adequate decompression exist high variability in approach. Hemilaminectomy,
bilateral foraminal decompression with wide laminectomy,
as well as one study that purported the need for transdural
disk exploration in up to 18% of cases, have all been shown
to be effective in treating CES. Rationale for the latter
procedure is that it reduces the traction on injured nerves
during surgery, thus improving the chances for recovery of
function.
When ankylosing spondylitis (AS) is found to be the
etiology of CES, the pathophysiologic mechanism is not
entirely clear. It is thought to be a progressive ectasia of the
dura. The effectiveness of either conservative or surgical
treatments has been called into question. There are some
studies that advocate medical management is superior,
while others that endorse surgical treatment is the most
effective. This problem is classically treated conservatively,
but in the last decade, a variety of surgical approaches have
been employed including lumbar decompression and
durotomy, and even cerebrospinal fluid shunting, to
treat the ectatic lumbar dura.
When there is clear lack of compressive pathology
in CES, conservative management focuses on the presumed inflammatory process causing the nerve injury,
similar to CES in ankylosing spondylitis. The treatment
of choice for acute peripheral nerve injuries is high-dose
intravenous steroids, and pain control [1]. Physical therapy early in the process of recovery, whether after conservative or operative treatment, is an important aspect of
convalescence.

Summary
Cauda equina syndrome is a dangerous, but uncommon
entity in spine pathology. If acute onset and progression
are confirmed clinically, surgery should be performed
without delay, within 24–48 h. While compression is
the most common etiology, some inflammatory processes are found to be the cause, warranting conservative
management. The prognosis for functional recovery is
poor when the onset is insidious, or the presentation
severe. But, under the correct circumstances, with acute
onset and early symptoms, prognosis for recovery is
good when treated emergently. Surgical approaches
vary, but it is generally accepted that wide decompression
and removal of the offending lesion are the best treatment for compressive causes of CES. Further studies,
accounting for both severity on presentation and timing
of treatment, are warranted to establish the best management for maximizing the patients’ ability to overcome
this illness.

Central Spinal Cord Syndrome
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This is the cervical collar that is used for stabilizing the
neck in the neutral position.

Synonyms
“Burning Hands” syndrome; CCS; Central cord injury
syndrome

CCS
▶ Central Spinal Cord Syndrome

Celiotomy

Definition
A syndrome associated with ischemia, hemorrhage, or
necrosis involving the central portions of the spinal cord
due to traumatic injury sustained in the cervical or upper
thoracic regions of the spine, characterized by weakness in
the arms with relative sparing of the leg strength associated
with variable sensory loss.

▶ Laparotomy
Dorsal columns
Lateral
corticospinal tract

Central Cord Injury Syndrome
▶ Central Spinal Cord Syndrome

Central Cord Syndrome
▶ Spinal Cord Injury Syndromes

Central Line Infection
▶ Catheter-Related Bloodstream Infection
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Lateral
spinothalamic tract

Central Spinal Cord Syndrome. Figure 1 Illustration of the
affected area (red color) of central cord syndrome (CCS) in
a schematic axial drawing through the spinal cord. Note that
the sacral structures are more peripheral in the dorsal columns
and the lateral corticospinal tract. These structures are
therefore preferentially spared in patients with CCS
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b

c
Central Spinal Cord Syndrome. Figure 2 (Continued)

Central Spinal Cord Syndrome

Anatomy
The main descending motor pathway is the lateral
corticospinal tract. The tract is arranged with the cervical
(cranial) nerve paths more centrally located and the sacral
(caudal) nerve paths more peripherally located. The major
ascending sensory pathway is the dorsal column (fasciculus gracilis, fasciculus cuneatus). Similar to the lateral
corticospinal tract, the dorsal columns are arranged
such that cervical structures are centrally located and
sacral structures are more peripherally located (Fig. 1)
[1]. Central cord syndrome (CCS) originates from
a vascular compromise in the distribution area of the
anterior spinal artery, which supplies the central portions
of the spinal cord.

Epidemiology
CCS is the most common type of incomplete spinal cord
injury (SCI), comprising 15–25% of all cases [1]. The
“classic” mechanism leading to CCS is represented in
elderly patients with underlying degenerative spinal
changes, who sustain a hyperextension injury the cervical
spine (C-spine), with or without evidence of acute
spinal injury on plain X-rays. Susceptibility to CCS is
represented by a preexisting narrowing of the cervical
spinal canal due to spondylosis, osteophyte formation,
stenosis and ossification of the posterior longitudinal
ligament. The cervical cord may be injured by direct compression from buckling of the ligamentum flavum into
a narrowed, stenotic spinal canal [1]. CCS may also occur
in younger individuals sustaining high-energy trauma that
results in unstable spinal fractures, ligamentous instability,
or fracture-dislocations [2]. Young patients with congenital cervical stenosis are also at particular risk for sustaining a CCS after trauma. This entity presents with a wide
spectrum of neurological symptoms, ranging from preserved sensation with burning dysesthesia and allodynia in
the hands, to motor weakness to the upper extremities, to
a complete quadriparesis with sacral sparing. As a general
rule, the upper extremities are more affected than the lower
extremities. The classic paradigm is represented by a patient
who walks around but can’t move the arms. Return of
motor function follows a characteristic pattern, with the
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lower extremities recovering first, bladder function next,
and the proximal upper extremities and hands last [3].

Application
Diagnosis is made based upon clinical and radiographic
examination. Initial radiographic evaluation consists of
anteroposterior, lateral, and open-mouth odontoid
X-rays. CT scans may also be obtained to gain a better
understanding of fractures and dislocations. The MRI
represents the “gold standard” for evaluating injuries to
the soft tissues (discs, ligaments), to quantify the extent of
spinal stenosis and cord compression, and to asses for
presence of epidural hematoma, spinal edema, and spinal
contusions. At the time of initial evaluation, sacral sparing
may be the only neurologic function present to differentiate incomplete from complete SCI. Most cases of CCS
are successfully managed non-operatively, with the likelihood of considerable neurologic recovery [1, 3]. Medical
management of CCS consists of admission to intensive
care for close monitoring of neurologic status and hemodynamics. Maintenance of blood pressure (mean arterial
pressure of >85 mmHg) by volume resuscitation
supplemented by vasopressors, if needed, has been shown
to improve neurologic outcome by presumably maximizing spinal cord perfusion and limiting secondary injury
[1, 3]. Intravenous methylprednisolone is the most
commonly used pharmacologic treatment for SCI. The
established standard dosing is 30 mg/kg bolus followed
by 5.4 mg/kg/h for 24 h if the infusion is started within
3 h of injury, and for 48 h if the infusion is started between
3 and 8 h from the time of injury. This is a controversial
treatment that recent literature reviews showed no evidence for the use of corticosteroids as a neuroprotective
agent. Additionally, corticosteroids may adversely affect
patient outcome due to the side effects related to immunosuppression, including pulmonary infections [4].
Any patient with suspected CCS should be
immobilized in a hard cervical orthosis to prevent further
motion and potential injury. The cervical collar is typically
used for an additional 6 weeks or until neck pain has
resolved and neurologic improvement is noted. Once
the patient is medically stable, early mobilization and

Central Spinal Cord Syndrome. Figure 2 Case example of a 21-year old man who sustained a fall while snowboarding. He
presented with bilateral upper extremity motor weakness and subjectively “burning” hands. Imaging with plain X-rays, CT scan,
and MRI reveals an unstable C5/C6 flexion/distraction injury with a three-column fracture at C5, and a spinal cord contusion on
MRI (arrows in panels A and B). This patient was managed surgically by posterior fusion due to the inherent instability of the injury
(panel C). No decompression was performed. The patient recovered well within 3 months of surgery, with a full resolution of
dysethestesia and allodynia and improved upper extremity function. The patient was able to return to work without restrictions
as a pizza delivery courier
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rehabilitation with physical and occupational therapy is
essential. Gait and hand function training are the main
goals. Surgery is indicated in those cases with spinal instability [2, 5], as outlined in the case example shown in
Fig. 2. Surgical intervention for CCS without spinal instability is controversial. However, in the setting of persistent
cord compression, failure of motor recovery, or neurologic
decline, surgical intervention may be warranted. These
symptoms may be due to a herniated disk, an epidural
hematoma, or bony fragments in the spinal canal. In such
cases, the early spinal decompression may prevent the
progression of neurologic impairment and may lead to
improved recovery and function [1, 5].
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Central Venous Access Catheter
(CVC)
▶ Vascular Access for RRT

Definition
Central venous pressure (CVP) is the pressure of blood in
the thoracic vena cava at the point where the superior vena
cava meets the inferior vena cava prior to entry into the
right atrium (RA) of the heart.

Characteristics
Normal values of CVP in spontaneously breathing
patients are 5–10 cm of water and can be up to 5 cm of
water higher in patients mechanically ventilated with
positive inspiratory pressure. The normal CVP waveform
consists of three upward deflections (“a”, “c”, “v” waves)
and two downward deflections (“x” and “y” descents)
(Fig. 1). The “a” wave reflects right atrial contraction and
occurs just after the “P” wave on the ECG. It is followed by
“c” wave, which is the result of tricuspid valve bulging into
RA during isovolumic ventricular contraction. The third
positive deflection is “v” wave and represents the filling of
the RA during late ventricular systole. The “x” descent
occurs during right ventricular ejection when the tricuspid
valve is pulled away from the atrium and the “y” descent
represents rapid blood flow from the RA into right ventricle (RV) during early diastole.

Clinical Estimation of CVP
Physical assessment of jugular venous distension and pressure in patients sitting up at 45–60% angle allows CVP
estimation. The level of internal jugular veins filling can be
determined and pulsations can be clearly seen. The vertical
distance from the filling level and sternal angle is measured. Five centimeters (the approximate distance from
sternal angle and RA) is added to the measured distance in
order to get the CVP estimation. The external jugular
veins are observed in the 20 angle of the upper part of
the body against horizontal line. In patients with normal
CVP values, the veins are filled to one third of the distance

Central Venous Catheter Infection
▶ Catheter-Related Bloodstream Infection

Central Venous Pressure
GORAZD VOGA
Medical ICU, General Hospital Celje, Celje, Slovenia

Synonyms
Right atrial pressure

ECG

a

CVP tracing
c
X

v
Y

Central Venous Pressure. Figure 1 Simultaneous ECG and
CVP tracing

Central Venous Pressure

between clavicle and mandible. Unfortunately, considerable disagreement and inaccuracy exists in the clinical
assessment of CVP in critically ill patients and therefore
measurement is mandatory.

Invasive CVP Measurement
The CVP is usually measured by placing a catheter in one
of the veins and then threading it to the superior vena
cava. Internal jugular and subclavian veins are most suitable for cannulation, since the catheter is easily advanced
to the proper position. Antecubital veins can be also used,
if catheter is long enough to reach the superior vena cava.
The CVP is measured using a manometer filled with
intravenous fluid and attached to the central venous catheter. Zero point, approximately the mid-axillary line in the
fourth intercostal space in supine position, must be determined. Catheter should not be blocked or kinked to allow
free flow of the fluid. The manometer is filled with fluid
and then three-way stopcock is open to the catheter. Fluid
level steadily drops to the level of the CVP, which is
measured in centimeters of water. Fluid level should fluctuate slightly with breathing and may slightly pulsate. On
the other hand, prominent pulsations are due to significant tricuspid regurgitation or improper position of the
catheter tip in the right ventricle, which usually requires
reposition of the catheter. In the ICU setting, catheters are
usually connected with transducers, and the CVP waveform is continuously displayed in the monitor. Transducers also have to be zeroing and put at the standard
reference level for hemodynamic measurements, which is
usually 5 cm below the sternal angle. The electronically
measured values are displayed in the monitor and
expressed in mmHg (10 cm H2O is 7.5 mm Hg).
Besides proper levelling and zeroing, changes of
intrathoracic pressure should be considered in the interpretation of CVP values. Increased intrathoracic pressure
is commonly seen in patients with high levels of PEEP
or forced expiration, on the other hand, highly negative
intrathoracic pressure frequently results from vigorous
inspiratory efforts. Both conditions can markedly change
CVP. Therefore, CVP waveform should be always
observed in order to assess proper CVP values. Factors
that affect CVP measurement are summarized in the
table (Table 1).

Nonivasive CVP Estimation
Nonivasive estimation of CVP is possible by transthoracic
echocardiography. In the subcostal view, inferior vena
cava (IVC) is visualized and the diameter during inspiration and expiration is measured. The IVC collapsibility
index (IVCCI) is defined as difference between maximum
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Central Venous Pressure. Table 1 Factors affecting CVP
measurement
Zeroing and reference level of the transducer
Central venous blood volume

C

Venous return
Blood volume
Vascular tone
Right ventricular compliance
Intrathoracic pressure
Tricuspid regurgitation and stenosis

Central Venous Pressure. Table 2 Estimation of CVP from
measurement and respiratory variation of IVC diameter
Inspiratory
IVC diameter (cm) decrease

Estimated CVP
(mm Hg)

<1.5

Collapse

<5

1.5–2.5

>50%

5–10

>2.5

<50%

10–15

>2.5

No

>20

and minimum IVC diameter, expressed in percent. The
estimation of CVP by IVC measurement is showed in the
table and is reliable in the spontaneously breathing
patients (Table 2). The IVC size of 2 cm and the IVC
collapsibility of 40% discriminates CVP below or above
10 mm Hg with 73% sensitivity and 85% specificity [1].

Clinical Value of CVP
CVP is a static pressure variable, which is frequently used
for preload assessment. CVP measurement is the essential
part of hemodynamic assessment in critically ill patients
and is frequently performed during surgery to estimate
cardiac preload and circulating blood volume, also. CVP
reflects the amount of blood returning to the heart and the
ability of the heart to pump the blood into the arterial
system. Measurement of the “c” wave value at the end
expiration reflects end-diastolic pressure in the right ventricle and can be used as an index RV preload. At the same
time CVP represents the back pressure for venous return
and gives an estimate of the intravascular volume status. It
predominantly depends on circulating blood volume,
venous tone, and right ventricular function. In patients
with normal cardiac function increased venous return is
associated with increased cardiac output, without major
change in CVP. On the other hand, CVP is elevated in
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patients with poor right ventricular contractility and/or
obstruction to the inflow in right atrium (tamponade,
tension pneumothorax) or to the outflow in pulmonary
circulation (pulmonary embolism).
Unfortunately, CVP poorly reflects left ventricular
preload and is of little value for hemodynamic assessment
in patients with heart failure and cardiogenic shock. Very
poor relationship between CVP and blood volume and
poor prediction of CVP changes for fluid responsiveness
was found [2]. CVP values lower than 5 mm Hg have only
47% positive predictive value for fluid responsiveness in
mechanically ventilated septic patients [3]. Nevertheless,
CVP values in septic shock are significantly different in
survivors and nonsurvivors 6–48 h after admission and
CVP values 8–12 mm Hg are proposed as an early resuscitation goal of the initial hemodynamic stabilization in
patients with septic shock [4].
CVP is only a part of hemodynamic assessment and
must be interpreted together with other hemodynamic
variables and clinical state of patient. It is clear that very
high and low CVP values must be considered as abnormal,
but they are not conclusive for any specific hemodynamic
situation. Therefore, such findings require further diagnostic workup. Normal CVP values also can be associated
with different hemodynamic disturbances in critically ill
patients.
Examination of the CVP waveforms gives some additional information regarding tricuspid regurgitation, cardiac tamponade, cardiac restriction, decreased thoracic
compliance, and arrhythmias. Patients with tricuspid
regurgitation have prominent “v” waves, on the other
hand restrictive RV filling is associated with large and
deep “y” descent. In patients with cardiac tamponade
“x” and “y” descent usually disappear. Large inspiratory
rise in the CVP during mechanical ventilation suggests
decreased thoracic wall compliance. In patients with atrial
fibrillation “a” wave is absent, and in presence of atrioventricular dissociation high and tall (cannon) “a” wave can
be seen due to atrial contraction against closed tricuspid
valve [5].
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Introduction
Vascular cannulation is an essential tool for fluid and drug
administration, accurate monitoring of hemodynamic
parameters, and blood sampling in critically ill patients.
Preparation, indications, contraindications, clinical utility, and techniques for vascular cannulation are reviewed
in this chapter. The sites of catheterization and complications of arterial, central venous, and pulmonary artery
catheterization are also presented.

Central Venous Catheterization
The main indications for central venous catheterization
(CVC) are: (1) monitoring of hemodynamic and tecidual
perfusion, and (2) therapeutic (Table 1).

Central Venous, Arterial, and PA Catheters. Table 1 Indications for central venous catheterization
1 – Monitoring of hemodynamic and tecidual perfusion
1.1 – Measurement of central venous pressure
1.2 – Placement of pulmonary (Swan-Ganz) catheter
and Presep®
1.3 – Placement of jugular bulb catheter
2 – Therapeutic
2.1 – Fluid therapy in general
2.2 – Fluid therapy of irritant solutions (concentrated
potassium chloride, parenteral nutrition,
hypertonic saline) and vasopressor amines
2.3 – Hemodyalisis and plamapheresis
2.4 – Placement of transvenous pacemaker
2.5 – When peripherical venous access is impossible

Central Venous, Arterial, and PA Catheters

Volemic resuscitation is not an indication for CVC.
However, in a hypovolemic patient if the peripheral vein
cannulation is difficult, it would be necessary to access
a central vein.
During cardiac arrest, there is an urgency to access
a vein (peripheral or central) for drug administration. In
this case, femoral vein is the first option. Cannulation of
femoral vein can be done without stopping the cardiac
massage.

Sites of Catheterization
In general, the site of catheterization is selected based on
doctor’s experience. However, for some procedures, there
are preferential sites (Table 2).
If the patient had a pleural catheter, the venous cannulation must be done at the same side of the thoracic drain.

Preparation
Patient and operator preparation is a crucial component
of the vascular cannulation procedure.
If possible, it is advisable to obtain informed consent
from the patient or surrogate whenever an invasive procedure is to be performed.
Hand washing is mandatory (and often overlooked)
before the insertion of vascular devices. Scrubbing with
antimicrobial cleansing solutions does not reduce the

C

incidence of catheter-related sepsis, so a simple soapand-water scrub is sufficient.
A CVC is a sterile procedure. If there is a contamination,
the procedure must be interrupted and the contaminated
material must be replaced. If a patient is cannulated in an
emergency situation (e.g., during cardiac arrest), the venous
catheter must be replaced as soon as possible.
The insertion site is prepped and povidone-iodine or
alcoholic solution of chlorhexidine is most commonly
used, although chlorexidine appears to be more efficient.
After skin preparation, the insertion site should be draped
with a sterile field. The sterile field must be big enough to
cover the head and the body of the patient (maximum
barrier). This procedure reduced the incidence of catheterrelated sepsis six times compared to the use of sterile
gloves and a small camp (Fig. 1).
To avoid patient discomfort, local anesthesia, analgesia, and/or sedation need to be performed. Most vascular
cannulations are done percutaneously because of the facility to insert the catheter and reduced risk of infection.
Cannulation over direct vision through a surgical cut
down may be performed in very difficult situations.
Most of the central venous and arterial catheters are
inserted passing a guidewire through the needle (the
Seldinger technique) (Fig. 2).
In Fig. 3, steps of the right internal jugular vein cannulation are depicted.

Central Venous, Arterial, and PA Catheters. Table 2 Sites of catheterization in diverse clinical conditions
Indication

First choice

Second choice

Third choice

Venous access in general

SCV

IJV or EJV

FV

Placement of (Swan-Ganz)
catheter

RIJV

LSCV

LIJV or RSCV

Coagulopathy

EJV

IJV

FV

Pulmonary disease or
elevated PEEP

RIJV

LIJV

EJV

Total parenteral nutrition

SCV

IJV

–

Hemodyalisis/plasmapheresis IJV

FV

SCV

Cardiac arrest

FV

SCV

IJV

Transvenous pacemaker

RIJV

SCV

–

Hypovolemic patient

SCV or FV

IJV

–

Urgent access to airway

FV

SCV

IJV

Monitoring of venous
saturation

SCV

IJV

EJV

CVP monitoring

IJV

EJV

SCV

SCV – subclavian vein; IJV – internal jugular vein; EJV – external jugular vein; FV – femoral vein; RIJV – right internal jugular vein; LSCV – left
subclavian vein; LIJV – left internal jugular vein; RSCV – right subclavian vein; PEEP – positive end expiratory pressure; CVP central venous pressure
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Central Venous, Arterial, and PA Catheters. Figure 1 Vascular cannulation of right internal jugular vein in an intensive care unit
setting. Note the use of sterile field covering the face and body of patient (maximum barrier)

The use of Doppler or ultrasound-guided vascular
access increase the success of cannulation, reducing the
risk of complications related to the insertion. In the future,
the use of ultrasound equipment associated with a trained
team will improve this technique. Figure 4 demonstrate
the collapse sign, useful to differentiate arterial from
venous vessels.

Catheter Tip Position
After cannulation, the catheter placement in jugular or
subclavian veins must be checked with a thoracic radiography. Ideally, the tip of the catheter need to be positioned 3–5 cm above the junction of the superior vena
cava and right atrium or 1 cm below the right tracheobronchial angle (never below the main carina) or outside
cardiac silhouette (Fig. 5). The catheter length position
must be 16–18 cm at right-side cannulation and 19–21 cm
at the left-side cannulation, independently of the gender
or patient biotype.

Subclavian Vein Catheterization
The access to the subclavian vein may be gained by the
supraclavicular or infraclavicular approach. The angle of
insertion for all infraclavicular approaches is parallel to
the coronal plane. Initially, the patient is positioned in
Trendelenburg (15–30 ) in order to increase venous
return ( 37%) with a small rolled towel between the
scapulae to increase the distance between the clavicle and

the first rib. However, Trendelenburg position is not well
tolerated in cardiac patients. In these cases, legs are elevated to increase venous return filling subclavian vein,
facilitating the cannulation. The head is slightly rotated
to the opposite side and the arms are located along the
body. After skin preparation and local anesthesia with
lidocaine (1% or 2%), the needle is advanced 2–3 cm
caudal to clavicle in the delto-peitoral angle. The insertion
point can be performed lateral to the midclavicular line at
the junction of the lateral and middle thirds of the clavicle,
in the mid-clavicle, or at the junction of the middle and
medial thirds of the clavicle (Fig. 6).
When blood comes into the syringe (because a slight
negative pressure is applied), the needle is fixed with
fingers and the syringe is removed, and the guidewire is
introduced 15 cm with the J-tip turned lower. If resistance is met when advancing the guidewire, both the
guidewire and needle should be withdrawn simultaneously. It is always important to control the guidewire.
The tip of guidewire is flexible to avoid vascular lesion
(J-tip) during the introduction. Never try to introduce
the other tip because of the risk of vascular lesion. The
catheter should be introduced over the guidewire without resistance.
This approach has a success rate of 70–99% and is
easier to maintain, and is preferably used when airway
control is necessary. Disadvantages include difficulty in
controlling bleeding, higher risk of pneumothorax, and

Central Venous, Arterial, and PA Catheters
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A small-bore needle is used to probe for the target vessel

A thin wire with a flexible tip (called a J-tip because of its shape) is
passed through the needle and into the vessel lumen

The needle is then removed, leaving the wire in place to serve as
guide for cannulation of the vessel

Vascular catheter is passed over wire-guide. In deep vessels a
rigid dilator is first threaded and removed

Finally the wire is removed and the catheter is advanced

Central Venous, Arterial, and PA Catheters. Figure 2 Vascular cannulation with a guidewire (the Seldinger technique)

interference with chest compressions during cardiopulmonary resuscitation.
One study shows that the strongest predictor of
a complication is a failed catheterization attempt. Many
clinicians feel that three attempts are enough, and then it is

time to ask another clinician to attempt catheterization
from another site.
The use of Doppler guidance to reduce the complications related to subclavian vein catheterization needs to be
better elucidated.
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Central Venous, Arterial, and PA Catheters. Figure 3 Steps for right internal jugular vein cannulation: (a) preparation of skin
with chlorexidine and collocation of fields, (b) local anesthesia, (c) needle vein cannulation and guidewire is advanced through
needle, (d) cutdown the skin with a blade (to facilitate the introduction of catheter), (e) the guidewire in place and compression
of the site to avoid bleeding, (f) introduction of dilator, (g) introduction of vascular catheter is passed over guidewire, (h) the
guidewire is retired, and (i) the catheter is fixed

Internal Jugular Vein Catheterization
The internal jugular vein has been cannulated with success
rate similar to that of the subclavian vein (58–99% success
rate). Three different approaches have been described
(Fig. 7): (a) anterior to the sternocleidomatoid (SCM);
(b) central between the two heads of the SCM, and (c)
posterior to the SCM.
The carotid artery lies posterior and medial to the
vein. The operator must maintain a minimum pressure
in internal carotid artery with the left hand and using the
(b) technique previously described (Fig. 7), the vessel is
cannulated at an angle of 45 pointing the needle to the
ipsilateral nipple. The puncture is achieved by introducing

the needle at about 1–5 cm. The rest of the procedure is
same as that of a cannulation of subclavian vein.
Internal jugular vein catheterization has a lower risk of
pneumothorax and is easier to compress the insertion site
if bleeding occurs. However, it may be more difficult to
cannulate in patients with volume depletion or shock.
Dressing and maintaining are also difficult.

External Jugular Vein Catheterization
The cannulation of the external jugular vein has reduced
incidence of complications, but a higher incidence of
failure (60–90% success rate). The patient is placed in
the Trendelenburg position with the head turned away

Central Venous, Arterial, and PA Catheters

Internal jugular vein

C

Because catheters inserted through the neck are more
difficult to dress and maintain than those in other sites,
this approach is not suitable for prolonged venous access.

Femoral Vein Catheterization

Carotid artery

a

Internal jugular vein

Carotid artery

b
Central Venous, Arterial, and PA Catheters. Figure 4
Transversal axis ultrasound view of cervical region. In (a)
carotid artery is located at the left side (smaller circle) and
internal jugular vein is at the right side (larger circle). In (b)
there is a collapse of internal jugular vein with transducer
compression

from the insertion site. If necessary, the vein can be
occluded just above the clavicle (with forefinger of the
nondominant hand) to engorge the entry side.
The recommended insertion point is midway between
the angle of the jaw and the clavicle.
The external jugular vein has little support from the
surrounding structures, thus the vein should be anchored
between the thumb and forefinger when the needle is
inserted. Sometimes it is difficult to advance the guidewire
or the catheter. If the catheter does not advance easily, do
not force it, as this may result in vascular perforation.
However, as many as 15% of patients do not have an
identifiable external jugular vein.
It is ideal for coagulopathy patients, because any significant bleeding can be easily recognized and treated with
local pressure. The risk of pneumothorax is also avoided.
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The femoral vein is the easiest, large vein to be cannulated
and does not lead to pneumothorax. The vein is located
just medial to the femoral artery 2 cm below the inguinal
ligament. The needle is directed cephalad at a 45 angle.
The distal tip of needle should not traverse the inguinal
ligament to minimize the risk of retroperitoneal hematoma. The risk of infection and thrombosis limit its general acceptance for long-term use in critically ill patients.
Other disadvantages associated with this route are the
femoral artery puncture (5%) and limited ability to flex
the hip (which can be bothersome for awake patients).
Figure 8 shows the anatomy of the femoral sheath.
Table 3 shows the advantages, disadvantages, and main
contraindications of central vein cannulation.

Complications Related to Vein
Catheterization
Complications occurring during catheter placement
include catheter malposition, arrhythmias, embolization, and vascular, cardiac, pleural, mediastinal, and neurologic injuries. Pneumothorax is the most frequently
reported immediate complication of subclavian vein
catheterization, and arterial (carotid) puncture is the
most common immediate complication of internal jugular vein cannulation.
When a carotid artery puncture is performed (2–10%
of attempted cannulations), the needle should be removed
and pressure should be applied to the site for at least 5 min
(10 min if the patient has coagulopathy). If the carotid
artery has been inadvertently cannulated, the catheter
should not be removed, as this could provoke serious
hemorrhage. In this situation, a vascular surgeon should
be consulted immediately.
Pneumothorax can be detected in the postinsertion
chest films in upright position and during expiration (if
possible). Expiratory films facilitate the detection of small
pneumothoraxes because expiration decreases the volume
of air in the lungs, but not the volume of air in the pleural
space. Pneumothorax can be life threatening in ventilated
patients. In minutes, the patient can develop hypertensive
pneumothorax and evolution to cardiopulmonary arrest.
Sometimes the physical examination (hyperresonance at
thoracic percussion) can be the tip for diagnosis.
Pneumothorax may not be radiographically evident
until 24–48 h after central venous cannulation
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Central Venous, Arterial, and PA Catheters. Figure 5 Thoracic radiography showing the correct placement of catheter tip
(arrow)

Internal jugular vein
Internal jugular vein
Sternocleidomastoid
muscle
a

c
Anterior scalene
muscle
Subclavian vein

b

a
b

c

Subclavian vein

Central Venous, Arterial, and PA Catheters. Figure 6 Three
approaches for infraclavicular access to the subclavian vein. a –
Junction of the lateral and medial thirds of the clavicle; b –
mid-clavicle; c – junction of the middle and medial thirds of the
clavicle

(delayed pneumothorax). Therefore, the absence of a
pneumothorax on an immediate postinsertion chest
film does not absolutely exclude the possibility of
a catheter-induced pneumothorax. This is an important
consideration in patients who develop dyspnea or other

Central Venous, Arterial, and PA Catheters. Figure 7 Three
approaches to access the internal jugular vein. a – Anterior to
the sternocleidomastoid; b – central between the clavicular
and sternal heads of sternocleidomastoid, and c – posterior to
the sternocleidomastoid

signs of pneumothorax in the first few days after central
venous cannulation.
Venous air embolism is one of the most feared complications of central venous cannulation. Prevention is the
hallmark of reducing the morbidity and mortality of
venous air embolism. Placing patient in Trendelenburg
position with the head 15 below the horizontal plane
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Central Venous, Arterial, and PA Catheters. Table 3
Advantages, disadvantages, and main contraindications of
central vein cannulation

Femoral nerve

Vein Advantages

Disadvantages Contraindications

EJV

Secure

Difficult access
in obese or
short neck
patients

IJV

Low risk of
Difficult view in
pneumothorax obese and skin
flaccidity. High
risk of infection

Coagulopathy,
previous surgery,
short neck, or
obese patients

SCV

Constant
anatomy

Coagulopathy,
clavicle deformity,
low functional
respiratory
reserve,
cifoescoliosis

FV

No interference Difficult to
of thoracic
progress the
masses
guidewire in
ascitis patients,
difficult
hygiene, more
risk of infection

Femoral artery
Femoral vein
Inguinal ligament

.

sm

r iu

r to

Sa

More risk of
pneumothorax,
difficult to
compress

Central Venous, Arterial, and PA Catheters. Figure 8 The
anatomy of the femoral sheath

can facilitate the elevation of venous pressure above the
atmospheric pressure. Special care must be employed during changing connections in a central venous line.
Long-term complications related to the length of time
that the catheter remains in place include infection and
thrombosis. Surface-modified central venous catheters
have been developed to reduce catheter-related infection
(e.g., minocycline and rifampin impregnated cook spectrum glide® central venous catheter).
The complications observed in a study of over 4,000
cannulations of central veins are shown in Table 4.

Swan-Ganz Catheter
The use of Swan-Ganz (pulmonary artery) catheter is not
just important for the specialty of critical care, but it is also
responsible for the specialty of critical care. This catheter is
so much a part of patient care that it is impossible to
function properly in the ICU without a clear understanding of this catheter and the information it provides. It is
indicated whenever the data obtained improves therapeutic decision making. Although no carefully designed study
has definitely established the benefit of hemodynamic
monitoring to the individual patient, it is reasonable to

Previous surgery,
difficult view

Obese, urinary
incontinence,
infection, or local
venous
thrombosis

EJV – external jugular vein; IJV – internal jugular vein; SCV – subclavian
vein; FV – femoral vein

Central Venous, Arterial, and PA Catheters. Table 4
Comparison between the incidence of complication in SCV
and IJV
SCV (%)

IJV (%)

Risk of arterial puncture

0.5

3.0

Catheter malposition

9.3

5.0

Hemo- or pneumothorax

1.3

1.5

Bloodstream infection

4.0

8.6

Vessel occlusion/thrombosis

1.2

0

SCV – subclavian vein; IJV – internal jugular vein

assume that more precise bedside knowledge of cardiovascular parameters would allow earlier diagnosis and
guide therapy. Table 5 shows the indications for pulmonary artery catheterization most often noted in the
literature.
The Swan-Ganz catheter is a multilumen catheter
110 cm long and has an outside diameter of 2.3 mm

C

526

C

Central Venous, Arterial, and PA Catheters

(7 French gauge). There are two internal channels: proximal (right atrium) and distal (pulmonary artery). The tip
of the catheter is equipped with a balloon with 1.5 mL
capacity. Finally, there is a thermistor (i.e., a transducer

Central Venous, Arterial, and PA Catheters. Table 5
Recommendations of pulmonary artery catheterization
I. Surgical
Perioperative management of high-risk patients
undergoing extensive surgical procedures
Postoperative cardiovascular complications
Multisystem trauma
Severe burns
Shock despite perceived adequate fluid therapy
Oliguria despite perceived adequate fluid therapy
II. Cardiac
Myocardial infarction complicated with pump failure
Congestive heart failure unresponsive to conventional
therapy
Pulmonary hypertension (for diagnosis and monitoring
during acute drug therapy)
III. Pulmonary
To differentiate noncardiogenic (acute respiratory
distress syndrome) from cardiogenic pulmonary
edema
To evaluate effects of high levels of ventilatory support
on cardiovascular status

device that senses changes in temperature) located on the
outer surface of the catheter 4 cm from the catheter tip.
The thermistor measures the flow of a cold fluid that is
injected through the proximal port of the catheter, and
this flow rate is equivalent to the cardiac output. An
example of this catheter is illustrated in Fig. 9.
Other accessories are available on specially designed
Swan-Ganz catheter: (1) an extra channel that can be used
as infusion channel or for passing temporary pacemaker
that leads into the right ventricule; (2) a fiberoptic system
that allows continuous monitoring of mixed venous oxygen saturation; (3) a rapid-response thermistor that can
measure the ejection fraction of right ventricle, and
(4) a thermal filament that generates low-energy heat
pulses and allow continuous thermodilution measurement of the cardiac output.
It is essential to prepare the electronic equipment and
test the catheter component before insertion. The access to
central venous circulation for insertion of Swan-Ganz
catheter is the same for placement of a central venous
catheter in subclavian or internal jugular positions.
The procedure has been facilitated by the use of
introducer assemblies. Once an introducer sheath is in
place, the pulmonary catheter is inserted and advanced
until the tip reaches an intrathoracic vein (as evidenced
by respiratory variations on the pressure tracing). The
balloon is then inflated with 1.5 mL of air and the
catheter is advanced while the pressure waveform and

Valve for inflation the balloon
Socket of distal lumen
Socket of thermistor
Proximal (RA) lumen
Thermistor
Extra socket
Socket of proximal lumen

Distal (PA) lumen

Inflated
balloon

Swan-Ganz Catheter

Central Venous, Arterial, and PA Catheters. Figure 9 The Swan-Ganz catheter. PA – pulmonary artery; RA – right atrium
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The Swan-Ganz catheter provides a significant amount
of physiologic information that can guide therapy in critically ill patients. This information includes central
venous pressure; pulmonary artery: diastolic, systolic,
and mean pressures; pulmonary artery occlusion
“wedge” pressure, cardiac output by bolus or continuous
thermodilution techniques; mixed venous blood gasses by
intermittent sampling; and continuous mixed venous
oximetry. A multitude of derived parameters can also be
obtained.

30
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RA
(1)
Right atrium
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the electrocardiogram tracing are monitored. The catheter
is advanced through the right atrium and into right ventricle where a sudden increase in the systolic pressure
appears on the tracing. The catheter is subsequently
advanced through pulmonic valve and into the pulmonary artery where a sudden increase in the diastolic pressure is recorded. The catheter is gently advanced until
a pulmonary artery occlusion or “wedge” tracing is
obtained (Fig. 10). The balloon is deflated, a pulmonary
artery tracing is confirmed, the catheter is secured, and
a chest radiograph is obtained (Fig. 11).
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Pulmonary artery
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(2)
Right ventricle
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Pulmonary
artery
branch
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Central Venous, Arterial, and PA Catheters. Figure 10 Pressure tracing recordings with corresponding locations as the
pulmonary catheter is passed into the “wedge” position
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MPA

RLL
PA
RA
RV

Central Venous, Arterial, and PA Catheters. Figure 11
Normal course of a Swan-Ganz catheter. A Swan-Ganz catheter
inserted on the right goes into the subclavian vein (Sc), into
the superior vena cava (SVC), right atrium (RA), right ventricle
(RV), main pulmonary artery (MPA), and in this case, the right
lower lobe pulmonary artery (RLL PA)

Hemodynamic variables are often expressed in relation to body size. A simple equation can replace the use of
normograms: BSA (m2) = [Ht(cm) + Wt(kg)  60]/100
The parameters of cardiovascular performance
directly measured (and normal values) are shown below:
Central venous pressure (CVP) = 1–6 mmHg
CVP is equal to pressure in right atrium. The right
atrium pressure (RAP) should be equivalent to rightventricular end-diastolic pressure (RVEDP); then
CVP = RAP = RVEDP
Pulmonary capillary wedge pressure (PCWP) = 6–12
mmHg
PCWP should be the same as the left-atrial pressure
(LAP). The LAP should also be equivalent to the leftventricular end-diastolic pressure (LVEDP) when there is
no obstruction between left atrium and ventricle.
PCWP = LAP = LVEDP
Cardiac index (CI) = 2.4–4.0 L/min/m2
CI = cardiac output/BSA
Stroke volume index (SVI) = CI/heart rate (HR)
(N = 40–70 mL/beat/m2)
Right ventricular ejection fraction (RVEF) = SV/
RVEDP (= CVP) (N = 46–50%)

Right ventricular end-diastolic volume (RVEDV) =
SV/RVEF (N = 80–150 mL/m2)
Left ventricular stroke work index (LVSWI) = (MAP 
PCWP)  SVI ( 0.0136) (N = 40–60 g.m/m2)
where MAP = medium arterial pressure and 0.0136 is
the factor that converts pressure and volume to units
to work
Right ventricular stroke work index (RVSWI) = (PAP
 CVP)  SVI ( 0.0136) (N = 4–8 g.m/m2) where PAP =
medium pulmonary arterial pressure
Systemic vascular resistance index (SVRI) = (MAP 
RAP)  80/CI (N = 1,600–2,400 dynes.s.m2/cm5)
Pulmonary vascular resistance index (PVRI) = (PAP 
PCWP)  80/CI (N = 200–400 dynes.s.m2/cm5)
The parameters of systemic oxygen transport are
shown below (Hb = hemoglobin).
Mixed venous oxygen saturation (SvO2) = 70–75%
Oxygen delivery (DO2) = CI  13.4  Hb  SaO2
(N = 520–570 mL/min.m2)
Oxygen uptake (VO2) = CI  13.4  Hb  (SaO2 
SvO2) (N = 110–160 mL/min.m2)
Oxygen extraction ratio (O2ER) = VO2/ DO2 ( 100)
(N = 20–30%)

Complications of Swan-Ganz Catheter
The most common complication during the passage of
pulmonary catheter is the development of arrhythmias. If
an arrhythmia is noted, withdraw the catheter into the
vena cava, and the arrhythmia should disappear. Rarely,
treatment of arrhythmias is necessary, except complete
heart block (which should be treated with a temporary
transvenous pacemaker) and sustained ventricular tachycardia (which should be treated with lidocaine or other
suitable antiarrhythmic agent).
Coiling, looping, or knotting in the right ventricle may
occur during catheter insertion. This can be avoided if no
more than 10 cm of catheter is inserted after a ventricular
tracing is visualized and before a pulmonary artery tracing
appears. Aberrant catheter locations such pleural, pericardial, peritoneal, aortic, vertebral artery, renal vein, and
inferior vena cava have also been reported.
After catheter insertion, the complications include
infection, thromboembolism, pulmonary infarction, pulmonary artery rupture, hemorrhage, pseudo aneurysm
formation, thrombocytopenia, cardiac valve injuries,
catheter fracture, and balloon rupture.
Finally, complications can result from delay in treatment because of time-consuming insertion problems and
from inappropriate treatment based on erroneous information or erroneous data interpretation.
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Arterial Catheterization
Arterial catheterization is indicated whenever continuous
monitoring of blood pressure or frequent sampling of
arterial blood is required. Patients with shock, hypertensive crisis, major surgical interventions, and high levels of
respiratory support require precise and continuous blood
pressure monitoring, particularly when vasoactive or inotropic drugs are being administered. In shock patients, the
difference between direct blood pressure and cuff blood
pressure could be more than 30 mmHg in 50% of patients.
The radial, ulnar, axillary, brachial, femoral, dorsalis
pedis, and superficial temporal arteries have been used to
access the arterial circulation for continuous monitoring.
The radial artery of nondominant hand should be
attempted first. The dual blood supply to the hand and
the superficial location of the vessel make the radial artery
the most commonly used site for arterial catheterization.
The Allen test is frequently used to test the adequacy of
collateral circulation before cannulation (Fig. 12). Ultrasonic Doppler technique, plethysmography, and pulse
oximetry have also been used to assess the adequacy of
the collateral arterial supply.
The puncture site is slightly proximal (2 cm) to the
flexion skin fold with a small catheter at 30–45 angle to
the skin. For cannulation in the direct threading technique, the anterior wall of the artery is penetrated (A).
When blood return is noted (B), the catheter is advanced
farther up the arterial lumen as the needle is withdrawn
(C) (Fig. 13). The cannula is then connected to a pressure
monitoring system.

a

b

C

The axillary artery has been recommended for longterm direct arterial pressure monitoring because of its
larger size, freedom for the patient’s hand, and close proximity to the central circulation. Pulsation and pressure
are maintained even in the presence of shock with
marked vasoconstriction. Thrombosis does not result in
compromised flow in the distal arm because of the extensive collateral circulation. The major disadvantages are its
low accessibility, visibility, and location within the
neurovascular sheath, which may increase the risk of neurologic compromise if a hematoma develops.
The major advantages of using femoral artery are its
superficial location and large size, which allow easier
localization and cannulation when the pulses are absent
over more distal vessels. The major disadvantages are the
decreased mobility of the patient, contamination from
ostomies or draining abdominal wounds, and the possibility of occult bleeding into the abdomen or thigh.
Both axillary and femoral arteries are cannulated by
using the modified Seldinger technique.
The dorsalis pedis artery may be absent in up to 12%
of feet. Assessment of collateral flow to the remainder of
the foot through the posterior tibial artery should precede
cannulation. This can be done by occluding the dorsalis
pedis artery, blanching the great toe by compressing the
toenail for several seconds, and then releasing the toenail
while observing the return of color.
The major disadvantages of using the dorsalis pedis
artery are its relatively small size and overestimation of
systolic pressure (5–20 mmHg higher than the radial artery).

c

Central Venous, Arterial, and PA Catheters. Figure 12 Allen test: In (a) occlusion of both ulnar and radial arteries while
patient makes a fist; (b) radial and ulnar arteries occluded after hand is opened; and (c) release of pressure on ulnar artery and
observation for color return to hand within 5–10 s. This is a demonstration of patency of ulnar artery
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Central Venous, Arterial, and PA Catheters. Figure 13 Direct approach to cannulation of the radial artery

The superficial temporal artery has been extensively
used in infants and in some adults for continuous
pressure monitoring. Because of its small size and
tortuousity, surgical exposure is required for cannulation. A small incidence of neurologic complications
resulting from cerebral embolization has been reported
in infants.
The brachial artery is not used often because of high
complication rate associated with arteriography. Although
this artery has been successfully used for short-term
monitoring, there are little data to support prolonged
brachial artery monitoring, and its use has been discouraged. Disadvantages include difficulty in maintaining the
site and the possibility of hematoma formation in
anticoagulated patients. The latter may lead to median
nerve compression neuropathy and Volkmann’s contracture. Compartment syndrome of the forearm and hand
has also been reported.

Complications of Arterial Catheterization
Major complications for all sites of arterial line insertion
include: bleeding, ischemia, distal embolization, sepsis,
neuropathy, arteriovenous fistula, and pseudoaneurysm

formation. Inadvertent injection of vasoactive drugs or
other agents into an artery can cause severe pain, distal
ischemia, and tissue necrosis. Minor complications are:
thrombosis, skin ischemia and local inflammation, infection, and hematoma. Infections are more frequent:
(a) after 4 days of catheter placement, (b) when insertion
is made by surgical cut down, and (c) presence of local
inflammation.
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Synonyms
The term “cerebral concussion” is often used interchangeably with “minor traumatic brain injury” or MTBI. Other
less common synonyms are: mild head injury, minor head
trauma, mild brain injury.

Definition
Cerebral concussion can be defined as a post-traumatic,
immediate, and transient change in neural function. The
roots of “concussion” come from two Latin words –
concutere (to shake violently) and concussus (the act of
striking together). It is the most common type of head
injury and has been recognized as a group of symptoms for
centuries. The diagnosis of concussion is almost entirely
clinical, and the range of symptoms is broad. The specific
clinical definition of concussion has been contested over
the years. The Vienna conference in 2001 set out to offer
a comprehensive current definition resulting in a broad
definition with highlights including: “an impulsive force
transmitted to the head. . .rapid onset of short-lived
impairment. . .resolves spontaneously. . .symptoms largely
reflect a functional disturbance rather than structural
injury. . .may or may not involve loss of consciousness. . .sequential resolution of symptoms. . .associated with
grossly normal structural imaging studies.”

The Debate
Concussion amongst athletes is increasingly common and
therefore it is important to have a common definition
amongst practitioners from which to guide treatment.
Many consider loss of consciousness at the time of injury
or some minimal period of peri-traumatic amnesia as necessary symptoms. Others have searched for a clear structural
brain injury – especially as imaging modalities improved to
complement the physiological definition. In general, neurological and cognitive concussion symptoms are immediate, transient, caused by blunt-force trauma, and generally
exist without a clear structural anatomic lesion.
Historically, several evaluation systems evolved to categorize injuries based on initial symptoms, and many
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recovery guidelines still use this grading system to determine return to activity protocol. At the Prague International Conference on Concussion in Sport (2004) [1], the
authors supported the trend toward abandoning the classic concussion grading scale as true severity of injury has
shown limited correlation to the number and duration of
acute concussion signs/symptoms. Instead, they argued
for a division based on management needs into simple
or complex concussion. Progressive resolution of symptoms within 7–10 days defines simple concussion and
represents the vast majority of injuries without the need
for formal intervention or extensive neuropsychological
screening. Complex concussion indicates persistent symptoms, prolonged loss of consciousness (>1 min), or
prolonged cognitive impairment and requires more formal medical management with consideration of imaging,
and multi-disciplinary follow-up.
One final area of current debate is that of concussion
being a linear spectrum of severity or a group of distinct
subtypes. The spectrum ideology has been the classic
model, but the variations in clinical outcome with the
same impact force suggest discreet differences in pathology.
This complements the progress in understanding the mechanism of injury, and may help explain why a clear common
pathway in concussion remains somewhat elusive.

Mechanism
The blunt forward or oblique force with impact causes a
rapid acceleration/deceleration of the head and a resulting
anterior/posterior movement of the brain within the cranial vault. Several theories about the resulting neuronal
dysfunction involve ionic shifts, altered metabolism,
impaired connectivity, and changes in neurotransmission.
Reticular theory suggests a temporary paralyzation of the
brainstem reticular formation. Centripetal hypothesis
involves a mechanical disruption of neuronal tracts. The
pontine cholinergic scheme describes an activation of
cholinergic neurons causing a suppressed behavioral
response. The convulsive response theory is based on
induction of generalized neuronal firing. No conclusive
human studies have confirmed a specific mechanism, and
the underlying pathophysiology is likely multifactorial.
Giza and Hovda [2] describe in an animal model
a train of biochemical activity in response to blunt trauma.
The initial insult causes a neurochemical cascade and
membrane/axon dysfunction leading to: increased extracellular potassium ! depolarization ! excitatory neurotransmitter release ! neurotransmitter storm !
generalized post-storm suppression. This series ultimately
causes increased glucose use and lactate production,
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decreased cerebral blood flow, NMDA receptor activation,
calcium influx, and impaired oxidative metabolism. This
theory is limited with respect to neuro/cognitive evaluation in an animal model, but it does offer a hypothesis on
the biochemical basis of the generalized post-concussion
syndrome.
Overall, concussion can be viewed as a combination of
mechanical changes from shearing or torsional forces in
addition to a related cascade of neurochemical events.
This is characterized in an animal model by massive initial
depolarization and ultimate decrease in cerebral perfusion
leading to metabolic depression. The real-time progression of physiologic events helps explain the later onset of
some symptoms of concussion, and the cascade has been
shown to render brain tissue more vulnerable to further
injury. Recent studies have shown persistent metabolic
alterations long after initial injury, and further studies
may one day explain or even predict long-term postconcussion syndrome.

Presentation
The injured patient will present after a non-penetrating
blunt impact to the head with a range of neurologic and
cognitive symptoms. Common presentations include:
brief loss of consciousness, period of retro and anterograde amnesia, visual disturbances, and disorientation. He
or she may also experience dizziness, nausea and vomiting,
balance problems, emotional lability, sleep disturbances,
sensitivity to light or sound, fatigue, numbness/tingling,
and loss of concentration. Autonomic signs include pallor,
bradycardia, mild hypotension, and sluggish pupillary
reaction. Less common are brief convulsions and specific
neurologic deficits.
Assessment of these symptoms may depend on witnesses to the event (loss of consciousness may be very brief
and often missed), and availability of immediate evaluation (symptoms may be transient). This need for rapid
assessment of mental status and neurologic changes
encourages the use and standardization of the initial survey by the first responder (coach, trainer, doctor, EMT).

Treatment
In the majority of cases, the symptoms of concussion
resolve spontaneously – usually in 7–10 days. Thorough
serial neurologic examinations are crucial to monitor resolution of symptoms and to rule out more serious injury.
At a molecular and anatomic level, the pathophysiology of
the brain injury and its progression remains loosely
defined and thus resists development of medical/surgical
intervention to hasten recovery. As our ability to evaluate

concussion has grown, the need for and length of hospitalization has decreased. Several overlapping and competing theories for the proper rehabilitative steps to return to
play will be discussed in more detail later.
A handful of studies have examined the importance of
intentional supervised rehabilitation post concussion.
Original trials in the late 1970s showed the benefit of
early ambulation, activity, and education [3]. More
recently, there is focus on outpatient rehab as hospital
stays decrease. A randomized controlled trial in 2007
showed that early active rehabilitation did not change
the outcomes of post-concussive symptom resolution
and life satisfaction after 1 year between intervention
and control groups [4]. Treatment is primarily tailored
to the individual while determining the extent of injury.
One of the most important factors in recovery remains the
time from the initial injury.
The pharmacologic management of the specific symptoms of concussion lacks high-level evidence. Antidepressants are the most commonly prescribed treatment for
post-concussion syndrome, specifically SSRI’s and newer
heterocyclics. Trazodone can be an effective choice for
insomnia, although its anticholinergic side effect profile
may limit its use. Acetylcholinesterase inhibitors (physostigmine, donepezil), and choline precursors (lecithin,
CDP-choline) have been shown to improve neuropsychological test performance, but are limited by short half-life,
side effects, and route of administration.

Evaluation
At the Scene
Initial survey at the scene of the head injury is crucial.
Primary trauma survey should be the first step (airway,
breathing, circulation, disability, exposure). After vital
signs have been stabilized, a more detailed examination
may be performed. A neurologic exam assessing cranial
nerves, coordination, motor function, and cognitive function should be performed based on the severity of injury.
Questionnaires such as the mini-mental-status exam and
the Maddocks questions can be quite useful for quick
evaluation of a patient’s cognition and orientation and
can be learned and used effectively by nonmedical
personnel.

At the Hospital
Patient’s arriving at the hospital after concussion should
be evaluated similar to the initial screen but with more
thorough neurologic exam. A non-contrast head CT may
be considered. Indications of a more serious injury
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include: focal neurologic deficit; seizures; prolonged
altered level of consciousness; oto-rhinorrhea; diplopia;
anisocoria; and progressive symptoms. Concussion is classically characterized as immediate onset of symptoms, but
this is not always the case. Symptoms may arise up to
hours after the initial injury. However, progressive worsening of an established symptom is a red flag for possible
structural injury and indicates the need for further
workup.
Patients presenting with a mild concussion generally
do not require hospital admission, but it is important to
verify that they go home with another adult capable of
following their symptoms. For outpatient treatment of
pain, acetaminophen is the drug of choice and narcotics
and NSAIDS should be avoided due to the risks of
increased intra-cranial pressure and hemorrhage
respectively.
If the presence of a more serious injury is suspected
based on previously mentioned criteria, a more thorough
evaluation is warranted. These patients should be admitted for close observation. In these instances, CT or MRI
imaging is useful to rule out epidural/subdural hematoma,
cerebral contusion, or possible skull fracture. Length of
inpatient stay depends on individual recovery and diagnosis of more serious injury.
The Acute Concussion Evaluation (ACE) provides
a thorough initial medical evaluation of the patient
presenting with concussion. This questionnaire evaluates
the specifics of the injury and assessment of symptoms
and risk factors. The Sport Concussion Assessment Tool
(SCAT) developed by the Prague International Conference
in 2004 is another tool for thorough graded assessment
combining elements of the sideline tests with more
exhaustive neuro-physical exam. The use of
a standardized form is especially helpful to provide
a baseline for future evaluations. It can also be an effective
means of standardizing communication between various
levels of medical personnel (PA, EMT, nurse, trainer, MD).
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consistently demonstrate frontal and/or temporal
hypometabolism following concussion both at rest and
during tasks, but have had limited clinical applicability.
Several newer modalities show promise in both diagnosis
and assessment of recovery, specifically functional MRI
(fMRI), event-related potentials (ERP’s), and magnetic
source imaging (MSI) [5].
fMRI studies demonstrate increased overall brain activation during memory and sensorimotor tasks in postconcussion patients, and note a discernible difference in
prefrontal cortex usage between injured and non-injured
subjects with an inverse relationship between prefrontal
working memory area (mid-dorsolateral) usage and
symptom severity. The symptomatic subjects included in
these studies had no abnormalities on T2 MRI, thus functional impairment can be observed in the absence of
clinical imaging abnormalities. ERP’s represent the average electroencephalogram (EEG) signal in response to
stimulus, and response time and amplitude have both
proven to consistently vary with symptom severity where
EEG and evoked potential (EP) testing results have been
largely mixed and inconclusive. MSI integrates MRI anatomic data with magnetoencephalography which measures electrical signal parallel to skull surface detecting
real-time brain activity without distortion from tissue
connectivity variance between brain, bone, and skin.
MSI sensitivity surpasses that of MRI or EEG alone. The
clinical utility of these more complex imaging techniques
is in its infancy, but they show potential for a quantifiable
method of diagnosis, assessment of recovery, and further
explanation of underlying pathophysiology [5].

Effectiveness
The effectiveness of mTBI evaluation is best measured by
the ability to rule out more serious injury and ensure safe
return to normal activity. As discussed in the previous
section, consistent clinical exams, proper use of imaging,
and patience ensure high sensitivity and specificity of
diagnosis.

Role of Imaging
Indications for CT and MRI to rule out more serious
injury have classically been controversial and subjective,
and there have been efforts to standardize these practices
(Canadian Head CT Rule, New Orleans Criteria). In addition to ruling out anatomic injury, the role of imaging in
evaluation of concussion has progressed significantly with
the advent of more sophisticated techniques. Thus far,
studies have demonstrated inability to correlate postconcussive MRI findings with symptoms or long-term
outcome. Positron emission tomography (PET) scans

Tolerance
The cautious approach to returning to high risk activity
comes in large part from the vulnerability of the postconcussion patient to a second injury more severe than the
first. The Second Impact Syndrome (SIS) is a controversial
term introduced in the 1980s describing repeat head
injury within a few weeks of a concussion causing diffuse
cerebral swelling, brain herniation, and death. Controversy stems from the paucity of case data with most examples coming from disputed cases primarily in children [6].
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Despite the low incidence, the extreme morbidity of SIS
makes it hard to ignore and encourages lengthening recovery time especially in children.
While the SIS debate continues, the increased risk for
subsequent traumatic brain injury (TBI) in patients who
have sustained at least one previous TBI is much less
contested. The significance of this increased risk encompasses more than just multiple mTBI recoveries as
a history of repeated concussions over an extended period
of months to years can result in cumulative neurologic and
cognitive deficits. This has been studied especially in
boxers and football players and is a major concern regarding long-term management. This cumulative risk as well
as the fear of SIS explains the previous concussion as
a factor in return to play guidelines.

Pharmacoeconomics
The CDC estimates the incidence of mTBI at 1.1 million
per year including 300,000 sports-related concussions.
This translates to roughly $17 billion spent on concussion
evaluation and treatment each year. These figures likely
underestimate actual disease burden due to variance in
assessment and reporting. Costs include both direct evaluation and treatment and time lost at work or on the field.

After-care
At Home
Patients sent home with a mild concussion require observation and frequent reassessment, noting any continuation and/or deterioration of symptoms. Mental status
changes and potential amnesia in the patient make it
important to clearly explain red flag symptoms and serial
evaluation instructions to the accompanying adult as well
as the patient. There has been no documented evidence
regarding the common practice of waking the patient
every 3–4 h to assess, but in patients experiencing loss
of consciousness, prolonged amnesia, or other persistent
significant symptoms this is still recommended. Decisions regarding day to day activities such as driving and
return to work or school should reflect the individual
patient’s rate of recovery. A follow-up visit to and outpatient provider is appropriate to confirm symptom
resolution.

Return to Play
Many sets of guidelines offer rational and clinical
approaches for return to activity, and it is important to
clearly communicate these recommendations amongst
patients, families, and providers. In 1991, the Colorado

Medical Society Guidelines (CMSG) emerged in response
to several deaths due to head injury, and, along with
algorithms by Cantu (1986), the American Academy of
Neurology (AAN) and others, their structure reflects the
initial symptom milieu of the injury (specifically presence
and duration of loss of consciousness and amnesia) and
number of previous concussions. These guidelines express
the need for longer asymptomatic waiting periods based
on injury severity.
The Vienna Summary and Agreement Statement from
2001 emphasizes a medically supervised, stepwise process
for return to play, moving from no activity to light aerobic
exercise, sport-specific training, non-contact drills, fullcontact training, and finally game play with minimum
stage duration of 24 h. This system depends first on the
complete lack of symptoms before starting any activity.
These two schools of thought lend themselves to a combination approach with the guidelines of the CMSG,
Cantu, AAN et al. determining when to begin activity
and the Vienna statement clarifying a stepwise method
of return to full-speed, full-contact participation.

Prognosis
Most concussions fall into the “simple” category as
outlined earlier. In these cases the prognosis is very
good, with symptoms resolving completely in 7–10 days
in 90% of cases. In more complex injuries, the duration
and severity of symptoms increase, but a full recovery is
common. Up to one-third of patients report increased
headaches 1 year after trauma. Multiple concussions over
time increase the risk of permanent neurologic damage,
and up to 15% of patients may experience long-term
symptoms after a single event.
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Synonyms
Paludism

Definition
Cerebral malaria has been strictly defined by the World
Health Organization (WHO, 2000) as a patient with
confirmed plasmodium infection, usually P.falciparum,
who is unarousable (Glascow Coma Scale score </= 9),
and has had other potential causes of coma excluded.
Many metabolic and infectious processes may cause the
types of neurologic signs and symptoms associated with
malaria, and the presence of malaria parasite may be
incidental in endemic areas. This rather strict definition
was developed for research, as such many individuals
with cerebral malaria have less severe impairment of
consciousness. In practice, the diagnosis of cerebral
malaria is difficult with a high sensitivity but a low specificity. The diagnosis of falciparum malaria should be
considered in any patient with a febrile illness including
neurological symptoms, who has visited or lived in
a malaria-endemic area in the past 3 months. Cerebral
malaria is an acute, widespread infection of the brain
with features of diffuse encephalopathy. The neurological
manifestations of malaria develop rapidly and include
acute severe headache, irritability, agitation, delirium,
psychosis, seizures, and the hallmarks of impaired consciousness and coma. Cerebral malaria is the most serious complication of falciparum infection and the most
common cause of death. Cerebral malaria is also reported
in individuals infected with P.vivax and more recently P.
knowlesi.

Treatment
If left untreated, cerebral malaria is fatal within days of
infection. Severe malaria is considered a medical emergency and institution of immediate treatment is crucial.
Patients should be managed at the highest level of care at
the best available health care facility. ICU facilities are
limited in malarial areas; therefore, patient triage to these
scarce resources must identify those at greatest risk of
complications. Misra et al. developed a simple but
specific triage tool for adults, the malaria severity
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assessment (MSA) score; however, this tool requires
information that is not available at the time of hospitalization. Hanson et al., using logistic regression, developed a five-point scoring system which was validated in
patient series from Vietnam and Bangladesh. The level of
acidosis (base deficit) and the Glascow Coma Scale were
the two main independent predictors of outcome and the
coma acidosis malaria (CAM) score was derived from
these variables. Mortality was found to increase with
increasing score. A CAM score <2 predicted survival
(PPV 95.8%, CI 93–97.7%) and safe treatment on
a general ward if renal function could be carefully monitored [1].
Treatment involves administration of parenteral
antimalarials, close patient monitoring to ensure early
recognition and management of common complications, and the use of adjunctive treatment measures.
Common complications include hypoglycemia, seizures,
fluid and electrolyte imbalances, anemia, coagulation
disorders, acidosis and respiratory distress and renal
dysfunction. Serum glucose, sodium, lactate, urine output, and renal function should be monitored frequently.
Hypoglycemia may occur with minimal to no clinical
signs; therefore, serum glucose should be monitored at
frequent intervals.

Pharmacologic Management
Use of antimalarials is the only treatment that clearly
reduces mortality. Antimalarials are administered intravenously for 48 h and then orally if the patient is able to take
oral medications. Even fast acting antimalarials often
require 12–18 h to kill plasmodia. Treatment response
is assessed by daily parasite count until clearance of all
P.falciparum trophozoites is achieved from the blood.
Parasitemia may increase during the initial 12–24 h
because available antimalarials do not inhibit schizont
rupture with release of merozoites. Rising parasitemia
beyond 36–48 h after the initiation of antimalarials indicates treatment failure, usually because of high-level drug
resistance. Because nonimmune hosts may have a high
pretreatment total parasite burden ( 1,000 parasites), it
may take up to 6 days to achieve complete elimination.
Treatment duration depends on the sensitivity of the parasite and parasite burden, but usually lasts 7 days. Parenteral quinine has been the traditional treatment of choice
for cerebral malaria, as patients with severe malaria are
assumed to have chloroquine resistance. Artemisinin
derivatives are now recommended by the World Health
Organization (WHO) as the drugs of choice for severe
malaria. Both drugs are used in combination with other
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antimalarial drugs, such as doxycycline (100 mg bid PO or
IV x7d) with quinine, to shorten therapy duration and
prevent the emergence of resistance.
Quinine is one of four main alkaloids derived from the
bark of the Cinchona tree. Quinine kills plasmodia in the
late stages of their erythrocyte cycle via inhibition of
hemazoin biocrystallization, facilitating aggregation of
cytotoxic heme products. A loading dose of quinine is
recommended to rapidly develop anti-parasitic levels.
20 mg/kg body weight (salt), in normal saline or dextrose
saline solution, is infused over 4 hours, preferably via
infusion pump. Maintenance dosing is 10 mg/kg body
weight (salt) infused every 8 h until the patient is able to
take oral medication. Quinine has a narrow therapeutic
window. Quinine can produce hypoglycemia via promotion of insulin secretion. Quinine causes hypotension with
rapid intravenous infusion. It slows ventricular repolarization, with resultant QT prolongation. Quinine also produces cinchonism and dizziness. Quinidine has been used
preferentially in the USA, given in a loading dose of
6.25 mg/kg base (=10 mg/kg salt) infused intravenously
over 1–2 h, and then as a continuous infusion of
0.0125 mg/kg/min base (=0.02 mg/kg/min base). If continuous infusion is not feasible, 15 mg/kg base (=24 mg/kg
salt) loading dose is infused intravenously over 4 hrs, then
7.5 mg/kg base (=12 mg/kg salt) infused over 4 h every 8 h,
beginning 8 h after the loading dose. Cinchonism is
a symptom complex characterized by tinnitus, hearing
impairment, postural hypotension and vertigo or dizziness that occurs in a high percentage of individuals treated
with quinine for malaria.
Newer studies demonstrate artemisinin derivative
superiority in both rapidity of parasite clearance and
fever defervescence, but they have not demonstrated
improved effect on mortality rates [2]. Currently, two
derivatives, artesunate and artemether, are the most
widely used due to efficacy and low cost. Artemisinin,
was developed as a traditional treatment for fever and
malaria in China (Qinghaosu). Artemisinin is
a sesquiterpene lactone derived from the sweet wormwood, Artemesia annua. Artemisinin derivatives kill all
stages of the parasite within the erythrocyte and also
kill gametocytes. Artemisinin derivatives can also be
administered intramuscularly or rectally and have few
local or systemic adverse effects. Artesunate is given as
two 2.4 mg/kg doses intravenously 12 h apart on day 1,
and then is administered as 2.4 mg/kg daily for 6 days or
given orally if the patient is awake and able to swallow.
Artesunate is used in combination with Amodiaquine
10 mg/kg once a day for 3 days. These derivatives are not

fully licensed in many countries; however, intravenous
artesunate is available as an investigational new drug in
the USA for management of severe malaria.
A number of adjunctive treatments have been studied
in cerebral malaria. Fluid balance is critical. Children are
often hypovolemic and require fluid administration; however, there is no consensus with regard to the optimal type
and amount of fluid replacement. In patients with cerebral
malaria who have elevated intracranial pressure maintenance of cerebral perfusion, pressure is necessary and it
has been suggested that fluid management be optimized;
however, no guidelines have been developed. Adults with
severe malaria may develop pulmonary edema and severe
renal impairment, in these instances fluid may need to be
restricted. Albumin has been studied, as it is suggested to
improve microcirculatory flow and treat hypovolemia.
Initial data from Phase II Clinical trials in children with
malaria suggest that 4% albumin improves mortality compared with saline, particularly in those children with
coma. Albumin is currently under investigation in a large
study of children with sepsis and malaria. Other colloidal
agents, including hetastarch and dextran 70, are also currently under investigation.
Acetaminophen (paracetamol) may be used to reduce
fever. It remains unclear if reduction in core temperature
benefits cerebral consequences.
Phenobarbital sodium, phenytoin, or benzodiazepines
are utilized for seizure management. Benzodiazepines may
have reduced efficacy as malarial infection appears to
downregulate g-aminobutyric acid (GABA) receptors.
Both phenytoin and phenobarbital have been used successfully to terminate prolonged seizures. Prophylactic
anticonvulsant use has also been studied. Prophylactic
administration of a single dose of phenobarbital reduced
seizure frequency in studies of both Indian and Thai adults
and Kenyan children with cerebral malaria; however, it was
associated with an increased rate of death, probably due to
depression of hyperpnea that compensated for metabolic
acidosis in these unventilated patients.
Standard treatment regimens have been used to manage hypoglycemia. Both the administration of glucose
solutions and the administration of longer acting somatostatin analogs have been utilized successfully to manage
hypoglycemia, the later in patients receiving quinine therapy. Theoretical concern has been raised whether the
correction of hypoglycemia in the presence of tissue hypoxia may worsen brain tissue acidosis.
A number of other adjunctive treatments have
been studied. None have shown clear-cut improvement
in clinical trials. Most were studied in conjunction with
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quinine treatment; as such their efficacy in combination
with artemisinin derivatives remains undetermined.
None are recommended as standard management at
this time.
Corticosteroids were the initial agents studied in randomized controlled trials, as they were felt to have promise
in reducing intracranial pressure and inflammatory
response. Two randomized trials in Southeast Asian adults
and a smaller study in Indonesian children did not demonstrate any benefit. In fact, in one trial dexamethasone
demonstrated an increased rate of significant complications, including sepsis, gastrointestinal bleeding and
prolonged recovery time from coma.
Anti-inflammatory drugs, mannitol, urea, iron chelators (deferoxamine), low-molecular-weight dextran, heparin, pentoxyfylline (reduces cytokine secretion, prevents
rosetting and reduce cytoadherence), hyperimmune globulin, dichloroacetate, and hyperbaric oxygen have shown
either mixed results or no value. Monoclonal antibodies
against TNF-a have been found to shorten fever duration
but have shown no impact on mortality, and may actually increase morbidity from neurologic sequellae.
N-acetylcysteine, another antioxidant which improves
erythrocyte deformability and reduces TNF release is currently under trial. Erythropoietin is also currently being
investigated, based on human and animal studies that
suggest a neuroprotective effect with reduction in inflammatory response and apoptosis in the brain [3, 4].
Blood transfusions are indicated for severe anemia,
with the amount and rapidity of transfusion different
for children and adults. In children, fresh whole blood
(10–20 ml/kg) is often transfused. In adults, small quantities of blood are administered over a more prolonged
period due to concerns about fluid overload. The role of
exchange transfusion in severe malaria is controversial.
Exchange transfusion has been utilized when the level of
parasitemia exceeds 10–20% of circulating erythrocytes.
The WHO currently recommends that individuals
with severe malaria receive exchange transfusion with
a parasitemia >20%. Exchange transfusion also allows
correction of severe anemia without the risk of fluid
overload. Exchange transfusion is expensive. No data
from well-conducted clinical trials demonstrate improved
outcomes with exchange transfusion.

Epidemiology
Malaria is felt to be the most deadly vector-borne disease
globally. An estimated 2.4 billion individuals live in
malaria-endemic areas worldwide, with 300–500 million
clinical episodes and approximately two million deaths
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reported annually. 10% of admissions and 80% of
deaths are due to central nervous system involvement.
Plasmodium falciparum causes most cases of severe
malaria and approximately 35–43% of all cases of malaria
globally. More than 70% of falciparum malaria infections
occur in children living in sub-Saharan Africa, although
individuals of any age may become infected. Males and
females are equally affected, but malaria, especially
falciparum, can be devastating in pregnancy to both the
mother and fetus. Malaria is seen increasingly in nonendemic countries due to individuals traveling to endemic
areas for business and pleasure and infected individuals
emigrating or traveling from endemic areas. Occasionally,
malaria is seen in individuals who have traveled to an
endemic area more than one year previously, during
relapse in those previously infected, or in individuals in
non-endemic areas who have been bitten by local mosquito populations which have become infected after biting
a parasitemic individual, or in individuals who live near
airports. Malaria is infrequently transmitted congenitally,
in those who needle share, or in those who have received
blood transfusions or organ transplant. More than 1,500
cases are diagnosed in the USA each year, most of which
were acquired internationally.
Malaria is transmitted via the bite of an infected
female Anopheles spp mosquito obtaining a human blood
meal. Anopheles mosquitoes predominantly bite between
dusk and dawn. Malaria usually occurs below elevations of
1,000 m (3,282 ft). At risk areas include more than 100
countries, including portions of Central America, South
America, the Caribbean, the Middle East, sub-Saharan
Africa, Southeast Asia, the Indian Subcontinent and Oceania. Malaria, due to intense vector control efforts, ceased
to be endemic in the USA in 1947.
After malarial sporozoites are injected into the bloodstream by an infected mosquito, parasites develop in
an asymptomatic hepatic stage. Infected hepatocytes
burst, releasing merozoites which enter erythrocytes.
P. falciparum is able to infect a red cell during any
stage of its development. As such, P. falciparum cause
asynchronous cycles of schizont lysis. This asynchronous
release of trophozoites and hemazoin and other toxic
metabolites does not necessarily produce the classically
described cyclical paroxysms of fever, chills, and rigors.
In late stages of infection, infected erythrocytes adhere to
the capillary and venule endothelial cells, becoming
sequestered in many areas of the body. The brain appears
to be preferentially targeted. Parasites are metabolically
active, consuming glucose and producing increased
amounts of lactate via anaerobic glycolysis.
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Current estimates suggest that nearly half of all
children admitted to the hospital with falciparum malaria
exhibit neurological signs and symptoms. In endemic
areas, adults and children develop cerebral disease in similar proportions. The incidence of cerebral malaria in
adults is higher in low and moderate transmission areas
and areas of varying endemicity than in hyper- and
holoendemic areas. In travelers, cerebral malaria occurs
in approximately 2.4% of those documented with
falciparum malaria infection.
The pathophysiology of cerebral malaria is not
completely understood, but appears to be multifactorial.
First, sequestration of parasitized red blood cells produces
mechanical clogging of the cerebral microvasculature.
Infected red blood cells develop parasite-mediated
changes in cytoadherent properties due to specific interaction between P. falciparum erythrocyte membrane
protein (PfEMP-1) and ligands on endothelial cells,
such as ICAM-1 or E-selectin. Parasitized cells and
nonparasitized red blood cells selectively adhere to each
other and to venule and capillary endothelium, termed
rosetting. Decreased deformability of infected cells
increases obstruction. Platelet microparticles also mediate
clumping. Obstruction of the microcirculation leads to a
critical reduction in oxygen supply and increase in
lactic acidosis locally. Hemazoin is found in cerebral
blood vessels on autopsy, suggesting that rupture of
sequestered infected erythrocytes may produce local
inflammation.
Parasite and host immune response also contribute
significantly to the pathophysiology of cerebral malaria.
P.falciparum infection and RBC lysis releases both parasite
toxins and host intracellular molecules. These are recognized by pattern recognition receptors on immune surveillance cells that promote the activation and release of
both pro-inflammatory and anti-inflammatory cytokines
from monocytes and neutrophils and upregulation of the
expression of adhesion molecules and metabolic changes
in endothelial cells. It is thought that this inflammatory
response is initially beneficial to the host by reducing
parasite growth and activating pathways to eliminate parasites and parasite and host toxins. At later stages,
uncontrolled, this inflammatory response causes host
damage directly and elimination pathways are inadequate
to remove generated toxins. Increased amounts of macrophage-released TNF-a, IL-1, IL-6, IL-10, and other proinflammatory cytokines have been documented in murine
models and patients with cerebral malaria. Several pediatric studies suggest an association between elevated levels
of IL-1 receptor antagonist and severe malaria, while high
levels of vascular endothelial growth factor have been

found to be protective against death in patients with
cerebral malaria. Nitric oxide (NO) has been suggested
as a key effector for TNF in malaria pathogenesis. Cytokines upregulate nitric oxide synthase in leukocytes, vascular smooth muscle, microglia, and brain endothelial
cells. One theory suggests that uncontrolled amounts of
nitric oxide diffuse easily through the injured blood brain
barrier. NO may change blood flow and decrease glutamate uptake, producing neuro-excitation. As a potent
inhibitor of synaptic neurotransmission, NO also reduces
the level of consciousness rapidly and reversibly, similar to
that caused by general anesthetics and alcohol. This would
explain reversible coma without residual neurological deficits. Apoptosis has been documented in the brainstems of
adults who died from cerebral malaria; however, the level
of caspase staining was not significantly higher than that
in control individuals without malaria.
The blood brain barrier is impaired in patients with
cerebral malaria and vascular permeability is increased.
T cells have been shown in murine models of cerebral
malaria to impair endothelial cell function by perforinmediated mechanisms leading to blood brain barrier leakage. Postmortem analysis of individuals with cerebral
malaria show widespread disruption of vascular cell junctional proteins (occludin and viculin). Diffuse brain swelling is demonstrated on imaging studies and autopsy
materials. This swelling is not associated with vasogenic
edema. Brain swelling is probably attributable to increased
blood volume that occurs secondary to sequestration and
increased cerebral blood flow. Greater than 80% of children with cerebral malaria develop elevated ICP and some
develop severe intracranial hypertension, and herniation
is more common in children. Intracranial hypertension is
not seen as frequently in adults.

Risk Factors
A number of factors are associated with poor outcome in
cerebral malaria. Historical factors include pretreatment
at home with antimalarials and chronic malnutrition.
Clinical factors include an abnormal respiratory pattern,
hyperpyrexia, hypoperfusion with cool extremities, tachycardia, jaundice, prolonged seizures, and the absence of
corneal reflexes or a coma score of 0 or 1. Laboratory
factors include hyperparasitemia (>500,000/mL), leukocytosis (>10,000/mL), hypoglycemia, abnormal AST, and
elevated lactate and urea levels.
Mortality risk is very high in children less than 5 years
of age. Young women during their first pregnancy are
at increased risk. Malaria complications in pregnancy
are thought to be mediated by placental sequestration
of plasmodia and pregnancy-associated anemia and
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decreases in immune function. Fetal complications
include premature birth and low birth weight, severe
anemia and death. Nonimmune individuals are also at
increased risk. Individuals who live in malaria-endemic
areas develop partial immunity to infection after
repeated exposure; as such they experience less severe
infections.
Individuals with HIV coinfection are at increased risk
for worsened clinical outcomes in both infections. Malaria
and intestinal helminths often coexist in the same poor
populations globally; as such increasing attention is being
paid to the interaction between these organisms in
coinfected individuals. Data from some recent field studies suggest that helminth coinfection may play a protective
role in cerebral malaria, via Th2 response and the interaction between nitric oxide and the low affinity immunoglobulin E binding receptor CD23 [5].
Individuals with sickle cell trait (Hemoglobin S),
and less so with Hemoglobin C, thalassemias, glucose-6phosphate-dehydrogenase deficiency (G6PD) are protected against infection and death from falciparum
malaria. Individuals with Hemoglobin E may be protected
against vivax malaria. Individuals of West African ancestry
lacking RBC Duffy antigen are completely protected
against P. vivax infection. Several TNF gene-promoter
polymorphisms have been shown to be associated with
an increased risk of cerebral malaria, neurological sequelae
and death. Plasma levels of inducible TNF receptor proteins have been suggested as potential biomarkers of cerebral malaria severity and mortality risk.

Evaluation and Assessment
Almost all patients will have fever, rigors, and chills.
Altered sensorium may be present initially or may develop
over the course of 24–72 h. Coma usually develops rapidly
in children, often after seizure activity. If seizure activity
has occurred, the patient should remain unresponsive for
more than 30 min to 1 h after active seizure activity to
suggest the diagnosis of cerebral malaria rather than postictal state. Approximately 15–20% of adults demonstrate
seizure activity. Most seizures appear generalized, but on
EEG many are documented to have a focal origin. In
adults, coma tends to develop more slowly and may not
be associated with seizure activity. Mild neck stiffness may
be present, but true meningismus is usually absent. Photophobia is rare. Malarial retinopathy has been demonstrated to be more specific than any other clinical or
laboratory feature in distinguishing coma due to malaria
from other etiologies. Malarial retinopathy consists of
vessel changes, retinal pallor, hemorrhages, and less commonly papilledema. Retinal hemorrhages occur in
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approximately 15% of cases and may have a white center.
Pupils are normally reactive. Transient dysconjugate gaze
may be seen. Motor examination usually demonstrates
symmetrical upper motor neuron dysfunction, although
muscle tone may be decreased. Bilateral extensor plantar
reflexes may be seen in comatose patients. Pout reflex,
bruxism, jaw spasm, opisthotonos, and decorticate and
decerebrate posturing may be present, more commonly in
children. Corneal reflexes are preserved except in deep
coma. Patients often exhibit a change in diurnal rhythm,
with excessive sleepiness during the day and difficulty
sleeping at night. Patients may exhibit somnambulism.
The criterion standard diagnostic test for malaria is the
microscopic examination of Giemsa-stained blood smears
by an appropriately trained individual, including a thin
smear to determine the level of parasitemia and a thin
smear to speciate the organism(s) present. Three negative
sets of smears at 8–12 h intervals are required to rule out
malaria. More than one species of malarial organism may
be present. Microhematocrit centrifugation and Fluorescent dye Quantitative Buffy Coat staining may also be
utilized; however, these do not allow speciation.
Rapid testing (RDT) for P. falciparum and P. vivax has
assumed a more prominent role in the last several years.
RDTs are based on antibody recognition of histidine-rich
protein 2 (HRP-2) parasite antigens. In most cases, they
have been found to be as specific as microscopy, although
they are not as reliable when parasite levels are <100
parasites/ml blood. A false positive may occur up
2 weeks post treatment due to the persistence of circulating antigen after parasite death. A list of currently available
RDTs, and technical information, can be found at the
WHO/WRPO site Malaria Rapid Diagnostic Tests
(http://www.wpro.who.int/sites/rdt).
PCR for parasite mRNA or DNA is specific, and more
sensitive than microscopy; as such it will detect organisms
at very low levels of parasitemia. It is more expensive,
requires specific equipment, and does not provide an
estimate of the parasite load.
A number of factors globally, including a lack of diagnostic materials and of trained technicians to perform
blood smears and rapid testing, low sensitivity of rapid
tests in patients with low-level parasitemia, the inability of
some treatment centers and hospitals to exclude other
diagnoses, lack of severe symptoms in some individuals
in endemic areas, a low specificity of the clinical features of
the disease, and the concomitant occurrence of other
organ dysfunctions and metabolic changes present in
severe malaria contribute to both misdiagnosis and overdiagnosis of cerebral malaria. Overdiagnosis leads to
unnecessary treatment with potentially dangerous drugs,
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insufficient investigation of other potentially deadly
causes, high mortality rates, and the development of
resistance.
Patients will have variable degrees of anemia, thrombocytopenia, and may have jaundice, hepatosplenomegaly,
and renal dysfunction. It is important to determine if the
patient is pregnant.
A number of factors may contribute to neurological
symptoms and signs in malaria. Coinfection may be present, and other causes of fever, such as bacterial meningitis/meningoencephalitis and viral encephalitis, must be
considered and ruled out with lumbar puncture and CSF
analysis. In malaria, CSF opening pressure is normal to
elevated, fluid is clear, protein and lactate levels are elevated to varying degrees, and a mild pleocytosis is present
with a white blood cell count less than 10/mL. Fever alone
may cause impairment of consciousness, delerium and
febrile seizures. Hypoglycemia due to cerebral infection
or the use of antimalarials such as quinine may also
produce altered mental status, neurological deficits or
seizure activity. Hypoglycemia is most common in very
young children and pregnant patients. Antimalarial drugs,
including chloroquine, quinine, mefloquine and
halofantrine may cause neuropsychiatric symptoms,
including altered behavior, hallucinations, psychosis, and
delerium and seizures. Hyponatremia in elderly patients,
due to repeated vomiting, or secondary to injudicious
fluid administration may lead to altered mental status
and seizures. Severe anemia and hypoxemia may lead to
altered mental status. Focal neurological deficits are rare in
falciparum malaria and should suggest another cause.
An EEG may be helpful in delineating ongoing seizure
activity in the comatose individual. EEG may show
a number of nonspecific abnormalities.
Neuroimaging may demonstrate edema, cortical
infarcts, hemorrhage, and white matter changes; however,
these changes are non-diagnostic for cerebral malaria.
MRI may show hemorrhagic lesions and infarction.

After-care
Thin and thick smears should be obtained weekly for at
least one month after the patient is discharged to ensure
resolution of parasitemia. Individuals with residual neurological issues should be followed to determine resolution or possibly provide additional rehabilitation in those
with permanent disability.

Prognosis
Cerebral malaria carries a mortality of approximately 15%
in children and 20% in adults. A common cause of death is

acute respiratory arrest, which may be due to brain stem
herniation. Prolonged duration and deeper level of coma,
recurrent episodes of hypoglycemia, severe anemia, renal
dysfunction, repeated seizures, and higher cerebral fluid
lactate levels are predictors of a worsened prognosis.
Cerebellar ataxia may occur without impaired consciousness and may occur up to 3–4 weeks after an attack
of malaria. This usually recovers completely after
1–2 weeks. Other late neurological complications include
the post-malaria neurological syndrome (PMNS), acute
inflammatory demyelinating polyneuropathy (AIDP) and
acute disseminated encephalomyelitis (ADEM). Malaria,
and certain antimalarials such as mefloquine, can exacerbate preexisting psychiatric illness. Depression, paranoia,
delusions, and personality changes also may develop during convalescence from cases of otherwise uncomplicated
malaria. The prevalence of neuropsychiatric deficits ranges
between 6% and 29% at the time of discharge from the
hospital. Residual deficits are unusual in adults (<3%).
Neurologic defects may improve rapidly over weeks to
months or may occasionally persist following cerebral
malaria, especially in children (10%). Individuals may
experience long-term cognitive impairments in speech,
language, memory and attention, ataxias, palsies, speech
disturbances, deafness, and blindness. In one prospective
study of Ugandan children aged 5–12 years, cognitive
impairment, most prominently in attention, was present
in 26.3% of children with cerebral malaria at 2-year
follow-up [6].

Economics
Cerebral malaria is one of the most life-threatening complications of malaria, with an annual incidence of 1.12
cases per 1,000 children, and a 7–18.6% mortality rate,
often in the initial 24 h, despite rapid treatment. It
accounts for 10% of pediatric admissions in some subSaharan hospitals. In 2004, the Disease Control Priorities
in Developing Countries project estimated the global burden of malaria, expressed in disability adjusted life years
(DALYs), as 42,280,000.
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20–80 mmHg, there is a linear increase in CBF for an
increase in PaCO2. Similarly, there is a linear relationship
between CVR and CPP in the ranges of CPP 50–150
mmHg CPP. These variances together are called cerebral
autoregulation and exist in order to maintain a nearconstant cerebral blood flow.
Normal CPP is >50 mmHg. The critical threshold
below which CBF diminishes and ischemia is produced
varies per individual but normally is in the range of
50–60 mmHg; hence, it is a typical goal to maintain
CPP >60 mmHg [2].
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Synonyms
CPP

Definition
Cerebral perfusion pressure (CPP) is the pressure at which
the brain receives blood flow. Conceptually speaking, CPP
is pressure at which the blood can force its way into the
closed box that is the cranial vault and overcome the
cranial vault’s intrinsic pressure. Clinically, CPP can be
derived by taking the difference between the mean arterial
pressure and the intracranial pressure (CPP = MAP –
ICP). One cannot consider CPP without thinking about
cerebral blood flow (CBF) as it is only intuitive that the
pressure allows for the tissue to receive its required blood
flow. Tissue requires adequate blood flow in order to
maintain normal physiologic functioning. CBF is
a difficult to measure and derive clinically without specialized equipment. Therefore, CPP is often utilized.
Clinically, CBF is the CPP divided by the cerebral
vascular resistance (CVR): CBF = CPP/CVR. It is well
known that CBF rates of less than 20 mL per 100 g
tissue/min lead to ischemia and, if prolonged, will lead
to cell death [1]. In order to conceptualize cerebral blood
flow, we then must think about cerebral vascular
resistance.
Cerebral vascular resistance is affected by the patient’s
PaCO2 and CPP. That is to say that in the ranges of PaCO2

Typically, parameters such as cerebral blood flow
and cerebral perfusion pressure matter in settings
where an injury such as a stroke, hematoma, intracranial mass lesion, hydrocephalus or similar has occurred.
In these settings, neurologic deterioration may be
impending and interventions must be implemented in
order to preserve brain tissue through preservation of
cerebral blood flow. In these settings, again CBF is
a difficult clinical number to assess at the bedside in
order to help guide therapies but CPP can be derived
relatively easily through monitoring of the patient’s
intracranial pressure.
Intracranial pressure monitoring is generally indicated in any patient whose Glascow Coma Score (GCS)
is <9 and who has an abnormal brain imaging study
or who has risk factors for intracranial hypertension
(age >40, SBP<90, or decerebrate/decorticate posturing
on motor examination). Other indications for intracranial pressure monitoring include patients with multiple
system injuries requiring therapies that may be deleterious to cerebral blood flow and intracranial pressure
such as high levels of positive end-expiratory pressure
ventilator settings, high volumes of fluid required for
resuscitation, or the need for heavy sedation. Relative
contraindications to intracranial pressure monitoring
include: (1) the awake patient, as they have a neurologic
exam to follow, (2) coagulopathic patients in whom the
risk of placing a monitor and causing an acute intracranial mass lesion (hemorrhage) is high, and (3) patients
with an exam consistent with brain death who do not
respond quickly to empiric therapies to lower intracranial pressure.
Types of intracranial pressure monitoring include:
intraventricular catheters, intraparenchymal monitors,
subarachnoid screws, subdural monitors, epidural monitors, or in infants fontanometry. Of these, intraventricular
catheters and intraparenchymal monitors are the most
common.

541

C

542

C

Cerebral Perfusion Pressure (CPP)

Means of treating intracranial pressure elevations in
order to preserve cerebral perfusion pressure include the
following [2]:
1. Elevate the head of the bed to 30 –45 in order to
increase venous drainage of the brain
2. Keep the neck inline in order to prevent restriction of
jugular venous outflow
3. Avoid tight trach or endotracheal tube taping in order
to prevent restriction of jugular venous outflow
4. Avoid hypotension (SBP <90) by ensuring intravascular volume is normalized, use pressors if needed;
this ensures cerebral perfusion is not compromised
5. Control hypertension in order to prevent cerebrovascular constriction
6. Avoid hypoxemia (pO2 <60 mmHg) in order to prevent further ischemic injury and cerebrovascular vasodilation, which increases intracranial pressure
7. Ventilate the patient to normocarbia; hyperventilation
is useful as an adjunct for short-term control of intracranial hypertension but long term can worsen ischemic injuries
8. Light sedation
More aggressive measures to control elevations in
intracranial pressure include [2]:
1. Heavy sedation and/or paralysis, which reduces sympathetic tone and hypertension caused by movement
and tensing abdominal vasculature
2. Drain 3–5 mL of cerebrospinal fluid (if an intraventricular catheter is present), which reduces intracranial
volume and therefore the related pressure
3. Mannitol or similar osmotic therapy in order to draw
fluid out of the brain parenchyma and possibly
improve blood rheology
4. Hypertonic saline, bolus with 10–20 mL of 23.4%
saline; when the serum osmolarity is less than 320,
some patients refractory to osmotic diuretics will
respond to hypertonic saline
5. Hyperventilate to a pCO2 near 30, which decreases
cerebral blood flow and the related intracranial
pressure
6. Continued refractory intracranial pressure may
require more aggressive therapy and should prompt
one to:
a. Check a noncontrasted head CT in order to ensure
there is not a new surgical intracranial lesion
b. Barbiturate coma (thiopental or pentobarbital),
which sedates, treats seizures, and reduces cerebral
metabolism and thereby cerebral blood flow

without risking further ischemic injury; one must
be cautious of the myocardial depressant effect of
barbiturates
c. Decompressive craniectomy, which opens the
intracranial vault and physically creates more volume for the brain to expand into
d. Hypothermia, again reduces cerebral metabolism
but has multiple side effects including increased
risk for infections, decline in cardiac index,
pancreatitis, elevated creatinine clearance, and
shivering, which can cause elevations in intracranial
pressure [3]
Goals of treatment of intracranial pressure include the
following:
1. Intracranial pressure<20mmHg [4]
2. Cerebral perfusion pressure >60 mmHg
Cerebral perfusion pressure critical threshold varies by
the individual but is in the range of 50–60 mmHg before
ischemic injury is encountered. Therefore, goals of treatment should be to maintain a CPP of 60 or greater, thereby
ensuring that dips in CPP to levels where ischemia occurs
are avoided.
In summary, CPP is the clinical measure whereby
physicians can ensure the brain receives the blood flow
needed in order to prevent ischemic injury. This is accomplished by measures and treatments of intracranial pressure and monitoring of hemodynamics.
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Cerebral Perfusion Pressure (CPP)
Defined as the difference between the mean arterial pressure (MAP) and the intracranial pressure (ICP); CPP =
MAP – ICP. The target CPP in the setting of severe TBI is
greater than or equal to 60 mmHg.
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the vascular access device. However, a short extension tube
might be connected to the catheter and might be considered a portion of the catheter to facilitate aseptic technique when changing administration sets [1].

Rationale

Cerebrospinal Fluid Pressure
Monitoring
▶ ICP Monitoring

Cervical Rib Syndrome
▶ Thoracic Outlet

Bloodstream infections associated with the insertion and
maintenance of vascular access devices are among the
most dangerous complications associated with health
care. They have been shown to be associated with increases
in patient morbidity and mortality and with a prolonged
intensive care unit and hospital stay. Moreover, catheterrelated bloodstream infection is associated with high costs
of care [2]. The method and frequency of changing catheters and catheter lines can influence the risk of infection.

Methods of Central Venous Catheter
Replacement
Central venous catheters can be replaced by percutaneously inserting a new catheter at another body site or by
placing a new catheter over a guide wire at the existing site.

Percutaneous Insertion

Cervicobrachial Syndrome
▶ Thoracic Outlet

Change
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Synonyms
Catheter and line/tubing/administration sets change;
Replacement of vascular access devices and line/tubing/
administration sets

A catheter’s insertion site directly influences the subsequent risk for infection. The density of skin flora at the
insertion site is a major risk factor. After insertion, certain
sites are easier to maintain clean and dry.
Catheters inserted into an internal jugular vein are
associated with a higher risk for infection than those
inserted into a subclavian vein. For infection control purposes, the subclavian site is generally recommended. However, this recommendation must be balanced against
individual patient-related and noninfectious issues such
as patient comfort and mobility and the risk of mechanical
complications. In adults, it is strongly recommended to
avoid use of the femoral vein for central venous access due
to a greater risk of infection and deep venous thrombosis.
In children, the increased infection risk has not been
demonstrated [3].
Other aspects of catheter insertion, such as the use of
maximal sterile barriers, skin antisepsis, use of a checklist
and insertion cart, selection of catheter type, and technical
insertion issues, are beyond the scope of the current
procedure.

Definition
Catheter change is defined as the replacement of a catheter
in situ and its administration set(s) by a new catheter and
administration set(s).
Administration sets are defined as the area from the
spike of tubing entering the fluid container to the hub of
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Guide Wire Insertion
Guide wire insertion has become an established method to
replace a malfunctioning catheter or to exchange
a pulmonary artery catheter for a central venous device
when invasive monitoring had become superfluous.
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The technique offers a better patient comfort and causes
a significantly lower rate of mechanical complications as
compared to percutaneous insertion at a new body
site [2].
Guide wire-assisted catheter exchange to replace
a malfunctioning catheter or to exchange an existing catheter is only recommended in the absence of evidence of
infection at the catheter site or proven catheter-related
bloodstream infection. Suspicion of catheter infection
without evidence of infection at the catheter site should
lead to removal of the catheter in situ and insertion of
a new catheter over a guide wire; if subsequent tests demonstrate catheter-related infection, the newly inserted
catheter should be removed and, if still required, another
new catheter inserted at a different body site.
In patients with catheter-related infection, replacement of catheters over a guide wire is not recommended.
If continued vascular access is required in these patients,
the concerned catheter is to be removed and to be replaced
with another catheter at a different insertion site [2].

The above recommendations also pertain to the
administration sets of pulmonary artery catheters [1]. In
peripheral arterial catheters transducers are to be replaced
at 96 h intervals. Continuous flush devices and intravenous tubing are to be replaced at the time the transducer is
replaced [1].

Pre-existing Condition
This procedure applies to adult patients with a central
venous, pulmonary arterial or peripheral arterial intravascular device in place.

Application
The application described below only pertains to the
change in administration sets of central venous catheters.
Change in tubing of other vascular access devices can be
extrapolated from this description.
The procedure pertaining to the insertion of a catheter
percutaneously or by guide wire assistance is beyond the
scope of this procedure.

Frequency of Catheter Replacement
In central venous catheters, including peripherally
inserted central catheters and hemodialysis catheters, routine catheter replacement without clinical indication has
been shown not to reduce the rate of catheter colonization,
nor the rate of catheter-related bloodstream infection [2].
The most recent SHEA/IDSA evidence-based recommendations to prevent central line-associated bloodstream
infections in acute care hospitals strongly recommend
catheter replacement on an as-needed basis only. Routine
catheter replacement is not recommended, neither percutaneously nor over a guide wire [3].
In adults, peripheral artery catheters should not be
replaced routinely to prevent catheter-related infection
[1, 3], while in pediatric patients no recommendation
for the frequency of catheter replacement is currently
available [1]. Similarly, it is recommended not to replace
pulmonary artery catheters to prevent catheter-related
infection [1].

Frequency of Replacing Intravenous Tubing
and Add-On Devices
In central venous catheters intravenous sets not used for
the administration of blood, blood products, or lipids
should be replaced at intervals not longer than 96 h [3].
All tubing used to administer blood products or lipid
emulsions should be replaced within 24 h of initiating
the infusion [1, 4]. Moreover, all fluid administration
tubing and connectors should be replaced when the central venous access device is replaced [2].

Data Collection
Collect patient and catheter data.
Inform about the need to continue catheterization.

Preparation of Work Area
Restrict activities around bed.
Assure patient privacy and safety.
Make room at the bedside area.
Ensure good visibility.
Adjust the bed height.

Preparation of Material
Clean catheter cart surface.
Ensure all needed material is present.
Apply appropriate hand hygiene.
Open sterile field and dressing packs and prepare using
aseptic technique.
Hang new intravenous solution as ordered by physician in
reach.
Spike new solution bag with new administration set,
protecting distal end from contamination.
Prime intravenous line with appropriate solution to
remove all air and clamp administration set with roller
clamp.

Preparation of Patient
If possible, explain procedure to patient.

Chemical and Physical Forces

Assist/place patient into backrest position that is both
comfortable and convenient for the procedure.
Clear space around the insertion site of clothes and
blankets.

Procedure
Take cart to bedside.
Apply appropriate hand hygiene and put on nonsterile
gloves.
Place bed protection.
Loosen and remove dressing.
Observe dressing.
Remove gloves and discard gloves and dressing.
Apply appropriate hand hygiene.
Observe and inspect catheter site.
Take culture, if appropriate.
Assess which type of dressing to use.
Peel open dressing packet and open sterile field.
Apply aseptic technique by no-touch technique.
In case of dried blood or drainage at the insertion site,
cleanse with sterile NaCl 0.9%.
Disinfect the insertion site with a 2% chlorhexidine-based
solution.
Allow the insertion site to air dry.
On the catheter tubing being changed, stop the infusion
pump if applicable, and clamp the intravenous line
with the roller clamp.
Put on sterile gloves.
Thoroughly swab catheter pigtail and line being changed 5
cm on both sides of port connection with 2% chlorhexidine-based solution and allow to air dry.
According to the type of catheter in situ, clamp off the line
of the catheter pigtail being changed with the blue slide
clamp or close the catheter lock.
Disconnect cleaned IV line from cleaned catheter pigtail.
Connect new line to catheter pigtail.
Remove blue slide clamp from pigtail or open catheter
lock.
Observe for adequate infusion flow.
Observe for leakage or blood back up from catheter pigtail
connection site.
Apply appropriate dressing using aseptic technique and
fix, avoiding traction and pressure, and bearing
patient comfort and mobility in mind.
Place new administration set and solution into infusion
pump.
Apply appropriate hand hygiene.

Post-Procedure Care
Install the patient comfortably.

C

Label IV administration set with time and date of change.
Adjust the bed height.
Remove trolley from bedside area.
Dispose of waste according to the institutional
instructions.
Clean the cart surfaces and dry well.

Documentation
Document the lines that have been changed and site
assessment in medical record and/or flow sheet.
Record date and time of next line change on flow chart.
Inform physician of signs of infection.
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Chelator
A chelator is a chemical compound capable of sequestering a substrate atom, often a metal, via two or more
chemical bonds.

Chemical and Physical Forces
They are involved in adsorption including Van der Waals
forces generated by atomic and molecular interactions,
ionic bonds generated by electrostatic forces and finally
hydrophobic bonds.
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Chest Bleeding

Chest Bleeding
▶ Hemothorax

Chest Compression (CC)
▶ Cardiopulmonary Resuscitation

Chest Discomfort
▶ Chest Pain: Differential Diagnosis

Chest Infection

The “pain” may represent little more than a vague discomfort or sensation of heaviness all the way to the more
classic description of “elephant sitting on my chest.” Furthermore, while the chest as an anatomic entity is clearly
defined, many of the diseases that cause “chest pain” can
present with pain outside the chest as well. An example
would be the shoulder or epigastric pain presentation of
▶ acute coronary syndrome. Moreover, many of these
diseases can present with non-pain symptoms.
Unexplained shortness of breath is a common presentation of acute coronary syndrome in the elderly or of
▶ pulmonary embolism in patients of all ages. As
a practical issue, providers learn the differential diagnosis
of all of the diseases that can present with chest pain and
then learn the alternate presentations of these diseases.

Pathophysiology
Afferent visceral nerve fibers from the intrathoracic organs
traverse sympathetic ganglia en route to thoracic dorsal nerve
roots and dorsal ganglia. Somatic afferent nerve fibers synapse in the same dorsal ganglia. This complex neurologic
configuration leads to visceral pain that is often poorly localized, vague, and capable of radiation to other anatomic areas.

▶ Mediastinitis, Postoperative

Differential Diagnosis

Chest Pain: Differential Diagnosis
JOHN TOBIAS NAGURNEY
Department of Emergency Medicine, Massachussets
General Hospital, Harvard Medical School, Boston,
MA, USA

Synonyms
Ache; Chest discomfort; Heaviness

Definition
As the name implies, the term “chest pain” refers to “pain,”
an uncomfortable or unpleasant body sensation that
a patient experiences in the “chest” area. The chest is the
area of the body located between the neck and the abdomen, and more formally as the area below the clavicles but
above the inferior borders of the rib cage. It contains the
lungs, the heart, and part of the aorta. The walls of the
chest are supported by the dorsal vertebrae, the ribs, and
the sternum. This definition represents a good starting
point to think about the diseases that cause pain in this
area, but is somewhat misleading for two reasons.

The ability for the clinician to distinguish among the
many diseases presenting with chest pain is truly important. Chest pain is the second most common presenting
complaint among emergency department (ED) patients in
the USA. The diagnoses of ▶ acute myocardial infarction
or unstable angina pectoris are missed in EDs in 2–8% of
patients. The missed diagnosis of myocardial infarction
represents an estimated 20% of total dollars spent for
medical malpractice claims. Because of these among
other reasons, most ED providers are relatively conservative in their evaluation and admission practices for
patients who present with chest pain. As a result, it is
estimated that only a small percent of patients admitted
to an observation or in-patient service to rule-out acute
coronary syndromes turn out to have that disease.
Chest pain represents a series of syndromes that are
both common and difficult to diagnose. The difficulty in
diagnosis occurs for a number of reasons. The first is that
over 30 diseases or syndromes are scattered among the six
different organ systems (lungs and pleura, heart and great
vessels, gastroesophageal, nervous system, musculoskeletal system, and others, e.g., psychiatric) that are
represented in the chest (Table 1) [1].
A second reason is that many of the diseases which
present with chest pain are not easily identified by
a single highly sensitive and specific diagnostic study or
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Chest Pain: Differential Diagnosis. Table 1 Diseases presenting with chest pain (Adapted from [1])
Organ system

Emergent diagnoses

Urgent but not critical diagnoses

Nonemergent

Cardiovascular

Acute MI
Unstable angina
Aortic dissection
Aortic aneurysm
Cardiac tamponade

Pericarditis
Myocarditis
Severe aortic stenosis

Cardiomyopathy
Mitral valve prolapse
Noncritical valvular disease

Pulmonary

Pulmonary embolus
Tension pneumothorax

Pneumothorax
Mediastinitis

Pneumonia
Pleuritis
Cancer
Pneumomediastinum
Bronchitis

Gastrointestinal

Esophageal rupture

Cholecystitis
Acute pancreatitis

Esophageal spasm
Esophageal reflux
Peptic ulcer disease
Biliary colic
Hiatal hernia

Musculoskeletal

Muscle strain
Rib fracture
Arthritis
Tumor
Costochondritis

Neurological

Spinal root compression
Thoracic outlet syndrome

Other

Herpes zoster
Post herpetic neuralgia
Hyperventilation
Panic attack

procedure. For example, while an ▶ aortic dissection can
usually be identified or excluded by an aortic dissection
computerized axial tomography, magnetic resonance
imaging, a trans-esophageal echocardiogram or an angiogram, pain from musculoskeletal origin is usually
a diagnosis of exclusion. There is no single diagnostic
test that definitively diagnoses an acute coronary syndrome. This diagnosis is made by a combination of
the clinical presentation, electrocardiograms, cardiac
biomarkers, and usually an anatomic or physiologic
risk stratification test. When the data elements conflict,
the definitive final diagnosis often remains in doubt
and the term “non-cardiac chest pain” becomes the final
diagnosis [2].
Given the fact that diagnosing the cause of chest pain in
individual patients can be extremely challenging, the question becomes: what is the most reasonable approach when
caring for such a patient? The establishment of the differential diagnosis is largely achieved through a consideration of
the patient’s demographic data (age and sex), their past

medical history, a consideration of risk factors for specific
diseases, and the nuances of their chest pain story. The
context of the chest pain is important. Chest pain that occurs
after trauma has a different differential diagnosis than
nontraumatic chest pain. Typically, the provider begins by
addressing diseases in the differential diagnosis that, if
undiagnosed and untreated, can potentially lead to death
within minutes. Classically, these diseases include aortic
dissection, massive pulmonary embolism, and acute coronary syndrome. Some authors include tension pneumothorax or pericardial tamponade as well [3]. A second set of
diseases can cause potential mortality and significant morbidity, although usually less acutely than this highly lethal
group. Examples of diseases in this second category
include ▶ pneumonia and multiple rib fractures. The
third set of diseases, far more common than the others,
include diseases that cause pain, anxiety, and morbidity to
patients but usually do not result in loss of life or limb.
Examples of diseases in this category include gastroesophageal reflux disease, musculoskeletal chest pain, viral
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pleurodynia, and herpes zoster. Typically, the patient
remains under relatively intensive observation and monitoring until potentially life-threatening diseases are
excluded. Once this has been accomplished, potential
other diagnoses can be pursued during that hospitalization or as an outpatient. In summary, the primary goal in
caring for a patient presenting with chest pain is to perform a brief but accurate risk stratification so that lifethreatening diseases can be intervened upon [4].
Most diseases which present with chest pain occur
within relatively characteristic age and sex strata.
For example, acute coronary syndrome becomes more
common with advancing age and is rarely seen in
premenopausal women. Conversely, pulmonary embolism is commonly seen in patients of all ages. Young
women are at risk because many have risk factors such as
pregnancy. After consideration of age and sex, most providers consider the patient’s risk factors for particular
diseases. For acute coronary syndrome, aortic dissection,
and pulmonary embolism these risk factors are relatively
well defined. Unfortunately, none are hard-and-fast. For
example, approximately 10–20% of patients presenting
with acute myocardial infarction lack all five of the classic
risk factors for that disease. For many diseases, a history of
having had that disease previously represents an important risk factor. In the context of a presentation with acute
chest pain, patients with a history of myocardial infarction
or pulmonary embolism are more likely to have these
respective diseases when compared to patients without
such a history. Finally, establishing the differential diagnosis often requires that providers obtain an accurate and
complete history of the patient’s chest pain story. Unfortunately, many elements of the chest pain story lack sensitivity, specificity, or both [5, 6]. Restated, the chest pain
story allows the clinician to establish prior probabilities to
be refined by diagnostic testing but these probabilities are
at best approximate (Table 2).

Pain Location
The chest pain story begins with pain location. For practical purposes, pain that is substernal or left-sided is
equivalent. Pain in these locations is consistent with
fatal diseases such as acute coronary syndrome as well as
non life-threatening diseases such as gastroesophageal
reflux disease and ▶ pericarditis. Pain in the periphery of
the chest is more consistent with a disease of pleural,
pulmonary, or musculoskeletal origin. Associated with
location is the concept of radiation, or extension of
the pain into other areas of the body. Again, certain diseases have classic radiations. Examples include the pain of
aortic dissection which typically radiates to the back or

Chest Pain: Differential Diagnosis. Table 2 Elements of the
chest pain story
Element

Specific
details

Comment

Timing
Average
duration

Seconds, minutes, or hours?

Frequency

Only once or multiple
occurrences?

Time of onset

First time ever that the pain
occurred?

Time of most Within the past 6 h, 24 h, or
recent episode longer?
Location

Right or left chest, upper or
lower, central or peripheral?

Radiation

Where?

Quality

Best descriptive adjective for
the pain?

Precipitating
factors

Eating, breathing, exertion?

Relieving
factors

Resting, nitroglycerin,
antacids?

Associated
symptoms

Diaphoresis, nausea,
shortness of breath?

that of acute myocardial infarction which often radiates to
the left shoulder.

Quality and Intensity
The quality and intensity of the pain are the next characteristics that are usually considered. Both of them are, in general, nondiscriminating. The pain of acute myocardial
infarction may be described as “pressure,” “heaviness,”
“burning,” “aching,” or “discomfort.” The intensity of the
pain is usually also nondiscriminating as well. For example,
the intensity of pain in patients presenting with acute myocardial infarction or of acute aortic dissection is usually
severe but can be mild or even nonexistent. Conversely, the
pain from gastroesophageal reflux or musculoskeletal origin
is usually mild but may be extremely severe.

Timing of Pain
The timing of the chest pain is probably the most difficult
element of the chest pain story to capture. The concept of
timing includes when the pain originally began, its typical
duration, the frequency with which it occurs, and the
onset of the most recent episode. While no hard-and-fast
rules apply, some general principles are useful. One such

Chest Wall Stabilization

principle is that pain that has been going on for weeks or
months does not usually cause major morbidity or mortality. Conversely, for a patient presenting with an acute
myocardial infarction, the average interval between the
onset of pain and presentation to an emergency department is between 3 and 9 h. The duration of chest pain
from pulmonary, pleural, musculoskeletal, and gastrointestinal sources can be hours without interruption. The
number of times per day or week that the pain occurs can
be helpful as well. In general, pain that occurs frequently is
usually less worrisome than pain that occurs occasionally.
Finally, the time of the most recent occurrence can be used
to determine the value of certain diagnostic tests such as
cardiac biomarkers.

3.

Relieving and Precipitating Factors

▶ Thoracocentesis and Chest Tubes

Cardiac pain is typically precipitated by exertion and
relieved by rest. It is often relieved by stopping
a strenuous activity. Chest pain from pleural, pulmonary,
or musculoskeletal sources is often worsened by coughing
or deep breathing. Examples include the pains of viral
pleuritis, pulmonary embolism, pneumonia, or intercostal
muscle strain.

Associated Symptoms
Symptoms that typically accompany the chest pain can
increase the probability of certain diseases. For example,
nausea and diaphoresis are common accompaniments to
chest pain in patients presenting with acute coronary
syndrome. A sour taste in a patient’s mouth during episodes of chest pain increases the possibility of gastroesophageal reflux disease. And acute neurologic
symptoms accompanying chest pain increase the probability that the chest pain is caused by an aortic dissection.

Cross-Reference to Disease

▶ Acute Coronary Syndrome
▶ Acute Myocardial Infarction
▶ Aortic Dissection
▶ Aortic Stenosis
▶ Pericarditis
▶ Pneumonia
▶ Pneumothorax, Tension Pneumothorax
▶ Pulmonary Embolism
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Chest Tube: Chest Drain or
Thoracostomy Tube

Chest Wall Stabilization
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Synonyms
Fixation or repair; Flail chest stabilization; Rib and/or
sternal fracture operative reduction and internal fixation
(ORIF)

Definition
Chest wall stabilization is a surgical procedure in which rib
and/or sternal fractures are reduced (i.e., the fracture ends
are realigned and brought into proximity) and the fractures are fixated with a plating system.

Pre-existing Condition
Chest wall injury syndromes for which operative intervention may be indicated are listed in Table 1. Category
recommendations are based upon review of literature
and upon the authors’ experience.
Flail chest is defined by three or more ribs fractured in
two or more places. Paradoxical motion of the chest wall
(i.e., flail motion) may or may not be visible. If the patient
has already been endotracheally intubated and mechanically ventilated, the flail segment will not be externally
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Chest Wall Stabilization. Table 1 Recommendations for
chest wall stabilization for each indication
Chest wall injury

Category recommendation

Flail chest

II

Chest wall implosion
syndrome

II

Chest wall defect/pulmonary
herniation

I

Intractable acute pain with
displaced fractures

III

Thoracotomy for other (“on
the way out”)

III

Displaced or comminuted
acute sternal fracture

III

Rib or sternal fracture
nonunion (pseudoarthrosis)

III

apparent. The diagnosis is established by CT scan. Two
small, single center randomized trials and cohort comparison studies have demonstrated several benefits of early
flail chest ORIF including decreased intensive care length
of stay, less pneumonia, early return to work, and
improved forced vital capacity (FVC) [1, 2].
Chest wall implosion syndrome is characterized by
multiple, displaced rib fractures along the medial edge of
the scapula, a clavicle fracture/dislocation, and often
a scapular fracture. Although this injury does not meet
the anatomic definition of flail chest, these patients are
physiologically similar to patients with anterolateral flail
chest, i.e., nearly all will require mechanical ventilation for
respiratory failure [3].
Chest wall defect or acute pulmonary herniation is
a rare injury where a portion of the chest wall is traumatically missing or the lung herniates through the chest wall,
e.g., through an intercostal muscle tear with associated rib
fractures. Operative repair is indicated to debride severely
damaged tissue and to restore pulmonary mechanical
integrity. A bioprosthesis such as acellular human or porcine dermis may be necessary to cover the tissue defect.
Serial operations with staged repair are recommended for
more severe tissue defects. Operative intervention is the
standard of care based on the lack of an acceptable alternative to surgical repair [4].
An occasional patient with significant displacement
including overriding of the fractured ribs will complain
of intractable pain with attempts at mobilization which
defies the usual attempts at pain control including epidural catheter infusion. This indication has not been studied,
but in the authors’ experience ORIF of the displaced rib

fractures can result in a dramatic improvement in pain
and allow the patient to recuperate and return to normal
function more rapidly.
Thoracotomy for other indications or “on the way
out” indicates a patient with rib fractures who requires
a thoracotomy for a traumatic indication such as retained
hemothorax, pulmonary laceration, ruptured diaphragm,
or even aortic injury. As the surgeon is closing the thoracotomy it may be reasonable, depending on the nature of
the rib fractures and the condition of the patient, to take
extra time to include rib fracture ORIF with the intent of
preventing future disability. This indication also applies
to non-traumatic situations where ribs are fractured or
purposely cut during thoracotomy exposure for elective
surgery. Rib fracture ORIF for this indication can be
considered safe in select patients but has not been studied
for efficacy.
Sternal fractures are occasionally acutely repaired
when they are completely displaced or comminuted. The
literature describing the operative techniques and results
are case series only and include no comparison groups [5].
Acute sternal fracture ORIF is therefore an acceptable
option in select patients and can be considered safe, but
warrants a Category III recommendation only.
Rib or sternal fracture nonunions (pseudoarthroses)
occur in 1–5% of patients and can be a source of persistent
pain and disability. Resection of the pseudocapsule and
margins of the bony defect to reinitiate osteosynthesis in
conjunction with internal fixation has been reported as
successful and efficacious in case series [5]. The successful
use of bone grafting techniques in situations of bone loss
for both rib and sternal fracture nonunions has also been
described. Neither indication has been studied in
a controlled fashion and, therefore, warrants a Category
III recommendation only.
Four different levels of recommendations exist:
● Category I. Operative intervention is standard of care.
● Category II. Operative intervention is acceptable in
selected patients based on the results of single-center
randomized trials and case-control series.
● Category III. Operative intervention is not clearly
indicated based on insufficient evidence.
● Category IV. Operative intervention has been demonstrated to have a lack of efficacy.

Application
Several plating systems have been used but none has
proven superior to another. Both metal and absorbable
plates have been used successfully [3]. Ribs are classified as
membranous bone because of their relatively thin cortex

Cholecystitis

compared to their inner marrow and are not expected to
hold a plate and/or screws as reliably as cortical or cancellous bone. Efficacious plating systems must also take into
account the curvature of ribs and the constant stress of
respiratory effort of the patient during the several weeks of
healing process.
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▶ Puerperal Sepsis

Synonyms
Acute acalculous cholecystitis; Acute calculous cholecystitis; Acute cholecystitis

Child-Pugh
Also known as Child-Turcotte-Pugh is a prognostic scoring system used in patients with cirrhosis which consists of
five components, namely, bilirubin, albumin, INR, ascites,
and hepatic encephalopathy. Based on the levels of each of
these parameters, a score of 1–3 is awarded for each component with a composite score of 6 or less equating to
Child-Pugh A, 7–9 to Child-Pugh B, and 10 or more to
Child-Pugh C disease. Prognosis worsens as an individual
moves from Child-Pugh A through to Child-Pugh
C cirrhosis.
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Definition
Cholecystitis is defined as inflammation of the gallbladder.
The disease can present acutely without prior symptoms
but more commonly after episodes of biliary colic, associated with or without gallstones, in which case the descriptor calculous or acalculous is added, respectively. In either
case, it is believed that stasis of bile and gallbladder ischemia occur leading to inflammation of the gallbladder wall
and eventually to surrounding structures as well resulting
in a localized peritonitis. It was originally thought that the
disease was solely attributable to infection. Later, in the
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early 1940s, studies on animals demonstrated that stasis
was a primary pathologic condition that was necessary but
not sufficient for cholecystitis to develop.
With further work, it became clearer that ischemia was
also an important part of the pathogenesis. Since acute
calculous cholecystitis develops as a result of impaction of
a gallstone in the cystic duct, two conditions are met: bile
stasis and localized ischemia from distension of the gallbladder wall.
In acute acalculous cholecystitis (AAC), ischemia and
stasis are also present although with distinct mechanisms.
A generalized ischemic insult, whether from trauma, surgery, or a condition such as septic shock or vasopressor
use, is thought to precede inflammation. Stasis is due to
decreased gallbladder contraction secondary to starvation
or the severe disease state itself. Traditionally, postoperative states or trauma were most commonly associated with
the development of AAC, but a review of patients undergoing cholecystectomy for AAC found that infection was
the most common admission diagnosis, with postoperative state and trauma in only 33% [1]. In the general
medical and surgical population, patients with AAC tend
to be sicker with higher Sequential Organ Failure Assessment (SOFA) scores [1], whereas in the trauma population other markers of severity, such as Injury Severity
Score, number of units of packed red blood cells transfused, and tachycardia, are associated with AAC [2].
Although prolonged nil per os (NPO) status has been
associated with this disease, the same study found 56%
had received mainly enteral nutrition, while the remainder
received mainly parenteral nutrition [1]. More indirect
evidence seems to contradict this observation.
A randomized controlled trial of postoperative patients
receiving either enteral nutrition or intravenous saline
infusion showed that gallbladder volume was lower with
the former treatment thus indicating less stasis of bile [3].
There was no discussion of the proportion of patients
developing AAC in either group.
The role of bacteria in cholecystitis is still being
defined. Matsushiro et al. evaluated 52 patients presenting
with acute cholecystitis for the presence of bacteria in the
gallbladder at the time of cholecystectomy [4]. They found
bacteria present in 52% of those gallbladders with stones
and 33% of those without stones, although the generally
agreed upon culture positivity rate in acute cholecystitis is
in the 60–80% range. Of those with stones, those gallbladders with impacted stones more likely had bacteria present. Time to surgery did not show significantly different
bacteria in this study, although in other studies, patients
undergoing cholecystectomy earlier than 72 h after symptoms began were less likely to have bacteria in their

gallbladder. Also, infected bile seems to be more common
with age. Further complicating the picture is the finding
that the region of gallbladder cultured may also determine
whether bacteria are recovered [5].
Specific organisms differ somewhat regionally, but
enteric gram-negative aerobes, especially Escherichia coli
and Klebsiella species, and Streptococcus (Enterococcus)
faecalis predominated in the Matsushiro review. Other
reviews demonstrated more anaerobes, accounting for as
much as 25% of bacterial isolates [6].

Diagnosis
Traditionally, clinical indicators of infection or inflammation and right upper quadrant abdominal pain, coupled
with data from specific imaging modalities, have been
used to diagnose both acute cholecystitis and AAC.
Although fever and an abnormal white blood cell count
(WBC) may be present, they are not invariably so. The
Tokyo Guidelines require both local and systemic signs of
inflammation to suspect cholecystitis, and typical imaging
findings to confirm cholecystitis (Table 1) [7]. In AAC,

Cholecystitis. Table 1 Tokyo guideline grading system for
acute cholecystitis
Mild (grade I)
● Does not meet the criteria for
acute cholecystitis
moderate (grade II) or severe (grade
III) cholecystitis
● Also defined as a healthy patient with
no organ dysfunction and mild local
inflammation making
cholecystectomy a low-risk
procedure
Moderate (grade
II) cholecystitis –
any one of
the following

● WBC > 18,000/mm3
● Palpable, tender, RUQ mass
● Duration of complaints >72 h
● Marked local inflammation (biliary
peritonitis, pericholecystic abscess,
hepatic abscess, gangrenous
cholecystitis, emphysematous
cholecystitis)

Severe (grade III)
cholecystitis –
organ system
dysfunction

● Cardiovascular dysfunction (requiring
vasopressors or inotropes)
● Neurologic (depressed level of
consciousness)
● Respiratory (P:F < 300)
● Renal dysfunction (oliguria,
creatinine > 2.0 mg/dl)
● Hepatic (PT-INR > 1.5)
● Hematologic (platelet count
<100,000/mm3)

Source: Adapted from [21].
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fever may be present in only 13% and leukocytosis in only
54% [1]. Unlike acute appendicitis, where right lower
quadrant pain and a correlative history may lead directly
to the operating room without further study, imaging
should always be included in the work-up of presumed
acute cholecystitis. This is because no examination finding
alone has been found sufficiently accurate to justify cholecystectomy, and associated findings, such as the presence
of stones or dilated common bile duct, may change the
procedure to include an intraoperative cholangiogram or
common bile duct exploration. Also, signs of gangrenous,
emphysematous, or perforated cholecystitis will affect
prognosis and the likelihood of conversion to an open
procedure. The most important imaging studies are
focused ultrasonography (US) or scintigraphy (HIDA,
Hepatobiliary iminodiacetic Acid), and computed tomography (CT) with intravenous contrast. More recently,
modifications of these modalities have been introduced
and may increase accuracy but have not penetrated the
mainstream. Magnetic resonance imaging (MRI) may also
have a role in the diagnosis of cholecystitis in difficult
cases, but especially for possible malignancy or evaluation
for CBD stones.

Ultrasound
US findings consistent with cholecystitis include gallstones,
especially incarcerated, or debris echo; a positive sonographic Murphy’s sign; wall thickening (>4 mm); gallbladder distention (long axis >8 cm, short axis >4 cm); and
pericholecystic fluid. Of these findings, the first three are
considered the most specific [8], especially when considered together. For example, the findings of gallstones with
a sonographic Murphy’s sign or wall thickening has
a positive predictive value for cholecystitis of 92% and
95%, respectively [9]. But, sensitivity for the diagnosis of
cholecystitis is, as with all US studies, operator dependent.
In a later study, sensitivity of US diagnosis of cholecystitis
compared with histology was only 48% [10], but a metaanalysis by Shea et al. reported a sensitivity of 94% for the
diagnosis of acute cholecystitis [11]. Recently studies have
evaluated surgeon-performed US as a modality for diagnosis of cholecystitis. These studies show that resident
surgeons with minimal training could detect gallstones
and cholecystitis as well as consultant radiologists [12].
Ultrasound also has a poor sensitivity when used alone
for the detection of AAC. In a study of critically ill patients
undergoing open cholecystectomy for presumed AAC,
only 80% had an abnormal US prior to surgery [1]. Similarly, in a trauma ICU population, US had a sensitivity of
30% and specificity of 93% [13]. However, in another study
of trauma patients, all patients with thickening and layering
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of the gallbladder wall or necrotic degeneration, edema of the
surrounding tissue, and/or impending rupture coupled with
major clinical symptoms (pain and/or abdominal distention,
hemodynamic instability requiring increasing amounts of
vasopressors and/or fluid resuscitation and organ failure)
were found to have AAC.

Scintigraphy
Hepatobiliary scintigraphy evaluates the biliary uptake of
Tc-99 m-labeled iminodiacetic acid agents (Tc-99 m IDA)
and has a high sensitivity and specificity for the diagnosis
of acute cholecystitis. A study that does not show filling of
the gallbladder with contrast within 60 min is considered
positive for cholecystitis. Another sign that is suspicious
for cholecystitis is a “rim sign,” defined as augmentation
of radioactivity around the gallbladder fossa. After its
introduction, scintigraphy was suggested as a first-line
test in patients with presumed cholecystitis. Sensitivity
and accuracy were 91% and 93% in an early study [14].
Specificity, however, was lacking. This led early investigators to suggest that a positive result indicated cholecystitis
only when serum bilirubin was less than 5 mg/dl while in
patients with bilirubin higher than 5 mg/dl the test was
considered indeterminate. A negative test was considered
reliable. However, an evaluation done a decade later found
a similar sensitivity (94%), but a specificity of only 36%
[15]. This low specificity led these later investigators to
suggest HIDA be eliminated as a first-line study.
Confounding the issue even more was a study comparing
US, HIDA, and combined US/HIDA. HIDA was found to
be more sensitive than US and again the recommendation
was made to use HIDA as a first-line study, only using
US when stones are suspected in order to evaluate for
common bile duct dilation or obstructing stones
[10, 16]. With better contrast agents and patient selection,
specificity has improved. Also, morphine can be given to
increase the tone of the sphincter of Oddi. Filling of
the GB within 30 min is considered a negative test with
a false-negative rate of only 0.5%. Filling between 30 min
and 4 h increases the false-negative rate to 15–20% [17].
However, in a corroborating study, morphine cholescintigraphy had a sensitivity of 99%, a specificity of 91%,
a positive predictive value of 0.9, a negative predictive
value of 0.99, and an overall accuracy of 94%. This study
detected both calculous and acalculous cholecystitis [18].

Computed Tomography
Although not required in all cases of presumed cholecystitis,
CT is often used when HIDA scintigraphy and US are
indeterminate or to evaluate for associated pathology such
as gangrenous or emphysematous cholecystitis. Both of
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these latter findings carry a higher mortality than uncomplicated acute cholecystitis and require conversion to open
procedure more often. The presence of these signs may lead
to more urgent surgery and a more prolonged antibiotic
course postoperatively. Findings consistent with acute
cholecystitis are much the same as US, absent the sonographic Murphy’s sign of course. The detection of stones
is also limited, such that only 75% of stones are seen
on CT. As such, the most specific sign of cholecystitis is
pericholecystic inflammatory changes. Overall sensitivity,
specificity, and accuracy of CT for the diagnosis of cholecystitis in one study was 92%, 99%, and 94%, respectively
[19], and in another directly comparing US with CT, was
100% accurate, sensitive, and specific for the diagnosis of
acute cholecystitis [20].
For AAC, CT has a variable sensitivity. In a study by
Laurila et al., only 58% of patients had CT signs of AAC
prior to operation but in another study, CT was used to
correctly diagnose AAC in six of seven patients with one
false positive finding. CT may have an adjunctive role in
patients with indeterminate US studies though [2].

Magnetic Resonance Imaging (MRI) and
Other Imaging Modalities
In a comparison of MRI with US, there was no difference
in the diagnosis of acute cholecystitis with a sensitivity of
50% for both and specificities of 89% and 86% for US and
MRI, respectively [21]. The authors suggested that limited
MRI may be indicated for “sonographically challenging”
patients. This likely means patients with large amounts
of bowel gas or other anatomically hidden gallbladders
and/or ductal structures. Cost-effectiveness was not
evaluated, however. Another modality currently being
investigated for both diagnosis and treatment of cholecystitis in the critically ill patient is bedside laparoscopy.

Conclusion
In conclusion, US should be performed as a first-line study
for presumed cholecystitis because of its broad availability
and ability to be performed at bedside. If in a patient with
a clinical picture of acute cholecystitis and an US that
shows stones and either a thickened GB wall or
a sonographic Murphy’s sign, then the patient should be
treated for cholecystitis. If the US is indeterminate, and
clinical suspicion is low, morphine-HIDA scintigraphy
should be used to rule-out the diagnosis. If, however, the
clinical suspicion is high, CT scanning should be
performed to try to rule-in the diagnosis. CT is also
indicated for patients with known cholecystitis that may
have emphysematous or gangrenous cholecystitis who

would otherwise have been treated conservatively, since
these signs indicate the need for urgent surgery. If on
any of the imaging studies the patient has distal CBD
dilation, an MRCP may be useful to evaluate for
obstructing CBD stones unless the surgeon is experienced
with CBD exploration.

Treatment
Controversy exists over the optimal treatment of acute
cholecystitis. In an attempt to better define the categories
of severity of cholecystitis and thus guide treatment, The
Tokyo Guidelines were developed [7]. Experts in the fields
of cholecystitis and cholangitis convened to develop standardized diagnostic criteria, a severity grading system, and
a treatment guideline based on this grading system
(Table 1). The categories were based on factors increasing
the likelihood of conversion to an open procedure and the
possibility of complications during surgery. Certain highrisk situations may increase the likelihood of conversion to
an open procedure, such as a white-cell count of more
than 18,000 cells/mm3 at the time of presentation, duration of symptoms of greater than 72–96 h, and an age over
60 years, all of which are indicators of a more advanced
disease and increased likelihood of perforation or emphysematous changes [22]. These guidelines have not gained
widespread acceptance yet and need to be validated in
well-constructed trials.
Patients with mild cholecystitis should be treated
with antibiotics with or without early laparoscopic cholecystectomy, depending on the patient’s operative risk.
Those with moderate cholecystitis are the most difficult
to draw firm conclusions regarding treatment. These
patients can also be treated with early laparoscopic cholecystectomy, especially if symptoms have been present
for less than 96 h. In a prospective cohort study of laparoscopic versus open cholecystectomy for gangrenous
cholecystitis, patients having a cholecystectomy completed laparoscopically had significantly shorter ICU
stays, less ileus, but more abscess formation [23]. Bile
leaks were more common in the laparoscopic group
(12% versus 6% in the open group) but this did not
reach statistical significance. Since conversion to open
cholecystectomy is higher in this group, attempts at laparoscopic surgery should only be made in those that could
tolerate an open surgical procedure and by an experienced
laparoscopic surgeon. A Cochrane Review was performed
evaluating studies of timing of cholecystectomy for acute
cholecystitis. The authors noted that early laparoscopic
cholecystectomy was feasible and preferred in some select
patients as long as an experienced laparoscopic surgeon
performed the procedure. This recommendation was
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based on the observation that 17.5% of patients undergoing delayed treatment had recurrent cholecystitis requiring operation and of those undergoing laparoscopic
surgery, 45% required conversion to an open procedure
[24]. Because of the small size of the included studies,
conclusions could not be made regarding the more rare
complications, such as bile duct injury. Large population
studies seem to imply a higher rate of bile duct injury in
the early group. If these patients are poor operative risks,
percutaneous cholecystostomy drainage is an alternative. In
the most severe patients with organ failure, percutaneous
drainage is preferred, but in the rare situation in which this
cannot be accomplished, laparoscopic cholecystectomy
should be performed if possible, with early conversion to
open surgery if needed. Whether cholecystostomy should be
followed by interval surgery or endoscopic sphincterotomy is
also debated. In a study of patients in the ICU that had
interval surgery during the same admission, the conversion
rate was 14% compared to the hospital-wide conversion rate
of 1.4% [25]. In another study of patients with Grade II or
III cholecystitis in the ICU treated with percutaneous
cholecystostomy tube placement only two of 21 patients
at a mean of 17.5 months follow-up presented with recurrent cholecystitis, and both of these were successfully
treated by conservative means [26].
The use of antibiotics in patients with acute cholecystitis is not controversial but the length of treatment continues to be a source of debate. In patients undergoing
early cholecystectomy (<72 h from the onset of symptoms), standard perioperative (<24 h) antibiotics should
be administered. In patients that are very ill from
cholecystitis, had a delay in treatment >72 h, are
immunosuppressed, are > 60 years old, or have concomitant cholangitis, a prolonged course of treatment, usually
no longer than 7 days, is indicated. Although the Tokyo
Guidelines do not comment on antibiotic length of treatment it can be extrapolated that patients with Grade I or II
cholecystitis can have perioperative dosing lasting less
than 24 h, while those with Grade III should likely receive
a 7–14 day course. If infected with a resistant pathogen or
associated bacteremia is noted, antibiotics may need to be
continued for 14 days.
The choice of antibiotic should include coverage
for gram-negative enteric pathogens, as well as anaerobic
bacteria. Enterococcal species need not be covered.
In community acquired infections that are mild, ampicillin/sulbactam, ticarcillin/clavulinate, or ertapenem
may be selected. In high-risk patients, and those with
recent hospitalization or antibiotic use of more broadspectrum agents, such as pipericillin/tazobactam or
meropenem.
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After-care
Most patients that have cholecystitis treated adequately
require no special aftercare. Patients can expect to spend
between 1 and 7 days in the hospital depending on the
severity of the cholecystitis, whether the surgery was laparoscopic or open, and whether prolonged antibiotics are
administered. Patients are allowed to resume a regular diet
as soon as ileus resolves which again is dependent on the
type of surgery. Some patients may experience early fatty
meal intolerance but this is expected to resolve within
a few weeks as the patient alters their diet to compensate.
Patients treated with percutaneous drain placement do
require special care. The patient will be discharged with
the tube in place. Most will have had the tube clamped
prior to discharge and are educated about tube care and
what symptoms should prompt resumption of drainage. If
the tube was placed for calculous disease, a contrast study
is performed to evaluate for remaining stones. If stones
remain, a decision to remove these is made in conjunction
with a surgeon, endoscopist, and interventional radiologist. If the patient is an operative candidate, cholecystectomy can be performed. In older more debilitated patients
an endoscopic sphincterotomy can be performed with the
expectation of good results. An alternative is exchange of
the percutaneous cholecystostomy tube using a guidewire
to a larger bore tube followed by stone extraction. When it
has been verified that all stones are cleared and the common bile duct is patent, the tube can be removed.

Prognosis
Prognosis after cholecystectomy is excellent. If performed
by an experienced laparoscopic surgeon the rate of complications is very low. Most studies comparing early to late
cholecystectomy show that delayed surgery results in
a relatively large number of patients presenting with recurrent cholecystitis requiring urgent operation prior to the
planned cholecystectomy. A large number of these patients
will need open surgery. From other studies that evaluate
interval cholecystectomy, it appears that conversion rates
are lower in those that actually make it to planned
operation.
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Chylous pleural effusion

into the venous blood near the junction of the left jugular
and left subclavian veins. Therefore, in the event that
a patient has not had any recent oral intake, the appearance of the chyle may actually be clear. The diagnosis of
a chylothorax is confirmed by the presence of chylomicrons in the pleural fluid.
The thoracic duct is the final common channel
through which all lymphatic fluid in the body reenters
the blood stream. The thoracic duct originates at the
cysterna chyli, typically between the third lumbar vertebrae and the tenth thoracic vertebrae. It then ascends
along the anterior surface of the vertebral bodies, lying
between the aorta and the azygos vein. At the level of the
fifth thoracic vertebrae (T5), the thoracic duct crosses over
from right to left and continues its ascent posterior to the
aortic arch. Finally, it courses through the thoracic inlet
where it ultimately empties into the venous system somewhere near the junction of the left internal jugular vein
and left subclavian vein. While anatomic variations of the
thoracic duct do exist, this is the most common course.
Therefore, a thoracic duct injury below T5 will produce
a right sided chylothorax but an injury above T5 will
produce a left sided chylothorax.

Definition

Evaluation

Chylothorax is defined as the presence of chyle in the
thoracic cavity. This typically occurs when chyle leaks
from the thoracic duct or one of its major branches into
the pleural space. This leakage of chyle can be due to
congenital abnormalities, traumatic injury of the thoracic
duct, invasion of the thoracic duct by a tumor or malignancy, infection, or thrombosis of the venous system.
Chyle is lymphatic fluid that is typically laden with free
fatty acids, cholesterol and phospholipids resulting in
a milky color to the fluid. The predominant cell type
within chyle is lymphocytes. The concentration of free
fatty acids, cholesterol and phospholipids varies
depending upon absorption of these products from the
small intestine. The ingestion of triglycerides and phospholipids results in their absorption by the intestinal epithelium. Upon absorption, those triglycerides that contain
fatty acids of 12 carbons or less are absorbed directly into
the blood stream. These are termed medium-chain triglycerides. Triglycerides composed of fatty acids that are
longer than 12 carbons (long-chain triglycerides) are not
directly absorbed into the bloodstream. Instead, longchain triglycerides are complexed with cholesterol, phospholipids, and binding proteins to form lipoproteins.
Once assembled, the lipoproteins are transported through
the lymphatic system, eventually arriving in the thoracic
duct. Once in the thoracic duct, lipoproteins are emptied

Patients with a chylothorax may have symptoms that are
commonly associated with any type of pleural effusion
including shortness of breath, fatigue, chest discomfort,
and cough. The presence of chyle in the pleural space does
not cause any irritation of the pleura. Therefore, patients
will not typically complain of pleuritic chest pain if their
effusion is secondary to a chylothorax. Patients with
chylothorax will have evidence of a pleural effusion on
plain radiographs and/or computed tomography (CT) of
the chest. However, radiographic imaging alone cannot
distinguish chylothorax from other causes of pleural effusions. Definitive diagnosis of a chylothorax requires sampling of the pleural fluid. While the classic description of
a chylothorax is the return of milky white fluid, this is not
always present and the return of clear fluid from the
pleural space does not exclude chylothorax. The presence
of chylomicrons in the pleural fluid is the gold standard
for diagnosing a chylothorax.
Once the diagnosis of chylothorax has been made, the
etiology of the chyle leak must be further investigated. The
etiology of a chylothorax typically falls into one of three
categories: congenital, traumatic, or neoplastic. By far the
two most common causes of chylothorax are trauma and
neoplasms [1]. Obtaining a thorough history will often
elucidate the cause. Common surgical procedures associated with the development of a chylothorax include

Chronic Salicylate Toxicity
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▶ Pulmonary-Renal Syndrome
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esophagectomy, pneumonectomy, repair of aortic aneurysm, radical lymph node dissections of the neck, chest, or
abdomen, and surgery for the removal of mediastinal
tumors. In addition, blunt or penetrating trauma can
result in injury to the thoracic duct with subsequent
development of a chylothorax. Obstruction of the
thoracic duct by tumor is the most common cause for
non-traumatic chylothorax. Lymphoma is the by far the
most common malignancy seen in non-traumatic cases of
chylothorax, accounting for 70% of the cases. Other
potential but uncommon causes include congenital
atresia of the thoracic duct, mediastinal radiation, and
transdiaphragmatic passage of chylous ascitic fluid in
patients with cirrhosis [1].
In the event that the etiology of the chylothorax remains
unclear, diagnostic imaging may be helpful. CT scan of the
chest may reveal underlying tumor or mediastinal lymphadenopathy that had been previously undiagnosed. If available, lymphangiography or lymphoscintigraphy can be
utilized to define lymphatic anatomy and identify the
source of the leak [2]. This can be potentially useful for
operative planning purposes.

Treatment
Having a basic understanding of lipid metabolism and
thoracic duct anatomy is helpful in understanding the role
of various therapies in the management of chylothorax (see
above). The treatment plan should be individualized for
each patient and should take into account the underlying
etiology, duration, symptoms, nutritional status, and other
co morbid conditions. Treatment options can be broadly
categorized into nonoperative and operative therapies.
Most clinicians would favor an initial trial of nonoperative
therapy for a period of 1–2 weeks. However, in those
patients this may be associated with longer hospital stays
and an increased risk of complications. Therefore, the risk
versus benefit of nonoperative therapy must be critically
evaluated on a patient by patient basis.

Nonoperative Management
The initial step in the nonoperative management of
chylothorax is placement of a tube thoracostomy to
drain the pleural space and allow for re-expansion of the
lung. Tube thoracostomy is preferred over repeated
thoracentesis because it allows for apposition of the pleural surface which may promote sealing of the site of the
leak and because thoracentesis alone rarely results in complete drainage of the effusion. In addition, repeated
thoracentesis unnecessarily exposes the patient to the
risk of pneumothorax or hemothorax.

A key component of the nonoperative management of
chylothorax is an assessment of the patient’s nutritional
status. Because chyle is rich with triglycerides, proteins,
and electrolytes the ongoing loss of these substances can
result is significant malnutrition and electrolyte abnormalities. Hyponatremia and hypocalcemia are the most
commonly encountered electrolyte disturbances. The
severity of these derangements is dependent upon the
volume and duration of the chyle leak. Monitoring the
patient’s nutritional status through weekly weights, serum
prealbumin and transferrin levels, and nitrogen balance is
critical. Manipulation of a patient’s enteral intake can
decrease the volume of chyle generated and therefore
increase the chances of the leak sealing with nonoperative
management. As mentioned above, long-chain triglycerides are unable to be absorbed directly into the blood
stream by the enterocytes. Therefore, they must be packaged as lipoproteins and travel through the thoracic duct
before re-entering the blood stream. By removing longchain triglycerides from the diet, the volume of chyle
transported through the thoracic duct can be significantly
decreased. Instituting a low fat, medium-chain triglyceride diet will result in closure of the leak in 50% of cases [3].
Total parenteral nutrition may be utilized in the event that
dietary modification is unsuccessful and surgical management is not an option.
In those patients with chylothorax due to malignancy,
therapies targeted the primary malignancy may be of
benefit but the results are inconsistent [1]. Chemical
pleurodesis may be useful in patients that are not surgical
candidates that have failed chemotherapy and radiation
therapy. Talc, tetracycline, and bleomycin have all been
used successfully for chemical pleurodesis. In addition,
somatostatin has been shown to reduce the production
of intestinal chyle with results decrease in chyle leak [6].

Operative Management
The surgical treatment of chylothorax involves ligation of
the thoracic duct. Surgical treatment should be considered
first line therapy in those patients with post surgical
chylothorax. This is because conservative management of
post surgical chylothorax has been associated with
increased mortality when compared with surgical treatment [4, 5]. Patients that have failed a trial of nonoperative
therapy should also be managed surgically. As a general
rule of thumb, two groups of patients will likely fail conservative management; (1) those patients with a chyle leak
of greater than 1.5 L/day and (2) those patients with
a sustained chyle leak of 1 L/day for 5 consecutive days.
In these patients, surgical intervention should be considered, as it will likely result in better outcomes.
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Once the decision to pursue operative intervention has
been made, there are several techniques that can be utilized
to ligate the thoracic duct. Operative approaches include
open and thoracoscopic. In general, operating on the same
side as the effusion is preferred. Selective ligation of the
thoracic duct at the site of the leak may be performed if the
leak can be identified. Methylene blue may be mixed with
a fat source such as olive oil or cream and administered
enterally to help visualize the site of the leak. Once the leak
is identified, the thoracic duct is ligated above and below the
site of the leak. In the event that the leak cannot be easily
identified, further dissection around the thoracic duct to
identify the leak is discouraged, as this may lead to further
injury to the thoracic duct and its tributaries. Instead, mass
ligation of the soft tissues lying between the aorta, spine,
esophagus, and pericardium should be performed just
above the diaphragmatic hiatus in the right chest.

After-care
The main focus following resolution of a chylothorax is to
ensure correction of any nutritional, immunologic, or
electrolyte abnormalities that may have occurred. This
can include weekly assessments of nutritional status, monitoring for evidence of immunosuppression, and electrolyte replacement.

Prognosis
The prognosis for patients with chylothorax is highly
variable and dependent upon the underlying etiology.
With more aggressive management, there has been a
decrease in the morbidity and mortality associated with
this condition. Patients with iatrogenic or traumatic
chylothorax have the best prognosis for recovery. Those
patients with malignant chylothorax tend to have a worse
prognosis.
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Synonyms
Biventricular Assist Device (BVAD); Left Ventricular
Assist Device (LVAD); Left Ventricular Assist System
(LVAS); Mechanical Circulatory Assist; Mechanical Circulatory Support (MCS); Right Ventricular Assist Device
(RVAD); Ventricular Assist Device (VAD)

Definition and History
After the first use of cardio pulmonary bypass (CPB) in
the 1950s and the increasing number of cardiac procedures, the need for extended circulatory assistance in
patients who could not be weaned from CBP was obvious.
After the first experimental use of ventricular assist devices
(VAD) in 1963 De Bakey introduced the first clinical use of
a VAD in a patient after aortic valve replacement. Only
a few months later the group of Denton Cooley presented
their first successful use of an assisted circulation as
a bridge to transplantation (BTT). During these
pioneering works two different systems were surveyed:
Pneumatically driven rubber-tube or sac pumps which
offer a pulsatile flow and continuous flow devices like,
for example, centrifugal pumps.
As recorded in the recommendations of the National
Heart Advisory Group the importance of mechanical support was recognized by the National Institute of Health in
the USA in 1964. The former initial goal was to develop
a total artificial heart (TAH). While the first TAH program
was abandoned in 1991due to the enormous rate of severe
complications, the National Heart and Lung Institute
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meanwhile put its effort in the development and evaluation of left ventricular assist devices (LVADs). This led to
the Food and Drug Administration (FDA) approval of
LVAD for BTT use in 1994. Thus, under high volume
sponsored research during the last 20 years, two different
types of devices became available: Pulsatile VADs as well
as the newer and smaller continuous flow pumps. Both
systems are usable for intracorporeal and paracorporeal
implantation. According to the degree of individual disease,
more or less all appliances can be used as a univentricular
support for LVAD, as a right ventricular assist device
(RVAD), or as a biventricular assist device (BVAD).

Pre-existing Condition
The treatment of heart failure is of tremendous growing
interest even at the intensive and intermediate care units
in our hospitals.
In heart failure or even in cardiogenic shock patients
the caring physician has to decide whether to treat the
patient with medication only or to use circulatory support
to stabilize hemodynamics and preserve organ function.
The so-called Intention to Treat (ITT) in the rising use of
VADs for mechanical cardiac support is the key issue and
has essential influence on the choice of the individual
device: Whether as for Bridge to Recovery (BTR), Bridge
to Transplantation (BTT), or for long-term circulatory
support as the so-called Destination Therapy (DT).
Other patients fall in the category of Bridge to Candidacy
(BTC). These are patients who at the time of an urgent
device implantation are either critically ill and have not
been completely evaluated for OHTor are bearing a major
or relative contraindication to transplantation. Furthermore, the type of the support needed has to be considered:
Is an univentricular assist device sufficient? or is the use of
a biventricular device (BVAD) crucial?.

Indications for Assisted Circulation
Usually, the use of a VAD is indicated in case of severe heart
failure which is refractory to the conservative treatment
options. If the patient is not able to offer adequate systemic
oxygen delivery to maintain normal end-organ function
despite maximal medical therapy, mechanical support is
indicated. The common hemodynamic criteria for device
implantation include a systolic blood pressure less than
80 mmHg, mean arterial pressure less than 65 mmHg,
cardiac index less than 2.0 L/min/m2, pulmonary capillary
wedge pressure greater than 20 mmHg, and a systemic
vascular resistance greater than 2100 dyn-s/cm [1].
The large variety of diseases treated with assisted circulation devices includes both acute and chronic forms of
heart failure.

The acute cardiogenic shock is one of the main reasons
for treating the patient in an emergency ward or chest pain
unit. There are several reasons for cardiogenic shock.
Acute myocardial infarction, for example, complicated
by cardiogenic shock has a very high mortality rate.
A trend towards early intervention reached a better outcome by early and more aggressive coronary reperfusion
strategies such as percutaneous intervention, coronary
bypass surgery, or aortic counterpulsation. Moreover, up
to 6% of patients after heart operation are still suffering
from low output syndrome, the post-cardiotomy shock,
especially after complex surgical procedures like heart
transplantation, multivalve replacement, or treatment of
severely impaired left ventricular function. Depending on
the age of patients who require assisted circulation, there
are some other typical indications. Myocarditis or dilated
cardiomyopathy (DCM) affects the younger patient group
with an often unpredictable outcome. The global dilatation of both, the left and right ventricle, often leads to
a biventricular heart failure and therefore requires an
adequate biventricular support. Moreover, a rare indication for VAD therapy is a complex ventricular arrhythmia,
if refractory to medical treatment.
The second and also large cohort of patients which is
considered for AC is the chronic heart failure group. An
estimated 2–5 million patients are suffering from heart
failure worldwide [2]. The continued aging of mankind
leads to a growing number of patients. The incidence and
prevalence of this disease is obviously age dependant: On an
average 2–5% of the population aged 65–70 years and about
10% in the group of persons aged more than 70 years are
affected, and around 500,000 new cases per year are registered. In spite of all advances in medical treatment of severe
heart failure the prognosis of the patients is poor. In patients
with severe heart failure more than 50% die within 1 year.
These patients have to be divided in two groups: Those
who are eligible for orthotopic heart transplantation
(OHT), and those, who are not. OHT is the only treatment
that provides substantial individual benefit, but with fewer
than 4,000 donors available per year worldwide its impact
is epidemiologically trivial. Additionally, we find
a growing number of patients who are ineligible for cardiac transplantation because of advanced age, presence of
diabetes mellitus with end-organ damage, chronic renal
failure, or pulmonary hypertension. Therefore, the limitations of cardiac transplantation procedures have stimulated the development of alternative approaches to the
treatment of severe heart failure.
For these reasons within the chronic heart failure
group of patients assisted circulation is exercisable as
a BTT or as destination therapy.
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Device Selection
Due to the above-mentioned circumstances the treating
physician has to decide, which specific blood pump would
be the appropriate tool for the individual patient. The
operative risk of the implantation procedure has to be
weighed against the potential lifestyle and survival benefit
with mechanical support, the already stated intention to
treat.

C

assisted circulation, the ECMO is widespread and leads
to a remarkable improvement in survival rates of these
high-risk cases.
The very new Tandem Heart paracorporeal centrifugal
pump (CardiacAssist, Inc., Pittsburgh, Penn., USA) can
easily be implanted via percutaneous insertion of the groin
vessels without a surgical procedure. In doing so, the
inflow cannula is brought up the femoral vein and through
the atrial septum into the left atrium percutaneously.

Application
Axial Flow Pumps

Short-Term Circulatory Support
A large variety of technical devices do exist to support the
failing heart for a short time period. These devices have
the advantage of an easy implantation technique based on
the hope of an early cardiac recovery or bridging the
patient to use a more permanent ventricular device.

Intra-Aortic Balloon Pump (IAPB)
Kantrowicz and coworkers presented the first clinical use
of an Intra Aortic Balloon Pump (IABP) for the treatment
of cardiogenic shock after myocardial infarction in 1968.
Once percutaneously placed in the descending aorta, its
diastolic pulsation and systolic deflation is triggered by
ECG or arterial pressure, resulting in reduction of
afterload and improvement of coronary perfusion. The
application of IABP is widespread because of its uncomplicated use and improved outcome in the treatment of
myocardial
infarction,
postcardiotomy
shock,
postinfarction VSD, or acute mitral valve regurgitation
caused by posterior wall infarction [3]. Critical limp perfusion is a rare, but severe complication, and therefore
IABP use has to be considered deliberatively in case of
peripheral vascular disease.

Centrifugal Pumps
Originally used for CPB, centrifugal pumps were thereafter in many cases also applied for assisted circulation
because of the low costs, uncomplicated implantation
techniques, and easy handling. The Biomedicus BioPump (Medtronic Inc., Minneapolis MN, USA), the
Sarns centrifugal pump (3-M Health Care, Ann Arbor,
Michigan, USA), and the newer Centrimag (Levitronix
Inc.) are the most common pumps in this field. Placed
paracorporeally, the implantation could either be achieved
via cannulation of the groin vessels or – in case of
postcardiotomy shock – via connection to the cannulas
of the CBP intraoperatively. In case of a collateral respiratory failure, the connection to an oxygenator is possible,
resulting in an extra corporeal membrane oxygenation
system (ECMO). Especially in the pediatric field of

The microaxial blood pump Impella Recover Device
(Impella CardioSystems AG, Aachen, Germany) is a
newer short-term support system for up to 7 days.
Brought through the aortic valve inside the left ventricle
percutaneously, this pump generates flow up to 5 L/min.
Therefore, it can be used as an ideal tool for postcardiotomy
support or myocardial infarction with cardiac shock to
establish a rapid unloading of the failing left ventricle.
Since last year a paracardiac right-ventricular device
(RVMBP) of the Impella family was available until the
product was withdrawn from the European market.

Pulsatile Short-Term Pumps
A dual chamber polyurethane blood sac pump, the
Abiomed BVS 5000i (Abiomed Cardiovascular, Inc.,
Danvers, Mass. USA) is a passively filled, pulsatile shortterm assist device for the use after postcardiotomy shock.
This device can be used for univentricular as well as for
biventricular support generating flows up to 6 L/min. Its
cost-effectiveness and the ease of implantation have lead
to a widespread use, especially for the BTR short term, or
a bridging to another, more permanent system, the bridge
to bridge (BTB). The same company introduced another,
more complex pulsatile, paracorporeal, fully automated
device with pneumatically driven full-to-empty mode: the
AB 5000. Similar to the older paracorporeal long-term
devices, such as Berlin Heart Excor (Berlin Heart Inc.
Berlin, Germany) or the Thoratec PVAD (Thoratec Inc.,
California, USA), the AB 5000 is able to reach a complete
unloading of the failing left or right ventricle and, got FDA
approval for 30 days in the USA, so far.
All of these short-term devices have the advantage of
a more or less easy implantation and application. The
main disadvantage of almost every short-term pump is
the impossible mobilization of the patient. Only the
newer, more costly devices such as the Centrimag or the
AB 5000 do allow for a better mobilization of the individual patient. However, they touch the boarder of the permanent VADs not only clinically, but financially in
particular.
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Long-Term Circulatory Support
Pulsatile Devices
The first generation of LVADs are electromechanically or
pneumatically controlled mechanical assist systems. They
are used for BTT or DT and generate pulsatile blood flow
up to 10 L/min. Some examples for the permanent use of
VADs are the paracorporeal systems Excor (Berlin Heart,
Germany) (Fig. 1), Thoratec PVAD (Thoratec, California,
USA), and the Medos HIA (Medos Inc., Aachen
Germany). The pump chambers of the Excor and HIA
are offered in different sizes so that pediatric use is possible. Patients treated with these large, bulky devices are
difficult to mobilize, also because of the risk of kinking
the grafts and the large control units. The following,
implantable pulsatile devices are brought into a huge
preperitoneal pocket connected to a percutaneous driveline. The HeartMate XVE (Thoratec Inc.) is the most used
implantable VAD with more than 4,000 implantations
worldwide. The peculiarity of the HeartMate XVE is its
structured inner surface, leading to a neointima formation
to reduce the risk of thrombus formation. Because this
device has biological valves, anticoagulation is not necessary. A large amount of clinical experience has been gained

with the Heartmate LVAD. The pioneering REMATCH
trial [4] was established by using this device for DT.
Historically, it is necessary to mention two other systems which were withdrawn from the market in 2005 and
2008 respectively: The LionHeart 2000 LVAD (Arrow
International, PA, USA) and the Novacor LVAS(Baxter
Healthcare/Worldheart Inc.) devices. The Novacor is
implanted in the same approach as the Heartmate VXE,
including the typical connection to a console by
a percutaneous driveline. The fully implantable Lion
Heart was powered by transcutaneous energy transfer,
thereby obviating the need for external lines, which is
a common course of infection in LVAD recipients.
A pump controller was implanted as well regulating the
external power supply. The external power pack with
rechargeable and replaceable batteries could be removed
from the transcutaneous site maximal 30 min. The inside
of this system achieves unidirectional blood flow by
mechanical heart valves and therefore necessitates Warfarin or Heparin treatment. The system was licensed for
trials in Europe and the USA for long-term support in
patients with end-stage-heart failure. Because of some
major technical failures, for example, fatal fracture of the
blood sac, the device was displaced from the market in
2005. The Novacor device was developed in the 1970s.
Its regulatory approval in Europe and the USA for BTT
came in the 1994 and 1998, respectively, followed by
a regulatory approval for long-term support in Europe.
More than 1,800 implantations could be accomplished
worldwide. It carries biological valves for achievement of
unidirectional flow, although because of the inner structure of this device systemic anticoagulation is mandatory
as well in the LionHeart. Here, similar to the technical
failures of the LionHeart, the durability was obviously
very limited and consequently the Novacor LVAD was
withdrawn from the market in 2008.

Continuous Flow Devices

Circulatory Assist Devices. Figure 1 Excor

One of the most promising advances in the field of circulatory assist devices is the development of axial flow
pumps, like the HeartMate II (Thoratec) (Fig. 2), the
Micromed DeBakey (MicroMedTechnology Inc.,
Houston , TX, USA), the Incor (Berlin Heart), and the
Jarvik 2000 (Jarvik Heart Inc., NY, USA) (Table 1). These
devices, the so-called second generation of VADs, generate
continuous flow via a very small electromagnetically actuated impeller that rotates at high speeds and are able to
provide up to 10 L/min flow. Moreover, in the implantable
pulsatile devices the particular inflow cannula is
connected to the LV apex, the outflow graft to the ascending aorta. The remarkably small size of these devices allows
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Circulatory Assist Devices. Figure 2 HeartMate II

for enormous reduction in surgical trauma caused by
a diminishment of the preperitoneal or even intrapericardial pump pocket. This is why the use for patients
with a small body surface area is now possible, resulting
in FDA approval for pediatric use for the MicoMed device.
The other systems are now under trial for this indication.
Moreover, these axial pumps are generating no relevant
noise. Permanent anticoagulation therapy is necessary, but
after early experiences are initiated and not until
a minimum 12–24 h after implantation. The unique
design of the Jarvik consists of an impeller, which is placed
in the LV apex directly as a sort of inflow cannula housing
the pump. Therefore, less invasive implantation is possible
via a lateral thoracotomie leading the outflow graft to the
descending aorta, in case a sternotomy should be avoided.
This device operates at fixed rate motor speeds that are set
by the controller at between 8,000 and 12,000 rpm with
an average capacity of 5–7 L/min. Another implantation
feature of this small pump is a titanium pedestal screwed
into the very well-vascularized skull with a transcutaneous connector that attaches to the power cord. The
MicroMed DeBakey AD is a titanium electromagnetically
actuated axial flow pump with a maximum flow capacity

C

of 10 L/min at 10,000 rpm, but usually is initiated at
8,000 rpm, resulting in a 5–6 L flow per minute. It carries
a special ultrasonic flow probe at the outflow graft
site, which allows for exact flow measurements.
The HeartMate II (Fig. 3) is a newer device and obtained
its approval in Europe a few years ago and FDA approval
for BTT was obtained in 2009. Fabricated with titanium, it
operates at speeds between 6,000 and 12,000 rpm resulting
in a flow up to 10 L/min in a fixed or automatic operating
mode (http://www.thoratec.com/about-us/media-room/
videos.aspx). An overview is shown in Table 1.
The recently developed implantable centrifugal circulatory assist devices represent the so-called third generation of implantable LVADs. Examples are the VentrAssist
(Ventracor Inc., Australia), the HVAD (Hardware Inc.,
USA), and the DuraHeart (Terumo Inc., Japan).These
devices use the magnetic technology in which rotating
blades or an impeller is magnetically suspended within
a column of blood, obviating the need for contact-bearing
moving parts.
The DuraHeart is a magnetically suspended centrifugal pump with impeller blades, magnetic bearing, and
a direct motor. Its relatively large volume (200 mL)
requires an implantation pocket, which is clearly bigger
than the ones needed for axial pumps. The DuraHeart
works with speeds of 2,000–3,000 rpm and creates a flow
between 5–6 L/min. The VentrAssist device is a smaller
titanium centrifugal pump with a carbon coating at its
inner surface. It was implanted worldwide in more than
200 patients as a LVAD in CE marked use-and-pilot trials,
but the company became bankrupt in spring 2009. The
HVAD system was introduced recently and has just gained
CE approval. It has a volume of only 50 mL and is directly
implanted at the surface of the LV apex, allowing an
intrapericardial pocket. The speed range of 2,000–3,000
rpm creates a flow up to 8–10 L/min. All centrifugal VADs
require systemic anticoagulation.

The Total Artificial Heart
Severe failure of both the left and right ventricle of the
human heart necessitates sometimes even more than the
implantation of a paracorporeal BVAD. In selected cases
like structural heart diseases, for example, hypertrophic
cardiomyopathy or complex congenital cardiac diseases
after a large number of operations with mechanical
valve prosthesis inside, the orthotopic positioning of
a totally implantable artificial heart (TAH) is required.
The CradioWest (Syn Cardia Inc., Tucson, AZ, USA)
is a pneumatically driven orthotopic, implantable
biventricular assist system and at present the only available
TAH. Its rigid pump housing contains dual spherical
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Circulatory Assist Devices. Table 1 Characteristics of the most common continuous flow left ventricular assist devices (LVAD).
Status: June 30, 2009
MicroMed
De Bakey
HeartAssist

Thoratec
BerlinHeart
HeartMate II Incor

Ventracor
VentrAssista

System

Axial

Axial

Centrifugal

Centrifugal

Centrifugal

Axial

centrifugal

Weight gr.

280

200

298a

590

145

90

92

Size mm

81  43

120  43

Volume
30 mL

71  31

Max. flow

5–10

5–10

5–10

5–7

5–10

100

200

Implantations

2900

40  60
5–10

500

Terumo
DuraHeart

Heartware
HVAD

73  46  85 Volume
50 mL
5–10
100

Jarvik Heart
Jarvik 2000

300

CE

Yes

Yes

Yesa

Yes

Yes

Yes

No

FDA-adult

Yes

Under
investigation

No

Under
investigation

Under
investigation

under
investigation

Yes

FDA-pediatric No

Under
investigation

No

No

No

No

Yes

a

Company went bankrupt 2009

polyurethane chambers. The inflow and outflow conduits
are made of Dacron and carry mechanical valve prosthesis
(Medtronic Inc. USA). The stroke volume is about 70 mL
and the CardioWest is able to generate a maximum flow of
10 L/min. The condition of insufficient space inside the
patients’ thorax is a major problem. It requires
a minimum BSA of 1.7 m2 or ventricular volumes of the
native heart from more than 1.5 L. In Europe the pneumatic drivelines are connected to a smaller console, which
allows for a better mobilization of the patient. The CW got
the CE and FDA approval for BTT use.

Implantation Technique
A very large variety of surgical implantation techniques are
necessary to accommodate an appropriate function of the
specific device. In most cases cardiac support systems are
implanted for left heart failure, since isolated insufficiency
of the right ventricle is rare. Whereas in the short-term
devices mostly an access to the groin vessels is sufficient;
the devices for permanent support require a median
sternotomy or another adequate access to the left ventricle
and the aorta. The fully heparinized patient is put on CPB
and the apex of the left ventricle is exposed for the insertion of the inflow cannula of the VAD, which is usually
done by beating the heart on pump without cardioplegic
arrest. After having prepared the device pocket in the
preperitoneal or intrapericardial position, the driveline is
tunneled and brought out of the skin in the right upper
quadrant. The correct position of the LV apex is cut with
a special core knife, the myocardium is removed, and the

Circulatory Assist Devices. Figure 3 External equipment

LV is accurately inspected. The thrombi have to be
removed carefully and trabecular structures have to be
excised in case they might hinder the free flow to the
inflow cannula. The apex cannula is then fixed to the left

Circulatory Assist Devices

ventricle by 2-0 polypropylene sutures reinforced by felt
pledges. The device once brought in correct position is
then connected and the outflow graft, a Dacron vascular
prosthesis, is sutured into an end-to-side anastomosis to
the aorta followed by the careful de-airing of the device.
Subsequently, the patient is weaned from CPB while the
VAD is initiated. In this context, the correct position of
the inflow cannula has to be monitored carefully by
transesophageal echocardiography (TEE) to ensure an
unrestricted blood flow to the assist device. In LVAD
implantation particular interest is then given to the right
ventricle and the right atrium to safeguard the adequate
systolic function and to obviate a persistent PFO, which
might have been hidden by an assumed high left atrium
pressure before a LVAD implantation due to low cardiac
output. Protamine is admitted and meticulous hemostasis
is established before chest drains are placed and the sternum is closed with permanent wires. To minimize trauma
of the device or the outflow graft, a Gore-Tex surgical
membrane can be used to cover these delicate structures
before the sternum is closed. The use of phosphodiesterase
inhibitors, inhaled nitric oxide and aggressive inotropic
support of the right ventricle in case of any impaired
systolic right ventricular function should be applied very
liberally. Again, the TEE is an ideal and essential tool for
the effective treatment of a patient after LVAD implantation beside the information from the measurements of the
pulmonary artery catheter. After having reached stable
conditions in the operating theatre a seamless constant
treatment of these patients should always be the main goal.
Such is the postoperative care at the ICU. Decent monitoring of a stable right heart hemodynamic, excellent
oxygenation, and proper function of the device to guarantee a sufficient perfusion of all organs is the main target
of the intensive care doctor, who then should always be
very alert to the drain blood loss and the urine output.
Well-dosed substitution of blood products like plasma or
platelets should be applied whenever it is needed. Antibiotics should be given minimum 48 h postoperatively for
prophylactic use.

Outcome of Circulatory Assist Device
Treatment
Randomized Evaluation of Mechanical assistance for the
Treatment of Congestive Heart Failure (REMATCH) trail
is a landmark in the history of clinical trials in heart failure
[4]. The study included end-stage heart failure patients
who were ineligible for cardiac transplantation and randomized them to either surgical therapy (implantation of a
HeartMate XVE LVAD) or optimal medical treatment. All
patients were classified in NYHA class IV, LV EF <25%, and
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either peak oxygen consumption < 12–14 mL/KG/min
or dependence on inotropes. Within the cohort of these
critically ill the 1- and 2-year survival rates of 52% and
23% in LVAD recipients were significantly better than the
25% and 8% survival observed in patients treated with
maximum medical therapy [4]. Despite more adverse
events in the LVAD group the survival rate and quality of
life were better in these patients. Later on, this tendency
continued resulting in an improvement of the 2-year survival of 37% in the LVAD group versus 12% in the medical
group (Late REMATCH). Bleeding, infection, and
multiorgan failure were the major cause of early mortality
after LVAD implantation. Long-term mortality was mostly
related to device dysfunction and infectious complications. Sepsis and local infections were the most common
cause of morbidity and mortality in LVAD recipients and
account for 25% of deaths. In the post-Rematch area, the
1-year survival increased to 56% with an in-hospital mortality of 27% after LVAD surgery [5]. Again the main
causes for death were sepsis, right heart failure, and
multiorgan failure. The Interagency Registry for Mechanically assisted Circulatory support (INTERMACS) database, funded by the US National Heart, Lung and Blood
Institute (NHLBI), is a new registry for patients who
receive durable FDA-approved mechanical circulatory
support devices for the treatment of advanced heart failure
[6]. The patients’ clinical status before VAD implantation
was classified into seven different INTERMACS levels,
grated from 1, representing the sickest patients in severe
cardiogenic shock, to 7, representing an advanced NYHA
level III. The first report presented in 2008 gives a further
positive tendency in the development of VAD treatment in
more than 400 patients. Included were BTT, as well as DT,
or BTR patients. The overall survival rate was 56% after 1
year, but with a close look at the extent of support, LVAD
recipients had a much better survival rate (67%), than the
BVAD cohort (<40%). The main causes of death were
central neurologic events (18% of all deaths), multiorgan
failure (16%), right ventricular failure and arrhythmias
(15%), and infections (8%). By multivariable analysis
the risk factors for early death were INTERMACS level 1,
older age, ascites at the time of implant, higher bilirubin
level, and placement of a BVAD or Total Artificial Heart.
The results of an early European study on the axial flow
HeatMate II device for LVAD proved far better than the
early experiences with pulsatile devices [7]. After 1 year
a comparable survival was observed in both, the DT
(69%), and the BTT (63%) group of patients. Main causes
of death in this multicentre trial were multiorgan failure
and cerebrovascular accidents. The survival remained stable in this cohort of LVAD recipients even after 6 months.
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This correlates to the findings of the first studies with axial
flow devices in the USA.

Adverse Events (AE)
In the Rematch trial, non-neurologic bleedings, neurologic events, and perioperative bleeding were the most
common complications [4]. Recently, the INTERMACS
data analysis showed comparable results, with bleeding
and infection as the most common adverse events in the
early and late postoperative period [6]. Neurologic events
were most likely in the first 1–2 months after implant.
Device malfunction, formerly the second most frequent
cause of death (Rematch), was relatively uncommon during the duration of follow-up, with 84% freedom at
6 months. Moreover, malfunction of the newer axial flow
devices was totally absent in the European HeartMate II
study. The most common adverse events in this trial were
bleeding requiring surgery (21% of all AE), cardiac
arrhythmias (19%), and sepsis (11%) which occurred
mainly without exception in the early postoperative
period (<90 days), whereas the driveline and local infections were the most common AE of the late period [7].
A remarkable reduction of neurologic events was also
notable in the newer data analysis. Right heart failure,
one of the most common AE after LVAD implantation in
the earlier studies, seems to play a cumulatively minor role
in last examinations. Coming out of an incidence of 20%,
the right heart failure after LVAD implantation is clearly
reduced to less than 10% as well in the INTERMACS data
base, as well in the European HeartMate II study.

Conclusions
Circulatory assist devices have become a major therapeutic option in treatment of either acute or chronic heart
failure patients. In the last years, long-term circulatory
support has made a great deal of progress, and the trends
towards better device durability and reduced complication
rates will most likely continue to improve through the
development of more innovative ventricular assist devices.
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Circulatory Collapse
▶ Shock, Ultrasound Assessment

Cl H2O
▶ Free-Water Clearance

Classification of Pulmonary
Hypertension
Functional classification of pulmonary hypertension
modified after the New York heart association functional
classification according to the World Health Organization
1998. Class I: No limitation of physical activity. Ordinary
physical activity does not cause undue dyspnea or fatigue,
chest pain or near syncope. Class II: Slight limitation of
physical activity. They are comfortable at rest. Ordinary
physical activity causes undue dyspnea or fatigue, chest
pain or near syncope. Class III: Marked limitation of
physical activity. They are comfortable at rest. Less than
ordinary physical activity causes undue dyspnea or
fatigue, chest pain or near syncope. Class IV: Inability to
carry out any physical activity without symptoms. These
patients manifest signs of right heart failure. Dyspnea and/
or fatigue may even be present at rest. Discomfort is
increased by any physical activity.

Clostridium difficile-Associated Diarrhea

Clearance
The volume of blood that is cleared from a given solute in
the time unit.
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Clostridium difficile Infection
▶ Clostridium difficile-Associated Diarrhea

C

▶ eGFR, Concept of

Clostridium difficile-Associated
Diarrhea
Clenched-Fist Injury
▶ Bite Injuries

Clinical Pulmonary Infection
Score (CPIS)
Clinical score suggested for the diagnosis of VAP composed of the severity of infiltrate, body temperature, tracheal secretions, oxygenation derangement, positivity of
endotracheal aspirate cultures, and white blood cell
response.

Closed Forequarter Amputation
▶ Scapulothoracic Dissociation

ANDREW M. MORRIS
Mount Sinai Hospital and University Health Network,
University of Toronto, Toronto, ON, Canada

Synonyms
Antibiotic-associated diarrhea; Clostridium difficileassociated disease; Clostridium difficile infection; Clostridium difficile diarrhea; Pseudomembranous colitis

Definition
Clostridium difficile-associated diarrhea (CDAD) is a
colonic infection caused by the overgrowth of the anaerobic Gram-positive bacillus, C. difficile. Patients may be
asymptomatically colonized, but CDAD severity ranges
from mild watery diarrhea to severe diarrhea with
pseudomembranous colitis. Although C. difficile has various virulent factors, two pro-inflammatory exotoxins
(Toxins A and B) appear to contribute most to the watery
diarrhea [1].

Epidemiology

Closed Head Injury (CHI)
▶ Traumatic Brain Injury-Fluid Management

Clostridium botulinum
▶ Biological Terrorism, Botulinum Toxin

Clostridium difficile Diarrhea
▶ Clostridium difficile-Associated Diarrhea
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CDAD is an emerging infectious disease in most
healthcare institutions worldwide. Recently, a more virulent fluoroquinolone-resistant strain, known as the
ribotype 027 (BI/NAP1) strain, has emerged. The prevalence of C. difficile colonization ranges from 7–11% in
acutely ill hospitalized patients to 1–2% in the general
population. An estimated 178,000 cases of nosocomial
CDAD occur in the USA annually, reflecting an incidence
of roughly 50 per 1,000 patient-days or 5 per 1,000 admissions, although there is wide variability in reported rates,
which are rising worldwide. Data on incidence in critical
care units outside an outbreak setting are unclear,
although one study reported a rate of 3.2 per 1,000
patient-days. Transmission is via C. difficile spores, which
can remain on surfaces for prolonged periods and can also
be transmitted directly person-to-person. However,
CDAD usually requires altered fecal flora, which is most
commonly caused by antibiotic use but can also be altered
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by chemotherapy, radiation, proton-pump inhibitors,
anti-peristaltic agents, stool softeners, enemas, and nasogastric feeds or drainage.

Prevention
The only effective method of prevention is avoiding (or
minimizing) antimicrobial use. Most antimicrobials reduce
the concentration of healthy fecal flora, allowing overgrowth
of C. difficile. Infection control measures such as hand
washing and barrier precautions clearly reduce transmission from index cases and can avert or halt outbreaks.

site of care. Mortality in the ICU setting has recently been
reported to be 37%. Population-based mortality of CDAD
appears to be rising, with associated mortality in the USA
of 5.7 per million population in 1999 and 23.7 per million
in 2004. Whether this is due to a higher case fatality, an
increasing incidence of disease, or both is uncertain.

Economics
The attributable patient cost of CDAD in the USA ranges
from $6.408 to $9.124, costing US hospitals $1.14 to $1.62
billion annually [2].

Treatment

References

The most important first step in managing CDAD is to
remove predisposing factors such as antimicrobials,
proton-pump inhibitors, etc. Many cases of mild disease
can be effectively managed with metronidazole 500mg po
(preferred over iv) tid for 10–14 days. More severe or
refractory cases often require vancomycin 125mg qid
enterally (oral, nasogastric, or via enema). General surgeons should be consulted rather early in the course of
illness in moderate to severe cases: undoubtedly, deaths
may occur because of delayed surgery. Relapses occur in
5–10% of cases; management of relapses is beyond the
scope of this text.
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Clostridium difficile-Associated
Disease
▶ Clostridium difficile-Associated Diarrhea

Evaluation
CDAD should be considered in all patients with new,
unexplained watery diarrhea. In the ICU, certain feeds
(especially high-osmotic feeds) and bowel regimens may
be the underlying cause of diarrhea, but they may also be
contributing factors to CDAD. Diagnosis of CDAD is
challenging because of the lack of a highly sensitive and
specific test. CDAD is unlikely in patients with fewer than
three bowel movements per day, and testing is therefore
not advised. When testing is indicated, the best test
(>90% sensitive, and >97% specific) is a quantitative
PCR (qPCR) which gives results in hours. The C. difficile
qPCR tests for a gene that codes for toxin B or its regulators, although most laboratories do not perform this test.
The more common enzyme immunoassays test for either
toxin A or toxins A and B; they are only about 70%
sensitive although specificity and turnaround time are
comparable to qPCR. Tissue culture cytotoxicity assay
has similar diagnostic characteristics to qPCR, but results
are only available after about 48 h and so it is falling out of
favor.

Prognosis
CDAD carries overall 1–2% mortality, although there is
a wide variability of reported mortality, depending on the

Closure Time (PFA)
The closure time, or platelet function analyzer, is an in
vitro test of primary hemostasis. The assay measures the
time necessary for whole blood to occlude a ring coated
with collagen and adenosine diphosphate (ADP) or collagen and epinephrine while circulated through a cartridge
at high shear flow.

CMR
▶ Cardiac Magnetic Resonance Imaging

Cnidaria
▶ Jellyfish Envenomation
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CO (Cardiac Output)
▶ MostCare Monitor

Coagulation, Monitoring at the
Bedside
WERNER BAULIG, DONAT R. SPAHN, MICHAEL T. GANTER
Institute of Anesthesiology, University Hospital Zurich,
Zurich, Switzerland

Definition
Bedside coagulation monitoring is useful and essential in
assessing patients’ hemostatic status with minimal time
delays. The primary goal of therapeutic interventions in
the coagulation system is to keep the optimal and individual balance between sufficient hemostasis and prevention
of thrombosis. In severely bleeding patients, early evidence
suggests that treatment directed at aggressive and targeted
hemostatic resuscitation can lead to dramatic reductions
in mortality. For example, by specific and goal-directed
treatment
guided
by
transfusion
algorithms,
coagulopathic patients may be optimized readily, thereby
minimizing exposure to blood products, reducing costs
and improving patients’ outcome.

Pre-existing Condition
Point of care (POC) monitoring of blood coagulation at
the patient’s bedside is becoming increasingly important
in the perioperative period to guide both pro- and anticoagulant therapies. This monitoring, for example, allows
diagnosing potential causes of hemorrhage, to guide
hemostatic therapies, to predict the risk of bleeding during
consecutive surgical procedures, and to identify patients at
risk for thrombotic events [1].
Routine laboratory-based coagulation tests (e.g., PT/
INR, aPTT, Fibrinogen) measure clotting times and factors in recalcified plasma after activation with different
coagulation activators. Platelet numbers are given to complete overall coagulation assessment. Although accurate,
standardized, and used for a long time, the value obtained
by routing coagulation testing has been questioned in the
perioperative setting because values are measured in
plasma, no information on platelet function (PF) is available, and there is a time delay of at least 45–60 min from
sampling to obtaining the results. POC coagulation
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monitoring may overcome several limitations of routine
coagulation testing. Blood is analyzed bedside close to the
patient and not necessarily in the central laboratory. The
coagulation status is assessed in whole blood, better
describing the physiological clot development by letting
the plasmatic coagulation system interact with platelets
and red cells. Furthermore, results are available earlier and
clot development can be visually displayed real-time using
certain devices.
According to their main objective and function, POC
coagulation analyzers can be categorized into (i) techniques analyzing combined plasmatic coagulation, platelet
function, and fibrinolytic system, i.e., viscoelastic techniques, (ii) instruments assessing therapeutic
anticoagulation like the activated clotting time (ACT) or
heparin management devices, and (iii) specific ▶ platelet
function analyzers.

Viscoelastic Coagulation Monitoring
Thrombelastography (TEG®), Rotational
Thrombelastometry (ROTEM®)
Thrombelastography is a method to assess the overall
coagulation function and was first described by Hartert
in 1948. Because the thrombelastograph measures the
shear elasticity of the blood sample, thrombelastography
is sensitive to all interacting cellular and plasmatic components such as coagulation and fibrinolysis. The
thrombelastograph measures and graphically displays the
time until initial fibrin formation, the kinetics of fibrin
formation and clot development, and the ultimate
strength and stability of the fibrin clot as well as fibrinolysis. In the earlier literature, the terms thrombelastography, thrombelastograph, and TEG have been used
generically. However, in 1996, thrombelastograph and
TEG® became a registered trademark of the Haemoscope
Corporation (Niles, IL, USA) and from that time onwards
these terms have been employed to describe the assay
performed using hemoscope instrumentation only. Alternatively, Pentapharm GmbH (Munich, Germany) markets
a modified instrumentation using the terminology rotational thrombelastometry, ROTEM®.
The TEG® (Haemonetics Corp., formerly Haemoscope
Corp, Niles, IL, USA) measures the clot’s physical property
by the use of a stationary cylindrical cup that holds the
blood sample and is oscillated through an angle of 4 45’.
Each rotation cycle lasts 10 s. A pin is suspended in the
blood by a torsion wire and is monitored for motion (Fig. 1,
TEG®). The torque of the rotation cup is transmitted to
the immersed pin only after fibrin–platelet bonding has
linked the cup and pin together. The strength of these
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fibrin–platelet bonds affects the magnitude of the pin
motion. Thus, the output is directly related to the strength
of the formed clot. As the clot retracts or lyses, these bonds
are broken and the transfer of cup motion is again diminished. The rotation movement of the pin is converted by
a mechanical-electrical transducer to an electrical signal
finally being displayed as the typical TEG® tracing (Fig. 2,
TEG®). The ROTEM® (tem International GMBH, formerly Pentapharm GmbH, Munich, Germany) technology avoids some limitations of traditional instruments for
thrombelastography, especially the susceptibility to
mechanical shocks. Signal transmission of the pin
suspended in the blood sample is carried out via an optical
detector system, not by a torsion wire and the movement
is initiated from the pin, not from the cup. Furthermore,

4

5

the instrument is equipped with an electronic pipette
(Fig. 1, ROTEM®).
▶ TEG®/ROTEM® both measure and graphically display the changes in viscoelasticity at all stages of the
developing and resolving clot (Fig. 2, TEG®/ROTEM®),
i.e., the time until initial fibrin formation (TEG® reaction
time [R]; ROTEM® clotting time [CT]), the kinetics of
fibrin formation and clot development (TEG® kinetics
[K], alpha angle [a]; ROTEM® clot formation time
[CFT], alpha angle [a]), the ultimate strength and stability
of the fibrin clot (TEG® maximum amplitude [MA];
ROTEM® maximum clot firmness [MCF]), and clot lysis
(fibrinolysis). TEG®/ROTEM® are fibrinolysis-sensitive
assays and allow for diagnosis of hyperfibrinolysis in
bleeding patients. To determine the fibrinogen influence,
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Coagulation, Monitoring at the Bedside. Figure 1 Working principles of viscoelastic point of care (POC) coagulation devices.
TEG®. rotating cup with blood sample (1), coagulation activator (2), pin and torsion wire (3), electromechanical transducer (4),
data processing (5). ROTEM®. Cuvette with blood (1), activator added by pipetting (2), pin and rotating axis (3), electromechanical
signal detection via light source and mirror mounted on axis (4), data© processing (5). SONOCLOT®. Blood sample in cuvette (1),
containing activator (2), disposable plastic probe (3), oscillating in blood sample mounted on electromechanical transducer
head (4), data processing (5)
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Coagulation, Monitoring at the Bedside. Figure 2 Typical TEG®/ROTEM® tracing and Sonoclot Signature. TEG®. R = reaction
time, K = kinetics, a = slope between R and K, MA = maximum amplitude, CL = clot lysis. ROTEM®. CT = clotting time, CFT = clot
formation time, a = slope of tangent at 2 mm amplitude, MCF = maximal clot firmness, LY = Lysis. SONOCLOT®. ACT = activated
clotting time, CR = clot rate, PF = platelet function

Coagulation, Monitoring at the Bedside

tests can be performed eliminating platelet function by
a GPIIb/IIIa inhibitor (e.g., fib-TEM). This concept has
been proven to work and a good correlation of this modified MA/MCF with fibrinogen levels determined by
Clauss method has been shown. Most common tests for
both technologies are listed in Table 1. The repeatability of
measurements by both devices has shown to be acceptable,
provided they are performed exactly as outlined in the
user’s manuals.

Sonoclot Coagulation and Platelet Function
Analyzer (Sonoclot®)

The Sonoclot Analyzer® (Sienco Inc., Arvada, CO) has
been introduced in 1975 by von Kaulla et al. The
Sonoclot® measurements are based on the detection of
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viscoelastic changes of a whole blood or plasma sample.
A hollow probe is immersed into the blood sample and
oscillates vertically in the sample (Fig. 1, Sonoclot®). The
changes in impedance to movement imposed by the developing clot are measured. Different cuvettes with different
coagulation activators/inhibitors are commercially available (Table 1). Normal values for tests run by the
▶ Sonoclot® Analyzer depend largely on the type of
sample (whole blood vs plasma, native vs citrated sample)
and cuvette used.
The Sonoclot® Analyzer provides information on the
entire hemostasis process both in a qualitative graph,
known as the Sonoclot® Signature (Fig. 2, Sonoclot®)
and as quantitative results: the activated clotting time
(ACT), the clot rate (CR), and the platelet function (PF).

Coagulation, Monitoring at the Bedside. Table 1 Commercially available tests for viscoelastic point of care coagulation devices
(Modified according to [1])
Assay

Activator inhibitor

Proposed indication
®

Thrombelastograph hemostasis system (TEG )
Kaolin

Kaolin

Overall coagulation assessment including platelet function

Heparinase

Kaolin + heparinase

Specific detection of heparin effect (modified kaolin test adding
heparinase to inactivate present heparin)

Platelet mapping

ADP arachidonic acid

Platelet function, monitoring anti-platelet therapy (aspirin, ADP-, GPIIb/
IIIa inhibitors)

Native

None

Nonactivated assay
Also used to run custom hemostasis tests
®

Rotational thrombelastometry (ROTEM )
ex-TEM

TF

Extrinsic pathway; fast assessment of clot formation and fibrinolysis

in-TEM

Contact activator

Intrinsic pathway; assessment of clot formation and fibrin polymerization

fib-TEM

TF + GPIIb/IIIa antagonist

Qualitative assessment of fibrinogen function

ap-TEM

TF + Aprotinin

Fibrinolytic pathway; fast detection of fibrinolysis when used together
with ex-TEM

hep-TEM

Contact activator +
heparinase

Specific detection of heparin (modified in-TEM test adding heparinase to
inactivate present heparin)

na-TEM

None

Nonactivated assay
Also used to run custom hemostasis tests

Sonoclot® coagulation and platelet function analyzer
SonACT

Celite

High-dose heparin management

kACT

Kaolin

High-dose heparin management

gbACT+

Glass beads

Overall coagulation and platelet function assessment

H-gbACT+

Glass beads + heparinase

Overall coagulation and platelet function assessment in presence of
heparin; detection of heparin

Native

None

Nonactivated assay
Also used to run custom hemostasis tests

ACT = activated clotting time, TF = tissue factor, ADP = adenosine diposphate, GPIIb/IIIa = glycoprotein IIb/IIIa receptor
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The ACT is the time in seconds from the activation of
the sample until the beginning of a fibrin formation.
This onset of clot formation is defined as a certain upward
deflection of the Sonoclot® Signature and is detected
automatically by the machine. Sonoclot®’s ACT corresponds to the conventional ACT measurement (see
below), provided that cuvettes containing a high concentration of typical activators (celite, kaolin) are being used.
The CR, expressed in units/min, is the maximum slope of
the Sonoclot® Signature during initial fibrin polymerization and clot development. PF is reflected by the timing
and quality of the clot retraction. PF is a calculated value,
derived by using an automated numeric integration of
changes in the Sonoclot® Signature after fibrin formation
has completed (see manufacturer’s reference). In order to
obtain reliable results for PF, cuvettes containing glass
beads for specific platelet activation (gbACT+) should be
used. The nominal range of values for the PF goes from 0,
representing no PF (no clot retraction and flat Sonoclot®
Signature after fibrin formation), to approximately 5,
representing strong PF (clot retraction occurs sooner and
is very strong, with clearly defined, sharp peaks in the
Sonoclot® Signature after fibrin formation).

patient hypothermia, inadequacy of specimen warming,
hemodilution, quantitative and qualitative platelet abnormalities, or aprotinin infusion. Furthermore, low factor
XII levels, which are found in patients with sepsis and
patients undergoing renal replacement therapy may lead
to falsely high ACT values.

Heparin Concentration Measurement

Bedside Monitoring of Anticoagulation

Because of the limitations of ACTestimating plasma levels
of heparin, POC devices have been developed to more
accurately measure heparin concentration. The most studied device is the Hepcon HMS Plus Hemostasis Management System (Medtronic, Minneapolis, MN). It calculates
heparin doses before initiation of CPB by performing
a heparin dose response, measuring heparin concentrations, and calculating protamine doses based on residual
heparin levels. A number of clinical studies report that
Hepcon guided anticoagulation results in higher total heparin but lower protamine doses than conventional management and may thereby decrease activation of the
coagulation and inflammatory cascade [2]. Results are provided readily, however, higher costs, more complex handling, greater dimensions compared to a conventional
ACT device, and lack of large studies showing benefit on
patient’s outcome limited its widespread use so far.

Activated Clotting Time

Monitoring Oral Anticoagulants

The ACT is a functional test of the intrinsic clotting
pathway and has been developed for guiding unfractioned
heparin-induced anticoagulation at the bedside, particularly during cardiac surgery, extracorporeal membrane
oxygenation (ECMO), and coronary interventions. Originally described by Hattersley in 1966, ACT reflects the
amount of time to form a clot by contact activation of the
coagulation cascade.
Several ACT instruments are commercially available
and ACT measurements can be performed using different
coagulation activators, each with unique characteristics
and various interactions. Results from different ACT
tests cannot be used interchangeably. This variability
highlights the importance of establishing appropriate
instrument-specific reference values for monitoring
anticoagulation.
ACT monitoring of heparinization is not without limitations, and its use has been criticized because of significant variability and the poor correlation with plasma
heparin concentrations during cardiopulmonary bypass
(CPB). It has been suggested that many factors – patient,
operator, and equipment – can alter ACT. Therefore, ACT
prolongation during CPB is not necessarily caused by
heparin administration alone and may be associated with

Several POC coagulation devices have been developed to
measure the effects of oral anticoagulants (warfarin therapy) and to provide modified prothrombin time (PT)/
INR values. The last-generation devices include the Harmony (Lifescan Inc./Johnson & Johnson, Milpitas, CA)
and the INRatio (Hemosense, Inc., Milpitas, CA). Harmony uses thromboplastin as coagulation activator and
detects clot formation by light transmission; INRatio uses
electrochemical detection of changes in impedance in the
blood sample. Results are available immediately in both
devices and correlation with PT/INR performed by conventional laboratory coagulation analyzers was good (R >
0.9). No vein puncture is required and test results are
readily available for clinical use, particularly during phases
of rapid changes in the coagulation state [1].

Platelet Function Monitoring
Currently, an increasing number of patients are on antiplatelet medication, such as cyclooxygenase-1 (COX-1)
inhibitors, adenosine diphosphate (ADP) antagonists,
and glycoprotein (GP) IIb/IIIa inhibitors. In these
patients, knowledge of residual platelet function (PF)
is highly warranted in order to maintain an optimal
and individual balance between platelet function and
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Whole Blood Impedance Platelet
Aggregometry

The novel impedance aggregometer ▶ Multiplate®
(Dynabyte, Munich, Germany) represents a significant
progress in platelet aggregometry and avoids several methodological problems of the original turbidimetric platelet
aggregometry, especially by using whole blood, disposable
test cuvettes, standardized commercially available test
reagents, an automated pipetting system, and rapidly
available results. Furthermore, this assay has a high sensitivity in detecting effects of acetylsalicylic acid,
thienopyridines, and GPIIb/IIIa inhibitors on platelets.
The principle of Multiplate® impedance platelet
aggregometry is based on two silver-coated conductive
copper electrodes immersed into whole blood and the ability of activated platelets to adhere to the electrode surface.
The instrument continuously measures the change of electrical resistance, which is proportional to the amount of
platelets attached to the electrodes. The measured impedance values are transformed to arbitrary aggregation units
(AU), which are plotted against the time (Fig. 3). Three
parameters are provided: aggregation units (AU), velocity
(AU/min), and area under the aggregation curve (AUC),
where AUC has the highest diagnostic power. The device has
five channels, therefore, parallel testing of five blood samples
with different platelet activators at the same time is possible.
Multiplate® has some limitations: it requires high
sample volumes, test results are not independent of the
actual platelet number, and running the tests is timeconsuming and expensive. Additionally, as with other
platelet function tests, a resting time of 30 min after
blood sampling is recommended before running the
tests, which may impede immediate detection of platelet
dysfunction intraoperatively.
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inhibition, i.e., bleeding and thrombosis. Traditional
assays, such as turbidimetric platelet aggregometry, are
still considered clinical standards of PF testing. Turbidimetric platelet aggregometry is one of the most widely
used tests to identify and diagnose PF defects. However,
conventional platelet aggregometry is labor intensive,
costly, time-consuming, and requires a high degree of
experience and expertise to perform and interpret.
Another important limitation of this technique is that
platelets are tested under relatively low shear conditions
and in free solution within platelet-rich plasma conditions
that do not accurately simulate primary hemostasis.
Because of these disadvantages of conventional platelet
aggregometry, new automated technologies have been
developed to measure PF and several techniques can be
used at the bedside [3].
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Coagulation, Monitoring at the Bedside. Figure 3 Whole
blood impedance platelet aggregometry: Mulitplate® tracing.
The measured impedance values are transformed to arbitrary
aggregation units (AU), which are plotted against the time.
Measurements are performed in duplicates (S1, S2) and
averaged against each other. Velocity (AU/min), aggregation
(AU), and area under the aggregation curve (AUC) (Modified
according to [5])

VerifyNowTM/Ultegra

The ▶ VerifyNowTM Analyzer (Accumetrics, San Diego,
CA) incorporates the technique of optical platelet
aggregometry. Initially, this technique was distributed as
Ultegra Rapid Platelet Function Analyzer (RPFA). The
original RPFA assay measured agglutination of fibrinogen-coated beads in response to platelet stimulation. Activated platelets stick to the beads with a consecutive
increase in light transmission (Fig. 4). Variation of light
absorbance over time is displayed as platelet aggregation
units. Early clinical investigations yielded conflicting
results and the assay has been modified to the
VerifyNowTM assay, now detecting effects of acetylsalicylic
acid, ADP-, and GPIIb/IIIa antagonists. This assay has
been used, for example, to determine clopidogrel response
in clinical trials and its results correlated well with those of
platelet aggregometry.
VerifyNowTM tests are easy to perform, and only small
sample volumes without necessity of pipetting are
required. The absence of flow conditions and the scarce
consistency over time in the identification of aspirinresistant individuals are the limitations of this assay.
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Coagulation, Monitoring at the Bedside. Figure 4 Working
principle of the VerifyNowTM/Ultegra device. The VerifyNowTM
assay uses platelet agonists (arachidonic acid [aspirin assay],
adenosine diphoshate [P2Y12 assay], or thrombin receptor
agonist peptide [IIb/IIIa assay]) to activate platelets. As the
platelets are activated and start to aggregate with the
fibrinogen-coated beads light transmission increases, which
will be measured by the light detector. Light source (1),
platelet (2), fibrinogen-coated beads (3), activated platelets
attached to beads (4), whole blood (5), platelet agonist (6),
light detector measuring light transmission (7)

Platelet Function Analyzer (PFA-100®)

The PFA-100® assay (Dade Behring, Schwalbach,
Germany) has been clinically introduced in 1985 by
Katzer and Born as a screening test for inherent and
acquired platelet disorders, as well as von Willebrand’s
disease. Citrated whole blood is aspirated at high shear
rates through a capillary with a membrane-coated
microaperture (collagen and either epinephrine [COLEPI] or ADP [COL-ADP]). Both shear stress and platelet
agonists lead to attachment, activation, and aggregation of
platelets forming a plug and occluding this microaperture
(Fig. 5). The time taken to occlude the aperture is known
as closure time (CT) and is a function of platelet number
and reactivity, von Willebrand factor activity, and hematocrit. The main advantages of this assay are that it does not
require fibrin formation, provides rapid results, and is
particularly useful in the diagnosis of von Willebrand’s
disease and overall platelet dysfunction. However, to
get valid results a hematocrit 30% and platelet counts
100  103/L are required. Additionally, citrate concentration, blood type, and leukocyte count may interfere

Coagulation, Monitoring at the Bedside. Figure 5 Platelet
function analyzer PFA-100®. Citrated whole blood is aspirated
at high shear rates through a capillary (1) with a membrane
coated microaperture (2). The membrane may be coated with
collagen and epinephrine (COL-EPI), or collagen and
adenosine diphosphate (COL-ADP) to activate platelets (3).
The closure time of PFA-100® is the time taken for activated
platelets to occlude the membrane

with its accuracy. While early reports suggested a high
sensitivity for detection of acetylsalicylic acid by
prolonged PFA-100® COL-EPI closure time in association
with normal values for COL-ADP, more recent investigations cannot confirm these results.

Modified Thrombelastography: Platelet
Mapping

Since conventional TEG®/ROTEM® are not sensitive to
targeted pharmacological platelet inhibition, a more
sophisticated test has been recently developed for the
TEG® to specifically determine platelet function in presence of anti-platelet therapy (modified TEG®, Platelet
Mapping). Briefly, the maximal hemostatic activity of
the blood specimen is first measured by a kaolin-activated
whole blood sample. Then, further measurements are
performed in presence of heparin to eliminate thrombin
activity: reptilase and Factor XIII (Activator F) generate
a cross-linked fibrin clot to isolate the fibrin contribution
to the clot strength. The contribution of the ADP or TxA2
receptors to the clot formation is provided by the addition
of the appropriate agonists, ADP, or arachidonic acid. The
results from these different tests are then compared to each
other and the platelet function is calculated.
Platelet mapping seems to be a suitable procedure for
the assessment of all three classes of anti-platelet agents,
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but at present the sensitivity and specificity compared to
laboratory platelet aggregometry has not been determined
in detail. Additionally, the reagents are expensive, multiple
channels are required to run the tests, and well-trained
personnel are required for optimal performance, limiting
its use as POC procedure.

Platelet-Activated Clotting Time
Platelet-activated clotting time (PACT; HemoSTATUS,
MedtronicHemoTec, Inc., Parker, CA) is a modified
whole blood-activated clotting time test (ACT) adjoining
platelet activation factor (PAF) to the reagent mixture for
detection of platelet responsiveness by shortening the kaolin-activated clotting time in whole blood samples. Until
now, only two studies investigating the correlation to
clinical bleeding in patients undergoing cardiac surgery
have been performed and their results were controversial.

ICHOR/Plateletworks System
This platelet count ratio assay from Helena Laboratories
(Beaumont, TX) simply compares whole blood platelet
count in a control EDTA blood sample with the platelet
count in a similar sample that has been exposed to
a platelet activator. In patients without platelet dysfunction or anti-platelet drug treatment, the presence of the
agonist reduces platelet counts close to zero, due to aggregation of most of the platelets. The findings of recent
studies indicate that adding the agonist ADP to the test
sample appears useful for the assessment of both P2Y12
inhibitors (clopidrogrel) and GPIIb/IIIa antagonists. Minimal sample preparation and whole blood processing are
advantages of this assay. The main disadvantage, however,
is the lack of sufficient investigations.

Impact Cone and Plate(Let) Analyzer
The Impact Cone and Plate(let) Analyzer (CPA, DiaMed,
Israel) tests whole blood platelet adhesion and aggregation
under artificial flow conditions. A small amount of whole
blood is exposed to a uniform shear in a spinning cone and
platelet adhesion to the polystyrene wells is automatically
analyzed by an inbuilt microscope. The quantity of moistening the surface of the plates (surface covering) depends
on platelet function, fibrinogen, von Willebrand’s factor
levels, and the bioavailability of GPIb and GPIIa/IIIa
receptors. Test duration accounts less than 6 min. The
addition of arachidonic acid and ADP to the test specimens may assess the effect of acetylsalicylic acid and ADP
antagonists on platelets. The Impact Analyzer is a simple
and rapid whole blood platelet analyzer requiring small
sample volumes. Test results are however dependent
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on platelet count and hematocrit. Furthermore, only limited published data are available on its clinical performance so far.

Applications
In patients sustaining severe trauma or undergoing major
surgery, such as cardiac, aortic, and hepatic surgery,
maintaining an adequate coagulation status is essential
besides preserving sufficient blood volume and oxygen
carrying capacity. These patients require sophisticated
and real-time coagulation monitoring to adequately assess
and treat hemostasis based on the underlying cause of
bleeding (e.g., metabolic disorders, hypothermia, lack of
clotting factors, dilutional coagulopathy, platelet dysfunction, hypo-, or hyperfibrinolytic state).

Monitoring Pro-coagulant Therapy
Modern practice of coagulation management is based on
the concept of specific component therapy and requires
rapid diagnosis and monitoring of the pro-coagulant therapy (i.e., clotting times, clot kinetics, and clot strengthening). Fibrinogen is a key coagulation factor (substrate to
form a clot). Fibrinogen levels can be assessed by measuring clot strength (MCF/MA) in the presence of platelet
inhibition by a GPIIb/IIIa inhibitor (e.g., fib-TEM) or by
assessing Sonoclot®’s CR. Fibrinogen substitution should
be considered in a bleeding patient, if MCF levels are lower
than 9 mm in a fib-TEM test. Factor XIII is needed for
cross-linking fibrin, therefore stabilizing the clot, increasing clot strength and resistance to fibrinolysis. There are
reports on patients with unexplained intraoperative bleeding due to decreased factor XIII and subsequent stabilization after substitution.
In order to study thrombin generation, modified
TEG®/ROTEM® parameters (based on the original tracing) have been introduced recently: maximum velocity of
clot formation (maximum rate of thrombus generation,
MaxVel), time to reach MaxVel (time to maximum thrombus generation, tMaxVel), and total thrombus generation
(area under the curve, TTG). These parameters are supposed to be more sensitive to rVIIa than standard TEG®/
ROTEM® parameters and dilute tissue factor should be
used as coagulation activator for best sensitivity.
Antifibrinolytic drugs (e.g., tranexamic and epsilon
aminocaproic acid) are used to treat hyperfibrinolysis
and to reduce bleeding and transfusion requirements in
complex surgical procedures. Antifibrinolytic therapy
may be predicted in vitro in TEG®/ROTEM® with certain
tests already containing an antifibrinolytic agent
(e.g., ap-TEM). Ap-TEM predictive for a good patient
response would then show a significantly improved
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initiation/propagation phase compared to ex-TEM and or
disappearance of signs of hyperfibrinolysis. There are no
conclusive studies on monitoring desmopressin (DDAVP)
therapy so far.
During hepatic surgery and particularly orthotopic
liver transplantation (OLT) large derangement in the coagulation status makes POC coagulation monitoring highly
desirable. Decreased synthesis and clearance of clotting
factors and platelet defects lead to impaired hemostasis
and hyperfibrinolysis [5]. Systemic inflammatory response
syndrome (SIRS), sepsis, and disseminated intravascular
coagulation (DIC) may further complicate a preexisting
coagulopathy. Finally, dramatic hyperfibrinolysis may
occur during the anhepatic phase of OLT and immediately
following organ reperfusion, resulting from accumulation
of tissue plasminogen activator due to inadequate hepatic
clearance, a release of exogenous heparin, and endogenous
heparin-like substances, as well as an overt activation of
the complement system. In addition to the hemorrhagic
risk associated with hepatic surgery and OLT, hypercoagulability and thrombotic complication have been
described in the postoperative period and this can adequately be assessed with TEG®/ROTEM®.

Monitoring Anticoagulant Therapy
The complex process of anticoagulation with heparin for
cardiopulmonary bypass (CPB), antagonism with protamine, and postoperative hemostasis therapy in patients
undergoing cardiac surgery cannot be performed without
careful and accurate bedside coagulation monitoring.
ACT and Sonoclot® Analyzer have been used to guide
heparin management for CPB measuring the activated
clotting time (ACT) and its accuracy and performance
have been shown to be comparable. Furthermore, the
Sonoclot® Analyzer has been shown to reliably detect
pharmacological GPIIb/IIIa inhibition and successfully
used to assess the coagulation status and platelet function
successfully in patients undergoing cardiac surgery [6].
Viscoelastic POC coagulation devices have been
applied, with limited success, to predict excessive bleeding
after CPB. However, large prospective and retrospective
studies have demonstrated a significant decrease in perioperative and overall transfusion requirement if hemostasis management was guided by TEG®/ROTEM®-based
algorithms.
To detect non-heparin-related hemostatic problems
even in presence of large amounts of heparin during
CPB, tests with heparinase have been developed for each
instrument (Table 1) and algorithms based on heparinasemodified TEG® resulted in a significant reduction of
hemostatic products.

Additionally, perioperative administration of drugs
with specific anti-platelet activity theoretically requires
specific platelet function monitoring at the bedside to
guarantee optimal hemostatic management. However,
the current commercially available platelet function POC
devices are of limited use since these devices often require
frequent quality controls and well-trained personnel to
run the tests accurately, are time consuming, and expensive. Furthermore, large studies showing the reliability and
clinical usability are lacking for most of these POC platelet
analyzers.

Monitoring Hypercoagulability and
Thrombosis
Recognized risk factors for thrombosis are generally
related to one or more elements of Virchow’s triad (stasis,
vessel injury, and hypercoagulability). Major surgery has
been shown to induce a hypercoagulable state in the postoperative period and this hypercoagulability has been
implicated in the pathogenesis of postoperative thrombotic complications, including deep vein thrombosis
(DVT), pulmonary embolism (PE), myocardial infarction
(MI), ischemic stroke, and vascular graft thrombosis.
Identifying hypercoagulability with conventional nonviscoelastic laboratory tests is difficult unless the fibrinogen concentration or platelet count is markedly increased.
However, hypercoagulability is readily being diagnosed by
viscoelastic POC coagulation analyzers and TEG®/
ROTEM® have been increasingly used in the assessment
of postoperative hypercoagulability for a variety of surgical procedures. Hypercoagulability is being diagnosed if
the R/CT time is short and the MA/MCF is increased
(exceeding 65–70 mm) [1].
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Synonyms
Acute coagulopathy of trauma; posttraumatic DIC

Definition
Hemorrhagic shock leading to postinjury coagulopathy
accounts for approximately half of deaths worldwide of
patients arriving at the hospital with acute injury. This
death rate has improved only marginally over the past
25 years despite the widespread adoption of damage control techniques. Accordingly, postinjury coagulopathy,
defined as continued hemorrhage and ooze despite appropriate surgical control of the bleeding site, remains the
main challenge for improved outcome in this critically
injured cohort.
Previous studies have shown that among patients
presenting with massive acute blood loss, the majority
succumb to refractory coagulopathy despite surgical control of their bleeding. Although the entity has been recognized for over 40 years, the pathogenesis of associated
coagulation abnormalities and appropriate treatment
has remained a matter of debate. Contributing factors
to the “bloody vicious cycle,” proposed by our group
over 25 years ago [1], focused on acidosis, hypothermia,
and dilutional effects from excess crystalloid.
Recent evidence, however, suggests that coagulopathy
exists very early after injury and that the condition is
initially independent of clotting factor deficiency, as over
one third of multiply injured patients are coagulopathic by
conventional laboratory assessment on arrival to the emergency department. The fact that this subset of patients also
has an increased incidence of subsequent multiple organ
failure (MOF) and death underscores the importance of
understanding the pathogenesis of early postinjury
coagulopathy. Brohi and Cohen [2] have suggested that
the mechanism of acute endogenous coagulopathy is
mediated by the thrombomodulin pathway via activated
protein C, leading to increased fibrinolysis. Such a process
may be teleologically protective by inducing an “autoanticoagulation” state that could potentially protect critical tissue beds in the circulation from thrombosis in the
face of an activated coagulation system responding to
systemic shock and tissue factor release.
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Treatment
A uniform approach to management of postinjury
coagulopathy remains a substantial challenge, due to the
fact that hemostasis represents a fusion of multiple
dynamic reactions with complex interactions of thrombin,
fibrinogen, platelets, other protein clotting factors, Ca2+,
and endothelium. Furthermore, the contributions of tissue factor release modified by hypothermia and acidosis in
the development of early acute coagulopathy appear
important, and this process may be initiated by either
endothelial-based tissue factor or collagen pathways in
the setting of systemic shock[3]. Our updated “bloody
vicious cycle” [4] emphasizes the fact that early postinjury
coagulopathy (“acute endogenous coagulopathy”) occurs
very soon after injury and is unrelated to clotting factor
deficiency and thus resistant to factor replacement.
Rather, this injury complex is triggered by cellular
ischemia and exposed tissue factor, activating endothelium well before clotting factor depletion occurs. However,
with continued blood loss and clot formation in tissue,
factor depletion ultimately occurs, leading to a “systemic
coagulopathy,” which unquestionably requires factor repletion to restore coagulation homeostasis. Regardless of the
mechanisms involved, current clinical massive transfusion
protocols promoting “damage control resuscitation”; i.e.,
pre-emptive transfusion of plasma, platelets, and fibrinogen, appropriately represent an initial attempt to replete
substrate for the coagulation system. But appropriate continued use of these expensive, limited resources with potential untoward effects mandates rapid assessment of the
patient’s response to the administration of blood components via real-time assessment of coagulation function.

Strategies for Blood Component
Replacement
Traditionally, fresh frozen plasma (FFP) is prepared by
isolating the plasma from the cellular components, via
centrifugation of whole blood within 6–8 h of collection.
However, with the advent of apheresis methods little platelet-poor plasma is made and most FFP is platelet-rich
plasma, which is then frozen. Some plasma (especially
AB plasma) is collected by apheresis and many centers
use thawed plasma, often referred to as FP24. Regardless
of the plasma source, the hemostatic activity of the various
coagulation factors can be maintained for long periods of
time when frozen; however, upon thawing the concentrations of the various components decrease with the most
significant factors being V and VIII. In the injured patient
requiring factor replacement, the conversion of prothrombin to thrombin requires the coagulation factors XII,
XI, IX, and VIII, along with activated factors X and V.
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Thus, the initial management of postinjury coagulopathy
requires the administration of thawed fresh frozen plasma
(FFP), which contains the above-mentioned coagulation
factors and up to 400 mg of fibrinogen. Red blood cell
concentrates contain minimal amounts of plasma and
coagulation factors.
Consequently, isolated administration of RBC transfusion in the absence of plasma will further potentiate
postinjury coagulopathy because of its limited hemostatic potential. The exact dosing and timing of FFP
administration is one of the most widely debated topics
in trauma.
The “evidence-based” European guidelines for the
management of bleeding in major trauma recommends a
dose of 10–15 mg/kg of FFP in patients with massive bleeding complicated with coagulopathy, defined as INR >1.5,
although these guidelines readily recognize a lack of prospective data. A significant drawback of this approach is the
time discrepancy related to the assessment of coagulation
parameters and the coagulation status at the time when
laboratory values become available. Based on this notion,
current US protocols have recommended the pre-emptive
substitution of plasma by a standardized ratio of FFP
to RBC.
We noted that >85% of transfusions were accomplished within 6 h postinjury [4]. Accordingly, we have
focused on this narrower time frame for assessing the
effects of resuscitation strategies. Furthermore, our results
suggested that the survival threshold appeared to be in the
range of 1:2–1:3 of FFP to RBC.
Platelet concentrates have been traditionally prepared
from pooling platelets obtained through centrifugation
via individual units of whole blood. Currently, apheresis
or “single-donor” collections result in fewer donor
exposures for a given dose of platelets. Furthermore,
apheresis platelets contain between 210 and 250 mL of
donor plasma, although clotting factors that are present
will diminish rapidly at typical storage temperatures
(20–24 C). Clearly, the lack of an accurate assessment of
platelet function, as opposed to platelet count, appears to
be a significant limiting factor. Thus, the relationship of
platelet count to hemostasis and the contribution of
the platelet to formation of a stable clot in the injured
patient remain largely unknown. The complex relationship of thrombin generation to platelet activation requires
dynamic evaluation of clot function, as opposed to static
measurements of platelet count, or older methods of clot
assessment, such as the bleeding time, which is of no use in
the trauma setting. Accordingly, there is no direct evidence
to support an absolute trigger for platelet transfusions in
trauma.

While the “classic” threshold for platelet transfusion
has been 50 K/mm3, a higher target level at 100 K/mm3 has
been suggested for multiply injured patients and patients
with massive hemorrhage. A pool of four to eight platelet
concentrates, or one single-donor platelet apheresis unit,
have been suggested to provide adequate hemostasis
related to thrombocytopenia in bleeding patients, increasing the platelet count by 30–50 K/mm3. Similar to plasma
and packed red cell administration, platelet transfusion is
also associated with immunological complications, with
a reported incidence of >200 per 100,000 transfused
patients. Based on the fact that platelet counts >100 
109/L are unlikely to contribute to coagulopathy, routine
platelet administration in this patient cohort appears
unjustified at this time.
Cryoprecipitate is the cold insoluble fraction formed
when FFP is thawed at 4 C. “Cryo” is rich in factors VIII,
XIII, VWF, and fibrinogen. Generally, fibrinogen levels
greater than 50 mg/dL have been considered sufficient to
support physiologic hemostasis. Although recent reports
have suggested that fibrinogen should be replaced early in
coagulopathic trauma patients with hypofibrinogenemia,
none have recommended pre-emptive administration.
Many guidelines recommend a replacement threshold
for plasma fibrinogen levels <100 mg/dL (1 g/L), using
either fibrinogen concentrate (3–4 g) or cryoprecipitate
(50 mg/kg or 15–20 units). It is often underappreciated,
however, that FFP, pooled platelets, and even packed red
blood cells contain fibrinogen. Accordingly, evaluation of
plasma fibrinogen levels after administration of component therapy with FFP and platelets during massive resuscitation may avoid unnecessary use of cryoprecipitate.
Four units of FFP contain approximately 1,500 mg of
fibrinogen, equivalent to one pooled cryoprecipitate
pack (1,400 mg). A pooled ten pack of platelets contains
approximately 300 mg of fibrinogen. Currently there is no
scientific evidence available to support pre-emptive fibrinogen replacement in patients at risk for postinjury
coagulopathy.

Thrombelastography
The complexity of the coagulation process and the current
evolving understanding of the fundamental mechanisms
driving postinjury coagulopathy underscore the lack of
available evidence-based studies linking coagulation
with mortality. Rapid, real-time functional assessment of
coagulation function appears imperative to guide goaldirected therapy of specifically identified coagulation
abnormalities.
Recent experience with thrombelastography in our
institution [5] suggests that this technology may provide
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a real-time viscoelastic analysis of the blood clotting process, and could serve as the template for clinical applications of the cell-based model of coagulation. Subsequent
treatment protocols could then be tailored based on specific evaluation of clot formation as a representative assay
of the coagulation process.
Whole blood (0.35 mL) is placed in a rotating
metal cuvette heated to 37 C. A piston is suspended in
the sample, and the rotational motion is transferred to
the piston as fibrin strands form between the wall of the
cuvette and the piston. An electronic amplification system
allows for the characteristic tracing to be recorded (see
Fig. 1).
Thrombelastography (TEG) assesses clot strength
from the time of initial fibrin formation, to clot retraction,
ending in fibrinolysis. Of significance, TEG is the only
single test that can provide information on the balance
between two important and opposing components of
coagulation, namely thrombosis and lysis, while the battery of traditional coagulation tests, which include bleeding time, prothrombin time (PT), partial thromboplastin
time (PTT), thrombin time, fibrinogen levels, factor
assays, platelet counts, and functional assays are based on
isolated, static end points. Furthermore, TEG takes into
account the interaction of the entire clotting cascade and
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platelet function in whole blood. The PT is limited as
a measure of only the extrinsic clotting system, which
includes activation of factor VIIa, Xa, and IIa, while the
PTT test is limited by enzymatic reactions in the intrinsic
system, including the activation of factor XIIa, XIa, IXa,
and IIa. Furthermore, it is well known that hypothermia
affects various aspects of the coagulation process and leads
to functional coagulation abnormalities. Platelet dysfunction is directly influenced by concentrations of thrombin
and fibrinogen, and previous work in our laboratory and
by others has demonstrated platelet dysfunction related to
hypothermia, acidosis, and hypocalcemia.
Rapid thromboelastography (r-TEG) differs from conventional TEG because tissue factor is added to the whole
blood specimen, resulting in a rapid reaction and subsequent analysis. Given the importance of rapid, real-time
assessment of coagulation function in trauma, r-TEG
appears to be ideal for this purpose. Our recent studies
with this technique suggest that a reduction of blood
product use may be accomplished [5]. Furthermore, an
important aspect of such monitoring is that the results are
available point of care (POC), transmitted directly to the
operating room computer screens within minutes,
enabling prompt resuscitation strategies based on the
r-TEG results.
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Coagulopathy. Figure 1 Technique of Thrombelastography (reprinted with permission from Hemoscope Corporation,
Niles, IL). (a) A torsion wire suspending a pin is immersed in a cuvette filled with blood. A clot forms while the cuvette is rotated
45 degrees, causing the pin to rotate depending on the clot strength. A signal is then discharged to the transducer that reflects
the continuity of the clotting process. The subsequent tracing (b) corresponds to the entire coagulation process from thrombin
generation to fibrinolysis. The R value, which is recorded as TEG-ACT in the rapid TEG specimen, is a reflection of enzymatic
clotting factor activation. The K value is the interval from the TEG-ACT to a fixed level of clot firmness, reflecting thrombin’s
cleavage of soluble fibrinogen. The α is the angle between the tangent line drawn from the horizontal base line to the beginning
of the cross-linking process. The MA, or maximum amplitude, measures the end result of maximal platelet-fibrin interaction, and
the LY 30 is the percent lysis which occurs at 30 minutes from the initiation of the process, which is also calculated as the EPL, or
estimated percent lysis
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The various components of the r-TEG tracing are
depicted in Fig. 1. The r value represents initial thrombin
generation and is a reflection of enzymatic clotting factor
activation. It is recorded as TEG-ACT for the r-TEG assay,
which includes tissue factor.
K is the interval measured from the TEG-ACT to
a fixed level of clot firmness or the point that the amplitude of the tracing reaches 20 mm; this reflects thrombin’s
ability to cleave soluble fibrinogen. The a is the angle
between the tangent line drawn from the base horizontal
line to the beginning of the cross-linking process, measured in degrees, and is affected primarily by the rate of
thrombin generation, which directly influences the conversion of fibrinogen to fibrin; thus the higher the angle,
the greater the rate of clot formation. The maximum
amplitude (MA) measures the maximum amplitude, and
is the end result of maximal platelet–fibrin interaction via
the GPIIb-IIIa receptors, which simulates the end product
of coagulation via the platelet plug. G is a computergenerated value reflecting the complete strength of the
clot from the initial fibrin burst through fibrinolysis and
is calculated from A (amplitude), which begins at the
bifurcation of the tracing. This is based on a curvilinear
relationship: G = (5000  A)/(100  A).
Conceptually, G is the best measure of clot strength
because it reflects the contributions of the enzymatic and
platelet components of hemostasis. Normal coagulability
is defined as G between 5.3 and 12.4 dynes/cm2
(Haemoscope Corporation, Niles, IL). The r-TEG tracing
represents a global analysis of hemostatic function from
initial thrombin generation to clot lysis.

Component Blood Product Therapy Guided
by Rapid(r) TEG
Transfusion therapy guided by r-TEG has become an
integral part of resuscitation in our institution. Using
this technology, a variety of coagulation abnormalities
have been noted, which in the past would have been
overlooked. The various r-TEG values, being derived
from a single measurement of whole blood coagulation,
are not independent measurements, but a continuum of
blood coagulation with interactions between all components. For instance, thrombin liberates fibrinopeptides
from fibrinogen, allowing association with other fibrinogen molecules for “soluble fibrin” and subsequently
thrombin-activated factor XIII converts “soluble” into
“cross-linked” fibrin. Furthermore, thrombin affects
platelet function due to combined effects with factor
VIII and von-Willibrand factor. In contrast, routine laboratory coagulation tests represent variables that cannot

always be compared to r-TEG by simple linear association. Our current protocol of component transfusion
therapy emphasizes goal-directed treatment based on
r-TEG findings, with the rapid availability of sufficient
FFP to provide a final ratio in the range of 1:2–1:3 of
FFP to packed red blood cells. Goal-directed therapy
enables accurate, stepwise correction of coagulation dysfunction by comparative assessment of the r-TEG tracings generated. Primary fibrinolysis has a distinctive
tracing, which should prompt treatment with epsilonaminocaproic acid (Amicar), a lysine analogue which
binds reversibly to the kringle domain of the enzymogen
plasminogen, preventing its activation to plasmin, which
can therefore not split fibrin. Furthermore, we have
observed post-fibrinolysis consumptive coagulopathy,
which represents diffuse clotting factor deficiency secondary to massive consumption of factors after fibrinolysis. This severe deficit of thrombin may be an indication
for r-VIIa, and we have noted rapid improvement with
normalization of r-TEG patterns after such treatment.
Platelet dysfunction is evident by narrowed maximum
amplitude (MA), and decreased clot strength (G value),
and the impact of fibrinogen are readily detected on r-TEG
as expressed by the angle and K value. r-TEG may allow
for improved resuscitation based on real-time coagulation monitoring. The potential benefits of such an
approach include (1) reduction of transfusion volumes
via specific, goal-directed treatment of identifiable coagulation abnormalities, (2) earlier correction of coagulation
abnormalities with more efficient restoration of physiological homeostasis, (3) improved survival in the acute
hemorrhagic phase due to improved hemostasis from
correction of coagulopathy, and (4) improved outcomes
in the later phase due to attenuation of immunoinflammatory complications, including adult respiratory
distress syndrome (ARDS) and multiple organ dysfunction (MOF).
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Cocaine
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Synonyms
Cocaine toxicity; Stimulant toxicity

Definition
Medical complications temporally associated with cocaine
use may occur in many different organ systems.
Most severe cocaine-related toxicity and deaths
follow intense sympathetic stimulation (e.g., tachycardia,
hypertension, dilated pupils, and increased psychomotor
activity). Increased psychomotor activity generates heat
production, which can lead to severe hyperthermia and
rhabdomyolysis.
Cocaine-associated cardiovascular effects are common. Myocardial infarction (MI) due to cocaine occurs
in approximately 6% of patients presenting with cocaineassociated chest pain [1] and is increased 24-fold in the
hour after cocaine use. In patients aged 18–45 years, 25%
of MIs are attributed to cocaine use and is most common
in patients without large cocaine exposures. Cardiac
conduction disturbances (e.g., prolonged QRS and QTc)
and cardiac dysrhythmias (e.g., sinus tachycardia,
atrial fibrillation/flutter, supraventricular tachycardias,
idioventricular rhythms, ventricular tachycardia, and
ventricular fibrillation) may occur after cocaine use.
The neurologic effects are varied. Altered mental status
and seizures are typically short lived and without serious
sequelae but serious conditions such as cerebral infarction,
intracerebral bleeding, subarachnoid hemorrhage, transient ischemic attacks, and spinal infarction also occur.
Cocaine is associated with a sevenfold increased risk of
stroke in women.
Pulmonary complications of cocaine include asthma
exacerbation, pneumothorax, pneumomediastinum,
noncardiogenic pulmonary edema, alveolar hemorrhage,
pulmonary infarction, pulmonary artery hypertrophy,
and acute respiratory failure. The inhalation of cocaine
is typically associated with deep Valsalva maneuvers
to maximize drug delivery and can cause pneumothorax,
pneumomediastinum, and noncardiogenic pulmonary
edema.
The intestinal vascular system is particularly sensitive
to cocaine effects because the intestinal walls have a wide
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distribution of alpha-adrenergic receptors with resulting
acute intestinal infarction.
Patients who present after ingesting packets filled
with cocaine are “body packers” or “body stuffers.” Body
packers swallow carefully prepared condom or latex
packets filled with large quantities of highly purified
cocaine to smuggle it into the country. Body stuffers are
typically smaller time drug dealers who swallow packets of
cocaine while avoiding police. Toxicity occurs when
cocaine leaks from the ingested packets. The most severe
manifestations of cocaine toxicity are seen in body packers
carrying large quantities of cocaine who have dehiscence
of a package with a large amount of cocaine.
Chronic cocaine use can predispose patients to other
medical conditions. Chronic users develop left ventricular
hypertrophy that can lead eventually to a dilated cardiomyopathy and heart failure. This is in contrast to the acute
cardiomyopathy from cocaine that appears to have
a reversible component after cessation of cocaine use.
Chronic severe cocaine users can present with lethargy
and a depressed mental status that is a diagnosis of exclusion (cocaine washout syndrome). This self-limited syndrome usually abates within 24 h but can last for several
days and is thought to result from excessive cocaine usage
that depletes essential neurotransmitters.

Treatment
The initial management of cocaine-toxic patients should
focus on airway, breathing, and circulation. Treatments
are directed at a specific sign, symptom, or organ system
affected and are summarized in Table 1.

Sympathomimetic Toxidrome/Agitation
Patients with sympathetic excess and psychomotor agitation are at risk for hyperthermia and rhabdomyolysis.
Management focuses on lowering body temperature, halting further muscle damage and heat production, and
ensuring good urinary output. The primary agents used
for muscle relaxation and control of agitation are benzodiazepines. Doses beyond those typically used for patients
without cocaine intoxication may be required. Antipsychotic agents are useful in mild cases, but their safety in
severe cocaine-induced agitation is not clear. Elevations in
core body temperatures should be treated aggressively
with iced water baths or cool water mist with fans.
Some cases of severe muscle overactivity may require
general anesthesia with nondepolarizing neuromuscular
blockade. Nondepolarizing agents are preferred over succinylcholine, because succinylcholine may increase the
risk of hyperkalemia in patients with cocaine-induced
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Cocaine. Table 1 Treatment summary for cocaine-related medical conditions
Medical condition

Treatments

Cardiovascular
Dysrhythmias
Sinus tachycardia

Observation
Oxygen
Diazepam or lorazepam

Supraventricular tachycardia

Oxygen
Diazepam or lorazepam
Consider diltiazem, verapamil, or adenosine
If hemodynamically unstable: cardioversion

Ventricular dysrhythmias

Oxygen
Diazepam or lorazepam
Consider Sodium bicarbonate and/or lidocaine or amiodarone
If hemodynamically unstable: defibrillation

Acute coronary syndrome

Oxygen
Aspirin
Diazepam or lorazepam
Nitroglycerin
Heparin
For ST-segment elevation (STEMI): Percutaneous intervention (angioplasty and stent
placement) preferred. Consider fibrinolytic therapy.
Consider morphine sulfate, phentolamine, verapamil, or glycoprotein IIb/IIIa inhibitors

Hypertension

Observation
Diazepam or lorazepam
Consider nitroglycerin, phentolamine, and nitroprusside

Pulmonary edema

Furosemide
Nitroglycerin
Consider morphine sulfate or phentolamine

Hyperthermia

Diazepam or lorazepam
Cooling methods
If agitated, consider paralysis and intubation

Neuropsychiatric
Anxiety and agitation

Diazepam or lorazepam

Seizures

Diazepam or lorazepam
Consider Phenobarbital

Intracranial hemorrhage

Surgical consultation

Cocaine washout syndrome

Supportive care

Rhabdomyolysis

IV hydration
Consider sodium bicarbonate or mannitol
If in acute renal failure: hemodialysis

Body packers

Activated charcoal
Whole-bowel irrigation
Laparotomy or endoscopic retrieval

Cocaine
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rhabdomyolysis. Plasma cholinesterase metabolizes both
succinylcholine and cocaine; therefore, prolonged clinical
effects of either or both agents might occur when both
are used.

use, since these dysrhythmias are presumably related to
sodium channel-blocking effects of cocaine. Lidocaine can
be used when dysrhythmias appear to be related to
cocaine-induced ischemia.

Hypertension

Seizures

Patients with severe hypertension can usually be safely
treated with benzodiazepines. When benzodiazepines
alone are not effective, nitroglycerin, nitroprusside,
or phentolamine can be used. Beta-blockers are
contraindicated because in the setting of cocaine intoxication, they cause unopposed alpha-adrenergic stimulation with subsequent exacerbation of hypertension.

Benzodiazepines and phenobarbital are the first- and
second-line drugs, respectively. Phenytoin is not
recommended in cases associated with cocaine. Although
no studies have compared barbiturates to phenytoin for
control of cocaine-induced seizures, barbiturates are theoretically preferable because they also produce central nervous system (CNS) sedation and are generally more
effective for toxin-induced convulsions. Newer agents have
not been well studied in the setting of cocaine intoxication.

Myocardial Ischemia or Infarction
Patients with cocaine-associated myocardial ischemia or
infarction should be treated with aspirin, benzodiazepines, and nitroglycerin as first-line agents. Benzodiazepines decrease the central stimulatory effects of cocaine,
thereby indirectly reducing its cardiovascular toxicity.
Benzodiazepines have a comparable and possibly an additive effect to nitroglycerin with respect to chest pain resolution and hemodynamic parameters for patients with
chest pain. Weight-based unfractionated heparin or
enoxaparin, as well as clopidogrel are reasonable to use
in patients with documented ischemia. Patients who do
not respond to these initial therapies can be treated with
phentolamine or calcium channel-blocking agents. In the
acute setting, beta-blockers are contraindicated, as they
can exacerbate cocaine-induced coronary artery vasoconstriction [1, 2].
When patients have ST-segment elevation and require
reperfusion, primary percutaneous coronary intervention
(PCI) is preferred over fibrinolytic therapy due to a high
rate of false-positive ST-segment elevations in patients
with cocaine-associated chest pain, even in the absence
of acute myocardial infarction (AMI), as well as the possibility of an increased rate of cerebral complications in
patients with repetitive cocaine use [2].

Dysrhythmias
Supraventricular dysrhythmias may be difficult to treat.
Initially, benzodiazepines should be administered. Adenosine can be given, but its effects may be temporary. The
use of calcium channel blockers in association with benzodiazepines appears to be most beneficial. Beta-blockers
should be avoided.
Ventricular dysrhythmias can be managed with benzodiazepines, lidocaine, or sodium bicarbonate. Bicarbonate is preferred in patients with QRS widening and
ventricular dysrhythmias that occur soon after cocaine

Cerebrovascular Infarction
Cocaine can lead to both ischemic and hemorrhagic
strokes. Most of these patients should be managed similarly to patients with non-cocaine-associated cerebrovascular infarctions with two exceptions: The utility of tPA in
patients with recent cocaine-associated cerebrovascular
events is unknown; blood pressure management should
follow the recommendations that are mentioned above.

Aortic Dissection
Cocaine use can lead to aortic dissection. Various studies
have found that 1–37% of aortic dissections may be due to
cocaine. Treatment is similar to other patients with aortic
dissection but medical management should be adjusted to
try avoid beta-blockade.

Body Stuffers and Packers
Body stuffers who manifest clinical signs of toxicity should
be treated similarly to other cocaine-intoxicated patients.
Gastrointestinal decontamination with activated charcoal
should be performed. Assessment for unruptured cocaine
packages should be considered. In some cases, whole
bowel may be necessary.
Body packers are typically asymptomatic at the time of
detention when passing immigration. In patients who
present with symptoms or develop symptoms of cocaine
toxicity or rapidly deteriorate because of exposure to huge
doses of cocaine, immediate surgical removal of the ruptured packages may be necessary.

Evaluation/Assessment
Patients manifesting cocaine toxicity should have
a complete evaluation focusing on the history of cocaine
use, signs, and symptoms of sympathetic nervous system
excess, and evaluation of specific organ system complaints.
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It is important to determine whether signs and symptoms
are due to cocaine itself, underlying structural abnormalities, or cocaine-induced structural abnormalities.

Laboratory Tests
Since some patients may deny cocaine use, urine testing may
be helpful. If the patient manifests moderate or severe toxicity, laboratory evaluation may include a complete blood
cell count, serum electrolytes, glucose, blood urea nitrogen,
creatinine, creatine kinase (CK), cardiac marker determinations, arterial blood gas analysis, and urinalysis. Hyperglycemia and hypokalemia may result from sympathetic excess.
Rhabdomyolysis can be diagnosed by an elevation in CK.
Cardiac troponin I or T should be used to identify acute MI
in symptomatic patients with cocaine use.

with or without clopidogrel for patients who received
stent placement. The role of nitrates and calcium channel
blockers remains speculative and should be used for symptomatic relief. The use of beta-adrenergic antagonists,
although useful in patients with previous MI and cardiomyopathy needs special consideration in the setting of
cocaine abuse. Since recidivism is high in patients with
cocaine-associated chest pain (60% admit to cocaine use
in the next year), beta-blocker therapy should probably be
avoided in many of these patients.
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Imaging and Other Tests
Chest radiography and electrocardiography should be
obtained in patients with potential cardiopulmonary complaints. Computerized tomography (CT) of the head can be
used to evaluate seizure or stroke. Patients with concurrent
headache, suspected subarachnoid hemorrhage, or other
neurologic manifestations may necessitate lumbar puncture after head CT to rule out other CNS pathology.

After-care
The appropriate diagnostic evaluation should follow general principles for the specific complication that occurred.
For risk stratification in patients who presented with
potential coronary artery disease, it is recommended that
most patients receive imaging with some form of stress
testing or CT coronary angiography.
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Prognosis
Patient prognosis is dependent upon the type of complication the patient had from cocaine use. Continued
cocaine usage, however, is associated with an increased
likelihood of recurrent symptoms, and therefore, aggressive drug rehabilitation may be useful.
Cessation of cocaine is the hallmark of secondary
prevention. Recurrent chest pain is less common and
MI and death are rare in patients who discontinue cocaine
[2–4]. Aggressive risk factor modification is indicated in
patients with MI or with evidence of premature atherosclerosis, coronary artery aneurysm, or ectasia. This
includes smoking cessation, hypertension control, diabetes control, and aggressive lipid-lowering therapy. While
these strategies have not been tested specifically for
patients with cocaine, they are standard of care for patients
with underlying coronary artery disease.
Patients with evidence of atherosclerosis may be candidates for long-term antiplatelet therapy with aspirin
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Synonyms
California valley fever; Desert fever; San Joaquin valley
fever; Valley fever

Coccidioidomycosis
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Definition
Coccidioidomycosis is an infection caused by the dimorphic fungi of the genus Coccidioides. Coccidioides species
are endemic to semiarid regions of the western hemisphere, including the San Joaquin Valley of California,
the south-central region of Arizona, and northwestern
Mexico. They can also be found in parts of Central and
South America.
Infection is generally acquired through inhalation,
whereby infectious arthroconidia reach the lower respiratory tract. Only a small proportion of infected individuals
will come to medical attention, as the majority of infections
are subclinical. Although a wide spectrum of manifestations
is possible, the majority of primary infections present with
symptoms and signs comparable to community-acquired
pneumonia or an upper respiratory tract infection. In addition to nonspecific symptoms such as chest pain, cough,
and fever, other presenting complaints may include marked
fatigue, arthralgias, erythema nodosum, and erythema
multiforme. Peripheral eosinophilia and an elevated erythrocyte sedimentation rate can be observed. A pulmonary
infiltrate with or without hilar adenopathy can be evident
on chest x-ray or CT scan (Fig. 1).
In immunocompetent hosts, primary pulmonary
coccidiodomycosis is usually a self-limiting disease. However, patients with suppressed cellular immunity, such as
those with HIV infection, solid organ transplant recipients, or individuals receiving chronic corticosteroid
treatment, are predisposed to disseminated disease.
African-American, Hispanic men, and pregnancy, place
individuals at increased risk for disseminated disease.
Extrapulmonary infection can be found in any organ
system, but most commonly affects skin, bones, joints,
and meninges. CSF analysis should be performed in
patients with primary coccidioidomycosis presenting
with CNS symptoms, and in patients who are severely ill
warranting intensive care unit admission, or patients that
may find it difficult to be followed by a physician.
Others at risk include patients who are receiving
TNF-alpha inhibitor therapy. They are more likely to
develop symptoms when infected. Preexisting diabetes
mellitus is associated with a higher likelihood of developing chronic pulmonary coccidioidomycosis, in particular
cavitary disease. Because of the concern for hemoptysis
from cavities, these patients require close monitoring.

Treatment
Immunocompetent Patients
Immunocompetent patients are unlikely to present to the
intensive care unit and treatment is usually not required in
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Coccidioidomycosis. Figure 1 Coccidioidomycosis in two
different patients. (a) A peripheral pulmonary infiltrate on
computed tomography. (b) Thin-walled cavities as a late
sequela of coccidioidomycosis

primary pulmonary coccidioidomycosis. However, if the
symptoms persist for greater than 6 weeks, therapy should
be considered.

Immunosuppressed Patients
Patients with risk factors for disseminated disease are
offered treatment when they present with primary pulmonary coccidioidomycosis. All forms of disseminated coccidioidomycosis require antifungal therapy.
First-line therapy for treating chronic coccidioidomycosis is an oral azole. Ketoconazole, fluconazole, and
itraconazole have all been well studied. Itraconazole may
be superior in treating bone and join disease than fluconazole. Amphotericin B is reserved for the most severe cases
of coccidioidomycosis or for those who fail to respond to
azoles. Although the evidence is lacking for superiority in
treatment using liposomal amphotericin B, it should be
considered for therapy in individuals with underlying
renal disease.
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The duration of therapy is generally prolonged for
chronic coccidioidomycosis, with a minimum course of
12–18 months. A longer course might be considered in
immunocompromised patients. Moreover, if the meninges are involved, lifelong azole antifungal therapy is
required because of a high relapse rate. Although intravenous amphotericin B lacks efficacy in the treatment of
Coccidioides meningitis, intrathecal amphotericin B can
be used in cases refractory to azole therapy, or in situations
when a more rapid response is desired.
As for other classes of antifungal agents, the
echinocandins have yet to be adequately assessed in coccidioidomycosis. By contrast, there are small series and
case reports suggesting efficacy of voriconazole and
posaconazole when used as salvage therapy. However, no
definitive recommendation can be made at this time.

Relapses are common in this population of patients. While
the prognosis is good for most people with pulmonary
coccidioidomycosis, many patients have protracted
fatigue after resolution of pulmonary symptoms.
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Coelenterata
▶ Jellyfish Envenomation

Evaluation/Assessment
The diagnosis can be established by detecting the presence
of anticoccidioidal antibody in the serum via a variety of
techniques including ELISA, immunodiffusion, tube precipitin, and complement fixation assays. It should be
remembered; however, that critically ill patients may not
mount an effective antibody response and thus, may have
false negative serology. Alternatively, the diagnosis can
also be confirmed by identifying coccidioidal spherules
in tissue or by culturing the organism from a clinical
specimen.
In the future, polymerase chain reaction (PCR) and
real-time PCR may play a greater role in diagnostics.
However, no commercial methods are currently available
for direct detection of C. immitis from patient specimens.

After-care
For patients with severe infection, immunosuppression or
other risk factors for dissemination, lifelong follow-up
may be required. In milder cases, patients require close
monitoring of their disease every 2–4 weeks following
initial diagnosis. After noting improvement of their symptoms, clinic visits may be extended to intervals of every
3–6 months, for up to 2 years. Changes in complement
fixation serologic titers can be useful, as a rise in titer is
usually associated with disease progression. Radiographic
abnormalities should be reexamined on a periodic basis.

Coelenterate
▶ Jellyfish Envenomation

Cold Sore
▶ Herpes Simplex

Collapse
▶ Syncope

Collapsed Lung
▶ Pneumothorax

Prognosis
For patients that have had a critical illness with disseminated disease, the outlook depends on the anatomic site of
infection and the underlying immune status of the patient.

Colloid Challenge
▶ Fluid Challenge

Colloids

Colloids
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Synonyms
Plasma volume expander (PVE); Synthetic colloid (as
opposed to biologically active colloids such as fresh frozen
plasma and human albumin)

Trade Names
As the number of colloid products is legion, a complete
listing of all manufactured colloids available throughout
the world is beyond the scope of this chapter. A partial
listing of commonly utilized colloids is presented in
Table 1.

Class and Category
All colloids belong to the class of drugs known as plasma
volume expanders. The category of different colloids
relates to the specific composition of each colloid. Nonetheless, unique differences within each category explain
the differing efficacies and plasma half-lives, and often
frequency of use. Following is a general categorization of
commonly utilized colloids for plasma volume expansion.
Of note, hypertonic saline preparations are not colloids
even though they are used for plasma volume expansion
and will not be further discussed within this chapter.

General Principles of Colloids [1]
Colloids are defined as a preparation of a homogenous
noncrystalline substance that is dispersed throughout
another substance that is usually a water-based solution
(for medical use). The colloid may be large macromolecules or microparticles, which do not settle and are not
separable from their suspending solution by filtration or
centrifugation. Colloids are generally polydispersed,
representing a span of molecular sizes that characterize
a single preparation. Molecular weight (MW) which is
generally constant may be described in two different
fashions:
1. Weight-averaged MW: (# molecules at each weight
X particle weight)/total weight of all molecules
2. Number-averaged MW: mean of all particle weights
Furthermore, the weight distribution pattern may be
assessed by the colloid oncotic pressure ratio, a ratio that
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reflects the osmotic activity to a colloid solution across
membranes with different pore sizes.
In general practice, the size, persistence, efficacy at
plasma volume expansion, side effect profile, and, of
course, product approval by regulatory agencies, tend to
govern clinician product selection. The clinician should
remain acutely aware that the colloid preparations contribute very little free water to the patient’s system and
therefore, should always be utilized with maintenance
solutions to avoid inadvertently creating a hyperoncotic
state (see Adverse Reactions below).

Starches [1]
Starches are synthetic colloid preparations derived from
amylopectin extracted from either maize or sorghum.
Amylopectin is a D-glucose polymer that is synthetically
modified with hydroxyethyl substitutions at the second
carbon (C2) as well as the sixth carbon (C6) with rather
few substitutions occurring at the third carbon (C3);
hydroxylation retards the rate of hydrolysis by plasma
nonspecific a-amylases. Starches are characterized by
their average molecular weight and average molecular
size as they exist as a polydispersed preparation of different molecular weight and sizes. Thus, starches may be
further classified by their average molecular weight into
high MW (>450 kDa), medium MW ( 200 kDa), and
low MW (70–130 kDa). Furthermore, they are characterized by the C2/C6 substitution ratio; the greater the ratio,
the slower the degradation. The number of hydroxyethyl
groups per 100 glucose groups is known as the degree of
substitution (DS) or substitution ratio (MS); ratios are
expressed as a number spanning 0–1. In a fashion similar
to the C2/C6 substitution ratio, the greater the DS or MS,
the longer the half-life (t½).
By way of example, Hextend is a commercially available starch used in the USA. It may be characterized as
a large MW starch (670 kDa) with a high degree of
substitution (0.7). The last two characteristics are the
concentration of the prepration and the diluent in
which the colloid is prepared. Hextend is a 6% starch
preparation is a balanced salt solution. Changing the
diluent may change important consequences of administration rendering the product functionally different.
For instance, Hextend’s predecessor, Hespan, is the identical starch in every way but was prepared in a saline
base. Hespan contains a FDA black box warning with
regard to volume of administration and induced bleeding
risk; no such black box exists for Hextend. Table 1 presents commonly utilized colloid preparations and their
characteristics.

587

C

588

C

Colloids

Colloids. Table 1 Common starch-based colloids used for resuscitation
Colloid

MW/DS

Concentration

Diluent

C2/C6

HES 130/0.4

6%
10%

NSS

9:1

Volulyte

HES130/0.4

6%

Balanced
solution

6:1

Pentastarch

HES 200/0.5

6%
10%

NSS

5:1

Hextenda

HES 670/0.7

6%

Balanced
solution

4.5:1

Hespana

HES 670/0.7

6%

NSS

4.5:1

Voluven

a

HES = hydroxyethyl starch
NSS = 0.9% normal saline solution
MW = molecular weight in kiloDaltons (kDa)
DS = degree of substitution
Note: not all colloids are available in the US Food and Drug Administration; approved colloids are indicated by (a)

Gelatins [1]
Gelatins are preparations created from the hydrolysis of
bovine collagen and then further modified by either
succinylation (polygeline; Gelofusine) of urea linkage
(Hemaccel). Succinylation results in no change in MW
but a significant increase in molecular size; no such
changes occur with urea linkage. The diluents are different
between the two products with only Hemaccel being prepared with calcium and potassium. It is important to note
that the only cases of prion-related disease derived from
cattle involve food-based disease transmission, not pharmaceutical preparations.

Dextran 40 appears to have clinical use at present due to
issues with allergic reaction and bleeding with Dextran 70.

Combination Preparations
Combinations of hypertonic saline and hyperoncotic
starch are available as well. These preparations rely on
starch plasma volume expansion and the concentrationdependent movement of water from the extravascular
space to the intravascular domain on the basis of creating
a hyperoncotic plasma space. Their efficacy or outcome
advantage over other colloid solutions has yet to be
demonstrated.

Dextrans [1]

Indications [2, 3]

Dextrans are fairly homogenous preparations of D-glucose
polymers principally joined by a-1,6 bonds creating linear
macromolecules that are characterized by their concentration into two commercially available preparations, Dexran
40 (MW avg = 40 kDa) and Dextran 70 (MW avg =
70 kDa). The glucose moieties are derived from enzymatic
cleavage of sucrose generated by Leuconostoc bacteria utilizing the enzyme dextran sucrase yielding high molecular
weight detrains that are modified into the final product
using acid hydrolysis and ethanol-based fractionation
processes.
Clearance is proportional to MW with 50–55 kDa
molecules being readily renally filtered and excreted
unchanged in the urine such that 70% of a Dextran 40
dose is excreted unchanged over a 24-h period. Molecules
with a larger MW undergo GI clearance or cleavage within
the reticuloendothelial system via extant dextranases. Only

Colloids are indicated for the treatment of suspected or
proven hypovolemia that requires plasma volume expansion. However, as there is increasing evidence that
hyperchloremic metabolic acidosis (HCMA) deleteriously
impacts outcomes, likely through activation of inflammatory pathways, colloid administration may have a selective
advantage. In general, one needs to administer much less
colloid than crystalloid to achieve equivalent plasma volume expansion, and therefore, one delivers much less
chloride to the patient’s system. Thus, plasma volume
expansion with colloids reduces the likelihood of creating
a HCMA when large volume plasma volume expansion is
required for the restoration of appropriate perfusion.

Dosage
Dosage of different preparations varies with local geography
as a reflection of different regulatory bodies’ approval
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process. However, certain commonalities may be articulated. The general goal of a plasma volume expansion
challenge is to provide 5% plasma volume expansion
(PVE) for those with hypovolemia but no hypotension,
and to provide 10% PVE for those with hypotension as an
initial bolus. Thus, based on the properties of Hextend,
250 cc of the solution is appropriate for hypovolemia, but
500 cc is ideal for hypotension. Given the properties of the
smaller MW starch Voluven, the same volumes would be
used in identical scenarios. However, the dose of Voluven
would need to be repeated more frequently based on its
shorter t½ than Hextend. The reader should be aware
that more frequent dosing is not a deleterious property,
but rather reflects the biologic behavior of the colloid,
and may be advantageous in certain circumstances
(see Contraindications below).

Preparation/Composition
The preparation and composition of many of the commercially available colloid solutions are presented in
Table 1. The reader should be aware that new products
and preparations are in development and therefore,
the listing in Table 1 should be viewed as only a partial
presentation.

Contraindications
The main contraindications for synthetic colloid administration are allergy or intolerance to the colloid or its
diluent. A further contraindication is hypervolemia in
a patient with dialysis-dependent renal failure as if one
induces heart failure or pulmonary edema, starch is not
dialyzable and one must wait for enzymatic degradation.
Along similar lines, chronic renal insufficiency (although
not dialysis dependent) as well as evolving acute renal
failure are relative contraindications for long half-life
starches. The need for >20 cc/kg bw in 24 h is a contraindication for Hespan specifically, although not for Hextend
according to the US Food and Drug Administration. Some
authors have advanced the notion that sepsis is
a contraindication for starch-based colloid administration
but the authors of this chapter do not believe that such
a claim is justified (see below).

Adverse Reactions
Allergic reaction is exceedingly rare with starch or gelatin
products, but appears to be a limiting factor with large
MW Dextrans. Perhaps the most notable adverse reaction
is that of suspected renal dysfunction presenting as acute
kidney injury or acute renal failure in patients who have
undergone PVE using starch-based synthetic colloids in
the setting of sepsis. The reader is encouraged to critically
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review this literature as there are several key features that
call the conclusions into serious question.
A review of actual practice in 3,147 patients in 198
European Union ICUs during 2 weeks in May 2002 identified that colloid administration was often a combination
of different colloids, and not limited to a single colloid [4].
Furthermore, in clinical practice, there was no difference
in any measured or derived index of renal function, or the
need for renal replacement therapy, with regard to colloid
administration of any variety including hyper- or hypooncotic albumin, starches, gelatin, and dextran; approximately 15% of ICUs used more than one colloid at the
same time on a given patient.
The reader should recall that since there are a multitude of colloid preparations, comparing across multiple
studies is exceptionally difficult as the preparations differ
in MW, DS, diluent, volume, whether or not there was
a fluid administration protocol, when in the clinical
course did the patient receive colloid, and whether there
was a pressure or flow-based monitoring system guiding
therapy. Furthermore, delays prior to presentation, persistence of shock, timing of pressor use, specific pressors
used, rapidity of resuscitation (before or after the vigorous
volume expansion popularized by the Early Goal-Directed
Therapy trial), the rapidity of source control, and the
number of hypotensive episodes all influence renal perfusion. None of the trials are controlled for the presence of
hyperchlormic metabolic acidosis, an entity known to
reduce renal perfusion in an independent fashion. Furthermore, the definitions utilized for renal failure all differ,
and many studies were performed prior to the recognition
of acute kidney injury as a distinct entity. Additionally, the
indications for renal replacement therapy are not uniform
and some studies use the need for RRT as the definition of
renal failure. Thus, drawing any conclusion from the case
reports, case series, and few large but heterogenous trials
that claim starch-based PVE indices renal injury and failure is problematic at best.
Furthermore, trials such as the VISEP study comparing
pentastarch to lactated Ringers solution either overresuscitate the pentastarch group or under-resuscitate the
LR group depending on your perspective as both groups
received identical volumes of fluid [5]. This ignores the basic
concept underpinning colloid-based PVE – colloid are better
retained in the plasma space and therefore, one administers
a smaller volume. It is little surprising that the pentastarch
group evidences a higher CVP and a lower hemoglobin than
the LR group based on unequal fluid administration. Also,
there was an unequal distribution of patients requiring emergency operative undertakings to the pentastarch group – the
at-risk group for acute tubular necrosis, AKI, and ARF!
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Perhaps equally important is the unreported presence
or absence of concomitant maintenance fluid in trials
addressing colloid administration versus crystalloidbased plasma volume expansion regimens. An important
trial evaluated several different fluids for PVE in the
treatment of shock, but categorized the fluids based on
whether the fluid was hyper- or hypo-oncotic and determined the occurrence of renally relevant events [6]. Crystalloids were compared to hypo-oncotic albumin and
gelatin versus hyperoncotic starch versus hyperoncotic
albumin. Importantly, all of the renally relevant events
including the need for renal replacement therapy occurred
in the hyperoncotic groups. Unfortunately, the definition
of ARF used in this trial was a doubling of baseline creatinine, or the need for dialysis. This study underscores
the need to avoid creating an inadvertent hyperoncotic
state when using hyperoncotic PVEs at least in patients
with shock. It is likely that this observation may be
extended to those with hypovolemia without shock as
well, but the decreased effective circulating volume that
characterizes septic and hypovolemic shock places this
patient population at particular risk for hyperoncoticity
when the principle administerd fluid is a hyperoncotic
colloid.
Current bias has begun to focus on the use of low
MW and lesser substituted starch-based colloids such as
Voluven (6% HES, 130/0.4 prepared in saline) and its
counterpart agent, Volu-Lyte that is prepared in
a balanced salt solution in a fashion similar to that of
Hespan and Hextend. Since the lower MW and less
substituted compounds have a shorter half-life, it is
expected that renal accumulation will occur less frequently and present a reduced risk of AKI and ARF as a
consequence of starch administration in sepsis. However, the concerns articulated above may not support
such notions, and there are other elements that remain
unidentified. For instance, since starch has been identified in the renal tubular cells of those with ARF who have
received starch-based PVE, we do not know if the starch
presence is causative or simply coincident and of no
functional consequence. Data are conflicting even in
the renal transplantation patient population. Moreover,
since one does not biopsy normal kidneys, one does
not know if a patient who received a starch-based PVE
regimen and who did not change their creatinine
also had starch molecules accumulate in their renal
tubular cells. While there is much bias and speculation,
the medical community appears to be divided into
those who have already lost their clinical equipoise
with regard to starch and renal injury and those who
are awaiting data.

Drug Interactions
There are no significant drug interactions noted for colloid preparations. There is some concern, although
unfounded, that calcium containing colloids may not be
administered through the same IV line as blood products
for fear of clotting. In clinical practice, given the rapid rate
of administration of each agent, clotting is not clinically
identified.

Mechanisms of Action
Colloids serve to expand plasma volume by exerting
osmotic activity and having synthetic modification to
retard the rate of degradation or filtration, thus preserving
their plasma half-life. Incidental modification of rheology
is also noted with colloid administration that is mediated
in part by altering RBC flexibility through small-diameter
vessels, and in part through reductions in viscosity [7]. As
a result, some observations identify colloid-based support
of microcirculatory delivery of oxygen as judged by muscle
tissue oximetry compared to non-colloid-based PVE regimens when fluids and blood products were administered
on protocol and titrated to a CVP measurement.
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Colonization
The process whereby microorganisms inhabit a specific
body site (such as the skin, bowel, or chronic ulcers)
without causing a detectable host immune response, cellular damage, or clinical signs and symptoms. It involves

Coma

adherence of organisms to epithelial cells, proliferation,
and persistence at the site of attachment. The presence of
the microorganism may be of varying duration and may
become a potential source of transmission.

Colonoscopy
▶ Gastrointestinal Endoscopy
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Synonyms
Blackout; Encephalopathy; Stupor; Unconsciousness; Vegetative state

Definition
Coma is defined as the state of profound unconsciousness,
from which the patient cannot be aroused to respond
appropriately to external stimuli. It originates from the
Greek word meaning “deep sleep or trance.” It represents
an acute and life-threatening emergency, requiring rapid
diagnosis and intervention in order to preserve brain
function and life.
Coma lies on a spectrum of terms used to describe
varying degrees of alteration of consciousness, including
lethargy, stupor, and obtundation. The Glasgow Coma
Scale (GCS) is a simple and objective scoring system
used by health-care professionals to quickly assess the
severity of brain dysfunction, composed of three tests:
eye-opening response, verbal response, and motor
response. Eye opening is graded from 1 to 4. Verbal
response is graded from 1 to 5. In intubated patients,
a score of “1” is given for verbal response with
a modifier of “T.” Motor response is graded from 1 to 6.
The GCS score, a sum of all three components, ranges
from 3 (deep coma or death) to 15 (fully awake person).
GCS score of 8 or less is generally accepted as operational
definition for coma.
Consciousness is defined as the state of awareness of
oneself and one’s surrounding environment. Consciousness
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has two major interconnected components: wakefulness
(i.e., arousal) and awareness. Both components are necessary to maintain consciousness. Wakefulness is dependent
on a network of neurons called the ascending reticular
activating system (ARAS), originating in the midbrain
and rostral pontine tegmentum and projecting to the diencephalon (hypothalamus and midline and intralaminar
nuclei of the thalamus). From there, widespread projections
are sent to bilateral cerebral cortex. Damage to the ARAS
would result in impairment of wakefulness. Awareness,
sometimes referred to as the “content” of consciousness,
represents the sum of all functions mediated by cerebral
cortical neurons and their reciprocal projections to and
from subcortical structures [1]. These functions include
sensation and perception, attention, memory, executive
function, and motivation. Awareness requires wakefulness, but wakefulness may be observed in the absence of
awareness, as in the case of vegetative state.
The vegetative state describes a state of wakefulness
without awareness. The vegetative patient exhibits sleep–
wake cycles, evident by “eyes-open” periods, without evidence of awareness of self or environment. The term
persistent vegetative state is reserved for patients who
remain in the vegetative state for at least 30 days.
The minimally conscious state (MCS) is a condition
defined by severely impaired consciousness with minimal
but definite behavioral evidence of self or environmental
awareness [2]. Like the vegetative state, MCS may be
a transitional state during recovery from coma, or progression of worsening neurologic disease.
Another condition worth recognizing is the locked-in
syndrome, in which the patient has complete paralysis of
all four limbs and the lower cranial nerves. The locked-in
syndrome is not a disorder of consciousness, as the patient
retains awareness. The most common cause is a lesion in
the base and tegmentum of the midpons, interrupting the
descending cortical motor fibers responsible for limb
movement, while preserving vertical eye movement and
eye opening. A high level of suspicion on the part of the
clinician is required to make this diagnosis.
Psychogenic unresponsiveness may mimic coma, and
is characterized by normal neurologic exam, including
normal oculocephalic and oculovestibular reflexes. Patient
may sometimes forcibly close the eyelids. If psychogenic
etiology is suspected, an electroencephalogram (EEG)
may be helpful to aid in diagnosis. In more challenging
cases, Amytal interview can be used, wherein the patient is
slowly injected with an anxiolytic drug while repeated
neurologic exam is performed. Patients with psychogenic
unresponsiveness should exhibit improvement in
function.
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Brain death is defined as the irreversible cessation of all
functions of the entire brain, such that the brain is no
longer capable of maintaining respiratory or cardiovascular function.

Etiology and Pathophysiology
Coma could be caused by focal or “structural” conditions
that lead to disruption of the ARAS anywhere in the brain
stem, bilateral diencephalon, or diffuse bilateral cerebral
cortex. On the other hand, systemic or “metabolic” disorders that interfere with the normal metabolism of the
brain and disturb normal neuronal activity could also
lead to coma.

Structural Etiology
Structural causes of coma can be categorized into “compressive” or “destructive” lesions. Compressive lesions
(e.g., intracranial hemorrhage or tumor) may cause
impairment of consciousness by several mechanisms:
(1) by directly distorting the ARAS or its projection,
(2) by increasing ICP and thus impairing cerebral blood
flow, (3) by distorting and displacing normal brain tissue,
(4) by causing edema and further distortion of brain, or
(5) by causing herniation [2].
Compressive lesion such as epidural hematoma classically results from traumatic fracture of the skull that
lacerates a meningeal vessel branch. Blood accumulates
between the skull and the dura, causing brain compression
and shift. Some patients exhibit a period of lucid interval
after trauma, until the expanding hematoma grows large
enough to cause displacement of the diencephalon and
brain stem, leading to impaired consciousness. Subdural
hematoma usually results from tearing of bridging cerebral
veins. They are more commonly seen in elderly or alcoholic
patients with cerebral atrophy, or patients who are
anticoagulated with warfarin, clopidogrel, or aspirin. Acute
subdural hematoma has a high mortality rate due to high
association with other injuries, such as brain contusions.
Subarachnoid hemorrhage, when due to rupture of
aneurysm, has high rates of mortality and morbidity. As
the blood in the subarachnoid space breaks down, inflammatory reaction is incited, resulting in cerebral vasospasm.
Delayed brain ischemia and infarction can occur. Hydrocephalus can also complicate subarachnoid hemorrhage
due to impairment of cerebrospinal fluid absorption, leading to elevated intracranial pressure (ICP) and impairment of consciousness.
Brain tumors often present with headaches, focal neurologic deficits, or seizures. They may present with
impaired consciousness due to compression or infiltration
of the diencephalon or due to herniation.

Destructive lesions (e.g., cerebral infarct) cause coma
by directly damaging the ARAS or its projections. Bilateral
cortical or subcortical infarcts, due to cardioembolism or
severe bilateral carotid stenosis, could result in coma.
Although impairment of consciousness rarely occurs due
to unilateral cerebral hemispheric infarct, it may occur in
delayed fashion secondary to edema of infarcted tissue
causing compression of the other hemisphere and diencephalon. Occlusion of the thalamo-perforators branches
of the basilar artery can lead to infarcts of bilateral thalami,
causing coma or hypersomnolence [2]. Pontine hemorrhage, usually due to uncontrolled hypertension, is characterized by sudden onset of coma, pinpoint pupils,
breathing irregularity, and ophthalmoplegia. Cerebellar
hemorrhage, another possible consequence of
uncontrolled hypertension, presents with occipital headache, nausea and vomiting, unsteadiness, and ataxia. Early
diagnosis and treatment is crucial, as once the patient is
comatose, surgical intervention is often futile.
Traumatic brain injury (TBI) is another common
cause of coma. Mechanism of loss of consciousness in
TBI may be due to shearing forces applied to the ARAS.
Diffuse axonal injury (DAI) is associated with severe TBI,
and portends a poor prognosis.

Herniation Syndromes
The Monro–Kellie doctrine hypothesizes that the central
nervous system and its accompanying fluids are enclosed
in a rigid container, and the sum of the volume of the
brain, cerebrospinal fluid (CSF), and intracranial blood
remains constant. An increase in volume of one component (e.g., a growing mass lesion) can be compensated to
a degree by the displacement of an equal volume of
another component (e.g., CSF). When this compensatory
mechanism is overwhelmed, even a small increase in volume will lead to a large increase in pressure. The differential pressure gradient between adjacent intracranial
compartments leads to herniation.
Several herniation syndromes are commonly
described. Uncal herniation occurs when a mass lesion in
a lateral cerebral hemisphere pushes the uncus, or medial
temporal lobe, medially and inferiorly over the tentorial
edge. Uncal herniation causes stretching of ipsilateral oculomotor nerve, which leads to fixed and dilated pupil.
Hemiparesis, either contralateral or ipsilateral, could
result from compression of the cerebral peduncles. The
posterior cerebral artery runs along the tentorial notch,
and its compression could lead to ischemia of ipsilateral
occipital lobe, leading to visual field deficit. In central
herniation, or transtentorial herniation, pressure from
expanding supratentorial mass lesion displaces the
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diencephalon caudally. In addition to distorting the
ARAS, branches of the basilar artery are also stretched,
leading to brainstem hemorrhage. Tonsillar herniation
results when the cerebellar tonsils are pushed caudally
down the foramen magnum, causing direct compression
of the medulla; fourth ventricular CSF outflow is closed
off, leading to further increase in intracranial pressure.
Subfalcine herniation, or cingulate herniation, occurs
when one cerebral hemisphere pushes medially under
the rigid falx cerebri, causing displacement of the cingulate
gyrus. Branches of the anterior cerebral artery are sometimes pushed against the falx, leading to ischemia of
medial cerebral hemispheres.

Metabolic Etiology
Diffuse, multifocal, and metabolic diseases cause stupor
and coma due to interruption in delivery of oxygen or
substrates (e.g., hypoxia, ischemia, hypoglycemia), alterations in neuronal excitability and signaling (e.g., drug
toxicity, acid–base imbalance), or changes in brain volume
(e.g., hypernatremia, hyponatremia) [3].
Hypoxia and ischemia can lead to impairment of consciousness. The brain has one of the highest metabolic
rates of any organ and requires a constant supply of
oxygen, glucose, and cofactors to generate energy, synthesize proteins, and carry out electrical and chemical reactions. The brain lacks reserves of its essential substrates,
and therefore it is vulnerable to even temporary cessation
of substrates or blood flow [2]. Cerebral autoregulation
maintains cerebral blood flow at a relatively constant rate
over a range of systemic blood pressure. When
autoregulation fails in the extremes of systemic blood
pressure, cerebral blood flow decreases and lactic acid
builds up, leading to a decrease in pH and impairment
in ATP generation. Neuronal cell death could occur due to
calcium influx and free radical formation [2].
Glucose is a major substrate for brain metabolism.
Profound hypoglycemia causes damage to the cerebral
hemispheres, producing laminar or pseudolaminar necrosis in severe cases [2]. Hypoglycemia could present as
delirium, stroke, or coma; therefore, finger-stick glucose
should be checked on all patients presenting with
impaired consciousness.
Wernicke’s encephalopathy is a syndrome caused by
thiamine deficiency, with classic symptoms of confusion,
ataxia, and ophthalmoplegia. If left untreated, Wernicke’s
encephalopathy could progress to Korsakoff ’s syndrome,
an irreversible syndrome characterized by amnesia and
confabulation.
Acute liver failure causes increased permeability of
blood-brain barrier, leading to cerebral edema and
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elevated ICP. Elevated ICP is a major cause of death in
patients with acute liver failure [2]. Elevated ammonia
level is implicated in hepatic encephalopathy, although
direct correlation between ammonia level and degree of
clinical impairment is lacking. Clinical presentation varies
from delirium to obtundation. Hyperventilation with
respiratory alkalosis is common. Nystagmus, dysconjugate
eye movement, and muscle spasticity have been described.
Decorticate or decerebrate posturing is possible with
deep coma.
Renal failure may lead to uremic encephalopathy. The
precise pathophysiology of uremic encephalopathy is not
clear. Furthermore, treatment of uremia by hemodialysis
may cause rapid change in osmolarity, leading to rapid
water shifts and cerebral edema, which could result
in coma.
Endocrinopathies such as panhypopituitarism, adrenal insufficiency, hypothyroidism, and hyperthyroidism
have all been implicated as causes of coma. Patients with
diabetes may present with nonketotic hyperglycemic
hyperosmolar coma or coma from diabetic ketoacidosis.
Many drugs can cause coma. Sedative drugs such as
benzodiazepines and barbiturates, opioids, and ethanol
can cause impairment of consciousness, as can psychotropic drugs such as tricyclic antidepressants, lithium, and
selective serotonin reuptake inhibitors; anticholinergic
drugs, amphetamines, and illicit drugs all can cause delirium and coma.
Acid–base imbalance, especially respiratory acidosis,
and electrolyte derangements such as hyper- and
hyponatremia,
hyperand
hypocalcemia,
and
hypophophatemia can result in delirium, stupor, and coma.
Infectious and inflammatory diseases of the central
nervous system, including meningitis, encephalitis,
and cerebral vasculitis could present with impaired
consciousness.
Seizures and postictal states can also present as coma.
In one series of comatose patients without overt clinical
seizure activity, EEG demonstrated nonconvulsive status
epilepticus in 8% of patients [2]. Seizure produces an
increase in cerebral metabolic demand, and sustained
seizures can lead to hypoxic-ischemic brain damage if
untreated.

Treatment
When presented with the unconscious patient, basic principles of life support apply. Check airway, ensure breathing
and oxygenation, and maintain circulation. Intubate the
patient if GCS  8. The PaO2 should be maintained above
100 mmHg and the pCO2 kept ideally between 35 and 40
mmHg. The mean arterial pressure (MAP) should be
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maintained above 70 mmHg to ensure adequate brain
perfusion. Intravascular volume depletion should be
corrected, and vasopressors may need to be used to maintain systemic pressure. Hypertension should be treated
cautiously, keeping in mind that for patients with chronic
hypertension, a sudden drop in blood pressure may lead to
relative hypoperfusion of the brain.
Finger-stick glucose should be checked, and both
hyperglycemia and hypoglycemia should be treated. Glucose should be administered along with thiamine to avoid
precipitating Wernicke’s encephalopathy.
If narcotic overdose is suspected, naloxone can be
given intravenously and repeated as necessary. Keep
in mind that, while naloxone has duration of action
of 2–3 h, some narcotics have a much longer half-life.
Thus, close observation is needed for patients who
recover after naloxone administration. If benzodiazepine
overdose is suspected, flumazenil, a benzodiazepine
antagonist, is sometimes used. Gastric lavage with activated charcoal is sometimes utilized for suspected drug
ingestion.
If the stuporous or comatose patient is relatively stable, an emergency CTscan should be obtained. However, if
elevated ICP is suspected, or if impending or active herniation is suspected, intracranial hypertension needs to be
treated first. Hyperventilation to PaCO2 between 25 and
30 mmHg will transiently lower ICP while other therapeutic measures take effect. Mannitol, a hyperosmolar
agent, may be given as a bolus to draw water from the
brain, thus lowering ICP. Mannitol is also reported to
lower blood viscosity and thus improve cerebral perfusion.
Alternatively, hypertonic saline can be given either as
a bolus of 23.4% solution or as a continuous drip of 3%
solution to lower ICP.
Seizures must be quickly diagnosed and treated, as
repeated or continuous seizures (i.e., status epilepticus)
could cause secondary brain injury. Lorazepam should be
administered to stop generalized seizures, followed by
a loading dose of phenytoin or valproic acid. When these
measures fail, general anesthesia with propofol or pentobarbital may be necessary.
If meningitis or encephalitis is suspected, broad spectrum antimicrobials should be instituted after blood cultures are obtained. A CT scan should be obtained to rule
out a mass lesion prior to lumbar puncture, although
treatment should not be delayed while waiting for culture
results. Steroid is used as an adjunct to antibiotics in
bacterial meningitis to decrease inflammatory response.
Additional therapy should be tailored toward specific
etiology.

Evaluation and Assessment
The prompt diagnosis and treatment of patient in coma is
crucial to outcome. Coma caused by some metabolic
derangements, such as hypoglycemia, is reversible if
appropriate and timely therapy is instituted. Coma due
to compression from subdural hematoma or epidural
hematoma could be reversible if promptly diagnosed and
surgically evacuated. Therefore, the evaluation and assessment of the unconscious patient ought to proceed in
a rapid, systematic, and focused manner, sometimes
simultaneously with treatment.
When possible, history should be obtained from
patient’s relatives, friends, paramedics, or police. The
onset and progression of coma sometimes could give
clues to the etiology. General physical exam looking for
signs of trauma or systemic medical illness should be
performed. Periorbital ecchymosis (raccoon eyes), drainage of clear or bloody fluid from the ears or nose, and skull
base ecchymosis (Battle’s sign) are all signs of trauma.
A quick neurologic exam should be performed,
assessing verbal response, eye opening, and motor
response. Brainstem reflexes such as pupillary light reflex,
oculocephalic reflex, oculovestibular reflex, and corneal
reflex should be tested. Deep tendon reflexes and skeletal
muscle tone should also be assessed.
Respiratory pattern should be noted as regular, periodic, or ataxic, or combination of these. Cheyne–Stokes
respiration is a pattern of periodic breathing with phases
of hyperpnea alternating with apnea. The depth of respiration waxes and wanes in a crescendo–decrescendo
manner. It is generally seen in patients with diffuse forebrain lesions, uremia, hepatic failure, or heart failure.
Sustained hyperventilation is sometimes seen in patients
with hepatic coma, sepsis, diabetic ketoacidosis, meningitis, or pulmonary edema. True central neurogenic
hyperventilation is rare, and may be due to midbrain or
pons lesions. Apneustic breathing is characterized by
prolonged pause at full inspiration, and it usually reflects
lesion in the pons, as seen in patients with brainstem
strokes from basilar artery occlusion. Ataxic breathing,
or irregular, gasping respiration, implies damage to the
medullary respiratory center. Cluster breathing is characterized by periods of rapid irregular respiration,
followed by apneic spells, and is indicative of lesion in
the medulla.
Emergency laboratory tests for evaluation of coma
should include complete blood count, electrolyte panel,
coagulation studies, ammonia, arterial blood gas, cerebrospinal fluid studies, and electrocardiogram. Additional
studies, such as liver function test, thyroid and adrenal
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function tests, blood culture, urine culture, and toxicology
screen should be considered.

After-care
The cost of caring for a patient in the comatose state
carries beyond the acute intensive care setting. Coma is
often a transient stage; few patients remain in eyes-closed
coma for more than 10–14 days [4]. Patients ultimately
will die, recover, or transition to vegetative state. The
comatose and vegetative patients have shortened life
expectancy due to several factors, often succumbing to
respiratory or urinary tract infections, multisystem
organ failure, and respiratory failure [5].
Survival of these patients depends, to some degree,
on the quality and intensity of medical treatment and
nursing care. Proper skin care, such as frequent turning
and repositioning, helps reduce incidence of decubitus
ulcers. Daily passive range of motion exercise helps
reduce limb contractures. Tracheostomy and percutaneous gastric feeding tube are often necessary for
maintaining airway and providing nutrition and hydration [5].

Prognosis
The prognosis for coma is variable and largely dependent
on the etiology, location, and severity of brain damage.
The Glasgow Outcome Scale (GOS) is often used to grade
the level of functional recovery from coma: Grade 5 indicates recovery to previous level of function; Grade 4
describes patients who recover with moderate disability
but remains independent; Grade 3 indicates recovery with
severe disability with dependence on others for daily support; Grade 2 indicates recovery to vegetative state, and
Grade 1 indicates no recovery.
In one series of 500 patients with nontraumatic
coma, 16% led an independent life at some point within
the first year (GOS grade 4 or 5), while 11% regained
consciousness but was dependent on others for activities
of daily living, 12% never improved beyond the vegetative state, and 61% died without recovery from coma
[4]. Patients who survived nontraumatic coma made
most of their recovery within the first month. Longer
duration of coma was associated with worse chance
of functional recovery. Among different disease processes, subarachnoid hemorrhage had the worst
outcome, while hepatic encephalopathy and other metabolic causes had the best. Lack of verbal response, eye
opening, motor response, pupillary light reflex, corneal
reflex, oculocephalic response, oculovestibular response,
or spontaneous eye movements were all independently
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associated with lack of recovery to independent
function.
Coma arising from TBI portends better prognosis than
nontraumatic coma [2]. A comprehensive review by
the Brain Trauma Foundation listed several factors
with class I prognostic evidence. Advanced age was predictive of poor outcome, with 56% of patients younger
than 20 and only 5% of patients older than 60 able to
achieve GOS of 4 or 5. Each lower GCS score was associated in a stepwise fashion with progressively worse
outcome. Absent pupillary light reflex or oculocephalic
response at any point in the illness predicts an outcome
of less than 4 on the GOS. Hypotension and hypoxia
were also independent predictors of poor outcome.
Abnormal neuroimaging findings such as compression
of basal cisterns or midline shift of brain structures,
indicative of elevated ICP, were predictive of poor
outcome.
While EEG is useful in identifying nonconvulsive status epilepticus in the comatose patient, it has not
been shown to be predictive of outcome. Somatosensory-evoked potentials (SSEPs), on the other hand, are
a better predictor. In several studies, bilateral absence
of cortical SSEPs predicted death or vegetative state in
almost all patients [2].

Cross-References

▶ Encephalopathy and Delirium
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Community-Acquired Pneumonia
(CAP)

Confusion
▶ Septic Encephalopathy

▶ Burns, Pneumonia
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Congenital Heart Disease in
Children
Compliance
Ratio between the change in volume determined by
a change in pressure (Crs = DV/DP), depending on the
elastic properties of the respiratory system.

JONATHAN R. EGAN, MARINO S. FESTA
The Children’s Hospital at Westmead, Westmead,
Australia

Synonyms
Cardiac disease; Heart disease

Definition

Complicated Intra-abdominal
Infections
▶ Abdominal Cavity Infections

Malformation of the heart present at birth.

Characteristics

Fluid in the pleural space that does not resolve spontaneously with treatment of the underlying infection, and
requires drainage with therapeutic thoracentesis or placement of a chest tube.

It is estimated that 4–10 liveborn infants per 1,000 are
diagnosed with congenital heart disease (CHD), with
approximately 40% diagnosed in the first year of life and
the remainder some time in childhood or adulthood [1].
The majority of lesions are amenable to surgical repair or
palliation and it has been estimated that the prevalence of
adults with CHD in the USA is increasing by approximately 5% per annum [2].
CHD may present in the newborn period or later in
childhood, usually with heart failure, central cyanosis,
episodic collapse, or as an incidental finding of a heart
murmur:

▶ Empyema

Heart Failure

Complicated Parapneumonic
Effusion

Computed Tomography
▶ Imaging for Acute Abdominal Pain

Confirmed STSS
Clinical case definition+isolation of GAS from a normally
sterile site.

Tachypnea, worse with exertion or feeding in an infant, is a
common sign of heart failure in CHD. This is most common in conditions that allow blood to shunt from left to
right (i.e., from the systemic to pulmonary circulation), or
in conditions that obstruction to flow through the heart at
the level of the valves, pulmonary veins, or either ventricular outflow tract causing pulmonary venous congestion.
In the infant, sweating with feeds and hepatomegaly
are commonly seen, and though dependent edema may
occur, pitting edema of the peripheries is much less common than in adults. Severe heart failure may manifest at
the time of spontaneous closure of the patent ductus
arteriosus at or around 1 week of age in a previously
asymptomatic neonate with an obstructive lesion of the
left heart such as critical aortic stenosis, hypoplastic left

Congenital Heart Disease in Children

heart syndrome (HLHS), interrupted aortic arch, or severe
coarctation of the aorta.
In later infancy and early childhood, undiagnosed
CHD leading to increased pulmonary blood flow or
obstruction to pulmonary venous drainage (e.g., ventricular septal defect, atrioventricular septal defect, patent
ductus arteriosus, anomalous pulmonary venous drainage) may cause chronic heart failure leading to impaired
growth and failure to thrive.
A chest X-ray will usually show cardiomegaly and
increased pulmonary vascular markings, with the notable
exception of obstructed total anomalous pulmonary
venous drainage of the infradiaphragmatic type where
marked pulmonary congestion is present in the absence
of cardiomegaly.
The normal fall in pulmonary vascular resistance in
the postnatal period may lead to increasing left-to-right
shunt and pulmonary blood flow in the first week of life.
Similarly, increased inspired oxygen or respiratory alkalosis may both decrease pulmonary vascular resistance and
lead to worsening heart failure.

Central Cyanosis
Cyanosis of the lips and tongue in the newborn infant is
indicative of desaturation of arterial hemoglobin and may
be readily identified by direct comparison with the
mother. Typically the baby with cyanotic congenital
heart disease looks otherwise well with little or no respiratory difficulty. An arterial blood sample pO2 taken in
maximal inspired oxygen will not exceed 100 mmHg.
The most common cause of cyanotic heart disease in
the newborn period is transposition of the great arteries
where separation of the pulmonary and systemic circulation requires mixing either at the level of the atrium via the
patent foramen ovale, or via a patent ductus arteriosus or
sometimes via a ventricular septal defect, to allow oxygenated blood to cross the systemic circulation.
Other CHD resulting in decreased pulmonary blood
flow (e.g., pulmonary atresia with an intact ventricular
septum, tetralogy of Fallot, tricuspid atresia, Ebstein’s
anomaly) or anomolous to pulmonary venous return to
the right atrium (e.g., total anomalous pulmonary venous
drainage with or without obstruction to the pulmonary
venous blood flow) may present with central cyanosis
commonly in the newborn period, or later in infancy or
childhood.

Incidental Murmur
It remains common for less severe forms of CHD to be
diagnosed in childhood by detection of a significant murmur on routine or coincidental examination.

C

Significant murmurs may be caused by turbulent flow
across abnormal structures (e.g., patent ductus arteriosus,
pulmonary stenosis) or connections (e.g., ventricular septal defect) or due to increased flow across normal structures (e.g., atrial septal defect causing left-to-right shunt
and a pulmonary flow murmur).

Episodic Collapse
Infants and children may have episodes of extreme tachycardia or bradycardia associated with alteration of consciousness, pallor, and sometimes collapse. Signs of heart
failure may initially be absent, especially in infants, and
develop over several hours if the abnormal rhythm
persists.
Supraventricular tachycardia is a rapid tachyarrhythmia with a rate usually over 220 bpm that may present de
novo in infants and older children. The electrocardiograph
(ECG) is characterized by the absence of P waves and
absolutely regular R–R interval. Up to a third of cases
have an underlying structural heart abnormality and
a proportion of the remainder have a short PR interval
with a delta wave on electrocardiograph (ECG) during
normal sinus rhythm implying early excitation via an
accessory pathway (Wolf–Parkinson–White syndrome).
Recurrent ventricular tachycardia is a recognized cause
of sudden death in childhood and may be associated with
a family history of sudden death. Prolonged QT syndromes (e.g., Romano-Ward syndrome or if associated
with sensorineural deafness Jervell and Lange-Nielsen syndrome) due to inherited defects in myocardial potassium
channel function that allow early repolarization typically
present with episodes of torsades de point causing sudden
collapse or death. Inherited defects of myocardial sodium
channels (e.g., Brugada syndrome) may present with sudden onset of ventricular arrhythmia in older children and
young adults [3].
Congenital complete heart block may present with
heart failure in the prenatal (hydrops fetalis) or postnatal
period and may be associated with maternal anticardiolipin
syndrome.

Management
Fetal Screening
An effective antenatal screening program may help
improve prenatal detection of life-threatening CHD. This
allows parents the choice of termination of pregnancy and
the chance of improved outcomes by avoiding unanticipated postnatal collapse and the careful planning of perinatal care [4].
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Postnatal Stabilization
Stabilization of the newborn with CHD depends on
detailed knowledge of the cardiac anatomy and assessment
of the changing physiology in the postnatal period. This
can only be achieved by a multidisciplinary approach to
care. Transthoracic echocardiography with Doppler measurement and color flow mapping is essential to confirm
diagnosis based on prenatal ultrasound or clinical examination and to rule out additional lesions. Cardiac catheterization is usually reserved for complex cases or if an
interventional procedure is indicated.
Full history and examination for associated abnormalities or syndromes should be undertaken. A systematic
approach to stabilization of the airway and breathing
is required in the initial postnatal period prior to
cardiac assessment. This may include intubation and ventilation to normalize lung volumes and reduce left ventricular wall stress in some cases. In cases of suspected
or known duct-dependent CHD (e.g., transposition of
the great arteries with intact ventricular septal defect
(VSD), hypoplastic left heart syndrome, interrupted aortic
arch), the neonate should be commenced on an intravenous infusion of epoprostenol (Prostacyclin) in order to
maintain the duct open (usual dose 5–25 ng/kg/min).
Care should be taken to ensure that the baby maintains
an adequate preload after starting the infusion as systemic vascular resistance and cardiac filling pressures
are likely to fall. The self-ventilating neonate should also
be closely observed for apnea at this time as this is known
to be associated with commencement of epoprostenol
infusion.
Babies with single ventricle anatomy and physiology,
in which a single ventricle effectively supplies pulmonary
and systemic blood flow (e.g., hypoplastic left heart syndrome, pulmonary atresia) are sensitive to changes to
systemic and pulmonary vascular resistance, which will
influence the relative flow to the two circuits. Hence, in
addition to maintaining good cardiac output by attention
to adequate preload and myocardial contractility, manipulation of factors to influence the vascular resistance in the
systemic and pulmonary circulations should be used to
allow adequate systemic blood flow. Avoidance of noxious
stimuli, maintenance of normothermia and appropriate
analgesia are important, in addition to pharmacological
manipulation by systemic vasodilators, in order to avoid
a situation of increased systemic vascular resistance leading to excess pulmonary flow and decreased systemic
oxygen delivery. This situation may be exacerbated by
the normal fall in pulmonary vascular resistance in the
postnatal period, or by use of high inspired oxygen or
hyperventilation, both of which should be avoided.

Babies born with separated pulmonary and systemic
circulations (e.g., transposition of the great arteries) are
dependent on communications between the atria, ventricles, or at the level of the patent ductus arteriosus to allow
adequate mixing of oxygenated and desaturated blood.
This may need to be augmented at the level of the atrial
connection by a balloon atrial septostomy following femoral or umbilical vein catheterization soon after birth in
babies where low systemic arterial oxygen saturation of
hemoglobin (usually below 70–75%) is significantly contributing to decreased systemic oxygen delivery. Preductal pulseoximetry saturations should be monitored,
usually in the right hand, in order to monitor saturation
of blood reaching the brain and myocardium.

Cardiac Surgery and Cardiopulmonary
Bypass
Surgery, if required, may be in the neonatal period, or
early or late childhood. The aim of surgery may be corrective or palliative, and surgery may need to be
conducted on more than one occasion in a staged
approach. In a significant proportion of cases, cardiopulmonary bypass (CPB) and some degree of cooling is
required to allow adequate oxygenation of vital organs
during surgery, which requires an empty heart and usually
a period of cardiac standstill. Occasionally, a short period
of low-flow CPB or of complete hypothermic circulatory
arrest may be required to allow a relatively bloodless field
during complex surgery on the aorta. Clearly, this is a time
of high risk with potential for embolic or ischemic damage
and the prospect of disturbed physiology in the postoperative period following myocardial and end-organ reperfusion.
Advances in the care of newborns with CHD have
meant that neonatal reparative surgery is increasingly
possible. Though complex and challenging, early repair
offers significant advantages. These include early elimination of cyanosis and of congestive heart failure, optimal
circulation for growth and development, and reduced
anatomic distortion from palliative procedures.
Palliative cardiac surgery remains the only option in
infants with an anatomical single ventricle (e.g., hypoplastic left heart syndrome). This usually requires a threestaged approach. Firstly, pulmonary blood flow is secured
via a systemic to pulmonary arterial shunt. Later, in
infants without elevated pulmonary vascular resistance
and with adequate atrioventricular valve and diastolic
ventricular function, a cavopulmonary anastamosis is created so that systemic venous return is directed directly into
the pulmonary arteries. This is done in two stages, firstly
by directing return from the superior vena cava to the
pulmonary arteries via a bidirectional cavopulmonary
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(Glenn) anastamosis and later by the additional redirection of the inferior vena cava flow, either via a lateral
tunnel through the atrium or via an extra-cardiac conduit,
to create a complete cavopulmonary (Fontan) circulation.
Rearrangement of the systemic and pulmonary circulation
to operate “in series” in this way leads to correction of
cyanosis. However, given the paucity of long-term outcome data, total cavopulmonary circulation remains
viewed as a palliative rather than a curative procedure.
Care of the postoperative cardiac surgical patient is
complex and requires knowledge of the underlying anatomy and physiology and details of the surgery and
intraoperative course. A progressive low cardiac output
state, not attributable to any residual or undiagnosed
cardiac lesion, which reaches its nadir usually by 12-h
postoperatively, occurs in a significant proportion of
patients [5]. This complexity is managed by mechanical
ventilation and pharmacological support to optimize
myocardial function, pulmonary and systemic afterload,
and supportive intensive care therapy.
Lesions with increased pulmonary blood flow or
increased pulmonary venous pressure may predispose to
increased postoperative pulmonary artery pressures and
increased reactivity of the pulmonary vasculature in the
postoperative period, necessitating the use of inhaled nitric
oxide as a selective pulmonary vasodilator in some cases.
A small number of patients require extracorporeal
mechanical oxygenation (ECMO) support to allow myocardial rest and adequate time for recovery following
cardiac surgery.
Early postoperative extubation may be of benefit in
some patients, particularly in those with cavopulmonary
anastamosis, and should be considered in any patient
known to have had a smooth intraoperative course and
without signs of excessive bleeding, hypoxemia, or low
cardiac output state in the early postoperative period.

After-care
Medical management usually involves diuretic therapy
with or without ACE inhibitors in the weeks and months
following surgery. Regular assessment for late surgical
complications including wound infection, chylothorax,
postcardiotomy immune pericarditis (Dressler’s syndrome), and for residual lesions is undertaken before
gradual tapering of medical follow-up. In the case of
more complex lesions where further operative interventions or transplant may be required, ongoing follow-up
through to adulthood is mandatory and these patients
should be transitioned to adult congenital heart disease
programs. In addition to echocardiographic and cardiac
catheter assessments, cardiac magnetic resonance imaging

C

may also be useful in the assessment of cardiac function in
some patients.
In infants following Stage 1 palliation of HLHS, significant interstage mortality may be reduced by careful
monitoring of saturations and weight gain either in hospital or at home.
Orthotopic heart transplantation should be considered in infants and children with severe intractable forms
of CHD.

Prognosis
CHD is responsible for the most deaths in the first year of
life of any other birth defect. While most CHD occurs as
an isolated congenital malformation, CHD is more common in several genetic conditions, including Trisomy 21
(Down syndrome), Noonan syndrome, Marfan syndrome,
Trisomy 13 (Patau syndrome), and DiGeorge syndrome,
and prognosis depends on the type of CHD, as well as any
underlying condition.
Advances in perfusion practice, surgical techniques,
and postoperative care have all led to overall decreased
perioperative mortality. Long-term morbidity, including
abnormal neurodevelopmental outcomes, particularly in
patients with single ventricle physiology or following
prolonged postoperative recovery has been noted and is
the topic of ongoing research.
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Conscious Sedation
JOHN H. BURTON
Department of Emergency Medicine, Carilion Clinic
Virginia Tech Carilion School of Medicine,
Roanoke, VA, USA

Synonyms
Deep sedation; Procedural sedation; Sedation

Definition
The phrase “conscious sedation” has historically been
applied to the administration of sedative or analgesic
medications for suppression of a patient’s level of consciousness in preparation for, and during, a painful or
anxiety-provoking medical procedure.
Conscious sedation as applied to many modern procedures is a misnomer, particularly in the intensive care
unit (ICU) or emergency department (ED) setting. In
these practice environments, a depth of patient relaxation
and sedation well below “conscious” is frequently
intended. Many providers attempt to be more descriptive
in the depth of intended sedation by adding the descriptors “mild,” “moderate,” or “deep” for any encounter.
Others have been proponents for the terms “procedural
sedation” or “procedural sedation and analgesia” in an
attempt to emphasize a depth of sedation and analgesia
that will be consistent with the one best suited for the
intended procedure.
Regardless of the terminology used, the practice of
conscious sedation is an essential component of sedation
and/or analgesia for many procedural interventions. The
proper use of conscious sedation will confer significant
benefits to both the patient and the medical provider. For
patients, relief of pain, anxiety, and amnesia to the procedure event are obvious desirable outcomes. Similarly,
more relaxed and comfortable patients will translate to
an improved experience for medical providers with
enhanced patient safety, improved procedure success,
and less angst for the pain and suffering inflicted on the
patient on behalf of the medical procedure [1].

Depth of Conscious Sedation
The depth of intended patient sedation and relaxation can
be broadly characterized as mild, moderate, and deep
levels of suppressed consciousness. These categorizations
exist along a broad spectrum for the depth of patient
sedation intended for the procedure. A state of general
anesthesia completes the spectrum and describes a depth

of sedation characterized by unresponsiveness to all stimuli and the absence of airway protective reflexes.
Minimal sedation typically describes a patient with
a near-baseline level of alertness. This level of sedation
does not impair the ability to follow commands or
respond to verbal stimuli. Under a state of minimal sedation, cardiovascular and ventilatory functions are not
threatened or impaired.
Moderate sedation describes a depth of consciousness
characterized by many or all of the following: eyelid ptosis,
slurred speech, and delayed or altered responses to verbal
stimuli. Event amnesia will frequently occur under moderate sedation levels. The patient airway should be minimally threatened by apnea or ventilatory suppression
under moderate sedation depths. Similarly, while the likelihood of cardiovascular embarrassment is small, monitoring of cardiovascular status is appropriate for changes
in patient oxygenation, blood pressure, and heart rate.
Deep sedation renders the patient level of consciousness unresponsive to most verbal commands with preservation of airway protective reflexes and noxious, painful
stimuli. Event amnesia is typical of deep levels of sedation.
Monitoring for deep sedation encounters should emphasize the significant potential for reduction in ventilation
and cardiovascular complications including changes to
heart rate, heart rhythm, and blood pressure. The potential for apnea should also prompt the consideration for
more sensitive ventilation monitoring techniques, including exhaled, end-tidal carbon dioxide levels.

Pre-existing Condition
Minimal, moderate, and deep sedation have all been
described in the medical literature for conditions that
invoke pain, anxiety, and complex medical procedures
that may require minimal patient movement and optimized muscle relaxation.
In the ICU setting, conscious sedation should be distinguished conceptually from continuous sedation. The
former would be employed toward procedures or events
requiring sedation or relaxation, while the latter would
imply the use of sedative agents for continuous sedation
for patient comfort during periods of mechanical ventilation or to supplement ongoing medical treatment and
stabilization. For example, an intubated ICU patient may
be treated with a propofol infusion for continuous sedation. This patient may require a procedure, such as tube
thoracostomy, that may provoke consideration of a plan
for increased sedation and/or analgesia to address the pain
associated with this procedure. In most other settings,
including emergency or gastroenterology procedures, for
example, the likelihood that the patient will be under any
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form of continuous sedation is much smaller and therefore, a treatment plan for conscious sedation will be initiated from a normal level of patient consciousness.

Conscious Sedation Procedures
Common procedures in which conscious sedation will be
utilized in the ICU or emergency setting are listed in
Table 1. Procedures such as electrical cardioversion or
sedation for radiological imaging may be viewed as events
where the addition of an analgesic agent is of limited
benefit given the limited amount or complete absence of
pain prior to or following the procedure. In these events,
the conscious sedation plan may be simplified to emphasize a sedation strategy with minimal or no analgesic
considerations.
Procedures such as orthopedic fracture or dislocation
reduction are typical of encounters where both patient
relaxation and analgesia should be considered in the sedation plan. These patients will have analgesic requirements
prior to, during, and following the treatment procedure.
These patients should have a conscious sedation plan that
incorporates a baseline analgesic treatment plan in addition to the planned sedation.

Pre-sedation Considerations
Preexisting medical illnesses should be considered in the
formulation of any conscious sedation treatment plan.
Acute or chronic illnesses may render a patient to be at
elevated risk for adverse events during conscious sedation,
Conscious Sedation. Table 1 Common procedures in the
ICU or emergency setting where conscious sedation should be
considered
ICU
Chest tube thoracostomy

C

specifically cardiovascular or ventilatory embarrassment.
The contemplation of the use of sedation or analgesic
agents should then incorporate these risks into both the
decision to use conscious sedation or the selection of
specific treatment agents. Conditions such as hemorrhagic
shock or sepsis may render a significant degree of cardiovascular instability or risk with conscious sedation. Similarly, traumatic facial injuries, or morbid obesity may
render challenges to assisted ventilation in the case of
respiratory suppression. At a minimum, preparatory considerations prior to conscious sedation should include
a history of present illness, past medical history, and
focused physical examination directed toward airway
and cardiovascular assessment.
The oral intake of fluids or solids prior to sedation,
NPO status, remains a subject of debate among physicians
caring for conscious sedation patients [2]. More brief
periods of suppressed consciousness as well as lighter
depths of sedation during conscious sedation render limited analogies to the operating room patient experience
and NPO requirements in that setting. There have been
exceptionally few reports in the medical literature of
adverse outcomes related to NPO status for conscious
sedation patients. Additionally, there are many large series
of patients undergoing deep sedation levels with no aspiration or ingested solids/fluids complications. These
observations further support the position that the application of operative patient anesthesia principles is of limited utility to the typical conscious sedation patient.
Finally, the emergent or critical nature of many procedures
in the emergency or ICU setting prompts consideration of
a risk/benefit paradigm for any patient requiring a medical
procedure and conscious sedation. Taken in summary, the
risks of aspiration or obstruction from recent solid or fluid
intake must be balanced with the benefits derived from an
immediate or timelier sedation intervention [3].

Abscess incision and debridement
Ventriculostomy placement
Central venous or arterial line placement
Complex wound management, e.g., burn wound care
Emergency
Orthopedic fracture or dislocation reduction
Complex laceration repair
Abscess incision and debridement
Foreign body removal
Central venous line placement
Electrical cardioversion
Lumbar puncture
Radiological imaging

Application
Planned Depth of Sedation and Procedure
Minimal or light conscious sedation is usually performed
for procedures that are less painful, particularly with the use
of local anesthesia, and require light levels of patient relaxation. Typical light sedation encounters include procedures
such as lumbar puncture, radiological studies, simple fracture reductions in combination with local anesthesia, and
abscess incision and drainage. Agents and combinations
typically utilized for light sedation include fentanyl,
midazolam, and low-dose ketamine (Tables 2 and 3).
Moderate and deep conscious sedation is usually
performed for procedures that require greater degrees of
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Conscious Sedation. Table 2 Agents commonly utilized for
conscious sedation
Analgesia agents

Conscious Sedation. Table 3 Common agents, dosing, and
depth of sedation associated with each agent for patient
conscious sedation

Fentanyl
Morphine sulfate
Hydromorphone
Sedation agents

Repeat
dosea (mg/
kg)

Agent

Initial dose
(mg/kg)

Midazolam

0.03

0.03

Titrate to
desired
depth

Etomidate

0.15–0.20

0.1

Deep
sedation only

Propofol

0.5–1.0

0.5

Deep
sedation only

Methohexital 1.0

0.5

Deep
sedation only

Ketamine

0.5

Moderate
and deep
sedation

Benzodiazepines, e.g., midazolam
Barbiturates, e.g., methohexital
Propofol
Etomidate
Ketaminea
a

Ketamine has both analgesic and sedation properties

patient relaxation. These procedures often have greater
associated levels of pain and anxiety. Common moderate
or deep sedation encounters include procedures such as
complex orthopedic fracture or dislocation reductions,
tube thoracostomy, and more complex wound and
debridement procedures including burn dressing changes
or large abscess incision and drainage. Agents utilized for
moderate or deep sedation include higher dose ketamine,
etomidate, methohexital, and propofol as single agents or
in combination with an analgesic agent (Table 3).
Monitoring the depth of conscious sedation is best
performed with the use and documentation of
a standardized sedation assessment scale. Examples of
this include the Ramsay Scale (Table 4) or the modified
Aldrete-Parr Scale. Each of these scales, and other similar
patient assessment tools, utilize a standard set of predicted
impairment assessment in a number of body systems or
categories. Given that the most clinically relevant complications associated with conscious sedation encounters are
adverse respiratory events, patient depth of sedation monitoring should emphasize respiratory assessment in addition to depth of awareness.

Selection of Conscious Sedation Agents
With the exception of ketamine, the most substantial
pharmacologic effects of sedation medications impact
patient levels of consciousness with minimal to no analgesic effects [4]. Given that the majority of sedation procedures will involve pain, most conscious sedation
encounters should incorporate an analgesic approach to
augment the planned sedation depth.
The dosing of analgesic and sedative agents should be
standardized in a weight-based fashion. Selection of
a specific analgesic, sedative, or combination should take

1.0

Depth of
sedation

a

Some providers may prefer a continuous drip infusion to a repeatbolus dosing strategy

Conscious Sedation. Table 4 Ramsey sedation scale
Score

Responsiveness

1

Patient is anxious and agitated or restless, or both

2

Patient is cooperative, oriented, and tranquil

3

Patient responds to commands only

4

Patient exhibits brisk response to light glabellar
tap or loud auditory stimulus

5

Patient exhibits a sluggish response to light
glabellar tap or loud auditory stimulus

6

Patient exhibits no response

into consideration the patient’s prior experience with
sedation as well as the desired duration of clinical affects.
The use of short-acting agents such as propofol and
etomidate has gained wide-spread acceptance. Briefacting sedative agents confer shorter periods of impaired
levels of consciousness and subsequently less risk for
adverse respiratory events. An additional benefit to
shorter periods of impaired consciousness is reduced
monitoring times that allow for reduced allocations of
intense patient monitoring by medical staff.
Conscious sedation agents are typically dosed in
weight-based bolus increments in the emergency setting
(Table 3). In the ICU setting, the use of continuous infusions following an initial bolus is more commonplace

Continuous Renal Replacement Therapy (CRRT)

given the frequent use of continuous drip infusions from
these providers. Patients who require longer periods of
analgesia, such as those with fractures, will benefit from
strategies emphasizing longer-acting analgesic agents,
such as morphine or hydromorphone, coordinated with
sedative dosing.
A combination of agents is a common practice for
conscious sedation agent selection. The combination of
midazolam and fentanyl has historically been a strategy
used in many settings. Recently, the combination of ketamine and propofol (“ketofol”) has gained a degree of
interest. This combination, typically with bolus dosages
less than those employed with the use of propofol or
ketamine alone, 0.5–0.75 mg/kg for each agent, has been
argued to ameliorate the adverse risks associated with
ketamine or propofol alone while also capitalizing on the
benefits of each drug: a risk/benefit balance for each agent
in combination.
There remains a great deal of variation in the selection
of sedation and dosing regimens for conscious sedation
between medical providers and medical settings. Provider
experience as well as institution or medical consultant
preferences may substantially influence individual
approaches. A great deal of research has been performed
addressing comparative considerations for agent selection,
dosing, and patient procedures for conscious sedation
principles. Any institutional or medical provider approach
toward conscious sedation should be built upon
a foundation derived from the extensive findings in the
medical literature.
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Consumption Coagulopathy
▶ Disseminated Intravascular Coagulation
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Contact Precautions
A set of practices used to prevent patient-to-patient transmission of infectious agents that are spread by direct or
indirect contact with the patient. Health-care workers
caring for patients on contact precautions wear a gown
and gloves for interactions that may involve contact with
the patient or patient’s environment. In addition, patients
are placed in a single room or shared room with other
patients on contact precautions for the same indication.

Continuous Arterio-venous
Hemofiltration (CAVHF)
▶ Hemofiltration in the ICU

Continuous Cardiac Output (CCO)
▶ Cardiac Output, Measurements

Continuous Hemodialysis
(CVVHD)
▶ Hemofiltration in the ICU

Continuous Positive Airway
Pressure (CPAP)
▶ Noninvasive Ventilation

Continuous Renal Replacement
Therapy (CRRT)
▶ Hemofiltration in the ICU
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Continuous Veno-venous Hemodiafiltration (CVVHDF)

Continuous Veno-venous
Hemodiafiltration (CVVHDF)
▶ Hemofiltration in the ICU

Recently the Acute Kidney Injury Network (AKIN)
proposed a consensus definition where AKI is defined as
an increase of 0.3 mg/dL or 50% or greater occurring
within a 48 h time period [4].

Treatment

Continuous Veno-venous
Hemofiltration (CVVHF)
▶ Hemofiltration in the ICU

The treatment of established CI-AKI is not different from
other types of AKI and consists of prevention of hypotension and hypovolemia and stop administration of potential nephrotoxic agents. For a more detailed discussion on
the treatment of AKI we refer to the specific chapters
on this in this textbook.

Prevention

Contrast Medium-Induced
Nephropathy
▶ Contrast Nephropathy

Contrast Nephropathy
ERIC A. J. HOSTE
Department of Internal Medicine, Ghent University
Hospital, Ghent, Belgium

Established risk factors for development of CI-AKI
include an estimated glomerular filtration rate (eGFR)
<60 mL/min/1.73 m2, diabetes mellitus, volume depletion, nephrotoxic drugs, anemia, and hemodynamic instability [5]. ICU patients have often one or more of these
risk factors, and are therefore at greater risk for development of CI-AKI. Also intra-arterial administration of
radio contrast medium, high volume of contrast medium,
and contrast medium with high osmolality are associated
with higher risk for CI-AKI.
Preventive measures for CI-AKI can be categorized
into four groups: withdrawal of nephrotoxic drugs, volume
expansion, pharmacologic therapies, and hemofiltration
or hemodialysis. We will discuss these in detail.

Withdrawal of Nephrotoxic Drugs

Synonyms
Contrast medium-induced nephropathy; Contrastassociated acute kidney injury; Contrast-induced
nephropathy

Definition
Several definitions for contrast-induced acute kidney
injury (CI-AKI) have been used in medical literature. CIAKI is typically defined as an increase of serum creatinine
of 0.5 mg/dL or 25% or more within 2 days following
contrast medium administration [3]. Multiple variations
on this definition are used: some use only the absolute
increase and others only the relative increase of serum
creatinine, the observation period may be increased up
to 5 days, and some use the more specific cut off of an
absolute increase of 1 mg/dL. The European Society of
Urogenital Radiology defines CI-AKI by an increase of
serum creatinine of 0.5 mg/dL or 25% or greater within
3 days following intravascular administration of radio
contrast medium, without an alternative etiology.

All nephrotoxic drugs should be withdrawn >24 h before
contrast administration in patients at risk for CI-AKI
(GFR<60 mL/min) [5].

Volume Expansion
Volume expansion with crystalloids at a rate of 1–1.5 mL/kg
for 1–12 h before the procedure, and continued for 6 to
12 h afterwards, has an established role in reducing the risk
for CI-AKI. Isotonic saline 0.9% was in one trial superior to
half isotonic saline 0.45% in prevention of CI-AKI. Isotonic
sodium bicarbonate (3 mL/kg/h for 1 h before the procedure and at 1 mL/kg/h for 6 h after the procedure) was
superior to isotonic saline in prevention of CI-AKI, in
a number of smaller studies and in meta-analyses [1].
Although, the number of patients studied, and heterogeneity of the studies, preclude a firm conclusion.

Pharmacological Therapy
No adjunct pharmacological therapy to date has been
proven efficacious for reducing the risk for CI-AKI [5].

Contrast Nephropathy

The CIN Consensus Working Panel has divided the
drugs that have been evaluated into three categories based
on their results [5].

Positive Results
These drugs are potentially beneficial, but need further
evaluation.
● Theophylline/aminophyllin
These adenosine antagonists block the potent
intrarenal vasoconstrictor adenosine, which also is a
mediator of tubulo-glomerular feedback. A metaanalysis including seven trials and 480 patients demonstrated a significant decline in serum creatinine after
contrast administration.
● Statins
Retrospective data from large databases demonstrated that patients who were treated with statins
had a lower incidence of CI-AKI. This can be
explained because statins have beneficial effects on
endothelial function, maintain nitric oxide production, and reduce oxidative stress. A prospective randomized study published after the recommendations,
in 304 patients undergoing coronary angiography,
could not demonstrate a beneficial effect when 80 mg
atorvastatin was administered daily, 48 h before and
after the contrast procedure.
● Ascorbic acid
A small prospective randomized study in 231
patients undergoing cardiac catheterization demonstrated a lower incidence for patients treated with
oral ascorbic acid (3 g before and two times 2 g after
the procedure).
● Prostaglandin E1
Two small studies including 130 and 125 patients
found that the vasodilator prostaglandin E1 and its
synthetic analogue misoprostol were effective in
reducing the risk for CI-AKI.

Neutral

● N-acetylcysteine (NAC)
Although NAC is often administered for prevention
of CI-AKI, the evidence supporting its use is weak. Over
27 prospective randomized studies and meta-analyses
found conflicting results regarding the potential beneficial effects of NAC on CI-AKI. The majority of studies
were in patients undergoing non-coronary or coronary
angiography with intra-arterial administration of contrast medium. Studies were heterogeneous as several
dosing regimes were evaluated, in different cohorts,
and different outcomes were assessed.

C

A study in volunteers suggested that the beneficial
effects of NAC could be attributed to an effect on serum
creatinine concentration, and not on glomerular filtration rate. However, recent data could not confirm this.
● Fenoldopam/dopamine
Three small studies and one uncontrolled study
suggested that renal dose dopamine could prevent
CI-AKI. This could not be confirmed in a prospective
randomized study.
Fenoldopam, a selective dopamine-A1 receptor
agonist, was beneficial in several uncontrolled studies,
but not in two prospective randomized studies.
● Calcium channel blockers
Several small studies evaluated the effects of
amlodipine, nifedipine, nitrendipine, and felodipine
on risk for CI-AKI, but found no consistent effect.
● Atrial natriuretic peptide (ANP)
Two small studies could not demonstrate
a beneficial effect of ANP on the occurrence of CI-AKI.

Negative Effects

● Furosemide, mannitol, and dual endothelin receptor
antagonist
These drugs were evaluated in small studies with
conflicting and negative results on prevention of CI-AKI.

Hemofiltration or Hemodialysis
Hemodialysis can effectively remove contrast media.
However, even when administered within 1 h after contrast administration, hemodialysis was not effective in
reducing the incidence of CI-AKI.
The CIN Consensus Working Panel agreed that in
patients with severe renal impairment (GFR <20 mL/kg/
min), hemodialysis should be planned in case CI-AKI
occurs [5].
Hemofiltration was beneficial in preventing CI-AKI in
two studies, when administered 4–6 h before the procedure, and continued for 18–24 h afterwards. These studies
were flawed as the primary endpoint CI-AKI, defined by
a 25% increase of serum creatinine, is affected by
hemofiltration. Secondary endpoints, such as in-hospital
and 1-year mortality, were also positively affected by the
intervention. Further data are therefore needed.

Evaluation/Assessment
It is important to identify risk factors for CI-AKI in
patients who will undergo a contrast procedure. After
the procedure it is recommended to monitor serum creatinine concentration for 3–5 days in order to diagnose
occurrence of CI-AKI.
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After-care
The therapy for CI-AKI is similar to other forms of AKI in
ICU patients, and consists of optimization of volume
status, and withdrawal of nephrotoxic drugs. Further,
one needs to monitor and tread for consequences of CIAKI such as hyperkalemia and other electrolyte abnormalities, volume overload, and acidosis.

Prognosis
Patients who develop CI-AKI are at greater risk for inhospital mortality and 1-year mortality [3]. Levy et al.
found a 5.5-fold increased risk of hospital death, even
after correction for other comorbidities [2]. Risk of
death is greater in patients with need for treatment with
renal replacement therapy, and in patients with chronic
kidney disease before the procedure.
The risk for developing need for dialysis is currently
estimated as <1% in patients with CI-AKI in low risk
patients. Data in ICU patients are scarce; one study
found that 3.5% of 486 ICU patients needed treatment
with dialysis after contrast administration. Another study
in 139 ICU patients found a nonsignificant higher incidence of dialysis in patients with CI-AKI (19% versus 6%,
p = 0.091).
CI-AKI is also associated with other adverse cardiovascular outcomes such as myocardial infarction, bypass
surgery, pulmonary edema, cardiogenic shock, bleeding
requiring transfusion, and vascular complications. Also,
length of hospital stay is longer in patients who have
CI-AKI.
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Definition
Conus medullaris syndrome (CMS) arises from
a spectrum of clinicopathologic entities representing dysfunction of the lowest level of the spinal cord, termed the
conus medullaris, which consists of the sacral segments.
There is a subset of spinal cord injuries referred to as spinal
cord injury syndromes, to which conus medullaris
syndrome belongs, that are grouped by their respective
symptomatology, including central cord syndrome,
Brown-Sequard syndrome, anterior cord syndrome, posterior cord syndrome, and cauda equina syndrome. While
CMS is classically associated with pathophysiologic disruption isolated to the conus medullaris, it may also be
associated with a widespread spinal cord process that
includes the conus medullaris, which leads to the generalized syndromic symptoms. By nature of its anatomy, this
is an illness characterized by both upper motor and lower
motor neuron signs and symptoms that manifest in the
perineal region and lower extremities.
The spinal cord ends at the level of the last thoracic
to second lumbar vertebrae in a normal adult, with the
remainder of the spinal canal being occupied by the cauda
equina. This corresponds to the level of the thoracolumbar
junction. It is an important concept to recall that the
vertebral column level deviates from the spinal cord level
starting in the cervical spine. A depiction of this relationship is seen in Fig. 1. In general, the spinal cord level is
considered to reside roughly one to two levels above its
corresponding vertebral level (at which the nerve root
exits) for most of the cervical and upper thoracic spinal
cord, three to four levels above for the lower thoracic and
lumbar spinal cord, and five or more levels above for the
sacral spinal cord. With this relationship in mind, it is to
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nontraumatic causes of spinal cord disease is more difficult due to its rarity and the lack of consensus and consistency in reporting. Conus medullaris syndrome as a whole
is quite a rare process, with a diverse array of etiologies
(Table 1). Definitive epidemiologic information about
CMS is sparse. In a series of 839 patients reviewed retrospectively of spinal cord injury (SCI) rehabilitation admissions from 1992 to 2004 at an urban tertiary care center,
1.7% had CMS [1]. A European study reported an average
annual incidence of conus medullaris syndrome at 1.5 per
million population, and prevalence of 4.5 per 100,000
population, over the study period 1996–2004 from etiologies of all types [2].

T4
TV

Etiology

TVI

The most common causes of CMS are reported as compression from herniated intervertebral disc, and vertebral
fracture at the thoracolumbar junction [2]. The mechanisms at the root of CMS specifically, underlying these
etiologies, are multimodal. The acute or primary mechanism
involves ischemia and direct injury to neuropil and neuronal
cells at that location by compression, traction, contusion,
and/or laceration. The secondary mechanism involves
a complex cascade of chemical signals and inflammatory
mediators, ion conduction and matrix derangements, cellular respiratory insults, and cytotoxic neurotransmitters that
results in the propagation of irreversible injury. Other etiologies of conus medullaris syndrome includes any lesion that
disrupts the grey and/or white matter of the spinal cord at
that level. Such lesions may include infiltrative, compressive,
demyelinating, ischemic, or inflammatory processes produced by tumors, trauma, infections, or autoimmune and
metabolic diseases. Varying combinations of primary and
secondary mechanisms of spinal cord injury are responsible
for the spectrum of conus medullaris syndrome seen in all
etiologies of this disease.
Tumors of the spine cause damage to the conus
medullaris by compressive and infiltrative mechanisms.
The most common intramedullary tumor of the conus
medullaris is ependymoma [3]. They develop from the
ependymal cells lining the filum terminale, and less
often the ependymal cells of the ventriculus terminalis.
This structure is an ependymal-lined termination of the
central canal, residing at the transition from conus
medullaris to filum terminale. Less frequently encountered intramedullary tumors at the conus include lowgrade astrocytomas and rarely glioblastoma multiforme.
This later form has been shown to occur at the conus as
either primary occurrence or as identified in holocord
disease. The most common extramedullary tumors at the
conus medullaris are peripheral nerve sheath tumors,

T5
T6
TVII
T7
TVIII
T8
TIX
T9
TX
T10
TXI
T11

Lumbar
Enlargement

TXII
T12
LI

Sacral Cord

L1
LII
L2

Cauda Equina
LIII

L3
LIV

Filum Terminale
(pial part)

L4
LV
L5

End of dural/
subarachnoid space

SI
SII

S1

SIII
S2

SIV
S3
SV
S4
S5
Cu

Filum Terminale
(dural part)

Conus Medullaris Syndrome. Figure 1 Relationship of
spinal cord and nerve roots to vertebral level (Adapted from
Drake et al. 2008)

say that a conus medullaris lesion occurs at the vertebral
level approximately L1, but affects the lower sacral segments of the spinal cord.
Spinal cord injury occurs at a reported annual incidence of 40 per million population, with 11,000 new
cases each year in the United States. Epidemiology of
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Conus Medullaris Syndrome. Table 1 Reported etiologies of conus medullaris syndrome
Inflammatory

Tumor

Infection

Non-tumor

Trauma

Transverse myelitis

Ependymoma

Staphylococcus

Sarcoidosis

HNP

Longitudinal myelitis

Astrocytoma

Tuberculosis

Cavernoma

Burst

Neuromyelitis optica

GBM

Schistosomiasis

AVF/AVM

Fracture

Lupus erythematosus

Ganglioglioma

Cysticercosis

Amyloid angiopathy

Fracture dislocation

Parainfectious myelitis

Meningioma
Spinal stenosis

Teratoma

Ventriculus terminus
cyst

Hemangioblastoma

Tethered cord

Metastases

Infarct

Chordoma

Dermoid cyst

Peripheral nerve sheath
tumor

Epidermoid cyst

PNET

GBM glioblastoma multiforme, PNET primitive neuroectodermal tumor, AVF arteriovenous fistula, AVM arteriovenous malformation, HNP herniated
nucleus pulposus

meningioma, and metastases. In contrast to the brain,
intramedullary metastases occur much less commonly,
likely owing to the difference in blood flow between the
brain and spine [3].
Epidermoid and dermoid cysts may be congenital or
acquired, and can occur at the conus medullaris. They
arise from retained integument within the spinal canal,
with or without a sinus tract to the surface. These lesions
are due to one of two mechanisms [3]. They may be
associated with developmental malformative rests, as
well as being acquired by lumbar puncture or after surgery
to close myelomeningocele early in life. They can be the
source of recurrent infections, and may expand to compress the conus, or cause local vascular derangement producing CMS. Teratomas are congenital, and likewise arise
from rests of misplaced tissue. There is debate whether
these arise from a migratory problem during development,
or from a dysembryogenic-type mechanism. At the conus,
they are frequently associated with dysembryogenic defects
such as split cord and myelomeningocele.
Inflammatory diseases are rarely associated with
conus medullaris syndrome, precluding analysis as
a series. However, reports of inflammatory demyelinating
diseases that are either isolated to the conus or involving
the conus in holocord-type fashion are reported as case
reports in the literature. The most common entities showing CMS symptoms include transverse myelitis, NMO,
and longitudinal myelitis. Their occurrences have been
described in cases where the mechanism is likely autoimmune response after systemic infection or vaccine [4].
Likewise, other systemic inflammatory diseases, such as

lupus erythematosus, have been identified in cases where
initial presentation of the disease was by way of CMS [5].
Thus far, due to the rarity of these entities, no known
specific pathophysiologic process has been described for
these causes of CMS.
While tethered cord syndrome is considered as
a distinct entity, it may be considered within the spectrum
of CMS. This process exerts its deleterious effect on the
medullary conus by placing tension on the spinal vessels,
and cord itself. This ultimately leads to ischemia by
a variety of pathophysiologic mechanisms. One such
mechanism of dysfunction as a result of tethered cord
includes metabolic derangements leading to increased
reduction states of certain oxidase systems in the mitochondria of nerve cells, which appears to be related
to ischemia in this area. Mild-to-moderate redox derangements have been reversed with surgical untethering; however, severe cases are more refractory.
Indeed, there have been reports of conus medullaris
syndrome after spinal meningitis. Other infectious processes that have been reported affecting the conus
medullaris include epidural or intramedullary abscesses
from staphylococcus, tuberculosis, as well as schistosomiasis and neurocystercircosis. It is generally accepted that
these infections seed via hematogenous route through the
valveless system of vascular plexuses around the
thoracolumbar junction, or by local phlegmon formation.
Holocord processes may present with conus medullaris
syndrome signs and symptoms, in conjunction with other
neurologic deficits related to its associated spinal cord pathophysiology. The term “holocord” is used to define diffuse
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Conus Medullaris Syndrome. Table 2 Conus medullaris syndrome vs cauda equina syndrome
Conus medullaris syndrome

Cauda Equina syndrome

Presentation

Sudden (inflammatory lesions), insidious (tumors),
bilateral

Acute (trauma), gradual (stenosis), may be unilateral

Reflexes

Hyperreflexia; knee jerk preserved, ankle jerk affected Hyporeflexia; knee jerk and ankle jerk both affected

Radicular pain

Less severe

More severe

Low back pain

Local low back pain only; rarely radiation to
perineum

Low back pain with dermatomal radiation

Sensory
Perianal localization to sensory disturbance;
Stereotypic “saddle anesthesia;” asymmetric and
symptoms/signs symmetric and bilateral; sensory dissociation present unilateral disturbance possible; no sensory
dissociation; possible dermatomal sensory
disturbances possible with parasthesias
Motor strength

Usually symmetric; spastic paraparesis, less
pronounced; fasciculations possible

Asymmetric and unilateral motor weakness possible;
areflexic paraparesis; atrophy common

Impotence

Frequent

Less frequent; erectile dysfunction including inability
to maintain erection, inability to ejaculate

Sphincter
dysfunction

Urinary retention and atonic anal sphincter causes
overflow incontinence; presents early

Urinary retention; presents late

Source: Adapted from Dawodu et al. (2009)

involvement of multiple, or all, regions of the spinal cord in
a disease process. This has been seen in as diverse an array of
pathologies as there are focal disruptions of the conus itself.
Some of the more common holocord processes include
infiltrative tumors with widespread dissemination; syringomyelia from compressive pathologies; and neuromyelitis
optica, which shows “longitudinal myelitis” type imaging
and clinical findings.
Another etiology worth mention is that of ischemic
injury or infarction of the conus medullaris. This occurs
through a variety of mechanisms, and is thought to represent approximately 1% of stroke cases. Embolism has
been described from sickle cell anemia, epidural steroid
injection, antiphospholipid antibodies, and abdominal
surgical procedures. Other mechanisms include vascular
malformations producing a blood flow “steal” phenomenon whereby blood flow bypasses the arteriole and capillary level by arteriovenous shunting.

Clinical Presentation
The symptoms of conus medullaris syndrome may present
acutely or insidiously, depending upon the etiology. These
symptoms will show mixed upper motor and lower motor
neuron signs of the perineum and distal lower extremities,
with an emphasis on UMN. Lower motor neuron deficits
are due to the presence of lumbar nerve roots present
within the thecal sac prior to exit at their respective vertebral level. Due to the anatomic relationship between the
conus medullaris and the cauda equina, CMS may be

easily confused with cauda equina syndrome to the complacent observer. One must take careful measure to distinguish these disease processes during the evaluation of
bowel and bladder, and lower extremity dysfunction. Both
syndromes produce weakness and sensory dysfunction of
the saddle region as well as variable parts of the lower
extremities. Some distinguishing characteristics are
outlined in Table 2 . Local back pain, if present, is typically
an early symptom, followed by bowel and bladder retention. The pain will be more aching in nature, rather than
the sharp, sudden pain associated with cauda equina syndrome. Motor dysfunction is typically a late sign in conus
medullaris syndrome. A common sign of severe spinal
cord dysfunction includes diminished or absent
bulbocavernosus and anal sphincter reflexes. This is likewise represented in conus medullaris syndrome.
Once distinguished from the differentials, attention
can be turned to narrowing the list of possible etiologies
of the problem. The acuity of onset and history lends to
the distinction between surgical lesions and medical
lesions. Tumors, vascular malformations, and other surgically remediable lesions tend to present with a more
insidious onset. Exceptions to this are those acute
processes, such as injury, visibly expansile lesions, hemorrhages, etc., which may require immediate decompression
to save neural tissue. Otherwise, acute onset symptomatology tends to occur in those nonsurgical processes,
such as autoimmune and inflammatory etiologies, which
are more amenable to medical treatments.
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Imaging studies are an important adjunct for any diagnostic workup. Of particular importance will be an MRI
with and without gadolinium of the entire spine to examine
the neural axis for findings. Cystic lesions will be isointense
with CSF on both T1Wand T2W images. Tumors may show
rim-enhancement or varying degrees of homogeneous or
heterogeneous lesion enhancement, depending upon the
type of tumor. Inflammatory or demyelinating processes
may show rim-enhancement as well. The distinguishing
characteristic is that tumors typically have an expansile
quality identifiable at the conus, while inflammatory
processes usually do not. However, this must be taken in
the context of the clinical picture. In the absence of acute
symptoms and an expansile lesion, tumor is more likely;
whereas acute symptoms and an expansile mass may be
a harbinger for hemorrhage, for example. Computed
tomography of the spine for bony involvement is important
for surgical planning and prognosticating, but would not
supplant the use of MRI. The diagnostic value of a contrastenhancing MRI outweighs that of CT scan, and would
preclude its usefulness in the later.
Electrophysiologic studies, such as electromyography
and nerve conduction velocities, can be useful in
distinguishing central from peripheral nervous system
processes of duration longer than 2–4 weeks. They are
useless in providing information on the nature of symptoms of shorter duration due to the pathophysiology
underlying acute denervation, demyelination, and neuromuscular conduction defects.

Treatment
Treatment for conus medullaris syndrome varies based on
etiology. As previously mentioned, discrete lesions within
the conus identifiable on imaging should be approached
with microsurgical technique for biopsy, debulking, and
rarely radical resection if curable etiology is known. If
traumatic injuries are present with conus medullaris
compression, decompression and stabilization at the earliest
possible juncture in the patient’s acute stages of illness has
been argued to be important for optimal convalescence.
When to operate under these circumstances depends upon
many factors, including hemodynamic instability and associated injuries of a more critical nature. The debate of when
spinal cord injuries should be operated has led to much
discord in the surgical literature of the traumatized spine.
Whether due to a trauma or nontraumatic causes, the
rationale for treading lightly in this region of the spinal
cord lies in the functional forgiveness of the location. Once
definitively injured, those neuronal elements responsible
for bowel, bladder, and sexual function rarely recover.

This is directly opposed to those elements at other locations in the spinal cord responsible for somatic sensory
and motor function, which carry a good prognosis with
rehabilitation, after incomplete injury. However, there are
circumstances, as in the case of ependymoma, where gross
total resection will likely lead to cure. In these cases, it is
imperative to use meticulous surgical technique in order
to minimize the potential for permanent disability.
If it is determined that a nonsurgical lesion is present,
the medical treatment depends upon the nature of the
lesion. If infection is suspected, antibiotic therapy is initiated only after an organism is identified, either through
blood cultures or image-guided aspiration. Then dual
agent, IV antibiotics must be initiated for long-term
therapy. This treatment for intramedullary and epidural
infections can be very successful. In those refractory cases,
or cases of acute worsening, surgical debridement may be
necessary in addition. If an inflammatory process is
suspected, high-dose steroid therapy is the gold standard.
Multiple cases of inflammatory conus medullaris syndrome have been shown to be quickly responsive to
these treatments, sometimes leading to complete remission of symptoms. More frequently, partial recovery
occurs, with gradual improvement to only some disability
in weeks to months. In some cases, it is useful or necessary
to synergize with other immune modulators, such as
IV-IG, cyclophosphamide, and azathioprine.

Prognosis
Often the prognosis for conus medullaris syndrome is
more related to the etiology than to the syndrome itself.
If the underlying cause is a malignant process, this is far
and away the more decisive factor in prognostication than
the presence of CMS. However, if CMS is due to a lesion
affecting the conus in isolation, then prognosis is related
to the degree of neuronal tissue damage. Frequently, with
today’s techniques of intensive rehabilitation and targeted
medical therapy, lesions isolated to the conus medullaris
causing CMS will improve to acceptable functional levels,
if not full recovery. In rare cases, isolated CMS leads to
permanent paraplegia and pelvic sphincter dysfunction.
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Convection
The physical mechanism by which a solute is dragged
across a semipermeable membrane in association with
ultrafiltered plasma water. This water and solute shift is
secondary to a pressure gradient across the membrane.
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Synonyms
Solvent drag; Ultrafiltration

Definition

The mechanism of ▶ convection may be described as
solvent drag: if a pressure gradient exists between the
two sides of a semipermeable (porous) membrane, when
the molecular dimensions of a solute are such that passage
through the membrane is possible, the solute is swept
(“dragged”) across the membrane in association with
ultrafiltered plasma water.

Pre-existing Condition
Although conventional hemodialysis (HD) remains the
most commonly used treatment modality for the management of patients with acute kidney injury (AKI), continuous renal replacement therapy (CRRT) is used
increasingly in this setting. The removal of low-molecular
weight (MW) nitrogenous waste products is very effective

C

with HD. However, ▶ clearance of larger molecules is
limited due to HD’s primarily diffusive nature. In clinical
practice, HD therapy prescription is driven largely by
factors influencing urea clearance. On the other hand,
convective modalities, namely, ▶ hemofiltration and
hemodiafiltration, are capable of removing solutes over
a wider MW array than can HD. In AKI, these therapies
typically are provided on an extended basis as continuous
venovenous hemofiltration (CVVH) and continuous
venovenous hemodiafiltration (CVVHDF), being part of
the CRRT spectrum.
In a study employing CVVH, Ronco and colleagues
[1] reported a direct relationship between daily ultrafiltrate volume and survival in critically ill AKI patients.
A normalized ultrafiltration rate of 35 mL/kg/h or more
(on average) was associated with a mortality of approximately 45% while a more standard ultrafiltrate rate (mean,
20 mL/kg/h) was associated with a mortality of approximately 65%. Although subsequent studies in which convection has contributed relatively less to total solute
clearance have produced mixed results [2], the Ronco
study remains the “gold standard” with respect to convective solute removal in AKI.
This chapter provides a review of the determinants of
convective solute removal. This is followed by an overview
of the manner in which CVVH and CVVHDF are applied
clinically.

Application
Convective Clearance
The determinants of convective clearance differ significantly from those of diffusion, which is primarily
a concentration gradient-driven process. On the other
hand, convective solute removal is determined primarily
by the sieving properties of the filter membrane used and
the ultrafiltration rate. The mechanism by which convection occurs is termed solvent drag. If the molecular
dimensions of a solute are such that transmembrane passage to some extent occurs, the solute is swept (“dragged”)
across the membrane in association with ultrafiltered
plasma water. Thus, the rate of convective solute removal
can be modified either by changes in the rate of solvent
(plasma water) flow or by changes in the mean effective
pore size of the membrane. As discussed below, the blood
concentration of a particular solute is an important determinant of its convective removal rate.
Both the water and solute permeability of an ultrafiltration membrane are influenced by the phenomena
of secondary membrane formation and concentration
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polarization. The exposure of an artificial surface to
plasma results in the nonspecific, instantaneous adsorption of a layer of proteins, the composition of which
generally reflects that of the plasma itself. This layer of
proteins, by serving as an additional resistance to mass
transfer, effectively reduces both the water and solute
permeability of an extracorporeal membrane. Evidence
of this is found in comparisons of solute sieving coefficients determined before and after exposure of
a membrane to plasma or other protein-containing
solution.
Although concentration polarization primarily pertains to plasma proteins, it is distinct from secondary
membrane formation. Concentration polarization specifically relates to ultrafiltration-based processes and applies
to the kinetic behavior of an individual solute. Accumulation of a solute that is predominantly or completely
rejected by a membrane used for ultrafiltration of plasma
occurs at the blood compartment membrane surface.
This surface accumulation causes the solute concentration
just adjacent to the membrane surface (i.e., the
submembranous concentration) to be higher than the
bulk (plasma) concentration. By definition, concentration
polarization is applicable in clinical situations in which
relatively high ultrafiltration rates are used. Conditions
that promote the process are high ultrafiltration rate
(high rate of convective transport), low blood flow rate
(low shear rate or membrane “sweeping” effect), and
the use of ▶ post-dilution (rather than ▶ pre-dilution)
replacement fluids (increased local solute concentrations).

Post-dilution CRRT
The location of replacement fluid delivery in the extracorporeal circuit during CRRT has a significant impact on
solute removal and therapy requirements. (For the purpose of the rest of this chapter, CRRT refers either to
CVVH or CVVHDF.) Replacement fluid can be delivered
to the arterial blood line prior to the hemofilter (predilution mode) or to the venous line after the hemofilter
(post-dilution mode). In post-dilution CRRT, the relationship between solute clearance and ultrafiltration rate
is relatively straightforward. In this situation, solute clearance is determined primarily by and related directly to the
solute’s sieving coefficient and the ultrafiltration rate.
(Sieving coefficient is defined as the ratio of the solute
concentration in the filtrate to the simultaneous plasma
concentration.) For a given solute, the extent to which it
partitions from the plasma water into the red blood cell
mass and the rate at which it is transported across red
blood cell membranes also influences clearance. For example, the volume of distribution of both urea and creatinine

includes the red blood cell water. However, while urea
movement across red blood cell membranes is very fast,
the movement of creatinine is significantly less rapid.
Furthermore, red blood cell membranes are completely
impermeable to many uremic toxins. A prominent example of this is the low MW protein toxin class, for which the
volume of distribution is the extracellular fluid. These
observations lead to the obvious conclusion that hematocrit also influences solute clearance in CRRT. Finally,
through its effect on secondary membrane formation
and concentration polarization (see above), plasma total
protein concentration is also a determinant of solute
clearance in CRRT.
For a given volume of replacement fluid over the entire
MW spectrum of uremic toxins, post-dilution CRRT provides higher solute clearance than does pre-dilution
CRRT. As discussed below, the relative inefficiency of the
latter mode is related to the dilution-related reduction in
solute concentrations, which decreases the driving force
for convective mass transfer. Despite its superior efficiency
with respect to replacement fluid utilization, post-dilution
CRRT is limited inherently by the attainable blood flow
rate. More specifically, the ratio of the ultrafiltration rate
to the plasma flow rate delivered to the filter, termed the
filtration fraction, is the limiting factor. In general,
a maximal filtration fraction of approximately 25%
usually guides prescription in post-dilution CRRT. At
filtration fractions beyond these values, concentration
polarization and secondary membrane effects become
prominent and may impair hemofilter performance.
The blood flow limitations imposed by the use of
temporary catheters for CRRT accentuate the filtration
fraction-related constraints on maximally attainable ultrafiltration rate in the post-dilution mode. Therefore, the
ultrafiltrate volumes shown by Ronco and colleagues to
improve survival can usually be achieved only in the predilution mode. As discussed below, efficient utilization of
replacement fluid in acute pre-dilution CRRT is an important consideration.

Pre-dilution HF
From a mass transfer perspective, the use of pre-dilution
has several potential advantages over post-dilution. First,
both hematocrit and blood total protein concentration are
reduced significantly prior to the entry of blood into the
hemofilter. This effective reduction in the red cell and
protein content of the blood attenuates the secondary
membrane and concentration polarization phenomena
described above, resulting in improved mass transfer.
Pre-dilution also favorably impacts mass transfer due
to augmented flow in the blood compartment, because
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pre-filter mixing of blood and replacement fluid occurs.
This achieves a relatively high membrane shear rate,
which also reduces solute-membrane interactions. Finally,
pre-dilution may also enhance mass transfer for some
compounds by creating concentration gradients that
induce solute movement out of red blood cells.
The above mass transfer benefits must be weighed
against the predictable dilution-induced reduction in
plasma solute concentrations, one of the driving forces
for convective solute removal. The extent to which this
reduction occurs is determined mainly by the ratio of the
replacement fluid rate to the blood flow rate. Indeed,
a frequently overlooked consideration is the important
influence of blood flow rate on solute clearance. For
small solutes, which are distributed in the blood water
(BW) component within the blood passing through the
hemofilter, the operative clearance equation in predilution CRRT is:
K ¼ QF  S  ½Q BW =ðQ BW þ QS Þ

ð1Þ

where K is solute clearance, QBW is blood water flow rate,
QF is ultrafiltration rate, S is sieving coefficient, and QS is
the substitution (replacement) fluid rate. At a given QF
value, pre-dilution CVVH is always less efficient than
post-dilution CVVH with respect to fluid utilization, as
discussed above. A sieving coefficient of 1.0 implies equivalence of blood water and ultrafiltrate concentrations,
resulting in small solute clearances that are effectively
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equal to QF in post-dilution CVVH. As Eq. 1 indicates,
the larger QS is relative to QBW, the smaller is the entire
fraction represented by the third term on the right-hand
side. In turn, the smaller is this term, the greater is the loss
of efficiency (relative to post-dilution) due to dilution.
Since employing a relatively low QS is not an option in
high-dose CVVH due to the direct relationship that exists
between QF and QS, attention needs to be focused on
achieving blood flow rates that are significantly higher
than what have been used traditionally in CRRT (i.e.,
150 mL/min or less). In fact, widespread attainment of
doses consistent with the intermediate and high-dose
arms in the study performed by Ronco and colleagues
(35–45 mL/h/kg) cannot occur unless blood flow rates of
approximately 250 mL/min or more become routine in
pre-dilution CVVH.
Evidence supporting the critical importance of QB in
pre-dilution CVVH appears in Fig. 1 [3]. For this singlepool modeling analysis, a dose equivalent to 35 mL/h/kg
in post-dilution is targeted. In addition, a filter operation
of 20 h per day is assumed to account for differences in
prescribed versus delivered therapy time. For patients of
varying body weight, the substitution fluid requirements
to attain the above dose are shown as a function of QB. For
low blood flow rates (= 150 mL/min), these data suggest
that substitution fluid rates required to achieve this dose
are impractically high in the majority of patients (>70 kg)
due to a “chasing the tail” phenomenon. To achieve the
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Convective Clearance. Figure 1 Substitution fluid requirements as a function of blood flow rate in pre-dilution CVVH (Reprinted
from [3]. With permission from Elsevier)
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dose target, a high ultrafiltration rate is required. However, the concomitant requirement of a similarly high
substitution fluid rate has a relatively substantial dilutive
effect on solute concentrations at low QB. On the other
hand, for QB values greater than 250 mL/min, the dilutive
effect of the substitution fluid is attenuated significantly
and with the resultant improvement in fluid efficiency, the
target dose can be delivered practically to a broad range of
patients.
The operating principle of CVVHDF is that total
clearance can be augmented by combining diffusion and
convection. Due to the relatively low flow rates used for
these therapies, changes in solute concentrations within
the filter are also relatively small. This allows total solute
clearance to be estimated by simply adding the diffusive
and convective components. In other words, no interaction between the two mass transfer processes occurs.
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Convective Clearance. Figure 2 Solute clearance (mL/min)
as a function of ultrafiltration rate (mL/min) in pre-dilution
CVVH (Reprinted from [4]. With permission from Elsevier)

Practical Considerations
At least until recently, the ultrafiltration rate (QF) in
CVVH has typically been in the 1–2 L/h range. However,
in response to outcome data published by Ronco and
colleagues, prescription of significantly higher QF values
is occurring. In post-dilution CVVH, the mode employed
in the Ronco study, the relationship between solute clearance and QF is quite straightforward, as mentioned previously. For reasons also described above, the relationship
between clearance and QF may not be as predictable in
pre-dilution, relative to the case of post-dilution. Consequently, the claim that QF is a dose surrogate in predilution CVVH needs to be demonstrated. To this end,
Huang and colleagues have investigated the effect of QF on
solute removal parameters in pre-dilution CVVH [4]. For
a blood flow rate of 200 mL/min, removal parameters
were measured at QF values of 20, 40, and 60 mL/min,
corresponding to 17, 34, and 51 mL/h/kg for a 70 kg
patient. These parameters are measured for solutes of
varying MW.
The relationship between solute clearance and QF for
urea, creatinine, vancomycin, and inulin appears in Fig. 2.
Overall, these data are consistent with a convective therapy
for two reasons. First, for each solute, the clearance-QF
relationship is linear, confirming a direct relationship
between these two parameters. Second, for a given QF
over the solute MW range investigated, clearance is not
strongly dependent on molecular weight, at least in comparison to hemodialysis. Specifically, very little difference
in clearance is observed between the two small solutes and
between the two middle molecule surrogates as a function
of QF. On the other hand, reflecting its diffusive basis, HD
is associated with much larger differences in clearance over

the same MW range. The authors concluded that, because
an orderly relationship exists between QF and solute clearance, QF is a reasonable dose surrogate in pre-dilution
CVVH, as has been suggested for post-dilution CVVH
and for CVVHDF. Overall, these data seem to validate
the use of effluent-based dosing, which has been employed
in two recent international trials evaluating the relationship between CRRT dose and outcome [5].
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Synonyms
Coronary CTA; CT coronary angiography

Definition
A computed tomography examination of the heart
acquired with ECG-synchronization during the arterial
phase of intravenous contrast enhancement designed to
visualize native coronary arteries and/or bypass grafts.

Pre-existing Condition
Coronary Artery Disease
Coronary CTA is primarily used to evaluate the presence
or absence of coronary artery disease. It has a high degree
of diagnostic accuracy when compared to cardiac catheterization as the criterion standard. In a meta-analysis of
2,515 patients from 41 studies, the subset imaged on a 64slice scanner had a per patient sensitivity of 98% with
a specificity of 92% for detection of significant coronary
artery disease [1]. Newer generation scanners have even
greater diagnostic performance.

Potential Acute Coronary Syndrome
Of the nearly eight million patients presenting annually to
US emergency departments for evaluation of chest pain,
80–85% are not ultimately found to have a cardiac cause
for their symptoms. However, given the prevalence and
clinical significance of coronary artery disease, excluding
a cardiac cause of chest pain remains a challenging clinical
problem and often mandates extensive testing. Although
clinical algorithms can successfully risk stratify patients,
they have not typically been considered useful in identifying the group of patients who can be discharged safely
from the emergency department without requiring an
inpatient evaluation.
It is well established that patients without coronary
artery disease are at very low risk for adverse cardiovascular events, even when they have symptoms that would
otherwise be consistent with a potential acute coronary
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syndrome. Recent cardiac catheterization with normal or
minimally diseased vessels is known to be useful to “rule
out” an acute coronary syndrome in such patients. Coronary CTA, as a noninvasive surrogate for catheterization,
can be used to risk stratify patients with respect to coronary artery disease and subsequently ACS immediately
after onset of symptoms, thus avoiding hospitalization.

Application
Coronary CTA has several promising clinical applications
at the present time, including: (1) identifying patients who
present with a potential acute coronary syndrome (often
in the ED) who may safely be discharged; (2) to evaluate
patients for coronary artery disease, either as a first test or
after indeterminate or suspected false positive stress test,
avoiding unnecessary invasive cardiac catheterization; and
(3) to evaluate stent or bypass graft patency and location
in patients with symptoms after percutaneous coronary
intervention (PCI) or bypass graft surgery (CABG).

Coronary CTA to “Rule Out” Acute Coronary
Syndrome
Coronary CTA has high diagnostic accuracy (Fig. 1). Janne
d’Othee et al. [1] found a sensitivity of 98% and specificity
of 92% relative to cardiac catheterization using 64 slice
scanners. Based upon this high diagnostic accuracy, centers with experience in coronary CTA have developed
clinical pathways that allow for rapid disposition of
patients who present with potential acute coronary syndromes found not to have coronary artery disease. This
strategy is based upon the observation noted above that
patients without coronary disease at cardiac catheterization are considered to be at low risk for adverse cardiovascular events.
Coronary CTA performs at least as well as myocardial
perfusion imaging in identifying patients at low risk
for cardiovascular events. Observational studies of symptomatic patients presenting to the ED have found that
patients with normal coronary CTA results are at low
risk for adverse events over varying time periods of up to
one year.
Many small studies (35–103 subjects) have followed
patients up to 15 months and have uniformly found that
low- to intermediate-risk patients without coronary disease do well during this time period. One study of 568
patients in which coronary CTA was used for clinical
decision making demonstrated that patients discharged
from the ED following a negative study were at very low
risk of 30-day cardiovascular events [2]. In a group of 481
patients with a TIMI score of less than or equal to two
without a stenosis of 50% or more who were followed for
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a

b

Coronary Computerized Tomographic Angiography. Figure 1 Forty-three-year-old male who presented to the ED with chest
pain who was found to have an 80% stenosis in the proximal LAD. (a) CCTA demonstrates that the lesion is caused by noncalcified plaque and (b) corresponding catheter angiography performed prior to stenting lesion

up to 1 year, there were no patients who had definite
cardiovascular events [3].
A coronary CTA based strategy to evaluate low- to
intermediate-risk patients in the ED is cost effective.
Chang et al. [4] found that immediate coronary CTA was
more cost effective in the short term and was associated
with a shorter length of stay than observation unit management with coronary CTA, observation unit management with stress test and admission with hospitalist
directed care in a cohort of patients similar to this study.
Short term benefits occur due to the reduced length of stay
and lower cost of coronary CTA relative to single photon
emission computed tomography (SPECT) imaging. Coronary CTA has also been associated with reduced utilization of coronary angiography, reduced revisit and
readmission rate in other studies.

Clinical Utility to Diagnose or “Rule Out”
Coronary Artery Disease
Given the high diagnostic accuracy of coronary CTA compared to cardiac catheterization, several groups have evaluated whether coronary CTA can reduce equivocal test
results from stress nuclear imaging as well as the likelihood
of receiving an invasive diagnostic procedure like cardiac
catheterization.
Weustink et al. [5] compared the accuracy and clinical
utility of stress testing and coronary CTA for identifying
patients who require invasive coronary angiography (cardiac catheterization). They found that stress testing was
not as accurate as coronary CTA. In low-risk patients

(<20% pretest probability of disease), a negative stress
test or a negative coronary CTA confirmed no need for
invasive angiography. On the other hand, a positive stress
test only yielded a positive predictive value of 50%, meaning half the tests were false positive. In patients with an
intermediate (20–80%) pretest probability of disease,
a positive coronary CTA predicted need for invasive angiography (93% post-test probability of disease) and
a negative result confirmed lack of need for further testing
(<1% post test probability).
Population-based data from Canada has found that
the rate of normal invasive coronary angiograms was
relatively reduced by 15% (absolute reduction of 5%) in
an institution that implemented coronary CTA.
Thus, it appears that use of coronary CTA can reduce
confusion from false positive and false negative stress tests
and lead to more appropriate use of invasive coronary
angiography.

Evaluation of Symptomatic Patients after PCI
or CABG Surgery
In patients who have previously undergone revascularization, recurrent chest pain may be caused by a variety of
factors including progression of native vessel disease, stent
or bypass graft stenosis or occlusion, and sternotomy or
pericardiotomy complications (Fig. 2). For those patients
in whom the chest pain is not clearly anginal, coronary CT
may allow discrimination among these conditions. If
repeat sternotomy is contemplated, whether for repeat
CABG, valve replacement, or other reason, CT can

Coronary Computerized Tomographic Angiography

C

617

C

a

b

Coronary Computerized Tomographic Angiography. Figure 2 Seventy-two-year-old male with recurrent chest pain one year
after PCI. (a) CCTA shows patent stent in the circumflex artery, but progression of disease in the LAD (b), with up to 70%
stenosis caused by calcified and non-calcified plaque

demonstrate the course and position of bypass grafts relative to the sternum, decreasing operative complications.
Coronary CT can also identify the course of the internal
mammary arteries and location of target vessels for minimally invasive “keyhole” CABG surgery.

Additional Uses
Selection for CT coronary arteriography may also include
patients with unexplained or atypical chest pain when an
aberrant origin of the coronary artery is considered possible; concerns such as pulmonary embolism or aortic
dissection; evaluation of an ischemic etiology for a newly
diagnosed cardiomyopathy and/or heart failure; preoperative or preprocedural evaluation of the coronary arteries,
cardiac structures, and thoracic anatomy; and evaluation
of cardiac and/or coronary artery anomalies.
Indications in patients who have previously undergone CABG and/or percutaneous coronary intervention
(PCI) include patients with new or recurrent symptoms of
chest pain to confirm graft/stent patency or detect graft/
stent stenoses or other complications; and for patients
who are scheduled for additional cardiac surgery (e.g.,
aortic valve replacement or bypass graft revision) when
preoperative definition of anatomic detail, including the
bypass grafts, is critical.

Difficulties with Interpretation

provides information regarding anatomy. Anatomical
abnormalities will not always be the explanation for clinical complaints. In some patients, a “noncritical” stenosis
of 60% might be impeding flow to explain the symptoms
while in another patient, a typically “critical” stenosis of
90% may not be causing the symptoms. In some situations, a functional test will be required to determine
whether the anatomical abnormality explains the symptoms. A wall motion abnormality in the distribution of the
stenosis may confirm that the stenosis is clinically relevant.
Decreased myocardial perfusion, as evidenced by nuclear
imaging, magnetic resonance imaging or contrast perfusion study will similar demonstrate clinical relevance of
the stenosis.

Myocardial Bridging
Myocardial bridging is a congenital abnormality where
a portion of a major coronary artery has an
intramyocardial segment. Although usually not clinically
significant, myocardial bridging has also been linked to
clinical complications such as ischemia, spasm, dysrhythmias and sudden death. In some series, coronary CTA has
identified myocardial bridging in as many as 50% of
patients, although dynamic compression occurs in only
about a quarter of these patients. Whether or not myocardial bridging detected on coronary CTA is associated with
adverse events in patients who are otherwise at low risk is
not known.

Anatomy Versus Function
Although coronary CTA is usually performed to evaluate
the coronary arteries, sometimes the interpretation of the
results or the findings can be difficult. Coronary CTA

Incidental Findings
Coronary CTA will often include images of the thorax and
the upper abdomen. As a result, abnormalities of other
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structures within these spaces can be observed. The rate of
incidental findings reported in the literature is near 40%.
Some incidental findings are clinically relevant and might
explain the symptoms leading to the test (e.g., pulmonary
embolism, aortic dissection, and malignancies). Others
are incidental findings that can lead to further diagnostic
evaluation, which may or may not have been otherwise
necessary, potentially increasing costs. The most costeffective approach to incidental findings remains to be
determined.
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Factors that result in decreased study quality include
patient obesity, elevated heart rate, dysrhythmia, and coronary artery calcification. A heart rate of less than 70 is
generally desirable for coronary CTA, although newer
technologies are loosening this restriction. Oral or intravenous beta blockers are most commonly used for heart
rate control when necessary. Sublingual nitroglycerin,
administered at the time of the scan, may improve coronary visualization through vasodilation. Coronary CTA
study quality may be compromised in patients with atrial
fibrillation, as well as those with frequent premature
ectopic beats. The presence of a large amount of coronary
calcium may obscure the adjacent coronary lumen, and
result in overestimation of the degree of stenosis, though
this issue is ameliorated by recent technological advances
in image acquisition, reconstruction, and post-processing.
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Radiation Risk

JEREMY CORDINGLEY
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As with all x-ray imaging studies, there is radiation exposure. For coronary CTA the radiation exposure varies
widely between institutions and patients. It is dependent
upon patient-related factors such as the weight of the
patient (larger patients have more exposure) and the
rhythm (sinus rhythm has less exposure). With respect
to institutional and scanner-related factors, shorter scan
lengths, electrocardiographic, controlled tube modulation, 100-kV tube voltage, sequential ECG-triggered scanning techniques, and experience in cardiac CTA are all
associated with lower radiation doses without associated
decreases in image quality. The long-term consequences of
radiation exposure from medical imaging are not well
known. They are based upon modeling rather than actual
data, but it seems prudent to limit the radiation exposure
when possible. Although dependent upon institutional
protocol, myocardial perfusion imaging often has more
radiation exposure than coronary CTA, and newer CT
techniques result in doses similar to or lower than cardiac
catheterization. CTmay also decrease dose by reducing the
need for additional testing.

5.

Coronary CTA
▶ Coronary Computerized Tomographic Angiography

Coronary Syndromes, Acute

Synonyms
Acute myocardial infarction (MI); Non-ST elevation
myocardial infarction (NSTEMI); STelevation myocardial
infarction (STEMI); Unstable angina (UA)

Definition
Acute coronary syndromes (ACS) are a spectrum of illness
caused by reduction in blood flow to the myocardium
because of atherosclerotic disease of one or more coronary
arteries and defined by clinical presentation, ECG findings,
and biochemical markers of myocardial cell damage. An
ACS occurs when blood supply to an area of myocardium is
acutely reduced by sudden narrowing or obstruction of the
vascular lumen by acute intravascular thrombosis on an
atherosclerotic plaque through damaged endothelium.
Blood supply becomes insufficient to meet metabolic
demands resulting in myocardial ischemia.

Coronary Syndromes, Acute

The main clinical ACS syndromes that occur are
unstable angina, non-ST elevation myocardial infarction
(NSTEMI), and ST elevation myocardial infarction
(STEMI) [1].
Unstable angina – Clinical presentation is of ischemic
chest pain that does not resolve rapidly with sublingual
glyceryl trinitrate and is not associated with ECG changes
of ST elevation or increased serum concentration of biochemical markers of myocardial necrosis.
NSTEMI – Clinical presentation of myocardial ischemia associated with increased serum concentration of
biochemical markers of myocardial necrosis but no ECG
ST elevation.
STEMI – Clinical presentation of myocardial ischemia
with ECG changes that should include the presence of one
of: greater than 2 mm ST elevation in two adjacent chest
leads, greater than 1 mm ST elevation in two limb leads
(adjacent) or new bundle branch block and is associated
with an increased serum concentration of biochemical
markers of myocardial necrosis.
Since the widespread availability of highly sensitive
biochemical markers of myocardial cell necrosis
(troponin I and T), many patients previously classified as
having unstable angina now fall into the category of
NSTEMI. In practice, decision making about the need
for emergency myocardial reperfusion therapy (thrombolytic drugs or percutaneous coronary intervention (PCI))
is based on the presence or absence of new ST elevation.
The 2007 ESC (European Society of Cardiology) guidelines therefore classify patients into two categories based
on the implications for patient management:
● ST elevation ACS (STE-ACS): Chest pain and ST elevation (STE) for greater than 20 min – immediate goal
is to rapidly reestablish coronary flow by primary
coronary intervention (PCI) or pharmacological
thrombolysis.
● Non-ST elevation ACS (NSTE-ACS): Chest pain without ST elevation for greater than 20 min – immediate
management is to treat myocardial ischemia. Serial
ECG monitoring and measurements of biochemical
markers of myocardial necrosis will guide further
management.

Evaluation/Assessment
History
Most patients have chest pain that typically feels like
pressure on the chest and may radiate to the left arm,
neck, or jaw. The pain may be intermittent or continuous,
and there may be associated symptoms including nausea
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and abdominal pain. Chest pain may be atypical or may be
absent (more common in patients with diabetes mellitus).
Some patients may have had increasing frequency and
severity of chest pain over days or weeks (crescendo
angina). Symptoms are not helpful in differentiating
STE- and NSTE-ACS.
There may be a history or family history of coronary
artery disease or conditions known to be associated with
increased incidence such as diabetes mellitus, hyperlipidemia, peripheral or cerebrovascular disease, hypertension,
and smoking.

Physical Examination
Full physical examination should be carried out but is
often normal. There may be evidence of previous cardiovascular interventions, or signs of heart failure. Specific
complications of myocardial infarction with physical signs
include pericarditis, mitral regurgitation, and ventricular
septal rupture. Physical signs of other potential diagnoses,
for example, pneumothorax, should be sought.

Investigations
ECG – 12-lead ECG should be carried out as soon as
possible after presentation and repeated after 6 and 24 h
and compared, if possible, to previous recordings. Presence of new ST elevation as defined in STEMI (above)
leads to a diagnosis of STE-ACS and immediate revascularization therapy. ST depression of at least 0.5 mm in two
adjacent leads is seen in patients with NSTE-ACS, with
a poorer prognosis associated with deeper ST segment
depression. T wave inversion may also occur, but in
a small proportion of patients with NSTE-ACS the ECG
is normal. Use of right and extended left chest electrode
positions may be helpful in identifying right and posterior
ischemia. Stress ECG testing is indicated for risk assessment in asymptomatic patients, without diagnostic resting ECG changes or elevated troponin concentrations,
prior to hospital discharge.
Biochemical markers of myocardial cell necrosis –
Elevated serum troponin T or I concentrations are the
most sensitive and specific markers of myocardial cell
death and useful as prognostic markers and therefore
used to determine management of patients with NSTEACS. However, troponin concentrations may not start to
rise above reference concentration for at least 3 h after the
ACS has started, and in NSTE-ACS this time may be
considerably longer. Further troponin measurements
should be carried out 6–12 h after episodes of chest pain.
Elevated troponin concentrations are found in conditions
unrelated to ACS including sepsis, renal failure, cardiac
failure, and acute aortic dissection, and therefore troponin
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concentrations need to be interpreted in the clinical context and in conjunction with other investigations.
Chest X-ray – There may be evidence of an enlarged
heart or pulmonary edema. May be required to exclude
differential diagnoses.
Echocardiography – Transthoracic echocardiography
(TTE) should ideally be carried out in assessment of ACS
and may be useful in assessing ischemia-induced regional
myocardial motion abnormalities, assessing potential
complications of myocardial infarction such as ischemic
mitral regurgitation and excluding differential diagnoses.
Rapid, focused TTE assessment of severely ill patients by
non-cardiologists is being promoted by courses such as
FEER-Germany and FEEL-UK in order to increase patient
access to emergency echocardiography and allow faster
recognition of life-threatening complications.
Coronary angiography – The current gold standard for
imaging of coronary arteries and carries rare but serious
risks of CVA, arrhythmia, pericardial hemorrhage, arterial
dissection and/or obstruction, renal failure, and anaphylaxis. This technique also facilitates reperfusion therapy
using angioplasty with or without coronary artery stenting.

Differential Diagnosis of Chest Pain/ACS
Aortic dissection – May present with chest pain and can
cause ACS if dissection involves coronary arteries. Other
vascular diagnoses that can mimic ACS include aortic
aneurysm and aortic coarctation.
Esophageal spasm
Gastric ulceration or perforation, cholecystitis, pancreatitis
Chest wall pain
Pleural pain, pneumonia, pulmonary embolism, and
infarction
Pericardial disease
Other types of heart disease, e.g., myocarditis, valvular
(e.g., aortic stenosis)

Treatment
The treatment of ACS is an area in which evidence relating
to new physical and drug treatments becomes available
frequently and there are often changes to best practice.
Readers should consult the latest guidelines from the ESC
and ACC/AHA (American College of Cardiology/American
Heart Association) [2, 3, 4, 5].

Patients with an oxygen saturation <90% should receive
supplemental oxygen and an intravenous cannula placed,
with blood simultaneously sampled for measurement of
troponin, creatinine, glucose, and full blood count. Pain
not responding to sublingual nitrate should be managed
with intravenous nitrate infusion and morphine with an
antiemetic. Basic observations should be recorded, continuous ECG monitoring attached, and 12-lead ECG
recorded. Cardiac arrest should be managed with standards ALS protocols. Management will be determined by
classification into NSTE-ACS, STE-ACS, or low likelihood
of ACS.

NSTE-ACS
Management is based on risk assessment of the likelihood
of further coronary events and death with high-risk
patients being managed with earlier coronary angiography
and revascularization and lower risk patients managed
with medical treatment alone.

Risk Stratification
Factors associated with an increased risk of death in
patients with ACS include previous coronary artery disease, main stem or three vessel disease, persistent chest
pain, diabetes mellitus, increasing age, heart rate, creatinine, Kilip class [6] (Table 1), concentration of biomarkers
of myocardial necrosis, ST segment changes, decreasing
systolic blood pressure, and occurrence of cardiac arrest.
A number of risk scoring systems have been developed to
calculate both risks of in-hospital death and mortality over
longer time periods. Examples of risk scoring systems
include GRACE [7] (Global Registry of Acute Coronary
Events) TIMI, FRISC, and PURSUIT.

Medical Therapy
Antiplatelet drugs

● Aspirin
All patients, without contraindications, should
receive standard uncoated oral aspirin 160–325 mg
(chewed) on presentation with an ACS and continued
at 75–100 mg daily.
● Clopidogrel
Coronary Syndromes, Acute. Table 1 Kilip classification

General
Presentation
All patients presenting with suspected ACS should be
assessed rapidly using a standard ABCDE approach.

1. No evidence of heart failure
2. Elevated JVP/crackles on lung auscultation
3. Acute pulmonary edema
4. Cardiogenic shock

Coronary Syndromes, Acute

All patients, without contraindications, should
receive oral clopidogrel 300 mg, followed by 75 mg
daily, and continued for 12 months. A dose of 600 mg
should be considered in patients about to undergo
PCI. Patients receiving clopidogrel and requiring
urgent CABG should stop it 5 days prior to surgery if
this is clinically possible.
● Glycoprotein IIb/IIIa inhibitors
Tirofiban or eptifibatide treatment, in addition to
aspirin and clopidogrel, is indicated for patients who
are at high risk of continued coronary events, and
should be used in combination with an anticoagulant.
For patients that have not received either and undergo
PCI, abciximab should be used.
● Careful assessment of the relative risks of hemorrhagic
complications versus further coronary thrombosis
should be made prior to administering these drugs.

Anticoagulants
All patients presenting with NSTE-ACS should receive
anticoagulants in addition to antiplatelet drugs. Choice
of agent will depend on the clinical scenario, risk assessment of further coronary events, and potential hemorrhagic complications.
● Heparin
Low molecular weight heparins (LMWH) have
advantages over unfractionated heparin (UH) in
being easier to administer, require less monitoring,
and are associated with a lower incidence of heparin
induced thrombocytopenia (HIT).
● Fondaparinux (Factor Xa inhibitor)
Alternative to heparin for patients not undergoing
urgent angiography and PCI and associated with
a lower incidence of hemorrhagic complications.
● Bivalarudin and other direct thrombin inhibitors
Alternative to heparin with fewer hemorrhagic
complications.

Antianginal Agents

● Nitrates – If sublingual GTN is ineffective in relieving
ischemic chest pain, intravenous infusion should be
used, but may cause hypotension and is
contraindicated in patients taking PDE-5 inhibitors
(e.g., sildenafil).
● Beta-blockers – If there are no contraindications, betablocking drugs should be administered with a target
heart rate of 50–60 bpm. Care should be taken in
patients with evidence of AV conduction block or
significant left ventricular dysfunction.

C

● Calcium channel blockers – Indicated for the treatment of angina secondary to coronary vasospasm,
particularly dihydropiridines (e.g., nifedipine). In
other situations, calcium channel antagonists may be
used as alternatives in patients who are unable to take
or in addition to beta-blockers. Dihydropyridines
should not be used without combination with a betablocker in patients with non-vasospastic angina.

Revascularization
High-risk patients should have urgent coronary angiography followed by revascularization particularly when there
is continuing or unresolving chest pain with dynamic ST
segment changes, hemodynamic instability, heart failure,
or life-threatening arrhythmias.
Patients in a medium- to high-risk group, without lifethreatening complications, should have coronary angiography performed within 72 h and revascularization (PCI
or CABG) if indicated.
Low-risk patients should undergo a noninvasive test of
inducible ischemia while in hospital and undergo coronary angiography if positive.

STE-ACS
Following initial assessment and management (as above),
patients with STE-ACS presenting within 12 h of symptom require urgent coronary reperfusion therapy using
either PCI or thrombolytic drugs. Risk assessment can be
carried out using one of the established systems (e.g.,
TIMI risk score for STEMI).
Aspirin should be given to all patients without contraindications (as for NSTE-ACS). Patients undergoing PCI
should have clopridogrel loading dose (300 or 600 mg).
During PCI, heparin (UH) is given to reduce thrombotic
complications; bivaluridin may be used as an alternative.
The GP IIb/IIIa inhibitor abciximab has been shown to
improve outcome post PCI and may be commenced during the procedure and infused intravenously for 12 h
afterward. ACEI should be started in the first 24 h in
high-risk patients and continued. Beta-blockers are useful
in decreasing further ischemia but should be avoided in
patients with unstable hemodynamics, AV conduction
block, or asthma.

Reperfusion Therapy

● PCI – Is indicated urgently for patients with STE-ACS
within 12 h of onset of symptoms. Patients presenting
after 12 h from the onset of symptoms with continuing
evidence of ischemia should also be managed with
urgent angiography and PCI.
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Longer time to coronary reperfusion is associated with increased mortality. ESC guidelines recommend that the time from first medical contact
to intracoronary balloon inflation should be less
than 2 h in all patients and less than 90 min in
those with a large area of myocardial infarction and
low risk of hemorrhage. Primary PCI should be used,
where available in preference to pharmacological
thrombolysis in all patients but particularly in
patients with cardiogenic shock or heart failure and
in patients with contraindications to fibrinolytic
drugs.
● Fibrinolytic therapy – Is indicated in circumstances
when PCI cannot be performed within recommended
times or is contraindicated. Pre-hospital administration is associated with improved outcomes compared
to in-hospital. Fibrinolysis is associated with 1% risk
of intracranial hemorrhage which is more common in
women, hypertensives, increasing age, and patients
with known cerebrovascular disease. In addition,
there is approximately 10% risk of other serious hemorrhage. Because of these risks, fibrinolytic therapy
is contraindicated in patients with a previous history
of hemorrhagic stroke (or unknown etiology) and
within 6 months of an ischemic stroke. Other absolute
contraindications are: known bleeding disorder, central nervous system tumors or trauma, head injury,
major trauma or surgery within the last 3 weeks,
gastrointestinal hemorrhage within the previous
month, aortic dissection, and puncture sites that are
not compressible. Relative contraindications to
thrombolytic therapy are: oral anticoagulants, TIA in
the last 6 months, severe hypertension, pregnancy
including up to 1 week postpartum, active peptic
ulceration, advanced liver disease, infective endocarditis, and failure to respond to cardiopulmonary
resuscitation.

Complications of ACS

Streptokinase should not be readministered because
antibody generation reduces its activity and can increase
the risk of allergic reactions.
In the event of evidence of failure of pharmacological
thrombolysis (approximately 20% patients) or reinfarction (approximately 10% patients), urgent coronary
angiography and PCI are indicated. If this is not possible,
a second dose of antifibrinolytic agent may be given (not
streptokinase if already administered).
Patients presenting after 12 h from initial symptoms
should be treated with aspirin, clopidogrel, and an antithrombin drug.

Acute right ventricular failure may present with the findings of low cardiac output, ST elevation in inferior and
right sided chest leads associated with elevated JVP but no
evidence of pulmonary edema. Right ventricular failure is
difficult to manage, and it is important to ensure adequate
left ventricular preload and maintain coronary perfusion
pressure. Early coronary reperfusion should be
undertaken.

Arrhythmia
These are common following STE-ACS and are managed
using standard algorithms.

Cardiogenic Shock
Patients have a low cardiac output state usually associated
with hypotension and elevated left atrial pressure. Early
revascularization is indicated with appropriate supportive
therapy which may include mechanical circulatory support with an intra-aortic balloon pump or ventricular
assist device.

Mitral Regurgitation
May occur because of annular dilatation or papillary muscle dysfunction or rupture. Clinical features are of mitral
regurgitation which may be severe and require support
with an intra-aortic balloon pump and afterload reduction. Treatment is early surgical valve repair or
replacement.

Ventricular Rupture

● Ventricular septal rupture – Diagnosis suspected
because of deteriorating clinical condition with new
systolic murmur, increase in oxygen saturation of
a catheter moved from the right atrium to ventricle,
and appearances on echocardiography. Management
is stabilization followed by surgical repair, though
small lesions have been closed with percutaneous
devices.
● Free wall rupture – Diagnosis suspected because of
rapidly deteriorating condition with clinical features
of tamponade, confirmed on echocardiography. Treatment is surgical.

RV and Posterior Infarction

After-care
All patients with coronary artery disease should be advised
about secondary prevention of further disease including

Coxiella burnetii

smoking cessation, weight loss, healthy diet, and exercise.
Blood pressure should be controlled and diabetes
excluded. All patients without contraindications should
have lipid lowering therapy with a statin.
Patients with reduced left ventricular function should
receive long-term beta-blocking drugs and angiotensinconverting enzyme inhibitors (ACEI) or angiotensin receptor antagonists. ACEI should be considered for all patients
with CAD as a preventative therapy but particularly in
diabetics, hypertensives, and patients with chronic renal
disease. Aldosterone antagonists should be considered for
patients, without contraindications, with reduced left ventricular function and evidence of heart failure or diabetes.
Ideally all patients with NSTE-ACS should have
a noninvasive assessment of ischemia inducibility
1–2 months post hospital discharge to inform further
management and rate of resumption of physical activities.
Patients with poor ventricular function may benefit
from resynchronization pacing or an implantable
defibrillator.

Prognosis
ACS has a mortality rate of approximately 50% within the
first month after initial clinical presentation with half of
these deaths occurring within the initial 2 h. Mortality of
patients reaching hospital alive after initial presentation
has improved markedly (to less than 20%) over recent
years following the introduction of rapid reperfusion therapy. Approximately 10% patients with STE-ACS have
a further infarction within 1 year.
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ST-segment elevation acute myocardial infarction of the European
Society of Cardiology. Eur Heart J 23:2909–2945
Killip T, Kimball JT (1967) Treatment of myocardial infarction in
a coronary care unit. A two year experience with 250 patients. Am
J Cardiol 20:457–464
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Coronavirus
These viruses belong to the family Coronaviridae and are
enveloped viruses with a positive-sense single-stranded
RNA genome and a helical symmetry. Under electron
microscopy, the virus has a characteristic crowned appearance (hence the name “corona”), caused by a ring of large,
distinctive spikes in the envelope. Coronaviruses cause a
wide range of disease in animals and humans and cause
a significant percentage of cases of the common cold.

Correction of Burn Shock
▶ Burn Fluid Resuscitation

Corticosteroid Insufficiency
▶ Adrenal Conditions, Insufficiency/Failure
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Synonyms
Coxiellosis; Q fever
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Definition
Coxiella burnetii is the etiological agent of the infectious
disease in humans known as Q fever. In animals it is
termed coxiellosis. It is a cocco-bacillus with a gramnegative cell wall measuring 0.2 by 0.7 mm. It is an obligate
intracellular pathogen that does not stain with Gram’s
stain but does with Giminez stain. Within the host cell, it
develops in the phagolyzosome, where the acid pH activates its enzymes. It has both large and small cell variants
and forms spores. Spore formation is why C. burnetii is so
successful as a pathogen. It can survive for more than
1 month on meat in cold storage, and for more than
40 months in skim milk at room temperature.
It can also survive in free-living amoebae. Although it
is destroyed by 2% formaldehyde, the organism has been
isolated from infected tissues stored in formaldehyde for
up to 4–5 months. It has also been isolated from fixed
“paraffinized” tissues. Either 1% Lysol or 5% hydrogen
peroxide kills C. burnetii.
Coxiella burnetii undergoes phase variation akin to the
smooth-to-rough transition of lipopolysaccarides of
Gram-negative bacteria. In nature and in laboratory animals, it is in the phase I state. Phase I organisms react with
late convalescent-phase (45 days) guinea pig sera and only
slightly with early-convalescent-phase (21 days) sera. After
many passages in cell culture or embryonated eggs, truncation of the lipopolysaccharide occurs resulting in phase
II cell [1].
Coxiella burnetii is a Centers for Disease Control and
Prevention (CDC) category B bioterrorism agent. Agents
in this category have the potential for large-scale dissemination but generally cause less illness and death than
category A agents. As a biological warfare agent,
C. burnetii can be easily dispersed as an aerosol with
a high infectivity rate, and pneumonia is the major manifestation of infection in this setting. It has been calculated
that a concentration of 100 cells/m3 and an exposure time
of 30–60 min can deposit more than one cell in the lung.
Infections with C. burnetii can be divided into two
groups – acute and chronic. Acute Q fever can manifest as
inapparent infection, self-limited febrile illness, pneumonia, hepatitis, or a variety of organ-specific manifestations
such as meningitis, encephalitis, pericarditis, pancreatitis,
priapism [1]. Chronic Q fever almost always means endocarditis or infection of abdominal aortic aneurysms but
occasionally osteomyelitis occurs [1]. Q fever in pregnancy
should also be considered as a form of chronic Q fever.

Treatment
Coxiella burnetii is resistant to beta-lactams and
aminoglycosides and susceptible to rifampin, co-trimoxazole,

tetracyclines, and quinolones. Many, but not all, isolates are
susceptible to macrolides. Quinolone resistance has been
reported but seems to be uncommon at present. Acute
Q fever is generally adequately treated with 7–10 days of
a tetracycline or a quinolone. Most of our knowledge about
the treatment of Q fever comes from observational studies.
Investigators from Basque Country, Spain, carried out
a prospective, randomized double-blind study of doxycycline
and erythromycin in the treatment of pneumonia presumed
to be due to Q fever [2]. Subsequently, 48 patients were
proven by serologic studies to have Q fever, 23 of whom
received 100 mg doxycycline twice daily, and 25 received
erythromycin (500 mg every 6 h) for 10 days. Fever resolution was faster in the doxycycline-treated group (3 1.6
days vs. 4.3 2 days for erythromycin-treated patients;
p = 0.05). By day 40, the chest radiograph was normal in
47 of the 48 patients.
Patients with acute Q fever and coexisting valvular
heart disease should be treated for 1 year with doxycycline
and hydroxychloroquine as described for the treatment of
chronic Q fever. Alternatively, these patients can be
followed with Q fever titers every 3 months and treated
if the serological profile becomes that of chronic Q fever.
Q fever during pregnancy should be treated with
co-trimoxazole for the duration of the pregnancy. In one
retrospective study, this approach reduced obstetrical
complications from 81% to 44%. There were no intrauterine fetal deaths in the co-trimoxazole-treated group [3].
Patients with a “chronic Q fever serological profile” should
be treated with doxycycline and hydroxychloroquine for 1
year following delivery.
Treatment of chronic Q fever is complex. Q fever
endocarditis is treated for at least 18 months of therapy
with doxycycline 100 mg b.i.d, and hydroxychroroquine
200 mg t.i.d. Plasma levels of doxycycline should be
maintained at or above 4.8 mg/mL. Hydroxychloroquine
levels should be about 1 mg/mL. The response to treatment
is assessed by measuring antibody levels to phase I and
phase II antigens. Therapy can be discontinued when the
anti-phase I IgG titer by immunofluorescence assay is less
than 1:400 and the anti-phase I IgA titer is undetectable.

Pharmacologic Management
The ability to measure serum levels of doxycycline
and hydroxychloroquine is very helpful in the management of patients with chronic Q fever, especially for those
who are failing therapy or in whom there is a reason to
suspect impaired observation of doxycycline. An example
of the latter is a patient who is receiving concomitant
treatment with blockers of gastric acid secretion and
doxycycline.

Coxiellosis

Vaccination offers the promise of controlling Q fever
by immunizing livestock in endemic areas. Those in high
risk occupations such as abbatoir workers and veterinarians should also be immunized. A heat inactivate vaccine
made from heat inactivated phase I cells is available in
Australia. A Q fever vaccine can be obtained from the
Centers for Disease Control and Prevention.

Epidemiology
Q fever is an zoonosis and as such the epidemiology is that
of its animal reservoirs and those who are in contact with
them. Cattle, sheep, and goats are most commonly
infected, although cats play an important role in the epidemiology of Q fever in some localized geographic areas
such as Nova Scotia, Canada. Coxiella burnetii localizes to
the endometrium and to the mammary glands in female
animals. The organism reaches very high concentrations
in the placenta, and at the time of parturition it is shed
into the environment and aerosolized. Susceptible hosts
who inhale the organisms develop Q fever. Q fever is
present throughout the world with the exception of
New Zealand and Antarctica.
Q fever is not common in the USA with an average of
51 cases per year from 2000 to 2004.
When a case of Q fever is identified, the source of an
outbreak of Q fever may not be apparent, as the organism
can be spread up to 11 km from an area with contaminated
soil during windstorms [4]. Finding the source of the
infection can often be challenging; as in outbreaks due to
straw that was used to insulate buildings and when the
straw was disturbed during renovations, Q fever occurred.
Washing contaminated clothing can also result in Q fever.

Risk Factors
Association with infected animals is an obvious risk factor.
For those who work on farms, smoking cigarettes is also
a risk factor, presumably because of hand to mouth transmission. It is noteworthy that oral transmission of Q fever
has been difficult to prove in an experimental setting.
There is a dose response curve in that those who clean
up infected products of conception have the shortest
incubation period and the most severe disease.

C. burnetii antigen between acute and convalescent serum
samples. The convalescent sample should be drawn 2 or
more weeks after the acute phase sample.
The diagnosis of chronic Q fever is confirmed by a very
high phase I IgG antibody titer – usually >1:800. In
chronic Q fever, the phase I titer is higher than the phase
II titer, while the reverse is true in acute Q fever.
Patients in whom chronic Q fever is suspected should
have a transesophageal echocardiogram to detect vegetations on cardiac valves.

After Care
Some patients with acute Q fever develop chronic fatigue
post infection. Patients with acute Q fever who have valvular heart disease should have careful follow-up with
serial antibody measurements to detect development of
chronic Q fever. Alternatively, the patients can have preemptive therapy with 1 year of treatment with doxycycline
and hydroxychloroquine. Patients with chronic Q fever
require assessment every 3–6 months until cured and
frequency of follow-up thereafter dictated by severity of
valvular heart disease.

Prognosis
The prognosis for acute Q fever is excellent. Mortality is
low at <1% in most series. Chronic Q fever has considerable mortality and morbidity. The problem is usually
a delay in diagnosis. Many patients with chronic Q fever
will require cardiac valve replacement; however, the decision to do this should be based on hemodynamic factors.

Economics
In Australia, it is estimated that Q fever costs $1 million
per year and loss of 1,700 weeks of work [5].
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CPP
▶ Cerebral Perfusion Pressure

Craniectomy
▶ Emergency Burr Holes

Craniospinal Dissociation
▶ Occipitocervical Dissociation

Craniotomy
LUCIDO L. PONCE, CLAUDIA S. ROBERTSON
Department of Neurosurgery, Baylor College of Medicine,
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Craniectomy for Intracranial
Pressure (ICP) Control
▶ Decompressive Craniectomy

Craniocervical Dislocation
▶ Occipitocervical Dissociation

Craniocervical Dissociation
▶ Occipitocervical Dissociation

Craniocervical Vertical
Displacement
▶ Occipitocervical Dissociation

Craniocervical Vertical Distraction
Injury
▶ Occipitocervical Dissociation

Craniospinal Dislocation
▶ Occipitocervical Dissociation

Synonyms
Although not strictly acceptable as a synonym, “crani” is
commonly used among healthcare professionals to refer to
craniotomy. The term “brain surgery” is widely utilized by
the general population and by patients who have undergone a craniotomy.

Definition
Craniotomy is a surgical procedure where a portion of
the skull, known as the bone flap, is separated from the rest
of the cranium in order to access its enclosed structures
(i.e., brain, dura, vessels, nerves, etc.). Some authors have
proposed that burr holes or key holes are also a form of
small craniotomies. Once the surgery goal has been
achieved, the bone flap is replaced. When the bone
flap is not replaced, craniectomy is a more precise name
for the procedure. When the intention of the craniectomy
is to relieve intracranial pressure caused by brain
swelling, then it is called decompressive craniectomy
(hemicraniectomy or bifrontal). Craniotomies are also
named by the bone or region being removed (i.e., parietal,
temporal, fronto-parietal, etc.) [1]. “Awake craniotomy” is
used when the procedure is performed under local anesthesia with the subject fully conscious to increase the
chances of preserving eloquent areas of the brain or
when general anesthesia is not an option. “Complex craniotomy” usually refers to skull base surgery where the
aim is to expose or reach the most caudal portions of the
brain and generally a higher grade of neurosurgeon expertise is required.
Although craniotomy is considered a highly invasive
procedure and less invasive endoscopic and intravascular
techniques have gained popularity and effectiveness for
some neurosurgical problems, a role of craniotomy in
neurosurgery will remain for a number of indications,
including neurotrauma.

Craniotomy

Pre-existing Condition
Virtually any intracranial condition may be surgically
approached through the bone defect left by the craniotomy. As with any other surgical operations, careful assessment of the “benefit” versus “risk and/or futility” is always
needed from the neurological surgeon.
Craniotomy might be used for diagnosis, therapy, or
both. Burr holes (1–3 cm) are used for minimally invasive
procedures to introduce an endoscope to remove small
tumors or clip aneurysms, to drain a hematoma (stereotactic aspiration), to perform a biopsy, placement of intracranial monitoring devices (i.e., intracranial pressure, brain
tissue oxygen pressure, or microdialysis catheter), insertion
of an external ventricular drainage (EVD, also called
“ventriculostomy”), introduction of a deep brain stimulator (for treatment of Parkinson disease), and placement
of penetrating depth electrodes (for epilepsy diagnosis
and treatment). Large craniotomies are preferred for
larger lesions such as tumors, aneurysms or arteriovenous
malformations, evacuation of large hematomas (subdural
hematoma or epidural hematoma), large coalescent
contused brain areas causing mass effect, or abscesses, and
brain debridement after a gunshot wound. Indications for
surgery for specific pathologies are discussed elsewhere.
The medical conditions that require craniotomy vary
depending on the neurosurgical pathology and the underlying health of the patient. Individual patient characteristics can range from an otherwise healthy patient with
a relatively benign intracranial pathology to a critically ill
patient with several serious comorbid conditions who is
being treated for an independent serious intracranial disease. For elective neurosurgical cases, preoperative care
can be appropriately met. However, because some neurosurgical conditions require emergency surgical intervention, there will also be cases where little information
regarding patient’s general health status is available immediately before a life-saving craniotomy is performed.
Whenever possible, preoperative medical status should
be carefully assessed and for those cases where the urgency
of surgery overrides extensive preoperative evaluation, subsequent medical assessment must be undertaken at a later
time period. The use of preoperative checklists may
decrease surgical morbidity and mortality. Preoperative
laboratory tests should be ordered based on individualized
history and physical examination rather than a standardized battery screening tests. The need for premedication
should be evaluated, especially for antibiotic and anticonvulsant prophylaxis, which will vary depending on the
neurosurgical procedure. At the beginning of the procedure, the appropriate choice of anesthetic agents has to be
determined. This determination will involve factors such as
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whether preservation of consciousness is desired, if special
intraoperative monitoring such as evoked potential monitoring is to be performed, or if a rapid wake up from
anesthesia is desired. If the case allows obtaining informed
consent, it is important to depict all possible postoperative
scenarios that both, patient and family might face as well as
the potential intensive care unit course. The neurological
surgeon’s most essential ally in accomplishing a successful
postoperative outcome is a well-informed patient [2].

Application
Complete information regarding the side and site of
the pathological lesion, positioning of the patient, as
well as the necessary equipment should be appropriately
discussed in advance before the arrival of the patient to
the operating room. Special requests of unusual equipment, such as fluoroscopy, must also be listed beforehand. Agreement should be obtained with nursing
and anesthesiology teams regarding the perioperative
administration of osmotic agents, steroids and lumbar
or ventricular drainage, prophylaxis for phlebitis, and
thromboembolic events such as pneumatic stocking, urinary catheter placement, venous air emboli monitoring,
etc. Operating rooms dedicated exclusively to neurosurgical procedures are helpful as are anesthesiology and
nursing teams experienced with neurosurgery cases who
are thoroughly knowledgeable about the equipment and
procedures.
The majority of craniotomies are executed with
the patient in the supine, three-quarter prone (lateraloblique), or fully prone position. The supine position
is preferred for procedures in the frontal, temporal,
and anterior parietal areas and some cranial base
approaches with or without turning the patient’s head
and shoulder elevation. For exposure of occipital and
suboccipital areas the prone position is preferred.
Prone or semi-sitting position is advised for surgical
approaches involving posterior fossa and cervical region.
Extremes of turning the head and neck should be avoided
since this condition could potentially impair venous
drainage from the head increasing intracranial pressure.
Tilting the operating table to elevate the head is
recommended as well. Use of head fixation devices allows
precise maintenance of the tightly fixed skull. Pinion
headholders give some advantages over the padded headrests, including allowing repositioning during surgery, not
obscuring the face, which facilitates intraoperative monitoring (i.e., evoked potentials), and are commonly the site
for brain retractor systems attachment. Better quality
imaging for intraoperative fluoroscopy may be obtained
if the pinion headholder is made of radiolucent materials.

627

C

628

C

Craniotomy

During the surgical procedure, the anesthesiologist is
usually positioned close to patient’s head and chest.
Whenever possible, having the anesthesiologist facing
toward the patient’s face is ideal, giving him easy access
to endotracheal tube and intravascular lines. The scrub
nurse is preferably positioned on the other side of the
patient, in front of the anesthesiologist. Shaving the entire
head, limited hair removal (1–2 cm beyond the margin of
the incision), and not shaving at all are accepted, although
removing hair from the site of the surgery may allow
outlining several helpful anatomical landmarks such as
sutures, approximation of fissures, pterion, or temporal
line before sterile draping. Of esthetic importance is
avoiding surgical incisions going beyond the hairline.
A typical supratentorial craniotomy and its general
considerations are described as follows:
1. The patient is placed in the supine position (a roll is
placed under the back and shoulder to facilitate
maintaining of the position) and the head turned to
the appropriate side and positioned either on
a doughnut or using the head fixation device.
2. A scalp flap is appropriately outlined. This flap will be
proportional in length with the size of the craniotomy,
which in turn is planned in relation to the intracranial
lesion being approached. Scalp flaps should have
a broad base in order to preserve adequate blood
supply. As a general rule, the pedicle should not be
narrower than the width of the flap. Otherwise, the
flap edges may become ischemic endangering not just
a prompt healing, but also predisposing to scalp, bone
flap, and intracranial infections. When there is some
uncertainty as the precise type and extent of the intracranial pathology, such as with head trauma, larger
bone flaps are preferred since a good exposure is
priceless. The skin is incised with a sharp blade.
Two of the largest scalp flaps are the reverse question
mark incision for ample exposure of the hemicranium and
the bicoronal incision for bifrontal exposure. Both incisions start anterior to the ear at the zygoma level, and
attempt to avoid the facial nerve branch that passes
through the zygoma 1.5 cm anterior to the tragus. If it
is not possible to avoid this area, the layers of the scalp in
which the nerve courses must be protected. The superficial
temporal and occipital arteries should be also preserved
whenever possible. This is mandatory if an extracranial–
intracranial arterial anastomosis might be needed.
During elevation of the scalp, control of bleeding is
achieved with pressure of the surgeon’s and assistant’s
fingers against the skin on each side of the incision,
followed by the hemostatic clipping or clamping

placement along the flap edges, or with dilute epinephrine
injected preoperatively along the planned line of incision.
Deeper muscle and fasciae layers can be incised with
a cutting electrocautery at its upper insertion, but its use
should be avoided during elevation of the muscle from the
bone. Instead, an accurate dissection with a sharp periosteal elevator should be performed to preserve the bulk and
viability of the temporalis muscle. Both the vascular and
nerve supplies of the temporalis muscle course tightly
along the fascial attachments of the muscle to the bone,
and are easily damaged with electrocautery use. If the
situation requires rapid opening of the cranium,
the quickest method involves dividing and reflecting the
scalp flap and muscle as a single unit downward. When the
scalp flap base is opposed to or not coincident with
the temporalis muscle insertion, then the scalp flap can
be elevated as needed and the temporalis muscle reflected
downward, preserving its neurovascular unit.
3. An appropriate number of burr holes are made with
a manual or a high-speed air or electric drill along the
planned margins of the bone flap stripping the underlying dura away. Then a saw provided with a foot plate
that protects the dura is placed through one of the burr
holes and used to cut the bone as it is directed toward
an adjacent burr hole. All of the burr holes are
connected in this manner creating the bone flap.
Extremely long cuts should be avoided, especially if
they extend across an internal bony prominence, such
as the pterion, or across a mayor venous sinus. Reducing the risk of injuring the brain or scratching the
dura is achieved by drilling several burr holes and
making short cuts. If cutting across a venous sinus is
required then a burr hole is created on each side of
the venous sinus and then the two burr holes are
connected with the saw while protecting the dura,
which has been carefully stripped from the bone. The
Gigli or wire saw along with the dura protector
is currently less used. After elevating the bone flap
bleeding from bone edges is stopped by applying
bone wax. The bone flap may be stored until closure
in a sponge moistened with saline or antibiotic
solution.
Bipolar coagulation is preferred for scalp, dura, and
intracranial sites to control bleeding. At the sites where
bipolar coagulation could damage neural structures, the
use of hemostatic gelatinous or alternative materials is
attempted. If metallic clips are necessary for bleeding
control, nonmagnetic alloy or titanium clips are preferred
because they will not hamper postoperative computed
tomographic scan imaging.

Craniotomy

4. Tack-up sutures are placed by making small holes near
the bone edge with the drill bit, then stitching the dura
and holding it against the bony margins with a 3–0 silk
suture brought through the dura and then through the
small drill holes. Such tack-up sutures are a common
practice after elevation of the bone flap; however,
when the circumstances are compelling, this step can
be skipped. If the brain is initially pressed tightly
against the dura, tack-up sutures can be placed after
the relief of the pressure when the sutures can be
placed with direct visualization of the deep surface of
the dura
5. Opening the dura is usually performed initially with
a #15 scalpel blade while carefully lifting the dura off
the underlying cortex. Then the rest of the dural opening is completed with shielded Metzenbaum or
tenotomy scissors, elevating the dura away from the
cortex with Penfield or Cushing forceps and cauterizing and dividing any small bridging veins. The dural
opening can be along the bony margins (horseshoeshaped) or in a cruciate (X or Y) fashion. Reflection of
the dural flap via small hemostats suspended from
sutures placed through the corners of the flap can
then be performed.
6. Once the intracranial part of the surgery is completed,
the dura is closed with 3-0 silk running or interrupted
sutures. When shrinkage of the dura occurs, then soft
tissue (fat or muscle) can be sutured over small openings. However, when approaching both dural ends
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leaves larger dural defects or considerable tension of
the dura, a duroplasty with cadaveric dura, temporalis
fascia, or pericranium can be performed.
The bone flap will be held in place tightly with heavy
sutures such as nonmagnetic plates with screws, small
metal discs or burr hole covers, or fine wire. The
remaining defects of the bone surface are usually covered
up with bone wax, methylmethacrylate, or other bone
substitute. Irrigation with antibiotic solution has proved
to help in decreasing extracranial infection, but not intracranial ones.
Deep muscles and fascia are typically closed with 1–0,
the temporalis muscle and fascia with 2–0, and the galea
with 3–0 absorbable sutures. The scalp is closed either
with metallic staples or 3–0 nylon reinforcing sutures.
Staples are associated with less tissue reaction than other
forms of closure [3].
Postoperative care must be performed in a specialized
neurosurgical intensive care unit and will consist of
neuromonitoring, neurological examinations, antibiotics,
anticonvulsive therapy, thromboembolic prophylaxis,
pain control, laxatives, and/or drug level monitoring.
Nursing and medical staff should tend to adequate surgical wound care, teaching family and patient about
what care should be provided. At least daily inspection
of the surgical wound is advised. Wound dressings
are usually kept for 24 h, and skin sutures are removed
in 7–14 days.

Craniotomy. Figure 1 (a) Axial CT scan with an epidural hematoma visible on the right and a right-to-left midline shift upon
hospital admission after severe traumatic brain injury. (b) After undergoing craniotomy for right EDH evacuation CT scan shows
an epidural on the left remote from the side of the craniotomy and a left-to-right midline shift. (c) Axial CT scan after second
craniotomy for left EDH evacuation shows no midline shift
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The most common serious acute complications of
a craniotomy are bleeding and infections (intracranial
and extracranial). Most series report the incidence of
intracranial infections following craniotomy to be <2%.
However, 80% of all nosocomial meningitis cases have
a history of craniotomy, shunt, or ventriculostomy.
Other complications include wound dehiscence, cerebrospinal leak, increased intracranial pressure due to swelling,
nerve or vascular damage, hyponatremia due to syndrome
of inappropriate antidiuretic hormone secretion,
hypernatremia due to diabetes insipidus, and seizures.
A postoperative intracranial hematoma is an uncommon
but life-threatening complication [4] (see Fig. 1).
Long-term complications of a craniotomy include
subdural hygroma formation (30–50%), the majority of
which are asymptomatic or can be managed conservately,
bone flap resorption, and late infections. Other rare late
complications include late cerebrospinal fluid leak, seizures, hydrocephalus, and pituitary insufficiency. Risk
factors associated with development of postoperative
infections are male sex, preoperative diagnosis, no antibiotic prophylaxis, long course of cerebrospinal fluid leak,
early reoperation, and duration of the surgery [5].
On discharge from the hospital, the patient and family
should be instructed to reduce the activity level including
driving, weight lifting (<5 lb), avoid walking long distances, constipation, and housework and yard work. Such
activities should gradually increase as recovery occurs. The
patient should be advised clearly about conditions such as
fever, signs of wound infection, focal neurologic signs,
decreased alertness, intractable headaches, vomiting,
neck pain, etc. which should prompt their seeking care
prior to their next scheduled appointment.
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▶ Emergency Burr Holes

References
1.
2.
3.

4.

5.

Blumenfeld H (2002) Cranium, ventricles, and meninges. In: Neuroanatomy through Clinical Cases. Sinauer, Sunderland, MA, p 163
Samuels A (April 2005) The duty to warn the patient. Br J Neurosurg
19(2):117–119
Rhoton AL Jr (October 2003) Operative technique and instrumentation for neurosurgery. Rhoton cranial anatomy and surgical
approaches. Neurosurgery 53(1):1–6
Dimitrov DF, Turner DA (2005) Perioperative care of the neurosurgical patient. In: Rengachary SS, Ellenbogen RG (eds) Principles of
neurosurgery, 2nd edn. Mosby, St. Louis, MO, pp 91–98
Korinek AM, Goldmard JL, Elcheik A, Bismuth R, van Effenterre R,
Coriat P, Puybasset L (April 2005) Risk factors for neurosurgical site
infections after craniotomy: a critical reappraisal of antibiotic prophylaxis on 4578 patients. Br J Neurosurg 19(2):155–162

Creatine Kinase-MB
▶ Cardiac Markers for Diagnosing Acute Myocardial
Infarction

Creatinine and Creatinine
Clearance in Children
CARLA NESTER1, PATRICK D. BROPHY2
1
Department of Pediatrics, Division of Pediatric
Nephrology, Dialysis & Transplantation, University of
Iowa Children’s Hospital, Carver College of Medicine,
Iowa City, IA, USA
2
Department of Pediatrics, University of Iowa Children’s
Hospital Carver College of Medicine, Iowa City, IA, USA

Synonyms
Glomerular filtration rate

Other Important Terms
Iohexol; Iothalamate;
Equation

Nuclear

Medicine;

Schwartz

Definition
Determining the level of renal function in the intensive
care setting can be critical to the management of the child
with a serious illness. An understanding of renal function
facilitates proper fluid and electrolyte management and
safe dosing of medications, and allows for timely intervention and treatment of morbidities when a declining
renal function is recognized.
Quantifying renal function in children is not an easy
task. Pediatric norms can vary widely and are influenced
by age as well as size and body habitus. Rough estimates
of renal function are available as “bedside” assessments;
however, they are of limited accuracy. More precise
measurements often require radioisotopes or cumbersome
techniques not always practical in the intensive care unit.
Nonetheless, establishing the level of renal function is key
to state-of-the-art care in the critically ill patient.
The determination of renal function requires an
assessment of the glomerular filtration rate (GFR). The
GFR is the volume of plasma ultrafiltrate filtered by the
kidney per unit time and represents the functional renal
mass. Glomerular filtration is routinely measured indirectly through the concept of clearance. Clearance (Cx) is
defined as the volume of plasma from which a substance
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Creatinine and Creatinine Clearance in Children. Figure 1
The relationship between plasma creatinine and GFR is an
inverse relationship that is nonlinear

Characteristics
Inulin is the classic substance used for this calculation.
Since inulin is not secreted or absorbed it appears in the
urine based solely on the filtering capacity (GFR) of the
kidneys. Its use can be technically challenging and it is
therefore infrequently used for GFR assessment at this
time. It is mentioned here primarily because it is considered the gold standard for measurement of GFR [1].
In practice, creatinine is the plasma substance that is
used for GFR calculations and is in fact the roughest
estimate available of renal function. It is this substance
that is more readily available for assessment in the intensive care setting. Creatinine is a product of muscle catabolism and appears to be fairly constantly produced by the
body and uniformly handled by the normal kidney on
a day-to-day basis. This permits following the plasma
level of creatinine as a useful measure of renal function.
One important exception exists. When renal failure is
advanced, creatinine is relatively more secreted, and therefore when used in calculations can result in an
overestimation of GFR [1–3]. The fact that creatinine
can be secreted results in a nonlinear relationship between
creatinine and GFR (Fig. 1).

Limitations
Small changes in creatinine clearance may go unnoticed
due to this relative increase in secretion of creatinine
masking loss of renal function. Other limitations exist in
utilizing creatinine as a useful measure of renal function.
Creatinine rises only after renal injury, therefore limiting
preemptive measures to preserve renal function. Furthermore, some medications interfere with creatinine secretion (i.e., trimethoprim/sulfamethoxazole) causing
a falsely elevated creatinine, mimicking worsening filtration function. Despite these limitations, creatinine
measurements are readily available in most standard
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would have to be totally removed to account for its rate of
excretion in urine per unit of time. Clearance is calculated
by dividing the excretion rate of a substance by its plasma
concentration (Cx =UxV/Px) where Ux and Px are urine
and plasma concentrations, respectively, of substance x,
and V is urine flow rate in milliliters per minute (ml/min).
Any substance that is freely filtered by the kidney is not
protein bound (therefore not restricted from filtration),
and not reabsorbed, secreted, or metabolized by the kidney tubules once filtered into the urinary space would
suffice for this calculation. By determining the clearance
of a substance under these circumstances, the glomerular
filtration rate is inferred (Cx =GFR) [1–3].

C

laboratories and therefore are the current standard for
assessing renal function.
Prior to making renal function calculations based on
creatinine, one important caveat must be considered when
attempting to estimate GFR; the patient’s renal function
must be at steady state. If the patient’s renal function is
changing as occurs with renal injury, the use of the creatinine to determine GFR becomes invalid.
If the renal function is stable and the creatinine is not
changing, the creatinine may be used to estimate GFR.
There are currently two commonly used options for
a bedside estimation of GFR: the Schwartz formula in
children under 18 and the Cockroft–Gault equation in
children 12–18. These are both creatinine-based estimates
[1–3].
The most commonly used bedside formula is the
Schwartz formula: eGFR=k L/Scr; where eGFR is estimated GFR in milliliters per minute per 1.73 square
meters, k is a constant determined empirically by
Schwartz and associates [3], L is height in centimeters,
and Scr is serum creatinine in milligrams per deciliter. The
value of k is 0.45 for term infants during the first year of
life, 0.55 for children and adolescent girls, and 0.7 for
adolescent boys. This formula provides a good approximation of GFR when compared with inulin clearance data
though in general this formula tends to overestimate GFR.
There have been multiple attempts to redefine k to better
account for modern creatinine testing methods and to
more accurately represent GFR, however this particular
set of k values continues in general use. The Cockcroft–
Gault equation, which is used to estimate GFR in adults,
can also be used in children over 12 years of age: eGFR=
(140 – age) (body weight in kg)/(72Scr), where eGFR is
the estimated GFR in males. In females, a correction factor
of 0.85 is used [1–3].
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In order to improve the estimates of GFR, other
plasma agents have been evaluated for their usefulness.
Cystatin C is an enzyme protein that is produced at
a relatively constant rate and this constancy appears not
to be influenced by the presence of inflammatory conditions, muscle mass, gender, body composition, and age
(after 12 months) [4]. Blood cystatin C level is approximately 1 mg/l in healthy individuals. Because cystatin
C is catabolized and almost completely reabsorbed by
renal proximal tubular cells with little appearing in the
urine, standard clearance formulas cannot be used to
determine GFR. Nevertheless, serum cystatin can be used
to estimate GFR in milliliters per minute per 1.73 square
meters according to the following formula: log10 (GFR)=
1.962+[1.123log10 (1/cysC)], where cysC is serum
cystatin C [4]. While cystatin C is not a conventional
marker of GFR, reciprocal values of serum cystatin
C levels are reasonably well correlated with GFR in
children [4].
As with creatinine, cystatin C appears to have its
limitations. Recent studies have shown that factors other
than renal function, such as C-reactive protein (CRP) and
smoking status, may influence serum cystatin C concentrations and the findings of cystatin C in the urine during
glomerular and tubular injury also casts some doubt on
the ability of serum cystatin C to accurately estimate GFR
in certain circumstances. The major drawback however to
cystatin C is its availability, as this is not a test that is
routinely done in hospital laboratories [1–4].
In more stable patients, measures of glomerular filtration may be undertaken using radiologic means. Estimation of GFR by use of radioisotopes is becoming more
commonplace. Though this is often not required in the
intensive care setting, there is a place for this type of
testing in critically ill hematology-oncology patient who
require precise dosing of chemotherapeutics.
Measures (not estimates) of GFR can be made with
diethylene triamine penta-acetic acid (99mTc-DTPA),
ethylene diamine tetra-acetic acid 51Cr-EDTA, and
iothalamate. These techniques are known as single injection clearance techniques and rely on the theory that the
renal clearance of a substance that is not metabolically
produced or degraded, and that is excreted from the
body completely or almost completely in the urine, can
be used to calculate GFR [1]. Using the plasma disappearance of the substance, GFR can be calculated and normalized to 1.73 m2. Because the entire dosed marker is
excreted in the urine, the equation for this method essentially resembles the familiar GFR=UV/P. Timed blood
draws are required for these methods; however, no urine
collection is required. These methods have become

quite useful given the limited availability and expertise
with inulin and difficulties in collecting accurate timed
urine in children. (The use of the clearance formula (Cx =
UxV/Px) requires a timed urine collection and by standard
this is a 24 h collection, which can be impractical in
unstable ICU patients.)
Iothalamate can be utilized in its nonradioactive form.
As before, a single injection is utilized and the plasma
disappearance is measured. One caveat to the use of
iothalamate is that it can be actively secreted by renal
proximal tubular cells and may also undergo some tubular
reabsorption, making GFR assessments potentially
overestimated.
Finally, iohexol is a reliable alternative to inulin clearance, avoiding both the use of radioactivity and the problems related to timed urination and continuous infusion
of marker. Iohexol is a nonionic, low osmolar, X-ray
contrast medium that is safe and nontoxic and currently
used in angiographic and urographic procedures. It is
eliminated from plasma exclusively by glomerular filtration. Iohexol is distributed into the extracellular space and
has less than 2% plasma protein binding. It is excreted
completely unmetabolized in the urine, with 100% recovery within 24 h after injection. Extrarenal elimination of
iohexol in a setting of reduced GFR is negligible. Iohexol is
quantified in blood samples using HPLC or X-ray fluorescence. This may be limiting, as not all facilities will have
the capability to do this. There is close agreement between
GFR measured by inulin clearance and clearance of
iohexol using a plasma disappearance method [1]. In
a pilot study for the National Institutes of Health (NIH)supported Chronic Kidney Disease in Children (CKiD)
study, it was found that, even with low GFR, serum iohexol
measures could be used to define GFR [5].
In the intensive care setting, patients are often unstable
and cannot undergo accurate, radiologic assessment of
renal function. Therefore, estimates such as the Schwartz
formula and improved estimating formulas along with
new renal biomarkers as they become available will be
necessary to guide care based on renal status.
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Origin, Structure, and Metabolism
Creatinine is a small, water-soluble compound with
a molecular mass of 88.4. Creatinine is nonenzymatically
formed from creatine, in vivo, and in vitro. Creatine plays
a critical role in the energy production, storage, and transport in the cell through its high energy derivative the
creatinphosphate. After a burst of activity the
creatinphosphate can donate a high energy phosphate
residue to ADP and thus anaerobically restore the ATP
concentration in the cell. This reaction is reversible.
Creatine is de novo synthesized in the liver from the
amino acid glycine and arginine and also absorbed from
the intestine.
Creatinine is mainly eliminated by filtration in
the glomeruli of the kidneys but also by tubular excretion and to the gut, even in the healthy. The tubular
excretion can be blocked by drugs, for example, cimetidine, but has been found to be stimulated when the glomerular filtration is impaired and the P-Creatinine
increases. (In this text, the IFCC/IUPAC nomenclature
for quantities is used, thus “P-Creatinine” refers to the
plasma concentration of creatinine. For all practical purposes the S-Creatinine and P-Creatinine are exchangeable.
Likewise, U-Creatinine is the creatinine concentration in
urine. The unit, e.g., mmol/L or mg/dL will be given when
appropriate and critical for the understanding.)
Creatinine is not a metabolic stable end-product but is
further degraded to methyl guanidine and methyl urea
through a long sequence of intermediary products. These
are oxidative pathways and stimulated by reactive oxygen
species (ROS). Accordingly this degradation increases in
hyperbaric treatment of patients. It is unknown if they are
nonenzymatic reactions or at least in some steps enzyme

C

dependent. The oxidative pathways are favored in uremia.
Methyl guanidine and methyl urea can potentially be
nitrated to carcinogenic nitroso derivatives by endogenous nitric oxide (NO).
About 25% of creatinine ingested by healthy individuals will reach the colon. Creatinine that is present or
excreted into the gut has been shown to be microbiologically converted to creatine by creatinase. The creatine can
then be reabsorbed in an “enteric cycling” process and
again metabolized to creatinine. In uremic patients the
amount of creatinine in the stool increases.
Creatine and creatinine have been shown to form socalled amino-imidazo-azaarenes (AIA). These substances
have been isolated from processed food, in particular
broiled meat and other products that are cooked at high
temperatures, for example, fried fish, eggs, and potatoes.
They are regarded as highly mutagenic and there is experimental evidence that when occurring in the urine they are
of dietary origin.
At least one of the mutagenic compounds has been
shown to form at low temperatures, for example, 37 C.
The endogenous production of AIA has been demonstrated in uremic patients with very high P-Creatinine
and it is interesting to note the increased incidence of
malignancies in uremic patients.
A comprehensive review of creatinine has recently
been published [1].

Measurement of Creatinine
Concentration in Serum, Plasma, and
Urine
The concentration of creatinine in serum/plasma and
urine are probably the most requested measurements
from clinical laboratories.
Jaffe [2] observed in the late nineteenth century
(1886) that creatinine reacted with an alkaline picrate
solution to yield a colored product, often described as
red-orange. There is no published evidence that Jaffe
made any measurements of the concentration of creatinine in serum or urine based on the reaction; the colorimetric method that is referred to as the Jaffe method was
introduced for urine by Otto Folin in 1914 and later
applied to deproteinized serum [3, 4]. Already in his first
paper on the method, Folin remarked that the reaction was
not specific for creatinine and “the only substances I have
found to give the reaction under the conditions of the
experiment are acetoacetic ether, acetone, and hydrogen
sulphide which can easily be removed by a few minutes
heating with diluted hydrochloric acid.” These substances
thus interfere little with the reaction in urine but it
is agreed that serum and plasma may contain several
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interfering substances (so-called matrix effects or
non-creatinine chromogens) among which are a-keto
acid salts, for example, acetoacetate and puryvate. Other
interfering compounds are proteins, glucose, and ascorbate (vitamin C). A number of drugs have been reported
to interfere with the reaction, for example, ascorbic acid
and ciclosporin. Several modifications of the Jaffe method
have been introduced both regarding the reagents and the
measurement procedure. These reduce the matrix effects,
for example, a widely used kinetic assay that determines
the rate of color development a certain time after addition
of the picrate and choosing a specific wavelength at which
the readings are made.
Dietary intake of creatine that is popular among
some athletes and used to increase physical performance
falsely increases the serum creatinine but is metabolized and
excreted. Any creatine that reaches the urine is
nonenzymatically oxidized to creatinine and thus increases
the concentration of creatinine in urine. However, freshly
voided urine contains some endogenous creatine.
There are many variables in the measurement of substances in biological systems. Laboratories usually describe
the performance in terms of precision and trueness, analytical specificity, and the detectability, that is, the lowest
concentration that can be measured with a given precision. Equipment in modern laboratories produce results
that are reproducible over time, that is, the precision of the
measurements is high. The concentration of creatinine in
serum and urine is high in relation to the detection limit,
which allows the use of very small volumes of serum or
urine for the measurement.
Calibration of a measuring system is always critical
and is often thought to be the key to true results. However,
in biological systems it is not always possible to calibrate
the reactions with pure substances since there may be
many confounding or interfering substances in the matrix.
In the original method by Folin the developed color was
compared with that of a suitable solution of potassium
dichromate, which has a color that is close enough to that
developed by creatinine and alkaline picrate. This is not
satisfactory and modern methods use much more sophisticated materials and methods that are traceable to the
concentration of well-defined reference materials. Lately,
several calibrators are traceable to materials whose concentration has been determined using isotope-dilutionmass-spectrometric methods (ID-MS).
To improve the measurement of creatinine concentration in serum and urine the use of enzyme reactions have
been employed. The original method is based on a series of
enzyme reactions beginning with creatininase that hydrolyses creatinine to creatine, which is further degraded to

sarcosine and urea using another enzyme, creatinase.
Finally the sarcosine is oxidized using sarcosine oxidase
that produces hydrogen peroxide, which can be measured
by different color reactions or an amperometric assay. This
sequence of reactions is specific for creatinine and not
influenced by the matrix but needs correction for endogenous creatine.
The laboratories can thus offer an alternative to the
Jaffe-based measurement procedure with a high precision
and trueness. However, the reagents used in the Jaffebased procedures are still much cheaper than those for
the enzyme-based reactions and therefore still used in
many, perhaps most laboratories.
Numerous comparison studies show that Jaffe-based
assays give slightly higher results in the same samples than
the enzyme-based procedures. This is attributed to
unspecific reactions of the matrix. To improve the comparability of results several corrective procedures are
employed in laboratories, for example, reducing the
results obtained by a factor or a constant value to mimic
the results of an enzymatic reaction. Other harmonization
methods include adjusting the results as if the procedure
had used an ID-MS measured calibrator. None of these
procedures will eliminate the matrix effects of individual
samples since they may be different from one sample to
the next but the average output from the laboratories will
be close to those of results using enzymatic procedures.

Reference Intervals and Biological
Variation
In the use of biochemical markers for diagnosis of a disease
the serum concentration of a marker is compared with
a reference interval or reference values. These are often
established by measuring the concentration of the marker
in many individuals that are carefully defined, usually without the disease that the marker is intended to use for the
diagnosis. By this definition the concept of normal values is
abandoned and the reference interval can be linked to any
condition, for example, age, gender, or even disease.
Creatine is thought to be converted to creatinine at an
almost steady daily rate of about 2% of the total body
creatine amount [1]. The latter is related to the muscle
mass, which may explain the general observation that the
P-Creatinine varies with the body size. Thus, in general
men have higher serum concentrations than women,
which may be attributed to the larger muscle mass of
males. The P-Creatinine shows a remarkably small intraindividual variation, that is, the concentration varies comparatively little over time in the healthy, whereas the
between individual variation is large. Fraser estimated
the intra-individual variation to 4.9% and the
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inter-individual variation to 18.2% [5]. Large intakes of
meat and extraordinary physical activity increase the
P-Creatinine. Likewise, malnutrition causes a reduction
of P-Creatinine. P-Creatinine increases slightly with age
particularly accelerated above about 60 years of age for
both men and women (about 5% between 20 and 60 years
and about 12% between 60 and 80 years) [6].
P-Creatinine is a function of creatinine production
and its elimination. Considering the general decrease of
muscle mass by age the increase in P-Creatinine by age
may be attributed to a general decrease in the kidney
function, notably the glomerular filtration.
The reference intervals for P-Creatinine in healthy
individuals varies for biological or physiological reasons.
The reference intervals also vary from laboratory to laboratory depending on which measurement method is used,
that is, reagents, calibrators, and calculation methods. It is
therefore not possible or meaningful in a text like this to
state the reference interval and each user should consider
the local reference intervals. However, the upper limit of
the reference interval for P-Creatinine is usually cited at
about 110 mmol/L (0.11 mmol/L or 1.24 mg/dL) for men
and 95 mmol/L (0.10 mmol/L or 1.07 mg/dL) for women.
A modern laboratory can usually measure the
P-Creatinine with a relative uncertainty of 4%. The minimal significant difference (MD) between two results (on
a 95% probability level) is estimated to about 11%, that is,
about 11 mmol/L (0.011 mmol/L or 0.12 mg/dL) at a concentration of 100 mmol/L (0.10 mmol/L or 1.13 mg/dL). In
this figure the intraindividual biological variation or preanalytical errors are not considered.

collection period of a creatinine clearance determination
will jeopardize the results.
Diagnostic medicine often requires identifying a “gold
method,” which is the method that, at a given time, is
regarded as that which best describes a condition or measures a substance or function. The gold method of estimating glomerular filtration is inulin clearance. Inulin is
a polysaccharide that is an ideal substance because it is not
metabolized and is only eliminated by filtration. The inulin clearance has been determined both after a single dose
and estimating the elimination, and during constant
administration and collection of the excreted amount
during a period of time. However, the procedures are too
complicated and cumbersome for routine purposes. All
other methods of estimating glomerular filtration can be
regarded as surrogate methods and compared with the
inulin clearance.
Creatinine has long been a surrogate for inulin in the
estimation of glomerular filtration in spite of the fact that
its serum concentration is not constant during the day
and creatinine is not only eliminated by filtration, for
example, it is in a dynamic equilibrium with creatine in
the intestine. This method also suffers from inherent
problems, for example, collection and determination of
the collection time.
The general formula for calculating clearance from
plasma concentration of any suitable substance and the
amount of the substance excreted in urine is here shown
for creatinine.

Creatinine Clearance

Clearance is thus inversely proportional to the plasma
concentration and directly proportional to the amount of
substance (concentration times volume) excreted.
Clearance is usually expressed as mL/min, which is
interpreted as the volume of plasma that is completely
cleared from the substance in 1 min. This interpretation
is classic but hardly understandable from a physiological
point of view. Clearance can also be interpreted as amount
of substance flux (mol/time) in relation to the concentration of the substance on the primary side of a membrane
(mol/L). The implications are that the clearance – glomerular filtration rate – is influenced by the P-Creatinine and
the substance flux. In kidney disease the flux is most likely
impaired and consequently a new equilibrium established
as recognized by the clearance and P-Creatinine.
As mentioned above the P-Creatinine is influenced by
various demographic parameters, for example, gender and
muscle mass. In particular it has been accepted that the
glomerular filtration is related to the body surface (BSA).

There are different methods to estimate the glomerular
filtration rate. One method is based on measuring the
amount of a substance excreted in the urine during
a certain time during which the concentration of the
substance is kept constant in the plasma. The substance
can be exogenous, for example, inulin, or endogenous, for
example, creatinine or cystatin C. Another method is to
administer an exogenous substance and measure the rate
at which it disappears from the plasma. Both procedures
give good estimates of the glomerular filtration rate provided the used substance used fulfills certain criteria. The
most important is that the substance shall only be excreted
through the glomeruli. There are also criteria of a technical nature, for example, the substance should be easily
measured with a high precision and trueness. In the first
case the plasma concentration should be kept constant
during the observation period and the substance should
not be metabolized. For instance intake of meat during the

Cl ¼

1
U  Crea  U  Vol
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To achieve comparable results, irrespective of the body
size, the glomerular filtration is often normalized to the
BSA. Randomly, the GFR is normalized to 1.73 m2 based
on BSA estimates according to du Bois and du Bois [7].
The normalized GRF is largely comparable between individuals of the same gender and therefore a reference value
can be established.
Early on physicians tried to establish shortcuts to
estimate the creatinine clearance from the P-Creatinine.
A very interesting early suggestion was presented in the
Lancet [8] who even created a nomogram including the
age and weight. Before and after there have been innumerable algorithms presented to achieve the same goal.
The most famous are the Cockroft–Gault (C-G) [9]), the
MDRD-eGFR [10], and the Mayo algorithms [11]. New
algorithms are created and published [12]. The Cockroft–
Gault differs from the other by including some demographic information in the formula, very similar to the
nomogram of Molholm–Hansen. The algorithms are created by comparison of the P-Creatinine and glomerular
filtration estimated by a gold method or surrogate, that is,
Iohexol or 51Cr-EDTA clearance. They have in common to
be limited to a specific population and their advocates
claim that the results can be used globally to set medical
decision values.
There are serious theoretical and practical flaws in
these procedures. Theoretically it is not acceptable to use
epidemiological or population data for diagnosing individuals. It is however common practice to establish “population based reference intervals.”
It is not acceptable to present the algorithms without
information about the uncertainty of the results. It is
reasonable to assume that the uncertainty of the analytical
process is propagated by the uncertainty of the regression
function.
Simplified, the algorithms are based on the P-Creatinine,
age and some factors, or exponents. They all disregard the
substance flux (see formula above) and the constitution of
the patient and substitute this with information about gender and age except C-G algorithm that also includes the
body mass (lean weight).
It is a major mistake to express the eGFR-MDRD as if
normalized to BSA only because the algorithm was
established in relation to a normalized iohexol clearance.
It is erroneous because when the algorithm is used “backwards,” that is, to estimate the GFR from the P-Creatinine,
the demographics are lost and recalculation using the
individual’s BSA may give grossly erroneous results.
It has been shown that the MDRD-eGFR does not
compensate for the age or the gender [13]; their influence
is equal to that on P-Creatinine. It has also been shown

that the MDRD-eGFR does not add any diagnostic power
to that of S-Creatinine [14].
It is symptomatic that new algorithms are designed
also from the groups that have designed and advocated the
initial MDRD-eGFR [12].
The most important take-away messages of this short
review are that
● P-Creatinine is influenced by muscle mass, diet, and age.
● The intra-individual variation of P-Creatinine is small
whereas the inter-individual variation is large. Consequently P-Creatinine and thus any “estimated GFR”
varies much between individuals and cannot be used
for diagnosis in a screening setting.
● All estimated GFR are liable to serious theoretical and
practical flaws.
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Critical Illness Polyneuropathy/Myopathy

Cretinism
This term refers to the congenital hypothyroidism.

Critical Illness Myopathy
▶ Critical Illness Polyneuropathy/Myopathy
▶ Mobility/Exercise, Early in ICU

Critical Illness Myopathy and/or
Neuropathy (CRIMYNE)
▶ Weakness, Post ICU

Critical Illness Neuromuscular
Abnormalities (CINMA)
▶ Mobility/Exercise, Early in ICU
▶ Weakness, Post ICU

Critical Illness Polyneuropathy
(CIPN)
▶ Critical Illness Polyneuropathy/Myopathy
▶ Mobility/Exercise, Early in ICU
▶ Weakness, Post ICU

Critical Illness Polyneuropathy/
Myopathy
BRENT P. GOODMAN
Mayo Clinic College of Medicine, Mayo Clinic Arizona,
Scottsdale, AZ, USA

Synonyms
Critical illness myopathy; Critical Illness Polyneuropathy
(CIPN); ICU-acquired weakness
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Definition
Neuromuscular weakness is a frequent complication of
critical illness, often resulting in prolongation of mechanical ventilation time and length of stay in the intensive care
unit. Advancements in the care of patients with critical
illness and improvements in survival have led to an
increased recognition of this important problem and
a greater understanding of the spectrum of neuromuscular
disease associated with critical illness.
While severe muscle loss and atrophy in a patient with
sepsis was reported by Osler in the later part of the nineteenth century, it was not until the pioneering work of
Bolton and colleagues in 1984, that the clinical, morphologic, and electrodiagnostic features of neuromuscular
weakness in patients with sepsis began to emerge [1].
These investigators introduced the term critical illness
polyneuropathy (CIP), and described a peripheral neuropathy involving both motor and sensory fibers, characterized pathologically, and electrodiagnostically by axonal
degeneration of peripheral nerve fibers. Patients with CIP
characteristically have distal extremity weakness, and
frequently have difficulty weaning from mechanical
ventilation.
Over the past few decades, identification of a second,
and likely more important cause of neuromuscular weakness in the critically ill patient has evolved – critical illness
myopathy (CIM). CIM shares many of the same risk
factors for development as CIP, particularly sepsis and
the systemic inflammatory response syndrome (SIRS).
Patients with CIM typically have generalized weakness
involving limb, diaphragm, neck, and even facial muscles.
Over the past several years, it has been increasingly recognized that patients with critical illness typically have clinical, electrodiagnostic, and even pathological features of
both CIP and CIM. This has led some authors to suggest
the term critical illness neuromyopathy might be most
appropriate, recognizing that polyneuropathy and myopathy typically co-exist in patients with critical illness.

Epidemiology
The reported incidence of critical illness neuromyopathy
is quite variable, and influenced by a number of factors
including the study population, risk factors, timing of the
diagnostic evaluation, and the diagnostic methods used. It
is thought that 70–80% of critically ill patients develop
CIP and/or CIM, and the reported incidence of
neuromyopathy in patients with sepsis and multiorgan
failure (MOF) is 100% [2]. It has been estimated that up
to 77% of patients in the ICU for 7 or more days will
develop a critical illness neuromyopathy. CIM has been
reported in at least one-third of patients treated in an ICU
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for status asthmaticus, and has been a reported complication in 7% of patients who have undergone liver
transplantation.

Risk Factors
Sepsis, SIRS, and MOF have long been recognized to be
risk factors for the development of critical illness
neuromyopathy. MOF in particular, seems to be a major
risk factor for the development of neuromyopathy, and
can occur in patients with not only sepsis, but also in
patients with pancreatitis, burns, trauma, or following
cardiac arrest. In fact, the neuromyopathy that develops
in MOF could be viewed as another indicator of organ
system failure, in addition to cardiac, respiratory, liver,
circulatory, and renal systems.
It has been estimated that in healthy adults, muscle
strength declines by 1% per day of bed rest. While immobilization in and of itself does not cause critical illness
neuromyopathy, it could potentially contribute to more
severe weakness. The duration of mechanical ventilation
time, which can be viewed as a surrogate marker of immobilization time has consistently been associated with critical illness neuromyopathy, independent of MOF or other
risk factors.
Considerable evidence implicates hyperglycemia as
a risk factor for the development of critical illness
neuromyopathy. These studies led to two randomized
clinical trials of intensive insulin therapy in critically ill
patients, which showed lower incidence of critical illness
myopathy in the insulin treatment group. There are
conflicting studies regarding the role of corticosteroids as
a risk factor in the development of critical illness
neuromyopathy. Some studies have suggested an increased
risk of critical illness neuromyopathy in patients given
corticosteroids, others have suggested no increase in risk,
and one study even suggested that corticosteroids had
a protective effect. Retrospective studies have suggested
that neuromuscular junction blocking medications may
be a risk factor for the development of critical illness
myopathy. Liver or renal impairment in patients with
MOF may affect neuromuscular blocking agent metabolism, increasing the risk of neurotoxicity in patients with
critical illness. Other risk factors for the development of
critical illness neuromyopathy include female gender,
renal failure, hyperosmolality, low serum albumin, use of
vasopressors, illness severity, duration of organ dysfunction, and parenteral nutrition.

Evaluation
Critical illness neuromyopathy characteristically manifests
as failure to wean from mechanical ventilation and

a generalized, flaccid weakness, typically with reduced or
absent reflexes. Facial muscles may become weak, but the
presence of opthalmoparesis should prompt consideration of an alternative diagnosis. Sensation may be
reduced in the distal extremities. The majority of patients
with critical illness neuromyopathy in the ICU will have
a concomitant encephalopathy, manifesting as somnolence, agitation, confusion, or even coma. The presence
of encephalopathy may considerably limit a patient’s
cooperation with the neurological examination and with
electrodiagnostic testing.
Serum creatine kinase (CK) levels are normal in most
patients with critical illness neuromyopathy. Electromyography (EMG) studies are helpful in the evaluation of
suspected critical illness neuromyopathy. These studies
include nerve conduction studies (NCS), which characteristically show low amplitude motor responses, and may
show low amplitude sensory nerve amplitudes. The presence of low amplitude motor responses with prolonged
action potential durations is highly specific for critical
illness neuromyopathy [3]. This finding is helpful in
confirming a diagnosis of critical illness neuromyopathy,
and is not a characteristic finding in any other neuromuscular disorders. Needle EMG studies show fibrillation
potentials and small, sometimes polyphasic motor unit
potentials in affected muscles.
Nerve and muscle biopsies are not necessary in the
routine evaluation of suspected critical illness
neuromyopathy. These procedures should only be considered for research purposes, or for atypical presentations,
where it is necessary to rule out other neuromuscular
conditions. Nerve biopsy specimens performed in patients
with CIP have shown axonal degeneration, without features of inflammation or primary demyelination. Muscle
biopsy findings in CIM have been quite variable. Loss of
thick filament myosin has been the most frequently
reported pathological finding. Loss of type I, type II, or
both fiber types has been reported in CIM. Rarely, patients
with CIM have been reported to have widespread necrosis
on muscle biopsy. Patients with a necrotizing CIM have
historically been referred to as acute necrotizing myopathy
of intensive care, and typically have severe quadriparesis,
hyperCKemia, myoglobinura, and a poor prognosis for
return of normal muscle strength.

Treatment
There is at this time no specific treatment for critical
illness neuromyopathy. Aggressive treatment of sepsis
and MOF is an obvious priority to not only improve
patient survival but reduce the risk and severity of
critical illness neuromyopathy. Use of corticosteroid and
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neuromuscular blocking medications should be avoided
or minimized if at all possible. Nutritional interventions
and supplements, growth hormone, testosterone derivatives, and immunoglobulins have been proposed, but have
not been definitively shown to reduce the risk of developing critical illness neuromyopathy or hasten recovery.
As previously mentioned in this chapter, hyperglycemia has been shown consistently to be a risk factor for the
development of critical illness neuromyopathy. Prospective, randomized, and controlled trials of intensive versus
conventional insulin therapy in critically ill patients has
shown a significant reduction in mechanical ventilation
time and incidence of critical illness neuromyopathy from
49% to 25% in a surgical ICU cohort and 51% to 39% in
a medical ICU cohort [4]. However, because these findings
have not as of this time been replicated in a larger series,
and given a number of concerns regarding safety and
methodologic issues, intensive insulin therapy is not a
recommended therapy for critical illness neuromyopathy.
Further studies are necessary.
Physical, occupational, and respiratory therapy should
be initiated early in a patient’s course. Stretching and
range of motion exercises should be initialized to prevent
the development of contractures, skin protection measures are necessary to prevent the development of pressure ulcers, and early mobilization with progressive,
submaximal resistance training should be pursued. There
is evidence that early mobilization through physical and
occupational therapy may improve outcome in patients
with critical illness neuromyopathy.

Prognosis
Critical illness neuromyopathy is associated with prolonged ICU and hospitalization stays, and higher mortality rates. Spontaneous recovery of muscle strength may
occur within several weeks or months, though patients
with severe neuromuscular weakness may experience
very little functional recovery and remain quadriparetic
or paraparetic. In a long-term, prospective study of
patients with critical illness neuromyopathy, 31% of
patients had persistent muscular weakness [5]. Another
study of 19 patients with CIP reported complete recovery
in eight patients, persistent, severe weakness in four
patients including two with complete quadriplegia, and
death of four patients between months 2–9 following the
diagnosis of CIP.
A number of poor prognostic factors have been
suggested, including absent compound muscle action
potentials on EMG studies, hyperCKemia, and necrosis
on muscle biopsy. One small study suggested that patients
with CIP may have a worse prognosis when compared
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with patients that have features of a purely or predominantly myopathic process.

After-care
Most patients with critical illness neuromyopathy will
benefit from a transition into an inpatient rehabilitation
unit once clinically stable. A multidisciplinary approach
utilizing some combination of physical, occupational,
speech, and neuropsychological therapies may offer
patients the best opportunity to return to premorbid levels
of function. Upon discharge to home patients may require
assistive devices and adaptive equipment.
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Critical Illness Related
Corticosteroid Insufficiency
▶ Adrenal Conditions, Insufficiency/Failure

Critical Illness–Related
Corticosteroid Insufficiency
(CIRCI)
The inadequate corticosteroid activity for the severity of
the illness of a critically ill patient.

Crowning
Engagement of fetal head at cervical outlet.
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Crush Injury

Crush Injury
▶ Patterns of Injury

Crushed Limb
▶ Mangled Extremity

Cryptococcosis
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Synonyms
Cryptococcus gattii; Torulosis

A retrospective study in Vancouver from 1997 to 2002
showed that C. gattii was 4.8 times more common in
immunocompetent compared to immunosuppressed
hosts, whereas C. neoformans is more common in the
immunocompromised.
Cryptococcosis caused by both C. neoformans and
C. gattii affects the lungs and central nervous system
predominantly. During pulmonary infection, patients often
present with cough, dyspnea, chest pain, and weight loss and
can become critically ill (Fig. 1). Indeed, as of January 2009,
19 deaths have been associated with C. gattii infections on
Vancouver Island. Remarkably, presentation can be
delayed by up to 1 year from exposure, and meningitis
with or without the involvement of the brain parenchyma
is the most frequent CNS complication. In contrast to
C. neoformans, cryptococcomas in the lungs and brain
are more frequently observed with C. gattii. A higher
frequency of neurological sequelae (and need for neurosurgical intervention) is noted with C. gattii.

Treatment
The current recommendation for therapy is similar for
both C. neoformans and C. gattii. No specific guideline has
been developed for C. gattii. However, the treatment duration is often extended for C. gattii, as mycological cure is
often delayed. In addition, the use of corticosteroids has
been advocated in C. gattii infections if there is risk of
vision loss.

Definition
Cryptococcus gattii (formerly C. neoformans var. gattii or
C. neoformans serotype B and C) is one of the two most
common pathogenic species in the genus Cryptococcus.
Cryptococcosis caused by both C. neoformans and C. gattii
affects the lungs and central nervous system preferentially.
The differences between the two species will be highlighted
here. Please refer to the entry on Cryptococcus neoformans.
Cryptococcus gattii has emerged as a primary pathogen
after outbreaks of infection associated with high mortality
rates in otherwise healthy immunocompetent individuals
on Vancouver Island and the neighboring Washington
state, where cases were first described in 1999 and
have continued to occur. C. gattii is classically found
on eucalyptus trees in tropical and subtropical areas,
including Australia, Papua New Guinea, South Africa,
Mexico, Southern California, Brazil, and Zaire. However,
on Vancouver Island, C. gattii is found on tree species
native to the island, including red alder, Garry oak, and
Douglas Fir. It has been speculated that this association
with noneucalyptoid trees confers high virulence to the
strains of C. gattii on Vancouver Island.

Cryptococcosis. Figure 1 Cryptococcus gattii pneumonia
showing areas of dense consolidation and ground glass
opacification

Cyanide Toxicity

Echinocandins such as caspofungin are not active
against Cryptococcus and should not be used.

Evaluation/Assessment
Serum antigen detection, or microscopy of
bronchoalveolar lavage or cerebrospinal fluid, and
histopathology of tissue specimens can provide
a provisional diagnosis of Cryptococcus infection. To
distinguish C. gattii from C. neoformans, growth on special
media (canavanine-glycine-bromothymol blue (CGB)
media) is employed. In addition, species identification
can be achieved by molecular methods.

C

Crystalloids
▶ Intravenous Fluids

C
CST3
▶ Cystatin C

After-care
Mycological clearance is often slow, which extends
the course of pharmacotherapy, and there is increased
neurological morbidity and overall mortality. Consequently, a prolonged follow-up of patients infected with
C. gattii is prudent.

Prognosis
Currently, on Vancouver Island where there is the highest
endemic incidence reported worldwide, the case fatality
rate was estimated to be 4.5% from 1999 to 2006.

CT Coronary Angiography
▶ Coronary Computerized Tomographic Angiography

Cubozoa
▶ Jellyfish Envenomation
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Cyanide Toxicity
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Cryptococcus gattii
▶ Cryptococcosis

Synonyms
Nitril; Nitrile

Definition

Cryptogenic Subarachnoid
Hemorrhage (SAH)
▶ Nonaneurysmal Subarachnoid Hemorrhage

Crystalloid Challenge
▶ Fluid Challenge
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Cyanide toxicity is the physiologic effect of cyanide salts or
glycosides in inhibiting multiple enzymes processes in the
body. The most commonly explained effect is its ability to
inhibit cellular respiration by interrupting the electron transport chain. Cyanide induces cellular hypoxia by inhibiting
cytochrome oxidase at the cytochrome a3 protein (also
known as the cytochrome c oxidase). Cyanide also inhibits
many other metalloenzymes such as succinate dehydrogenase, superoxide dismutase, aldolase, phosphatase, peroxidase, xanthine oxidase, and carbonic anhydrase; the
physiologic effect of this inhibition is still unclear. Cyanide
also activates the NMDA receptor, which leads to free radical
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Cyanide Toxicity

formation and lipid peroxidation. This is thought to be
a potential causative factor for cyanide-induced neuronal
injury.
Sources of cyanide toxicity include the following:

results from the consumption of improperly processed
cassava, a cyanide-containing root. Tobacco amblyopia is
a cyanide-induced cause of progressive vision loss in
smokers.

Cyanide salts: Cyanide salts are commonly used in industry
and laboratories as a chemical reagant. In silver and gold
mining, high-grade ore is mixed with cyanide forming
a soluble complex. Cyanide is also found in the plating
bath used for electroplating metals as well as metal
cleaning solutions. Consequently, cyanide exposure is
a very serious occupational hazard for jewelers. In photography, potassium cyanide is used in the photo lab to
create the tintype photo process. It is also used to recover
silver from x-ray film. In manufacturing, cyanide is used
to make paper, plastics, and textiles. Cyanide gas (HCN)
is used as a fumigant for ships/warehouses.
Fires: Cyanide is a by-product of the incomplete pyrrolysis
of wool, silk, and plastics. Smoke inhalation victims
are at risk for cyanide poisoning.
War agent and terrorism: Cyanide has previously been used
as a mass casualty weapon by the Germans during
World War II (HCN) and the Iraqis against the
Kurds during the Iran–Iraq War; cults (Jamestown,
KCN); and terrorist groups (Tylenol R US mass poisonings, Aum Shinrikyo, NaHCN).
Cyanogens: Natural or synthetic compounds that after
absorption into the body are metabolized to release
hydrocyanic acid (HCN). These include plants,
nitroprusside, and nitriles (acetonitrile). Cyanogenic glycosides are found in a variety of plants including
Manihot spp (cassava) (linamarin), Prunus species
(prunes, apricots, cherries, peaches) (amygdalin),
Linum spp, Lotus spp, Sorghum spp (dhurrin),
Phaseolus spp. Toxicity occurs after the cyanogenic glycoside is ingested and hydrogen cyanide is slowly released
during intestinal ingestion. The vasodilator sodium
nitroprusside contains cyanide, which is slowly released
following intravenous administration. High-dose (>2
mcg/kg/min) and/or prolonged nitroprusside infusion
may result in cyanide poisoning. Patients with depleted
sulfur stores including patients who are malnourished,
critically ill, or post-surgery are at increased risk for
developing cyanide poisoning. The active ingredient of
artificial nail remover, acetonitrile, is metabolized by
cytochrome P-450 enzymes in the liver to hydrogen
cyanide. Ingestion of artificial nail remover may result
in cyanide poisoning.

Treatment

Chronic exposure to cyanide has been demonstrated
to result in several unique toxicological sequelae. Tropical
ataxic neuropathy is a demyelinating disorder that

Treatment of cyanide toxicity includes prompt removal
from the area of exposure, decontamination, supportive
care, and the administration of a cyanide antidote (cyanide antidote package or hydroxocobalamin). Decontamination of cyanide victims depends on the type of
exposure. Healthcare providers should receive the appropriate protection to prevent toxic exposure during the
treatment of these patients. Dermal exposure decontamination includes the removal of clothing and irrigation of
the skin with water. Gastrointestinal exposure includes the
administration of activated charcoal (1/gkg) in patients
with an intake airway. All patients should receive highflow supplemental oxygen and appropriate airway control.
IV crystalloids and vasopressors should be administered in
hypotensive patients. IV sodium bicarbonate should be
used to treat severe metabolic acidosis. Finally, seizures
should be treated with an appropriate anticonvulsant (e.g.,
IV benzodiazepine or barbiturate). There are currently
two available cyanide antidotes available in the USA, the
cyanide antidote package (formerly the Lilly cyanide antidote kit) [containing amyl nitrite, sodium nitrite, and
sodium thiosulfate] and hydroxocobalamin. Since
hydroxocobalamin has only recently been approved by
the FDA for the treatment of cyanide poisoning, there is
much greater clinical experience with use of the cyanide
antidote package. Although definitive studies are lacking,
animal studies and human case reports suggest that
hydroxocobalamin has a similar level of efficacy in treating
cyanide poisoning compared to the cyanide antidote
package. However, hydroxocobalamin has fewer side
effects than the cyanide antidote package, whose nitrite
component may produce excessive methemoglobinemia
or cause significant hypotension.

Cyanide Antidotes
Cyanide antidote package: (amyl nitrite, sodium nitrite,
sodium thiosulfate).
The cyanide antidote package consists of three constituents: amyl nitrite (12 ampules, 0.3 mL each), sodium
nitrite (two 10 mL ampules of 3% solution), and sodium
thiosulfate (two 50 mL 25% solution). The traditional
method of action by which nitrites were thought to prevent cyanide toxicity is its ability to induce methemogloblinemia. Cyanide preferentially binds to methemoglobin
over cytochrome a3 to form cyanomethemoglobin.

Cyanide Toxicity

Cyanomethemoglobin is readily detoxified by the enzyme
rhodanese to thiocyanate, which is then renally eliminated
from the body. This method of action has been disputed
for the following reasons. Nitrites are effective soon after
administration before it is even able to induce a significant
methemoglobinemia. Morever, even when blocked from
inducing a methemoglobinemia by simultaneous methylene blue administration, nitrites have been demonstrated
to be an effective cyanide therapy. The postulated true
mechanism of action may instead be related to its reduction to nitric oxide and nitric oxide’s ability to prevent free
radial formation or its effect as a potent vasodilator and
ability to modify cyanide’s effect on local circulation.
Nitrites (in particular sodium nitrite) possess two potentially serious adverse effects. It may produce an excessive
amount of methemoglobinemia. As a potent vasodilator,
nitrites may also cause significant hypotension. Nitrites
are contraindicated in the setting of carbon monoxide
poisoning because the combination of both nitriteinduced methemoglobinemia and carboxyhemoglobinemia may cause a critical impairment of oxygen
delivery to the tissues. Consequently, the nitrite portions
of the cyanide antidote package should be omitted in
smoke inhalation patients without a measured carboxyhemoglobin level to exclude carbon monoxide poisoning.
Finally, the final portion of the antidote package, sodium
thiosulfate, should be administered immediately after IV
sodium nitrite. Sodium thiosulfate acts as a sulfur donator, facilitating the ability of the enzyme rhodanese to
detoxify cyanide to thiocyanate. Sodium thiosulfate has
no significant adverse effects.
Amyl nitrite is intended to be used in patients who do
not have IV access and cannot receive sodium nitrite (e.g.,
pre-hospital or initial ED resuscitation). Amyl nitrite
ampules are broken in a handkerchief and held in front
of the patient’s mouth or introduced into the ventilator
system for 15 s followed by a rest for 15 s with the process
repeated until IV access is obtained and the sodium nitrite
can be administered instead. Sodium nitrite is administered as an IV infusion over 2–4 min. The adult dose is
300 mg (10 mL) and the pediatric dose is 0.2 mL/kg not to
exceed 10 mL. The normal adult dose rarely results in
a methemoglobin level >10%. Another dose can be
administered as a 1/2 initial dose if cyanide toxicity recurs
or as a prophylactic measure. IV sodium thiosulfate 12.5 g
or 50 mL in adults (or 400 mg/kg pediatrics) is administered immediately after sodium nitrite.

Hydroxocobalamin
Each hydroxocobalamin (pre-vitamin B12) molecule
binds to one cyanide molecule to form cyanocobalamin
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(vitamin B12). Cyanocobalamin is either renally eliminated or releases the cyanide molecule slowly enough for
detoxification by rhodanese. The recommended initial
dose of 70 mg/kg (not to exceed 5 g initially) is administered over 15 min. In case of cardiac arrest, the same dose
can be administered as a rapid IV push. A second 70 mg/kg
dose, up to a total dose of 10 g (depending on the patient’s
clinical status over 15 min to 2 h period), may be administered as clinically necessary. Hydroxocobalamin is well
tolerated without significant adverse reaction. The most
common side effect is a transient red discoloration of the
mucous membranes, plasma, and urine, which may last up
to 12 h. This discoloration may interfere with the colorimetric measurement of a variety of laboratory tests
including: carboxyhemoglobin and plasma/whole blood
cyanide levels. Since sodium thiosulfate inactivates
hydroxocobalamin, this should not administered through
the same infusion site as sodium thiosulfate. Combination
therapy with both hydroxocobalamin and sodium thiosulfate has been demonstrated to be efficacious in treating
cyanide toxicity.
Other potential antidotes for cyanide toxicity exist
including 4-dimethylaminophenol (4-DMAP), hydroxylamine,
dicobalt
ethylenediaminetetraacetic
acid,
cobinamide, stroma-free methemoglobin, alpha-ketoglurate,
and hyperbaric oxygen therapy. However, these antidotes are
either not available in the USA or demonstrate insufficient
clinical efficacy and remain investigational.

Evaluation/Assessment
The signs and symptoms of cyanide toxicity are
nonspecific; the diagnosis of cyanide poisoning is
extremely difficult to make unless quickly entertained by
the provider. In many cases, diagnosis is purely empiric
based solely on strong clinical suspicion and usually in the
setting of a critically ill patient who has sustained severe
smoke inhalation. Onset of toxicity is dependent on both
the type and route of exposure. Inhalation of gaseous
HCN results in onset within several seconds. Ingestion of
cyanide salt results in an onset within 30 min. Exposure to
cyanogens usually results in a delayed onset of symptoms
occurring several hours to 1 day post-ingestion and is
dependent on the rate of biotransformation in the body.
The estimated lethal oral dose for hydrocyanic acid
[HCN] is 50 mg. The estimated lethal oral dose for the
cyanide salts is 100–200 mg.
Symptoms of cyanide toxicity include:
General: weakness, malaise
Neurologic: headache, dizziness, vertigo, confusion, coma
Gastrointestinal: abdominal pain, nausea/vomiting
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Cardiovascular: dyspnea, chest pain
Signs of cyanide toxicity include:
Vital signs: initial bradycardia and HTN followed by
tachycardia and hypotension and finally bradycardia
and hypotension. The measured pulse oximeter may
be high due to impaired oxygen utilization.
Neurologic: confusion, ataxia, mydriasis, seizures, coma.
Skin: “cherry red” skin.
HEENT: bright red retinal arteries/veins and smell of
bitter almonds. Redness or flushing of the skin as
well as red retinal veins/arteries have been reported
following cyanide poisoning and is attributed to the
elevated venous oxygen content from decreased tissue
oxygen extraction.
The smell of bitter almonds has been reported following cyanide poisoning with HCN concentrations >2–
5 ppm. However, the classic bitter almond smell is not
always present following cyanide exposure and 40–
45% of the population have a specific anosmia for
the bitter almond smell of cyanide.
Cardiovascular: pulmonary edema.
Laboratory testing for suspected cyanide-poisoned
patients is limited because the definitive test to confirm
cyanide toxicity, whole blood or plasma cyanide concentration, is not readily available and is not sufficiently fast
enough to aid patient care. Surrogate testing have been
used to detect the metabolic derangements caused
by cyanide poisoning. These include arterial and venous
gas measurement and serum lactate measurement.
A reduced arterial-venous oxygen saturation difference
(<10 mmHg) or a high central venous oxygen saturation
(>90%) is suggestive of cyanide poisoning. A serum
lactate level >10 mmol/L in smoke inhalation victims
and >8 mmol/L after suspected cyanide poisonings
also suggests significant cyanide exposure. Finally,
a carboxyhemoglobin level should be obtained in all
smoke inhalation victims to exclude the possibility of
concurrent carbon monoxide poisoning.

After-care
All cyanide-poisoned patients should be admitted to the
intensive care unit, for cardiac monitoring and supportive
care. Patients poisoned with cyanogens may require
a longer observation period because of prolonged cyanide
toxicity from continued cyanogen biotransformation. In
addition to the risk of developing anoxic encephalopathy,
survivors of acute cyanide poisoning are at risk for developing a Parkinson’s disease-like disorder (e.g., dystonia,
rigidity, bradykinesia) several days to several months after

their exposure. Consequently, these patients should
receive follow-up screening for long-term neurologic
sequelae.

Prognosis
The prognosis of cyanide-poisoned patients is largely
dependent on the quantity of cyanide absorbed by the
patient as well as the timing of resuscitation and antidotal
therapy. Measured whole blood cyanide concentrations
of >2.5 mcg/mL and >3 mcg/mL have been associated
with both coma and death, respectively.

References
1.

2.

3.

4.

Baud FJ, Barriot P, Toffis V et al (1991) Elevated blood cyanide
concentrations in victims of smoke inhalation. New Engl J Med
325:1761–1766
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Synonyms
CST3; Cystatin 3; Gamma trace; Post-gamma protein

Cystatin C

Definition
Cystatin C is a non-glycated, basic protein that is present
in all human body fluids and belongs to the superfamily of
cystatins. Cystatin C has a molecular weight of 13.3 kDa.

Characteristics
Physiology
Cystatin C functions as the most important endogenous
inhibitor of cysteine proteinases and is produced by
all types of nucleated cells at a constant rate low
intraindividual variability [1, 2]. As cystatin C is not
bound to plasma proteins, it is freely filtered in the
glomerulus due to its characteristics as a low molecular
weight protein. Like other low molecular weight proteins,
it is reabsorbed and metabolized in the proximal tubule.
The transmembrane receptor protein megalin mediates
endocytic uptake of cystatin C in proximal tubular cells
[1]. There is no tubular secretion and only minimal
extrarenal elimination of cystatin C. Therefore, the blood
concentration of cystatin C depends almost entirely on
the glomerular filtration rate (GFR) [1, 2]. The correlation
of serum cystatin C and GFR is hyperbolic and not linear
alike to serum creatinine. However, the correlation
curve is more favorable compared to creatinine, as cystatin
C concentration increases already with mildly reduced
GFR of 60–90 mL/min, that is, in the “creatinine-blind
range” [2]. This can especially be attributed to the shorter
half-life and the lower distribution volume of cystatin
C compared to creatinine [2]. Consequently, changes in
GFR are earlier and more accurately transferred into
changes in serum cystatin C. As recently discovered,
blood concentration of cystatin C is also minimally
elevated by diabetes, high doses of glucocorticoids, hyperthyroidism, and inflammation, and mildly reduced
by higher age and female gender [1, 2]. Cystatin
C concentration is not substantially affected by diet, nutritional status, liver or malignant diseases, or other nonrenal
factors.

Analytical Aspects
Cystatin C in serum and urine is stable for hours at
room temperature, days at 4–8 C and months at 20 C
or 80 C. These characteristics are helpful as no cumbersome preanalytical procedures are required to obtain
correct cystatin C measurements. Presently, particleenhanced nephelometric (PENIA) and turbidometric
immunoassays (PETIA) are the most accurate, precise
and established, automated and commercially available
methods to measure cystatin C in serum, urine, and
other body fluids [1, 2]. Analytical time is about 5 min
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and very large intra- and inter-assay precision have been
described for both PENIA and PETIA [1]. As interfering
factors with the measurement only excessively elevated
bilirubin, rheumatoid factor and triglycerides in vitro
have been described for cystatin C [1, 2]. Both methods
provide consistent results in most comparative studies.
However, measurements by PENIA are 10–15% lower compared to PETIA. Reference ranges are 0.50–0.95 mg/L
for PENIA and 0.63–1.33 mg/L for PETIA. Reference
values do not differ men or women and from the second
year to the age of 70 years. In healthy children, the
cystatin C concentration stabilizes from the second year of
life and the reference range in pediatric populations is
identical to adults. Higher cystatin C concentrations in
infants and the elderly reflect the decreased kidney function
in these age groups [2]. In healthy volunteer, urinary
cystatin C concentrations are below the detection levels
of PENIA and PETIA. Unfortunately, there is still no
uniform cystatin C reference standard for the calibration
of these two commercially available assays. In 2008,
a reference preparation was produced using pure, recombinant cystatin C and further steps are currently taken to
characterize this preparation and establish a reference
standard. Besides PENIA and PETIA, several ELISA
methods to measure serum cystatin C have been
published. Compared to PENIA and PETIA, these ELISA
kits perform poorly and may not be used on an automated
biochemistry analyzer. This prevents accurate, precise,
easy, rapid, and large-scale measurement by ELISA. At
present, cystatin C in serum, urine, or other body fluids
should only be measured by PENIA or PETIA methods.

Clinical Utility and Performance
Serum cystatin C has been demonstrated to be an accurate
and precise marker of GFR especially in chronic kidney
disease (CKD) but also in acute kidney injury (AKI) [1, 2].
Various cross-sectional studies have shown that cystatin
C has greater sensitivity to detect reduced GFR in CKD
than creatinine and other GFR markers. In particular,
serum cystatin C permits to detect early stages of chronic
kidney damage with mildly reduced GFR. These findings
were confirmed by two meta-analyses [3]. The performance of cystatin C as a marker of GFR has been studied
in numerous patient populations. Especially cohorts at
risk of CKD and/or with limitations in regard to the use
of serum creatinine such as children and elderly, type I and
type II diabetics, mild to moderate CKD of nondiabetic
origin, renal transplant recipients, patients with severe
liver or neuromuscular disease, tumor patients, and pregnant women with preeclampsia profited most from serum
cystatin C as a GFR marker [1, 2]. Virtually, all studies
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concluded that cystatin C performed even better than
equations estimating GFR (eGFR) based on creatinine [2].
Several large epidemiological studies have observed an association between mild elevations of serum
cystatin C and increased cardiovascular and overall morbidity and mortality [1, 2]. It still remains to be elucidated
whether there is in fact a direct pathophysiological link
between cystatin C and cardiovascular disease as studies
suggest a protective role of cystatin C in the arterial vessel
wall in atherosclerosis. Alternatively, this association
could be due to the confounding effect of cardiovascular
risk factors such as reduced GFR, microinflammation,
older age, and male gender, all of which are demonstrated to be associated with minimally increased
cystatin C concentrations. As none of these studies included
a gold-standard measurement of GFR, it is presently
unknown if the association between cystatin C and cardiovascular disease merely reflects early stages of CKD [1, 2].
Furthermore, recent longitudinal studies have shown
that cystatin C concentrations rise earlier in AKI on intensive care unit, after liver transplantation, cardiac surgery,
cisplatin chemotherapy and coronary angiography, and in
acute renal transplant rejection [2, 4]. Especially its characteristics as the shorter half-life and the lower distribution volume may contribute to the superiority of serum
cystatin C as a marker to detect rapid changes of GFR as in
AKI [2]. In intensive care patients, serum cystatin C was
a useful detection marker and detected AKI 1–2 days
earlier than serum creatinine by the R-criteria of the
RIFLE classification. This was confirmed insofar that
serum cystatin C permitted to diagnose AKI post-cardiac
surgery and 24 h earlier than serum creatinine again by the
R-criteria of the RIFLE classification. This was equivalently compared to neutrophil gelatinase-associated
lipocalin (NGAL). However, the excellent performance of
serum cystatin C as an early marker of AKI is not as
undisputed as its value in CKD, as only a limited number
of studies are available and some showed that serum
cystatin C was equal but not superior to serum creatinine
[2]. Limitations in the use of serum cystatin C may arise in
the renal impairment of systemic autoimmune disease or
vasculitis, or solid organ transplantation when patients are
treated by corticosteroids. Nonrenal factors are of no
importance in patients with consecutive cystatin
C measurements and continuous presence of these factors
as in AKI.
Although cystatin C facilitates the recognition of
incipient CKD without the need for correction for age
and anthropometric data, several groups have recently
developed eGFR equations from serum cystatin C using
similar approaches as have been described, for example,

for serum creatinine in the MDRD equation. There have
been numerous eGFR equations published from serum
cystatin C [1, 2]. In difference to the MDRD equation,
which was calculated from a large multicenter dataset,
cystatin C-based equations were predominately generated
and validated in smaller samples from single center settings. This partially explains the variation between individual equations. Cystatin C-based equations for eGFR
seem to be a promising alternative to creatinine-based
ones and the majority of studies found cystatin C-based
equations to be superior to creatinine-based ones. Especially the bias was lower, and to a lesser extent precision
and accuracy greater of cystatin C-based equations toward
measured GFR compared to creatinine-based equations.
Even after recalibration, the simple MDRD equation still
requires three parameters in addition to serum creatinine
whereas most cystatin C-based equations seem to perform
at least equally well without additional covariates. At present, the available data is too preliminary to favor one
equation over another and to permit a definite conclusion
whether cystatin C-based equations are superior, and these
equations need to be vigorously evaluated in large diverse
populations in multicenter studies. Clinicians should not
overestimate eGFR calculated from cystatin C-based equations, as many limitations of the creatinine-based equations, for example, moderate precision, may also apply.
Recently, novel eGFR equations were generated which
incorporate both serum creatinine and cystatin C, to
improve bias, precision and accuracy [1, 2, 5]. Initial
results demonstrate a better performance of these
equations compared to the exclusively creatinine- or
cystatin C-based ones. This may indicate that both
serum cystatin C and creatinine could be complementary
and not redundant in future equations estimating GFR.
Urinary cystatin C concentrations were elevated in
conditions with functional or structural impairment of
the proximal renal tubule. In these circumstances,
level of urinary cystatin C may surpass those of serum
cystatin C two or threefold. It has been demonstrated that
in heavy proteinuria, albumin competes with low molecular weight protein absorption in the tubules leading to
increased urinary cystatin C. Structural impairment of
the renal tubule may be associated with acute or chronic
renal disorders. In chronic tubulointerstitial disease,
either primary or secondary to most renal disorders with
fibrosis, tubular proteinuria with increased urinary
cystatin C develops, independent of the degree of GFR
reductions. In those forms of AKI in critically ill associated
with tubular injury as acute tubular necrosis, elevated
urinary cystatin C permitted prediction of AKI earlier
than serum creatinine. In this study, urinary cystatin

Cystitis

C detected subsequent AKI within the first six after cardiac
surgery, approximately 40 h prior to detection by serum
creatinine, and performed as well as urinary NGAL and
superior to plasma NGAL. Furthermore, increased urinary excretion of cystatin C accurately identified severe
forms of AKI. Subsequent requirement of renal replacement therapy was predicted 4 days ahead of time and
demonstrated a higher diagnostic value than alpha-1 and
beta-2-microglobulin, other low molecular weight proteins and tubular enzymes. However, data about urinary
cystatin C is still too limited to reach a definite conclusion.
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Cystitis
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Damage Control
▶ Damage Control Surgery

Damage Control Laparotomy
▶ Open Abdomen

Damage Control Orthopedics
(DCO)
DCO is the treatment of musculoskeletal trauma aimed
at the immediate stabilization of orthopedic injuries without causing a significant burden to the physiologically
compromised trauma patient.
▶ Musculoskeletal Trauma, Damage Control, and Pelvic
Binder

Damage Control Surgery
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Synonyms
Abbreviated laparotomy; Bailout surgery; Damage control

Definition
The first published reports of damage control techniques
date back to the beginning of the 20th century when James
Hogarth Pringle, best known for developing the Pringle

maneuver, began utilizing intra-abdominal packing to
control hepatic hemorrhage with planned reoperation
[1]. Schroeder also reported cases in which packing of an
injured liver helped decelerate bleeding. Halsted further
expanded upon this method several years later by introducing protective rubber sheets between the packing
and the liver. Perihepatic packing became the mainstay
of treatment during this time. However, as reports of
necrosis, sepsis, and recurrent hemorrhage began
appearing and surgical technique advanced over the
years, damage control methods were largely abandoned
and almost universally condemned by the end of
World War II. Primary repair of abdominal injuries soon
became the standard treatment for the next several
decades.
Damage control with perihepatic packing and reoperative laparotomy began regaining popularity in the
1970s. Richards et al. published a study demonstrating
that there is an inverse relationship between the rate of
intraperitoneal hemorrhage and tamponading intraabdominal pressure. In 1976, Lucas and Ledgerwood
published a prospective study at the Detroit General Hospital that demonstrated successful hemostasis with primary packing. Three patients were considered candidates
for the packing, and all three survived. In 1981, Feliciano
et al. reported a 90% survival rate in ten patients who
underwent packing for hepatic trauma. Stone et al. then
broadened this approach to all intra-abdominal traumas
in 1983. He described the “bailout” method for severely
injured patients with intraoperative coagulopathy in
which he employed a protocol for abdominal tamponade
that included only repair of vessels and organs vital to
survival followed by immediate termination of the operation. He ligated all vessels that were not necessary for
survival; utilized simple purse-string sutures for repair of
bowel, bladder, and gallbladder wounds; and resected the
spleen and a single kidney if they were actively bleeding.
He then left intra-abdominal packs within the peritoneal
cavity until the coagulopathy was improved. Recovery was
determined via clinical observation because neither
clotting time, prothrombin time (PT), partial prothromboplastin time (PTT), platelet count, nor fibrinogen could
accurately predict whether a bleeding diathesis was still
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present. This strategy decreased the mortality rate from
93% for the then standard practice of primary repair to
35% for staged laparotomy.
It was not until 1988 that Feliciano et al. discovered
that metabolic aberrations secondary to the trauma were
largely contributing to the high rate of mortality.
In a study of 300 consecutive abdominal gunshot wounds
that presented to Ben Taub General Hospital in Houston,
TX, an overall survival rate of 88.3% was achieved through
a protocol of exploration, rapid conservative operative
techniques, and definitive repair. However, the survival
rate decreased to 60% in those with major vascular injuries and plunged even further in those with multiple organ
injuries. The authors deduced that 85% of the deaths
during the study were due to acidosis, hypothermia,
and coagulopathy.
This approach was further expanded over the next
several years with varying success until Rotondo and
Schwab coined the term “damage control” and specified
a standardized approach to the patient exsanguinating
from serious abdominal trauma. Because of an alarming
trend of multiple gunshot penetrations causing
multiorgan injury in urban settings, the authors developed a protocol that included three stages. Using this
three-step procedure revealed an overall survival rate of
58% and an increased survival rate of 77% in a select
population of major vascular injury and two or more
visceral injuries. The three stages include [2]:
Damage control stage one (DC I) – emergent laparotomy
with termination after control of hemorrhage and
contamination
Damage control stage two (DC II) – return to the intensive
care unit for volume resuscitation and correction of
acidosis, hypothermia, and coagulopathy
Damage control stage three (DC III) – return to the
operating room for definitive repair and removal of
packing
A fourth stage named “damage control ground zero” (DC
0) was added in 2001 by Gracias, Johnson, and Schwab.
This stage refers to identifying patients in the prehospital
setting that will benefit from the damage control protocol
[3]. Similarly, Moore developed a five-stage approach that
includes patient selection as well as abdominal wall closure
and reconstruction [4] (Table 1). Both the three- and fivestage damage control protocols are commonly used today.
Moreover, both approaches serve one purpose, that of
prevention of exhausting the patient’s physiological
reserve and subsequently preventing death.
The same concept has evolved outside of trauma situations and expanded to other surgical specialities,

Damage Control Surgery. Table 1 Comparison between
four- and five-stage damage control approaches
Four-stage approach

Five-stage approach

Damage Control Ground
Zero (DC 0) – prehospital
patient selection and
preoperative care

Stage I – patient selection
for abbreviated laparotomy

Damage Control Stage One Stage II – intraoperative
(DC I) – early laparotomy
reassessment for
hemorrhage control
Damage Control Stage Two Stage III – physiologic
(DC II) – ICU resuscitation
restoration in the SICU
Damage Control Stage
Three (DC III) – definitive
repair

Stage IV – return to OR for
definitive procedures
Stage V – abdominal wall
reconstruction

especially in cases of patients in extreme conditions to
favor keeping the patient alive above any other
considerations.

Pre-existing Condition
Indications for Damage Control
Because of the potentially serious consequences in determining whether to initiate the damage control sequence,
patient selection and proper timing are critical. While liver
trauma and coagulopathy were the original indications for
damage control, the patient selection criteria continue to
expand and change. In 1997, Rotondo and Zonies stressed
that “conditions, complications, and critical factors” must
be carefully taken into account. Conditions such as hypotension, tachycardia, tachypnea, and altered mental status
suggest the potential need for staged laparotomy. In addition, high-energy blunt abdominal trauma, multiple torso
penetrations, coagulopathy, and/or hypothermia are signs
to strongly consider choosing the damage control route.
Patients with complex injuries such as major abdominal
vascular injuries, multiple organ injuries, and exsanguination should be candidates, and control of hemorrhage
should take priority over nonbleeding injuries during these
circumstances. Intraoperatively, critical factors that should
be assessed are physiologic status and injury patterns. Physiologic factors include the classic triad of acidosis, hypothermia, and coagulopathy, prolonged resuscitative and
operative times, and large transfusion requirements. Significant injuries consist of pancreatic head trauma requiring
pancreatectomy, retrohepatic caval injuries, pelvic hematomas, open pelvic fractures, and severe hepatic trauma.

Damage Control Surgery

Damage Control Surgery. Table 2 Laboratory values that
can be utilized as absolute indications to initiate the damage
control sequence
Absolute indications for DCS based on preoperative
predictors of mortality
pH <7.20
Base excess < 10.5


Core body temperature <35 C

In 1998, Moore et al. emphasized that factors predictive of progressive coagulopathy are the most compelling
reasons to choose damage control surgery [4]. Multiple
studies have demonstrated that patients are more likely to
die from intraoperative metabolic disturbance than from
failure to complete primary organ repairs [2, 4]. Predictive
values included massive rapid blood transfusion
of 10 units/4 h, persistent cellular shock with lactate
>5 mmol/L, metabolic acidosis with pH <7.20 or base
deficit >14 mEq/L, and hypothermia with core body temperature <34 C [4]. However, the ideal scenario is when
the damage control sequence is started before these metabolic derangements are present on laboratory analysis. In
support of this strategy, a recent study by Timmermans
et al. found that base excess, pH, and core temperature are
significant preoperative predictors of mortality. He suggests that absolute indications to initiate damage control
surgery based on the mean laboratory values of survivors
are when the pH falls below 7.20, the base excess is less
than 10.5, or the core temperatures is under 35 C
(Table 2). Moreover, advanced age was a significant predictor of mortality, while the hemoglobin level and scales
such as the Glasgow Coma Score, Penetrating Abdominal
Trauma Index, Revised Trauma Score, and Injury Severity
Score were not predictive. Ultimately, surgical judgment is
the deciding factor in whether to implement the damage
control sequence.
This is based on a study by Timmermans et al. that
determined predictors of mortality in damage control
surgery. If any of these criteria in Table 2 are met for
a patient who presents with critical abdominal injuries,
damage control surgery should be undertaken.

The Physiology Behind Damage Control
As transfusion services gained the ability to deliver massive transfusions to trauma patients for resuscitation,
many of these patients began to develop metabolic failure
after hemorrhage and contamination were controlled.
This “triad of death” or “bloody vicious cycle,” a term
coined by Kashuk et al., included metabolic acidosis,
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hypothermia, and coagulopathy and resulted in a high
rate of mortality. In fact, these metabolic abnormalities
led to a mortality rate greater than that of postinjury
multiple organ failure. Approximately one fourth of
those who experience major tissue injury requiring massive transfusion and greater than one half of those who
have an acidosis with pH <7.0 or hypothermia with core
temperature <34 C will acquire this life-threatening
coagulopathy. Asensio later added dysrhythmia as the
fourth and final component forming the “lethal tetrad.”
The focus of damage control stage two in the ICU is to
correct each of these metabolic derangements before the
onset of dysrhythmia and subsequent death.

Acidosis
Acidosis is defined as an arterial pH less than 7.36. While
respiratory acidosis is a common occurrence in critically ill
trauma patients, metabolic acidosis is the predominant
mechanism by which acidosis ensues. Massive hemorrhage
leads to hypovolemic shock which results in tissue ischemia
and a switch from an aerobic to an anaerobic metabolic
pathway. Lactate is the major end product of anaerobic
metabolism and triggers a major metabolic acidosis as it
accumulates. Acidosis is one of the most important predictors of coagulopathy during a trauma, and lactate level is an
accurate predictor of mortality and amount of blood
required for resuscitation in the trauma patient. In fact,
lactate is significantly better at predicting blood requirements and rate of mortality for a trauma than systolic
blood pressure. A study by Vandromme et al. found that
a blood lactate >7.5 mmol/L upon arrival to the hospital led
to a need for at least six units of packed red blood cells 43.8%
of the time and a postinjury mortality rate of 30%. An earlier
study by Abramson et al. demonstrated that lactate clearance
was strongly correlated to mortality after trauma. Survival
was 100% if lactate was cleared by the body within 24 h,
77.8% if it was normalized between 24 and 48 h, and
dropped to 13.6% if 48 h or more were required for clearance. Other laboratory predictors of acidosis in addition to
serum lactic acid levels are blood pH and base deficit. If
respiratory acidosis or mixed acidosis is suspected, arterial
PCO2 can help differentiate. However, acidosis in the setting of trauma resuscitation should be considered lactic
acidosis until proven otherwise.
The physiologic effect of lactic acidosis on the trauma
patient is multifold. Studies have demonstrated that it can
lead to a cascade of cardiovascular defects. Uncoupling of
b-adrenergic receptors results in resistance to catecholamines and their inotropic and vasoconstrictive effects.
The resulting arterial vasodilation and decreased cardiac
contractility and cardiac output further worsen
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hypotension and shock. In addition, lactic acidosis can
impair oxygen delivery and utilization.
The most significant effect of lactic acidosis during
a trauma appears to be its role in exacerbating coagulopathy.
Studies have demonstrated that acidosis inhibits ADPdependent platelet aggregation, thrombin generation, and
the activation of multiple coagulation factors, including
factors V, VIII, IX, and X. In one study, acidosis also
increased fibrinogen degradation by 1.8-fold compared
with control values, further inhibiting the coagulation cascade. Furthermore, in a recent in vitro study using human
whole blood, it was found that a combined presence of
acidosis and hypothermia, another key component of the
bloody vicious cycle, leads to a synergistic impairment of
coagulation. The impact of acidosis on coagulopathy
increases with decreasing blood temperature.

Hypothermia
Hypothermia is defined as a core body temperature that is
less than 35 C (95 F) and is present in two thirds of
trauma patients who are admitted to Level I trauma centers. In addition to prehospital heat loss at the scene of the
trauma, several sources of heat loss during surgery contribute to the development of hypothermia in the trauma
patient. Conductive heat loss occurs with infusion of
unwarmed fluids in the form of crystalloid solutions and
blood products, when patients lie on blood-saturated
sheets on the cold operating table, with loss of blood and
excretion of urine, and with evaporation of moisture off of
exposed visceral and serosal surfaces. Other sources are
convection from the surface of the body to the environment and from breathing when cool, dry air is inhaled
and warm, moist air is exhaled. In a study by Burch, he
demonstrated that evaporative heat loss from an
open peritoneal cavity is the source most responsible for
heat loss while in the operating room. Furthermore,
trauma patients with a core body temperature of 32 C
have a mortality of 100%, and those with temperature
<35 C have a 40-fold higher incidence of death than
patients with a near-normal temperature. For these reasons, abbreviated laparotomy in and of itself is an integral
step in preventing the bloody vicious cycle in damage
control.
The first studies that demonstrated the adverse physiologic effects of hypothermia were conducted during
World War II to determine the tolerance to cold water
for downed pilots in the Atlantic Ocean. These studies
revealed that decreases in core body temperature resulted
in impaired myocardial contraction and cardiac irritability. Other studies have revealed that hypothermia also
worsens ischemia. Cold hemoglobin does not release

oxygen as efficiently, which further worsens the already
existing oxygen debt from hemorrhage, hypotension, and
shock. Furthermore, central nervous system, ventilatory,
renal, and hepatic functions are decreased.
Similar to acidosis, the most adverse effect of hypothermia on the trauma patient is enhanced coagulopathy.
One mechanism is retardation of enzyme function with
decreased fibrinogen and thrombin synthesis resulting in
slowed platelet plug and fibrin clot formation and
increased bleeding time. Another mechanism is enhanced
plasma fibrinolytic activity resulting in degradation of
clots. Finally, there is also a change in platelet morphology,
function, and sequestration. In vitro studies of human
platelets exposed to hypothermic temperatures demonstrated that platelets lose their disk-like shape; the
hypoplasm engorges; pseudopods form; and platelets
become sticky, aggregate, and form clumps. Large
amounts of platelets are also sequestered in the liver and
spleen, resulting in thrombocytopenia. However, many
patients will have normal clotting factor levels despite
severe coagulopathy, even at moderate (30–34 C) levels
of hypothermia. For this reason and the high rate of
mortality associated with hypothermia, aggressive monitoring and treatment of hypothermia should be undertaken throughout the damage control sequence.

Coagulopathy
The first sign of coagulopathy in major trauma patients is
most often blood diffusely oozing from cut surfaces in the
operating room or from intravascular catheter sites. This
bleeding is sometimes referred to as “medical” bleeding
because it cannot be controlled with suture ligature or
cauterization like that of “surgical” bleeding. There are
four major etiologies that exist behind postinjury
coagulopathy which include hemodilution, consumption
of clotting factors, hypothermia, and acidosis.
Dilution of blood from necessary transfusions can
often result in thrombocytopenia. After replacement of
one blood volume, there is a 60–65% reduction in platelets. Dilutional thrombocytopenia typically begins to
occur after patients receive more than 1.5 times their
blood volume. In addition, changes occur during storage
of blood, including thrombocytopathy, decreased levels of
Factor V and Factor VIII activity, and increased amounts
of fibrin and fibrinogen split products. This problem of
dilution is not uncommon as up to 5% of all civilian
traumas will require massive transfusion, which is
defined as ten or more units of packed red blood cells in
the first 24 h.
Consumption of clotting factors and platelets occurs
as the clotting cascade is initiated during hemorrhage and
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further exacerbates the coagulopathy despite being
a normal physiologic response to bleeding. Decreased
levels reflect the increased demand to maintain hemostasis
after injury. Clotting factors are also lost during active
hemorrhage. The best strategy in managing this problem
is monitoring ongoing blood loss and treating clotting
factor deficiencies with fresh frozen plasma and platelet
concentrate if clinically overt bleeding is present.
As described in detail earlier, hypothermia and acidosis greatly contribute to the coagulopathy. Hypothermia
reduces the rate of all of the chemical reactions that take
place during the enzymatic clotting cascade. Thromboxane A2 production by platelets is also reduced which
disrupts vasoconstriction in injured blood vessels. Acidosis in and of itself does not appear to have as significant an
impact on coagulation as hypothermia, but when it is
present concurrently with hypothermia, there is a synergistic impairment on the clotting cascade. For this reason,
warming of the patient and correction of acidosis are
equally as critical as clotting factor replacement during
blood loss (Fig. 1).

Hemorrhage

Massive
transfusion and
shock

Acidosis

Coagulopathy

Hypothermia

Damage Control Surgery. Figure 1 The physiologic
phenomena during a trauma that lead toward the “bloody
vicious cycle” or “lethal triad”
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The Damage Control Sequence
Damage Control Ground Zero (DC 0)
Not one of the original three stages in the damage control
sequence, damage control ground zero (DC 0) was later
added by Johnson et al. It includes two major parts
consisting of patient care in the prehospital setting and
initial resuscitation in the trauma bay or emergency
department upon arrival. Early identification of patients
who are candidates for the damage control approach is
also vital in this stage. Prehospital notification allots more
time to the trauma team to prepare personnel and necessary resources for preoperative resuscitation.
There has been much debate the last few decades about
the need and benefit of prehospital intervention. However,
over recent years, a “scoop-and-run” policy has become
the norm to decrease time at the scene. A recent review of
the literature by Cotton et al. allowed the Eastern Association for the Surgery of Trauma (EAST) to convene
a Practice Management Guideline (PMG) committee
and develop a strategy for fluid resuscitation in the
prehospital setting. According to their data, intravenous
access should never be performed at the scene because of
its association with delayed transit and increased mortality. However, the decision to place venous access and
administer fluids en route to the hospital should be
based on an algorithm comprised of the following: (1) if
only superficial wounds are present (even in combat settings), no intravenous access should be attempted, (2) if
the patient has a palpable radial pulse and normal mental
status, venous access may be placed to “saline lock” with
no administration of fluid, (3) if the patient has no radial
pulse or is incoherent, obtain venous access and administer a 500 cc bolus of hetastarch, (4) if pulse becomes
present and mental status returns to normal, place IV to
saline lock; if no response to first bolus, repeat the 500 cc
bolus of hetastarch, (5) if suspected traumatic brain
injury, titrate fluids to achieve and maintain systolic
blood pressure greater than 90 mmHg (or mean pressure
greater than 60 mmHg).
According to PHTLS guidelines printed in 2003, lactated Ringers is the preferred solution for prehospital
trauma resuscitation.
Rapid infusion systems or pressurized devices that
allow for rapid fluid delivery should not be used in the
prehospital setting, as it increased mortality fivefold in one
retrospective review. In terms of prehospital airway management, the only definitive rule is that appropriate oxygenation is vital. However, there is no conclusive data as to
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the benefit vs. harm of endotracheal intubation by a skilled
provider in the prehospital setting.
Upon arrival to the trauma bay, rapid throughput
should be the main focus so that the patient can quickly
be transported to the operating room where hemorrhage
control can be best addressed. However, continued resuscitation and injury assessment should take place while in
the trauma bay. Antecubital large bore IV access should be
obtained, and rapid sequence intubation (RSI) should be
performed for airway control. Gastric decompression can
be achieved through nasogastric tube placement if there is
no evidence of facial trauma or basilar skull fractures.
A chest tube should be placed if there are absent breath
sounds or crepitus present. For suspected blunt trauma,
spinal precautions with a cervical collar should be
maintained until spinal cord injury can definitively be
ruled out. The blood bank and anesthesia department
should be contacted early due to the potential need for
massive transfusion and the OR should be prepared with
warmed IVF and a resistive heating under-patient blanket.
A “cell saver” device should be available in the OR for reinfusion of lost autologous blood. Broad-spectrum antibiotics and a tetanus booster should be administered for
prophylaxis and a Foley catheter placed before beginning
exploratory laparotomy.
As described previously, management of hypothermia
is vital in curbing progressive coagulopathy. Both passive
and active methods of rewarming may be implemented.
Passive techniques include providing blankets, keeping the
patient dry, administering humidified supplemental oxygen, and delivering warm intravenous fluids and blood
products and the use of a resistive heating under-patient
blanket. The temperature in the trauma bay and OR does
not have a significant effect on core body temperature as
long as Bair huggers and warmed IVF are used. Although,
resistive under-patient heating blanket and forced-air
warming systems provide similar warming capability,
the resistive heating blanket device may offer the advantage of greater positioning flexibility; moreover, the
OR can be left at a comfortable temperature for the
surgeons.
If the patient is insulated adequately, core body temperature will rise approximately 1 C (1.8 F) per hour. Active
rewarming approaches include warming of inspired air,
body cavity lavage, and convective warming covers.
Warming of inspired air is quite effective in that it can raise
the body temperature from 0.5 C (0.9 F) per hour to as
much as 3.5 C (6.3 F) in 20 min. Pleural lavage is particularly useful if a chest tube is already in place. Warming covers
such as the Bair Hugger (Augustine Medical, Inc.) are more
effective than blankets alone and have been shown to warm

the body temperature by 2.4 C (4.3 F) per hour versus 1.4 C
(2.5 F) per hour for blankets alone.
Diagnostic tests that can be helpful include a chest x-ray,
a pelvic x-ray, and focused abdominal sonography in trauma
(F.A.S.T.). A chest x-ray can help determine tube position
following intubation and assess for an immediately treatable
hemothorax or pneumothorax. In an unstable blunt trauma
patient, pelvic x-ray can identify pelvic fracture which can be
temporarily stabilized to reduce pelvic volume and
tamponade bleeding. The F.A.S.T. exam has largely replaced
diagnostic peritoneal lavage to rapidly confirm intraperitoneal bleeding. Computerized tomography (CT) scanning
should be avoided in an unstable patient due to the time
requirement and danger of entering the CT-room with
limited resources for resuscitation. However, with the recent
usage of sliding-gantry-based CT scanners in some trauma
bays, rapid CT-scanning during resuscitative efforts is possible and has been shown to reduce time in the trauma bay
until transferring the patient to the OR from an average of 87
to 38 min in one study. Finally, serial blood draws for CBC,
CMP, coagulation studies, serum lactate, and arterial blood
gas will aid in determining who will benefit from damage
control surgery and in following the metabolic status of
the patient.
It can be difficult to determine preoperatively which
patients require DCS, but the presence of severe injuries or
critical findings can alert the trauma team. Incidents
where there are multiple mass casualties, major abdominal
injury, open pelvic fractures, traumatic amputation of
a limb, and the need for thoracotomy in the emergency
department all suggest that damage control is necessary.
The presence of sustained hypotension with a systolic
blood pressure below 90 mmHg, evident coagulopathy,
and hypothermia are also indications to proceed with
DCS. As mentioned previously, laboratory values of pH
<7.20, base excess < 10.5, and core body temperature
<35 C appear to be absolute indications for DCS based on
outcome studies.

Damage Control Stage 1 (DC 1)
The three main objectives of damage control stage 1
(DC 1) are arrest of hemorrhage, limiting contamination
and its associated secondary inflammatory response, and
temporary abdominal closure (TAC) to protect the viscera
and minimize heat loss. Ideally, all of these steps should be
completed in less than 2 h. The ten steps that should be
followed for DC 1 are listed in Table 3.
Preparation, Incision, and Visualization

Once the patient is in the OR, resuscitation equipment,
standard exploratory laparotomy, and thoracotomy trays
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4. Application of large self-retaining retractor

resulting in tears. Laparotomy pads should be carefully
placed as packing material into the gutters and pelvis as
the bowels are moved in the opposite direction. The Falciform ligament is then rapidly divided up to the dome of
the liver to prevent traction injury during suprahepatic
packing. A large, self-retaining retractor is applied to free
all surgical hands and maximize exposure. Packs may then
be removed sequentially starting in areas less likely to
contain major hemorrhage. This strategy allows for space
to pack bowels away from sources of bleeding and create
maximal exposure.

5. Step-wise removal of abdominal packs and inspection of
the abdomen

Vessel Injuries and Hemorrhage Control

Damage Control Surgery. Table 3 The sequential approach
to damage control stage 1 focusing on control of hemorrhage,
limiting of contamination from hollow viscus organs, and
temporary closure of the abdomen
The steps of damage control stage 1 (DC 1)
1. Positioning and incision
2. Manual retraction of the abdominal wall and packing of
all four quadrants
3. Division of the Falciform ligament

6. Exposure and control of vascular and solid organ
hemorrhage via packing, ligating, shunting, or resecting
7. Limiting of contamination from hollow viscus injuries via
isolation, resection, or repair
8. Repacking of the abdomen
9. Temporary abdominal closure
10. Transport to surgical intensive care unit (SICU)

should be open and immediately available. Then the patient
should be placed supine on the OR table with the right upper
extremity extended at a right angle from the torso. The left
arm should be positioned on an arm board with partial
flexion of the elbow and extension of the arm above the
head. This placement allows wide access to the left chest for
emergent thoracotomy if deemed necessary. A posterior
heating pad can be placed as a substitute for a convection
warm air blanket. The patient should be prepped from the
chin to the knees anteriorly and to the level of the bed
laterally. A vertical midline incision is made from the xiphoid
process to the pubis unless a severe pelvic fracture is
suspected. For a pelvic fracture, the inferior limit of the
incision should be no further than just below the umbilicus
in order to prevent possible loss of tamponade of
a retroperitoneal pelvic hematoma. If the patient has a scar
from a previous midline incision, a bilateral subcostal incision can be utilized which allows for quick access to the
peritoneal cavity in spite of midline adhesions.
After the abdomen has been accessed, a large, handheld abdominal wall retractor should be carefully placed
circumferentially under direct vision to allow space for
extensive packing of all four quadrants. The surgeon or
assistant should simultaneously push down on the
abdominal contents as the retractor is placed to create
separation and avoid iatrogenic injury to abdominal contents during this maneuver. Bowel loops can become
compressed between the retractor and abdominal wall

If the patient becomes hypotensive after the peritoneum is
opened due to loss of tamponade provided by the abdominal wall, control of aortic inflow should be attained.
Abrupt and severe hypotension may ensue as a result of
this phenomenon. Manual occlusion of the aorta at the
diaphragmatic hiatus is effective and can be performed
quickly by passing one’s hand anterior to the stomach
underneath the left hepatic lobe. The aorta will be palpable
to the right and posterior to the esophagus. Compression
can be accomplished by pushing it against the vertebral
body either manually or with an aortic occlusion device.
This maneuver not only slows intra-abdominal hemorrhage but has also been shown to increase cerebral and
myocardial perfusion while volume replacement is taking
place and the origin of bleeding is identified and controlled. Emergent left thoracotomy is a secondary option
if aortic inflow cannot be controlled from within the
abdomen. With this approach, the descending aorta is
cross-clamped from within the thorax.
Once the aorta is controlled, exposure of the hemorrhaging vessel is the key first step. This measure can be accomplished by evisceration of the small bowel and then left and/
or right medial visceral rotation. Packing alone can control
some vascular injuries, specifically venous. The next treatment of choice is rapid arteriorraphy or veinorraphy if
feasible. Of note, most abdominal vessels can be ligated
with limited morbidity. If leg elevation, compression stockings, and liberal use of fasciotomies are utilized after ligation
is performed, morbidity decreases and clinically significant
edema rates lower to that of repaired veins. Exceptions
include the main aorta, external iliac arteries, and proximal
superior mesenteric artery in which ligation can result in
massive tissue and/or bowel ischemia. Temporary
intraluminal shunts are easy to place and maintain end
organ perfusion. They can be secured in place with silk ties
or Rumel tourniquets. The largest shunt that fits easily
within the vessel should be employed. Argyle carotid shunts
and Javid shunts work best on medium-sized vessels, and
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chest tubes may be used for larger vessels such as the aorta or
inferior vena cava. For persistent hemorrhage from inaccessible locations or uncontrollable vessels, tense packing and/
or inflatable balloon catheters, such as Foley or Fogarty
catheters, can be placed directly into the missile or knife
tract or into the defect in the ruptured vessel.
In a recent study, Tien et al. found that 86% of
all preventable hemorrhagic deaths in a Level I trauma
center were a result of a delay in treating massive pelvic
bleeding due to blunt trauma. Angiography with embolization of isolated arterial bleeding is the common
approach in North America, but arterial bleeding is only
responsible for 10–20% of pelvic bleeds. In addition, angiography is time consuming, making it less than ideal for
the unstable trauma patient. Recent studies have instead
advised pelvic stabilization via rapid internal/external
pelvic ring fixation and peripelvic packing to control
massive bleeding.
Solid Organ Injuries and Hemorrhage Control

Because DC 1 should ideally be limited to 2 h, prolonged
repair of solid organs must be avoided. Thoracic trauma
can result in exsanguinating hemorrhage from the lungs
or heart. The left anterolateral thoracotomy (Spangaro’s
incision) is the best approach for the typical damage
control patient “in extremis.” It allows for complete
exposure of the anterior mediastinum, pericardium, and
both hemithoracic cavities. Bleeding from the lung is best
controlled by applying a DeBakey aortic clamp to the
hilum or twisting the hilum to occlude blood flow to the
major vessels. For penetrating traumas, stapled pulmonary tractotomy has become the most frequently utilized
lung-sparing technique and can manage 85% of pulmonary injuries requiring surgical intervention. It is effective
in controlling hemorrhage and small air leaks and
preserves pulmonary tissue. Anatomic resection should
be avoided if possible as mortality greatly increases from
4% with nonanatomic resection compared to 77% with
anatomic resection according to one study.
The quickest technique in controlling cardiac hemorrhage from a penetrating injury is compression with
a finger or application of 6-mm-wide skin staples over
a ventricular wound. Teflon pledgets may then be applied
over the staples. For larger wounds or ventricular rupture,
a Foley balloon catheter can be inserted and then inflated.
Teflon-pledgeted sutures may then be passed over the
balloon and into the sides of the ventricle. Caution must
be taken not to puncture the balloon while suturing or
including the coronary arteries in your suture. Regarding
coronary artery injuries, it is most likely to be safe to use
a small shunt until the patient can get definitive repair by

a cardiothoracic surgeon capable of repair, anastomosis,
or bypass of coronary arteries.
Liver packing is adequate in up to 80% of complex
liver injuries in controlling hemorrhage from
coagulopathy and is associated with much lower rates of
mortality than hepatic resection. Tight packing of the liver
parenchyma anteriorly and posteriorly is most effective.
This technique followed by removal during relaparotomy
does not increase the risk of sepsis or bile leakage as
previously feared. Deep parenchymal bleeding refractory
to packing can subsequently be controlled by compression
of the porta hepatis, known as the “Pringle Maneuver,”
followed by a finger fracture technique to expose deep
vessels amenable to suture ligation or clip application.
More complex injuries such as transhepatic penetrating
wounds with missile tracts and active bleeding require
more innovative methods such as insertion of a Penrose
drain ligated distally and secured to and inflated over a red
rubber catheter. Finally, any topical hemostatic agent or
fibrin glue can be applied to liver lacerations. A “liver
tampon” can be constructed with several sausage-sized
pieces of absorbable gelatin sponge (Gelfoam™) soaked
in thrombin solution and wrapped loosely in a sheet of
oxidized cellulose (Surgicel™). This device is then placed
into the defect followed by additional packing which
effectively tamponades the hemorrhage. At the conclusion
of laparotomy, all patients with severe liver injury should
undergo angiography as there is a high incidence of continued bleeding.
For splenic trauma, prompt resection is indicated for
injuries with grades III, IV, or V according to the American
Association for the Surgery of Trauma (AAST) Organ
Injury Scale (OIS) (Table 4). For injuries with AAST OIS
grades of I or II, rapid splenorrhaphy may be preferred
to avoid unnecessary risk of post-splenectomy infection.
However, splenectomy should be utilized if the
patient appears unstable and is nearing physiologic
exhaustion. Similarly, prompt nephrectomy should be
undertaken for kidney injuries under the same
circumstances.
Surgical treatment for pancreatic trauma also depends
upon the AAST OIS grade (Table 5). Grade I or II injuries
call only for hemostasis and external drainage. Grade III
injuries are best treated with pancreatic resection with or
without splenectomy. When the remaining proximal duct
is abnormal, the open end must be internally drained into
a jejunal Y loop after Roux. Much like grade I and II
injuries, grade IV injuries are also treated with simple
external drainage. All drains must be placed laterally so
that they do not impede temporary abdominal wall closure at conclusion of DC 1. Finally, treatment of grade V
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Damage Control Surgery. Table 4 American Association for
the Surgery of Trauma (AAST) Organ Injury Scale (OIS) for
splenic injuries
AAST splenic injury scale
Grade
I

Description
Hematoma Subcapsular with <10% surface area
Laceration

II

Hematoma Subcapsular with 10–50% surface area
and/or intraparenchymal <5 cm in
diameter
Laceration

III

Capsular tear with <1 cm
parenchymal depth

Capsular tear with 1–3 cm
parenchymal depth but does not
involve a trabecular vessel

Hematoma Subcapsular with >50% surface area
and/or ruptured subcapsular or
parenchymal hematoma and/or
intraparenchymal hematoma 5 cm
Laceration

Greater than 3 cm parenchymal depth
or involving trabecular vessels

IV

Laceration

Laceration including segmental or
hilar vessels resulting in major
devascularization involving >25% of
spleen

V

Laceration

Completely shattered spleen

Vascular

Hilar vascular injury resulting in
complete devascularization of spleen

Damage Control Surgery. Table 5 American Association for
the Surgery of Trauma (AAST) Organ Injury Scale (OIS) for
pancreatic injuriesa
AAST pancreatic injury scale
Grade
I

Hematoma Minor contusion without duct injury

a

Superficial laceration without duct
injury

Hematoma Major contusion without duct injury or
tissue loss
Laceration

Major laceration without duct injury or
tissue loss

III

Laceration

Distal transection or parenchymal
injury with duct injury

IV

Laceration

Proximal (right of SMV) transection or
parenchymal injury

V

Laceration

Massive disruption of pancreatic head

Advance one grade for multiple injuries to same organ
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injuries is controversial and most commonly results from
multiple penetrating abdominal wounds.
Contamination Control

After controlling hemorrhage, the next step in DC I is limiting contamination from hollow viscus injuries. This process includes controlling leakage of stool from the small and
large intestines and urine from the ureters and bladder.
Meticulous inspection of the entire intra-abdominal and
retroperitoneal gastrointestinal and urinary tracts is vital.
For a limited number of simple bowel injuries, control
should be achieved initially with Babcock clamps followed
by a one-layer, full-thickness closure with continuous suture.
More extensively damaged bowel segments should undergo
segmental resection with GIA stapling devices to gain mesenteric hemostasis and transect the bowel. Alternatively,
isolation of the segments with umbilical tape has been
shown to be effective as well. End-to-end anastomosis or
creation of an ostomy should be deferred until reoperation
in the unstable patient.
For ureteral injuries, a quick evaluation of the extent of
the injury should be made. In most situations, rapid
percutaneous ureterostomy is the preferred procedure in
which a tube is placed into the proximal transected end of
the ureter and brought out through the skin. Complex
procedures such as transposition of a jejunal segment,
bladder elongation, or ureteroneocystostomy should be
avoided. Ureterostomy allows for a quick temporary solution until reoperation and can avoid nephrectomy in
desperate situations. Another option is ureteral ligation;
however, if definitive repair is delayed for a prolonged
period of time, a temporary percutaneous or open
nephrostomy must be undertaken in order to avoid complications of obstruction. Most bladder injuries can be
initially managed with closure using a single layer running
suture or closed suction drainage.

Description
Laceration

II

D

Temporary Abdominal Wall Closure

After all vascular and hollow viscus injuries have been
controlled, diffuse intra-abdominal packing is started.
This process is especially important in the prototypical
damage control patient with coagulopathy and when
extensive retroperitoneal or pelvic dissection was undertaken. Folded laparotomy pads should be placed over all
solid organ injuries and dissected areas. Packing should be
tight enough to provide tamponade to sites of bleeding
without decreasing venous return to the heart or distal
arterial supply. Once this step is completed, the focus
turns to temporary abdominal closure (TAC).
TAC is the final step in DC 1 before transport to
the surgical intensive care unit (SICU) for further

D

658

D

Damage Control Surgery

resuscitation. The goals of provisional closure are to
enclose the abdominal viscera, prevent hypothermia
through thermo-protection, control abdominal secretions, and maintain tamponade through intra-abdominal
pressure. Formal closure of the abdominal fascia has been
shown to result in increased risk of abdominal compartment syndrome (ACS), acute respiratory distress syndrome (ARDS), and multisystem organ failure (MSOF).
These conditions result due to postoperative reperfusion
injury and continued capillary leakage, causing intestinal
and abdominal wall edema. In addition, repeated intraabdominal exploration following primary closure from
laparotomy can result in ischemia or necrosis of the
abdominal fascia producing an open abdomen condition.
Multiple options are available for TAC. The simplest
technique is closure of only the skin utilizing towel clips or
a running nonabsorbable suture. However, this method
does not allow for much abdominal expansion and may
result in ACS. In addition, towel clips can interfere with
postoperative imaging studies. If skin closure is not possible due to edema, a temporary silo device, such as the
Bogotá bag, is an option. This thin isolation bag is sewn to
the skin along the edges of the incision. A study comparing
the volume reserve capacity (VRC) of the different TAC
methods showed that the Bogotá bag had the highest VRC,
theoretically making it the safest option in terms of
avoiding ACS. However, the bag also allows for significant
retraction of the abdominal fascia, potentially making
future definitive closure much more difficult.
Vacuum-assisted closure (VAC) has emerged as
a technique that has excellent delayed primary fascial
closure rates as high as 63% for trauma cases and minimal
fistula formation. This is beneficial up to 21 days but was
not seen with duration of treatment for less than 9 days.
The device can be placed quickly, allows for a relatively
large increase in abdominal volume, and causes little
abdominal wall tissue damage because it is sutureless. It
consists of four component layers. The first layer is
a perforated polyethylene sheet positioned over the peritoneal viscera and underneath the peritoneum. The second component includes suction drains and compressible
material consisting of either surgical towels or flexible
polyurethane foam. The third layer is comprised of two
silicone drains situated above the towel or sponge and
provides negative pressure and control of intra-abdominal
fluid flow. The skin around the incision is dried, treated
with benzoin, and then applied with Ioban™ to complete
the vacuum seal.
Other methods of closure include zipper systems,
prostheses, and a combination of different TAC methods.
Several types of prostheses can be sewn to the abdominal

fascia, including absorbable mesh, nonabsorbable mesh,
and Silastic. They provide constant tension increasing the
likelihood of definitive closure. A study by Bee et al. also
demonstrated that polyglactin-910 (VICRYL) mesh was
equally likely to produce primary delayed closure as VAC
and had lower rates of fistula formation. Combinations of
different TAC techniques also have been studied.
A promising report looking at a Bogotá-VAC demonstrated that it resulted in better leak tightness, wound
conditioning, and skin protection and higher volume
reserve capacity than the Bogotá bag or VAC alone.
These advantages resulted in lower intra-abdominal pressure and decreased intracranial pressure in traumatic
brain injuries. In our practice, we used a combination of
a Wittman patch and VAC to take advantage of applying
gradual tension at bed side with wash out if needed. There
is also the advantage of controlled neat drainage using
VAC. We apply this combination usually in the second
trip to the OR if bowel edema is still present. A sterile
fenestrated x-ray plastic cover protects the bowel and prevents adhesion to the anterior abdominal wall under the
Wittman patch with a VAC sponge placed above it.

Damage Control Stage 2 (DC 2)
Secondary Resuscitation

Similar to the preparation of the OR before DC 1, the
SICU should be fully prepared for the arrival of the
patient. Environmental temperature, resuscitation fluids,
and ventilator circuits should be warmed prior to transfer.
Required personnel must be present and informed of the
patient’s injuries, postoperative status, and needs. The
proper medications, blood products, and monitoring
and supportive devices should be available in the SICU.
Upon arrival to the SICU, the goals of damage control
stage 2 (DC 2) become further physiologic resuscitation of
the patient. The main priority is to reverse the sequelae of
shock, specifically the lethal triad of hypothermia, acidosis, and coagulopathy. Core rewarming should be aggressively managed with maintenance of ambient air
temperature at 85 F, continued warming of IV fluids
and ventilator circuits, application of convection hot air
blankets heated to 40 C anteriorly, and placement of
a fluid circulating heating pad posteriorly to the back
and thighs. The goal should be to warm the patient to
37 C within 4 h of arrival to the SICU. More aggressive
measures such as pleural, gastric, and bladder lavage with
warmed fluids may be needed if the temperature remains
lower than 35 C. Severe hypothermia with a core temperature of 28–32 C may be treated with venovenous or
arteriovenous bypass with femoral vessel cannulation.
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However, venovenous bypass requires systemic
anticoagulation.
Metabolic acidosis resulting from hypovolemic shock
and tissue ischemia causes catecholamine resistance leading
to lowered cardiac output and hypotension. Preload augmentation is the first line of treatment. Biologically active
colloid fluids, including FFP, PRBCs, and platelets, are
administered to optimize oxygen delivery, cardiac output,
and coagulation parameters. Monitoring is achieved through
vital signs, urinary output, lactate measurement, and central
venous and invasive arterial pressure observation. Lactic acid
levels are drawn upon arrival to the ICU and then every 4 h
thereafter until two consecutive measurements of 2 mmol/L
or less are attained. If the lactic acid fails to clear, large
volumes of warmed lactated Ringer’s solution should be
dispensed at a rate of 250 cc/h above the vacuum pack
dressing fluid removal rate if VAC was utilized in DC 1. In
response to rising lactate levels, declining urinary output,
decreasing mixed venous oxygenation saturation (SvO2), or
pulmonary artery indices indicative of hypovolemia, IV
fluid boluses in 1-L increments are administered. Further
adjustments may be required if no response is seen. Moore
et al. recommended attaining a lactate level less than 2.5
mmol/L, an oxygen delivery index (DO2I) of at least 600
mL/min/m2, and an oxygen consumption index (VO2I)
greater than 150 mL/min/m2 within 12 h after initial
laparotomy. These numbers are equivalent to an SVO2
value of approximately 68–72%. If these target numbers
are not met with IV fluids, PRBC transfusion is started
with the goal of a hemoglobin level above 10 g/dL. Crystalloid fluid administration should be limited to less than
10 L to avoid bowel edema and pulmonary third spacing.
Complete ventilatory support with sedation to maintain
oxygenation and prevention of volutrauma from massive
volume resuscitation are vital. Inotropic support may be
necessary but should be reserved until volume and hemoglobin loading have been completed.
Similarly, coagulopathy is also corrected with FFP,
PRBCs, and platelets. Average time of secondary resuscitation is 24–48 h before planned reoperation, and typically
8–10 units of PRBCs with 8–10 units of FFP are needed to
reestablish normal physiology. Blood components should
be given until the PT and PTT are no greater than
1.25 times normal and the platelet count is at least
100,000/mm. Cryoprecipitate is administered every 4
h until the fibrinogen level is greater than 100 mg/dL [5].
Recombinant factor VIIa (rFVIIa) is a relatively new product and has been used with increasing frequency over the
last several years despite a scarcity of data from prospective
studies. In the case series that have been published, it has
been shown to produce an immediate improvement in PT
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and is relatively safe with a low incidence of thrombosis in
patients that fail to have correction of coagulopathy with
standard measures.
Tertiary Survey

During this 24–48 h time period, a complete physical exam,
or “tertiary survey,” of the patient should also occur. Radiographs evaluating for additional skeletal trauma based on
physical findings, such as gross deformity or bruising, should
be obtained. Immobilization and traction devices are applied
when needed. Completion of the spine survey is necessary in
cases of blunt trauma. Evaluation of peripheral injuries and
vascular status of injured limbs should be assessed. Indicated
CT scans can be obtained unless the patient is too unstable
for temporary transport out of the SICU. Consults for all
definitive repairs should be made early on in DC 2 as well as
determination of the extent and priority of the injuries to be
repaired.
Indications for Premature Reoperation

The two subgroups that require premature reoperation
before definitive laparotomy are patients that have continued surgical bleeding or new onset hemorrhage and
those that develop abdominal compartment syndrome
(ACS). The typical sign of internal bleeding is
a requirement for large amounts of PRBCs, typically
more than 2 units per hour for 3 h, despite normalization
of core body temperature and coagulation. These patients
either have bleeding not identified during DC 1 or have
developed new hemorrhage secondary to clot disruption
or vasodilation. Care must be taken during DC II to avoid
hypertension as increased blood pressure can result in clot
instability and deleterious effects on hemostasis. Once
bleeding is recognized, immediate operative reexploration
or use of angiographic embolization through interventional radiology should take place.
The other feared complication during DC 2 is ACS. This
condition is defined as an intra-abdominal pressure (IAP)
greater than 25 mmHg with one or more of the following
physiologic sequelae: increased peak airway pressures,
impaired ventilation associated with hypoxia and
hypercarbia, diminished urine output, elevated systemic vascular resistance, and decreased cardiac output. The incidence
of ACS is approximately 6% after DCS for severe abdominal
and/or pelvic injuries. The most prominent signs of ACS are
worsening hypoxemia and oliguria. Cardiac output decreases
secondary to elevated systemic vascular resistance, diminished myocardial compliance, and lowered venous return.
Pleural pressure, as well as pulmonary capillary wedge pressure (PCWP), becomes elevated as the increased IAP causes
mechanical compression of the lungs via elevation of the
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Damage Control Surgery. Table 6 Abdominal compartment
syndrome (ACS) grading scale and treatment
Grade

Bladder pressure
(mmHg)

I

10–15

Continue
normovolemia

II

16–25

Hypervolemic
resuscitation

III

26–35

Decompression

IV

>35

Decompression +
Reexploration

Recommendation

diaphragm. Resulting elevated pulmonary arterial resistance
causes ventilation–perfusion mismatch and subsequent hypoxia. Renal vein and parenchymal compression and
increased total renal vascular resistance also occur resulting
in renal dysfunction.
The most effective means of detecting ACS is to measure the bladder pressure with a Foley catheter. Treatment
options depend on the IAP grade (Table 6). Grade I (<15
mmHg) typically does not require treatment in
a normovolemic patient, and grade II (16–25 mmHg)
usually requires only volume expansion to treat the
reduced cardiac output. However, a subclinical reduction
in splanchnic blood flow may increase the risk of multiple
organ failure, which is the most common cause of death
following abdominal packing. Elevated IAP may also exacerbate intracranial pressure in head trauma patients, possibly warranting decompression. Decompression consists
of opening the patient’s abdomen under sterile conditions
or incising the Ioban™ drape of the vacuum pack to
relieve the pressure. Grade III (26–35 mmHg) with
coexisting oliguria or a peak alveolar pressure greater
than 50 mmHg requires semiurgent decompression.
Finally, grade IV (>35 mmHg) typically represents ongoing arterial hemorrhage and warrants emergent
reexploration in the OR.

Damage Control Stage 3 (DC 3)
The primary goals for damage control stage 3 (DC 3) are
definitive organ repair followed by fascial closure if possible. This stage typically occurs 24–36 h after initial laparotomy due to the time required to achieve physiologic capture
in the SICU. Once the patient is brought back to the OR, all
packs are copiously irrigated and slowly removed off raw
surfaces to avoid clot disruption. If diffuse bleeding is
present upon removal of the packing, one must re-pack
the abdomen and abort the procedure. The patient may
then return to the OR after further resuscitation.

After successful removal of the packing, the abdomen
is reexplored to evaluate the repairs made during DC 1 and
to determine if any injuries were missed. Dead tissue
should be debrided. Definitive vascular repairs are
achieved, and intestinal continuity is reestablished.
Bowel anastomoses should be draped with omentum
and placed under mesentery to help prevent fistula formation. Stoma creation and feeding tubes are only added
if fascial closure appears possible. If fascial closure will be
delayed but the patient requires a stoma, it should be
created as lateral as possible to allow for separation of
the abdominal wall layers when formal closure is eventually performed. A nasogastric tube for decompression and
a nasojejunal feeding tube may be placed at this time.
Once all repairs are finished, formal abdominal closure
without tension is the next and final step of the damage
control process.
Definitive Closure

The final challenge of DCS is definitive closure of the
abdomen. Primary closure is the most preferable option.
However, this feat is especially difficult in patients who
have fascial retraction from multiple delayed procedures
or abdominal wall loss from trauma or infection. Clamps
can be used to temporarily approximate the edges of the
fascia to help determine if standard closure is possible. In
general, a gap of greater than 4 cm between the fascial
edges cannot be closed primarily. Another good rule is that
closure will not be likely if the bowels are seen above the level
of the skin when the abdomen is viewed from across the OR
table. Additionally, if the peak airway pressure is greater than
10 cm H2O during fascial approximation, the fascia should
be left open and the VAC replaced. If this scenario is the
case, then the patient is returned to the ICU and diuresed
as hemodynamically tolerated for the next several days to
relieve bowel and body wall edema. Most open abdomens
in these DCS patients can be primarily closed within 7–10
days as long as no infection is present.
If tension-free fascial closure is not possible within
7–10 days, several other options exist. Skin closure only
may be attempted with the plan of ventral hernia repair in
3–9 months. However, this method is often not feasible
because the gap is too wide to approximate the edges.
Another technique is suturing absorbable mesh to the
fascia, which provides visceral protection and a substrate
for the formation of granulation tissue. Split thickness skin
grafting can then be attempted once a bed of granulation
tissue has formed. Over a course of 6–12 months, the skin
graft will mature, separate, and form a thin layer of connective tissue over the underlying viscera. The graft can
then be excised, and definitive reconstruction completed
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by a plastic surgeon. Alternatively, a nonabsorbable mesh
can be placed between the fascial edges if one wants to
avoid complex abdominal wall reconstruction. However,
this technique is associated with high fistula rates. Finally,
if neither of these options are viable, a VAC may be
reapplied allowing for abdominal content expansion and
diuresis of third space fluid. As bowel and abdominal wall
edema decreases, the VAC can be changed periodically
until formal closure becomes a feasible option.
Several factors can affect the time frame of primary
closure. A recent study suggests that obesity, a current
epidemic in the USA, raises the likelihood of a prolonged
time interval before definitive closure and increases the
risk of complications. Obese patients were more likely to
develop pneumonia and sepsis and on average had longer
stays in the ICU. However, a possible way of accelerating
primary abdominal wall closure is through adjunctive
direct peritoneal resuscitation (DPR) using a glucosebased dialysis solution prior to attempted closure. Time
to definitive closure was significantly shorter, the rate of
primary fascial closure was higher, the intra-abdominal
complication rate was lower, and the rate of ventral hernia
formation at 6 months was decreased with DPR.

4.

The Sequelae of Damage Control Surgery

A biological and philosophical construct denoting the end
of life. Biological definitions have been modified in the
context of patients who are dead but their cardiopulmonary function is supported by artificial means. Philosophically, the term has been delineated as the loss of integrated
body function as opposed to physical cessation of cardiopulmonary function.

The overall goal of damage control surgery is patient survival. While the evolution of DCS has given many trauma
patients the chance to survive in otherwise hopeless situations, many complications are known to exist. Obstacles
include wound infection, necrosis of the abdominal wall,
dehiscence, formation of enteroatmospheric fistulae, bile
leak, abdominal compartment syndrome, and multiple
organ failure. A morbidity of 25% has been established for
patients who have abdominal wall closure greater than 8 days
following initial exploratory laparotomy, a situation that is
very common in DCS. Proper patient selection is of the
utmost importance in order to increase survival while
avoiding unnecessary complications. Aggressive management, close attention to detail, and strong communication
between the multidisciplinary team aid in making the right
decisions and helping the patients who are most appropriate
for DCS.
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Brain death; Coma depasse

Definition

▶ Death by neurological criteria (DNC) is defined as the
determination of death in an individual by the demonstration of the irreversible absence of brain function. Two
underlying conditions are inherent to the diagnosis of
death in this manner: (1) the patient’s ventilation is
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artificially supported (usually by a mechanical ventilator),
and (2) the patient is in a coma from an injury sufficient to
produce irreversible loss of function to the brain.

Characteristics
The diagnosis of “▶ Brain Death” is a epiphenomenon of
mechanical ventilation. Before the advent of mechanical
ventilators, when a patient’s brain stopped functioning,
ventilatory effort would cease leading to rapid cardiopulmonary arrest. The uncoupling of ventilatory arrest and
brain arrest lead to the paradox that a patient could be
dead with a still-beating heart and still-aerating lungs. As
will become apparent, this has had implications for medicine (particularly transplant medicine), ethics, and
philosophy.
It is important to note that the term “brain death” is
inaccurate in our current understanding of the phenomenon. Death is an absolute and therefore the word “death”
should not be modified. The favored term now is “death
by neurologic criteria (DNC)” which denotes that the
method of diagnosing a patient as dead is modified by
the term “neurologic.” Unfortunately, the term brain
death is so ingrained in the scientific and lay literature
and in common use it’s eradication will be quite difficult.
Additionally, continued use of the term brain death has
lead to misunderstandings by grieving family members
and healthcare professionals who falsely assume that
a person is not really dead if he/she is “only brain dead.”

History
The phenomenon of DNC was first described by Mollaret
and Goulon in a 1959 paper that coined the original term
for brain death, “coma de passé” [1]. This work was largely
overlooked until attention was focused on the issue by
advances in organ transplantation and the need for more
organs to transplant. When the limitations of cadaveric
transplantation became apparent, there developed a need
for a pool of transplantable organs including those such as
the heart and liver that could not be transplanted from
continuously perfusing donors. There was discussion by
the transplant community about acceptable donors
(including reports of suggestions that children with severe
developmental disabilities be considered) that lead to discussions about codifying the diagnosis of “brain death” to
increase the eligible organ donor pool.
The first prominent group to address this issue was
a committee of the Massachusetts General Hospital and
Harvard Medical School in 1967 [2]. This group of physicians, ethicists, and lawyers settled on a standard protocol
for determining if a patient was dead by neurological
criteria. After the findings of this committee were

published, there was rapid acceptance of the concept by
the medical community in the United States and abroad.
Because the determination of death in the United States of
America is governed by state law, an ad hoc committee of
the National Conference of Commisioners on Uniform
State Laws developed a recommendation for a Uniform
Determination of Death in 1980 that recommended that
all states adopt a similar definition including the concept
of DNC [3]. Although the 50 states enacted laws with
slightly different wording and definitions, it served as
a unifying force for the concept of DNC.
Since that enactment of the laws pertaining to DNC in
the United States, most other countries have followed suit.
There is now wide acceptance of the concept by most of
the partner countries in the United Nations [4].
The American Academy of Neurology has issued two
sets of guidelines that have been the most authoritative
guides to the declaration of DNC [5, 6]. The most recent
practice parameter published in 2010 has attached
a reasonable protocol for the determination of DNC [6].

Philosophical and Ethical Issues
Prior to the advent of mechanical ventilation there was
little philosophical thought about the meaning of the
moment of death. The meaning of life and the meaning
of death were more important areas of discussion. The
discourse that was saved for the moment of death
pertained to the exodus of the soul or the essence of
personhood. Because death was the natural conclusion
to lack of respirations and cardiac function, it was thought
that those functions constituted the essence of life. The
concept of a permanently dysfunctional brain with
a functioning heart and lungs changed the focus of the
moment of death from the moment the heart and lungs
stopped to the moment the “integrated body” ceased to
exist. This was in keeping with new practices in resuscitation medicine where a patient who ceased to breath and
have a heartbeat could be resuscitated.
Ethical issues have followed DNC since its acceptance.
Although almost all worldwide religions accept the concept of DNC, there are sects of many mainstream religions
who interpretation of scripture contradicts its basic tenets.
In the states of New Jersey and New York (USA), laws were
enacted that allowed families of loved ones who meet the
criteria for DNC to “opt out” of this type of death, and
instead, wait for cardiopulmonary arrest. Whether an
individual or a family can ethically discount a method of
death is still unclear. The state laws in New York and New
Jersey clearly illustrate the difficulties the lay public (and
politicians) have in understanding the nature of death in
severely brain-injured patients.

Death by Neurologic Criteria

One of the most pressing ethical issues in the determination of DNC is the variability with which the diagnosis
is applied. Most states in the United States require that
DNC be performed by “acceptable medical standards.” It
is usually left to each hospital to determine the policy and
procedure for the determination. It has become clear that
the policies in individual hospitals that define how
a patient is declared dead vary considerably [7]. There is
currently not a uniform way of determining DNC in the
United States. It is unclear uniformed measures are
followed in other countries. This variability of practice
could have repercussion for the future of DNC given that
a patient in one hospital could be declared dead and not
meet the criteria for DNC in a neighboring hospital. There
are attempts to develop a standardized set of criteria, but it
is unclear if this can be enacted.

Declaration of Death
It is not in the scope of this entry to outline the specific
tests involved in the determination of DNC (given the
variability between hospitals policies, it is likely impossible). A reasonable procedure for the determination of
DNC was published in 2010 by the American Academy
of Neurology in their practice parameter [6].
The diagnosis of death in patients with severe neurological injury is comprised of four distinct components:
(1) a plausible reason for the brain to be permanently
disabled, (2) the absence of physiological issues that could
confound the physical exam findings, (3) a physical exam
that is consistent with the absence of brain function, and
(4) an apnea test that shows the absence of ventilatory
efforts with elevated pCO2 in the blood. Each of these
conditions must be met in order to make the diagnosis.
We will spend the next paragraphs elucidating each.
Perhaps, the most important aspect of the diagnosis of
DNC is the conditions surrounding the coma for the
patient. If one were to perform the DNC examination on
patients in the operating room that have been paralyzed
and sedated, it is likely that some patients would meet the
physical examination criteria for death. This is why the
diagnosis of death is a more than just a series of physical
examination findings. The diagnosis is based on the
understanding that the mechanism of injury is sufficient
to cause irreversible damage to the brain.
The second condition is that there be no confounding
issues. There are a number of physiological derangements
that suppress neuronal function and could result in
a severely injured patient who is still alive resembling the
dead. The most common confounding conditions are
severe electrolyte disorders, hypothermia, and drug intoxications. Electrolyte abnormalities can be diagnosed by
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laboratory testing. It can be difficult in some cases to
determine if a mildly abnormal electrolyte values are sufficient to obviate the diagnosis of death. There are no firm
values of electrolyte abnormalities that confound the
diagnosis.
In addition to electrolyte abnormalities, drug intoxications can confound the diagnosis. Often sedative medications administered during treatment in the ICU can
confound the diagnosis. More challenging is the patient
who presents from home with a possible ingestion of illicit
drugs. Urine and serum testing for medications can be
helpful to diagnose intoxications but may miss lesser
known or difficult to test for medications. Diligent investigation of medications is essential. Similarly, hypothermia can also confound the diagnosis and should be
corrected before proceeding with the diagnosis.
The physical examination in a comatose patient is
limited to those findings that can be elicited without the
cooperation of the patient. For this reason, the accepted
physical examination for DNC focuses on responses to
painful stimuli and evaluation of cranial nerves. Typically,
the examination includes evaluation of pupillary
responses to light, corneal sensation to stimulation, involuntary eye movements to head movement (the
oculocephalic response or doll’s eyes maneuver), involuntary eye movements to cold water infusion into the ear
canal (the oculovestibular response or cold caloric testing), and testing of the gag response. In addition, deep
painful stimuli are used to test for brain mediated reflexes
such as decerebrate or decorticate posturing.
Finally, it is considered essential that ventilatory function be absent to prove that the entire brain is
nonfunctional. Apnea testing is based on the premise
that elevation of pCO2 is a strong stimulus to initiate
ventilation. For this reason, the test consists of discontinuation of mechanical ventilation to allow the blood (and
concomitantly, the brain) pCO2 to rise. If the pCO2 elevates above a prespecified level without stimulating
a ventilatory effort, the test is considered proof that the
respiratory drive center is nonfunctional.
Many hospitals include two separate examinations of
the patient in the testing algorithm. There are two different reasons offered for this: (1) two exams spaced in time
(even by the same practitioner) ensure that the physical
exam is unchanging and more likely to represent permanent findings, and (2) two exams completed by different
practitioners ensures that mistakes are not made by
a single physician. There is new evidence that the second
exam does not add to the certainty and may have detrimental effects for those patients who become organ
donors [8].
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Confirmatory Testing
In some patients, either because the physical exam cannot
be completed or because the patient has confounding
issues, the diagnosis of DNC cannot be made on the
basis of physical examination alone. In these situations,
a number of confirmatory tests have been used to show the
absence of metabolism in the brain. Four tests are commonly used: (1) electroencephalography (EEG),
(2) Transcranial Doppler examinations (TCD), (3) Conventional digital subtraction angiography (DSA), and
(4) radionuclide angiography. Computed tomography
angiography (CTA) and magnetic resonance imaging
angiography (MRA) are currently being evaluated in
a number of centers but definitive evidence that these
tests are helpful is lacking.
There is a growing discussion about whether confirmatory tests should be mandatory for the diagnosis of
death. In some countries, EEG to confirm cortical silence
is mandatory [4]. Conversely, there are also arguments
that the false positive rate for these studies if done in all
patients being evaluated for DNC would lead to more
misdiagnoses [8]

Pitfalls in Diagnosis
There are a number of issues that can make the diagnosis
of DNC challenging. Some dead patients can experience
abnormal movements that are mediated by spinal cord
reflexes. Because the brain does not mediate these movements, they can still be consistent with DNC [9]. A second
issue that occasionally confounds apnea testing is
autocycling of the ventilator. This phenomenon causes
the ventilator to initiate breaths even when the patient
does not initiate breaths. For patients having apnea testing, autocycling can give the impression of breathing.
Performing the apnea test while the patient is disconnected from the ventilator solves the problem [10].

DNC. A number of groups have suggested two examinations separated by up to 24 h depending on age. There is
an effort underway to update pediatric guidelines for the
determination of death.
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Decelerative Aortic Injury
▶ Torn Thoracic Aorta

DNC and Organ Donation
Because of the history of organ transplantation in the
development of DNC and the fact that most organ donors
are dead by neurological criteria, there has been a longstanding debate in the medical and lay literatures about
the possible conflict of interest for the physician in the act
of declaring the patient dead and consenting the family for
▶ organ donation. For this reason, there has been a strong
effort to decouple the process of DNC determination and
petitioning family for organ donation.

Pediatric DNC
In children, particularly those less than 2 years of age,
there is less consensus about the correct way to determine

Decerebration
▶ Decorticate/Decerebrate Posturing

Decolonization
The administration of topical antimicrobial or antiseptic
agents, with or without systemic antimicrobial therapy, to
MRSA-colonized persons for the purposes of eradicating
or suppressing the carrier state.
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Synonyms
Airflow obstruction; Chronic bronchitis; Chronic lung
disease; Chronic obstructive airway disease; Emphysema

Definition
Chronic obstructive pulmonary disease (COPD) is a
broad term used to describe a chronic lung disease that
causes airflow limitations in patients with chronic bronchitis and/or emphysema. The obstruction is generally
progressive but may be partially reversible.
COPD affect 10% of the population over the age of
40 years and is a leading cause of morbidity and mortality
worldwide. Cigarette smoking is the primary risk factor
associated with the development of clinical COPD.
Genetic factors may also contribute. The most relevant
genetic disorder is a-1-antitrypsin deficiency which is an
important cause of emphysema in nonsmokers and influences susceptibility to disease in smokers.

Pathophysiology
The airflow limitation measured during forced expiration
that characterizes COPD is the result of a prolonged alveolar time constant, generated by either the increase in lung
compliance caused by the emphysematous destruction or
the increased resistance of small conducting airways.
Hypercapnic respiratory failure occurs when the muscles
of respiration work near their capacity and can no longer
guarantee sufficient ventilation to meet metabolic request.
Several mechanisms are implicated in COPD
increased work of breathing and decompensation:
1. The increase of the inspiratory resistance. The causes
of increased inspiratory resistance include: thickening
of the bronchial mucosa due to inflammation and
edema, inflammatory cell infiltration, mucus gland
hyperplasia in larger airways, smooth muscle
hypertrophy, inflammatory exudates, and mucus
impinging on the airway lumen. In patients with predominant emphysema, there is a reduced role of the
mucosal inflammation. However, the small airways
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derangement and the loss of the parenchymal attachments, that keep the airways open, contribute to the
increase in flow resistance.
2. The increase in the elastance of lung and chest wall.
The elastance of the respiratory system is defined
as the change in inflating pressure divided by the
change in volume, and is the sum of the elastances of
the lung and the chest wall. In COPD patients during
quiet breathing, the lung elastance is normal or
reduced due to the emphysema induced reduction of
elastic recoil pressure. Tachypnea occurring during
decompensation can cause an increase in the respiratory system elastance. With tachypnea, dynamic
elastance of the lung can increase tenfold or more.
3. The increase of expiratory resistance. High expiratory
flow resistance and expiratory flow limitation can
cause entrapment, increasing the end expiratory lung
volume (dynamic hyperinflation). Dynamic hyperinflation increases maximum expiratory flow rates
allowing the tidal volume to be completely exhaled in
the expiratory phase. The increment in the lung and
thoracic cage elastic recoil which is induced by
dynamic hyperinflation increases the elastic load of
breathing. Dynamic hyperinflation is associated to an
intra-alveolar intrinsic positive-end expiratory pressure (PEEPi) that can be described as a positive-end
expiratory pressure not extrinsically applied. PEEPi
represents an inspiratory threshold load that must be
overcome to permit inspiratory flow entering the alveoli. When inhalation is initiated from a volume above
relaxation volume, the inspiratory muscles must lower
pleural pressure by performing isometric contraction
before the alveolar pressure becomes subatmospheric
to start inspiratory flow. Dynamic hyperinflation not
only increases respiratory work but also reduces the
performance of inspiratory muscles. When the lung is
inflated acutely, the capacity of the diaphragm to generate pressure is impaired because the muscle contraction is shorter and generates less force. At very high
lung volumes, the pressure-generating capacity of the
diaphragm may be further reduced by an increase in
the radius of the muscle curvature. Malnutrition, electrolytic disturbances, and steroids administered to
treat the acute exacerbation could further impair muscle performance in COPD patients.
4. The reduction in gas exchange efficiency. The increase
of respiratory rate causes a preferential inflation of
the lung units with relatively low resistance and
compliance (shorter time constant). Worsening of
ventilation/perfusion (V/Q) mismatch is probably
the leading mechanism of gas exchange abnormalities.
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The enlargement of physiological dead space and the
rise of wasted ventilation cause an increase in alveolar
ventilation to maintain eucapnia. The presence of
relatively underventilated lung regions is responsible
for alveolar hypoxia and consequent hypoxemia.
An important reason of deterioration during COPD exacerbation is the rapid shallow breathing pattern. This is
a response attempting to maintain adequate alveolar ventilation, in presence of additional resistive, elastic and
inspiratory threshold loads, imposed to weakened respiratory muscles. Under these conditions carbon dioxide
retention and acidemia may occur, despite increased
stimulation of the respiratory centers.
In COPD patients, rapid shallow breathing is
a maladaptative strategy that aims to decrease the work
per breath. The dynamic hyperinflation results in an
increase in inspiratory work per minute, dead-space, and
respiratory frequency. The degree of rapid shallow breathing can be quantified by calculating the ratio of respiratory
frequency to tidal volume (f/VT). Rapid shallow breathing, as reflected by the f/VT ratio, has been shown to be
an accurate predictor of weaning failure in patients
under mechanical ventilation. Its absence represents,
in fact, one of the most reliable indicators of weaning
success [1].
Purro et al. [2] recently investigated the respiratory
mechanics, breathing pattern and pressure generating
capacity of respiratory muscles in 24 COPD patients (nine
patients with COPD exacerbation treated with noninvasive ventilation; seven patients with COPD exacerbation
managed with medical therapy only; and eight clinically
stable, long-term mechanically ventilated patients). A load–
capacity imbalance was present in the early phases of an
acute exacerbation of COPD patients; this imbalance was
associated with rapid shallow breathing, similar to chronic
ventilator-dependent patients; the presence of PEEPi
accounted for a significant portion of the inspiratory workload in both acute and chronic severe COPD patients.
Weaning failure in exacerbated COPD patients is
a physiological model of the mechanics of respiratory
failure. Jubran and Tobin [3] studied acute respiratory
failure in 31 COPD patients undergoing a weaning trial.
Out of these, 17 patients failed weaning whereas 14 were
weaned successfully. Inspiratory effort measured by pressure-time product at the start of weaning was not different
between the two groups, increasing over time more significantly in failure patients than in the successfully weaned
ones. Inspiratory lung resistance increased at the end of
trial in the failure patients group only. A similar behavior
was seen for the dynamic lung elastance that increased in

relation to progressive tachypnea induced by dynamic
hyperinflation. PEEPi increased much more in patients
failing the weaning.

Clinical Manifestations
Table 1 summarizes the main clinical characteristics of
COPD. Much of the morbidity and mortality in COPD
patients are caused by those insults that increase airway
inflammation, mainly resulting from episodes of infection
or stimuli directly inducing an expiratory flow limitation.
Several pathologies may cause increased dyspnea and therefore mimic (or complicate) the exacerbation of COPD,
including pneumonia, pneumothorax, pulmonary embolism, and cardiac failure.
Exacerbations become more frequent in proportion to
the severity of the underlying COPD. Inhalational exposures may trigger airways inflammatory response leading to neutrophils and other inflammatory cells release
proteases and causing tissue destruction and mucus
hypersecretion. Most patients who experience COPD
exacerbations present wheezing, chest tightness, increased
cough, sputum production, and fever. Exacerbations are
very heterogeneous events ranging from no more than
troublesome increases in respiratory symptoms to lifethreatening episodes of respiratory failure.
COPD condition is frequently associated with comorbidities, such as hypertension, diabetes, and cardiovascular disease. Skeletal muscle dysfunction is very
common in COPD patients and is characterized by muscle
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Table 1 Main characteristics of COPD
Typical onset in mid-life
History of exposure to risk factors (e.g., tobacco smoke,
occupational dusts ⁄ chemicals, environmental pollution,
smoke from home heating or cooking fuel)
Predisposing genetic risk factors
Anatomic involvement of airways and lung parenchyma
Chronic productive cough
Chronic sputum
Recurring acute bronchitis
Dyspnea during exercise in early stages and during rest with
disease progression
Possible comorbidities (e.g., asthma, ischemic heart disease,
osteoporosis, bronchial carcinoma, arthritis, diabetes,
gastroesophageal reflux)
Symptoms slowly progressive
Airflow limitation not fully reversible

Decompensated Chronic Obstructive Pulmonary Disease

wasting and malfunctioning. Inspiratory muscle strength
is reduced because of hyperinflation and possibly direct
muscle damage and release of inflammatory mediators.
Another complication of COPD is the development of
pulmonary hypertension which typically appears when
airflow limitation is severe and is associated with chronic
hypoxemia. The main factors that are involved in the
genesis of pulmonary hypertension include the reduction
of vascular bed due to emphysema, the vasoconstriction
related to alveolar hypoxia and hypercapnic acidosis, the
hyperviscosity due to polycythemia, and the fibrosis
induced by lung inflammation. Pulmonary hypertension
can cause right ventricular hypertrophy and dilatation
(cor pulmonale).

Treatment
Medical Options
Antibiotic therapy is part of a typical treatment regimen
for acute COPD exacerbations triggered by bacterial infections. The duration of the antibiotic course is not standardized. A meta-analysis of 21 randomized controlled
trials investigating the length of treatment showed that
therapy lasting 5 days or less was as effective as treatment
for more than 5 days [4]. Macrolide antibiotics have
additional anti-inflammatory action. A double-blind randomized trial demonstrated that long-term therapy with
erythromycin 250 mg twice a day over 1 year was associated with a 35% reduction in COPD exacerbations [5].
The TORCH trial (TOwards a Revolution in COPD
Health) randomized 6,112 COPD patients in a 3-year period
to receive salmeterol, at a dose of 50 mg plus fluticasone
propionate at a dose of 500 mg twice daily (combination
regimen), placebo, salmeterol alone, or fluticasone propionate alone. The study showed that combination treatment
may reduce mortality, but failed to achieve conventional
statistical significance. Hazard ratio for death in the
combination-therapy group, as compared with the placebo
group, was 0.825 (95% confidence interval, 0.681 to 1.002;
P = 0.052). The mortality rate for salmeterol alone or
fluticasone propionate alone did not differ significantly
from that of placebo. As compared with placebo, the combination regimen reduced the annual rate of exacerbations
and improved health status and spirometric values.
The UPLIFT study (Understanding Potential Longterm Impacts on Function with Tiotropium) randomized
5,993 COPD patients, who could use all respiratory medications except inhaled anticholinergic drugs, with either
tiotropium or placebo over a 4-year period. The addition
of tiotropium resulted in a significant reduction in
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exacerbation frequency (tiotropium, 0.73 per year;
placebo, 0.85 per year; P < 0.001).
The Canadian OPTIMAL study showed that addition
of fluticasone-salmeterol to tiotropium therapy did not
statistically affect the rate of COPD exacerbation but did
improve lung function, quality of life, and hospitalization
rates in patients with moderate to severe COPD.
The Inspire study compared the relative efficacy of the
long-acting inhaled bronchodilator/anti-inflammatory combination (salmeterol/fluticasone propionate) 50/500 mg
twice daily and the long-acting bronchodilator (tiotropium)
18 mg once daily in preventing exacerbations and related
outcomes in severe and very severe COPD. Both treatments reduced exacerbation frequency to a similar degree,
and mortality was significantly lower in the salmeterol/
fluticasone propionate group (3% of patients in this
group died compared with 6% in the tiotropium group;
P = 0.032). More pneumonias were reported in the
salmeterol/fluticasone propionate group.
Antibiotics are generally added in the COPD exacerbations associated with changes in the characteristics of
expectorated sputum. When exacerbation occurs, antibiotic treatment may reduce the risk of subsequent recurrent
exacerbation.
The rate of failure of medical management ranges
between 27% and 74%. Oxygen with or without ventilatory
support is necessary in the presence of respiratory failure,
and often indicates the need for hospitalization. Patients
with COPD experiencing an exacerbation may require
invasive or noninvasive mechanical ventilation to control
acute hypercapnic respiratory failure. Positive pressure
inspiratory support reduces the work of breathing by supplying a proportion of transpulmonary pressure.

Noninvasive Ventilation
In COPD exacerbations, noninvasive ventilation (NIV) is
more effective than medical therapy in preventing endotracheal intubation and reducing mortality rate, and should
be a first-line treatment in all suitable patients. Several
randomized control trials have shown that addition of
NIV to the medical treatment relieves dyspnea, improves
vital signs and gas exchange, prevents endotracheal intubation, reduces complications and mortality, and shortens
hospitalization. In a multicenter study, Brochard et al. [6]
randomized 85 COPD patients to receive either conventional treatment (oxygen therapy plus drugs) or NIV.
Patients treated with NIV had less intubations (26% versus
74%, p < 0.001), fewer complications (14% versus 45%,
p < 0.01), shorter length of hospital stay (23 versus 35,
p < 0.02) and lower mortality (9% versus 29%, p < 0.02).
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In a study conducted in a medical ward on 236 COPD
patients, Plant et al. [7] showed that the use of NIV significantly reduced the need for intubation compared with
standard therapy alone, and in-hospital mortality was also
reduced by NIV. A subgroup analysis showed that NIV was
effective only in patients whose pH was 7.30, while there
was no difference in the outcome between NIV and standard treatment groups when the pH at the enrollment
was <7.30.
Favorable results have been obtained also using NIV in
the late phases of COPD decompensation. Conti et al. [8]
conducted a study of 49 patients with COPD who failed
standard medical treatment in the emergency ward and
were randomly assigned to receive NIV or conventional
mechanical ventilation. The two groups had similar length
of intensive care unit (ICU) stay, number of days on
mechanical ventilation, overall complications, ICU mortality, and hospital mortality. In the NIV group, 11 (48%)
patients avoided intubation, survived, and had a shorter
duration of ICU stay than intubated patients. After 1 year
of hospital discharge, the NIV group had fewer patients
readmitted to the hospital (65% vs. 100%) or requiring de
novo permanent oxygen supplementation (0% vs. 36%).
In a matched case-control study conducted in the ICU
by Squadrone et al. [9], 64 COPD patients with advanced
ARF (pH  7.25 and PaCO2  70 torr, and respiratory
rate  35 breaths/min) prospectively received NIV and
their outcomes were compared with those of a control
group of 64 COPD patients. NIV had a high rate of failure
(40/64), although mortality rate, duration of mechanical
ventilation, and lengths of ICU and post-ICU stay were
not different between the two groups, and the NIV group
had fewer complications. In this study, patients who failed
NIV were not harmed by the delayed institution of invasive ventilation, and those who avoided endotracheal intubation had a clear-cut benefit. Based on these results, the
authors suggested that in COPD patients with advanced
acute respiratory failure, it might be worthwhile to
attempt a trial of NIPV prior to shift to invasive ventilation with endotracheal intubation.
The use of a helium-oxygen mixture during NIV has
been suggested in acute COPD exacerbation to further
reduce the work of breathing and dyspnea. In this setting,
a recent multicenter randomized trial [10] investigated the
effect of a helium-oxygen mixture on intubation rate and
clinical outcomes during NIV in acute exacerbation of
COPD. Despite small trends favoring helium, this study
did not show a superiority of using helium during NIV to
decrease the intubation rate.
NIV should be considered early when patients first
develop signs of incipient respiratory failure needing
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Table 2 Contraindications to noninvasive ventilation
Severe central neurological disturbances
Inability to protect the airway or clear respiratory secretions
Severe upper gastrointestinal bleeding
Life-threatening hypoxemia
Unstable hemodynamic conditions (blood pressure or
rhythm instability)
Recent gastroesophageal surgery
Fixed obstruction of the upper airway
Vomiting
Recent facial surgery, trauma, or burns, or inability to
fit mask
Undrained pneumothorax

ventilatory assistance. It is crucial to identify patients
who are likely to benefit from NIV and exclude those for
whom NIV would be unsafe (Table 2). Once the decision
to start NIV has been taken, an interface and ventilatory
mode must be chosen, and a close monitoring in an
appropriate hospital location must be provided. Patients
can initiate NIV anywhere in the acute setting but, after
initiation, they should be transferred to an ICU or a stepdown unit for continuous monitoring until they are sufficiently stable to be moved to a medical ward. The early
use of NIV for less acutely ill patients with COPD on
a medical ward seems to be effective, but if pH is lower
than 7.30, the ICU setting is highly recommended.
Monitoring of patients undergoing NIV is needed to
determine whether the initial goals are being achieved,
including relief of symptoms, reduced work of breathing,
improved or stable gas exchange, good patient–ventilator
synchrony, and patient comfort. If a poor response to NIV
occurs and the specific measures used to correct the situation fail to reach an improvement within a few hours,
NIV should be considered a failure, and endotracheal
intubation rapidly adopted (Table 3).

Evaluation and Assessment
Patient histories, physical examinations, and lung function testing are crucial in diagnosing COPD. Spirometry is
currently the standard assessment tool for diagnosing,
staging and monitoring COPD progression. Alpha-1
antitrypsin deficiency testing should be considered if clinical manifestations of COPD occur in patients younger
than 45 years of age with no link with obvious risk factors.
It is important to differentiate COPD from asthma for
a correct identification and treatment of patients with
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Table 3 Criteria for non-invasive ventilation discontinuation
and endotracheal intubation
Technique intolerance (pain, discomfort or claustrophobia)
Inability to improve gas exchanges and/or dyspnea
Hemodynamic instability or evidence of shock, cardiac
ischemia or ventricular dysarrhythmia
Inability to improve mental status within 30 min after the
application of NIV

COPD. Asthma onset occurs more commonly during
either childhood or young adulthood. Its symptoms may
vary from day to day, with peaks during night-time and
early morning. Asthmatic subjects often have a family
history of asthma, and suffer from allergies, rhinitis, or
eczema. Finally, the airflow limitation associated with
asthma is usually reversible.
The severity of COPD is classified according to the
degree of abnormality in spirometric tests, the level of
symptoms, and the presence of comorbid conditions
that can lead to complications.

After-care
Prevention of COPD exacerbations impacts on the natural
history of progressive deterioration in lung function. In
a prospective 5-year study, Soler Cataluña et al. [11] found
that mortality risk increased with the number of acute
exacerbations episodes experienced by the COPD patient.
Bacterial infection is thought to account for approximately 50% of exacerbations of COPD. Bacteria colonize
the normally sterile lower airways of about 30% of patients
with COPD. Pseudomonas aeruginosa might be frequently
isolated. The presence of bacteria in sputum during COPD
exacerbation does not automatically imply that the microorganism is responsible for exacerbation. Repeated bouts
of infection increase the inflammatory burden that hastens
disease progression. A study on the effect of COPD exacerbations associated with infection, due to new bacterial
strains, showed a marked increase in pulmonary and
systemic inflammatory response in comparison with
preexisting or nonpathogenic bacteria [12].
Careful attention should be given in avoiding or
treating gastroesophageal reflux, as it can cause or worsen
COPD exacerbations [13].
Many pharmacological interventions and non pharmacological strategies have been tested to reduce the incidence
and the severity of COPD exacerbation. Stop smoking,
influenza vaccination, inhaled corticosteroids, long-acting

D

669

b2 agonist, and long-acting anti-cholinergic mucolytics
have been shown to have beneficial effects on exacerbation
frequency and hospitalization for exacerbation.

Prognosis
COPD is a preventable and treatable disease with possible
extrapulmonary manifestations that may contribute to the
severity in individual patients. COPD is currently the
fourth leading cause of death in the USA and is projected
to be third by the year 2020. It is estimated that both
morbidity and mortality associated with COPD will continue to increase [14].
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Decompressive Craniectomy
LUCIDO L. PONCE, CLAUDIA S. ROBERTSON
Department of Neurosurgery, Baylor College of Medicine,
Houston, TX, USA

Synonyms
Craniectomy for intracranial pressure (ICP) control;
Decompressive craniotomy is also indistinctly used yet
etymologically incorrect

Definition
Decompressive craniectomy (DC) is a surgical procedure
for high ICP control. Intracranial hypertension is relieved
through the excision and removal of a wide portion of the
skull, the bone flap, and usually with opening the dura with
or without duraplasty. This procedure allows the intracranial contents to expand so that the injured brain may swell
without suffering the undesired consequences of elevated
intracranial pressure.
The exact procedure varies from center to center and
surgical techniques for DC remain to be standardized.
However, at the present time, the following two surgical
approaches are in common use: lateral decompressive
hemicraniectomy and bilateral frontal (bifrontal) DC.
Anecdotal description of bilateral occipital (bioccipital)
DC and its potential advantages over the bifrontal DC
has been described. Suboccipital DC is typically reserved

for malignant cerebellar infarcts. Early and late DC has
also been defined as less or more than 24 h after injury,
respectively.

Pre-existing Condition
Uncontrolled intracranial hypertension and its association
with worse outcome has been widely recognized. Cerebral
ischemia due to the initial injury and subsequent brain
swelling within the rigid cranium precipitates a cascade of
adverse metabolic events which ends in a cycle of further
swelling and elevated ICP, diminished cerebral blood flow,
and inadequate glucose and oxygen delivery to the brain.
DC is an attractive option to lower ICP and for achieving
cranial decompression and volume expansion. However,
inflammatory and other injury pathways may remain
active even after controlling ICP and it is not clear that
DC improves the long-term neurological outcome in all
circumstances.
Decompressive craniectomy is a treatment option
which is usually considered a third-tier treatment option
for intracranial hypertension. Usually, more conservative
medical measures such as head elevation, sedation, cerebrospinal fluid drainage, mannitol, barbiturate coma,
and/or moderate hypothermia would have failed to control ICP prior to considering DC. DC may also be considered when malignant brain swelling occurs during
a neurosurgical procedure. In this case, the bone flap is
not replaced at the end of the surgical procedure. Some
studies, particularly with intracranial hypertension due to
neurotrauma or stroke, suggest that early DC may
improve neurological outcome.
DC is most commonly used for intracranial hypertension following severe traumatic brain injury and malignant edema due to ischemic stroke. Other less common
indications include venous thrombosis, infections such as
toxoplasmosis, and inflammatory disorders such as Reye
syndrome. Historically, DC has been used in palliating
intracranial hypertension due to neoplastic masses. However, this practice has become obsolete due to better tumor
resection techniques.

Application
Surgical technique for decompressive craniectomy, in general, parallels in a number of steps the procedure for
craniotomy (see Chapter ### Craniotomy) with the
assumption that the bone flap will not be placed back at
the end of the surgery, and the more specific details
regarding only DC are offered in this chapter.
Unilateral frontotemporoparietal decompression is
recommended for unilateral hemisphere edema such as
in localized blunt trauma or ischemic stroke, whereas
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a bifrontal DC, leaving a sagittal ridge in the midline to
protect the sagittal sinus, is preferred for more diffuse
injuries (see Fig. 1). In order to avoid brain herniation
through the bone margins of the DC, causing strangulation, infarction, and additional edema (fungus cerebri),
a wide bone flap of at least 12 cm diameter must be
taken off. As a general rule, “the bigger the bone flap the
better” [1] and this consideration must be kept in mind
while planning the initial craniotomy if the neurological
surgeon anticipates the possibility of leaving the bone flap
off at the end of a case where brain swelling may be
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present. A recent review showed a high incidence of inadequate bone flap size in surgeries reported as DC: 38% for
emergency DC, 11% for delayed DC, and 25% overall.
Studies have suggested that opening the dura is when
the majority of the decrease in ICP (between 60% and
80%) takes place during a DC procedure. Then the dura
may be either left open or undergo a duraplasty with
a dura substitute. The latter prevents cerebrospinal fluid
leak and makes future cranioplasty easier by reducing
adhesions between the dura and the scalp. The bone is
carefully wrapped and stored in a sterile fashion in

Decompressive Craniectomy. Figure 1 (a) Axial CT scan upon hospital admission after high-speed motorcycle accident wearing no
helmet shows no mass lesions. (b) Axial CT scan after undergoing bifrontal craniectomy due to refractory intracranial hypertension

Decompressive Craniectomy. Figure 2 (a) Axial CT scan shows left frontal intracerebral hematoma and left subdural hematoma
after fall; patient develops uncontrolled elevated intracranial pressure (ICP) early after admission. (b) Axial CT scan shows
unilateral left hemicraniectomy and intracerebral and subdural hematoma evacuation. (c) Patient develops chronic subdural
hygroma responsive to conservative measures
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a freezer at 80 C for later reimplantation [2]. For those
centers without storage capacity, implantation of the bone
flap in the abdominal wall or in the thigh is an alternative.
In addition, this may have some advantages such as maintenance of osteoconductive factors, minimizing flap
resorption, and low cost.
Meticulous closure of the muscle, fascia, and scalp is
sutured in the usual fashion by taking care not to apply
pressure against the unprotected brain, to avoid wound
tension and subsequent dehiscence. Use of a tight dressing
bandage should be avoided. As part of the postoperative
care in a surgical or neurosurgical intensive care unit,
a visible sign should indicate the side of the craniectomy
to assist with adequate head positioning.
An accurate incidence of DC complications is not available, as this procedure has only recently received attention in
the literature. Early complications related to DC consist of
postoperative hematomas (subgaleal/epidural, subdural),
delayed hematomas (especially epidural hematomas)
remote from the craniectomy site, expansion of regions of
contused brain, brain injury at the edges of the craniectomy
as a result of brain swelling through the craniotomy, dura
adhesions, potential impairment of cerebrospinal fluid circulation, and brain metabolism. In addition, this procedure
requires a subsequent surgery for cranioplasty.
The most common late DC complication is subdural
hygroma formation (50%), though only a small proportion (10%) will require surgical treatment. The incidence
of osteomyielitis associated with DC ranges between 1%
and 5%, and of wound infections is 2%. The use of
antibiotic prophylaxis has been associated with resistant
microorganism selection rather than reduction in wound
infections incidence and judicious use is advised. Bone
flap resorption syndrome (psychiatric symptoms, seizures, headaches) is an uncommon complication.
Once the brain injury and swelling have subsided, persistent disturbance of cerebrospinal fluid flow and diminished perfusion in the brain cortex have been described.
Therefore, early cranioplasty is recommended. Physiologic
cerebrospinal fluid pressure and flow is reestablished and
cerebral blood flow may improve after cranioplasty [3].
Until the cranioplasty is performed outpatients should
be encouraged to wear a helmet for brain protection.
The first option for cranioplasty is the patient’s own
bone flap (autologous bone flap) but some circumstances
may prompt use of prosthetic materials. The ideal “smart
biomaterial” characteristics are strength and biocompatibility, osteoconductive factors, no imaging artifact, inexpensive, and zero infection rate. None of the currently
available materials can be considered perfect, but currently
the trend is toward the use of bioresorbable polymers such

as polyaryletherketone (PEEK) that fix hard and soft tissues together until healing occurs and are then absorbed.
Hydroxyapatite (HA) with osteoconductive factors has
been found inadequate due to lack of resistance that
makes it prone to fracture. Perhaps all alloplastic grafts
have an Achilles heel in the increased lifetime risk of
infection.

Evidence-Based Findings
The earliest results reported in the literature with DC,
dating from more than 30 years ago, had disappointing
Decompressive craniectomy at hour 22
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Decompressive Craniectomy. Figure 3 Physiological data
show spike in intracranial pressure (ICP) with better control
after undergoing an early (<24 h after injury) decompressive
craniectomy, maintaining cerebral perfusion pressure <60
mmHg most of the time, and improvement in brain tissue pO2,
PbtO2. Patient left hospital 3 months after injury GCS 14)
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Decompressive Craniectomy. Figure 4 (a) Admission CT head scan with left temporal EDH after aggravated assault. (b) Patient
undergoes left temporal craniotomy for EDH evacuation, bone flap was replaced. (c) Subsequent refractory intracranial
hypertension requires late decompressive craniectomy 7 days after admission. (d) Contralateral subdural hygroma formation
herniates the brain through the bone defect. (e) Subdural drainage placement resolves subdural hygroma and brain herniation.
(f) Cranioplasty 6 weeks after injury. Patient had wound infection and hydrocephalus treated with wound debridement and
shunting respectively, and left the hospital 2 months after injury, GCS 15. (g) Physiological data shows better intracranial pressure
(ICP) control after undergoing decompressive craniectomy

outcomes. In patients with traumatic brain injury, DC
improved mortality rate without improving neurological
outcome and with an undesirable increase in morbidity.

However, the study design had limitations, and many
other aspects of neuro critical care and neurosurgical
techniques have changed since these results were obtained.
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Since then, several well-designed studies have shown
improvement in cerebral physiological parameters with
DC. These improvements include, of course, ICP and
consequently cerebral perfusion pressure (CPP), and also
brain tissue pO2, jugular venous oxygen saturation, brain
tissue metabolites such as glucose, pyruvate, and lactate,
markers of cell destruction such as glutamate and glycerol,
and markers of inflammation, and cerebral blood flow.
Despite these positive findings, the majority of these studies have showed no improvement or a trend (without
statistical significance) for improvement in neurological
outcome (see Figs. 2–4).
Two international multicenter randomized controlled
trials are currently in progress to evaluate the effect of DC
on outcome after traumatic brain injury. The RESCUEicp
Study in Europe (Cambridge University and EBIC)
will recruit 600 subjects randomly assigned to DC versus
best medical therapy alone for ICP > 25 mmHg [4].
The DECRA trail from Australia and New Zealand
will enroll 200 subjects testing the hypothesis that early
DC will improve outcome in patients with refractory
intracranial hypertension (>20 mmHg) in diffuse
TBI with no mass lesions. An interim analysis of the data
was favorable and highly supportive for DC [5].
The results of these two studies may identify
which patients should undergo DC after severe TBI and
elevated ICP.
Two completed European studies, DESTINY and
DECIMAL, along the recently completed HAMLET trial
have supported the usefulness of DC in the treatment of
life-threatening edema after middle cerebral artery infarction. DC reduced mortality and poor outcome rates when
performed within 48 h of stroke onset. Subsequent analysis of the pooled data from these studies has also
supported the beneficial effect of DC, and has also indicated that DC should not be pursued after 96 h after the
onset of stroke [6].
DC has shown a beneficial effect in small
nonrandomized or anecdotic series for cerebellar infarction and subarachnoid hemorrhage, and its role requires
further evaluation for these indications.
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Decorticate/Decerebrate
Posturing
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Synonyms
Decerebration; Decorticate/Decerebrate rigidity; Flexor/
Extensor posturing

Definition
Decorticate and decerebrate posturing refers to primitive,
stereotyped motor responses exhibited by patients with
severe brain injury. These are reflex motor movements as
opposed to functional motor actions that aim to minimize
or escape a painful stimulus. Posturing is frequently
observed in patients who are comatose following traumatic brain injury, but may also arise in patients with
various metabolic derangements. Often, these stereotyped
movements are indicative of brainstem damage; however,
they may be seen with either unilateral or bilateral pathology rostral to the brainstem as well.

Differential Diagnosis
Posturing is most frequently observed in patients following
traumatic brain injury. Any lesion that creates enough mass
effect to disrupt normal brain architecture may potentially
unmask posturing movements. Commonly, these are large
subdural or epidural hemorrhages, but patients with rapid
deceleration injuries resulting in diffuse axonal injury also
frequently exhibit posturing movements. Additionally,
both decorticate and decerebrate posturing may be
observed in patients with significant metabolic disturbances, such as severe hypoglycemia, hepatic encephalopathy, as well as ingestion of sedative/hypnotic drugs [1].

Pathophysiology
Decorticate and decerebrate posturing result when there is
damage or interruption of the descending upper motor

Decorticate/Decerebrate Posturing

neuron pathways. Charles Sherrington originally described
these posturing movements in the cat, where he transected
the brainstem above and below the red nucleus, producing decorticate and decerebrate rigidity, respectively.
At least in animals, it is thought that sectioning between
the superior and inferior colliculi causes the release of the
vestibulospinal postural reflexes from forebrain control,
thus resulting in a decerebrate posture [1]. No similar
correlate for decorticate posturing exists; however, there
is some consensus that lesions more rostral in the neuroaxis tend to produce more decorticate rigidity.
However, this classic Sherringtonian neurophysiology
does not appear to be as clear-cut in humans following
brain injury. When examined at autopsy, the neuropathology of patients exhibiting posturing movements is more
consistent with diffuse anoxic injury to the neocortex, in
addition to the original mass lesion [2]. Furthermore,
even though many patients will exhibit either hemorrhagic or ischemic necrosis of the rostral brainstem this,
however, is not a sine qua non pathologic sign of decerebrate posturing. Lesions in humans tend to be more diffuse, involving the cortex as well as the midbrain, and the
clinical picture more variable as compared to the delineated rigidity observed in animals after sectioning of the
brainstem [2].
Thus, although brainstem circuitry does play a role in
decorticate and decerebrate posturing, the clinical rigidity
observed in humans on physical examination should not
be used to draw definitive neuroanatomical correlates as
implied by the original Sherrington experiments. In general, on a macroscopic level either posterior fossa lesions
that compress the brainstem or large supratentorial
lesions with caudal extension leading to brainstem dysfunction will usually result in decerebrate rigidity in
humans [1].

Assessment
Physical examination is key to evaluating a patient for
decorticate and decerebrate posturing. The patient should
be positioned supine with the arms in a relaxed position at
the side of the body. All restraints should be removed and
any physical obstacles cleared to allow the arms to move
unobstructed. In the intensive care unit, special attention
should be paid to the type, amount, and administration
time of any sedative or paralytic drug that the patient
might have received.
The noxious stimulus is then applied and the patient is
observed for any movement. This stimulus may be supraorbital pressure, a pinch of the trapezius muscle, or
a sternal rub. When evaluating the patient, one must
distinguish between normal motor actions and
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stereotyped posturing responses. For example, a patient
with decerebrate posturing will extend their arm no matter where the painful stimulus is applied. This is a pathologic reflex as compared to a normal, adaptive response
where the patient will either localize to the painful stimulus or withdraw their arm or leg from it. Additionally,
posturing responses may differ between the two sides of
the patient, reflecting laterality of the brain injury.
In decorticate (flexor) posturing, the arms will be
adducted, flexed at the elbow and wrist, with the legs
extended and feet planter flexed. Flexion at the elbow
tends to be slow as opposed to the quick, normal withdrawal response. Decorticate posturing tends to be less
consistently elicited and the response is frequently asymmetric or unilateral [1] (Fig. 1).
The arms adducted, internally rotated and extended at
the elbow, wrists flexed, and the neck stiffly extended is the
classic posture of a patient with decerebrate (extensor)
rigidity. The legs are likewise in full extension with strong
planter flexion. Some patients will also exhibit stiff extension or arching of the back, called opisthotonus. Almost all
patients with decerebrate rigidity will be in a coma and
over half will have impaired pupillary light reaction or
reflex ocular movements [2] (Fig. 2).
Location of the stimulus as well as initial limb position
is also important when examining the comatose patient
for decerebration. Supraorbital pressure has been demonstrated to elicit extensor posturing with a higher frequency
than sternal rub [3]. Additionally, resting limb position
also influences the stereotyped flexor or extensor response.
Hence, the examiner is more likely to elicit extensor posturing when the arm is extended. Likewise, the flexor
response is elicited more frequently when the arm is
flexed.
It is important to realize that these stereotyped movements, collectively under the umbrella term of decerebration, lie more along a continuum than completely distinct
entities. In a large series of patients with severe head
injury, less than one third exhibited the classic decerebrate

Decorticate/Decerebrate Posturing. Figure 1 Decorticate
rigidity/posturing. Patient’s arms adducted and flexed at the
elbow and wrist. The legs are in full extension with plantar
flexion
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Decorticate/Decerebrate Posturing. Figure 2 Decerebrate
rigidity/posturing. The patient’s neck is in moderate extension,
arms are extended at the elbow and internally rotated, while
the wrists are flexed. The legs are in full extension with plantar
flexion. This type of rigidity may also be accompanied by
opisthotonus (arching of the back)

Jennett B, Teasdale G, Braakman R et al (1976 May 15) Predicting
outcome in individual patients after severe head injury. Lancet
1(7968):1031–1034
Narayan RK, Greenberg RP, Miller JD et al (1981) Improved confidence of outcome prediction in severe head inury. J Neurosurg
54:751–762

Decorticate/Decerebrate Rigidity
▶ Decorticate/Decerebrate Posturing

posture while decorticate posturing was even more rare.
Frequently, these stereotyped movements are alternating,
fluctuating, and often may occur in combination [2].

Prognostic Implications
Posturing movements can also be used as a prognostic
indicator after neurological injury. Overall, the average
mortality rate in patients with severe head injury is approximately 45%. In the Glasgow series of patients with severe
head injury, 34% of patients who obeyed commands
or localized were either dead or in a persistent vegetative
state at 6 months compared to 63% and 83% of patients
who exhibited decorticate and decerebrate posturing,
respectively [4]. In patients who exhibit decerebrate posturing as well as brainstem oculomotor dysfunction,
the mortality rate is close to 95% compared to 48% in
patients with decerebrate posturing only [2]. Likewise, the
mortality rate increases from 20% to 72% for patients
who go on develop decerebrate posturing in their clinical
course [1, 2].
However, using the motor examination as a prognostic
tool should be done with a certain degree of caution. In
one series of patients with severe head injury, posturing
movements, when used as the sole prognosticator, were
predictive of outcome in approximately 70% of cases, with
only a 50–70% confidence level [5]. Of note, although
posturing movements may often be unilateral, this does
not appear to have an effect on outcome; the prognostic
implications remain the same whether the patients exhibit
unilateral or bilateral rigidity.
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Decortication
A surgical procedure in which fibrous tissue is removed
from the visceral and parietal pleuras of the lung, and all
pus is evacuated from the pleural space.

Decreased Estimated Glomerular
Filtration Rate (eGFR):
Interpretation in Acute and
Chronic Kidney Disease
ANEET DEO, ANDREW S. LEVEY
Division of Nephrology, Tufts Medical Center, Boston,
MA, USA

Synonyms
Acute kidney diseases and disorders (AKD); Acute kidney
injury (AKI); Chronic kidney disease (CKD); Decreased
kidney function; Kidney failure; Renal insufficiency and
renal failure

Definition
Decreased GFR and eGFR: Glomerular filtration rate
(GFR) <60 ml/min/1.73 m2 is considered the threshold
level for decreased kidney function to define acute and
chronic kidney disease. This level is approximately half
the normal adult level and lower levels are associated
with complications in numerous organ systems. GFR
< 15 ml/min/1.73 m2 is defined as kidney failure and is
associated with more severe complications, including the
uremic syndrome. GFR is difficult to measure, and in
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clinical practice is usually estimated from serum levels of
endogenous solutes that are normally excreted by glomerular filtration, such as creatinine or cystatin C.

damage for less than 3 months; or in those with
preexisting CKD, a decline in GFR of 35% from baseline
or increase in Scr by >50% for less than 3 months.

Acute and Chronic Kidney Disease

Conceptual Model for Decreased GFR

Table 1 compares the functional and structural criteria for
the definitions of acute kidney injury (AKI), acute kidney
diseases and disorders (AKD), and chronic kidney disease
(CKD) as assessed from kidney function and kidney damage. Patients that do not meet these criteria are considered
to have no known kidney disease (NKD). Specific evaluation for measures of kidney function and makers of kidney
damage is required to ascertain that a patient is free of
kidney disease. In practice, not all patients require
a comprehensive evaluation.
AKI, AKD, and CKD are defined according to structural or functional criteria over different time intervals,
irrespective of cause. AKI is an abrupt decline in kidney
function defined as increase in serum creatinine (Scr) by
50% within 7 days, or increase in serum creatinine by
0.3 mg/dl within 2 days, or oliguria. There are no specific
markers of damage to diagnose AKI at present time. CKD
is defined as decrease in GFR to <60 ml/min/1.73 m2 or
kidney damage for >3 months. AKD is a recently defined
condition intended to include individuals with clinically
important decreased kidney function or kidney damage
that do not meet the criteria for either AKI or CKD. AKD
is defined as either increased serum creatinine fulfilling the
definition of AKI; GFR <60 ml/min/1.73 m2 or kidney

Figure 1 shows the conceptual model for integration of
AKI, CKD, and AKD. Two important concepts are worth
noting. First, AKI is a subset of AKD. Thus, the definition
for AKD must include the criteria included for the definition for AKI as well as other criteria. Second, AKI and
AKD, can occur in patients with CKD. Thus, the definitions for AKI and AKD must include criteria that enable
the diagnosis to be made in patients with preexisting CKD.

Characteristics
Chronic Kidney Disease
Conceptual Model
Figure 2 shows the conceptual model for the development,
progression, and complications of CKD. According to this
concept, chronic kidney failure is preceded by a decrease
in glomerular filtration rate (GFR), which is preceded by
kidney damage. CKD typically is a slowly evolving disease
characterized by a lengthy latency period when the disease
may go undetected and late onset of symptoms usually
caused by complications of decreased kidney function.
Thus, it should be possible to detect CKD before kidney
failure by testing for markers of kidney damage or

Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease. Table 1
Definitions of AKI, AKD, and CKD
Functional Criteria

Structural Criteria

AKI

Increase in Scr by 50% within 7 d, OR
Increase in Scr by 0.3 mg/dl within 2 d, OR
Oliguria

No criteria

CKD

GFR <60 for >3 mo
AKI, or
GFR <60 for <3 mo, OR
Decrease in GFR by 35% or increase in Scr
by >50% for <3 mo
GFR 60
Stable Scr

Damage for >3 mo

AKD

NKD

Kidney damage for <3 mo

No damage

AKI, acute kidney injury; CKD, chronic kidney disease; AKD, acute kidney diseases and disorders; NKD, no known kidney disease; GFR, glomerular
filtration rate (ml/min/1.73 m2), Scr, serum creatinine. GFR assessed from measured or estimated GFR. Estimated GFR does not reflect measured
GFR in AKI as accurately as in CKD. Kidney damage assessed by pathology, urine or blood markers, imaging, and for CKD, presence of a kidney
transplant. NKD indicates no functional or structural criteria according to the definitions for AKI, AKD, or CKD. Clinical judgment is required for
individual patient decision making regarding the extent of evaluation that is necessary to assess kidney function and structure
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estimating GFR. The horizontal arrows in Fig. 2 pointing
from left to right emphasize the progressive nature of
CKD. However, the rate of progression for CKD is variable
and not all patients progress to kidney failure. Furthermore, interventions in earlier stages may slow or prevent
the progression to later stages. Early stages of kidney
disease may be reversible, and individuals with kidney
failure can revert to earlier stages through kidney transplantation. The conceptual model also identifies
a population at increased risk of developing CKD. Some
risk factors may be modifiable, and in principle, the detection and modification of these risk factors could delay or
prevent the development of CKD.

AKD

AKI

CKD

Risk Factors
Risk factors for development of CKD include exposure to
factors that directly initiate kidney damage or increased
susceptibility for development of kidney damage. Initiation factors include diabetes, high blood pressure, obesity,
dyslipidemia, autoimmune diseases, infections, stones,
obstruction of the urinary tract, and medications that are
toxic to the kidneys. Susceptibility factors include older
age, family history of CKD, US racial or ethnic minority
status, reduced kidney mass, and hyperfiltration states.

Outcome
Major outcomes of CKD include kidney failure, complications of decreased GFR such as hypertension, bone and
mineral disorders, anemia, malnutrition and neuropathy,
and increased risk of cardiovascular disease. In addition,
CKD increases susceptibility to AKI, as well as adverse
effects of medications, diagnostic and therapeutic procedures such as imaging studies using intravenous contrast.

Stages, Prevalence, and Clinical Action Plan
for CKD
Decreased Estimated Glomerular Filtration Rate (eGFR):
Interpretation in Acute and Chronic Kidney Disease.
Figure 1 Conceptual model for acute kidney injury (AKI),
acute kidney diseases and disorders (AKD), and chronic kidney
disease (CKD). Overlapping circles show the relationships
between AKI, AKD, and CKD. AKI is a subset of AKD. Both AKI
and AKD without AKI can be superimposed upon CKD.
Individuals without AKI, AKD, and CKD have no known kidney
disease (NKD), not shown here (Reprinted from [1] with
permission)

Table 2 shows stages, prevalence, and clinical action plan
for CKD. The stage of CKD is defined by level of GFR, with
a plan of action for each stage based on clinical practice
guidelines. The action plan is cumulative; the plan for each
stage includes actions from previous stages. There are
many more patients with earlier stages of CKD (stages
1–4) than kidney failure (stage 5), due largely to death
from CVD. Thus, the action plan for CKD includes strategies for CVD risk reduction and treatment. To highlight the
specialized care required for dialysis and transplantation,

Complications

Normal

Increased
risk

Damage

↓ GFR

Kidney
failure

CKD
death

Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease. Figure 2
Conceptual model of chronic kidney disease (CKD). Green circles represent stages of CKD. Blue circles represent potential
antecedents of CKD. Purple circles represent outcomes of CKD. “Complications” refers to all complications of CKD and its
treatment, including complications of decreased GFR (hypertension, anemia, malnutrition, and bone and mineral disease) and
cardiovascular disease. Thick arrows pointing left to right between circles represent risk factors associated with the initiation and
progression of CKD that can be affected or detected by interventions. Modified and reprinted with permission (Reprinted with
permission from National Kidney Foundation. K/DOQI clinical practice guidelines for chronic kidney disease: Evaluation,
classification, and stratification. Am J Kidney Dis. 2002 39(2):S1–266.)
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Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease. Table 2
Stages, prevalence, and action plan for chronic kidney disease
Stage

1.

Description

GFR (mL/min/1.73 m2)

At increased risk

60
Without markers of kidney
damage
With CKD risk factors

Kidney damage with
normal or ↑ GFR

Prevalencea N [1000s] (%) Actionb
Treatment of high-risk
conditions

D

Age 60 y

50,600 (23.2)

Hypertension

65,000 (32.3)

Diabetes

20,600 (9.6)

CVD

71,300 (34.2)

Family history of CKD

National data not available

90

3,600 (1.78)

Diagnosis and treatment
Treatment of comorbid
conditions
Slowing progression
CVD risk reduction

2.

Kidney damage with
mild ↓ GFR

60–89

6,500 (3.24)

Estimating progression

3.

Moderate ↓ GFR

30–59

15,000 (7.69)

Evaluating and treating
complications

4.

Severe ↓ GFR

15–29

700 (0.35)

Preparation for kidney
replacement therapy

5.

Kidney Failure

<15(or dialysis)

400 (0.20)

Replacement if uremia
present

a

Prevalence estimates as reported in Am J Kidney Dis. 2009; 53:522–535. Prevalence estimates for antecedent conditions based on data in people
20 years or older. Prevalence for CKD stages 1–4 is projected from the NHANES (1999–2004) for the population of 200 million adults aged 20 years
or older in 2000. Prevalence for CKD stage 5 is based on 300,000 patients treated by dialysis in 2001 to 2002 and an assumed additional 100,000 not
treated by dialysis. GFR estimated from serum creatinine using the MDRD Study equation based on age, gender, race, and calibration for serum
creatinine. For stages 1 and 2, kidney damage estimated by spot albumin-to-creatinine ratio >17 mg/g in men or >25 mg/g in women on two
measurements
b
Includes actions from preceding stages

patients receiving treatment with dialysis are subclassified as
CKD stage 5D, and patients with a functioning transplant
are designated with a T at all stages.

AKI and AKD
Conceptual Model for AKI and AKD
Figure 3 shows the conceptual model for development and
progression and complications of AKI. According to this
concept, acute kidney failure is preceded by a decrease in
glomerular filtration rate (GFR), which may be preceded
by kidney damage. The horizontal arrows are bidirectional
and emphasize that patients with AKI often transition
between the different stages either to recover from AKI
or to progress to higher stages. Interventions in earlier
stages may prevent progression to later stages. Examples

of progression factors include prolonged hypotension or
continued exposure to a nephrotoxic agents. The conceptual model also identifies a population at increased risk of
developing AKI. Some risk factors may be modifiable, and
in principle, the detection and modification of these risk
factors can prevent development of AKI. There are two key
concepts that differ from CKD: (1) The decrease in GFR in
AKI can be part of a physiologic response to decreased
organ perfusion, as occurs in hypotension or volume
depletion. In these cases, there may be no kidney damage,
which is the explanation for the curved arrow
that bypasses “kidney damage.” (2) There are no defined
clinically accepted markers for AKI yet, but many are
being investigated, and in the future, the definition
of AKI may be revised to include specific markers of
damage.
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Complications

AKI
Normal

Increased
risk

Damage

↓ GFR

Kidney
failure

Death

Antecedents
Intermediate stage
AKI
Outcomes

Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease. Figure 3
Conceptual model for acute kidney injury (AKI). Red circles represent stages of AKI. Yellow circles represent potential antecedents
of AKI and pink circle represents an intermediate stage (not yet defined). Purple circles represent outcomes of AKI.
“Complications” refers to all complications of AKI and its treatment, including fatal or nonfatal complications in organ systems
other than kidney or death from kidney failure. Thick arrows pointing left to right between circles represent risk factors associated
with the initiation and progression of AKI that can be affected or detected by interventions. Conversely, recovery of AKI is signified
by reverse arrows, right to left. Modified and reprinted with permission (Reprinted with permission from Murray P et al.
A framework and key research questions in AKI diagnosis and staging in different environments. Clin J Am Soc Nephrol 2008.)

Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease. Table 3 KDIGO
definition and classification of AKI

a

Stage

Serum creatinine

Urine output

Incidence of hospital
acquired AKIb

Incidence of community
acquired AKIa

1.

1.51.9 times baseline
OR
0.3 mg/dl increase

<0.5 ml/kg/h for 6 h

16.2%

AKI incidence – 2,147
patients/million
population/year

2.

2.02.9 times baseline

<0.5 ml/kg/h for 12 h

13.6%

3.

 3.0 baseline
OR
Increase in creatinine to
 4.0 mg/dl
OR
RRT∗

<0.3 ml/kg/h for 24 h
OR
Anuria for 12 h

6.3%

In Grampian cohort, AKI classification was based on RIFLE criteria
Australian New Zealand Intensive Care Society Adult Patient Database, AKI was based on the RIFLE criteria on the day of admission
∗
RRT, renal replacement therapy
b

Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease
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GFR/Scr

1

Is GFR decreased or is serum creatinine increased?

NKD

CKD

Is Scr increasing or GFR decreasing?

Yes-D

AKD
without
AKI

NKD

D

AKD

2

No

Yes
>3 mo

Yes
<3 mo or
unknown

No

Yes-I

No

Yes-D

AKI

AKD
without
AKI

AKD
without
AKI

Yes-I

No

AKI

CKD

Yes-D

CKD + AKD
without AKI

Yes-I

CKD +
AKI

Yes-D, change in Scr meets AKD criteria but not AKI criteria
Yes-I, change in Scr meets AKI criteria

CKD+
AKD without
AKI

CKD+
AKI

AKD
without
AKI

AKI

Does the decrease in GFR or increase in Scr resolve within 3 months?

3
No

Yes

No

Yes

No

CKD
worse

CKD
stable

CKD
worse

CKD
stable

CKD
new

Yes

NKD

No
CKD
new

Yes

NKD

Decreased Estimated Glomerular Filtration Rate (eGFR): Interpretation in Acute and Chronic Kidney Disease. Figure 4
Glomerular filtration rate/serum creatinine (GFR/Scr) algorithm. This diagnostic algorithm is based on a sequential approach
through three questions: is GFR decreased or is serum creatinine increased (according to the criteria in Table 1); is Scr increasing or
GFR decreasing (according to the criteria in Table 1); and does the decrease in GFR or increase in Scr resolve within 3 months?
Based on a “yes” or “no” response to these three sequential questions, all combinations of acute kidney injury (AKI), acute kidney
diseases and disorders (AKD), and chronic kidney disease (CKD) can be identified, as can no known kidney disease (NKD)
(Reprinted from [1] with permission)

Risk Factors

Outcomes

Patients are at increased risk for development of AKD
from exposure to a variety of factors that directly initiate
kidney damage or decrease GFR or from increased susceptibility to these factors. Initiation factors include
hypovolemia, hypotension, rhabdomyolysis, and medications toxic to the kidney. Susceptibility factors include
older age, diabetes mellitus, heart failure, cirrhosis, and
importantly, CKD.

Outcomes are related directly to the severity of AKI and
can be considered to be related to decreased kidney function or complications in other organs. Kidney disease
outcomes include kidney failure or severe volume
overload, requiring treatment with renal replacement
therapy. Morbidity and mortality are high due to infection
and multiorgan failure. If patients survive, AKI may
resolve, but if it fails to resolve, then patients with no
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known preexisting kidney disease are have new onset
CKD, and those with preexisting CKD have worsening
of CKD.

Stages and Incidence of AKI
Table 3 shows stages and incidence of AKI. Staging of AKI
is based on the severity of kidney function impairment as
estimated from the rise in serum creatinine from baseline,
and is related to prognosis. Oliguria is considered an
alternative marker of decreased kidney function, and the
diagnosis and stage of AKI can be assigned in the absence
of a change in serum creatinine. The KDIGO Definition
and Classification of AKI are based on the RIFLE and
ADQI criteria.
A population-based study on AKI incidence in
the Grampian region of Scotland showed an AKI incidence of 2,147 patients/million/year. The incidence of
hospital acquired AKI is likely far higher than of community acquired AKI. Recent data from the Australian
New Zealand Intensive Care Society Adult Patient Database showed that AKI was present in 36% of patients on
the day of admission to the intensive care unit, with stage
1, 2, and 3 in 16%, 14%, and 6%, respectively. The higher
incidence of AKI in critically ill-hospitalized patients
reflects their greater exposure to initiation factors and
higher susceptibility.

Diagnostic Approach to AKI, AKD, and
CKD
Accurate diagnosis of AKI, AKD, and CKD requires evaluation of kidney function and structure. In practice,
serum creatinine and estimated GFR are most frequently
available, but additional information should be obtained
to determine whether the patient has oliguria and markers
of kidney damage, especially the urinalysis and kidney size.
In patients without these abnormalities, the classification
is based only on estimated GFR and serum creatinine.
The GFR/Scr diagnostic algorithm is based on
a sequential approach through three questions shown
in Fig. 4: Is GFR decreased or is serum creatinine increased
(according to the criteria in Table 2); Is Scr increasing or
GFR decreasing (according to the criteria in Table 2); and
does the decrease in GFR or increase in Scr resolve within
3 months? Based on a “yes” or “no” response to these three
sequential questions, all combinations of AKI, AKD, and
CKD can be identified.
The answer to Question 1 requires ascertainment of an
index GFR/Scr as well a value during the prior 3 months. The
index GFR/Scr can be assigned as any of the GFR/Scr measures during the interval of observation. The answer classifies
patients into three categories: NKD, AKD, and CKD.

The answer to Question 2 requires repeat ascertainment of kidney function after the index measure. “No”
indicates that the change in Scr or GFR after the index
measure does not meet the criteria for either AKI or AKD;
“Yes-D” indicates that change in Scr and GFR meets the
criteria for AKD criteria but not for AKI; and “Yes-I”
indicates that change in Scr meets AKI criteria. For diagnosis of AKI, baseline creatinine is operationally defined as
the serum creatinine level within the past 7 days, based on
either a measured value or an assumed normal value for
a patient with no known kidney disease. In order to use the
criterion of an increase from baseline by 0.3 mg/dl, the
baseline value must be based on a measured value within
2 days. In the absence of a baseline value, decreases in
serum creatinine or increases in GFR may be inferred to
reflect AKI.
The answer to Question 3 requires repeat ascertainment of GFR/Scr 3 months after the index measure. “Yes”
indicates eGFR 60, indicating NKD. No indicates GFR
<60, and based on prior level of GFR, may indicate stable,
new, or worse CKD.
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Decreased Kidney Function
▶ Decreased Estimated Glomerular Filtration Rate
(eGFR): Interpretation in Acute and Chronic Kidney
Disease

Decreased Urine Output
▶ Oliguria in Children
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Decubitus Ulcer
▶ Pressure Ulcer Evaluation, Prevention and Treatment

Deep Sedation
▶ Conscious Sedation
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and torsades de pointes. It may also be used as a treatment
for non-life-threatening arrhythmias such as supraventricular tachycardia and atrial fibrillation.
External defibrillators are usually used in emergency
situations, but internal defibrillators may be external or
internal (transvenous or implanted). Recent technology
has allowed the miniaturization of defibrillation hardware
resulting in smaller portable units (Fig. 1) and the introduction of public access defibrillators that can be used
with little or no training.

Characteristics
History

Deep Sternal Wound Infection
▶ Mediastinal Infections

Deer Fly Fever
▶ Biological Terrorism, Tularemia

Deerfly Fever
▶ Tularemia

Defibrillation
CHARLES D. DEAKIN
Department of Anaesthetics, Southampton University
Hospital NHS Trust, Southampton, UK

Definition
Defibrillation is the process of delivering electrical energy
across the myocardium with a device called a defibrillator.
This results in depolarization of a critical mass of myocardium, which aims to terminate the arrhythmia by allowing
normal sinus rhythm to be restored as coordinated myocyte
contraction recommences. Defibrillation is the treatment of
choice for life-threatening ventricular arrhythmias including ventricular fibrillation, pulseless ventricular tachycardia,

During the seventeenth and eighteenth centuries, electricity was thought to be the “elixir of life,” but it was not until
the nineteenth century that the role of electrical current in
physiological functions and in particular myocardial contraction was established. In 1899, Prevost and Battelli
described the use of internal defibrillation to reverse
ventricular fibrillation (VF) in dogs. This was an important advance in defibrillation, allowing the translation of
this technology to clinical use. The first recorded case
of human internal defibrillation was reported by Beck
in 1947, who successfully defibrillated a patient
who went into VF during a thoracic procedure. In 1950,
spurred on by large numbers of fatal electrocutions in the
construction industry, Hooker, Kouwenhoven, and
Langworthy subsequently described the use of
external defibrillation to treat dogs in VF, with the first
external defibrillation in man described 5 years later
by Zoll.
Defibrillation is now a key link in the chain of survival
and is one of the few interventions that have been shown
to improve the outcome from VF/VT cardiac arrest. The
probability of successful defibrillation and subsequent
survival to hospital discharge declines rapidly with time
and the ability to deliver early defibrillation is one of the
most important factors in determining survival from cardiac arrest. For every minute that passes following collapse
and defibrillation, mortality increases 7–10% in the
absence of bystander cardiopulmonary resuscitation
(CPR) [1]. The practice of using trained lay responders
in emergency medical service (EMS) systems to deliver
prompt defibrillation with the use of automatic external
defibrillator (AEDs) is now widespread, demonstrating
greatly improved survival to discharge rates, some as
high as 75% if defibrillation is performed within 3 min
of collapse [2]. Optimizing timing and shock delivery is
therefore crucial in optimizing treatment of shockable
rhythms in cardiac arrest patients.
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Defibrillation. Figure 1 Portable defibrillator and associated self-adhesive pads for lay responder use

Strategies Before Defibrillation
Safe Use of Oxygen During Defibrillation
In an oxygen-enriched atmosphere, sparking from poorly
applied defibrillator paddles can cause a fire. The risk of
fire during attempted defibrillation can be minimized by
taking the following precautions:
● Take off any oxygen mask or nasal cannula and place
them at least 1 m away from the patient’s chest.
● Leave the bag-valve device connected to the tracheal
tube or other airway adjunct. Alternatively, disconnect
any bag-valve device from the tracheal tube (or other
airway adjunct such as the laryngeal mask airway,
combitube or laryngeal tube), and remove it at least
1 m from the patient’s chest during defibrillation.
● If the patient is connected to a ventilator, for example,
in the operating room or critical care unit, leave the
ventilator tubing (breathing circuit) connected to
the tracheal tube unless chest compressions prevent
the ventilator from delivering adequate tidal volumes.

minimal transthoracic impedance. Aim to place external
electrodes (paddles or self-adhesive pads) in an optimal
position using techniques that minimize transthoracic
impedance. Optimal paddle position aims to place the
paddles so that the ventricles are caught in the center of
the transthoracic current during defibrillation. Although
evidence is limited for the optimal position, it is important not to place the apical paddle too medially, which
reduces overall transmyocardial current. In females, the
lateral paddle should not be placed over the breast.
Acceptable alternative paddle positions are front-to-back
or bi-axillary.
● Shaving the chest
Patients with a hairy chest have poor electrode-to-skin
electrical contact and air trapping beneath the electrode.
This results in high impedance, reduced defibrillation
efficacy, risks arcing (sparks) from electrode to skin and
electrode to electrode, and is more likely to cause burns to
the patient’s chest. Rapid shaving of the area of intended
electrode placement may be necessary, but do not delay
defibrillation if a shaver is not immediately available.

The Technique for Electrode Contact with
the Chest

● Paddle force

Optimal defibrillation technique aims to deliver current
across the fibrillating myocardium in the presence of

Firm paddle force reduces transthoracic impedance by
improving electrical contact at the electrode–skin interface

Defibrillation
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Defibrillation. Figure 2 Self-adhesive defibrillation pads

Defibrillation. Figure 3 Monophasic damped sinusoidal
waveform

and reducing thoracic volume. The optimal force is 8 kg in
adults, and 5 kg in children 1–8 years.

and delivery of the actual shock; continuing compressions
while the defibrillator charges is safe.

● Pads versus paddles
Self-adhesive defibrillation pads (Fig. 2) have been demonstrated to be safe and effective and have advantages over
standard defibrillation paddles. They enable the operator
to defibrillate the patient from a safe distance rather than
leaning over the patient, as occurs with paddles and can be
left in place to facilitate monitor and further defibrillation,
if necessary.

CPR Versus Defibrillation as the Initial
Treatment
Although previous guidelines have recommended immediate defibrillation for all shockable rhythms, recent evidence
has suggested that a period of CPR before defibrillation may
be beneficial after prolonged collapse. In clinical studies
where response times exceeded 4–5 min, a period of 1.5–3
min of CPR by paramedics or EMS physicians before shock
delivery improves survival to hospital discharge [3, 4],
compared with immediate defibrillation. In contrast,
a single randomized study in adults with out-of-hospital
VF or VT, failed to show improvements in ROSC or
survival following 1.5 min of paramedic CPR [5]. Animal
studies of prolonged VF also support CPR before defibrillation. The current resuscitation guidelines, therefore,
state that it is reasonable to give a period of CPR prior to
defibrillation in patients with prolonged collapse.
The importance of early uninterrupted external chest
compression is emphasized throughout the new guidelines. Even short interruptions have been shown to be
disastrous for outcome in animal studies and chest compressions should only be paused to allow rhythm analysis

One Shock Versus Three Shock Sequence
There are no published human or animal studies comparing a single shock protocol with a three-stacked shock
protocol for treatment of VF cardiac arrest. With first
shock efficacy of biphasic waveforms exceeding 90% [6–9]
failure to successfully cardiovert VF is more likely to suggest the need for a period of CPR rather than a further
shock. In monitored VF/non-pulsatile VT arrest, when
using a manual defibrillator, it is acceptable to deliver
three stacked shocks before commencing 2 min of external
chest compression and ventilation, if necessary. When
using an AED, follow the prompts to deliver single shocks.

Waveforms and Energy Levels
After a cautious introduction a decade ago, biphasic defibrillators have become established as the waveform of
choice, although many monophasic defibrillators remain
in use. The advantages of biphasic waveforms include:
● Improved shock success for any given energy level.
● Lower energy levels require less current and, therefore,
smaller batteries, enabling portable defibrillators.
● Less post-shock myocardial injury, with reduced incidence of post-shock conduction block, less likelihood
of refibrillation and less post-shock ST depression.
There are two main types of monophasic waveform. The
commonest is the monophasic damped sinusoidal (MDS)
waveform, which gradually returns to zero current flow
(Fig. 3). The monophasic truncated exponential (MTE)
waveform is electronically terminated before current flow
reaches zero (Fig. 4).
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There are two main types of biphasic waveform: the
biphasic truncated exponential (BTE) (Fig. 5) and rectilinear biphasic (RLB) (Fig. 6). Some biphasic defibrillators
compensate for the wide variations in transthoracic impedance by electronically adjusting the waveform magnitude
and duration. Biphasic waveforms appear to be particularly
effective for long-duration VF (e.g., pre-hospital), whereas
monophasic waveforms have achieved similar defibrillation
success for short duration (<1 min) VF.

Monophasic Defibrillators
First shock efficacy for long duration cardiac arrest using
monophasic defibrillation is relatively low, with rates of
54–63% for a 200 J monophasic truncated exponential
(MTE) waveform and 77–91% using a 200 J monophasic
damped sinusoidal (MDS) [10]. Because of the lower efficacy of this waveform, the recommended initial energy level
for the first shock using a monophasic defibrillator is 360 J.

Biphasic Defibrillators
Multiphasic Waveforms
One manufacturer uses a multiphasic waveform in their
external defibrillator, in which a multiphase waveform is
incorporated into a biphasic waveform (Fig. 7). A recent
study has demonstrated defibrillation success rates
of 85%.

There is no evidence that one biphasic waveform or device
is more effective than another. First shock efficacy of
the BTE waveform using 150–200 J has been reported as
86–98% [10]. First shock efficacy of the RLB waveform
using 120 J has been reported as 85% [10]. The initial
biphasic shock should not be lower than 120 J for RLB
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waveforms and 150 J for BTE waveforms. Ideally, the
initial biphasic shock energy should be at least 150 J for
all waveforms.

Second and Subsequent Shocks
Monophasic Defibrillators

Because the initial shock has been unsuccessful at 360 J,
second and subsequent shocks should all be delivered
at 360 J.
Biphasic Defibrillators

There is no evidence to support either a fixed or escalating
energy protocol. Both strategies are acceptable.

D

Ventricular fibrillation (VF) is relatively rare compared
with adult cardiac arrest, occurring in 7–15% of the
paediatric and adolescent arrests. Common causes of
VF in these patients include trauma, congenital heart
disease, drug overdose (particularly tricyclics), and
hypothermia.
The recommended energy levels for both monophasic
and biphasic defibrillation are 4 J/kg for the initial and all
subsequent shocks.
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Definitive Airway

Definitive Airway
This is defined as a cuffed tube in the trachea (the tube
does not need to be cuffed in the pediatric age group).
Dermatome, surgical instrument. Skin graft, splitthickness skin graft, wound.

Delayed Thoracotomy
▶ Thoracotomy for Trauma

Delirium
▶ Septic Encephalopathy

Dengue
SUZANNE M. SHEPHERD, WILLIAM H. SHOFF
Department of Emergency Medicine, Hospital of the
University of Pennsylvania, Philadelphia, PA, USA

Synonyms
Breakbone fever; Dengue fever; Dengue hemorrhagic
fever; Dengue shock syndrome; Dengue vasculopathy

Definition
Dengue, the most common arboviral disease transmitted
worldwide, is caused by infection with one of the four
related, but antigenically distinct, serotyypes of the singlestranded nonsegmented RNA dengue virus, family
Flaviviridae, genus Flavivirus. Genetic studies of sylvatic
strains suggest that these four viral serotypes evolved from
a common ancestor in primate populations approximately
1,000 years ago and then separately emerged into human
urban transmission cycle 500 years ago in either Asia or
Africa. Dengue viruses were speciated by Albert Sabin in
1944. Each serotype has several different genotypes. Infection with dengue serotype confers lifelong homotypic
immunity and a very brief period of partial heterotypic
immunity; as such individuals can be infected with all four
serotypes.

Dengue infection may be asymptomatic (50–90%),
may result in a nonspecific febrile flu-like illness, or may
produce the symptom complex of classic dengue fever
(DF). A small percentage of individuals who have been
previously infected by one serotype of dengue virus will
develop bleeding and endothelial leak when infected by
a second serotype. This syndrome is termed dengue hemorrhagic fever (DHF), although dengue vasculopathy has
been proposed as an alternative term. Fluid loss into tissue
spaces and severe hemorrhagic complications such as
gastrointestinal bleeding can lead to prolonged shock
(Dengue Shock Syndrome (DSS)).

Other Definitions
Arbovirus is an acronym (Arthropod-Borne) used to refer
to a group of viruses that are transmitted by the bite of
arthopod vectors.
The term sylvatic refers to pathogens or diseases that
affect only wild animals. It is derived from the word sylvan
which means forest or forest dwelling.
Autochthonous refers medically to something that
originates or forms in the place where it is found.

Treatment
There is no specific treatment for dengue fever. The World
Health Organization (WHO) has provided guidelines for
the treatment of dengue and dengue hemorrhagic fever in
small hospitals (http://www.seaio.who.int/LinkFiles/
Dengue_Guideline_dengue.PDF). Dengue fever is usually
a self-limited illness with only symptomatic and supportive care required. Acetaminophen (paracetamol) may be
used to treat patients with symptomatic fever and myalgias/arthralgias. Aspirin, nonsteroidal anti-inflammatory
drugs (NSAIDS), and corticosteroids should be avoided.
Patients should be placed at rest. The platelet count and
hematocrit should be measured daily from the third day of
illness until at least 2 days post defervescence. Oral rehydration therapy is recommended for patients with moderate dehydration caused by high fever and vomiting.
Patients with clinical signs of dehydration, including
tachycardia, prolonged capillary refill time, cool or mottled skin, diminished pulse amplitude or narrowed pulse
pressure, hypotension, decreased urine output, or altered
mental status, those who are noted to have falling platelets
or rising hematocrit should be closely observed while
intravascular volume deficits are replaced. If patients
improve they can be monitored in an outpatient setting.
Patients who do not improve should be admitted to the
hospital or placed in an observation setting for further
monitoring and care. Patients who develop signs of dengue hemorrhagic fever require more intensive observation
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and management, with central venous pressure and arterial blood pressure monitoring as warranted.
Known or suspected cases of dengue fever, dengue
hemorrhagic fever, or dengue shock syndrome should be
reported to public health authorities. Patients should be
evaluated and treated appropriately for other possible
causes of their illness until the diagnosis of dengue is
established and other serious infections are ruled out.

Pharmacologic Management
In DHF, medical care by experienced practitioners has
been shown to decrease mortality rates from 20% to less
than 1%. Successful management of severe dengue
requires strict attention to fluid management and proactive treatment of hemorrhage. Patients may also become
dehydrated as a result of fever, vomiting, and lack of oral
intake. Intravascular volume deficits should be corrected
with isotonic fluids such as Ringer’s lactate solution. In
very small children, maintenance fluid may be administered as D5 0.45%NS. Intravenous hydration may be initiated at 6 ml/Kg/h for the first 2 h. With improvement,
the rate may be halved, if the patient worsens, the rate is
increased to 10 ml/Kg/min for an additional 2 h or boluses
may be administered. Boluses of 10–20 mg/kg should be
administered over 20 min and may be repeated twice. The
recommended total volume of fluid in the critical period is
maintenance x 2 in adults and maintenance plus five
percent of body weight deficit in children (approximately
50 ml/Kg/24 h). If fluid administration fails to correct the
deficit, the hematocrit should be redetermined, and if
rising, albumin or a plasma expander may be helpful.
One study suggests that starch may be preferable to dextran 40 due to hypersensitivity reactions. If the patient
does not improve after plasma expanders and fluids, blood
loss should be considered. Patients with internal or gastrointestinal bleeding may require transfusion. Fresh
whole blood (10 ml/Kg or pRBC 5 ml/kg) are often
administered. Patients with thrombocytopenia may
require platelet transfusion and those with coagulopathy
may require fresh frozen plasma. Once individuals with
dehydration have been stabilized, they usually require
intravenous fluid for no more than 24–48 h. Intravenous
fluid should be stopped when the hematocrit falls below
40% and adequate intravascular volume is reestablished.
At this time, patients reabsorb extravasated fluid and are at
risk for volume overload if intravenous fluids are continued. A falling hematocrit does not necessarily imply internal bleeding [1].
Patients who are resuscitated from shock usually
recover rapidly. These patients may be discharged from
the hospital when they remain afebrile for 24 h without
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antipyretics, exhibit adequate urine output, stabilize their
hematocrit and platelet count, exhibit no respiratory
distress, and feel better and develop an appetite.

Epidemiology
Dengue-like illness was described in Chinese medical texts
in 265 AD. The first epidemic was described in the West
Indies in 1635. In 1789, Benjamin Rush published an
account of an epidemic of what was probably dengue
fever that had occurred in 1780 and coined the term
“breakbone fever” to describe the symptoms described
by patients. Dengue outbreaks occurred sporadically
until World War II. The socioeconomic disruptions
caused by WWII resulted in worldwide spread. Geographical spread of appropriate mosquito vectors and dengue
virus has lead to the global resurgence of dengue fever and
the emergence of dengue hemorrhagic fever/dengue shock
syndrome in the past 25 years.
Globally, 2.5–3 billion people live in approximately
110 subtropical and tropical countries that experience
dengue virus transmission. Annually, approximately
50–100 million individuals are infected with dengue and
250,000 develop dengue hemorrhagic fever. Approximately 500,000 are hospitalized and 24,000 deaths are
attributed to dengue each year. DHF is one of the leading
causes of hospitalization and death in children in many
Southeast Asian countries, with Indonesia reporting the
majority of cases. The only continents that currently do
not experience dengue transmission are Antartica and
Europe because appropriate vector populations are
absent. Of interest, no major DHF epidemics have
occurred in Africa despite the fact that all four virus
serotypes circulate on the continent. Approximately 100
cases are reported in the USA each year; however this
estimate is believed to be low as reporting is voluntary,
presentation may be mild and nonspecific and the diagnosis may be missed. Two competent mosquito vectors are
present in the USA and its territories and autochthonous
transmission is reported in Texas, Hawaii, and Puerto
Rico. Since many cases of dengue in US citizens are due
to endemic transmission in US territories, the Centers for
Disease Control and Prevention (CDC) currently conducts laboratory-based surveillance in Puerto Rico.
Dengue viruses are transmitted to humans by the bites
of infected female Aedes spp (subgenus Stegomyia) mosquitos. A. aegypti is the predominant highly efficient vector for dengue transmission globally. A. albopictus and
other Aedes spp can also transmit dengue. Aedes have
adapted well to human habitation, often breeding in
small amounts of stagnant water around dwellings.
Aedes are daytime feeders. The bite is innocuous and the
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mosquito easily disturbed during feeding. The mosquito
will often move on to another individual to finish the
meal, making them efficient vectors for disease transmission. Entire families may develop infection within a 24- to
36-h window due to a single infected vector. Also, mosquitoes can bite an infected individual and then immediately bite another individual and transmit dengue virus.
Mosquitoes can also transmit after 8–12 days of viral
replication in the mosquito’s salivary glands (extrinsic
incubation period). The mosquito remains capable of
transmitting dengue for its’ entire 15- to 65-day life
span. Vertical transmission of dengue virus also occurs in
mosquitoes. Aedes eggs can withstand long periods of
dessication, reportedly as long as 1 year, but are killed by
temperatures less than 10 C. Humans serve as the primary
reservoir for dengue transmission; however, certain other
primates in Asia and Africa also serve as hosts but do not
develop DHF.
Dengue virus transmission falls into two general patterns, epidemic dengue and hyperendemic dengue.
Hyperendemic transmission is characterized by continuous circulation of several viral serotypes in an area where
both a competent mosquito vector and a large number of
susceptible hosts are routinely present. This is the predominant pattern of dengue transmission worldwide. In
these populations, antibody prevalence increases with age,
with most adults immune to these viral serotypes.
Hyperendemic transmission appears to be a major risk
for DHF. Travelers to these areas are more likely to be
infected than travelers to areas that experience only epidemic transmission.
Epidemic dengue transmission occurs when dengue
virus is introduced into a region as an isolated event that
involves a single viral strain. If the number of vectors and
susceptible hosts are sufficient extensive transmission can
occur with an incidence of infection of 25–50%. Mosquito
control efforts, weather conditions, and herd immunity
contribute to the control of these epidemics. Transmission
usually begins in urban centers and spreads to the remainder of the country. This is the current pattern of transmission in parts of South America and Africa, areas of Asia
which have experienced reemergence of the virus and
island nations. Travelers to these areas during these
periods are at increased risk of acquiring illness [2].
Dengue has an incubation period of 3–14 days (average 4–7 days) while viral replication occurs in target dendritic cells. Infection of target cells, primarily those of the
reticuloendothelial system, hepatocytes and endothelial
cells, result in the production of immune mediators that
serve to shape the type, quantity, and duration of cellular
and humoral immune response to both the initial and

subsequent viral infections. Following incubation, a 5- to
7-day acute febrile illness occurs. Recovery is usually
complete by 7–10 days.
Dengue hemorrhagic fever and dengue shock syndrome usually develop around the third–seventh day of
illness. Most of these individuals have had prior infection
with one or more dengue serotypes. The major pathologic
abnormalities in DHF include the rapid onset of plasma
leakage, altered hemostasis, and liver damage, resulting in
severe fluid losses and bleeding. Plasma leakage is caused
by increased capillary permeability and may manifest as
hemoconcentration, ascites, and pleural effusion. Bleeding
is due to thrombocytopenia and capillary fragility and
may manifest in various forms, ranging from petechial
skin hemorrhages to life-threatening gastrointestinal
bleeding. Liver damage is manifested as elevated transaminases, low albumin levels, and coagulopathy. In
patients with fatal dengue hepatitis infection was demonstrated in more than 90% of hepatocytes and Kupffer cells
and minimal cytokine response (TNF-ά, IL-2) was noted,
similar to the picture seen with Yellow Fever and Ebola
infections.
The immunopathology of DHF/DSS remains incompletely understood. In individuals that produce low levels
of neutralizing antibodies, non-neutralizing antibodies
directed against one of two surface proteins (precursor
membrane protein and less so envelope protein) of one
dengue serotype, when bound by macrophage and monocyte Fc receptors, have been proposed to fail to neutralize
virus and instead opsonize. This results in increased viral
entry into cells bearing IgG receptors, with higher viral
titers and increased cytokine production and complement
activation, a phenomenon called antibody-dependent
enhancement. Infants born to mothers who have had
dengue, as maternally derived dengue neutralizing IgGs
wane, are also felt to be at risk for enhanced disease [3, 4].
T-cell immunopathology has also been suggested to play
a role, with increased T-cell activation and apoptosis.
Increased concentrations of interferon have been measured 1–2 days following fever onset during symptomatic
secondary dengue infections. The activation of cytokines,
including TNF- ά, TNF receptors, soluble CD8, and soluble IL-2 receptors, has been correlated with disease severity. Cuban studies showed that stored serum samples from
an epidemic of DENV-2 demonstrated a progressive
decrease in the amount of cross-reactive neutralizing antibodies to DENV-2 as the interval since an individual’s
previous infection with DENV-1 virus increased. Certain
dengue strains, particularly those of DENV-2, also appear
to be more virulent, as more epidemics of DHF have been
associated with this serotype.
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Risk Factors
Viral genotype and serotype, and the sequence of infection
with different serotypes, appear to affect disease severity.
Both males and females are equally at risk. Dengue
affects individuals of all ages. In Southeast Asia, where
dengue is hyperendemic, DHF usually affects children
less than 15 years of age. In the Americas, where dengue
is becoming progressively hyperendemic, DHF has shown
no age predilection.
Dengue affects all races. Some African and Haitian
data demonstrate a relative paucity of DHF and DSS
during dengue fever outbreaks, suggesting that these
populations might share a genetic advantage against the
virus. This merits further study.
Patient nutritional status and the availability and quality of available medical care have been shown to contribute
to disease severity.

Evaluation and Assessment
Dengue presents in a nonspecific manner similar to that of
many other viral and bacterial illnesses. Fever typically
begins on the third day of illness and lasts 5–7 days,
abating with the cessation of viremia. Fever may be as
high as 41 C. Occasionally, and more commonly in children, the fever abates for a day and then returns, a pattern
that has been called a saddleback fever. Fever is often
preceded by chills, facial flushing, a sensitive and specific
indicator of dengue infection, and erythematous mottling
of the skin. Headache is usually generalized, retro-orbital
and severe. Patients may experience fatigue, malaise, nausea, and vomiting. Patients typically describe the onset on
or about day 3 of a macular or maculopapular rash over
the face, thorax, and flexor surfaces, with islands of skin
sparing. The rash commonly persists 2–3 days. Conjunctival injection, sore throat, and nonproductive cough may
also be present. Patients may experience severe myalgias,
especially of the lower back, arms, and legs, and severe
arthralgias, usually of the knees and shoulders. Cardiomyopathy has been reported, demonstrating tachycardia,
bradycardia, and conduction defects. Myocarditis and
congestive heart failure are rarely reported.
Laboratory findings in dengue include leukopenia and
frequently lymphopenia near the end of the febrile phase
of illness. Lymphocytosis, often with atypical lymphocytes, commonly develops before defervescence or the
onset of shock. Thrombocytopenia has been demonstrated in up to 50% of dengue fever cases. Platelet counts
of less than 100,000 cells/ZL are seen in DHF/DSS and
occur before defervescence and the onset of shock.
A hematocrit rise of greater than 20% and low albumin
are signs of hemoconcentration and precedes shock.
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Transaminase levels may be mildly elevated or present in
the several thousands in those patients with DHF with
acute hepatitis. Hyponatremia is the most common electrolyte abnormality in patients with DHF/DSS. The prothrombin and activated partial thromboplastin times are
prolonged in those with severe hemorrhagic manifestations. Low fibrinogen and elevated fibrin degradation
product levels are signs of disseminated intravascular
coagulation. Metabolic acidosis is observed in those with
shock and must be corrected rapidly. Elevated BUN levels
are observed in those with shock; however acute renal
injury is uncommon.
Serum specimens should be sent to the laboratory for
serodiagnosis, PCR, and viral isolation. Because the signs
and symptoms of dengue fever are nonspecific, laboratory
confirmation is important. Serodiagnosis is made based
on a rise in antibody titer in paired IgG or IgM specimens.
Results vary depending on whether the infection is primary or secondary. The IgM capture enzyme-linked
immunosorbent assay (MAC-ELISA) has become the
most widely utilized assay, although other tests, including
complement fixation (CF), hemagglutination inhibition
(HI), neutralization assays (NT), and IgG ELISA are also
used. A European study found that if only one serum
sample was obtained a single positive result on ELISA
(PanBio IgM or IgG) had a high false positive rate and
had to be confirmed using a second more specific test. In
order to provide a more rapid and reliable diagnosis,
clinically available PCR studies are being developed [5].
Cultures of blood, urine, CSF, and other body fluids
should be performed as necessary to exclude or confirm
other potential infectious causes of the patient’s illness.
Chest radiography may show a right sided pleural
effusion. Bilateral effusions are common in patient
with DSS.
Serial ultrasonagraphy is a timely, cost-effective, and
easily utilized modality in the evaluation of potential
dengue hemorrhagic fever. Positive and reliable ultrasound findings, including fluid collections in the chest
and abdominal cavities, pericardial effusion, and
a thickened gallbladder wall are evident. Thickening of
the gallbladder wall has been suggested to presage clinically significant vascular permeability. In one study of 158
patients that utilized daily serial ultrasonography plasma
leakage was detected in some patients within 3 days of
fever onset. DHF was predicted in 12 patients before
traditional hemoconcentration criteria had been met [6].
As noted, patients are at risk for the development of
dengue hemorrhagic fever or shock syndrome at approximately the time of fever defervescence. Abdominal pain is
reported, often in conjunction with hypothermia,
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restlessness, change in mental status, and a drop in the
platelet count. Conjunctival injection develops in approximately 1/3 of patients with DHF. Pharyngeal injection
develops in almost 97% of patients. Generalized lymphadenopathy is seen. Optic neuropathy has been reported
and occasionally results in significant and permanent
visual loss. Hepatomegaly is present more often in DSS
than in milder cases of dengue fever. Liver failure has been
associated with CHF/DSS; however, it is unclear whether
this is a manifestation of viral infection or a product of
prolonged liver hypoperfusion. Petechiae and purpura
may develop, most commonly at venipuncture sites.
A Tourniquet Test may be positive, in which a patient
will develop >/= 20 petechiae per square inch of skin on
the arm after a blood pressure cuff is inflated to a value
midway between the diastolic and systolic pressure for
5 min. Patients may have small amounts of bleeding
from the nose or gums, melena, menorrhagia, or
hematemesis. Patients with DSS will manifest evidence of
shock, although the onset may be subtle, indicated only by
elevated diastolic pressure and increased peripheral vascular resistance.
Neurologic manifestations such as seizures and
encephalopathy have been reported rarely. Encephalopathy may result from cerebral edema, intracranial hemorrhage, anoxia, hyponatremia, and hepatic injury. In some
of these patients other typical features of dengue fever
were not present. Other reported neurological complications include neuropathies, transverse myelitis, and
Guillain Barre Syndrome.
Dengue in pregnancy must be carefully differentiated
from pre-eclampsia. An overlap of symptoms and signs,
including thrombocytopenia, impaired liver function,
capillary leak, ascites, and decreased urine output may
make this clinically challenging. Pregnant women with
dengue fever respond well to usual management with
fluids, bed rest, and antipyretics. If the mother acquires
infection in the peripartum period, newborns should be
evaluated for dengue with serial platelet counts and serological studies.
The Pan American Health Organization (PAHO) and
the World Health Organization (WHO) have developed
a case definition for DF: An acute febrile illness of 2–7 days
duration associated with two or more of the following:
severe headache; retro-orbital pain, severe myalgias,
arthralgias, characteristic rash, hemorrhagic manifestations, and/or leukopenia. Laboratory criteria for the diagnosis include one or more of the following: isolation of the
virus from serum, plasma, or autopsy samples; demonstration of a 4-fold or greater change in IgG or IgM
antibody titers to one or more dengue virus antigens in

paired serum samples; demonstration of dengue virus in
autopsy samples via immunohistochemistry, immunofluorescence, or in serum samples via EIA; or detection of
viral genomic sequences in autopsy tissue, serum, or CSF
via PCR. Cases are classified as suspect if they are compatible with the clinical description. Cases are classified as
probable if they meet the clinical description and have
positive supportive serology or occur at the same time
and location as other confirmed cases of dengue fever.
A confirmed case is one that meets the clinical definition
and is positive on laboratory studies. Criteria for the
diagnosis of DHF include a probable or confirmed case
which demonstrates hemorrhagic tendencies, demonstrated by a positive tourniquet test, petechiae, ecchymoses, or purpura, bleeding, hemetemesis, or melena
associated with a platelet count <100,000/ZL and evidence of plasma leakage due to increased vascular permeability, demonstrated by pleural effusion, ascites,
hypoproteinemia, a 20% elevation in hematocrit, or
a 20% decrease in hematocrit after volume replacement.
DSS is diagnosed in cases which meet DHF criteria plus
demonstrate evidence of circulatory compromise. The
WHO classification system was studied in Indonesian
children and found to have a sensitivity of 86% (95% CI,
76–94) in the detection of DSS.
In travelers symptoms that develop more than 2 weeks
after they depart an endemic area and that last longer than
10 days are probably not due to dengue. A Belgian study
examined predictors of the diagnosis of dengue fever in
1962 febrile travelers and expatriates returning from
endemic areas. After malaria was ruled out, the main predictors of dengue infection included skin rash, thrombocytopenia, and leukopenia.

After-care
A convalescent serum specimen should be drawn 7–21
days, ideally 10 days, after the acute-phase serum specimen was drawn.
No specific medications are needed for patients with
dengue fever, DHF, or DSS on discharge from care.
No vaccine is currently available for the prevention of
dengue infection. Immunogenic, safe, tetravalent vaccines
have been developed and are undergoing clinical trials.
Because immunity to a single dengue strain is the major
risk factor for the development of dengue hemorrhagic
fever and dengue shock syndrome, a vaccine must provide
high levels of immunity to all four dengue serotypes to be
clinically useful [7].
Patients should be carefully counseled regarding mosquito precautions and peri-domestic vector control to
avoid additional dengue infections.

Dermatome

Prognosis
Recovery from dengue infection is usually complete. Even
patients who meet strict criteria for DHF or DSS and do
not die during the acute illness usually recover completely
without sequelae. The fatality rate associated with DSS
varies by country, from 12–44%. The mortality rate associated with Dengue Fever is less than 1%.
In those patients who develop optic neuropathy during DHF, significant and permanent visual impairment
may occur.
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▶ Dengue

Economics
A 5-year prospective study in Thai children examined the
relative economic burden of dengue infection in children
on the local population. Most disability-adjusted life year
(DALYs) lost to dengue resulted from long-term illness in
children who had not been hospitalized. The infecting
serotype appeared to be a major determinant of DALYs
lost, with DENV-2 and DENV-3 responsible for 59%.
The mean cost of illness from dengue was significantly
higher than that from other febrile illnesses studied.
A prospective study examined the direct and indirect
costs of dengue infection in 1,695 pediatric and adult
patients in eight countries. The average illness lasted 11.9
days for ambulatory patients and 11 days for hospitalized
patients. Hospitalized students lost 5.6 days of school.
Those at work lost 9.9 work days. Overall mean costs
were I$514 and I$1,394 for ambulatory and hospitalized
cases, respectively. With an annual average of 594,000
cases the aggregate economic cost was estimated to be at
least I$587 million, without factoring in underreporting of
disease and dengue surveillance and vector control costs.
This represents a significant economic burden [8].
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Definition
“Dermatome (instrument)”: A surgical instrument used
to cut thin slices of skin for the purpose of grafting of
wounds and skin defects.
This entity is differentiated from “dermatome (anatomy)” (A specific area of skin innervated by sensory fibers
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Dermatome
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Dermatome. Figure 1 Schematic of a standard air pressure-driven dermatome for harvest of split-thickness skin grafts.
(1) Dermatome, (2) screw driver for fixation and exchange of the (3) surgical blade, and the (4) covers of varying width (A–D)

from a single spinal nerve) and “dermatome (embryology)”
(The part of the mesodermal somite from which the skin
develops).
A surgical dermatome resembles an electric razor
with an oscillating blade that moves back and forth to
evenly remove surface layers of the skin at a defined
depth of several micrometers. Dermatomes can be
operated either manually or electrically [1]. Free-hand
dermatomes are manual knifes that are used to harvest
skin grafts of varying thickness. Their disadvantage is
the potential for irregular depth, depending on operator
skills and experience. Current standard dermatomes
are operated by air pressure (Fig. 1), and they achieve
higher speed and precision related to homogenous
thickness, compared to manually guided blades. Both
pneumatic and electric dermatomes are currently used
worldwide [1].
As shown in Fig. 1, the width of skin graft harvest can
be modified by the use of surgical blade covers of
varying sizes (panel 4, A–D). The depth of skin graft
harvest (micrometers) is adjusted on the dermatome
(panel 1). The surgical blade (panel 3) and the width
covers (panel 4) are attached to the dermatome by
a screwdriver (panel 2) and are therefore exchangeable
intraoperatively.

Application
Surgical dermatomes are designed to harvest autologous
skin graft from a remote donor site to cover a skin defect
originating from acute traumatic lesions or chronic
wounds [1–5]. The first skin grafting procedures have
been described in India more than 2,000 years ago.
In modern times, successful human skin grafting
was reported by various surgeons in Germany and
France during the nineteenth century. Currently, autologous skin grafts represent the treatment of choice for
successful wound closure under conditions where the
wound margins are too dehiscent for a primary closure
by sutures.
There are three distinct types of skin grafts: (1) splitthickness skin grafts (epidermis and a small portion of
underlying dermis), (2) full-thickness skin grafts (epidermis, dermis, and subcutaneous tissue), and (3) composite
skin grafts (two or more germ layers, usually full-thickness
skin and cartilage).
The “classic” application of surgical dermatomes is the
removal of split-thickness skin grafts. The depth of skin
graft harvest is adjusted on the dermatome prior to the
procedure. The standard thickness is selected at a few
micrometers. Graft thickness correlates with the durability
and viability of a graft, and inversely correlates with
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Dermatome. Figure 2 Split-thickness skin grafting procedure by the use of a pneumatic dermatome. See text for details

healing times at the donor site. In the hands of experienced surgeons, the ideal depth is titrated by manual
pressure, independent of the preselected graft thickness.
Typical donor sites are body areas with abundant skin
envelope, such as the thighs and the buttocks, more rarely
the abdominal wall. After graft harvest with a dermatome
(Fig. 2a), the split-thickness skin is “meshed” at a 1:1.5 or
1:3 ratio to allow expansion of the graft size at the recipient
site (Fig. 2b). Split-thickness skin grafts lack an innate
vascularity and therefore rely on diffusion from the
recipient wound bed (Fig. 2c). Split-thickness skin
grafts usually heal within 3–5 days. Therefore, the first
compressive dressing must stay on for several days after
surgery.
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Descending Cervical Mediastinitis
▶ Mediastinal Infections

Descending Necrotizing
Mediastinitis
▶ Mediastinal Infections

Desert Fever
▶ Coccidioidomycosis

Designated Trauma Center
A designated trauma center is a hospital that has been
verified in a formal transparent process as meeting criteria
to be designated trauma center that has responsibility
within a trauma system. Trauma centers are the
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destination of pre-hospital care providers who are
transporting an injured patient who meets triage criteria.
(see Verified trauma center.)

Desmopressin: DDAVP,
1-Desamino-Cys-8-d-ArginineVasopressin
▶ Vasopressin Analogues

contribute to its presentation and to the development of
its associated complications. In type 1 diabetes, absolute
insulin deficiency leads to a characteristic catabolic state
in which nutrients are not normally metabolized and
fat metabolism shifts toward the production of ketone
bodies. In type 2 diabetes, a clustering of metabolic abnormalities, including obesity and dyslipidemia (with high
triglycerides, increased number of small dense
LDL-cholesterol particles, and low HDL cholesterol), is
common and contributes to the increased risk of cardiovascular disease.

Treatment
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Definition
Diabetes mellitus is a chronic metabolic condition characterized by inappropriate hyperglycemia in the setting of
an absolute or relative deficiency of insulin secretion.
Diabetes is currently classified into two major types:
Type 1 diabetes mellitus, in which the pancreatic Β-cell
is destroyed, mostly via an autoimmune process;
and Type 2 diabetes mellitus, associated with insulin resistance (a defect in insulin action) and an inability to
increase insulin secretion to maintain adequate glucose
control.
The diagnosis of diabetes is based on one of the following criteria [1]:
● A fasting plasma glucose 126 mg/dL (7.0 mmol/L),
with fasting referring to no caloric intake for 8 h
● A 2-h glucose 200 mg/dL (11.1 mmol/L) during an
oral glucose tolerance test with a load equivalent to
75 g of anhydrous glucose
● A random plasma glucose 200 mg/dL (11.1 mmol/L)
in patients with symptoms of hyperglycemia or in
a hyperglycemic crisis
● A hemoglobin A1c 6.5% using standardized
methodology
Even though hyperglycemia defines diabetes, multiple
derangements are present in this disorder, which

For the purposes of this chapter we will focus on the
management of two of the more common acute complications of diabetes, conditions that during the course of
their treatment often require intensive care. Other acute
complications that are not specific to diabetes, such as
acute coronary syndromes and pancreatitis, will not be
discussed. In the After-Care section, we will also provide
more general information on treatment of uncomplicated
diabetes and hyperglycemia in the ICU patient. Therapeutic interventions including improvements in dietary, physical activity and self-management behaviors and the use of
oral
agents,
incretin-based
therapies
and
amylinomimetics are beyond the scope of this chapter.

Hyperosmolar Hyperglycemic Nonketotic
State
This condition occurs in patients with type 2 diabetes
usually in the setting of a precipitating factor such as an
infectious process or an acute cardiovascular event (myocardial infarction or stroke). These patients produce
enough insulin to suppress lipolysis and ketone body
formation. At most, a mild ketosis will be present. As
hyperglycemia and dehydration progress, lethargy and
confusion may lead to coma. The presentation may be
insidious with a history of reduced fluid take, polyuria,
and polydypsia for up to weeks before hospital admission.
The hyperosmolar hyperglycemic nonketotic state may be
the first manifestation of diabetes in the older adult.
Glucose levels are usually in the 600–2,400 mg/dL
(33.3–133.2 mmol/L) range. Sodium levels may initially
appear low, but as dehydration progresses they contribute
to the hyperosmolar state (330–440 mOsm/kg). There is
potassium deficiency that becomes clearly manifest when
insulin and fluid therapy are initiated.
Fluid replacement. First priority in the treatment of
the hyperosmolar hyperglycemic nonketotic state is
fluid replacement. Volume depletion typically averages
about 9 L. Isotonic saline is usually the initial fluid of
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choice, at a rate of approximately 1–1.5 L during the first
hour. Fluids are administered at this rate in an effort to
expand intravascular volume and restore renal perfusion.
The goal is to replace half the volume deficit over a period
of 12–24 h. Isotonic saline should be changed to
half normal saline if subjects are hypernatremic [2].
Once glucose reaches 250 mg/dL, 5% dextrose should
be added to the intravenous fluids until oral intake
is established. Fluid therapy should be closely monitored
and adjusted according to hemodynamic and
electrolyte status. Central catheter monitoring may be
appropriate in the elderly with cardiac and renal
compromise.
Electrolytes. Potassium replacement should be started
early to avoid a severe hypokalemia once fluid and insulin
therapy is initiated. Some recommend adding 10 mEq/L
of potassium chloride to initial fluids if serum potassium
is not elevated (under 5 mEq/L) and if patient is producing urine [3]. Once urine flow is at least 50 cm3/h, potassium chloride should be added to each liter of fluid
at the following doses: 10 mEq/L if serum potassium is
<5 mEq/L; 20 mEq/L if serum potassium is between 4 and
5 mEq/L; or 40 mEq/L if serum potassium is between
3 and 4 mEq/L [2, 3]. If potassium levels decrease below
3 mEq/L, insulin treatment should be held until potassium
levels are restored to >3.3 mEq/L via administration of
10–20 mEq/h of potassium chloride. If phosphate levels
decrease under 1 mg/dL during insulin therapy, careful
replacement that does not surpass a rate of 3 mmol/h is
suggested. Risk of hypocalcemia with phosphate replacement precludes higher rates and warrants careful monitoring of calcium levels [3].
Insulin. Generally, less insulin is required to reduce
hyperglycemia in patients with a hyperosmolar hyperglycemic nonketotic state than in those with ketoacidosis.
Fluid replacement per se can substantially decrease glucose
levels. The intravenous route is preferable during the initial stage of insulin treatment since decreased perfusion
makes other routes of insulin administration less reliable.
Regular insulin is initiated at a rate of 0.05 Units/kg/h and
should be carefully monitored [2, 3]. Once glucose levels
reach 250 mg/dL, decreasing insulin infusion to half the
rate is advised to prevent hypoglycemia. A switch to subcutaneous insulin can be made once the patient’s hemodynamic status has been stabilized and glucose levels have
decreased to less than 250 mg/dL.
Other issues. Thromboembolic disease, disseminated
intravascular coagulation, and rhabdomyolysis may complicate the hyperosmolar hyperglycemic nonketotic state.
Aggressive hydration is key in reducing the risk of these
serious complications.
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Diabetic Ketoacidosis
This condition occurs typically in patients with type 1
diabetes as a first manifestation of the disease. It is also
a frequent result of noncompliance with therapy or occurs
in association with an acute stressor such as an infectious
process, a cardiovascular event (myocardial infarction or
a stroke) or a surgical procedure. Ketoacidosis may also
occur in persons with type 2 diabetes under conditions of
severe stress. Ketoacidosis has also been described in subjects without evidence of autoimmunity and in the
absence of identifiable predisposing events in what is
known as ▶ ketosis-prone diabetes [4].
Increased production and decreased utilization of
ketones and glucose in the setting of insulin deficiency
leads to their accumulation in blood. Hyperglycemia
causes
osmotic
diuresis,
hypovolemia,
and
hyperosmolarity. The acidosis that results from production
of keton acids is worsened by their impaired excretion as
renal perfusion deteriorates. Patients usually report a day
or two of progressive polyuria, polydypsia, and fatigue,
followed by vomiting, abdominal pain, and mental compromise that can progress to coma. Vomiting may worsen
dehydration and electrolyte imbalance. The findings of
Kussmaul respiration and a fruity odor in an obtunded
and dehydrated patient hint to the presence of ketoacidosis.
At presentation glucose levels are usually above 300
mg/dL (16.7 mmol/L). There is a high anion gap metabolic acidosis with arterial pH <7.3; serum and urine
ketones are present. Potassium levels appear normal or
high despite total body depletion due to a shift from the
intracellular to the extracellular space, which occurs in the
presence of acidosis. Amylase is frequently elevated, but is
usually of parotid origin and should not be interpreted on
its own as an indicator of pancreatitis.
Fluid replacement. Fluid replacement is paramount to
the treatment of ▶ diabetic ketoacidosis. Volume depletion averages approximately 4–5 L. Isotonic saline is usually the initial fluid of choice, at a rate of about 1 L/h over
the first 1–2 h. Rate is usually decreased to 500 mL/h over
the next 2–4 h and then to 250 mL/h [3]. Fluids should be
changed to half normal saline once the patient is hemodynamically stable and there is evidence of adequate renal
perfusion. Once glucose reaches 250 mg/dL, 10% dextrose
is added to the intravenous fluids until oral intake is
established. Fluid therapy should be closely monitored
and adjusted according to hemodynamic and electrolyte
status. As in the hyperosmolar nonketotic state, central
catheter monitoring may be appropriate in the elderly
with cardiac and renal compromise. Excessive fluid
replacement should be avoided to prevent acute respiratory distress syndrome and cerebral edema.
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Electrolytes. Potassium replacement should be initiated
once urine output and acidosis improve. 20–40 mEq/L of
potassium chloride are added to the intravenous fluids if
serum potassium is not elevated (under 5 mEq/L), usually
after the third hour of treatment [3]. Bicarbonate is seldom given unless arterial pH is <7.0 or bicarbonate <5
mEq/L. If phosphate levels decrease under 1 mg/dL during
insulin therapy, careful replacement as described above for
the hyperosmolar hyperglycemic nonketotic state is
warranted [3].
Insulin. Regular insulin is frequently started with an
intravenous bolus of 0.1 Units/kg and continued as an
infusion at a rate of 0.1 Units/kg/h, aiming at decreasing
blood glucose by 50–70 mg/dL/h. Insulin should be withheld if the patient is hypokalemic or hypotensive and
hyperglycemic to avoid dangerous shifts in potassium or
intravascular fluid, respectively. The intravenous route is
preferable during initial treatment since the other routes
are less reliable in the presence of decreased perfusion.
Once glucose levels reach 250 mg/dL, the insulin
infusion rate should be decreased and 10% dextrose
added to the fluids to avoid hypoglycemia. A switch to
subcutaneous insulin may be made once the patient’s
acidosis and ketonemia have resolved (bicarbonate
>18 mEq/L) and the anion gap is normal or near normal.
This usually occurs about 7 h after the attainment of
normoglycemia [3].
Other issues. Cerebral edema is a rare but serious
complication that occurs primarily in children. The use
of isotonic fluids during initial treatment may help reduce
the frequency of this complication. Like in the
hyperosmolar
hyperglycemic
nonketotic
state,
ketoacidosis is associated with a higher risk of thromboembolism, particularly in the elderly. Hypoglycemia is
a frequent complication of high insulin infusion rates
and its risk can be significantly decreased if careful adjustments of the insulin dose are made according to serial
glucose checks, and if dextrose is initiated promptly when
glucose levels reach 250 mg/dL.

Evaluation/Assessment
When the patient presents to the hospital in
a hyperosmolar hyperglycemic nonketotic state or with
diabetic ketoacidosis, it is necessary to establish if his/her
condition warrants admission to the intensive care unit.
The following criteria are some of the indications to
intensive care unit management in these patients [3]:
● Hemodynamic instability.
● Inability to defend the airway.
● Obtundation.

● Acute gastric dilatation.
● Insulin infusion cannot be administered in the ward.
● Frequent monitoring and laboratory testing cannot be
carried out in the ward.
As the intensivist works to achieve hemodynamic stability and to normalize metabolic and electrolyte disturbances, a search for a precipitating event must be
undertaken. An electrocardiogram and chest X-ray should
be routinely performed. Cardiac enzymes, a pregnancy
test, and a drug screen may be appropriate. Urine and
blood cultures are obtained before empiric antibiotic therapy is initiated. It should be noted that leukocytosis may
not be a reliable indicator of infection in severe
ketoacidosis, since the white count increases in association
with increasing ketone levels.

After-care
Once the hyperosmolar state or the ketoacidosis have
resolved, questions arise regarding the method of choice
for maintenance of glucose control and on the optimal
range of glucose levels. These questions also arise in the
treatment of hyperglycemic patients admitted to the
intensive care unit for reasons other than acute diabetes
complications. In the routine management of acute diabetic complications, insulin and dextrose infusion are
continued until oral intake is established and transition
to the subcutaneous route is possible. If the precipitating
condition has not resolved or if the patient suffered
a complication, oral intake is delayed and the patient
must continue to rely on infusion therapy and enteral or
parenteral nutrition. It is on these patients that the findings of recent clinical trials on intensive glycemic control
in intensive care patients can apply.

Glucose Control in the Intensive Care Patient
Observational studies and a pivotal randomized clinical
trial in surgical intensive care patients in Leuven, Belgium,
found an association between hyperglycemia and
increased mortality. The intervention trial compared an
intensive glucose control arm, aimed at achieving glucose
levels between 80 and 110 mg/dL, with a usual care group,
in which insulin therapy was initiated only if glycemia
surpassed the 215 mg/dL level. The study observed that
those randomized to tight glucose control had an absolute
risk reduction of 3.4% in intensive care unit mortality and
a 3.7% reduction in in-hospital mortality when compared
to subjects randomized to usual care. However, results
from the recent Normoglycemia in Intensive Care Evaluation-Survival Using Glucose Algorithm Regulation Study
(▶ Nice-Sugar) in over 6,000 patients did not confirm the
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benefit of tight glucose control. On the contrary, it
observed an increased mortality in the intense glucose
lowering arm (target glucose <108 mg/dL), when compared to the group randomized to less intense control
(target glucose range of 140–180 mg/dL). Differences
between studies, including type of patients, implementation of tight control, instrumentation, intensity of glucose
and potassium monitoring, among others, make it difficult to draw definite conclusions on what the optimal
glucose range should be [5]. At present, it is recommended
that tight glucose control with insulin infusion therapy
should be limited to those intensive care units adequately
equipped to accurately and frequently measure glucose.
Unacceptable glucose level fluctuations, hypoglycemia,
and hypokalemia should be avoided under all circumstances. It is possible that a single glucose target is not
applicable to all patients, and that the degree of tight
control to be achieved may depend on age, demographic
characteristics, underlying disease, and intensive care unit
expertise and resources.

Prognosis
Overall death rates due to hyperglycemic emergencies
have decreased in the USA over the last two or three
decades. However, mortality remains high, particularly
in older adults and in African American men. In older
patients, the mode of presentation and the underlying
comorbid conditions account for the increased mortality.
A delay between onset of symptoms and hospitalization
explains the worse prognosis in African American men.
Prompt identification and treatment, careful monitoring
and care of precipitating conditions support a favorable
prognosis.

Economics
Because diabetic ketoacidosis and the hyperosmolar
hyperglycemic nonketotic state require hospitalization
and, usually, intensive care, the associated expenses are
high. Poor metabolic control is common in persons with
diabetes. Proper education of patient and primary providers on the importance of compliance with therapy and
self-monitoring, good metabolic control, as well as therapy adjustments in response to illness can decrease the
occurrence of these costly and potentially fatal acute complications of diabetes.
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Synonyms
Glucose control; Glucose modulation

Definition
Medical intervention to maintain plasma glucose levels
within a determined target.

Introduction
Hyperglycemia is a common finding in critical care, including both diabetic and nondiabetic patients. It is secondary
to the action of excessive counter-regulatory hormones,
increased gluconeogenesis, and insulin resistance.
Hospital-related hyperglycemia has been defined
as fasting plasma glucose > 126 mg/dL or any glucose
levels > 140 mg/dL (7.8 mmol/L) that reverts to normal
after hospital discharge [1].

Treatment
Hyperglycemia has been associated with increased morbidity and mortality in critically ill patients. These findings were first described in patients with acute myocardial
infarction but have been reported in both medical and
surgical intensive care units (ICU) despite the primary
disease. Although stress-induced hyperglycemia has been
described for decades in critically ill patients, its treatment
has been an object of intense debate. It has varied from
expectant management to tight glucose control. This has
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been particularly true in the last decade, in which the
Leuven group described improved mortality and morbidity with intensive insulin treatment, targeting glucose
levels <110 mg/dL [2], while another landmark study,
the NICE-SUGAR trial with 6104 randomized critically
ill patients, found higher mortality in patients with
tight insulin control (target blood glucose <110 mg/dL)
than those with conventional treatment (144–180 mg/dL)
[3]. In a recent meta-analysis, the latter results were confirmed, but it was suggested that surgical patients had
better outcomes with intensive insulin therapy [4].
In general, available evidence supports the use of insulin protocols to maintain glucose levels on target, although
targets <100 mg/dL are not recommended since they have
increased incidence of hypoglycemia [1, 3].
Insulin is the treatment of choice in hospitalized
patients [1], especially in the intensive care units, where
insulin is usually administered in intravenous infusions
because it allows to rapid and multiple modifications
depending on the observed glucose values and specific
patient conditions. Infusion of insulin has been shown to
be very effective in achieving desired targets, although
computerized protocols have a tendency to achieve targets
faster than manual ones [5].
There are more than 20 insulin protocols reported in
the literature specifically designed for the intensive care
units and their specific populations [5], making clear that
a universal protocol does not exist. The insulin protocol
should take into account the current blood-glucose value,
the rate of change in blood-glucose levels, and the specific
patient’s sensitivity to insulin [5].
An ideal insulin protocol should have the following
characteristics [5]:
1. It is easily ordered
2. It is effective and gets to the target goal quickly
3. Maintains blood glucose within a defined target range
over several hours
4. Includes an algorithm for making temporary corrective increments or decrements in the rate of infusion
5. It is well tolerated and results in minimal rates of
hypoglycemia
6. It provides clear and easy to follow directions for
treatment of hypoglycemia
7. Can be easily implemented
8. Can be executed by nursing staff in response to a single
physician order
Current recommendations in critically ill patients with
persistent hyperglycemia are to initiate insulin therapy
starting at a threshold of <180 mg/dL (10 mmol/L) [1].
The starting dose of insulin infusion is variable depending

of the protocol, but usually ranges from 2–4 units/h,
depending on the glucose value [5].Once insulin
therapy is started, it should be maintained between
140–180 mg/dL (7.8–10 mmol/L) [1, 5]. There is no
clear evidence on the use of insulin bolus and the literature
is ambiguous on that regard.
Another important aspect of glucose modulation is
glucose variability. There is growing evidence that fluctuations of glucose values have a negative impact on the
patients and not only the high level of glucose per se.
There have been several studies demonstrating the deleterious effects of glucose fluctuations in diabetic and
nondiabetic patients. In fact, some studies have demonstrated that glucose variability is an independent predictor
of mortality in ICUs [6].
In recent years, our increased understanding of the
pathophysiology of stress induced hyperglycemia has
been traduced in improved treatment. We know that it is
the result of diverse alterations such as increased hepatic
glucose production, insulin resistance, lipolysis, and other
dysfunctions at different levels in critically ill patients.
Thus, novel treatments of hyperglycemia are taking in
account these dysfunctions.
Incretin mimetic drugs such as GLP-1 and its analogues are drugs that promote insulin production, protect
b-cells of the pancreas, decrease hepatic glucose production, and alleviate peripheral insulin resistance, acting in
those alterations seen in stress-induced hyperglycemia.
One of the most important characteristics of incretins is
that they do not cause hypoglycemia, making these drugs
a very attractive option for critical care.
The use of incretin-based drugs in ICUs is increasing
and more evidence is being generated about the utility of
these drugs in this setting. However, some of the disadvantages of GLP-1 are the need for continuous infusion
delivery due to its short half-live and delayed gastric
empting.
Promisingly, newer GLP-1 analogues are available
(e.g., exenatide) and have longer half-life and can be
administered subcutaneously TID. We have shown that
exanatide decreased insulin requirements in severely burn
patients in the ICU [7]. According to our experience, we
suggest to use insulin or glucose modulators to decrease
glucose below 130 mg/dL in critically ill patients [8].

Evaluation/Assessment
Glucose monitoring is a crucial aspect of the glucose
control in ICUs since the insulin protocol needs
to be adapted according to changes in glucose levels to
decrease variability and avoid hypoglycemia. In fact,
one of the main critiques for the available multicenter
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trials studying hyperglycemia is that the different method
used for glucose monitoring may affect the assessment of
outcomes.
It is evident that the glucose value would vary
depending of the type of sample (e.g., plasma, venous, or
capillary blood), the method used for analysis (e.g., point
of care vs. laboratory), and patient conditions (e.g.,
hematocrit and perfusion state). Other variables that
affect glucose values are the time required to process the
sample and some drugs commonly used in ICUs
(e.g., L-dopa). Point of care measurements tends to result
in increased glucose values in anemic patients, potentially
causing oversight of hypoglycemia. It is important to
obtain frequent and accurate glucose-value determinations in ICUs, where patients receiving insulin infusion
are prone to severe hypoglycemia and high glucose
variability.

Effectiveness
Continuous education of the personnel involved with the
insulin protocols is mandatory and has been shown to
improve the success of any protocol. The modification of
the protocols according to the specific needs of the ICU is
also warranted.
However, the implementation of insulin protocols is
not easy, and there are reports of frequent lack of compliance with them for the difficulty to achieve targets [3, 5].
Critically ill patients often require vasopresors, steroids,
and total enteral nutritions that promote hyperglycemia.
Additionally, some patients (e.g., surgical and burn
patients) require frequent cessation of enteral nutrition
and are prone to hypoglycemia [3, 9].

Tolerance
Although it is accepted that hypoglycemia in critical settings is associated with adverse outcomes, the presence of
hypoglycemia is also deleterious and associated with worse
outcomes and should be avoided. Insulin protocols with
targets <100 mg/dL of glucose are discouraged.
In ambulatory patients, intensive insulin treatment is
associated with high rates of severe hypoglycemia that in
some patients outweigh the potential benefits on microvascular complications on a population level [1]. Insulin
analogues are modified forms of insulin that act in the
insulin receptor. They are commonly classified as longacting and short-acting insulin analogues according to the
rate of absorption. The rapid-acting and long-acting insulin analogs developed in the last years have lower incidence
of hypoglycemic events [1]. Potentially, these analogs
might offer benefits such as lowering glycated hemoglobin
(A1C) with less risk for the patients.
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After-care
Once the patient is released from intensive care units or
starts eating, insulin should be transitioned to subcutaneous
delivery. Once patients are no longer under intensive care,
close monitoring of glucose levels is not usually feasible. The
risk of hypoglycemia is greater in these patients if insulin
infusion is used. For noncritically ill patients, insulin-treated
patients should keep fasting glucose levels <140 mg/dL
(7.8 mmol/L) and random blood glucose <180 mg/dL
(10.0 mmol/L) using subcutaneous insulin [1].
Current recommendations for patients released from
ICU are to start with 80% of the insulin requirements of
the previous day, giving 50% basal and 50% in bolus [10].
Typically, long-acting insulin is used for basal insulin and
short-acting insulin is used for the in bolus administration.
All patients who presented hyperglycemia during
hospital stay should be monitored after discharge and
managed accordingly. If patient is then diagnosed diabetic,
early treatment consisting in intensive intervention with
multiple drug combinations and behavior modification
has been shown to decrease complications and on rates of
death from any cause and from cardiovascular causes [11].
For type 2 diabetic patients, once the patient is
discharged from hospital, the primary goal of their treatment is to reduce A1C to < 7% [1, 12]. Evidently, in some
patients, (e.g., with extensive comorbidities, terminally ill
and prone to hypoglycemia) this goal can be more
permissive.
Additionally, prepandrial capillary plasma glucose
should be in the range of 70–130 mg/dL (3.9–7.2 mmol/L)
and peak postprandial capillary plasma glucose should be
ideally <180 mg/dL (<10.0 mmol/L) [1].
The principal techniques to assess the efficacy of glucose modulation are determinations of blood glucose
(interstitial or self assessment) and A1C. Patients receiving
insulin pump therapy or multiple injections of insulin
require to assess their glucose at least three times daily
[1]. The frequency of A1C testing is individualized and
dependent on the specific case. In general, patients with
good control of their glucose levels need to have A1C
testing only twice a year, while unstable patients or those
with changes in their regimes need to have the test at least
3 times/year or even more often [1].
Some patients with certain conditions such as anemia
or hemolysis need to combine continuous glucose monitoring and A1C determinations to assess the effectiveness
of their treatment [1].

Prognosis
There is increasing evidence that stress induced hyperglycemia has different impact compared to hyperglycemia
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related to diabetes. Stress-induced hyperglycemia is associated with higher inhospital mortality rate, longer length
of hospital stay, higher rate of admission to ICU, and less
likely to be discharged home than hyperglycemia secondary to diabetes [7]. Patients exhibiting hyperglycemia
have increased incidence of infection, critical illness
polyneuropathy, renal insufficiency, need for transfusion,
ventilator days, hospital stay, and ICU [8]. Interestingly,
history of insulin-treated diabetes does not seem to be
correlated with increased mortality in critically ill
patients [13].
In ambulatory patients, available evidence favors lifestyle interventions along with earlier and more aggressive
pharmacotherapy to prevent acute and long-term complications. However, targeting A1C <6% may cause severe
hypoglycemia and subsequently increase mortality [14].
The new available agents such as incretin-based drugs do
not cause hypoglycemia and potentially might allow
achieving lower levels of A1C in a safe fashion both in
ICU and ambulatory patients.
In patients with type 1 diabetes, intensive insulin therapy (three or more injections per day of short- or intermediate-acting human insulin, or continuous insulin
infusion) has been shown to improve outcomes in these
patients [1].
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Definition
Diabetes is a complex disease which affects several metabolic pathways regulating systemic glucose and lipid
metabolism. Diabetes is diagnosed based on fasting
plasma glucose above or equal 126 mg/dL or HbA1c
above 6.5% or plasma concentrations above or equal
200 mg/dL at 2 h during a standard glucose tolerance
test with 75 g glucose load [1]. In patients with classic
symptoms of hyperglycemia or hyperglycemic crisis,
a random plasma glucose 200 mg/dL is also diagnostic.
There are several forms of diabetes which are described in
detail elsewhere. Several forms of acute manifestations of
diabetes may develop into emergency medical or surgical
conditions. These include hypoglycemia, hyperosmolar
coma, diabetic ketoacidosis, cerebral edema, noncardiogenic
pulmonary edema, acute pancreatitis, and infections.
Hypoglycemia is a condition manifested by a variety of
symptoms, including change in behavior, confusion, lightheadedness, loss of consciousness, seizures, and plasma
glucose concentrations below 40 mg/dL. The symptoms
are resolved by glucose administration. Hypoglycemia
may occur in any kind of diabetes on treatment.
Hyperosmolar coma may occur in patients with
type 2 diabetes (characterized by insulin resistance).

Diabetes, Others (Acute Conditions/Emergencies)

Hyperosmolar coma is a condition characterized by severe
dehydration, severe hyperglycemia (>600 mg/dL), and
loss of consciousness. Calculated osmolality is typically
above 350 mOsm/L and there is no ketoacidosis.
Diabetic ketoacidosis typically occur in patients with
type 1 diabetes (characterized by insulin deficiency) and
manifests with hyperglycemia, significant lowering of
arterial blood pH (<7.3) and ketone bodies above
5 mmol/L.
Cerebral edema is a condition of excessive water shift in
the brain tissue and manifested by headache, altered consciousness, decreased heart rate, and age-inappropriate
incontinence. Cerebral edema may occur in children during treatment for DKA.
Noncardiogenic pulmonary edema is a condition of
excessive water shift to the lung parenchyma and consequent decrease in lung compliance. Noncardiogenic pulmonary edema is a potential complication of DKA
treatment and is related to reduction of colloid osmotic
pressure.
Acute pancreatitis is an acute inflammation of the
pancreas which may occur secondary to severe hypertriglyceridemia, often present in patient with diabetes, particularly when glycemic control is poor.
Infections occur more frequently in the diabetic
patients and are defined as tissue penetration of pathogens. Infections in diabetes are not unique to these
patients. However, frequency and severity is increased by
diabetes. Besides sepsis, cellulitis, urinary tract infections,
pneumonias, and osteomyelitis, some of the less common
infections requiring acute management in patients with
diabetes are: (1) necrotizing fasciitis, characterized by
fulminant destruction of tissue, systemic signs of toxicity,
and a high rate of mortality; (2) mucormycosis or
zygomycosis, characterized by devastating rhino-orbitalcerebral and pulmonary fungal infection; and (3) carbuncle, characterized by a coalescence of several inflamed
follicles into a single inflammatory mass with purulent
drainage from multiple follicles.

Treatment
Hypoglycemia is acutely treated by glucose infusion. In the
presence of mild symptoms and normal consciousness,
oral administration of glucose is usually sufficient to
resolve hypoglycemia. When loss of consciousness occurs,
administration of glucagon subcutaneously or intramuscularly is effective. Intravenous administration of glucose
resolves severe hypoglycemia rapidly. In patients with
severe hypoglycemia secondary to sulphonylurea, glucose
administration and plasma glucose monitoring has to be
continued for longer period of time because of the long
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biological activity of these agents. Episodes of hypoglycemia in patients with diabetes usually occur as
a consequence of a mismatch between drug efficacy and
caloric balance. Decreased food intake and/or unusually
higher physical activity may determine the mismatch
in patients on a fix dose of hypoglycemic agents.
Therefore, treatment of hypoglycemia will require
adjustment of hypoglycemic agent doses and/or improved
compliance with regular physical activity and caloric
intake.
The treatment of hyperosmolar coma and diabetic
ketoacidosis (DKA) is similar. Specific algorithms for
treatment of DKA and hyperosmolar coma have been
developed by the ADA [2]. All subcutaneous insulin
administration is discontinued and the patient will receive
intravenous administration of regular insulin and dextrose solution using an infusion pump. Based on hourly
glucose measurement, infusion of insulin and glucose is
adjusted to obtain plasma glucose concentrations
between 250 and 300 mg/dL until patient is mentally
alert in the case of hyperosmolar coma. A concentration
of 150–200 mg/dL is maintained in DKA until resolution
of DKA (serum anion gap <12 meq/L). Identification and
treatment of precipitating event is also required early on in
the treatment process. Saline solution is administered at
rates based on serum Na concentrations. Once adequate
renal output is accomplished (50 ml/h), potassium is
administered based on serum concentrations. Electrolytes,
BUN, creatinine, and glucose are monitored every 2–4 h
until the patient is stable. Bicarbonates are recommended
in DKA only when arterial pH is below 6.9. Subcutaneous
insulin injection is then started and IV infusion
discontinued 1–2 h after SC injection started.
Cerebral edema is primarily a disease of children and
typically manifest within 12–24 h from initiation of treatment for DKA. It has also been described in patients
treated for hyperosmolar coma. It is therefore important
to monitor neurologic status of patients treated for DKA
and hyperosmolar coma. Gradual replacement of sodium
and free water deficit in hyperosmolar coma, and
gradual decrease in glucose concentrations to the goals
detailed above reduces risk for cerebral edema. Mannitol
(0.25–1.0 g/kg of body weight) administration induces
shift of water from the brain tissue to the plasma compartment and reduces brain edema.
Noncardiogenic pulmonary edema is another potential
complication of DKA treatment and is mechanistically
related to reduction of colloid osmotic pressure. Cautious
administration of fluids with DKA treatment reduces the
risk for pulmonary edema. Fluid replacement should be
dosed to replace estimated deficit for the first 24 h.
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Management of acute pancreatitis induced by severe
hypertriglyceridemia in patients with diabetes includes
a coordinated treatment of glucose and lipid metabolism
in addition to careful hydration and electrolytes replacement. In the acute phase, patient should not be kept
without oral intake of either fluids or food. Intravenous
insulin and glucose infusion should be adjusted based on
hourly glucose measurements following the same protocols used for DKA. We suggest maintaining glucose concentrations between 150 and 200 mg/dL before switching
to subcutaneous insulin infusion. The patient should
immediately be initiated on fibrate therapy. If triglycerides
continue to exceed 500 mg/dL, addition of nicotinic acid
can be considered as well. Food intake can be resumed
after resolution of abdominal pain, nausea, and vomiting.
Persistent elevation of triglycerides in patients with
necrotizing pancreatitis may require plasma exchange.
Intravenous heparin administration could be used in
pregnant patients with severe acute pancreatitis and
hypertriglyceridemia. When resumed, diet should be low
in fat (<10% of total caloric intake) with gradual advancement to a diet containing less than 30% total fat intake
and <7% saturated fats. Refined sugars should be limited
and soluble fibers, such as pectin in fruit, guar in beans,
and beta-glucan in oats should be increased. Addition of
omega-3 fatty acid supplement (3.5–4 g/day) may reduce
plasma triglyceride concentrations up to 50%. If hypertriglyceridemia persists despite adequate glucose control,
nicotinic acid should be considered in addition to fibrates,
diet low in fat/refined glucose and omega-3 fatty acid. In
addition, insulin sensitizers, such as metformin and
thiazolidinediones, usually help improving both glycemic
control and plasma triglyceride concentrations.
Management of infections in diabetes requires: (1) high
degree of suspicion for early and accurate diagnosis;
(2) aggressive surgical debridement, when required;
(3) prompt antibacterial/antifungal therapy; and (4) optimal glycemic control with use of insulin therapy titrated
based on frequent glucose monitoring.

Evaluation/Assessment
Besides established protocols to evaluate acutely ill patient
with regard to hemodynamic stability, particular emphasis
should be given in patients with diabetes to assessment of
blood glucose and lipid levels, hydration, electrolytes,
arterial pH, serum osmolarity, and urinary output.
The assessment of hyperosmolar coma or DKA includes
rapid assessment of airways, breathing, and circulation;
mental status changes; precipitating events (myocardial
infarction, infection, etc.); and volume status. Neurological
deterioration is more common when plasma osmolality is

above 320 mosmol/kg and is therefore more common in
hyperosmolar conditions than in DKA. Focal neurologic
signs (hemiparesis or hemianopsia) and/or seizures may be
present in patients with hyperosmolar coma. Signs of volume depletion are common in both hyperosmolar coma
and DKA. Patients with DKA may have a fruity odor and
deep respirations reflecting the hyperventilation compensatory to metabolic acidosis (Kussmaul respirations).
The serum glucose concentration frequently exceeds
600 mg/dL in hyperosmolar coma. Glucose concentration
in DKA is usually >200 mg/dL. DKA also manifest with
metabolic acidosis, defined as a venous pH <7.3 and/or
plasma bicarbonate <15 meq/L. The severity of DKA can be
categorized according to the degree of acidosis as mild,
moderate, or severe (pH 7.2–7.3, pH 7.1–7.2, or pH <7.1,
respectively). The severity of DKA is also categorized
according to serum bicarbonate level as mild, moderate,
or severe (10–15, or 5–10 or <5). Elevated anion gap metabolic acidosis, due to the production and accumulation of
beta-hydroxybutyrate and acetoacetate, is typical of DKA.
Ketone bodies in DKA are usually above 5 mmol/L.
Patients with hyperosmolar coma or DKA generally
have elevated potassium concentration despite severe
whole-body potassium deficit. This is due to potassium
movement out of the cells into the extracellular fluid.
Insulin therapy lowers the potassium concentration and
may cause severe hypokalemia. Thus, careful monitoring
and timely administration of potassium supplementation
are essential.
Mental status changes as well as oxygen saturation
during therapy for DKA should be monitored to evaluate
possible development of cerebral edema and
noncardiogenic pulmonary edema. Since patients with
diabetes are at high risk for cardiovascular complications,
appropriate cardiac monitoring during therapy administration for acute diabetic events should be provided.
Acute pancreatitis manifests with abdominal pain,
nausea, and vomiting. Physical findings are related to the
severity of the episode. Systemic signs include fever, tachycardia, and, in severe cases, shock and coma. In mild
disease, the epigastrium may be slightly tender. In severe
disease abdominal distention, tenderness and guarding
can be found. Serum concentrations of amylase and lipase
are usually increased.
Because of increased susceptibility to infections,
appropriate body fluids, tissue culture, body imaging
should also be performed in a timely manner.

After-care
Patients who have experienced acute manifestations of
diabetes require education while on treatment for the
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emergency as well as after discharge. Education on
diabetes management is essential to prevent recurrence
of diabetes emergencies. This includes education on
lifestyle changes, administration of therapy, and regular
monitoring of glycemic control.

Prognosis
Severe hypoglycemia can be fatal. Mortality is estimated
between 6% and 10% in patients with type 1 diabetes
[3–5]. Hypoglycemia has been also documented in
patients with type 2 diabetes but precise estimates of
mortality rates are not available. Cognitive dysfunction
and dementia has been reported in patients with history
of severe hypoglycemia [6].
DKA and hyperosmolar coma are life-threatening
emergency in patients with diabetes. Overall mortality in
DKA is estimated between 1% and 10% [7]. Risk of death
is increased by complicating cerebral edema or
noncardiogenic pulmonary edema [8, 9].
Severity of acute pancreatitis determines the risk for
morbidity and mortality in this event. Mild acute pancreatitis is usually associated with low mortality rate (less
than 3%). However, severe pancreatitis is more likely
to determine complications and increases the risk for
mortality [10].
Even with optimal therapy, necrotizing fasciitis is
associated with considerable mortality (about 17%) [11].
Mortality is higher in patients with streptococcal toxic
shock syndrome.
Despite early diagnosis and aggressive combined surgical and medical therapy, the prognosis for recovery from
zygomycosis is poor. Exception is cutaneous involvement,
which rarely disseminates. Independent risk factors for
mortality include disseminated infection, renal failure,
and infection with Cunninghamella species, while the use
of surgery and administration of any antifungal agent were
associated with a better outcome [12].
Carbuncle usually responds well to treatment. However, a carbuncle can recur during the months or years
following the first infection.
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Diabetic Ketoacidosis
An acute complication of uncontrolled diabetes characterized by an increased production and a decreased clearance of serum ketones in association with uncontrolled
hyperglycemia. Dehydration and metabolic acidosis may
be severe.
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▶ Laparotomy
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Diagnostic Peritoneal Lavage

Definition
Diagnostic peritoneal lavage (DPL) was first described by
Root et al. in 1965 [1]. It rapidly became the diagnostic test
of choice to detect the presence of blood in the abdominal
cavity. With the advent of the CT scan and later the FAST
exam, it now enjoys a more limited use namely in the
hemodynamically abnormal patient with a negative or
equivocal FAST exam.

Indications
While DPL has been used in a variety of situations, its
current use is generally limited to patients who are hypotensive, secondary to blunt trauma, without a clear-cut
site for their blood loss. If the FAST exam is negative or
equivocal, the DPL can rapidly determine the presence or
absence of blood within the peritoneal cavity. The sensitivity of the test is approximately 98%.
The use of DPL is even more limited in patients sustaining penetrating injuries. Although there are a few
reports indicating its use with gunshot wounds, this has
not been uniformly accepted. Due to the unpredictable
trajectory of a missile, DPL might be negative and yet the
missile might have caused considerable damage to retroperitoneal structures. On the other hand, there is a role for
DPL in patients with stab wounds to the anterior abdomen. If there is no indication of peritoneal irritation on
physical examination and a local exploration is equivocal
or indicates penetration of the abdominal cavity (without
evisceration) a DPL can be helpful in determining
further management. If the DPL is positive (see
interpretation below), the patient is taken to the operating
room. On the other hand, if the DPL is negative, the
patient can either be admitted for observation or sent
home.

Contraindications
There are relatively few contraindications to using diagnostic peritoneal lavage. Previous intra-abdominal procedures, mid to late pregnancy, and an obvious indication
for operation would preclude its use. Relative, but not
absolute, contraindications include advanced cirrhosis
with ascites, coagulopathies, and morbid obesity.

Technique
Both open and percutaneous techniques have been
described, the choice generally being operator preference.
The percutaneous Seldinger technique is most popular
today; however, it is frequently difficult to retrieve the
fluid due to the small catheters supplied in many DPL
kits. The open technique may at times be safer [2, 3]. Both
procedures use the infra-umbilical approach, which

should be altered only for atypical circumstances such as
a pelvic fracture or early pregnancy.

Percutaneous Technique
Prior to performing the procedure both a nasogastric tube
and a Foley catheter should be inserted to decompress the
stomach and bladder and therefore avoid injury to those
organs.
The peri-umbilical area is prepped with betadine or
chlorhexidine, and covered with sterile drapes. Local anesthesia using lidocaine with epinephrine is used in conscious patients. Adding 1 cc of sodium bicarbonate to each
10 ccs of lidocaine will lessen the discomfort of the infiltration. A vertical stab incision is made just below the
umbilicus. Grasping the abdominal wall with two towel
clips will allow good countertraction. A 16–18-gauge needle is connected to a 10–20 cc syringe containing a few cc
of saline and inserted through the fascia into the abdominal cavity. Proper placement can be confirmed by
watching the saline flow into the abdominal cavity.
A wire is then placed through the needle and the needle
is withdrawn leaving only the wire in place. It is helpful to
use a dilator prior to passing the DPL catheter over the
wire. Holding the catheter close to its point of insertion
and using a rotary movement will facilitate its insertion.
The catheter should be directed toward the pelvis.
After insertion of the catheter and prior to the infusion
of any fluid, a syringe is attached to the catheter and gentle
aspiration is applied. If >10 ccs of blood is aspirated, the
procedure can be terminated and the patient taken to the
operating room. If the aspiration does not return blood,
then a liter of crystalloid solution is infused into the
patient’s abdominal cavity. If one is using a small catheter,
as supplied in some DPL kits, it may hasten the process to
squeeze the fluid or place it in a pressure device. Once the
fluid is completely infused and if there is no concern for
a spinal cord injury or pelvic fracture, the patient is turned
from side to side to try and mix the fluid and better assure
a representative sample when the fluid is removed. This
maneuver may not be feasible in many trauma patients
due to multiple injuries and lack of complete evaluation at
the time the DPL is performed. It is helpful to leave a few
cc of fluid in the bag prior to retrieval, which will prevent
air from entering the tubing. The bag is then placed on the
floor and the capillary effect will allow the fluid to be
siphoned out. Gentle pressure on the abdomen, and careful rotation and movement of the catheter may facilitate
the return if there is no free flow. Although the goal is to
recover all of the infused fluid, this frequently does not
occur. It is important to retrieve at least a few hundred cc
prior to sending the effluent to the laboratory for analysis.

Diagnostic Peritoneal Lavage

Open Technique
The open technique is similar to the percutaneous technique described above. An incision is made in the abdominal wall and the catheter is inserted under direct vision.
The procedure was originally described as making
a vertical incision approximately one third of the way
between the umbilicus and the pubic symphysis. The
infra-umbilical location is more commonly used today;
however, both achieve the same purpose.
After prepping the patient, a vertical incision is made
and the dissection carried down to the peritoneum. The
peritoneum is grasped with two fine hemostats. As the
peritoneum is held up to create gentle tension and lift it
away from the bowel, a small nick is made and the DPL
catheter inserted toward the pelvis under direct vision.
Once the catheter is in place, the procedure is the same
as the closed technique. At the end of the procedure, it
may be helpful to close the peritoneum with a purse string
using absorbable suture. The rest of the wound is closed in
layers.
Some clinicians have suggested leaving the catheter in
place in the event they wish to re-lavage the patient several
hours later. This is not a common practice.

Complications
There are very few complications associated with the procedure. One encounters a problem in <2% of the cases.
The most common misadventure is perforation of
a hollow viscus. On rare occasion bleeding may occur
from injury to an abdominal wall vessel.

Interpretation
There is considerable difference of opinion as to what
constitutes a positive lavage. Many authors use one set of
values for a lavage performed for blunt trauma and
a different set of values for patients sustaining penetrating
trauma.
If after placing the catheter into the abdominal cavity
the initial aspiration returns greater than 10 ccs of blood
or if bile or vegetable matter is present, then this is considered a positive study and the patient should be taken to
the operating room. While there is general agreement of
what constitutes a positive test for blunt trauma patients
(>100,000 RBCs/mm3, >500 WBCs/mm3, bile, food
fibers, or amylase higher than the serum amylase) the
same is not true for patients sustaining penetrating
trauma.
If a red cell count of 100,000/mm3 is used for patients
with penetrating trauma, there is a lower risk of
a nontherapeutic procedure, but some authors feel that
there is a greater risk of a missed injury. The converse is
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also true; if the criterion is lowered to 10,000 RBCs/mm3
there is going to be a larger number of nontherapeutic
procedures. One must weigh the risk–benefit ratio of
a missed injury versus a nontherapeutic celiotomy. Recent
data suggest that if the same criteria are used (RBCs,
WBCs, bile, food fibers, and amylase) for penetrating
trauma as recommended above for blunt trauma, there
will be no greater risk of a missed injury [4]. The old adage
of inability to read newsprint through the saline bag as an
indication of a positive DPL has been scientifically
disproven and should be abandoned.
The white cell count, although also controversial, is
helpful in identifying bowel injuries if the DPL is
performed at least 3 hours after the injury. The accuracy
of enzyme assays from lavage fluid has also been shown to
be of limited value. Patients who have an elevated amylase
level in the lavage fluid are likely to have small bowel
injuries, rather than pancreatic injuries as the pancreas is
a retroperitoneal structure and hence not necessarily evaluated by fluid instilled into the peritoneal cavity.
Although rarely used in the pediatric population, there
are some variances that need to be considered. The
amount of fluid infused should be 10–15 ccs/kg and the
cell counts must be adjusted for the smaller amount of
fluid infused. The values used for adult patients are based
on a 1-L dilution. If only 500 cc is infused, a positive red
cell count would be greater than 200,000.

Current Status of DPL
As paradigms shift, so does the management of patients.
With the advent of nonoperative management of many
trauma patients and the introduction of newer studies
such as the FAST, and higher-speed CT scans, diagnostic
peritoneal lavage has assumed a far different role than in
past years. Because of its limited use, it has been abandoned in some centers and newer trainees now have little
or no experience in using it. In spite of the popularity of
the FAST, one must take into account that it is extremely
operator dependent and there are technical limitations.
Likewise, a CT scan can be time-consuming, expensive,
and exposes the patient to considerable radiation
exposure.
Therefore, where does DPL come into the picture? The
ideal time to use DPL is in the hemodynamically abnormal
(shock) patient with multiple injuries secondary to blunt
trauma. It is imperative to rapidly localize the bleeding or
the cause of hypotension. If the FAST is equivocal, negative, or unavailable, a DPL that is positive can quickly
make that determination and allow one to proceed to the
operating room. If on the other hand, the DPL is negative,
one can rule out the abdomen as the source of bleeding
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with reasonable confidence and avoid an unnecessary
abdominal procedure.
The current application of DPL in patients with penetrating trauma is in the investigation of anterior abdominal stab wounds. With the abandonment of mandatory
operative intervention for abdominal stab wounds, most
centers today rely on close observation and serial examinations for patients who do not have clear-cut indications
for surgery. In those hospitals that utilize local wound
exploration, there is another role for DPL. If the wound
exploration (performed under local anesthesia and sterile
technique, with extension of the wound and direct visualization of the depth of penetration) is either inconclusive
and/or positive (penetration of the posterior fascia) and
the patient remains asymptomatic, DPL can assist in the
decision as to whether or not the patient needs an operation. If it is negative, the length of stay in the hospital can
be considerably shortened. It must be emphasized that its
greatest utility is in patients with anterior and perhaps
selected flank wounds and should not be used to rule out
retroperitoneal injuries.
Although reports are beginning to appear regarding
the use of DPL in gunshot wounds, this should not be
adopted at this time. Missiles do not travel in straight lines
and there is no guarantee that the tract can be accurately
determined. DPL cannot address the issue of blast injury,
which may not be manifest for several hours or even days.
As stated above the DPL has no role in the assessment of
retroperitoneal injuries.
There has been a renewed interest in diagnostic peritoneal aspiration (DPA) [5] The technique is similar to the
DPL; however, no fluid is infused after the aspiration. This
is similar to the old four-quadrant paracentesis, but utilizes only one site. That test was abandoned because of its
unreliability in case the result emerged negative. Some
authors cite that an advantage of DPA is that if the patient
needs a CTscan there will be less confusion if the abdomen
is not filled with lavage fluid. However, one should be able
to differentiate between blood and fluid on the scan. If the
aspirate is positive, it is extremely accurate, however, if it is
negative one should proceed to a standard DPL.
There may also be a need for DPL in those institutions
that do not possess capabilities in ultrasonography or CT
scanning. This may be because the hospital itself does not
have the resources, or the practitioners caring for the
patient do not have the technical expertise. Although
DPL is invasive, it is associated with a low complication
rate (<2%) and can be easily and quickly taught to nonsurgeons. In an austere environment, DPL may be a more
useful examination, as other imaging or investigative
modalities may not be available.

Despite its introduction over 40 years ago, this simple
test is still the subject of controversy in terms of indications, technique, and interpretation. There remains
a group of select patients in which it may be helpful
and its simplicity, ease of performance, and acceptable
sensitivity and accuracy warrant its continued use.
Perhaps, since the procedure has been put on the back
shelf in many institutions, it may be time to dust it off and
teach our new trainees how to perform it.
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Synonyms
Dialysis fluid; Diffusate

Dialysate

Definition
Dialysate is a solution of variable composition designed to
facilitate diffusion of solutes into the ultrafiltrate-dialysate
compartment of the hemofilter or hemodialyzer.
During hemodialysis, dialysate and blood are circulated countercurrent through a dialyzer and separated by
a semipermeable membrane. During dialysis, solutes,
including toxins and drugs, pass by diffusion along
the concentration gradient across the semipermeable
membrane from blood where they are in a high concentration to the dialysate. However, in addition to diffusion,
during hemodialysis there is usually significant
backfiltration of water and solute across the membrane
from dialysate to blood compartment. Consequently, the
dialysate in the dialyzer may be considered an extension
of the patient’s blood volume and, consequently, the
composition of the dialysate can significantly impact
patient health.
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Dialysate. Table 1 Complications of the use of contaminated
dialysis water
Symptom/complication

Possible water contaminants

Anemia

Al, chloramines, Cu, Zn

Bone disease

Al, Fl

Hemolysis

Cu, nitrates, chloramine

Hypertension

Ca, Na

Hypotension

Bacteria, endotoxin, nitrates

Metabolic acidosis

Low pH, sulfates

Neurological
deterioration

Al

Nausea and vomiting

Bacteria, Ca, Cu, endotoxin, low
pH, Mg, nitrates, sulfates, Zn

Death

Al, Fl, endotoxin, bacteria,
chloramine

Water Safety

Water Treatment

Contaminants from the water supply used in dialysis may
cross the membrane and harm the patient. The municipal
water supply is the water source for central dialysis systems
in most institutions. This water supply may come from
underground sources such as wells and springs that contain smaller amounts of organic material but more inorganic ions such as iron, sulfate, magnesium, and calcium.
The other source is from surface water such as reservoirs,
rivers, and lakes, which typically are contaminated to
some extent with organisms, fertilizers, chemicals, pesticides, and human sewage. Although most municipal water
systems provide extensive purification, this is not adequate for the production of dialysate and some of the
disinfectants added to the water must be removed [1].
Patients treated with intermittent hemodialysis are
exposed to 100–200 L of dialysate per treatment and
thousands of liters of dialysate yearly. Complications of
the use of impure dialysate are many and include sepsis
and endotoxemia (see Table 1). It is thought this may
account for the chronic inflammation seen in patients
receiving chronic hemodialysis. Mortality has occurred
in dialysis units where the water was contaminated by
blue-green algae.
While it would be ideal if all water used for hemodialysis was sterile, this is impractical and would be vastly
expensive for the large volumes required and numbers of
patients being treated chronically with hemodialysis. Consequently, online water systems used in dialysis are treated
to prevent patients being harmed by contaminants and
must conform to strict water treatment standards
(Table 2).

The water treatment required to meet these standards is
a multistage process involving prevention of backflow into
the water system, reverse osmosis (membrane filtration
and deionizing), chemical injection system (for water pH
stabilization), sediment filter, water softening (to remove
calcium, magnesium, iron, and manganese), and carbon
filtration (to remove chloramines, chlorine, and organic
contaminants), and sometimes ultraviolet radiation with
the exact processes being determined by each facility
depending on local water condition, hospital requirements, and local regulations. Some hospitals use regular
disinfection of their entire water systems, including dialysis water, using a hydrogen peroxide/silver ion preparation
which has been implicated in the development of methemoglobinemia in patients on hemodialysis[2].
The standards for continuous renal replacement therapy (CRRT) fluids, both dialysate and replacement fluid,
are even more demanding than the Association for the
Advancement of Medical Instrumentation (AAMI) standards outlined above. This is because with the relatively
low flow rates and porous membranes used, there is significant backfiltration occurring on a constant basis.
Because of this, fluids used for CRRT are almost always
prepared using sterile fluid, or, at least, with ultrapure
fluid (Table 3).
The presence of even low levels of endotoxin has been
shown to increase inflammatory processes. The majority
of CRRT fluid is manufactured commercially. However,
some centers manufacture CRRT fluid in-house, using
pharmacy TPN compounding equipment. This allows
for availability of customized fluids but is prone to serious
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Dialysate. Table 2 North American Association for the Advancement of Medical Instrumentation (AAMI) standards for dialysis
water used for outpatient hemodialysis
Concentration for
hemodialysis water (mg/L)

Associated with
hemodialysis toxicity (mg/L)

Not regulated

2 (0.1 mEq/L)

88

Not regulated

4 (0.3 mEq/L)

Potassium

Not regulated

8 (0.2 mEq/L)

Sodium

Not regulated

70 (3.0 mEq/L)

Antimony

0.006

0.006

Arsenic

0.001

0.05

Barium

2

0.10

Beryllium

0.004

0.0004

Cadmium

0.005

0.001

Chromium

0.10

Contaminant

Drinking water (mg/L)

Calcium
Magnesium

300

0.014
b

0.005

Lead

0.015

Mercury

0.002

0.0002

Selenium

0.05

0.09

Silver

0.10

0.005

Aluminum

0.05–0.2a

0.01

0.06

Chloramines

4.0

a

0.10

0.25

Free chlorine

4.0a

0.50

Copper

1.3b

0.10

0.49

a

1.0

Fluoride

2.0 –4.0

0.20

Nitrate (as nitrogen)

10

2.0

21

Sulfate

250a

100

200

Thallium

0.002

0.002

Zinc

5a

0.10

0.2

Bacteria

HPC bacteria: 500 cfu/mL

200 cfu/mL (action level
50 cfu/mL)

>200 cfu/mL

Coliform bacteria: 0–5%
Endotoxin

c

Not regulated

2EU/mL (action level 1 EU/mL) 5 EU/kg body weight

a

Unenforceable maximum contaminant level goal (secondary standard)
Action level at 90th percentile
c
95% of the samples (all positive results must be resolved)
HPC+heterotrophic plate count; EU=endotoxin unit
b

error. CRRT fluid is provided in defined size plastic bags
so that fluid use can be measured gravimetrically using the
scales incorporated into the CRRT machine.

CRRT Dialysate Safety
Manufacturing of CRRT fluids in hospital pharmacies is
prone to serious error. A number of fatal incidents have
occurred when concentrated potassium chloride was mistakenly added to CRRT fluid instead of sodium chloride.
In addition, a number of cases of fatal severe hemolysis
have occurred when dialysis concentrate was mistakenly

not added to bags of sterile water being used in CRRT.
Fluids with customized solute concentrations may also be
purchased from compounders. However, CRRT fluid
from compounders usually has a shorter shelf life compared to commercially prepared fluids and is also prone to
manufacturing errors and to problems with sterility and
endotoxin concentration.

Dialysate Composition
Dialysate electrolyte composition is normally kept within
physiological concentrations of sodium, chloride,

Dialysate

Dialysate. Table 3 Dialysate water standards
Dialysate

Bacteria <200 cfu⁄cc,
Endotoxin <2 EU⁄cc

Ultrapure

Bacteria <0.1 cfu⁄cc,
Endotoxin <0.03 EU⁄cc

Online substitution

Bacteria <106cfu⁄cc,
Endotoxin <0.03 EU⁄cc

Sterile

Validated sterilization cycle
and tested before release

magnesium, and calcium [3]. Low calcium or calcium-free
dialysate may be used for hemodialysis in patients with
hypercalcemia or when using citrate anticoagulation.
Dialysate for intermittent hemodialysis is usually prepared from commercially manufactured concentrates that
are accurately proportioned in hemodialysis machines to
provide the correct dialysate electrolyte composition
which is constantly monitored by the electrical conductivity of the dialysate.

Sodium
The concentration of sodium in dialysate for intermittent
hemodialysis is usually in the range of 130–150 mmol/L
and can be modified within this range using the controls
on the hemodialysis machine. Sodium profiling which
uses variable sodium levels throughout the hemodialysis
treatment can be used to accelerate capillary filling and
improve hemodynamic stability. It also lessens muscle
cramping in predisposed patients. Sodium profiling or
ramping usually starts with a higher sodium dialysate
level and lower levels in later stages. While commonly
used in chronic hemodialysis, this has not gained widespread acceptance in the critically ill who may not tolerate
sodium shifts.
Sodium levels in CRRT dialysate fluid are almost
always set at 140 mmol/L. Lower sodium levels are used
in some citrate anticoagulation regimes and are balanced
by the higher sodium concentration in citrate solutions.
Occasionally, it is necessary to use a lower sodium concentration in dialysate when patients are hyponatremic,
often in association with chronic liver disease, and there is
concern that raising the sodium level too rapidly may
cause cerebral demyelination. Hyponatremic CRRT solutions may be prepared by the addition of dextrose 5% in
water (D5W) to 0.9% sodium chloride or by using
a combination 0.9% sodium chloride and infusions of
dextrose 5% in water as dialysate. Higher dialysate sodium
levels are desirable in patients with acute brain injury and
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brain edema and may require customization of CRRT
dialysate. This can be achieved by the addition of appropriate amounts of 3% sodium chloride to standard CRRT
solutions.

Potassium
The potassium concentration in dialysate is typically varied between 2 and 4 mmol/L based on patient’s potassium
levels. On initial treatment in the ICU, the patient is often
hyperkalemic and a lower dialysate potassium level is
required, while once the patient has been stabilized
a level of 4 mmol/L is used. On rare occasions, when the
potassium is extremely high (>8 mmol/L) potassium-free
dialysate is required for the initial treatment. In intermittent hemodialysis, the potassium level of the dialysate is
determined by the choice of dialysate concentrate. CRRT
dialysate is manufactured typically with preset potassium
levels of 0, 2, and 4 mmol/L. In treating hyperkalemia
a low potassium dialysate is used. Hypokalemia may
occur in critically ill patients stabilized on hemodialysis
or CRRT. In those situations, although a higher potassium
dialysate may be used, it is a very inefficient and slow way
to replace the large intracellular potassium deficit that is
always present in hypokalemia. In that situation, infusion
of appropriate amounts of concentrated potassium is usually required to correct severe hypokalemia. Customized
potassium levels may be obtained by the addition of
concentrated potassium to the CRRT dialysate. Concerns
relating to adverse outcomes from errors in added
potassium to IV and CRRT fluids have led to concentrated
potassium solutions being removed from ICUs
with potassium addition ideally being performed in the
hospital pharmacy. However, in response to this concern,
commercial dialysate vendors supply dialysate and
replacement solutions containing potassium chloride
2 and 4 mmol/L.

Calcium
Calcium plays a key role in myocardial contractility and
peripheral vascular resistance. It is also an important
cofactor in the coagulation cascade. The calcium concentration of dialysate is an important component of patient
calcium balance. Most dialysate solutions contain physiologic levels of calcium in the range of 1.25–1.75 mmol/L.
However, low calcium dialysate and dialysate containing
no calcium are available for use in patients with hypercalcemia and with citrate anticoagulation, which achieves its
effect by chelating calcium. There is a suggestion that
a higher concentration of calcium in dialysate may
improve hemodynamic stability in chronic hemodialysis
patients who are prone to hypotensive episodes.
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Magnesium
Dialysate concentrate for intermittent hemodialysis or
SLED does not contain magnesium as most patients with
chronic renal failure are hypermagnesemic and to avoid
precipitation in bicarbonate containing dialysate solutions. Dialysate for CRRT typically contains 0.5–0.75
mmol/L of magnesium chloride. Despite this, most
patients being treated with CRRT develop hypomagnesemia after 36–48 h of therapy and require regular magnesium supplementation.

addition of an alkali to provide this buffer. Acetate, lactate,
bicarbonate, and citrate have been used as buffer in
dialysate.

Acetate

Hyperphosphatemia is a major problem for patients with
end-stage kidney disease requiring chronic hemodialysis.
In contrast, patients with acute kidney injury requiring
renal replacement therapy are initially hyperphosphatemic
but typically develop hypophosphatemia after 48–72 h of
CRRT and require phosphate supplementation. This is
particularly seen in ICU patients receiving more intensive
CRRT. Intermittent hemodialysis concentrates do not contain phosphate and likewise CRRT fluids do not contain
phosphate. Some centers routinely add physiologic concentrations of phosphate to CRRT dialysate and replacement fluid in the pharmacy to prevent hypophosphatemia.
However, addition of phosphate to calcium containing
CRRT dialysate may cause precipitation. More usually,
the development of hypophosphatemia can be anticipated
and treated with regular phosphate supplementation.

Acetate was used as the primary buffer hemodialysis for
many years in hemodialysis. The acetate is metabolized to
bicarbonate in peripheral tissues and in the liver. However,
acetate is slowly metabolized in many critically ill patients
and can accumulate during dialysis causing vasodilatation
and an increase in hemodynamic instability. There is also
evidence that high concentrations of acetate lead to
decreased ATP production and decreased tissue ATP concentrations that ultimately result in an impaired myocardial contractility. Consequently, bicarbonate is now
almost universally used as the buffer in hemodialysis
although small amounts of acetate are still used in dialysate concentrates as a stabilizing agent. Bicarbonate is
supplied in separate bicarbonate cartridges to be used
with dialysis concentrate and proportioned as clinically
required. The dialysate bicarbonate concentration for each
patient must be individualized so as to treat metabolic
acidosis adequately but also to avoid post-dialysis metabolic alkalosis. The bicarbonate concentration typically
may be varied from 25–35 mmol/L depending on the
patient’s acid-base status but is usually used in a concentration of 30–35 mmol/L which allows for a concentration
gradient from dialysate to the patient.

Glucose

Lactate

Glucose is usually added to intermittent hemodialysis
concentrates in a physiological concentration. Traditionally, the rationale has been to avoid hypoglycemia to
potentially avoid disequilibrium syndrome and because
dextrose has been added to peritoneal dialysis fluid as an
osmotic means of removing fluid. In dialysis using glucose-free dialysate, studies have reported losses of glucose
of approximately 30 g per session, while a positive
glucose balance has been reported with the use of a high
glucose containing dialysate. Addition of physiological concentrations of glucose to dialysate has been advocated in
critically ill patients to avoid hypoglycemia. However, there
is little data on this and it is unclear if addition of glucose to
dialysate is necessary and may add to the hyperglycemia
seen in insulin-resistant critically ill patients. While some
CRRT fluids contain glucose, many are glucose free.

Lactate was used for many years as the main buffer in
CRRT fluids, primarily because of its stability when
stored. Lactate solutions are usually well tolerated and
large amounts of up to 120 mmol per h can be metabolized in the liver to bicarbonate on a 1:1 basis. However,
patients with liver dysfunction and shock may not tolerate
large amounts of infused lactate. Studies comparing lactate and bicarbonate in CRRT fluids have shown more
hemodynamic stability and possibly improved outcomes
in patients receiving bicarbonate-based CRRT fluids.
Bicarbonate is now almost exclusively used as the buffer
for CRRT fluids. Because bicarbonate is unstable over
time, dissociating into CO2 and H2O and may interact
with other solutes, it must be used in a two compartment
bag system with bicarbonate in one compartment and the
other electrolytes in the other. The two compartments are
mixed prior to use as dialysate. It should be noted that
small amounts of lactate in the range of 3 mmol/L are
added to bicarbonate-based dialysate by some manufacturers to stabilize the pH of the fluid. This has no known
adverse physiologic implications.

Phosphate

Dialysate Buffer
Correction of metabolic acidosis is a major indication for
dialysis. During dialysis, acid is removed but buffer must
also be provided. Consequently, dialysate requires the

Dialysis

Citrate
Citrate is increasingly being used as a buffer for dialysate as
it is converted to bicarbonate in the liver, skeletal muscle,
and kidneys. In addition to being a buffer, citrate is a very
effective anticoagulant. It achieves anticoagulation by chelating calcium, a property used in blood banking and
plasmapheresis. Once the ionized calcium level is below
0.20 mmol/L, blood can be stored indefinitely. During
dialysis, a circuit ionized calcium level of <0.35 mmol/L
provides effective regional anticoagulation. Citrate in the
dialysate crosses the membrane into the bloodstream and
provides anticoagulation as well as buffer. Studies have
shown improved dialysis efficiency and solute removal in
chronic kidney disease when using citrate-based dialysate.
Citrate is now also widely used as an anticoagulant and as
a base in replacement fluids for CRRT[4].

Albumin Dialysis
This chapter will not provide a comprehensive review of
albumin dialysis where albumin is added to dialysate in
order to remove protein-bound toxins in hepatic failure
and selected drug intoxications for which the reader is
referred to Chap. 20.

Dialysate Flow
Solute clearance during hemodialysis is determined primarily by the duration of dialysis but also by the membrane characteristics of the dialyzer, dialysate flow, and by
plasma levels of solute. During intermittent hemodialysis
with moderate efficiency low-flux dialyzers solute clearance reaches a plateau around a dialysate flow of 500 mL/
min while when using high-flux, high-efficiency dialyzers
solute clearance continues to increase in a linear fashion
until the dialysate flow reaches 800 mL/min. In contrast to
intermittent hemodialysis, dialysate flows during CRRT
are much lower in the range of 100–200 mL/h. Consequently, solute removal is much slower but is compensated by the longer time frame. Solute clearance may be
increased in a linear manner by increasing dialysate flow
during CRRT.

Dialysate Temperature
Dialysate temperature during intermittent hemodialysis is
usually physiologic at 37 C but may be increased to as
much as 40 C to treat hypothermia or as low as 35 C to
achieve improved hemodynamic stability during dialysis.
Although use of an extracorporeal membrane oxygenation
machine is the most effective method of rewarming in
patients with severe hypothermia, hemodialysis with
a high dialysate temperature in addition to external
rewarming and increasing the temperature of inspired
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gas is also effective in settings where extracorporeal membrane oxygenation is unavailable. Hypotension is a major
problem in some patients during hemodialysis even when
care is taken not to remove excessive amounts of fluid by
ultrafiltration. The use of cooled dialysate is effective in
many patients to prevent or minimize this hemodynamic
instability[5]. Studies have shown that cooled dialysate
improves hemodynamic performance by increasing
peripheral vascular resistance and myocardial contractility. While many chronic dialysis patients report a feeling of
well-being following dialysis with cooled dialysis, others
develop severe shivering and cannot tolerate cooled dialysate. Cooled dialysate has been used successfully in the
treatment of hyperthermia. There are rare reports of severe
fatal hyperthermia and massive hemolysis due to overheated dialysate. This may occur due to malfunction of
the dialysate heating system or when a plumbing malfunction introduces hot water into a cold line used exclusively
for dialysis.
Hypothermia due to thermal heat loss due to the use of
room air temperature fluids is a significant problem during CRRTand represents a significant source of energy and
calorie loss. Although all CRRT machines have blood
warmers, these are often inadequate to prevent hypothermia and many patients require external hot air warming
devices to maintain normothermia during prolonged
CRRT.
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Synonyms
Filters; Hollow fiber membranes

Definition
Membranes are the part of extracorporeal circuit where
blood purification takes place. They consist of semipermeable surfaces, where water and solutes are removed
from patient’s blood via convective and diffusive
mechanisms.

Pre-existing Condition
The filter membrane in a continuous renal replacement therapy (CRRT) or conventional ▶ hemodialysis
extracorporeal circuit used for the treatment of acute
kidney injury (AKI) is vitally important for several
reasons: since it has the largest degree of exposure to
blood of all circuit components, the membrane is the
most important determinant of the circuit’s overall biocompatibility. In addition, membrane characteristics
determine both the solute removal and water permeability
properties of a dialysis filter. The following addresses key
clinical issues relating to membrane performance and
biocompatibility.

Application
Hollow Fiber Dialysis Membranes:
Biomaterial Considerations
As opposed to chronic hemodialysis, for which cellulosic
membranes continue to be used commonly, membranes
used for an AKI application are almost exclusively synthetic. ▶ Synthetic membranes were developed essentially
in response to concerns related to the narrow scope of
solute removal and the pronounced complement activation associated with unmodified cellulosic dialyzers [1].
The AN69® membrane, a copolymer of acrylonitrile and
an anionic sulfonate group, was first employed in flat sheet
form in a closed-loop dialysate system in the early 1970s
for chronic hemodialysis. Since that time, a number of
other synthetic membranes have been developed, including polysulfone, polyamide, polymethylmethacrylate,
polyethersulfone, and polyarylethersulfone/polyamide.
As is the case in chronic hemodialysis, all of these membranes either have been used or currently are being used in
the AKI setting.
Synthetic membranes are manufactured polymers that
are classified as thermoplastics. In fact, for most of the
synthetic membranes, the renal market represents only
a small fraction of their entire industrial utilization. Having wall thickness values of at least 20 mm, synthetic
membranes tend to be thicker than their cellulosic counterparts and from a structural perspective, they may be
symmetric (e.g., AN69®, polymethylmethacrylate) or
asymmetric
(e.g.,
polysulfone,
polyamide,
polyethersulfone, polyamide/polyarylethersulfone). In
the latter category, a very thin “skin” (approximately
1 mm) contacting the blood compartment lumen acts
primarily as the membrane’s separative element with
regard to solute removal. The structure of the remaining
wall thickness (“stroma”), which determines the thermal,
chemical, and mechanical properties, varies considerably
among the different synthetic membranes.
Although biocompatibility encompasses several different considerations, complement activation traditionally
has been the primary parameter used for comparisons of
different membranes. As suggested above, synthetic membranes as a class result in less complement activation than
do cellulosic membranes. Because complement activation
is roughly proportional to the balance between hydrophilicity (which promotes complement activation) and
hydrophobicity (which attenuates complement activation), the relatively hydrophobic nature of synthetic membranes is a benefit in this regard.
Another distinguishing feature of synthetic membranes is their propensity to adsorb plasma proteins.

As discussed in more detail below, exposure of an extracorporeal membrane to blood results in the instantaneous
adsorption of a protein layer (“secondary membrane”)
which modifies the native membrane’s permeability properties. The composition of this secondary membrane is
dominated by relatively high-molecular-weight proteins
which have the highest plasma concentrations, such as
albumin, immunoglobulins, and fibrinogen. However,
certain membranes also possess the specific capability to
remove low-molecular-weight (LMW) proteins, such as
anaphylatoxins and other inflammatory mediators
including cytokines, in significant amounts by adsorption.
With respect to adsorptive removal of LMW proteins,
the AN69® membrane (a component of extracorporeal
circuits used with the Prisma and Prismaflex CRRT systems) has been studied most widely. Previous investigations have had several findings. First, while overall
secondary membrane formation occurs at the “nominal”
(non-pore) membrane surface, the bulk of LMW protein
adsorption occurs within the membrane’s internal pore
structure. Second, the removal of some LMW proteins by
AN69® filters occurs exclusively by adsorption, even
though the molecular weights of such compounds theoretically would allow transmembrane removal. Third,
adsorptive removal of LMW proteins by AN69® filters is
a saturable phenomenon, usually within the first 60–90
min of use of a particular filter. Subsequent to saturation,
the removal of a specific compound may effectively cease
or continue to occur by a “breakthrough” transmembrane
mechanism.

Relationship Between Ultrafiltration Rate
and Transmembrane Pressure for Dialysis
Membranes
Extracorporeal membranes used for dialysis are classified
according to their ultrafiltration coefficient as high flux or
low flux. However, considerable confusion regarding the
exact meaning of flux currently exists. The ▶ hydraulic
flux of a membrane is the volumetric rate (ultrafiltration
rate; QUF) at which ultrafiltration occurs (normalized to
membrane surface area). The clinical parameter used to
characterize the water permeability of a specific dialyzer is
the ultrafiltration coefficient (KUF: mL/h/mmHg). The
KUF of a filter is usually derived from in vitro experiments
in which bovine blood is ultrafiltered at varying transmembrane pressure (TMP). The membrane characteristic
having the largest impact on water permeability is pore
size, such that ultrafiltrate flux is roughly proportional to
the fourth power of the mean membrane pore radius. As
such, small changes in pore size have a very large effect on
water permeability.

Ultrafiltration rate (L/hr)
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Dialysis Membranes. Figure 1 Relationship between
ultrafiltration rate and blood flow rate for theoretical
hemofilters of different surface area (Reprinted with
permission from Elsevier) (See text for explanation of
operating conditions corresponding to points A, B, and C)

A plot of QUF versus TMP provides important information about the operational characteristics of a particular
filter. In general, at low TMP values, the relationship
between these two parameters is linear and monotonically
increasing, with the slope of the line representing the KUF
of the filter for these operating conditions. This strictly
linear relationship can be contrasted with the nature of the
curve at a higher TMP regime in which a plateau occurs,
indicating QUF insensitivity to further TMP increases.
Therefore, two distinct regions of this curve can be identified: a low TMP region controlled by the permeability of
the filter membrane itself (“membrane control”) and
a high TMP region controlled by the effects of the secondary membrane on filter performance [2]. (Note that the
term “concentration polarization,” which is used in the
figure, is essentially synonymous with secondary membrane for the purpose of this discussion.) In terms of
clinical operation of a filter, the plateau portion of the
curve is to be avoided because of the high likelihood of
impaired performance or premature clotting of the filter.
As mentioned previously, filter KUF is a value that is
specific to a certain set of flow operating conditions,
including QB. Blood flow rate influences the nature of
the QUF versus TMP curve in two ways. First, as QB
increases, the slope of the curve in the linear (low TMP)
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Dialysis Membranes. Figure 2 Relationship between solute clearance and dialysate flow rate for a 0.9 m2 filter in continuous
venovenous hemodialysis (Reprinted with permission from [5])

region increases. Effectively, this means to achieve
a certain QUF, a lower TMP is required. The second way
in which QB influences the nature of these curves is its
effect on the maximum achievable (plateau) QUF such that
an increase in QB results in a corresponding increase in
plateau QUF.
The explanation for these phenomena is related to the
effect of higher QB in preserving filter membrane function.
Specifically, as QB increases, a greater shear force is applied
to the proteins comprising the secondary membrane. In this
way, the secondary membrane is disrupted and its negative
impact on membrane permeability is blunted.

Effect of Secondary Membrane Formation on
Solute Permeability
The adsorbed protein layer comprising the secondary
membrane also reduces the effective solute permeability
of a CRRT membrane by “plugging” or blocking of
a certain percentage of membrane pores. The effect of
this process on solute permeability for a polyamide
membrane was reported in study published by Feldhoff
et al [3]. In this study, percent rejection, which is essentially equal to (1 – sieving coefficient), was plotted against
solute molecular weight. Results for both a proteincontaining fluid (plasma) and a protein-free fluid (saline)
were obtained. For a test solute with a molecular weight of
5,000 Da, the percent rejection in saline was 0% (i.e., the
sieving coefficient is 1.0). On the other hand, for that same
solute, the percent rejection in plasma was approximately
60% (sieving coefficient of 0.4).
The adsorptive tendency of a particular membrane
varies according to the operating conditions employed.
Post-dilution CRRT modalities tend to promote protein

adsorption because protein concentrations are higher
within the membrane fibers (due to hemoconcentration).
On the other hand, as mentioned previously, higher blood
flow rates work to attenuate this process because the shear
effect created by the blood disrupts the binding of proteins
to the membrane surface.

Membrane Surface Area Effects
Early in the era of venovenous CRRT, typical blood and
effluent flow rates were less than 150 mL/min and 1.5 L/h,
respectively. In this context, filters with surface areas in the
range of 0.3–0.5 m2 could generally provide desired solute
clearances at acceptable filter operating conditions. However, as blood and fluid flow rates have increased substantially over the years with the goal of increasing delivered
CRRT dose, filter membrane surface area requirements
have also increased. For adequate filter operation, the
surface area required to provide an effluent-based CRRT
dose target of 35 mL/kg/h is approximately 1.0 m2 and
may be as high as 1.5 m2 in some larger size patients
treated with effluent rates greater than 4 L/h.

Continuous Hemofiltration
As discussed above, the choice of operating conditions for
a ▶ hemofiltration procedure should avoid operation of
the filter in the secondary membrane-limited region of the
QUF versus TMP curve. The clinical corollary of this is the
need to select a filter with a surface area that is adequate to
support the operating conditions chosen. In Fig. 1, the
relationship between QUF and QB for three theoretical
hemofilters of 0.3 m2, 1.0 m2, and 1.5 m2 at constant
TMP is shown. In general, these curves have similar contours with an initial linear region at relatively low blood
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Dialysis Membranes. Figure 3 (a) and (b) Cross section of hollow fiber membranes for hemofiltration and dialysis (Reprinted
with permission from Elsevier)

flow rates followed eventually by a plateau or quasiplateau region at relatively high blood flow rates.
Both the slope of the linear phase and the maximum
(plateau) QUF for each curve are directly proportional to
membrane surface area at a given TMP. At a low blood

flow rate (e.g., 75 mL/min), all three filters can generate
a relatively low QUF (e.g., 1.5 L/h) at the same TMP, as
denoted by point A on the graph. However, when the
clinical goal is a higher QUF (e.g., 4,0 L/h), a 0.3 m2 filter
is not adequate as the plateau QUF for this filter falls below
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the desired value. On the other hand, the higher QUF is in
the operating range of both of the larger filters for the
TMP that has been chosen. However, the 1.5 m2 filter can
achieve this filtration rate at a lower blood flow rate
(point B) compared to the 1.0 m2 filter (point C). An
analogous point is that, for a given blood flow rate, filter
membrane surface area is inversely proportional to the
TMP required to achieve a certain ultrafiltration rate.
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Continuous Hemodialysis
Relative to conventional hemodialysis, in which solute
clearance is primarily dictated by blood flow rate and
membrane surface area, effluent dialysate flow rate is the
primary determinant of solute clearance in CVVHD. At
least with respect to small solute clearance, saturation of
the effluent indicates optimal utilization of the prescribed
dialysate volume. If such saturation is not achieved, the
most likely explanation is a filter of inadequate membrane
surface area. When CVVHD is performed with a relatively
small surface area filter (<0.5 m2), saturation of the dialysate is only achieved at relatively low dialysate flow rates.
For a 0.4 m2 AN69® filter, Bonnardeaux et al. showed
saturation of the effluent dialysate for urea and creatinine
is preserved only up to a dialysate flow rate (QD) of
approximately 16.7 mL/min (1 L/h) [4]. For QD values
in the 2–3 L/h range (33.3–50 mL/min), although an
increase in QD resulted in an increase in clearance,
a divergence between the urea/creatinine clearance and
the effluent flow rates was observed, indicating nonsaturation of the effluent dialysate. Of course, the greater
the degree of non-saturation, the more inefficient is the
procedure.
A more contemporary study involving a larger surface
area AN69® filter (0.9 m2) demonstrates clearly the
important effect of surface area on preserving dialysate
saturation (Fig. 2). (The abbreviations are: Cr: creatinine;
Ur: urate; P: phosphate; and B2M: beta2-microglobulin.)
For this larger filter, preservation of effluent dialysate
saturation was achieved essentially over the entire QD
range, the only exception being B2M. The high molecular
weight of this compound (approximately 200 times that of
urea) severely limits its diffusive capabilities and, therefore, its ability to saturate the dialysate.
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Diffusion
Diffusion refers to the transport of molecules across a
semipermeable membrane according to a concentration
gradient. Diffusion is the transport process used in
hemodialysis.
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three components: blood compartment resistance
(R B), resistance due to the membrane itself (R M),
and dialysate compartment resistance (R D). In turn,
R O is the inverse of the overall mass transfer coefficient
(K O), which is a component of the overall mass
▶ transfer area coefficient (KoA) discussed below.
For the purpose of diffusive solute removal in acute
HD, the membrane and blood-side resistances are the
most important considerations and these are addressed
below.

Membrane Properties

Synonyms
Dialysis

Definition

The mechanism of ▶ diffusion may be described as solute
removal secondary to a concentration gradient. It involves
solute shift from the blood compartment into the dialysate
compartment or vice versa via a concentration gradient
between the two sides of a semipermeable membrane.

Pre-existing Condition

Both conventional ▶ hemodialysis (HD) and continuous
renal replacement therapy (CRRT) are important renal
replacement modalities for critically ill patients with
acute kidney injury (AKI). Because prescription of HD
requires goals to be set with regard to the rate and extent of
solute removal, a thorough understanding of diffusion,
the dominant mechanism by which solute removal occurs
during HD, is necessary. Therefore, one aspect of this
chapter provides an overview of diffusive solute transfer
during HD. Likewise, as diffusion may play an important
role in solute removal during CRRT, this chapter also
addresses the major determinants of diffusive solute clearance for the continuous therapies.

Application
Determinants of Diffusive Solute Clearance
in Conventional Hemodialysis
Diffusion is the dominant mass transfer mechanism mediating small solute removal in HD. To quantify a dialyzer’s
diffusive capabilities, the concept of mass transfer resistance is frequently employed [1]:
RO ¼ RB þ RM þ RD

ð1Þ

In the above equation, the overall resistance to diffusive
mass transfer of a particular solute (R O) by a dialyzer has

A hollow fiber dialyzer membrane can be modeled as
having straight cylindrical pores, all of the same radius
(r) and all with a directionality perpendicular to the flow
of blood and dialysate. (As discussed below, this model
does not exactly replicate a clinical dialyzer but is useful
from a quantitative perspective, nevertheless.) The major
determinants of plasma ultrafiltrate flow rate through
the pores are the number of pores (i.e., number per
unit area of membrane surface area), transmembrane
pressure, and pore size. Just as the Hagen–Poisseuile
equation can be used to model axial (i.e., lengthwise)
blood flow through an individual hollow fiber, it can
also be employed to assess ultrafiltrate flow through an
individual pore. Thus, the rate of ultrafiltrate flow is
actually dependent on the fourth-power of the pore
radius (i.e., r4). As such, the membrane characteristic
that most directly influences water permeability is mean
pore size. Membrane wall thickness is one important
determinant of diffusive transport. The relatively thin
walled structure of cellulosic membranes (usually 6–15
mm) is largely responsible for their particular suitability
in the setting of diffusive HD. The other major determinant of dialyzer membrane diffusive transport is porosity,
also known as pore density. Based on the cylindrical pore
model described above, membrane porosity is directly
proportional to both the number of pores and the square
of the pore radius (r2). Therefore, the smaller dependence
of membrane porosity on pore size, relative to the case of
water permeability, implies a relatively greater importance
of pore number in determining diffusive permeability.
That the major determinants of flux (r4) and diffusive
permeability (number of pores, r2, and wall thickness)
differ so significantly implies that the two properties can
be independent of one another for a particular hemodialysis membrane. Such is the case for cellulosic highefficiency dialyzers, which typically have very high diffusive permeability values for small solutes but low water
permeability.
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Blood Compartment
A fundamental relationship exists between diffusive clearance and blood flow rate for all solutes. For a given solute,
a graph of clearance versus blood flow rate (QB) has two
domains. In the relatively low QB regime, an effectively
linear relationship exists between these two parameters.
For all solutes, the line defined by this relationship falls
below the line of identity, thus indicating that dialyzer
clearance can never exceed the blood flow rate. For
a given dialyzer, the slope of the line defining this flowlimited regime is inversely related to solute size. Beyond a
certain QB, the curve defining the clearance versus QB
relationship for a given solute/dialyzer combination
demonstrates a plateau. This plateau defines the KoAlimited region. For a given solute/dialyzer combination,
the KoA parameter can be regarded as the maximal clearance attainable under a given set of flow conditions. Both
the QB at which the transition from the blood-flowlimited region to the KoA-limited region and the plateau
clearance value are specific for a given solute/dialyzer combination. For a given solute, an increase in either membrane
diffusivity (KO) or area (A) has the effect of increasing
both the transition QB and the plateau clearance value.
Minimizing the mass transfer resistance in the blood compartment is achieved primarily by the use of relatively high
flow rates (i.e., shear rates) that minimize effects related to
boundary (unstirred) layers. A boundary layer can be
conceptualized as a stagnant film of fluid residing on the
membrane surface. However, another important factor
influencing blood compartment resistance is hematocrit.
Blood is a complex fluid in which red blood cells (RBCs)
are suspended in plasma. Plasma is an aqueous-based
solution but does have a solid component (approximately
7% by volume) consisting of proteins and lipids. The
erythron is also primarily aqueous, with water constituting approximately 70% of the total erythron and the
remaining solid component being comprised primarily
of cellular membranes. Although many uremic solutes
are distributed in the aqueous phase of both the RBC
and plasma fractions of blood, solute removal during
hemodialysis (HD) can occur only from plasma water.
Before actual dialytic removal of solutes with this type of
distribution can be achieved, mass transfer from the RBC
water to the plasma water must occur. In turn, the rate at
which this latter process occurs is solute-specific. Prior
data indicate that urea movement across the RBC membrane is relatively fast. Therefore, during HD, urea in the
plasma water leaving the dialyzer is in equilibrium with
urea in the RBC water, with the ratio of these concentrations (approximately 0.76) being determined by the
ratio of the water fractions of the aqueous and RBC

compartments. On the other hand, the transcellular
rate of movement for other uremic solutes, such as
creatinine and phosphate, is small (or negligible) relative
to the rate of dialytic removal. For a given unit volume of
whole blood, an increase in hematocrit (Hct) causes
a relative increase in the distribution of solute in the
RBC water, resulting in a relative sequestration of solutes
with low RBC membrane diffusivity. The application of
rheologic principles to the flow of blood in a dialyzer
also raises concerns that blood compartment mass transfer may be impaired by increasing Hct. For a given
solute, diffusive mass transfer resistance in the blood
compartment of a dialyzer is the ratio of effective diffusive path length (x) to effective solute diffusivity (D),
both of which may be influenced by Hct. As the volume
comprised by the RBC mass per unit volume of blood
increases with increasing Hct, solutes diffusing to the
membrane surface are relatively more likely to encounter
a RBC, causing an effective lengthening of the diffusion
distance. In addition, solute diffusivity may decrease
as a function of increasing Hct due to the latter’s effect
on viscosity, itself a determinant of mass transfer
resistance.

Determinants of Diffusive Solute Clearance
in CRRT
Relative to conventional hemodialysis, in which solute
clearance is primarily dictated by blood flow rate and
membrane surface area, effluent dialysate flow rate is the
primary determinant of solute clearance in continuous
venovenous hemodialysis (CVVHD). At least with respect
to small solute clearance, saturation of the effluent indicates optimal utilization of the prescribed dialysate
volume. If such saturation is not achieved, the most likely
explanation is a filter of inadequate membrane surface
area. When CVVHD is performed with a relatively small
surface area filter (<0.5 m2), saturation of the dialysate is
only achieved at relatively low dialysate flow rates. For
a 0.4 m2 AN69® filter, Bonnardeaux et al. [2] showed
saturation of the effluent dialysate for urea, and creatinine
is preserved only up to a dialysate flow rate (QD) of
approximately 16.7 mL/min (1 L/h). For QD values in
the 2–3 L/h range (33.3–50 mL/min), although an increase
in QD resulted in an increase in clearance, a divergence
between the urea/creatinine clearance and the effluent
flow rates was observed, indicating non-saturation of the
effluent dialysate. Of course, the greater the degree of nonsaturation, the more inefficient is the procedure.
A more contemporary study [3] involving a larger
surface area AN69® filter (0.9 m2) demonstrates clearly
the important effect of surface area on preserving dialysate
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Comparison of Diffusive and Convective
Solute Removal in Different Acute Modalities
It is important to emphasize that the relationship between
solute clearance and flow rate in diffusive therapies differs
significantly from that in convective therapies. Based on
mass transfer considerations, the expected clearance of
small solutes during CVVHD and post-dilution CVVH
is the same. However, as solute molecular weight
increases, the relevance of diffusion diminishes and the
benefits of convection become increasingly apparent. For
acute dialysis modalities, these principles have been substantiated in both modeling and clinical studies. Liao and
colleagues [4] performed a kinetic comparison of intermittent hemodialysis (daily 4-h treatments), SLED (daily
12-h treatments), and pre-dilution CVVH (ultrafiltration
rate, 35 mL/kg/h). These investigators employed the
equivalent renal clearance concept to compare effective
solute removal for these modalities. Their analyses
indicated similar effective urea clearances for CVVH and
SLED of 33 and 31 mL/min, respectively, both of
which were substantially higher than that delivered by
daily intermittent hemodialysis (21 mL/min). On the
other hand, the estimated B2M clearances for CVVH and
▶ slow extended dialysis (SLED) were 18 and 4 mL/min,
respectively. Daily intermittent hemodialysis with
a high-flux dialyzer was estimated to provide an intermediate B2M clearance of 7 mL/min. The predicted B2M
concentration profiles appear in Fig. 1. The profile specifically predicted for SLED is the result of ongoing solute
generation in the face of no removal by a low-flux filter.
On the other hand, the combination of continuous operation and convection permit CVVH to achieve a significant reduction in B2M concentration over time.
These modeled data are extended by a recent clinical
study in which effluent collections were used to quantify
solute removal in pre-dilution CVVH (2.5 L/h) and
a SLED system utilizing a high-flux filter. (Consistent
with clinical practice in the USA, the above modeling
study employed a low-flux dialyzer.) Indeed, Kielstein
and colleagues corroborated Liao’s findings by demonstrating that urea and creatinine removal during CVVH
and SLED are similar. However, B2M removal was

CVVH
IHD
SLED

5
b2M (mg/dL)

saturation. (The abbreviations are: Cr: creatinine; Ur:
urate; P: phosphate; and B2M: beta2-microglobulin.) For
this larger filter, preservation of effluent dialysate saturation was achieved essentially over the entire QD range, the
only exception being B2M. The high molecular weight of
this compound (approximately 200 times that of urea)
severely limits its diffusive capabilities and, therefore, its
ability to saturate the dialysate.

721

4
3

D

2
1
0
0

1

2

3
4
Time (day)

5

6

7

Diffusive Clearance. Figure 1 Predicted b2-microglobulin
concentration profiles for daily hemodialysis, sustained lowefficiency dialysis, and continuous venovenous hemofiltration
(Reprinted with permission from Elsevier)

two-fold greater in CVVH versus SLED, even with the
use of a high-flux filter in the latter therapy.
A more recent study performed by Ricci and
colleagues [5] reinforces the importance of convection in
achieving solute clearance over a broad molecular weight
spectrum in CRRT. Based on a common prescription of
35 mL/kg/h effluent flow rate, these investigators measured clearance of urea, creatinine, and B2M during
CVVH and CVVHD in a crossover study. The median
urea (31.6 vs. 35.7 mL/min) and creatinine (38.1 vs. 35.6
mL/min) in CVVH and CVVHD, respectively, were
similar. However, median B2M clearance in CVVH
was higher than that in CVVHD (16.3 vs. 6.3 mL/min,
respectively; P = 0.055). It must be emphasized that
this borderline statistically significant difference was
observed despite the fact that this trial was markedly
underpowered.
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applied in an effort to save the most lives via minimally
acceptable care. This may be contrasted to conventional
trauma care which emphasizes the use of maximum available resources for the individual patient. As a medical
practitioner sworn by the Hippocratic Oath, deviating
from this principle is not only difficult to perform, but at
times unsettling and perhaps at odds with our moral
being.
Potential needs to be considered after or during
a disaster include not only those injuries directly related
to the disaster, but also basic needs that are temporarily
disrupted as a result of the disaster such as: shelter, food
and water, electricity, transportation, and communication. These challenges are amplified in populations that
are unable to primarily care for themselves such as the
pediatric, elderly and special needs patients.

Prehospital Triage

Disaster Management
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Synonyms
Disaster preparedness; Mass-casualty event (MCE); Mass
casualty incident

Definition
A disaster is an unplanned event that requires a rapid
response. Disasters may be differentiated into: immediate
or insidious. Immediate disasters involve a sudden surge
of unexpected patients. Examples include bridge collapse,
bombings, explosions, or multi-vehicle accidents. Insidious disasters in contrast produce victims over a longer
span of time, with different peaks in the number and
severity of patients presenting to the hospital. Examples
of insidious disasters include radiation accident, flood,
hurricane, or earthquake.
By definition, in a mass-casualty event, available
resources are outstripped – both in manpower
and resources. Accordingly, the basic premise of disaster
management requires a shift to the battlefield mentality,
meaning that minimal resource availability should be

The Emergency Medical Services (EMS) personnel are
often the first level of response in a disaster. They are
quite adept in management since they routinely perform
emergency duties in response to our nation’s 911 calls
for assistance. All have been trained in field triage, the
provision of first aid, stabilization, and if necessary, the
provision of prehospital casualty decontamination prior
to patient transport. These are the individuals that will
typically activate the incident command system when
a situation has been deemed a disaster.
A disaster creates a unique operating environment.
Contrast a conventional trauma scenario to that of
a mass casualty or disaster situation. In the first, the
hospital environment is secure, volume is small, personnel
are adequate and well trained, resources are abundant, and
the goal is optimal care for every patient. In the latter, the
location may be unfriendly, the volume large, the personnel limited and less experienced, the resources limited,
with the goal being the provision of minimally acceptable
care to the maximum number of patients. Safety and
security must be a high priority for EMS personnel during
disaster situations.
A number of factors underscore the prehospital
response system during a disaster situation: (1) Several
casualties will bypass EMS and go directly to hospitals.
(2) Most casualties will not actually arrive at the hospital
by EMS but by other means such as foot, taxi, bus, police,
or privately owned vehicles. (3) Most casualties will be
transported to the closest hospital – regardless of number
or type of victims presenting to that same facility. (4) Most
decontamination will not be performed at the scene, so
hospitals will need to plan on completing these duties.
(5) Hospital notification of a disaster may not be from
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authorities in the field but from arriving victims or news
media. (6) The least serious casualties often appear first [1].
Simple triage and rapid treatment (START) is a masscasualty triage system that is widely used in the United
States since the 1980s. This system allows users to assign
a triage category or level to a victim: green=minor or
“walking wounded,” red=urgent/critical (immediate limb
or life threat), yellow=delayed (stable urgent injuries), or
black=deceased or expectant. The color-coded level of
triage will ultimately determine the next course of action
for the patient. If a victim can walk, they are automatically
triaged to a green level. If they cannot walk, their breathing
is assessed. If this can be improved by a quick opening of
the airway, then they are triaged a red level. If not, they are
considered a black, and no further intervention should be
administered. A yellow triage is a victim that is breathing,
has a pulse, and is responsive but unable to walk [2].
Although simple in its application, START triage may
not adequately identify those patients with immediate lifethreatening injuries as well as those with significant but
more stable injuries. Under-triage represents the underestimation of injury or illness. In conventional trauma, overtriage to 50% is often suggested to be beneficial to keep the
under-triage level below the acceptable range of 5%.
In mass-casualty events, however, over-triage can be
disastrous because it reduces the likelihood that patients
considered non-critically injured in the field will
receive treatment for hidden or delayed critical injuries.
One method to minimize over-triage is to have it be
performed by hospital medical teams in lieu of EMS
personnel [3].
START appears to be particularly effective in prioritizing patients for transport to receiving hospitals. EMS
personnel should aim for an accurate triage balance and
avoid overcrowding of hospitals.

Incident Command System (ICS)
The Incident Command System is a flexible hierarchical
management and procedure system developed in California in the 1970s in response to an outbreak of wildfires.
Since 2003 and the passage of the Homeland Security
Directive, the ICS has been implemented and is currently
utilized by all federal, state, and local agencies in the
United States. US Agencies are unable to obtain federal
funding for disaster preparedness unless they utilize the
ICS. The ICS system was expanded and integrated into the
National Incident Management System (NIMS) as part of
the National Response Plan (NRP). The ICS system is also
used widely in the United Kingdom and Canada. The
United Nations has recommended that it become an international standard.
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The ICS is designed to be able to handle a disaster or
emergency response of any scale or complexity; however, it
is not a perfect system and not applicable to all situations.
It takes time to activate and may therefore not be best
utilized for immediate disasters. Because of the fact that
the control of the acute phase of a sudden mass-casualty
incident is extremely difficult, some authors advocate
utilization of the Israeli system for managing immediate
mass-casualty incidents. Israel’s Office of Emergency Preparedness of the Israeli Ministry of Health has produced
national standard templates or protocols for disaster. Each
hospital modifies the standard protocols according to
geographical location, surge capacity, and clinical capabilities. They are revised and modified periodically
depending on new or current threats and knowledge
learned from training exercises. A particular advantage of
this system is that such protocols may be readily adaptable
to any MCI and are specific for conventional, chemical,
biological, and radiological mass-casualty incidents. The
concept is that the response plan for an immediate MCI
has to be different than the plan for a protracted or
insidious MCI. The command center of an immediate
MCI is the emergency department, where essential and
immediate decisions need to be made and coordinated. In
cases of limited surgical personnel, emergency medicine
physicians experienced in trauma triage and management
serve as triage officers permitting the surgical personnel
to attend to those patients requiring urgent operative
intervention [4].
If utilizing ICS, it should be implemented at the time
of an incident usually by the most senior prehospital
provider and carried out until there is no longer
a requirement for management of the incident. In theory,
this response mechanism provides a common framework
for performance by people from multiple different agencies not accustomed to working together. It can be
expanded or contracted depending on the size of the
disaster. This management system provides for the ability
to control personnel, equipment, communication, facilities, and funds. It breaks down the response to the disaster
into separate management areas. The incident commander coordinates the disaster response. This may consist of one or multiple deputies from the same or different
agencies. The operations section does the fieldwork in
response to the disaster. This includes items such as temporary housing, medical care, and water distribution and
debris detail. The planning section prepares the incident
action plan. The logistics section handles all service and
support. Finance and administration section monitors the
costs. It is probably best utilized for protracted or insidious mass-casualty incidents. (See Fig. 1).
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Hospital Planning
Most hospitals should already have disaster plans in place.
The plans that will be most successful follow a few key
concepts. A hospital is only deemed capable of accepting
MCI patients if it is able to provide care for one severely
injured patient, 24 h a day. The maximum number of
victims any hospital can reasonably accommodate during
a MCI is 20% of the total number of registered beds. The
expected distribution of victims by severity is 20% severe
or with an immediate threat to life, 30% moderate or an
injury that could become a threat to life over the next
several hours, and 50% mild. In reality, only 10% of the
severely injured will require some sort of emergent surgery, but up to 50% of all patients will require some sort or
surgery eventually [5]. Adequate number and distribution
of critical personnel needs to be performed based upon the
predicted number and severity of victims. These personnel
include: doctors, nurses, respiratory therapists, escorts or
transporters, clerks, radiology technicians, blood bank
and laboratory technicians, administrators, and security
guards. The anticipated need for ventilators, monitors,
trauma/intensive care carts, stretchers, wheelchairs, and
blood products should be considered [3].
Hospitals should have designated areas for triage,
alternate treatment sites, and a family waiting and information center. A family information center is crucial to

aid in unloading the emergency department. For each
MCI patient, one can expect three to five family members
will arrive to the hospital. This area should be supplied
with food and drinks, psychologists, social workers, and
Polaroid or digital pictures of the casualties.
Hospitals should have a personnel call-in plan
designed to overestimate requirements by 30% above
baseline. All personnel should be called-in at once.
Hospital drills are necessary and required to test the ability
of the hospital to function as an integrated and
unified unit. A well-performed drill should stress the
entire system leading to improved success of a hospital
response plan.

National Disaster Medical System
(NDMS)
This is a federally coordinated system that augments the
medical response capability in the United States. Its purpose is to temporarily assist federal, state, and local
authorities in dealing with the medical and public health
impacts of major disasters. This agency falls under the
Department of Health and Human Services. It recruits,
trains, and deploys teams, called Disaster Medical Assistance Teams (DMATs). These teams are created to be
a rapid-response element to supplement local medical
care until other Federal resources can be mobilized or
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the situation resolves. These teams have sufficient supplies
and equipment to be self-sustaining for up to 72 h.

Communication
During a disaster, one should assume a complete breakdown of communication and, therefore, backup systems are
essential. Communication will be difficult and a cause of
great frustration as it is an essential component for field
function, triage, and inhospital care coordination. One
should anticipate and assume that conventional communication systems are destroyed. The impediment of information exchange is several fold: (1) If cellular systems and
telephone lines are not destroyed, their circuits are quickly
overloaded and unusable. (2) Radio channels are
overloaded. (3) Lack of common radio frequencies by
EMS organizations for communication. What can be utilized? Portable two-way radios with dedicated channels for
users provide a reliable form of communication. This will
allow for communication between the triage area, treatment
sites, operating room, and family waiting room and hospital
incident command. A digital call-up system that immediately notifies hospital personnel of a disaster is essential to
providing sufficient staffing during the disaster [5].

Special Populations
Special consideration will be necessary for those individuals affected by a disaster. This includes those that are
debilitated or confined to their homes, those in nursing
homes, infants and small children, and the mentally
handicapped. Mental health and social services will also
be in high demand. The pediatric population must not be
overlooked. They will require pediatric specific equipment, and several of the federal and military agencies
lack adequate quantities of these.

has been successful in utilizing multidisciplinary teams.
Critical care physicians, surgeons, nurse practitioners, and
other health-care providers work as a cohesive team. This
approach improves the management of many critically ill
patients. Ideally, hospitals should utilize the redistribution
concept for personnel allowing for staff to be transferred
to various areas of the hospital based upon need.

Infectious Disease Disasters
Infectious diseases are also capable of causing large-scale
disasters. The 2009 international crisis caused by the airborne disease H1N1 is a good example. This pandemic
scare involved federal, state, and local government involvement. Contact transmitted diseases such as multidrugresistant S. aureus (MRSA) infections have also caused
nationwide concern. Food-born diseases caused by bacterial pathogens can also turn into a disaster for example the
US Salmonella tainted peanut butter recall or spinach
contaminated with Escherichia coli O157:H7 scare in 2006.

Future Considerations
A successful response to any MCI requires preparation,
planning, and practice before the actual event. It is impossible to plan for all types of disaster, but one must plan for
the right event. This preventive medicine mentality will
require cooperation, open communication, and unification of efforts at all levels in the health-care industry and
the government assisting in those efforts.
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Previous US experience has proven that intensive care will
be required in disaster response for terrorist attacks, infectious epidemics, and large-scale natural disasters. Information from the Madrid train bombing in 2004 that
produced over 2,000 casualties within minutes demonstrate that the intensive care unit is rarely a hospital bottleneck. This is fortunate, as the United States has suffered
from shortages of clinicians trained in critical care and the
ability to provide mass critical care on an extensive level.
Reasons include the significant amount of time necessary
to deploy and set up appropriate hospital facilities, as well
as the significant required resources. Of note, technologically advanced equipment and critical care is logistically
difficult to coordinate during these time frames.
To remediate some of these difficulties, the US military
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Disseminated Intravascular
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Based on recently accumulated knowledge on DIC, the
subcommittee on DIC of the International Society on
Thrombosis and Haemostasis has established
a consensual definition of DIC that is as follows: “DIC is
an acquired syndrome characterized by the intravascular
activation of coagulation with loss of localization arising
from different causes. It can originate from and cause
damage to the microvasculature, which if sufficiently
severe, can produce organ dysfunction” [3].
It is important to emphasize that DIC is not a disease
in itself but is always secondary to an underlying disorder.
The underlying disorders most commonly known to be
associated with DIC are listed in Table 1.
Bacterial infection, in particular septicemia, is often
associated with DIC. However, systemic infections with
other microorganisms, such as viruses and parasites, may
lead to DIC, as well. Factors involved in the development
of DIC in patients with infections may be bacterial endotoxins (e.g., from Gram negative bacteria) or exotoxins
(e.g., staphylococcal alpha toxin). These components may
cause a generalized inflammatory response, characterized
by the systemic occurrence of cytokines. Cytokines are
mainly produced by activated mononuclear cells and
endothelial cells and are responsible for the derangement
of the coagulation system in DIC.
Severe trauma is another clinical condition frequently
associated with DIC. A combination of mechanisms –
including release of tissue material (fat, phospholipids)

Synonyms
Diffuse intravascular
coagulopathy

coagulation;

Consumption

Definition
Disseminated intravascular coagulation (DIC) is
a syndrome that may complicate a variety of diseases
[1, 2]. Essentially, the term DIC comprises a clinicopathological state in which a widespread systemic activation of coagulation occurs, leading to thrombotic
obstruction of small and mid-size vessels. This thrombus
formation may hamper an adequate blood supply to various organs and may therefore contribute to multiple
organ dysfunction. Due to ongoing activation of the coagulation system and other factors, such as impaired synthesis of platelets and coagulation proteins and increased
degradation, exhaustion of coagulation factors, protease
inhibitors, and platelets may occur. This situation may
lead to a severe impairment of coagulation and may result
in serious bleeding, in particular in patients that are at risk
for major blood loss, such as perioperative patients or
trauma patients. In fact, bleeding may dominate the clinical picture of a patient with DIC.

Disseminated Intravascular Coagulation. Table 1 Clinical
conditions that may be associated with disseminated intravascular coagulation (DIC)
● Sepsis/severe infection (any microorganism)
● Trauma (e.g., polytrauma, neurotrauma, fat embolism)
● Organ destruction (e.g., severe pancreatitis)
● Malignancy
– Solid tumors
– Myeloproliferative/lymphoproliferative malignancies
● Obstetrical calamities
– Amniotic fluid embolism
– Abruptio placentae
● Vascular abnormalities
– Kasabach–Merritt Syndrome
– Large vascular aneurysms
● Severe hepatic failure
● Severe toxic or immunologic reactions
– Snake bites
– Recreational drugs
– Transfusion reactions
– Transplant rejection
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into the circulation, hemolysis, and endothelial damage –
may contribute to the systemic activation of coagulation.
In addition, there is solid evidence that cytokines play
a pivotal role in the occurrence of DIC in trauma patients
as well. In fact, systemic cytokine patterns have been
shown to be virtually identical in trauma patients and
septic patients.
Both solid tumors and hematological malignancies
may be complicated by DIC. There is increasing evidence
that tissue factor expressed by cancer cells is important in
the pathogenesis of DIC in cancer. Solid tumor cells can
also express other procoagulant molecules, such as cancer
procoagulant, a cysteine protease with factor X activating
properties. A specific form of DIC is frequently encountered in acute promyelocytic leukemia, which is characterized by a severe hyperfibrinolytic state in addition to an
activated coagulation system.
Acute DIC occurs in obstetrical calamities, such as
placental abruption and amniotic fluid emboli. Amniotic
fluid has been shown to be able to activate coagulation in
vitro, and the degree of placental separation correlates
with the extent of DIC, suggesting that leakage of thromboplastin-like material from the placental system is
responsible for the occurrence of DIC. Although the coagulation system may be activated in patients with preeclampsia, and HELLP (hemolysis, elevated liver enzymes,

Mononuclear
cells

Pro-inflammatory cytokines

D

and low platelets) syndrome, it is subclinical and overt
DIC only occurs in a small percentage of patients, usually
occurring in patients with an abruptio placentae or some
other complication.
Vascular disorders, such as large aortic aneurysms or
giant hemangiomas (Kasabach–Merritt syndrome), may
result in local activation of coagulation. Activated coagulation factors can ultimately “overflow” to the systemic
circulation and cause DIC, but more common is the
systemic depletion of coagulation factors and platelets as
a result of local consumption.
In recent years, many mechanisms involved in the
pathological derangement of coagulation in patients with
DIC have been elucidated. It is now clear that various
mechanisms at different sites in the hemostatic system
act simultaneously in the promotion of a procoagulant
state (Fig. 1). The most important mediators that orchestrate this unbalance of the coagulation system in DIC are
cytokines. The initiation of coagulation activation leading
to thrombin generation in DIC is mediated exclusively by
the tissue factor/factor VIIa pathway. Inhibition of tissue
factor or factor VIIa resulted in a complete abrogation
of endotoxin- or microorganism-induced thrombin
generation. The most important source of tissue factor
is not completely clear in all situations. Tissue factor
may be expressed on mononuclear cells in response to

(micro)vascular
thrombosis

Tissue factormediated thrombin
generation
expression

Modulation of
inflammation

Impairment of
anticoagulant
mechanisms

Inhibition of
fibrinolysis due to
increased PAI-1

Vascular endothelial cells

Disseminated Intravascular Coagulation. Figure. 1 Schematic representation of pathogenetic pathways involved in the
activation of coagulation in DIC. During a severe systemic inflammatory response, both perturbed endothelial cells and activated
mononuclear cells may produce cytokines that mediate coagulation activation. Activation of coagulation is initiated by tissue
factor expression on activated mononuclear cells and endothelial cells. In addition, downregulation of physiological
anticoagulant mechanisms and inhibition of fibrinolysis by endothelial cells will further promote intravascular fibrin deposition.
PAI-1: plasminogen activator inhibitor, type 1
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pro-inflammatory cytokines (mainly IL-6) but also on
vascular endothelial cells or on cancer cells. Despite the
potent initiation of coagulation by tissue factor, the activation of coagulation cannot be propagated if physiological
anticoagulant pathways function properly. However, in
DIC all major natural anticoagulant pathways (i.e., antithrombin III, the protein C system, and tissue factor pathway inhibitor (TFPI)) appear to be impaired. Plasma levels
of antithrombin III, the most important inhibitor of
thrombin, are markedly reduced during DIC, due to a
combination of consumption, degradation by elastase
from activated neutrophils, and impaired synthesis. A significant depression of the protein C system may further
compromise an adequate regulation of activated coagulation. This impaired function of the protein C system is
caused by a combination of impaired protein synthesis,
cytokine-mediated downregulation of endothelial
thrombomodulin, and a fall in the concentration of
the free fraction of protein S (the essential cofactor of
protein C), resulting in reduced activation of protein C.
Lastly, there seems to be a disbalance of TFPI function in
relation to the increased tissue factor-dependent activation
of coagulation. Interestingly, all these anticoagulant pathways are linked to the endothelium, and it is likely that
endothelial cell perturbation and dysfunction is important
for the impaired function of these anticoagulant systems.
Lastly, and importantly, experimental and clinical studies
indicate that during DIC the fibrinolytic system is largely
suppressed at the time of maximal activation of coagulation. This inhibition of fibrinolysis is caused by a sustained
rise in the plasma level of plasminogen activator inhibitor1 (PAI-1), the principal inhibitor of the fibrinolytic system.

Treatment
Key to the treatment of DIC is the specific and vigorous
treatment of the underlying disorder. However, additional
supportive treatment, specifically aimed at the coagulation abnormalities, may be required [4].
Low levels of platelets and coagulation factors may
increase the risk of bleeding. However, plasma or platelet
substitution therapy should not be instituted on the basis
of laboratory results alone, but is only indicated in
patients with active bleeding and in those requiring an
invasive procedure or otherwise at risk for bleeding complications. The threshold for transfusing platelets
depends on the clinical situation of the patient. Based on
expert opinion, platelet concentrate is in general transfused to patients who bleed and who have a platelet count
of <50  109/l. In non-bleeding patients, a much
lower threshold for platelet transfusion is used (usually
<10–20  109/l), which is based on randomized

controlled trials in patients with thrombocytopenia following chemotherapy. It may be necessary to use large
volumes of plasma to correct the coagulation defect.
Coagulation factor concentrates, such as prothrombin
complex concentrate, will overcome this obstacle, but
these compounds lack essential factors, such as factor V.
Moreover, in older literature caution is advocated with the
use of prothrombin complex concentrates in DIC, since it
may worsen the coagulopathy due to small traces of activated factors in the concentrate. It is, however, not clear
whether this is still relevant for the concentrates that are
currently in use. Specific deficiencies in coagulation factors, such as fibrinogen, can be corrected by administration of purified coagulation factor concentrates.
Based on the notion that DIC is characterized by
extensive activation of coagulation, anticoagulant treatment may be a rationale approach. Experimental studies
have shown that heparin can at least partly inhibit the
activation of coagulation in DIC. A large trial in patients
with severe sepsis supports a slight (nonsignificant) benefit of low dose heparin on 28-day mortality and underscores the importance of not stopping heparin in patients
with DIC and abnormal coagulation parameters. Theoretically, the most logical anticoagulant agent to use in DIC is
directed against tissue factor activity. Phase II trials of
recombinant TFPI in patients with sepsis showed promising results, but a phase III trial did not show an overall
survival benefit in patients that were treated with TFPI.
The use of agents that are capable of restoring the
dysfunctional anticoagulant pathways in patients with
DIC has been studied relatively intensively. Antithrombin
concentrate has been available since the 1980s and most
trials with this compound showed some beneficial effect in
terms of improvement of laboratory parameters, however,
none of the trials demonstrated a significant reduction of
mortality. A large-scale multicenter randomized controlled trial to directly address this issue also showed no
significant reduction in mortality of septic patients who
were treated with antithrombin concentrate. Interestingly,
the subgroup of patients that had DIC and that did not
receive heparin showed a survival benefit, but this finding
needs prospective validation. Based on the notion that
depression of the protein C system may significantly contribute to the pathophysiology of DIC, supplementation
of activated protein C might potentially be of benefit.
Indeed, in experimental sepsis studies activated protein
C was shown to be effective in reducing mortality and
organ failure. The clinical efficacy of activated protein C in
severe sepsis was demonstrated in a large randomized
controlled trial. Mortality was 24.7% in the activated
protein C group as compared with 30.8% in the placebo
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group (relative risk reduction 19.4%, 95% confidence
interval, 6.6–30.5). A post-hoc analysis showed that in
particular, patients with DIC had the highest benefit of
activated protein C treatment. Later studies confirmed
the ability of activated protein C to normalize coagulation
activation during severe sepsis. Of note, activated protein C
appears to be relatively more effective in higher disease
severity groups and a prospective trial in septic patients
with relatively low disease severity did not show any benefit
of activated protein C.
In general, the use of prohemostatic agents in patients
with DIC is not recommended, since this may theoretically worsen the coagulopathy. There are some reports of
the successful use of prohemostatic agents, in particular
recombinant factor VIIa in patients with DIC and lifethreatening bleeding, but the efficacy and safety of this
treatment in DIC is unknown. Interestingly, the administration of factor VIIa seemed not to result in an aggravation of the DIC in these patients.

Evaluation/Assessment
No single laboratory test available today is sufficiently
accurate to allow a definite diagnosis of DIC. Tests for
the detection of soluble fibrin or fibrin degradation products (FDPs) play an important role in the diagnosis of DIC
and have a sensitivity from 90% to 100%, but generally
a low specificity. In addition, there is quite some discordance among various assays. Measurement of fibrinogen is
often advocated as a useful tool for the diagnosis of DIC
but in fact is not very helpful. Fibrinogen acts as an acutephase reactant and, despite ongoing consumption, plasma
levels can remain well within the normal range for a long
time. In a consecutive series of patients, the sensitivity of
a low fibrinogen level for the diagnosis of DIC was only
28%, and hypofibrinogenemia was detected in a very small
number of severe cases of DIC only. Sequential measurements of fibrinogen might be more useful. In clinical
practice, a diagnosis of DIC can often be made by
a combination of platelet count, measurement of global
clotting times (aPTT and PT), measurement of 1 or 2
clotting factors and inhibitors (such as antithrombin),
and a test for FDPs. A scoring system, utilizing such simple
laboratory tests has been developed by the subcommittee
on DIC of the International Society on Thrombosis and
Haemostasis (Table 2), and has been prospectively validated in various studies, indicating a sensitivity and specificity around 95% [5]. Other studies show that serial
coagulation tests may also be helpful in establishing the
diagnosis of DIC. A progressive reduction in the platelet
count or prolongation of coagulation times may be
a sensitive (though not specific) sign of DIC.
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Disseminated Intravascular Coagulation. Table 2 Diagnostic algorithm for the diagnosis of overt disseminated intravascular coagulation (DIC)
1. Risk assessment: Does the patient have an underlying
disorder known to be associated with overt DIC?
If yes, proceed. If no, do not use this algorithm.
2. Order global coagulation tests (platelet count,
prothrombin time [PT], fibrinogen, soluble fibrin
monomers, or fibrin degradation products)
3. Score global coagulation test results:
● Platelet count (>100 = 0, <100 = 1, <50 = 2)
● Elevated fibrin-related marker (e.g., soluble fibrin
monomers/fibrin degradation products) (no increase: 0,
moderate increase: 2, strong increase: 3)
● Prolonged prothrombin time (<3 s = 0, >3 but <6 s = 1,
>6 s = 2)
● Fibrinogen level (>1.0 g/L = 0, <1.0 g/L = 1)
4. Calculate score
5. If 5: Compatible with overt DIC; repeat scoring daily
If <5: Suggestive (not affirmative) for non-overt DIC;
repeat next 1–2 days

Prognosis
The clinical relevance of DIC leading to severe thrombocytopenia and low levels of coagulation factors in patients
with serious, sometimes untreatable, bleeding is quite
obvious. However, major bleeding occurs in only
a minority of patients with DIC. The incidence of major
bleeding (i.e., intracranial, or intrathoracic, or intraabdominal bleeding, or bleeding requiring transfusion)
in patients with DIC was 5–12% in recent studies in
patients with severe sepsis. Critically ill patients with
a platelet count of <50  109/l have a four- to fivefold
higher risk for bleeding as compared to patients with
a higher platelet count. In 88% of patients with intracerebral bleeding in the ICU, platelet counts were less than
100  109/l.
More common is the occurrence of organ failure and
there are several lines of evidence indicating that activation of coagulation (in its most extreme form manifesting
as DIC) has an important pathogenetic role in the development of organ failure. First, many organs show fibrin
deposition at pathological examination and the presence
of intravascular thrombi appears to be clearly related to
the clinical dysfunction of the organs. Autopsy findings
in patients with overt DIC include diffuse bleeding,
hemorraghic necrosis, microthrombi in small blood vessels, and thrombi in mid-size and larger arteries and veins.
Fibrin deposition in small and mid-size vessels in patients
with DIC in these studies was invariably associated with
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ischemia and necrosis and to clinical dysfunction of
organs. Also, intravascular and bronchoalveolar fibrin
deposition is a hallmark of acute lung injury in sepsis or
other conditions. Second, experimental bacteremia or
endotoxemia in animals causes intra- and extravascular
fibrin deposition in kidneys, lungs, liver, and brain and
amelioration of the hemostatic defect improves organ
failure and, in some cases, mortality. Finally, DIC has
been shown to be an independent and relatively strong
predictor of organ dysfunction and mortality in patients
with sepsis and severe trauma. In patients with sepsis and
DIC, mortality is almost two times higher as compared
with patients who do not have DIC.
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endemicity include Appalachia and the southeastern
states. Some studies estimate prevalence reaching 4% in
Kentucky and Tennessee [2, 3]. Certain populations are at
higher risk for infection, including those hospitalized in
mental institutions, homosexual men, and those exposed
to daycare [1]. Additionally, strongyloides is a known
cause of persistent diarrhea in international travelers [4].
Although strongyloides infection is much less common
than other major intestinal nematodes worldwide, its
unique life cycle contributes to its clinical significance
and potential severity of illness. Understanding its pathogenesis will greatly assist in clinical recognition and effective treatment.
In the parasitic cycle, infective filariform larvae enter
through intact human skin and migrate to the lungs via
the bloodstream. Once in the lungs, the larvae then ascend
the tracheobronchial tree to the pharynx, where they are
swallowed and eventually settle in the GI tract [3]. In the
gut, the larvae penetrate the mucosal epithelium, most
often in the proximal small intestine (Fig.1), where they
produce eggs by parthogenesis [1]. The eggs hatch within
the mucosa into rhabditiform larvae, which migrate into
the bowel lumen to be excreted with stool. In the freeliving life cycle, after excretion, these rhabditiform larvae
can then molt twice to become infective filariform larvae,
or molt 4 times to become adult free-living males and
females, which can then reproduce sexually. The females
can then produce eggs which hatch into rhabditiform
larvae, restarting the free-living cycle. Alternatively, small
numbers of rhabditiform larvae develop rapidly into
infective filariform larvae while still in the bowel lumen,
which can reinvade the host through the colonic mucosa
or the perianal skin. This process is called autoinfection
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Definition
Strongyloides stercoralis, an intestinal nematode which
infects an estimated 3–100 million people worldwide, is
endemic in the tropics and subtropics, as well as in parts of
Europe, Japan, and Australia [1]. In the USA, areas of

Disseminated Strongyloidiasis. Figure 1 Larval form found
in the mucosa of the small intestine

Disseminated Strongyloidiasis

and allows the parasite to persist indefinitely within the
host. When unchecked by a normal functioning immune
system, autoinfection can lead to the syndromes of
hyperinfection and dissemination [1].
Clinical syndromes occur in response to the migration
and life cycle of the worms, although over 50% of patients
chronically infected with strongyloides are asymptomatic.
Acute infection is characterized by the following stages.
Larval skin penetration may cause a localized erythematous and pruritic popular rash. Larva currens,
a pathognomonic manifestation of this phenomenon, is
a serpiginous pattern following the migration of the larvae
through the subcutaneous tissues, traveling up to 10 cm an
hour. Several days after the initial penetration, patients
may exhibit pulmonary symptoms, such as cough or
wheeze, and eosinophilia which correspond to larval
migration through the lungs, or Loeffler’s syndrome.
These symptoms are more common and prominent in
those with underlying lung pathology, such as chronic
obstructive pulmonary disease. Diarrhea and abdominal
pain occur several weeks later, just prior to the appearance
of larvae in stool. The autoinfective cycle then usually
leads to a process of chronic uncomplicated infection in
the normal host. Although many patients are asymptomatic, others may exhibit recurrent urticarial rashes, especially in the buttocks, perineum, and thighs [1].
Additionally, the worms can cause symptoms wherever
they invade. Chronic symptoms include intermittent nausea and vomiting, bloating, borborygmus, epigastric pain,
constipation, recurrent asthmatic symptoms, and
nephrotic syndrome [5]. Seventy-five percent of patients
exhibit a fluctuating peripheral eosinophilia [3].
Hyperinfection is characterized by accelerated autoinfection, which results in a greatly increased worm burden.
This acceleration of autoinfection is most often a result of
immunosuppression or otherwise decreased immune status and results in signs and symptoms of increased
larval migration and invasion along the life cycle [5].
Disseminated strongyloidiasis is defined as the migration
of larvae outside the normal life cycle of strongyloides into
areas such as the central nervous system, liver, gall
bladder, heart, pancreas, skeletal muscle, kidneys, and
ovaries [5]. However, the clinical significance of
distinguishing hyperinfection from dissemination is
unclear, as hyperinfection can easily cause fatality in the
absence of diagnosed dissemination, and dissemination
has been noted, at least experimentally, in the absence of
hyperinfection [5]. For the purposes of description and
treatment, we will consider them together. The most common risk factors for the development of hyperinfection
and dissemination are coinfection with HTLV-1 and
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steroid administration, although other immunosuppressive medications, solid organ transplantation (particularly
kidney), hematologic malignancies, alcoholism, and
hypogammaglobulinemia have also been associated with
increased risk [1, 3].
Hyperinfection occurs in an estimated 2.5% of
patients infected with Strongyloides stercoralis. Clinical
manifestations are mostly caused by the increased worm
burden. Abdominal symptoms worsen in severity and
include malabsoprtion, enteritis, nausea, vomiting, and
diarrhea [1, 3]. Mucosal ulceration has been well
documented and can occur anywhere along the GI tract
[1, 5]. Bowel edema results from heavy infection and can
lead to paralytic ileus and bowel obstruction. Pulmonary
syndromes vary in intensity from absent to severe, and may
include Loeffler’s syndrome with cough, wheeze, shortness
of breath, and transient infiltrates, to recurrent bronchial
asthma, bronchopneumonia, sometimes with abscess formation, to ARDS and alveolar hemorrhage [2, 5]. Peripheral eosinophilia may be absent in hyperinfection,
especially in the immunosuppressed. However, when present, eosinophilia usually portends a better prognosis [5].
Extraintestinal foci of infection by enteric flora, including
Klebsiella, Escherichiae, Enterobacter, Bacteroides, Proteus, Pseudomonas, Candida, Enterococcus, and Streptococcal species occur by one of two mechanisms: enteric
bacteria gain access to the blood stream via mucosal ulceration, or the bacteria may travel with the migrating larvae
to distant sites [1, 5]. Disseminated infection often
results in liver or renal abscesses. Central nervous system
invasion results in meningitis (often gram negative or
polymicrobial), brain abscess, and detectable larvae in
tissue and cerebrospinal fluid [1].
Diagnosis of strongyloides infection traditionally has
relied on the detection of larvae in stool via direct microscopic exam or by culture in an agar plate with examination for serpiginous tracks indicating larval movement.
Culture is the most sensitive microscopic method, but this
method requires several days for cultures to incubate and
serial examinations for adequate sensitivity. Culture of
a single stool specimen is only approximately 30% sensitive in uncomplicated infection due to the low numbers of
larval excretion [1]. Sensitivity approaches 50% with three
serial samples and nears 100% with seven serial samples
[6]. Due to the low sensitivity of stool examinations,
sampling of duodenal or other small bowel fluid using
esophagoduodenoscopy or the string test can be utilized;
however, the invasiveness of these tests make them less
than ideal [1]. Fluctuating eosinophilia occurs in up to
75% of patients with uncomplicated infection; however,
this finding is obviously nonspecific and may be absent in
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more serious infection [3]. Hyperinfection is more easily
diagnosed due to the increased numbers of larvae, which
can be found in stool and sputum, or any body fluid or
tissue of any affected organ [1]. More recently, serologic
tests have been developed to assist in screening at-risk
patients. ELISA sensitivities are reported at 83–93% with
95–97.7% specificities [4]. Positive serologies are strongly
correlated with active infection and often convert to negative with eradication of infection; however, positive serologies may persist in patients from endemic areas and in
those infected for extended periods. Therefore, positive
serology may represent prior infection in a few previously
treated patients. Additionally, false positives occur in
patients with other parasitic infections such as filariasis,
schistosomiasis, and ascariasis [3, 6]. Sensitivity may be
decreased in patients with HTLV-1 infection or hematologic malignancies [2]. Currently, recommendations
include screening patients at risk for either infection or
hyperinfection with serology and to follow positive
screening with three serial stool exams [3].

Treatment
The treatment of strongyloides infection varies based on
the severity of disease. Given the ability of the parasite to
persist indefinitely within the intestine, the goal of treatment is complete eradication. For uncomplicated infection, the cornerstone of treatment historically has been the
“-azole” class of anti-parasitics. Thiabendazole 75 mg/kg
twice a day for 3 days was the drug of choice for many
years with efficacy rates estimated anywhere from 67% to
90%. However, side effects occur in up to 95% of patients
receiving the medication and consist of nausea, vomiting,
foul-smelling urine, malaise, dizziness, and headache.
Additionally, erythema multiforme and toxic epidermal
necrolysis have been noted [2, 5]. Albendazole 400 mg
twice a day for 7 days is generally much better tolerated
with few side effects; however it is less effective, clearing
the stool of larvae in only 38–45% of patients.
Mebendazole has been used, but very little literature exists
regarding its efficacy [5]. In recent years, ivermectin
200 mg/kg daily for 1–2 days has become the drug of
choice, with an efficacy similar to thiabendazole and
a minimal side effect profile [1, 5]. Ivermectin is structurally similar to macrolides but has no antibacterial activity.
It is highly protein bound, and drug levels may be
decreased in hyperinfection due to decreased albumin
levels and possibly increased drug clearance. Ivermectin
is not recommended for children less than 5 years old or
pregnant or lactating women. Thiabendazole is approved

in children and is considered pregnancy class C, although
teratogenicity in animals has been observed [3].
Treatment of hyperinfection and disseminated infection should be initiated rapidly and aggressively with antibacterials covering enteric pathogens and an extended
course of anti-helminthics. Clinicians should conscientiously evaluate for associated bacterial infection. Central
nervous system involvement should be evaluated with
cerebrospinal fluid sampling and computed tomography
imaging of parenchyma to evaluate for the presence of
meningitis and/or brain abscess. If present, antibacterial
therapy should be tailored to central nervous system
penetration. Hospitalized patients should be isolated to
prevent transmission via close contact. Family members
should be screened for infection.
Both thiabendazole and ivermectin have been used
with success in hyperinfection [5]. Since the autoinfective
cycle lasts 2 weeks, anti-helminthics should be continued
at least 2 weeks after symptoms resolve and larvae are no
longer detectable. When hyperinfection progresses to paralytic ileus and/or bowel obstruction, treatment becomes
much more complicated due to decreased absorption of
oral anti-helminthics. In these cases, rectal thiabendazole
1.5 g in 500 mg/ml solution twice a day has been effective
[2]. However, advanced hyperinfection may be refractory
to intraluminal administration. Case reports note
the success of subcutaneously administered parenteral
ivermectin; however, this formulation is only approved
for veterinary use [3, 4]. Additionally, there may
be a role for combination therapy in hyperinfection;
however, little literature exists to support this [3].
If possible, any immunosuppressive agents should be
removed, but often this is not feasible. If the immunosuppressive condition continues, repeated courses may
be necessary.
Given the severity of hyperinfection, prevention is
of
utmost
importance.
In
endemic
areas,
immunosuppressed patients should be educated on the
need for shoes and avoidance of exposure to fecal material
in soil, common areas, and in streams and waterways.
Patients exposed to areas or populations of high endemicity should be screened for the presence of strongyloides.
Due to the chronic nature of strongyloides infection, these
populations include less commonly recognized individuals such as veterans of wars in Southeast Asia,
the institutionalized mentally ill, and retired coal miners
from Appalachia [1, 5, 6]. At-risk patients with HTLV-1
or those who are undergoing planned immunosuppression, especially steroids or chemotherapy, should be
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aggressively screened with a low threshold for preemptive treatment. These patients should also be screened
intermittently as long as the predisposing condition
persists [5].

Evaluation/Assessment
Effectiveness
Due to the ability of strongyloides to persist within the
host chronically for years, the goal of therapy is eradication. Clinicians should strongly consider test of cure with
serial stool exams. Patients at risk for hyperinfection are
also at risk for treatment failure and relapse. In particular,
refractoriness to treatment has been noted in patients
with concurrent HTLV-1 infection and in those with
hypogammaglobulinemia [3, 5]. Generally, patients
whose immunosuppressive conditions will persist should
undergo close monitoring during the 3 months following
treatment, with serial stool exams, serologies, and complete blood count monitoring. Persistent positive serologies or eosinophilia may indicate treatment failure, even
in the presence of negative stool exams [1, 3]. Some
patients at high risk receiving chemotherapy or high
dose steroids should receive treatment every 2–4 weeks
or prolonged ivermectin until immunosuppression is
complete [1, 5].

Tolerance
Of all the antihelminthics available for treatment of
Strongyloides stercoralis infection, ivermectin and
albendazole are best tolerated with a low side effect profile.
Ivermectin and thiabendazole are most effective, with cure
rates approaching 90% in uncomplicated disease. Thiabendazole is less well tolerated; however, with an incidence
of side effects up to 95%. Therefore, ivermectin has
become the drug of choice, except in children less than 5
years of age and pregnant or lactating women. In these
special populations, thiabendazole remains the best
option despite a 95% incidence of side effects and
unknown teratogenic potential [5].

Pharmacoeconomics
Treatment costs for strongyloidiasis vary based on
length of therapy. Both ivermectin and thiabendazole are
dosed per kilogram of patient weight. For a 75 kg patient,
the appropriate oral dose of imvermectin is 15 mg daily.
Based on Average Wholesale Prices, ivermectin would cost
approximately $26.11 a day. Albendazole 400 mg twice
a day costs an average of $44.24 for a 7-day course.
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Unfortunately, thiabendazole is not currently available
commercially in the USA.

After-care
Continuing care after diagnosis and treatment centers
around prevention of recurrence, treatment failure, and
reinfection. Test-of-cure and intermittent re-screenings
help to identify treatment failures and patients at risk for
hyperinfection. Repeated or prolonged courses of antihelminthics may be necessary in some patients. If
prolonged administration of anti-helminthics is necessary,
ivermectin is generally the most effective and best tolerated. Additionally, populations at risk in endemic areas
should be educated on avoidance of exposure. Such measures include wearing of shoes, avoidance of fecal material
via water and soil, and barrier protection in homosexuals.

Prognosis
Despite the rarity of strongyloides infection compared to
that of other nematodes, almost all deaths related to helminth infections in the USA result from strongyloides.
Uncomplicated strongyolidasis is generally well tolerated
in the immunocompetent population but may lead to
chronic abdominal pain and diarrhea, recurrent asthma,
as well as protein-losing enteropathy [5]. Hyperinfection
and disseminated infection represent much more serious
manifestations of disease, however, and carry a much
graver prognosis. Untreated, disseminated strongyloidiasis is almost uniformly fatal. Even with appropriate therapy, over 25% of those affected die [1]. Treatment goals
should center around identification of at-risk populations
with early and aggressive treatment of infected individuals
prior to the occurrence of hyperinfection and
dissemination.
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Trade Names
Please see Table 1.

Class and Category
The most common classification for diuretics uses
a combination of chemical (e.g., thiazide diuretic ), anatomic site of action within the nephron (e.g., loop
diuretic) and clinical outcomes (e.g., potassium sparing
diuretics). Each type of diuretic acts at a different site of
the nephron (Fig. 1), leading to the concept of sequential
nephron blockade (for “optimal” combination of
diuretics). All but the potassium sparing diuretics must
be transported to the luminal side; this process is hampered
by the built up of organic acids in renal insufficiency.
We will focus on the three major diuretic classes.

Loop diuretics
This class of medications includes furosemide,
bumetanide, torsemide, and ethacrynic acid, among
others. All of the listed loop diuretics are sulphonamide
derivatives except for ethacrynic acid. While loop diuretics
are typically used interchangeably, there are some differences in function, although their significance is not clear
[1, 2].
Loop diuretics inhibit the Na+/K+/2Cl cotransporter
on the apical membrane of epithelial cells in the thick
ascending limb of the loop of Henle (Fig. 1). This portion
of the loop of Henle is responsible for as much as 25% of
the reabsorption of filtered sodium. The combination of
the large reabsorptive capacity of the thick ascending limb
as well as the inability of the segments of the nephron
distal to the ascending limb to reabsorb a large sodium
load explains the efficacy of loop diuretics.
The site of action is reached intra-luminally, mainly
after the drug has been excreted by the proximal tubule.
Because loopdiuretics (furosemide, bumetanide, and
torsemide) are extensively bound to plasma proteins,
delivery of these drugs to the tubule by filtration is limited.
The dose-response curve of loop diuretics is sigmoidal and

depends on the concentration of diuretic at the site of
action in the loop of Henle [3]. The efficacy of loop
diuretics is dependent on sufficient renal plasma flow
and proximal tubular secretion to deliver the agents to
their site of action. The elimination of furosemide is
dependent on renal excretion (50%) and conjugation to
glucuronic acid within the kidney itself (50%).
Bumetanide and torsemide are largely metabolized in the
liver.
The effect of the cotransporter inhibition is that chloride, sodium, potassium, and hydrogen ions remain
intraluminal and are lost in the urine with the potential
side effects of hyponatremia, hypochloremia, hypokalemia, and alkalosis. Inhibition of this transporter also
inhibits Ca2+ and Mg2+ resorption by abolishing the
transepithelial potential that is the driving force for the
absorption of these ions. The thick ascending limb plays
a large role in the formation of the hypertonic medullary
interstitium. By decreasing the concentration of solute or
hypertonicity within the medullary interstitium, these
drugs also reduce the driving force for water resorption
in the collecting duct, even in the presence of antidiuretic
hormone. The decreased resorption of water by the
collecting duct results in the production of urine that is
nearly isotonic with water.
Loop diuretics also exhibit effects on cardiac and systemic hemodynamics. Furosemide acts as venodilator and
reduces preload, right atrial, and pulmonary capillary
wedge pressure within minutes when administered intravenously. These effects may be secondary to the release of
vasodilatory prostaglandins as this effect is inhibited by
indomethacin.

Thiazide (-Like) Diuretics
The benzothiadiazides, better known as the thiazide
diuretics, were the first class of drugs conceived to block
the Na+/Cl transporter in the distal convoluted tubules
(Fig. 1). The drugs that came later share similar pharmacological properties.
The site of action: As with the Na+-K+-2Cl
cotransporter, the Na+-Cl transporter is found on the
luminal side of the tubule. This cotransporter is insensitive
to loop diuretics. The efficacy of diuretics acting at the
distal convoluted tubule is limited, however, as only 10%
of the filtered load of Na+ reaches the distal convoluted
tubule; 90% of the filtered load is reabsorbed before
reaching it.
The effect: Thiazide(-like) diuretics prevent maximal
dilution of urine and decrease the kidney’s maximal ability
to increase free water clearance, and may contribute to the
development of hyponatremia. More sodium reaches the
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Diuretics. Table 1 Most common used diuretics in clinical practice
Drug

Trade name

Dose

Pharmacokinetics

=Lasix

Initial daily dose
20–40 mg, oral, once or
twice/Max.dose 600 mg

Start diuresis10–20 min
Peak diuresis at 1.5 h
Duration of action 6–8 h
Renal excretion

Loop diuretics
1

Furosemide (US)
Furosemide (UK)

2

Bumetanide

=Bumex (USA)
=Burinex (UK)

Initial daily dose
Start diuresis 30 min
0.5–1.0 mg, oral, once or Peak diuresis at 75–90 min
twice/Max.dose 10 mg
Duration of action 4–6 h
Renal excretion

3

Torsemide
Torasemide

=Demadex (USA)

Initial daily dose
10–20 mg, oral, once or
twice/Max.dose 200 mg

Peak diuresis at 60 min
Duration of action 12–16 h
Renal excretion

Thiazide diuretics
1

Hydrochlorothiazide

=Osidrix, hydroDIURIL,
Oretic (US)
=(UK)

Initial daily dose 6.25–5.0 Duration of action 12–18 h
mg, oral, once

2

Hydroflumethazide

=Saluron, Diucardin (US)
=Hydrenox(UK)

12.5–25 mg
(Hypertension)
25–200 mg (CHF)

3

Chlorthalidone

=Hygroton, hylidone (US) 12.5–50 mg
=Hygroton (UK)

4

Metolazone

=Zaroxolyn, diulo (US)
=Metenix, diulo(UK)

2.5–5 mg (Hypertension) Duration of action 18–25 h
5–20 mg (CHF)

5

Bendrofluazide
(=bendroflumethiazide)

= Naturetin(US)
= (UK)

Initial daily dose
1.25–5.0 mg, oral, once

Duration of action >18 h

6

Polythiazide

=Renese(US)
= **(UK)

1–2 mg (Hypertension)

Duration of action 24–48 h

7

Benzthiazide

= Aquatag, Exna(US)
= **(UK)

50–200 mg

Duration of action 2–18 h

8

Chlorothiazide

= Diuril(US)
= Saluric(UK)

250–1000 mg

Duration of action 6–12 h

9

Cyclothiazide

= Anhydron(US)
= **(UK)

1–2 mg

Duration of action 6–24 h

10

Trichloromethiazide

= Metahydrin, Naqua(US) Initial daily dose
= **(UK)
1.0–4.0 mg, oral, once

Duration of action >34 h

11

Cyclopenthiazide

= **(US)
= Navidrex(UK)

0.125–0.25 mg

Duration of action 6–12 h

12

Indapamide

=Lozol (US)
=Natrilix (UK)

1.25–2.5 mg
(Hypertension)
2.5–5.0 mg CHF)

Duration of action 16–36 h

13

Xipamide

=**(US)
=Diurexan(UK)

20–40 mg

Duration of action 6–12 h

25–200 mg

Duration of action 3–5
days

Duration of action 2–24 h

Duration of action 48–72 h

Potassium-sparing diuretics
1

Spironolactone

=aldactone(US)
=aldactone (UK)

2

Eplerenone

=(US)
= (UK)
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Diuretics. Table 1 (Continued)
Drug

Trade name

Dose

Pharmacokinetics

3

Amiloride

=Midamor(US)
=(UK)

2.5–20 mg

Duration of action 6–24 h

4

Triamterene

=(US)
=Dytac, dyrenium(UK)

25–200 mg

Duration of action 8–12 h

1

Carbonic anhydrase
inhibitors

=diamox(US)
=diamox (UK)

2

Lithium

5

Osmotic diuretics

Other

distal tubules to stimulate the exchange with potassium.
Thiazides may also increase the active excretion of potassium in the distal renal tubule. However, they do so to
a greater degree than loop diuretics for a comparable
amount of diuresis.
Similar to the loop diuretics, the efficacy of thiazide
(-like) diuretics is largely dependent on proximal tubular
secretion to deliver these agents to their site of action.
Thiazide diuretics are therefore not effective at glomerular
filtration rates <30 mL/min. However, unlike loop
diuretics, the plasma binding of thiazide(-like) agents,
and its glomerular filtration, varies considerably.

Of note: Amiloride and triamterene are also customarily used drugs that inhibit the epithelial sodium proton
channel (ENaC) of the distal and collecting tubules which
are concerned with the sodium reabsorption. The overall
activity of this channel is controlled by the action of
aldosterone. These inhibitors reduce potassium excretion
as a consequence of their inhibition of the ENaC in
preventing sodium resorption. The ENaC inhibitors are
weak diuretics on their own and are often combined with
thiazides, they are most effective for their potassiumsparing effects.

Carbonic Anhydrase Inhibitors
Potassium-Sparing Diuretics and
Mineralocorticoid Receptor Antagonists
Aldosterone antagonists, such as spironolactone (and its
active metabolite canrenone) and eplerenone block
specific mineralocorticoid receptors.
The site of action: The principal cells of the late distal
convoluted tubule and collecting duct have cytosolic
mineralocorticoid receptors with a high affinity for
aldosterone.
The effect: The aldosterone-receptor complexes
increase the synthesis of multiple proteins, including
aldosterone-induced proteins. It is proposed that among
the effects of these proteins is the activation of Na+ channels along the luminal membrane and an increase in the
activity of the Na+-K pump along the basolateral membrane. The net effect of aldosterone is to promote absorption of Na+ from the tubular lumen and secretion of H+
and K+ into the tubular lumen. Aldosterone antagonists
bind the mineralocorticoid receptors but subsequently
prevent the production of aldosterone-induced proteins.
Consequently, sodium retention and potassium excretion
are reduced. The resultant retention of potassium can
produce clinically important hyperkalemia [4].

The Zinc Metallo enzyme carbonic anhydrase plays an
essential role in the NaHCO3 reabsorption and acid (H+)
secretion in the proximale tubule. Carbonic anhydrase
inhibitors like acetazolamide are week diuretics.

Osmotic Diuretics
Mannitol exerts a diuretic effect at the proximal tubule
and loop of Henle. It must be filtered into the urine to be
effective. If it is unfiltered, as in patients with renal insufficiency, it increases vascular volume.

Indications
Historically, diuretics were developed for (1) the treatment of sodium and water retention in edematous state/
patients [5]. Diuretics remain the first choice in (2) the
pharmacologic treatment of symptomatic heart failure [6]
although, to date, the effect of chronic diuretic therapy on
mortality and morbidity has never been demonstrated in
studies. They are also first-line (3) treatment of hypertension. A thiazide(-like) diuretic is the usual choice in hypertension treatment, often in combination with
a potassium-sparing agent. An aldosterone blocker is the
more logical choice among potassium spares. Loop
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diuretics should be reserved for patients with renal insufficiency or resistant hypertension.
Issues related to volume status represent a dynamic
and critical aspect of management of intensive care unit
(ICU) patients. Diuretics rapidly improve symptoms associated with volume overload. Critically ill patients who
develop oliguric acute kidney injury pose a therapeutic
conundrum. In the absence of a mechanical obstruction,
the therapeutic options available to restore urine flow are
limited and, generally, constrained to additional fluid
therapy, restoration of systemic hemodynamics with vasoactive drugs, if necessary, or the administration of loopactive diuretics such as furosemide.
1. Loop-active diuretics:
(a) Furosemide (IV) is the diuretic of choice in acute
heart failure and pulmonary edema. Loop
diuretics induce a more acute sodium loss than
other diuretics and at high doses they are effective
even in the presence of a low glomerular filtration
rate. Moreover, they reduce preload to the heart.
(b) Loop diuretics block solute reabsorption at nephron sites that are important for concentrating
the urine and thus impair urinary concentrating
ability. As a result, water is excreted in excess
of sodium, an effect that can help correct
hyponatremia.
(c) Unlike thiazide-type agents, loop diuretics
increase calcium excretion and can reduce
serum calcium as a treatment for hypercalcemia.

(d) Loop diuretics, can theoretically reduce renal
tubular oxygen demand: numerous studies have
evaluated loop diuretics in the treatment of acute
kidney injury. However, the majority have failed
to find any clinical benefit.
2. Thiazide(-like) diuretics:
(a) A low dose of thiazide diuretic is a good first (or
second) choice of drug for hypertensives.
3. Carbonic anhydrase inhibitors:
(a) These agents are seldom used as primary
diuretics. Their use as a diuretic is confined to
temporary administration to correct the metabolic alkalosis that occurs as a contraction phenomenon in response to the administration of
other diuretics.
(b) They found a place in the treatment of glaucoma as
carbonic anhydrase plays a role in the secretion of
aqueous humor in the ciliary processes of the eye.
(c) In salicylate poisoning, the alkalinizing effect of
carbonic anhydrase inhibitors increases the secretion of lipid-soluble weak organic acids.

Dosage
Standard (oral) doses for diuretics are listed in Table 1.
Loop diuretics are the most commonly used class of
diuretics for the management of volume overload in heart
failure. Initial treatment of a patient requiring diuresis
can be with a loop diuretic at a dose higher than the
patient’s chronic dose. Administration of loop diuretics

738

D

Diuretics

by continuous intravenous infusion may improve diuresis
in critically ill patients who require prompt, controllable
diuresis, or who demonstrate “diuretic tolerance” to conventional administration regimens. Despite few, welldesigned studies using this method of administration in
clinical practice, pharmacodynamic concepts support
continuous infusion over bolus administration, including
decreased dosage requirements, improved diuretic
response and few adverse effects. Intravenous (IV) furosemide is usually started as a slow 40 mg injection
([followed by 80 mg slowly IV after 60 min if necessary]
80 mg slowly IV 60 min later if needed). Dose escalation
may be required when renal function is impaired, in
elderly patients, in renal failure and severe congestive
heart failure. Alternatively, an intravenous or oral dose of
bumetanide 0.5–1 mg or torsemide 5–10 mg can be used.
Patients should be routinely assessed for adequate
response, and if an adequate diuretic response is not seen
within 2–3 h for an intravenous dose or 4–6 h for an oral
dose, additional diuretic should be given at a higher dose.

Diuretic Resistance and Management
A variety of factors may account for diuretic resistance,
including inadequate diuretic dose, delayed intestinal
absorption of oral diuretics, decreased diuretic excretion
into the urine, excess sodium intake, and increased
sodium reabsorption at nondiuretic-sensitive sites in the
nephron An inherent limitation of diuretics is that they
achieve water loss following the excretion of solute at the
expense of glomerular filtration, which in turn activates
a set of homeostatic mechanisms that ultimately may limit
their effectiveness.
Diuretic braking, the decreased effectiveness of a
diuretic following the initial dose, is related to postdiuretic
sodium retention in that, it is a natural response by the body
to maintain sodium and volume homeostasis. The response
to administration of a diuretic is a period of diuresis and
natriuresis. Following this period, after the diuretic is no
longer in the therapeutic range, the body’s natural response
is to retain sodium in an attempt to maintain a net neutral
sodium balance. It has been shown that replacing sodium
losses during a period of natriuresis abolishes this increased
sodium retention. Over the longer term, delivery of highsodium loads to the distal convoluted tubule can result in
adaptation and increased resorption.
Understanding these mechanisms contributing to
decreased diuretic effectiveness gives rise to additional
therapeutic options:
● The first step in treating diuretic resistance is to ensure
that Na+ intake is minimized (2 g/day) and that the
diuretic dose is sufficient.

● In addition to the fact that a higher doses of diuretic
may be given safely with continuous infusion, this
route of administration may be a better option when
extremely large doses are needed. Infusion rates for
patients with normal renal function can be on the low
end, while patients with renal dysfunction will require
higher infusion rates.
● Most importantly, patients should be reassessed regularly and the infusion rate increased or decreased as
appropriate. An additional bolus dose can be given
with each increase. There is no optimal dosing regimen;
adjustments will need to be made for each individual
patient. (Of note, while most studies support the efficacy of continuous infusions, they do not prove superiority to appropriate bolus administration.) Given the
ability of the distal convoluted tubule to increase its
sodium reabsorption capacity, another approach to
circumvene diuretic resistance is the addition of a second diuretic agent, such as a thiazide (-like) diuretic.
● In patients not prone to hyperkalemia, spironolactone
at doses higher than the 25–50 mg used in the RALES
trial may be an alternative. High doses of
spironolactone (100–200 mg daily) are frequently
used in ascites and volume overload related to liver
cirrhosis. The addition of 100 mg of spironolactone to
patients with poor response to bumetanide results in
increased natriuresis and diuresis. Patients’ electrolytes should be closely monitored during dual diuretic
therapy. Of note, a common reason for diuretic resistance in advanced heart failure is the cardiorenal syndrome (see section Acute Renal Failure), which is
recognized clinically as worsening renal function
with obvious volume overload.

Contraindications
1. Loop diuretics
Furosemide may precipitate or exaggerate lupus
erythematosus and photosensitive skin eruptions.
Diuretics should not be used intravenously when electrolytes cannot be monitored.
2. Thiazide(-like) diuretics
Hypokalemia. In hypokalemia, thiazide (-like)
diuretics may precipitate ventricular arrhythmias , especially when cotherapy with pro-arrhythmic drugs.
3. Potassium-sparing diuretics and mineralocorticoid
receptor antagonists:
Amiloride,
triamterene,
spironolactone,
and
eplenerone may all cause hyperkalemia (defined as
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a serum potassium equal to or exceeding 5.5 mEq/L)
especially in the presence of preexisting renal disease,
diabetes, in elderly patients during cotherapy with ACEinhibitors.
4. Carbonic anhydrase inhibitors:
Carbonic anhydrase inhibitors should be avoided in
hepatic cirrhosis. Alkalinization of the urine will decrease
urine trapping of NH4+ and may contribute to hepatic
encephalopathy.

Pregnancy
In pregnancy diuretics are contraindicated in the setting in
which uteroplacental perfusion is already reduced, in
patients with preeclampsia and in cases of intrauterine
growth retardation.
According to the FDA classification on teratogenesis,
furosemide is in class C, while thiazides, potassiumsparing agents, carbonic anhydrase inhibitors, and
osmotic diuretics are classed as D.

Adverse Reactions
The class of diuretics is a powerful therapeutic with the
potential for major and serious side effects especially in the
elderly and patients with renal impairment. The potential
for multiple adverse events that can be associated with
diuretic use imposes appropriate monitoring on a regular
basis (!). The pacing of reassessment should be individualized based on the severity of illness and the underlying
renal function, the use of concomitant medications, past
history of electrolyte imbalances and/or the need of more
aggressive diuresis.
The major complications of diuretic use include electrolyte and metabolic disturbances, volume depletion, and
worsening azotemia. Diuretic use can lead to potassium
depletion, which predispose patients to significant cardiac
arrhythmias. Thiazide and loop diuretics may cause
sulfonamide-type immune side effects including
intrahepatic jaundice, pancreatitis, skin reactions, and
interstitial nephritis.
1. Loop diuretics:
(a) The loop-active diuretics may cause hypokalemia,
which can be countered by potassium supplementation or potassium-sparing diuretics. Close
monitoring of serum potassium is necessary in
these circumstances.
(b) A common concern with the use of high-dose
loop diuretics is (mostly transient) ototoxicity.
Ototoxicity can manifest as tinnitus, hearing impairment, and deafness. The levels at
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which furosemide becomes ototoxic are not
well established. However, studies suggest that
ototoxicity appears to be of concern only with
extremely high doses. The combination with
other ototoxic drugs should be discouraged
(e.g., aminoglycosides).
(c) Bumetanide at high doses in patients with renal
failure may induce myalgia.
2. Thiazide(-like) diuretics
(a) Thiazides block solute reabsorption at nephron
sites involved in the dilution of urine. Thus, the
use of these agents impairs the ability to dilute
urine, which entails a risk of hyponatremia (even
at low doses in the elderly), particularly in
patients who drink large amounts of hypotonic
fluids.
(b) Patients with hyponatremia induced by
thiazides can present with variable hypovolemia
or apparent euvolemia, depending on the
magnitude of the sodium loss and water
retention.
(c) Besides hyponatremia, thiazide(-like) diuretics
may cause hypokalemia, insulin resistance,
increased blood cholesterol and triglyceride
levels.
(d) Thiazide diuretics cause urinary calcium retention and may exacerbate hypercalcemia. These
metabolic effects, including atherogenic blood
lipid changes, are beyond the scope of this chapter
for the ITU setting.
3. Potassium-sparing diuretics and mineralocorticoid
receptor antagonists:
(a) Spironolactone has antiandrogenic and progesterone-like effects, which can cause gynecomastia
or impotence in men and menstrual irregularities
in women. Eplerenone has recently been developed as a selective mineralocorticoid antagonist
whose adverse effect profile is far more acceptable
to a broader range of patients compared with
spironolactone.
4. Carbonic anhydrase inhibitors:
(a) When used repeatedly these agents can lead to
hyperchloremic metabolic acidosis and (severe)
hypokalemia due to renal potassium wasting.

Drug Interactions

● Probenecid and other organic acids may block the
secretion of thiazides and loop diuretics into the
urine of the proximal tubule.
● Indomethacin and other nonsteroidal antiinflammatory drugs (NSAIDs) cause loss of response
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of the kidney to loop diuretics while interfering with
the formation of vasodilatatory prostaglandins and
solute reabsorption at the thick ascending limb of the
loop of Henle. Presumably, the use of a nonsteroidal
anti-inflammatory drug combined with a potassiumsparing diuretic would entail an increased risk of
hyperkalemia as they decrease the secretion of renin
and aldosterone. Spironolactone can decrease the
renal excretion of digoxin.
● Lithium may block thiazide effects by interfering with
thiazide excretion into the urine. Thiazide diuretics
also interact with lithium by impairing renal clearance
with the risk of lithium toxicity.

Mechanisms of Action
Because the anatomic segments of the nephron are
highly specialized in function, the actions of each
diuretic subclasse can be understood in relation to its
site of action in the nephron and the normal physiology
of that segment. After glomerular filtration, there is
resorption of fluid and electrolytes in the proximal
tubule ((1) site of action of carbonic anhydrase inhibitors, e.g., Diamox), ascending limb of the loop of Henle
and early distal tubule ((2) site of action of furosemidetype agents), late distal tubule ((3) site of action of
thiazide-like agents, and collecting duct ((4) site of
action of aldosterone receptor antagonists and inhibitors
of the epithelial sodium channel (amiloride and
triamterene).

Cross-References

▶ Diuretics for Management of AKI
▶ Diuretics for Treatment of Acute Kidney Injury
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Synonyms
Carbonic anhydrase inhibitors; Diuretics; Loop diuretics;
Osmotic diuretics; Potassium-sparing diuretics; Thiazide
diuretics

Objectives
1. Describe the spectrum of diuretic medications available and their mechanisms of action.
2. Understand the potential role of different diuretics
medications; in particular loop diuretics, in the management of acute kidney injury.
3. Discuss the role of loop diuretics in the management of
acute kidney injury, with a focus on volume overload.

Introduction
Acute kidney injury (AKI) is a common and increasing
problem in modern intensive care units and is associated
with increased morbidity, mortality, and use of health care
resources. While no therapy is currently able to replace all
the functions of a normal kidney, several options exist to
manage the complications associated with advanced kidney failure.
Trade Names: Lasix, Lozide, Diamox, Mannitol, Aldactone
Class and Category: Diuretic, Loop, Thiazide, Carbonic
Anhydrase inhibitor, Osmotic, Potassium-Sparing
Indications: Diuretic therapy is one such option that has
long been used to help manage the electrolyte and, more
commonly, fluid overload complications occurring in
patients with AKI. This chapter describes the spectrum
of diuretics available and discusses their use in AKI, largely
focusing on volume management in AKI with the loop
diuretic furosemide.
Diuretic medications: The aim of diuretic therapy is to
induce sodium (Na) and water losses (e.g., natriuresis
and diuresis). Since multiple segments of the nephron
contribute to Na and water balance, it follows that there
are multiple drugs directed at different segments that can
affect net Na and water loss. For each class of diuretics,
mechanism of action, indications, contraindications,
adverse reactions, and important drug interactions will
be summarized. Dosing is summarized in Table 1.

Diuretics for Management of AKI

D

741

Diuretics for Management of AKI. Table 1 Summary of available diuretic agents commonly used in the management of volume
overload, oliguria, and AKI in critically ill patients
Diuretic class

Site of action

Prototypic drug

Dose range

Carbonic anhydrase inhibitor

PCT

Acetazolamide

5 mg/kg PO/IV

Osmotic

PCT, LOH

Mannitol

25–100 g (0.5–1.0 g/kg) IV

Loop

PCT, TAL LOH

Furosemide

20–120 mg PO/IV

Thiazide

DCT

Hydrochlorothiazide

12.5–50 mg PO

Potassium-sparing

CD

Spironolactone

25–200 mg PO

Vasopressin receptor
antagonists

CD

Tolvpatan

15–60 mg PO

PCT proximal convoluted tubule, LOH loop of henle, TAL thick ascending loop, DCT distal convoluted tubule, CD collecting tubule, IV intravenous

Carbonic anhydrase inhibitors (e.g., acetazolamide)
block the activity of the enzyme carbonic anhydrase in
the proximal convoluted tubule (PCT), and interfere with
Na, chloride, and bicarbonate reabsorption. Although two
thirds of filtered Na is reabsorbed in the PCT, the diuretic
effect of acetazolamide is limited by increased Na and
water reabsorption in the remainder of the distal nephron
segments. Acetazolamide does, however, inhibit bicarbonate reabsorption and may contribute to bicarbonaturia
and metabolic acidosis. This effect is sometimes utilized
in the ICU to treat metabolic alkalosis associated with
edematous states, to induce urinary alkalization and as
a respiratory stimulant in patients with chronic obstructive pulmonary disease (COPD). Acetazolamide is also
used to treat glaucoma, epilepsy, and for prevention of
acute mountain sickness. Acetazolamide is contraindicated in those with hypersensitivity to sulfa drugs,
advanced liver or kidney disease, and metabolic
acidosis. Acetazolamide has several important drug
interactions, including enhancing the effects of
anti-convulsants, anti-hypertensives, and central nervous
system depressants.
Osmotic diuretics (e.g., mannitol) Mannitol is a nonreabsorbable starch that acts as an osmotic diuretic,
exerting its effects primarily in the PCT and loop of
henle (LOH). Mannitol induces an excess loss of free
water relative to Na and potassium (K) losses. Mannitol
is hypertonic and causes an initial increase in intravascular
plasma volume due to an osmotic shift of fluid from the
extravascular compartment. Accordingly, it should generally not be used in edematous states or advanced kidney
failure, as retained mannitol may exacerbate volume
overload and worsen or precipitate complications such
as pulmonary edema. Mannitol also increases serum

osmolality and may contribute to rapid changes in
serum Na characterized initially by hyponatremia (dilution) and later hypernatremia (after free water diuresis in
excess of Na or K losses). Mannitol has also been used to
treat glaucoma, reduce cerebral edema in brain injury, and
for transurethral irrigation. Mannitol is generally
contraindicated in those with documented hypersensitivity, advanced kidney disease (e.g., anuria), volume depletion, congestive heart failure (CHF), or with preexisting
hyperosmolality. Adverse effects of mannitol can contribute to significant fluid/electrolytes shifts and losses, predispose to kidney dysfunction, and precipitate congestive
heart failure in those at risk.
Loop diuretics (e.g., furosemide, bumetanide,
torsemide, ethacrynic acid) inhibit Na reabsorption in
the medullary and cortical thick ascending LOH by
blocking the Na/K/2Cl cotransporter on the luminal surface by competing with the Cl binding site. Loop diuretics
are generally bound to albumin in serum and secreted into
the lumen of the PCT by the organic acid transporter to
exert their effect locally from within the tubular lumen.
They are the most effective of class of diuretic agents and
are by far the most commonly used in the ICU. In addition
to blocking Na absorption, inhibition of Na/K/2Cl leads to
tubular magnesium and calcium wasting and will contribute to hypokalemia through increased distal tubular Na
delivery and urine flow. Ototoxicity has been described
with large doses and/or rapid administration of loop
diuretics due to inhibition of an isoform of the
cotransporter in the inner ear. Loop diuretics are generally
contraindicated in those with documented hypersensitivity reactions and advanced kidney failure (e.g., anuria–due
to increased risk of ototoxicity). Loop diuretics are associated with a variety of adverse effects, including tinnitus,
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hearing impairment (can be permanent), dizziness, vertigo, volume depletion/orthostatic hypotension, electrolyte abnormalities, and pancreatitis. This class of diuretics
have several drug interactions including enhancing the
adverse/toxic effects of aminoglycosides, enhancing the
kaliuretic effects of corticosteroids and interacting with
neuromuscular blocking agents.
Thiazide
diuretics
(e.g.,
hydrochlorothiazide,
metolazone, indapamide, chlorthalidone) impair Na
reabsorption in the distal convoluted tubule (DCT) and
possibly the early cortical collecting tubule by competing
with the Cl receptor on the Na/Cl co-transporter. Since
this segment is only responsible for up to 5% of total
tubular Na reabsorption, the diuretic potency of thiazide
diuretics is limited. Similar to loop diuretics, thiazide
diuretics may lead to hypokalemia, however, thiazides
tend to decrease urinary calcium excretion and may lead
to hypercalcemia. Hyponatremia may be seen with thiazide diuretics due to volume contraction in the setting of
a normal medullary interstitial concentration gradient.
Thiazides are commonly prescribed in hypertension,
CHF and other edematous states, and may also be used
in diabetes insipidus. Thiazides are generally
contraindicated in those with documented hypersensitivity to sulfa drugs or advanced kidney dysfunction (e.g.,
anuria). Adverse effects may include marked fluid and
electrolyte disturbances, volume depletion, and photosensitivity. These drugs have numerous interactions and
readers are advised to review a pharmacology source for
specifics. Thiazide diuretics can enhance the kaliuretic
effects of corticosteroids.
Potassium-sparing diuretics (e.g., amiloride, trimterne,
spirolactone, eplerenone): Several diuretic drugs work by
inhibiting Na absorption by the aldosterone-sensitive
principal cells of the cortical collecting duct. Amiloride
and trimterene block the epithelial Na channel (ENaC)
while spironolactone and eplerenone directly inhibit the
mineralocorticoid receptor. None of these drugs have
a potent natriuretic effect and are used primarily for
their potassium-sparing effect; conversely the development of hyperkalemia and metabolic acidosis due to concurrent reductions in potassium and hydrogen ion
excretion may limit their use. Aldosterone and eplerenone
are also useful in a few specific conditions such as cirrhosis
with ascites, and CHF, however, may also be used to treat
hypertension due to primary aldosteronism. This class of
diuretics is generally contraindicated in those with severe
kidney dysfunction (e.g., anuria). Reported adverse effects
include fluid/electrolyte abnormalities, gynecomastia, and
has been shown in experimental studies to be potentially
tumorigenic.

Vasopressin receptor antagonists (e.g., conivaptan,
tolvpatan, salavaptan, lixivaptan) are a relatively new
class of medications that cause a free water diuresis without altering Na or K excretion. They achieve this by
preventing vasopressin mediated free water reabsorption
in the collecting duct. They may be useful to treat
hypervolemic hyponatremia, such as that seen with cirrhosis and CHF, as well as the syndrome of inappropriate
antidiuretic hormone (SIADH). This class of diuretics is
generally contraindicated in hypovolemic states or in
advanced kidney disease (e.g., anuria). Adverse effects
can include rapid serum Na shifts and volume depletion/
dehydration. These drugs are also known to interact with
drugs that inhibitor P450 CYP3A, potentially increasing
the risk of toxicity.

Clinical Uses of Diuretics
The most common indication for diuretic therapy in the
ICU is excessive fluid accumulation and volume overload
as a consequence of reduce clearance of free water and
solute in AKI. Several other indications for diuretic use in
critical care include CHF, cirrhosis, rhabdomyolysis, and
electrolyte abnormalities such as hyperkalemia, hypercalcemia, and hyponatremia.
Loop diuretics in Acute kidney injury, Oliguria, and Volume
overload: The use of diuretic therapy in critically ill patients
with volume overload, oliguria, and/or AKI is common
practice, however, their application remains controversial.
This controversy has been highlighted by two large observational studies presenting discordant arguments on the
potential impact of loop diuretics on mortality and renal
recovery in ICU patients with AKI. Both studies estimated
risk ratios (RR) for mortality >1.0 with loop diuretics,
implying an increase in mortality with their use in AKI.
The study by Mehta et al. was performed at four academic
hospitals from 1989 to 1995 and enrolled a total of 552 ICU
patients with AKI [1]. This study suggested an increased
risk of death and/or non-recovery of kidney function with
the use of loop diuretics. Of note, this study included only
those patients having had a nephrology consultation while
admitted to ICU, did not report the proportion requiring
RRT, and included data on only 64% of potentially eligible
ICU patients from the entire cohort (n = 851). These
issues could predispose to significant selection and/or
observation bias. Likewise, these issues also question its
generalizability to broader ICU practice worldwide. The
study by Uchino et al. was performed at 54 ICUs across 23
countries and enrolled 1743 ICU patients with AKI,
defined by having received RRT or fulfilling predefined
criteria for AKI [2]. While the RR for mortality with
loop diuretic use was also >1.0, it was non-significant
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after adjustment by multi-variable analysis. Neither of
these studies can definitively conclude that any observed
association between loop diuretics and mortality is causal.
In addition to the limitations in study design, neither
integrated additional aspects of clinical management that
may have influenced survival and/or renal recovery such
as temporal relationship between onset of AKI and
diuretic use, fluid resuscitation, severity of AKI and the
relative timing of RRT. These issues are complex and are
not ideally captured by a retrospective study design or by
analysis of secondary hypotheses from databases.
Additional clinical studies have suggested that loop
diuretics might attenuate the severity of kidney injury by
converting “oliguric” to “non-oliguric” AKI. Yet, this may
be false reassurance, as conversion of oliguria to a state of
adequate diuresis may only suggest a milder degree of AKI
without impacting the underlying stimulus for or severity
of AKI. In addition, there has been suggestion that loop
diuretics in this context, by potentially contributing to
diuretic-induced volume depletion, may exacerbate
the kidney injury. While conversion of oliguric to
non-oliguric AKI may allow for better management of
complications of AKI (e.g., volume overload,
hyperkalemia), it may also contribute to delay in definitive
supportive therapy such as RRT and worsen clinical
outcome. While small trials have also suggested diuretics
may shorten the duration of AKI, improve the rate of
renal recovery, and perhaps delay or ameliorate need
for RRT, it should be emphasized that improvements in
survival and/or renal recovery with use of diuretics have yet
to be shown in modern ICU practice for patients with AKI.
In a recent systematic review of loop diuretics in the
management of AKI, the overall quality of available trials
published were found to be poor and the evidence had
limited to no generalizability to modern ICU patients with
AKI [3] (Table 2). For example, the trials in this analysis,
along with those included in similar systematic reviews,
were generally small, confounded by co-interventions
(e.g., mannitol, dopamine), and typically characterized
by delayed intervention defined by either prolonged
periods of oligo-anuria or by patients already receiving
RRT at the time of enrolment. The latter point should be
stressed, as any delays to appropriate therapy in AKI have
been found to contribute to increased mortality and
reduced likelihood of renal recovery. Similarly, in all
these small trials, furosemide was often given by large
intravenous bolus doses, where no specific titration of
therapy to physiologic endpoints such as urine output
was performed. Finally, many of these trials often did not
include ICU patients, thus greatly limiting their applicability and generalizability to the modern ICU patients
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with AKI. Accordingly, there is continued debate and
controversy as to whether loop diuretics can impact clinical outcomes and should be used in ICU patients with
AKI. However, it remains unclear whether the use of loop
diuretics truly confers an increased risk of death in critically ill patients, or the observed association is simply
confounded and biased by defining a subgroup of patients
with AKI who have a worse prognosis.
Critically ill patients with AKI accumulate fluid and
frequently become volume overloaded as declines in kidney function impair free water and solute clearance.
In addition, these patients often receive large volume
resuscitation and have large obligatory fluid intake due
to nutritional support or medications. While initial
volume resuscitation and fluid therapy are necessary to
restore hemodynamics and maintain tissue perfusion,
recent data have suggested that fluid accumulation may
be associated with worse outcome. Longer duration
of mechanical ventilation, weaning failure, delayed tissue-healing, and cardiopulmonary complications (e.g.,
pulmonary edema) have all been associated with excess
fluid accumulation [4–7] (Table 3). Likewise, observational data have found a positive fluid balance to be predictive of death in critically ill adults, an association likely
exacerbated by AKI. Fluid accumulation is increasingly
being recognized as a clinically relevant issue and not merely
dismissed as a “cosmetic” by-product of critical illness.
Loop diuretics remain an important therapeutic measure in managing fluid accumulation in critical illness.
Presently, there is no data from randomized trials to indicate
that clinical outcomes would be improved by the routine
use of RRT as an alternative. This remains an evolving area
of critical care practice, and clearly demands additional
high-quality data from trials to provide clinicians with
evidence on the role of diuretics in AKI and how they may
contribute to fluid management in critically ill patients.
It is important to ensure appropriate dosing of furosemide to achieve adequate diuresis. In general, critically ill
patients should receive intravenous dosing since enteral
bioavailability is unpredictable and may be reduced with
intestinal edema or altered motility. The dose may be titrated
up to reach target urine output but should probably not
exceed a cumulative dose of 1,000 mg/day to avoid toxicity.
While higher doses have been used safely, the frequency
of side effects, such as ototoxicity, increases, with little incremental benefit in diuretic effect. In patients with reduced
glomerular filtration rates (GFR), higher doses of furosemide are needed to increase the fractional excretion of Na
and obtain an adequate diuresis. The effective dose in each
patient will be different and can be determined by assessing
urine output after each dose; there is typically little benefit

743

D

Year

1987

1991

2001

2003

2004

2004

2005

2005

2006

2006

Study

Simmons

Schuller

Goldstein

Brandstrup

Foland

Gillespie

Goldstein

Sakr

Uchino

Wiedemann

1000

331

393

116

77

113

172

21

89

RCT

P,NR

P,C

R,C

R,C

R,C

RCT

R,C

R,C

P,C

Design

ALI/ARDS

Critically ill

ALI/ARDS

Pediatric AKI

Pediatric AKI

Pediatric AKI

Elective colorectal surgery

Pediatric AKI

ALI/ARDS

ARDS

Population

Conservative vs. Liberal
fluid strategy

N/A

N/A

N/A

N/A

N/A

Restrictive vs. Standard
peri-operative fluid
strategy

N/A

N/A

N/A

Intervention

Conservative strategy had lower
cumulative 7-day fluid balance
(0.13 L vs. 6.9 L, <0.001), improved
gas exchange, shorter time on
ventilator and ICU stay, no difference
in rate of RRT or mortality

Mortality associated with positive fluid
balance (OR 1.0002 per each ml/day,
p < 0.01)

Mortality associated with positive
cumulative fluid balance (+4.4 L
vs. 3.0 L, OR 1.5, p = 0.003)

Mortality associated with higher % FO
at RRT initiation (25.4% vs. 14.2%,
p = 0.03)

Mortality associated with higher % FO
at RRT initiation (>10%, RR 3.02,
p = 0.002)

Mortality associated with higher %
FO at RRT initiation (15.5% vs. 9.2%, p =
0.01)

Restrictive strategy reduced post-op
weight gain and complications (33%
vs. 51%, p = 0.003)

Mortality associated with higher % FO
at RRT initiation (34% vs. 16.4%,
p = 0.03)

Mortality associated with higher
positive fluid balance > 1 L over 36 h
(50% vs. 26%, p < 0.05) along with
longer duration of MV and ICU/
hospital stay

Mortality associated with positive
daily/cumulative fluid balance and
weight gain

Outcome

D

113

No. patients

Diuretics for Management of AKI. Table 2 Summary of clinical studies showing an association between fluid balance and clinical outcome

744
Diuretics for Management of AKI

Diuretics for Management of AKI

D

745

Diuretics for Management of AKI. Table 3 Summary of randomized clinical studies of loop diuretics in the management of AKI
Study

Year

No.
patients

Cantarovich

1971

47

Furosemide 100–3,200 mg All were
IV fixed/progressive daily receiving RRT at
enrolment

No difference in Tinnitusa
mortality
(p = 0.75)

Karayannopoulos

1974

20

Furosemide 1,000–
3,000 mg IV daily

Reduced need
for RRT with
furosemide
(p = 0.02)

Kleinknecht

1976

66

Not critically ill,
Furosemide 3 mg/kg IV
load, 1.5–6.0 mg/kg IV q4 h Co-interventions
(MA),
Most already on
RRT

Brown

1981

56

Shilliday

1997

92

Cantarovich

2004

330

Loop diuretics protocol

Comment

Not critically ill

Clinical
outcomes

Toxicity

None reported

No differences Tinnitus,
in duration of
deafness,
AKI (p > 0.1),
vertigoa
duration of RRT
(p > 0.1) or
mortality
(p = 1.0)
Furosemide 2 mg/min IV or Not critically ill, No differences Deafness
1,000 mg q8 h PO
Furosemide
in need for RRT (n = 2)
given to both
(p = 1.0),
duration of RRT,
or mortality
(p = 0.78)
Furosemide or torasemide Co-interventions No differences Deafness
3 mg/kg IV q6 h
(DA, MA)
in need for RRT (n = 1)
(p = 0.87), renal
recovery
(p = 0.56), or
mortality
(p = 0.24)
Furosemide 25 mg/kg/day All were
No difference in Deafness
(n = 4)
IV or 35 mg/kg/day PO
receiving RRT at mortality (p =
enrolment
0.36), duration
of RRT (p = 0.21)
or renal
recovery
(p = 0.51)

IV intravenous, PO orally, DA dopamine, MA mannitol, RRT renal replacement therapy, ICU intensive care unit
a
Rates of toxic effect were not reported. In these studies, ototoxicity may have been confounded by concomitant use of aminoglycosides.
Symptoms were reported to occur temporally within a few hours after furosemide administration. No long-term sequelae were reported

of exceeding 240 mg for a single dose. In addition, the
presence of hypoalbuminemia will increase the volume of
distribution of furosemide and reduce delivery to the PCT,
thereby limiting its secretion into the lumen and inhibition
of Na/K/2Cl transporter. Administering furosemide with 5%
albumin or a dose of 25% albumin may, at least modestly,
increase diuresis. The administration of furosemide with
albumin has been shown to improve gas exchange and
contribute to greater net negative fluid balance in critically
ill hypoproteinemic patients with acute lung injury.

Effective doses of furosemide will cause an increase in
urine output for several hours, which will often diminish
overtime as the kidney begins to compensate and retain
Na, limiting the ability to achieve a negative fluid balance.
This can usually be overcome by increasing the frequency
of dosing to every 6–8 h. Alternatively, a furosemide infusion may be used to consistently maintain serum levels
above the diuretic threshold. While infusion therapy does
not seem to offer a superior diuresis, it may allow for
a decrease in the total daily furosemide dose, thus
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decreasing drug-related side effects [8]. A continuous
infusion will, however, allow for a better titration of effect.
If an infusion is used, it is important to administer a bolus
prior to instituting the infusion to ensure levels are above
the diuretic threshold. The infusion may then be titrated
according to a target urine output; doses in excess of
40 mg/h may increase side effects while offering little
improvement in diuresis.
In selected circumstances, the potency of furosemide
can often be increased by the co-administration of additional diuretic agents. This acts to increase renal tubular
blockade of Na reabsorption at multiple sites in the nephron and promote greater natriuresis and diuresis. This
may be accomplished by the addition of a thiazide
diuretic, such as metolazone, to limit Na reuptake by the
DCT thereby increasing the efficacy of loop diuretics. The
thiazide diuretic should ideally be given 30–60 min prior
to the dose of loop diuretic to ensure inhibition of the
Na/Cl co-transporter at the time of increased Na delivery
from blockage of Na/K/2Cl. The clinician must be wary of
the potential for large fluid and electrolyte losses when
these diuretics are used in combination.
Rhabdomyolysis: Rhabdomyolysis can lead to AKI as
a result of volume contraction due to fluid sequestration
in injured muscles, and myoglobin-induced renal vasoconstriction, tubular toxicity, and luminal obstruction.
While management includes removal of the inciting factors and fluid resuscitation, mannitol is often used to
increase tubular flow to reduce cast formation and tubular
obstruction. In addition, mannitol may act as a freeradical scavenger to theoretically ameliorate kidney injury.
No randomized trials have evaluated mannitol in
myoglobinuric-induced AKI and observational studies
are largely conflicting. Accordingly, the use of diuretics
remains controversial. However, in addition to fluid resuscitation and/or urine alkalinization, forced diuresis with
mannitol remains a common practice in many jurisdictions. If mannitol is used to attenuate AKI in rhabdomyolysis, it is extremely important to monitor intravascular
volume and avoid volume depletion, as this will worsen
kidney injury. In addition, the clinician must be aware that
high doses of mannitol (>200 g/day and total cumulative
dose 800 g) may directly contribute to AKI (e.g., osmotic
nephrosis), and its use should be discontinued if it accumulates (e.g., osmolar gap) or is associated with a poor
diuretic response.

several of these complications including excessive fluid
accumulation, volume overload, and electrolyte abnormalities. Management of extracellular fluid volume is
a particularly important issue in critically ill patients,
who often receive large volume resuscitation and are at
risk of developing non-cardiogenic pulmonary edema.
There is no strong evidence that diuretics improve outcomes of critically ill patients, but there is currently no
conclusive evidence that diuretics increase their morbidity
or mortality. While inferences from such data may suggest
the use of diuretic would best be avoided, there are limited
therapeutic options for the patients with oliguric AKI who
are accumulating fluid. Such assertions could lead to
increased utilization of resource-intensive RRT. Importantly, the initiation of RRT in this setting is also plagued
by similar deficits in high-quality evidence, currently
providing no incentive for an abandonment of
a trial of diuretic therapy in the ICU. On the other
hand, ideal timing of initiation of RRT remains an
important and controversial issue in the critical care
setting; and inappropriate delays to initiation of
RRT by trying to restore euvolemia with diuretics
may worsen outcomes. Further clinical investigation
and high-quality evidence are urgently needed to better
understand the ideal role of diuretic therapy in the
management of AKI and fluid accumulation/overload in
critical illness.
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Objectives
1. Discuss the theoretical benefits for use of loop
diuretics in the treatment of acute kidney injury.
2. Discuss the concerns for lack of efficacy and harm
associated with the use of loop diuretics in the treatment of acute kidney injury.
3. Review and appraise the current literature on the
treatment of acute kidney injury with loop diuretics.

Introduction
Critically ill patients frequently present with or develop
acute kidney injury (AKI). Recent data indicate the incidence of AKI in critical illness is likely greater than previously appreciated, with estimates in the range of 36–67%,
while severe AKI necessitating renal support (RRT) occurs
in 4–6%. This large burden of AKI in critical illness
remains associated with high morbidity, mortality, and
health resource utilization.
There are few interventions proven to impact on the
clinical course and outcome for ICU patients once AKI is
established. Rather, management of these patients with
AKI is largely supportive and predicated on timely resuscitation, removal of the stimulus contributing to AKI,
judicious avoidance of complications, and allowing time
for recovery.
However, there remain important questions on the
role of various supportive and therapeutic interventions
to either treat or manage AKI. Specifically, one fundamental question is what is the role, if any, for loop diuretics
in the treatment and management of ICU patients
with AKI?

D

The chapter will focus on theoretical role and evidence
for use of loop diuretics, in particular furosemide, in the
treatment of AKI. Accompanying chapters in this series
will review the use of diuretics for the prevention and in
the management of complications of AKI.
Trade Names: Lasix, Bumex, Edecrin
Class and Category: Diuretic, Loop
Indications: Loop diuretics, in particular furosemide, are
commonly used in ICU settings. In general, ICU clinicians
are familiar with its administration, pharmacology, and
adverse effects. In a multicentre observational study
involving 552 ICU patients with AKI, 59% were found to
have received diuretic therapy prior to consultation with
a nephrologist [1]. Of diuretics given, 62% received furosemide with a median (IQR) single dose of 80 mg
(20–320). In another larger multicentre observational
study ICU patients with AKI, 70% had received diuretics
[2]. Moreover, furosemide was the primary diuretic used
in 98% of cases. In a small prospective evaluation of septic
ICU patients developing AKI, 72% were received diuretic
therapy. Moreover, despite diuretic use, these septic AKI
patients had received greater fluid resuscitation, had worse
oxygenation, and had higher central venous pressures and
lower urine output when compared to septic patients
without AKI.
A recent multinational survey of ICU physicians and
nephrologists reported furosemide was by far the most
common diuretic used in ICU settings [3]. This survey
also found loop diuretics were almost always administered
by the intravenous route as a bolus or as a continuous
infusion. A urine output in the range of 0.5–1.0 mL/kg/h
was generally targeted to assess responsiveness to
a diuretic challenge. This survey found that the presence
of pulmonary edema was a near universal trigger for the
use of loop diuretics. Interestingly, despite loop diuretics
commonly being used, most respondents did not believe
that loop diuretic use in AKI can directly improve patientcentered outcomes (e.g., mortality, need for RRT, renal
recovery). This survey, however, did show that
a significant proportion of clinicians are uncertain about
the available evidence on the use of loop diuretics in AKI
and would have clinical equipoise for conduct of
a randomized trial. Another survey performed in Europe
found furosemide is commonly used for “renal
protection” and treatment of oliguria in association with
cardio-thoracic surgery. Interestingly, despite how common furosemide is used in clinical practice, data
supporting its beneficial effect on kidney function in AKI
has not been clearly established.
Theoretical benefits of loop diuretics in AKI: There are
several purported theoretical benefits for the use of loop

747

D

748

D

Diuretics for Treatment of Acute Kidney Injury

diuretics in the treatment of AKI. Despite a relative paucity of supporting clinical data, these benefits may in part
compel clinicians to use loop diuretics to treat AKI. First,
a commonly held convention is that oliguria in AKI may
in part be mediated by tubular obstruction caused by the
denuded renal tubular epithelium, precipitation of crystals, and/or accumulation of other debris. This tubular
obstruction impairs urine flow, leads to raised intratubular pressure, and causes back-leakage of glomerular
filtrate into the surrounding interstitium. This interstitial
edema may exacerbate kidney injury and lead to further
declines in glomerular filtration. Loop diuretics, by
increasing urine flow, may act to cleanse the renal tubules
of debris, reduce interstitial edema, and restore glomerular filtration. This likely represents, in part, the rationale
for administration of loop diuretics to oliguric AKI
patients, with the objective of increasing urine output
and converting AKI to a more non-oliguric state. Similarly, reestablishing urine output also has the added benefit of easier management of fluid accumulation and
overload due to large volume fluid resuscitation, obligatory medications, and nutrition support in ICU patients.
Second, by inhibition of the Na+/K+/Cl- cotransporter on
the luminal cell membrane in the medullary thick ascending loop of Henle and reducing active Na transport, loop
diuretics may theoretically reduce renal tubular cell oxygen consumption and limit injury in the vulnerable and
relatively hypoxic outer medullary tissue. Indeed, small
clinical studies have shown loop diuretics are capable of
reducing renal oxygen consumption during critical illness.
Third, loop diuretics have weak vasodilatory properties,
may reduce renal vascular resistance, thus leading
to increases in renal blood flow. In addition, loop
diuretics may indirectly improve renal blood flow through
disruption of tubuloglomerular feedback. In AKI, reduced
distal solute delivery to the macular densa induces afferent
arteriolar vasoconstriction, in part, thought to occur
to balance renal medullary oxygen supply/demand.
Recent experimental data in a rat model of ischemia/
reperfusion-induced AKI have shown that low-dose furosemide can reduce injury by improving renal hemodynamics along with attenuation of ischemia-induced
apoptosis and related gene transcription. While these
findings add credibility to the theoretical benefit
for loop diuretics to mitigate kidney injury and potentially
improve kidney function, experimental data have
also been contradictory. In addition, it should be
emphasized that these purported theoretical benefits
have yet to be definitively proven in human clinical
studies.

Dosage
Oral: Initial 20–80 mg/dose; if inadequate response, may
repeat or increase dose in increments of 20–40 mg/dose at
intervals of 6–8 h; usual maintenance dose interval is once
or twice daily, up to 400–600 mg/day with severe edematous states.
Intravenous: Initial 20–40 mg/dose; if inadequate
response, may repeat or increase dose in increments of
20 mg/dose and administer 1–2 h after previous dose
(maximum dose: 200 mg/dose). Individually determined
dose should then be given once or twice daily although
some patients may initially require dosing as frequent as
every 4–6 h.
Continuous intravenous infusions: Initiate bolus load with
intravenous bolus dose 20–40 mg (0.4 mg/kg) over
1–2 min, followed by continuous intravenous infusion of
1–20 mg/h titrated to desired urine output.
Preparation/Composition: Intravenous bolus dosing
should be administered slowly (e.g., 20–40 mg/min) in
order to avoid ototoxicity. Oral administration should
ideally be on an empty stomach. Drug is stable in all
commercially available solutions.
Contraindications: Generally include known hypersensitivity and anuria.
Adverse Reactions: Most common have included tinnitus,
hearing impairment (can be permanent), dizziness, vertigo, volume depletion/orthostatic hypotension, electrolyte abnormalities, and pancreatitis (Table 1).
Theoretical harm of loop diuretics in AKI: In addition to the
aforementioned theoretical benefits and adverse effects,
there are also several purported explanations for why the
use of loop diuretics in the treatment of AKI lacks efficacy
and may cause harm. The use of loop diuretics may reduce
effective circulating volume, due either to venodilation or
diuresis-induced hypovolemia. This may directly contribute to and/or exacerbate kidney hypo-perfusion and kidney injury. This will also further stimulate maladaptive
neuro-hormonal mechanisms that may exacerbate global
renal blood flow, disrupt intra-renal blood flow (e.g.,
relative flow to cortical and medullary segments), and
alter glomerular filtration. In addition, the disruption of
tubuloglomerular feedback by loop diuretics may paradoxically worsen outer medullar blood flow and exacerbate hypoxic/ischemic injury to the surrounding nephron
segments. Furosemide may promote aggregation of
Tamm–Horsfall proteins in the tubular lumen and worsen
tubular obstruction rather than promote an increase in
urine flow to clear debris. In addition, loop diuretics are
likely to have little to no efficacy in patients presenting
with long-standing and/or severe AKI where significant
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Diuretics for Treatment of Acute Kidney Injury. Table 1 Summary of randomized clinical studies of loop diuretics in the
management of AKI
Study

No.
Year patients

Loop diuretics
protocol

Cantarovich

1971

Furosemide 100–3,200 All were receiving No difference in
mg IV fixed/progressive RRT at enrolment mortality (p = 0.75)
daily

Tinnitusa

47

Comment

Clinical outcomes

Toxicity

D

Karayannopoulos

1974

20

Furosemide
Not critically ill
1,000–3,000 mg IV daily

Reduced need for
RRT with furosemide
(p = 0.02)

None reported

Kleinknecht

1976

66

No differences in
duration of AKI (p >
0.1), duration of RRT
(p > 0.1) or mortality
(p = 1.0)

Tinnitus,
deafness,
vertigoa

Brown

1981

56

Furosemide 3 mg/kg IV Not critically ill,
load, 1.5–6.0 mg/kg IV Co-interventions
(MA),
q4 h
Most already on
RRT
Furosemide 2 mg/min Not Critically ill,
IV or 1,000 mg q8 h PO Furosemide given
to both

No differences in need
for RRT (p = 1.0),
duration of RRT, or
mortality (p = 0.78)

Deafness
(n = 2)

Shilliday

1997

92

Cantarovich

2004

330

No differences in need Deafness
for RRT (p = 0.87), renal (n =1)
recovery (p = 0.56), or
mortality (p = 0.24)
Deafness
Furosemide 25 mg/kg/ All were receiving No difference
day IV or 35 mg/kg/day RRT at enrolment in mortality (p = 0.36), (n = 4)
PO
duration of RRT (p =
0.21) or renal recovery
(p = 0.51)

Furosemide or
torasemide 3 mg/kg IV
q6 h

Co-interventions
(DA, MA)

0V = intravenous, PO = orally, DA = dopamine, MA = mannitol, RRT = renal replacement therapy, ICU = intensive care unit
a
Rates of toxic effect were not reported. In these studies, ototoxicity may have been confounded by concomitant use of aminoglycosides.
Symptoms were reported to occur temporally within a few hours after furosemide administration. No long-term sequelae were reported

tubular necrosis/apoptosis has already occurred. In
these circumstances, loop diuretics may not be
capable of reaching their site of action in the tubular
lumen due to reduced protein-binding associated
with hypoalbuminemia, reduced regional renal blood
flow, competitive saturation of the organic acid transporter needed to secrete furosemide into the tubular
lumen, and existing severe tubular obstruction. These
factors may lead to loop diuretics being largely pharmacologically inert, where their use will only contribute
to toxicity and/or delay definitive supportive therapy
such as RRT.
Drug Interactions (relevant to critical care): These drugs
have numerous interactions and readers are advised
to review a pharmacology source for specifics. Loop
diuretics may enhance the adverse/toxic effects of
aminoglycosides, may enhance the kaliuretic effects of

corticosteroids and interaction with neuromuscular
blocking agents.
Mechanism of Action: Loop diuretics, in particular
furosemide, inhibits the Na+/K+/Cl- cotransporter
(specifically the chloride-binding cotransport) on the
luminal renal tubular cell membrane in the medullary
thick ascending loop of Henle, to reduce active Na and
Cl transport, and induce an increase in excretion of water
and solute.
Summary of Clinical Evidence: There are an abundance of
clinical studies that have evaluated loop diuretics for the
management of AKI. In general, these studies have significant shortcomings and have failed to show the use of loop
diuretics leads to improved patient-centered and clinically
relevant outcomes.
More recently, this controversy has been highlighted
by two large observational studies presenting discordant
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arguments on the potential impact of loop diuretics on
mortality and renal recovery in ICU patients with AKI.
The study by Mehta et al. was performed at four academic
hospitals from 1989 to 1995 and enrolled a total of 552
ICU patients with AKI [1]. This study suggested an
increased risk of death and/or non-recovery of kidney
function with the use of loop diuretics. The study by
Uchino et al. was performed at 54 ICUs across 23 countries
and enrolled 1,743 ICU patients with AKI, defined by
having received RRT or fulfilling predefined criteria for
AKI [2]. While the risk ratio estimate for mortality with
loop diuretic use was >1.0 in this study, it was nonsignificant after adjustment by multivariable analysis. Importantly, neither of these studies can definitively conclude
that any observed association between loop diuretics and
mortality or non-recovery of kidney function is causal. In
addition to the obvious limitations in study design, neither of these studies integrated additional aspects of clinical management that may have influenced survival and/or
renal recovery such as temporal relationship between
onset of AKI and diuretic use, fluid resuscitation, severity
of AKI and changes over time, and the relative timing
of initiation of RRT when indicated. These issues are
complex and are not ideally captured by a retrospective
cohort study design or by analysis of secondary hypotheses
from study databases. Likewise, neither of these
studies was designed to specifically evaluate the direct
impact of loop diuretics on real-time changes to kidney
function or measures of kidney injury (e.g., novel
biomarkers such as neutrophil gelatinase-associated
lipocalin).
Small clinical trials have also suggested loop diuretics
may shorten the duration of AKI, improve the rate of
renal recovery, and perhaps delay or ameliorate need
for RRT. However, it should be emphasized again that
clear improvements in survival and/or renal recovery
have not been shown in modern ICU practice for patients
with AKI with high quality evidence from randomized
trials.
Additional clinical studies have suggested that loop
diuretics might mitigate the severity of AKI by converting
“oliguric” to “non-oliguric” AKI, given that oliguric AKI
has traditionally been associated with worse clinical outcome. Yet, this may be false reassurance, as conversion of
oliguria to a state of adequate diuresis may only suggest
a milder degree of AKI. While this may allow for better
management of complications of AKI (e.g., volume
overload, hyperkalemia), it may also worsen underlying
kidney injury by causing intravascular volume depletion
or contribute to delays to definitive supportive therapy
such as RRT.

In a meta-analysis of furosemide for prevention and
management of AKI, Ho et al. concluded that furosemide
was not associated with clinical benefit but rather
increased the risk of harm and adverse effects [4]. Sampath
et al. also performed a systematic review and Bayesian
evidence synthesis of 13 randomized and non-randomized
studies on diuretic use in AKI[5]. This study calculated an
estimate of the probability that loop diuretics were associated with a risk ratio for mortality >1.0. The authors
found an 83% probability of a risk ratio >1.0 for mortality
with loop diuretics. Another meta-analysis assessing loop
diuretics for treatment of AKI with a focus on ICU
patients included five randomized trials enrolling 555
patients [6]. This study found loop diuretics has no
significant impact on mortality or renal recovery, however,
their use was associated with a shorter duration of RRT,
a shorter time to spontaneous decline in surrogate measures of kidney function, and a greater increase in urine
output from baseline. This study was not able to comment
on whether loop diuretics had any impact on duration of
mechanical ventilation, secondary organ dysfunction,
hospital length of stay, or health costs due to inadequate
data. However, the analysis by Bagshaw et al. highlighted
the poor overall trial quality and the lack of generalizability of this evidence to modern ICU patients with AKI. For
example, the trials in this analysis, along with those from
prior analyses were generally small, confounded by cointerventions (e.g., mannitol, dopamine), and typically
characterized by delayed or late intervention defined by
either prolonged periods of oligo-anuria or already on
RRT at the time of enrolment. The latter point should be
stressed, as any delays to appropriate therapy in AKI have
been found to contribute to increased mortality and
reduced likelihood of renal recovery. Similarly, in all
these trials, furosemide was often given by large intravenous bolus doses, where no specific titration of therapy to
physiologic end points such as urine output was
performed. Finally, many of these trials often did not
include ICU patients, thus greatly limiting their generalizability to the modern ICU patients with AKI. Accordingly, there is continued debate and controversy as to
whether loop diuretics can impact clinical outcomes and
should be used in ICU patients with AKI.
Interestingly, the evidence summarized in these systematic reviews largely forms the basis for the prevailing
view on whether loop diuretics have any benefit in AKI.
Despite this, evidence from surveys and observational
studies indicate that clinicians routinely administer loop
diuretics in AKI, but not in a manner consistent with how
they were administered in these trials. Accordingly, there is
clearly a need for a higher quality suitably powered
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randomized trial of loop diuretics in critically ill patients
with early AKI that incorporates clinically relevant and
patient-centered outcomes, such as progression of AKI,
need for RRT or renal recovery, as well as important secondary outcomes focused on issues of harm, dose-response,
and physiological end points (e.g., fluid balance).

Conclusions
Loop diuretics, in particular furosemide, are commonly
used in the treatment of critically ill patients with AKI.
This may relate to the relative comfort clinicians have with
its administration, pharmacology, and adverse effect profile. However, this may also relate to the limited options
available for treating the resuscitated critically ill patient
with oliguric AKI and the perceived theoretical benefits,
despite the paucity of supportive clinical trial data. These
benefits include conversion of oliguric to non-oliguric
AKI, increasing urine flow to flush tubular debris, reducing renal tubular oxygen consumption relative to medullary oxygen delivery, and improving renal hemodynamics.
However, experimental data on these theoretical benefits
have not been consistent. Equally concerning, loop
diuretics may be associated with false reassurance of benefit and even harm. Existing evidence from observational
studies and small clinical trials are insufficient to inform
this controversy and additional higher quality randomized
trials are needed.
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Definition
Types of Diving
Breath-hold diving, diving with a breathing apparatus,
and saturation diving are the three basic forms of diving.
Breath-hold diving. In breath-hold diving, no supplemental air source is used; depth and duration of submergence are dependent upon the diver’s ability to hold his or
her breath under water. The types of competitive breathhold (or apnea) diving differ depending on mode of
submersion and the type of assistance permitted during
ascent and descent [3]. The period of time that breathhold diver can remain underwater without suitable
breathing gas is dependent on oxygen stores and his or
her ability to tolerate both carbon dioxide buildup and
oxygen exhaustion. In untrained individuals, this may be
limited to approximately 1.5–2 min. In trained breathhold divers, this could be up to 10 min on land and even
longer when submerged in water. Beyond this time, one
must employ the use of a snorkel or an open- or closedcircuit breathing apparatus. With a snorkel, achievable
depth is restricted to just below surface-level as the diver
must produce a profound inspiratory effort to overcome
hydrostatic compression of the chest wall [4]. The use of
a breathing apparatus negates the need for breath-hold
diving by allowing a diver to breathe normally and therefore avoid the pitfalls of this dangerous method of diving.
One of the greatest risks is shallow water blackout secondary to pre-dive hyperventilation.
Breathing apparatus. Diving with a breathing apparatus is achieved through either an open- or closed-circuit.
Open-circuit SCUBA (self-contained underwater breathing apparatus) commonly consists of a single cylinder of
compressed air or nitrogen-enriched air (NITROX) fitted
with a two-stage pressure regulator that works to reduce
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the compressed gas at 205 psi to a pressure equal to ambient water pressure surrounding the diver, allowing for ease
of both inhalation and exhalation in a pressured environment. The first stage reduces cylinder pressure to an intermediate pressure, usually about 150 psi higher than the
ambient pressure. This intermediate pressure air is then
delivered to a second stage which is attached to the diver’s
mouthpiece from which the diver breathes. As the diver
inhales the negative pressure created by the lungs creating
opens an air inlet valve on the second stage which releases
the intermediate pressure air into the diver’s mouth. With
inhalation, the intermediate pressure air expands and is
reduced to a pressure equal to ambient water pressure.
Exhalation closes the air inlet valve but also creates
increased pressure within the mouthpiece opening
a separate valve that releases the exhaled air into the surrounding water. Variations of this arrangement employ the
use of multiple cylinders or mixed breathing gas [1].
A closed- or semi-closed-circuit rebreather (CCR)
apparatus is a type of SCUBA that allows for recycling of
exhaled air and filtering of exhaled carbon dioxide. In
a rebreather circuit, both the high pressured cylinder gas
and exhaled gases are connected by closed loop of twin
cylinders. Exhaled carbon dioxide is passed through
a filter (called a scrubber) before returning to the compressed gas cylinder. However, employing the use of this
particular apparatus comes with the increased risk of
carbon dioxide toxicity in the event of scrubber failure
[2]. This recycling reduces the volume of breathing gas
used, making a rebreather lighter and more compact.
Saturation diving. Saturation diving refers to when
a diver’s tissues have absorbed the maximum partial pressure of inhaled gas possible for that depth due to the diver
being exposed to the surrounding ambient pressure for
prolonged periods. Once tissues become saturated, the
time to ascend from depth, to decompress safely, will not
increase with further exposure and therefore reduce the
risk of decompression sickness (DCS) that can occur with
repetitive dives. Saturation diving is used to describe
deeper dives where individuals reside within a pressure
chamber located either on a diving support vessel or oil
platform for many days [3].

Hazards of Diving
The underwater environment poses many physical and
physiological challenges to the diver such as drowning,
being struck by surface watercraft, becoming entangled in
underwater debris, contraction of an immersion-related
skin disorder or waterborne infectious disease, or being
harmed by dangerous marine life [1]. Over and above
these risks, the diver is faced with increased physiological

stress as a result of environmental challenges such as immersion in unbreathable ambient medium and increased
ambient pressures which strain the cardiovascular, urinary,
and respiratory systems, and thermal balance [4].
Circulating blood is centrally redistributed in response
to immersion in thermoneutral water but especially if the
surrounding water is cold as it prompts vasoconstriction.
Under normal conditions, the body autoregulates blood
flow according to metabolic demands as dictated by the
peripheral tissues. However, immersion modifies this
autoregulation to increase systemic blood flow. More
blood is shunted to the vital organs such as the brain,
heart, and lungs as the body performs increased cardiac
and respiratory work. Blood flow to the cerebellum is
augmented in response to the environmental influence
on changing vestibular and proprioceptive input. Meanwhile, the renal blood supply is unchanged [4].
Cardiac output is increased by means of enhanced
end-diastolic and stroke volume in response to the effect
of cardiac muscle length on force of contraction. The
body’s response to atrial stretching is compensatory diuresis to minimize the apparent increase in plasma volume
[4]. Multiple agents of diuresis are released and, as a result,
divers become hypovolemic. Breathing dry cylinder gas
places the divers at an already appreciable risk of dehydration because it aggravates the existing fluid deficit. Dehydration is thought to be one of the precipitating factors of
diving-related illness [3].
Elastic loading and negative pressure breathing are
consequences of increased hydrostatic pressure differences
across the chest wall which can also strain pulmonary
mechanics. Due to the increased work of breathing and
associated respiratory muscle fatigue, the respiratory muscles receive a greater blood supply due to increased metabolism [4].
The rate of pressure change experienced by divers is
greater than that encountered by high-altitude climbers.
Because water is virtually incompressible, pressure
increases linearly with the height of the water column
(depth); the diver experiences 1 additional atmosphere
for each additional 10 m of seawater that they are submerged. However, the greatest change in pressure occurs
nearest the surface. This holds important implications for
divers as the behavior of gases will change under the
influence of pressure [3].
In accordance with Dalton’s law, there is a
proportional increase in the partial pressures exerted by
each breathing gas component as the ambient pressure
increases with depth. Further, humans experience a
proportional increase in the levels of gas dissolved in
body tissue when they are exposed to supranormal gas
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pressures. This is problematic as exposures to high levels
of the component gases, such as nitrogen and oxygen, have
profound physiologic consequences [3].
As the diver descends to greater depths, gas-filled tissue
spaces are subject to Boyle’s law and the inverse relationship
of pressure and volume. Closed air spaces that are contained
within a distortable tissue, like the bowel or lungs, are
readily compressed upon descent and are expanded as the
diver rises toward the surface. A pressure gradient will
develop in closed air spaces that are contained within
a non-distortable tissue, like the middle ear and sinuses [3].
Increased pressure brings about a corresponding
increase in the density of breathing gas. A greater effort
will be required to breathe when increased gas density is
combined with immersion, decreased pulmonary compliance, and increased airway resistance [3].
Another major environmental challenge is dealing
with temperature extremes. The water temperature
declines with increasing depth; moreover, the high thermal conductance and capacity of water places the diver
at greater risk for developing hypothermia. When a diver
is immersed in water with a temperature above
thermoneutral, the risk of hyperthermia is increased and
especially during exercise due to the limited ability of the
body to eliminate heat under these conditions [4].
Further, the physical properties of water present the
diver with several other more subtle challenges. Visibility
is hindered by suspended particles and changes in light
transmission. Hearing acuity is impaired due to altered
sound propagation, limiting the diver’s ability to localize
sound. Adaptations to the underwater environment are
achieved both physiologically and by creating an artificial
microenvironment. To allow underwater vision, airspace
is created between the eye and the water by a face mask
that covers just the eyes and nose or one that covers the
entire face. Fins are used for underwater propulsion;
weight belts and buoyancy-compensating vests allow the
diver to exercise more control over buoyancy both underwater and at the surface. Diving watches and depth gauges
are used to track time and depth; tank pressure gauge
allows the diver to monitor air consumption. To protect
against the environment and avoid cold-related illness or
injury, neoprene wet suits are typically worn. In tropical
settings, divers wear suits made of spandex (Lycra) to
protect against stinging marine life [1].

Evaluation/Assessment
The four primary pathologies of diving medicine are
barotrauma, decompression illness (DCI), pulmonary
edema, and the pharmacological and toxic effects of
respired gases at high pressure.
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Barotrauma
The physiologic consequence of Boyle’s law provides
the explanation for pressure-related diving sickness.
According to Boyle’s principle of gases, gas-filled spaces
in the diver’s body compartments are subject to volume
changes. These volume changes have to be compensated
for by the cavities in which they are contained. If unable
to communicate with the environment, the uncontrolled
expansion of a gas within a body compartment can create
a gradient of unequal pressure leading to damage or injury
otherwise known as barotrauma. Barotrauma to the ears
and sinuses is most common among divers [2].
Mask squeeze. Mask squeeze is the result of negative
pressure buildup within the diver’s mask created by an
uneven pressure differential between the gas-containing
space and the environment. During descent, nasal exhalations must be used to add air to the face mask in order to
equalize pressure. Failure to maintain pressure during
descent produces negative pressure capable of causing
local pain associated with capillary rupture, swelling, and
subconjunctival hemorrhage [2].
Sinus barotrauma. Sinus barotrauma results from failure to maintain air pressure in any paranasal sinus leading
to the development of vacuum pressure within the sinus
cavity. This negative pressure leads to congestion and
edema of the mucosal lining. During descent, the diver
will experience increasing pain over the affected sinus;
during ascent, the remaining gas within the sinus cavity
may expand causing epistaxis. Because the frontal sinus is
typically involved, diver’s suffering sinus barotrauma will
usually present with frontal pain. The maxillary sinus is
also commonly involved where the diver may present with
pain in the maxillary teeth [2].

Otic Barotrauma
Middle ear barotrauma. Middle ear barotrauma is the
most common manifestation of barotraumas among
divers and typically occurs during descent. When the
diver descends, pressure readily compresses the air-filled
space contained within the middle ear. This volume
change must be addressed by introducing additional air
into this space in order to avoid injury. Divers are trained
to equalize the pressure difference between the ambient
environment and middle ear by opening the Eustachian
tube using a swallowing movement or valsalva with an
open glottis and closed nostrils. Barotrauma results from
the inability of pressurized air delivered by the scuba tank
and held within the mouth to pass along the Eustachian
tube and into the middle ear compartment allowing
middle ear equalization [5]. Problems arise if the diver is
unable to equalize pressure due to improper technique or
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if the Eustachian tube is closed or congested secondary to
upper respiratory infection or while symptomatic from
allergic rhinitis. As a result, the gas trapped in the middle
ear will contract and draw the mucosal lining inward
causing it to swell and possibly hemorrhage. The clinical
picture is similar to acute otitis media and includes
earache, a sensation of ringing in the ears, and nausea.
This condition is sometimes associated with vertigo
or transient conductive hearing loss [1]. In its most
severe form, middle ear barotrauma can rupture the
tympanic membrane. The influx of cold water into the
middle ear can disrupt the vestibular system via
cold caloric stimulation causing vertigo, nausea, and
vomiting [2].
External ear barotraumas. External ear barotrauma can
occur if the external auditory canal becomes occluded by
a tight fitting mask, or a wet suit or dry suit hood. As
a result, air becomes trapped in the external auditory canal
causing a painful squeeze as the volume of the air is
reduced during descent. Signs and symptoms of this condition are earache, the feeling of ear fullness, swelling,
erythema, petechiae, or bleeding upon removal of the
occlusion [2].
Inner ear barotrauma. Patients with inner ear barotrauma typically have a history of difficulty equalizing
middle ear pressure with many forceful attempts. This
usually occurs with a locked and blocked Eustachian
tube. As a result, a pressure gradient is formed between
the middle ear and the perilymph. Increased intracranial
pressure can rupture the round or oval window causing
perilymph to leak from the inner ear resulting in high tone
deafness, the sensation of ringing in the ears, nausea,
vomiting, and vertigo [1]. Symptoms can develop immediately or be delayed for several hours [2].

Pulmonary Barotrauma
Pulmonary barotrauma is the most severe form of barotrauma and is typically seen in the setting of emergency
ascent. When the diver ascends, ambient pressure falls and
the compressed gas in the lungs expands. Breath-holding
or a rapid rise to the surface without sufficient exhalation
to equalize intrapulmonary and ambient pressure will
cause pulmonary over-inflation. Pulmonary barotrauma
results when expanding gas within the alveolar air spaces
stretches the elastic limits of the lung such that air is
unable to escape through the airways and may ultimately
lead to rupture of the alveolar tissue causing pain and
frothy blood-tinged sputum. Additionally, this air can
then potentially pass into the bloodstream via the pulmonary veins and, more critically, into the arterial circulation
leading to air-gas embolism. The highest risk for

pulmonary barotrauma occurs at the surface where the
rate of gas expansion is the greatest [1].
Gas Embolism. Embolism can occur if the pulmonary
capillaries are ruptured. Most of these events are precipitated
by breath-holding or rapid uncontrolled ascent. Symptoms
of pulmonary gas embolism include vertigo, headache, weakness, visual disturbance, or unconsciousness. Further, if the
escaped air is carried to the left heart, it can then be distributed by buoyancy and blood flow in the upright ascending
diver into the carotid arteries causing a cerebral arterial gas
embolism [1]. Patients suffering cerebral gas embolism
typically present immediately (less than 10 min) after
surfacing with neurological symptoms including paralysis,
convulsions, or coma along with cardiovascular instability
or cardiac arrest. While most divers improve after the
short time required for the reestablishment of blood
flow, relapse is not uncommon [3].
Subcutaneous emphysema. Subcutaneous emphysema
may result if the visceral pleura are ruptured by expanding
gas. A patient with subcutaneous emphysema will present
with crepitus in the skin overlying the neck and the shoulders with a crunching sensation upon palpitation of the
affected area [1].
Pneumomediastinum. Expanding gas may rupture into
the mediastinal space where it can track up to the area
surrounding the heart and can sometimes compress the
trachea. Chest pain and dyspnea occur as a result. Air in
the pericardium can be best appreciated during systole [1].
Pneumothorax. Pneumothorax is a consequence of
alveoli rupture in response to expanding gas where air
is permitted entry into the pleural space, thus collapsing
the lung. This condition causes pleuritic chest pain and
dyspnea. If, during ascent, the air continues to expand, it
may push the mediastinal structures into the opposite
hemithorax producing tension pneumothorax. Hypotension, venous jugular distention, and impaired breath
sounds of the opposite hemithorax are common in
a patient with tension pneumothorax [5].

Decompression Illness
The physiological consequence of Henry’s law is able to
account for decompression illness. The term decompression illness encompasses both decompression sickness and
arterial gas embolism and describes the consequence of
a rapid return to atmospheric pressure after breathing
gases at increased partial pressure.
Decompression sickness. An inert gas will become
dissolved in bodily tissues as a function of depth and
time. Saturation is achieved during prolonged dives
where the breathing gas and tissues reach a state of equilibrium. During ascent, the metabolically inert gases
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(primarily nitrogen) move from the blood into the tissues
and then from the tissues into the lungs. When the inert
gas contained within the blood and the tissue reaches
a partial pressure greater than the ambient pressure, nitrogen comes out of solution and, if it does so too rapidly,
supersaturated dissolved gas will coalesce and form bubbles in the tissue (such as the skin, joints, muscles, and
nerves) and the blood vessels. The clinical manifestation of
decompression sickness (DCS), more commonly referred
to as “the bends,” ranges from mild to severe extremity
symptoms that develops within 1 h of surfacing and progressively worsens over the course of 24–36 h. In general,
symptom onset is a predictor of the severity and rate of
disease progression [2, 5].
The effects of decompression sickness reflect the
anatomical location of bubble formation where multiple
systems can be involved concurrently. Their pathophysiological effects cause the mechanical distortion of body
tissue, obstruction of blood flow, the denaturing of proteins, and can also activate the clotting cascade and mediators of the inflammatory response. The stress of
decompression is directly related to bubble load. “Silent”
bubbles can exist in the absence of obvious clinical symptoms [3, 5].
The venous circulation is where a majority of intravascular bubbles form. The lungs are able to mitigate this
problem by acting as a filter, trapping blood-borne bubbles and incorporating them into gaseous exchange. Bubbles are filtered out of the pulmonary microvasculature
and into the alveolar space where they will finally exit the
body via exhalation [1]. This process works to prevent
blood from passing into the systemic circulation. However, in cases of severe decompression sickness, bubble
load can overwhelm the pulmonary circulation causing
bubbles to enter the arterial circulation resulting in gas
embolism [3].
Decompression sickness is often classified into either
Type I or Type II, although this classification has more
recently fallen out of favor by many experts. However,
dividing them into groups helps to understand the spectrum of DCS and how one may approach divers with
potential injury. Type I DCS describes mild cases of
musculoskeletal, skin, or joint involvement. These cases
produce only skin rash or diffuse musculoskeletal pain
typically localized near a synovial joint such as in the
elbow and shoulder. Type II DCS describes more serious
cases of decompression sickness that includes neurological, vestibular, or cardiorespiratory symptoms. Neurological symptoms may result in paraplegia or permanent
nerve damage. Symptoms will reflect the region of the
nervous system that has sustained damage as a result of
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venous bubbles in the epidural plexus surrounding the
spinal cord. Other symptoms include paralysis, vertigo
ataxia, speech disturbance, unconsciousness, and visual
cognitive defects. Cardiorespiratory symptoms are caused
by the movement of bubbles from the tissue into the
vasculature. Venous gas embolism can be asymptomatic
[5]. However, retrosternal chest discomfort can result
from 5 mL of air in pulmonary arterial circulation; hypertension, edema, cough, and dyspnea occur with 25 mL [2].
In order to minimize the risk of decompression sickness, divers employ the use of dive tables and computer
systems which give recommendations limiting dive durations for a given depth and suggestions for maximum
ascent rate in addition to frequency and length of intermittent decompression stops. A more conservative
approach is warranted in the case of repetitive dives or
dives performed at altitude. Despite a reduction in illness
rates, these tables are not infallible and enough individual
variability exists that divers may suffer decompression
sickness even after strict adherence to established guidelines [3].
Arterial gas embolism. In the event of a rapid ascent
from depth, the alveoli may become over-distended and
ruptured by bubbles of expanding gas allowing air to
escape through the pulmonary capillary network and
into the pulmonary venous system. Damage can occur
when these air bubbles coalesce and develop into larger
emboli which in the settling of overwhelming formation
may pass from the right to left in the cardiopulmonary
circulation either via a patent foramen ovale or arteriovenous malformations in the lung. Upon entering the left
side of the circulation, the arterial gas embolism (AGE)
can lead to concurrent acute symptoms. Initially the pulmonary emboli may cause obstruction, ischemia, and
stimulation of inflammatory processes with symptoms
such as severe chest pain and hemoptysis. Arterial gas
emboli, however, will rapidly travel to more critical areas
of the body and lodge within the brain, spinal cord, heart,
and other organ systems. The symptoms often include loss
of consciousness, seizure, visual disturbances, severe headache, vertigo, paralysis, myocardial infarction, or death.
Presentation is rarely delayed and usually develops within
10 min of surfacing. This condition usually occurs in the
setting of breath-holding during ascent or during rapid
uncontrolled or panicked ascents. AGE may occur in shallow water depths as well as during deeper dives [5].

Pulmonary Edema
Acute pulmonary edema is likely caused by a variety factors that facilitate pulmonary vascular distention, negative
airway pressure, and ultimately the stress failure of
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pulmonary capillaries. These factors include immersion,
exercise, hyperventilation, malfunctioning breathing regulators, and fluid overload intended to prevent dehydration [3]. Symptoms include cough, weakness, chest
discomfort, orthopnea, wheezing, hemoptysis, and dizziness. Evaluation of the patient with suspected pulmonary
edema should include electrocardiogram, echocardiogram, chest radiographs, cardiac markers, V/Q scan, and
Holter monitoring [2].

Effects of Respired Gases at High Pressure
Diving offers several unique problems such as those
related to the behavior of gases under changing conditions
of pressure. When breathing air, the diver is exposed to
nitrogen, oxygen, carbon dioxide, and helium in some
mixtures. There is no ideal breathing gas mixture, and
choice of composition depends on depth and duration
of dive. One must also balance the physiological effects
as breathing gases at conditions of high pressure can
have potentially dangerous toxic effects. Common mixtures include compressed air, nitrogen–oxygen mix
(nitrox), helium–oxygen mix (heliox), and helium–
oxygen–nitrogen mix (trimix) [1, 3].
Carbon dioxide toxicity. A diver can retain carbon
dioxide if ventilation is intentionally slowed to conserve
air; if the diver takes shallow breaths due to weak or
fatigued respiratory muscles; or, in event, a restrictive
wet suit or jacket prevents expansion of the chest wall.
Hypoventilation exposes the diver to higher levels of
carbon dioxide causing symptoms of acute hypercapnia.
Symptoms of carbon dioxide toxicity usually start with
a gradually developing headache with a bifrontal,
bitemporal, or bioccipital distribution. Other symptoms
are the sensation of feeling flush, dizziness, rapid heartbeat, confusion, and dyspnea. In severe cases, the diver
may experience respiratory and cardiac depression
followed by lethargy and unconsciousness [1].
On the other hand, anxious divers may hyperventilate
before, during, or after a dive causing symptoms of
hypercapnia which are similar to those of a panic attack.
The clinical features of hypocapnia are hyperventilation,
anxiety, dizziness, loss of coordination, headache and
nausea, tingling in the hands, feat, lips, and tongue or
unconsciousness [1].
Oxygen toxicity. Oxygen can be toxic at elevated pressures causing tissue hyperoxia. Under normal conditions,
free radicals are removed by various antagonistic enzymes
during oxygen metabolism. However, under conditions of
pressure, free radicals will begin to outnumber the
enzymes. When this happens, free radicals begin to oxidize
both cellular enzymes and polyunsaturated fatty acids

severely compromising cellular metabolic systems and
lipid tissues in the central nervous system. Signs and
symptoms include nausea, dizziness, paresthesias, auditory hallucinations, visual disturbances, muscle spasm,
irritability, confusion, and seizures. After prolonged exposure greater than 12 h, congestion, pulmonary edema, and
atelectasis may ensue [2].
Nitrogen narcosis. The physiologic consequence
of Henry’s law, which states that at a given temperature
the amount of a gas dissolved in a liquid (i.e., blood) is
directly proportional to the partial pressure of that gas in
the ambient environment. This accounts for nitrogen narcosis. Increases in barometric pressure with depth cause
a progressive increase in nitrogen partial pressure. Many
believe that the narcotic effect produced by nitrogen at
high pressure works through a mechanism similar to that
of anesthetic gas. Such gases are able to dissolve in fatty
tissue disrupting ionic conductance through the membrane and subsequently decreasing neuronal excitability.
Accordingly, cognition is affected in a manner similar to
alcohol intoxication. While individual response is highly
variable, common symptoms include euphoria, feeling
lightheaded, weakness, poor coordination, and impaired
judgment. Loss of consciousness may be observed at
greater depths [1, 2]. Helium serves as a substitute for
nitrogen in breathing mixtures frequently used for deep
dives to avoid narcosis and reduce the risk of suffering
hypercapnia [1].

Treatment and Prognosis
Appropriate therapy should be initiated as soon as possible as treatment delays can result in catastrophic outcomes. A proper patient history will include level of
experience, type of diving, composition of breathing gas,
dive profile, rate of ascent, and the onset of symptoms. If
this information is unavailable, consult with the diving
buddy or the diver’s computer. Physical examination will
include vital signs, ophthalmoscopy, otoscopy, cardiac
examination, and a complete neurological examination.
Chest radiograph and arterial blood gas should be
obtained but never at the risk of delaying treatment
when recompression is called for.

Barotrauma
Mask squeeze. This condition which happens on descent
with an improperly ventilated mask will usually resolve
without intervention. Cold compresses and analgesics
may provide some relief [2].
Sinus barotrauma. As with otic barotraumas, equalization is essential in the prevention of sinus barotrauma. Most
cases require no treatment but can include the use of
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systemic and topical vasoconstrictors, analgesics, and
antihistamines if needed. The individual should
refrain from diving until the condition is fully resolved. If
signs of sinusitis are present, use of antibiotics is
recommended [2].
Otic barotrauma. Divers suffering from otic barotrauma should discontinue their dive and ascend immediately. Diagnosis of middle ear barotrauma is made
through use of the Weber test where the affected side
shows increased bone conduction.
Middle ear barotrauma in the absence of perforation
will usually resolve within a few days or up to 2 weeks.
Those with perforation may benefit from hearing test and
prophylactic oral antibiotics. Conservative treatment for
inner ear barotraumas includes bed rest, head elevation,
and the use of stool softeners to reduce perilymph
pressure. Specialist evaluation and treatment may be
warranted if conservative therapies are unsuccessful. One
should not return to diving until all abnormalities are
resolved, hearing returns to normal, and the Eustachian
tube is fully functional [2, 5].
Pulmonary barotrauma. To detect air trapping, one
should consider x-ray or V/Q scan. Patients with
pneumomediastinum and subcutaneous emphysema
do not require specific treatment as most cases will resolve
on their own [1].
The usual auscultatory and radiographic findings will
lead to the diagnosis of pneumothorax. Mild pneumothorax will resolve spontaneously as the body will resorb the
air. Significant pneumothorax calls for needle decompression and chest tube placement. Rapid development of
pneumothorax can impede cardiac function, leading to
shock or sudden death. [1, 2] Tension pneumothorax
necessitates emergency thoracostomy and chest tube
placement in the second intercostal space of the affected
side [5].

Decompression Illness
Decompression sickness. Standard first aid procedures
should be performed in the field as well as the administration of supplemental oxygen if available. Oxygen not
only serves to alleviate arterial hypoxemia but also
increases the body’s ability to eliminate inert gas. Immediate oxygen-therapy delivered at an FIO2 of 100% will
facilitate the delivery of oxygen to underperfused tissue
and reduce the partial pressure of the inert gas in the
bubbles. In doing so, the inert gas is encouraged to diffuse
back into the tissue, thus decreasing the bubble volume
[1]. Altitude exacerbates this condition; therefore, emergency transport of divers should make efforts to minimize
altitude exposure. Equally, divers need to be aware of their
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residual nitrogen load especially after repetitive dives on
consecutive days and avoid commercial aircraft for
18–24 h. Ideally, patients would be transported at altitudes
lower than 1,000 m and in an aircraft with a pressurized
interior [5]. Placing the body in the supine position
promotes nitrogen washout and may reduce the risk
of developing hypotension and further cerebral artery
embolism. Intravenous fluids will prevent dehydration
from pressure-induced dieresis; in addition, hydration
may also promote nitrogen washout. Oral rehydration
is strongly advised in patients whose airways have
not been compromised if intravenous fluids are
not immediately on hand [3]. If the patient is intubated,
water should be used to inflate the endotracheal tube
in order to prevent problems in the recompression
chamber [5].
A diver suffering decompression sickness must be
recompressed in a hyperbaric oxygen chamber; early initiation of treatment provides a better prognosis [1]. Compression, in accordance with Boyle’s law, reduces bubble
volume resulting in a reduced vascular obstruction and
tissue distortion. Breathing gas during recompression is
made of 100% oxygen which encourages the elimination
of inert gas and the delivery of oxygen to ischemic tissue.
Treatment begins with a rapid recompression to a specific
pressure followed by staged and unhurried decompression. Meanwhile, the patient is provided with 100% oxygen with intermittent bursts of regular air. The initial
decompression treatment schedule last approximately
5 h. If symptoms have not resolved, the therapy is repeated
once to twice daily [3].
Arterial gas embolism. Evaluation should include
a chest radiograph to exclude pneumothorax. Treatment
of arterial gas embolism consists of advanced cardiac life
support, administration of 100% oxygen, hydration
with intravenous fluids, and immediate recompression
in a hyperbaric oxygen chamber. The standard
recompression protocol for arterial gas embolism uses
the US Navy Treatment Table 6 algorithm where an individual is recompressed to 60 ft. Depending on the severity
and location of the embolism, many patients will fully
recover if recompression can be promptly initiated [3].

Effects of Respired Gases at High Pressure
Carbon dioxide toxicity. Symptoms of carbon dioxide
toxicity will quickly abate after the diver returns to the
surface. However, a persistent headache can be improved
by the delivery of 100% oxygen from a facemask [2].
Nitrogen narcosis. Similar to carbon dioxide toxicity,
the effects of nitrogen narcosis usually resolve upon return
to normal ambient pressure [2].
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Effective treatment requires a multidisciplinary approach.
The clinician should provide appropriate treatment for
any injuries identified and involve both institutional
(social services) and community resources (shelters, support groups) as needed. A social worker can help the
patient develop a safety plan that includes what to do in
a crisis. The plan may include how to obtain immediate
safe housing, and information about local community
resources for psychological support, financial assistance,
and legal advice (civil protection order). Careful documentation is important. Reports of abuse in the chart need
to be specific and detailed. Events should be described in
the patient’s own words. Injuries should be described and
if possible photographed.
Most states do not require mandatory reporting of
domestic violence against competent women. However,
domestic violence against a child or disabled person
must be reported. The clinician should become familiar
with the mandatory reporting laws in their area. When in
doubt the clinician should always check with the local
authorities regarding mandatory reporting.
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Domestic Violence
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Synonyms
Domestic abuse; Intimate partner violence (IPV); Spousal
abuse

Definition
Domestic violence (DV) is defined as any behavior (physical, emotional, sexual) that is purposely inflicted upon
one individual by another while in an intimate relationship. Domestic violence affects both sexes but is more
common in women. Domestic violence occurs in women
of all ages, socioeconomic classes, and ethnicities. Domestic violence often begins as verbal and emotional abuse but
leads to physical abuse over time. Domestic violence is
the most common cause of nonfatal injury to women in
the USA [1]. One-third of the homicides in women in the
USA are the result of domestic violence [1]. Cumulative
lifetime prevalence of exposure to domestic violence has
been reported as high as 54.2% [2]. However, it is believed
that the magnitude of the domestic violence is greatly
underestimated due to the probable underreporting to
authorities.

Evaluation/Assessment
Domestic violence frequently remains undiagnosed since
the patient may not offer they are in an abusive relationship and the physical exam findings may be absent or
nonspecific. Therefore, it is important that clinicians consider the diagnosis in certain high-risk groups. The prevalence of abuse appears to be higher in women with certain
risk factors (see Table 1) [3].
Studies report that many female homicide victims
have presented to the emergency department (ED) with
injuries on at least one prior encounter. Women at greatest
risk for injury from domestic violence include those with
male partners who abuse alcohol or drugs, are unemployed or intermittently employed, have less than

Domestic Violence. Table 1 Risk factors for domestic
violence
Under age 35
Single
Divorced or separated
Alcohol or drug abuse or whose partners do
Cigarette smoking
Pregnant
Poor
Recently obtained a restraining order

Domestic Violence

Domestic Violence. Table 2 SAFE screening questions

Inconsistent explanation of injuries

Afraid/Abused: “Have you ever been in a relationship where
you were threatened, hurt or afraid?”

Delay in seeking treatment

Friends/Family: “Are your friends or family aware that you
have been hurt?” Could you tell them, and would they be
able to offer you support

Bruises of different ages

Patient may appear fearful, evasive, or subdued
Pattern injuries
Strangulation
Somatic, functional, or psychiatric complaints
Frequent emergency department visits

a high-school education, and are former husbands,
estranged husbands, or former boyfriends of the affected
women [1]. Therefore, screening patients for domestic
violence when they present for evaluation of injuries may
identify those at risk for further harm.
Routinely asking about domestic violence significantly
increases its detection. Questions should be asked in
a nonjudgmental respectful manner and in a private setting. It is crucial that the patient be given appropriate
validation, support, and reassurance. Many groups recommend screening all women patients for domestic violence, although the evidence for the efficacy is lacking.
However, most victims of abuse support the idea of routine screening. Half of patients surveyed stated that they
would discuss domestic violence if specifically asked [4].
Directly asking about abuse appears to be more effective
than written questionnaires. Several screening tools exist
for routine screening. The SAFE questions were developed
as a useful screen [5] (see Table 2).
Screening can be as simple as asking a single question
such as “Do you feel safe at your home?” The Massachusetts Medical Society recommends asking the following
question, which can be adapted as necessary: “At any time,
has a partner hit, kicked or otherwise hurt or threatened
you?” [6].
Clinicians should look for certain clues that may suggest domestic violence (See Table 3). Inconsistent explanation of injuries or delay in seeking treatment suggests
possible domestic violence. The presence of certain injuries (bruises of different ages), pattern injuries (from
objects), or strangulation should raise suspicion. Victims
of domestic violence often present with somatic, functional (chronic pain, headaches, fatigue), or psychiatric
complaints (anxiety, depression, substance abuse). Frequent emergency department visits or non-compliance
should raise suspicion for domestic violence. The patient’s
demeanor or the partner’s behavior can yield clues. Often,
the patient may avoid eye contact and appear fearful,
evasive, or subdued. The partner may be overzealous to
answer questions on behalf of the patient.
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Domestic Violence. Table 3 Domestic violence clues

Stress/Safety: “Do you feel safe in your relationship?”

Emergency Plan: “Do you have a safe place to go and the
resources you need in an emergency?”

D

Non-compliance
Partner’s behavior (answering questions)

After-care
The patient should be discharged to a safe setting (shelter,
friend) and given appropriate written discharge instructions. The instructions may include necessary medical
advice and follow-up, information about local community
resources (support groups, financial assistance, and legal
advice), and numbers for domestic violence hotlines
(National Hotline: 800-799-SAFE).

Prognosis
Domestic violence typically recurs, escalates, and ultimately may result in death if not intervened upon.
Domestic violence is associated with chronic negative
health problems and profound psychological harm.
Victims frequently develop anxiety, depression, somatization disorders, and posttraumatic stress disorder.
Pregnant women may give birth to a baby with low
birth weight, and are more likely to deliver by cesarean,
and be hospitalized for maternal complications [7].
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Class and Category
Adrenergic agonist agent (sympathomimetic, inotrope)

Indications
Dopamine is labeled indicated for the correction of hemodynamic imbalances present in shock due to myocardial
infarction, trauma, sepsis, cardiac surgery, and chronic
cardiac decompensation as in congestive failure, which
persists after adequate appropriate volume replacement.
Unlabeled use of dopamine has been done in or as part of
a regimen for treatment in symptomatic bradycardia or
heart block unresponsive to atropine or pacing, resistant
edema, polyuria, hepatorenal syndrome, cirrhosis, and
also in renal protection.

Dosage (Adult)

One hundred years ago (in 1910) dopamine was discovered
by Bager and Dale. The first clinical use of dopamine in
a patient with severe congestive heart failure was described
about 50 years later. The drug appeared to augment cardiac
output and to increase sodium excretion. Subsequent studies demonstrated that dopamine increased renal plasma
flow, glomerular filtration, sodium excretion, and urine
flow in animals and normal human subjects. Afterward,
dopamine became widely used in intensive care units as
inotropic, vasoactive, and presumed “renal protective
agent.” The latter came from attempts to prevent or treat
acute kidney injury (AKI) (previously called acute renal
failure [ARF]) in critically ill patients by the renal vasodilator effects of “low-dose” (often called “renal-dose”) dopamine. Indeed, the drug was considered beneficial by many
for preservation of renal function and widely accepted in
clinical practice for over 30 years. AKI is commonly seen in
the critically ill, and is associated with increased hospital
mortality and morbidity. Prevention of AKI could result in
saved lives as well as reduced cost, and decreased likelihood
of developing chronic kidney disease (CKD).

Dopamine has unique dose-dependent effects whereby it
influences different catecholamine receptors. In I.V. doses
of 0.5–2 mg/kg/min, dopamine produces primarily dopaminergic effect that result in vasodilation. In I.V. doses of
2–10 mg/kg/min, it induces beta-1 receptors to caused
positive chronotropic and inotropic effects thereby
increasing heart rate and cardiac output. At doses of
10 mg/kg/min or more, adrenergic receptor stimulation
predominates and increased peripheral vascular resistance
and renal vasoconstriction occur.
The recommended dosage for hemodynamic support
is an I.V. infusion rate of 1–5 mg/kg/min up to 50 mg/kg/
min, titrated to desired response; infusion may be
increased by 1–4 mg/kg/min at 10–30-min intervals until
optimal response is achieved. In more seriously ill
patients, initial I.V. infusion at doses of 5 mg/kg/min and
increasing gradually using 5–10 mg/kg/min changes up to
20–50 mg/kg/min as need may be required. In general,
most patients can be maintained on the doses less than
20 mg/kg/min.
So-called “renal-dose” or low-dose dopamine or for
renal protection in literature usually means a range from
0.5 to 3–5 mg/kg/min that produces preferential dopaminergic and possibly beta-adrenergic effects over its alphaadrenergic effects.

Generic Name

Adverse Reactions

Background

Dopamine hydrochloride

Synonyms
Intropin®

Trade Names
Intropin®

The frequent adverse reactions of dopamine included
ectopic beats, nausea, vomiting, tachycardia, angina
pain, palpitation, dyspnea, headache, hypotension, and
vasoconstriction. Other adverse reactions which have
been reported infrequently were aberrant conduction,
bradycardia, piloerection, widened QRS complex, peripheral cyanosis, anxiety, azotemia, and elevated blood pressure. Even “low-dose” dopamine has been reported to be

Dopamine

associated with tissue necrosis and digital gangrene, earlier
onset of gut ischemia.
Peripheral vasoconstriction, if severe, leading to vascular stasis and gangrene of the extremities has been
reported after dopamine administration. Particular
caution is required in patients with preexisting vascular
disease such as cold injury, atherosclerosis, Raynaud’s
disease, and diabetic endarteritis.
Extravasation of dopamine may cause subcutaneous
necrosis and sloughing of surrounding tissue because of
local alpha-adrenergic vasoconstriction. If extravasation
occurs, infiltrate the area with diluted phentolamine
(Regitine®) (5–10 mg in 10–15 mL of saline) with a fine
hypodermic needle as soon as possible. To prevent extravasation, dopamine should be administered through a long
I.V. catheter into a large vein and checking the infusion site
frequently.

Drug Interactions
Alkaline solution deactivates the effect of dopamine.
Monoamine oxidase (MAO) inhibitors and bretylium
may prolong and potentiate the effect of dopamine.
Sympathomimetics and phosphodiesterase inhibitors
exacerbate dysrhythmia response. Beta-adrenergic antagonists may blunt inotropic response. Phenytoin administration with dopamine may develop hypotension,
bradycardia, and seizures. Cyclopropane or halogenated
hydrocarbon anesthetics increase cardiac autonomic irritability in patients receiving dopamine; ventricular
arrhythmias and hypertension may occur.

Pharmacokinetics
Dopamine is metabolized in the liver, kidneys, and plasma
by MAO and catechol-O-methyltransferase to the inactive
compounds and norepinephrine. Dopamine is excreted
mainly (80%) in urine as inactive metabolites within
24 h. Half-life elimination: approximately 1.75–2 min.

Mechanism of Action
Dopamine is an endogenous catecholamine and is
an immediate precursor of norepinephrine that serves
as an important neurotransmitter in sympathetic nervous
system. Dopamine act directly stimulates both adrenergic
and dopaminergic receptors. Dopamine-1 (DA-1) receptor stimulation by dopamine results in selective vasodilatation from vascular relaxation, primarily in renal and
mesenteric beds. Renal vasodilation (interlobular and
both afferent and efferent arterioles) results in increased
renal blood flow, glomerular filtration rate, urine flow, and
sodium excretion. Stimulation of dopamine-2 (DA-2)
receptors is associated with norepinephrine release from
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sympathetic nerve endings, inhibition of prolactin release,
and antinausea effects.
Stimulation of beta-1 adrenergic receptors in the myocardium, resulting in positive inotropic and chronotropic
effects, and increase in cardiac output. Systolic blood
pressure and pulse pressure may be increased with either
no change or a slight increase in diastolic blood pressure.
Dopamine stimulates both alpha-1 and alpha-2 adrenergic receptors, which mediate smooth muscle vasoconstriction, resulting in increased peripheral vascular resistance
and renal vasoconstriction. Both systolic and diastolic
blood pressures are increased as a result of increased
cardiac output and increased peripheral resistance.
These pharmacologic effects are dose-related and
require various infusion rates of dopamine to activate
different receptors:
In low doses (0.5–2 mg/kg/min), dopamine acts
predominantly on dopaminergic receptors. At rates of
2–5 mg/kg/min, the actions are mainly dopaminergic
(80–100%) but there may be some beta-adrenergic effect
(5–20%). Infusion rates of 5–10 mg/kg/min, betaadrenergic effects predominate, and alpha-adrenergic
action gradually becomes important. The higher dose
(10–20 mg/kg/min or above) produces primarily alphaand beta-adrenergic effects.
Dopamine was once used commonly as a “renorotective” agent in low doses and was commonly administrated to patients who have risk of renal failure, to be
expected to increase renal blood flow and help preserve
renal cellular oxygenation, glomerular filtration rate, and
urine output that would prevent acute renal failure. However, there is a large variation between individuals even in
healthy volunteers in these dose ranges and no cutoff
values. Infusion of low-dose dopamine may result in
plasma dopamine levels in the dopaminergic, betaadrenergic, or alpha-adrenergic range that may be
unpredictable response. Natriuresis and diuresis effect of
dopamine come from diminishing sodium reabsorption,
primarily in the proximal tubule via decreases in
the activity of the Na-H exchanger in the luminal membrane and inhibition of the Na-K-ATPase pump in the
basolateral membrane. Dopamine can also reduce sodium
reabsorption in the collecting tubules, may be mediated
both by decreased secretion of aldosterone and by diminished activity of the Na-K-ATPase pump in the renal
tubular cells.

Evidence Base in Renal Protection
The renal effects of increased sodium excretion by using
dopamine at lower doses with minimal cardiovascular
changes in patients with congestive heart failure were
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first reported in the 1960s. Subsequent studies demonstrated the effect of dopamine at increasing effective renal
plasma flow, glomerular filtration, and sodium excretion
in normal human subjects. Because renal hypoperfusion is
an important cause of acute renal failure in humans, lowdose or renal-dose dopamine therapy that provides an
increase in renal blood flow became a widely accepted
clinical practice in intensive care units by the 1980s. In
1996, Denton and coworkers [1] published summary of
the studies (published between 1966 and 1994) that evaluating the influence of renal-dose dopamine on renal
function in laboratory animals with experimental ARF,
the value of “renal-dose” dopamine for preventing ARF
in high-risk patients and influence of “renal-dose” dopamine on established ARF in humans. These authors concluded that there is compelling evidence that “renal-dose”
dopamine augments renal blood flow, glomerular filtration rate, and/or natriuresis in healthy humans and experimental animals. Most studies in humans, however, have
failed to demonstrate convincingly that “renal-dose”
dopamine either prevents ARF in high-risk patients, or
improves renal function or outcome in patients with
established ARF.
The first large, prospective, multicenter, randomized,
double-blinded, placebo-controlled trial by the Australia
and New Zealand Intensive Care Society (ANZICS) group
studied low-dose dopamine (LDD) (2 mg/kg/min) in
patients with systemic inflammatory response syndrome
(SIRS) and clinical evidence of early renal dysfunction in
2000. Three hundred and twenty eight critically ill patients
from 23 ICUs during 1996–1999 in Australia and
New Zealand were included. There was no difference
between the dopamine and placebo groups in peak
serum creatinine concentration during treatment
(245 [SD 144] vs. 249 [147] mol/L; p = 0.93), in the
increase from baseline to highest value during treatment
(62 [107] vs. 66 [108] mol/L; p = 0.82), or in the numbers
of patients whose serum creatinine concentration
exceeded 300 mol/L (56 vs. 56; p = 0.92) or who required
renal replacement therapy (35 vs. 40; p = 0.55). Durations
of ICU stay (13 [14] vs. 14 [15] days; p = 0.67), hospital
stay (29 [27] vs. 33 [39] days; p = 0.29), and death
(69 vs. 66) were also similar. This study had sufficient
statistical power and showed that LDD does not prevent
ARF or improve outcome [2].
Kellum and Decker identified 24 human studies during 1966–2000 that use low-dose dopamine for the prevention and/or treatment of acute renal failure and
reported primary data on at least one of the following
clinical outcomes: mortality, requirement for hemodialysis, development of ARF, or worsening of existing ARF.

One thousand and nineteen patients were included and
17 studies were randomized controlled trials with an
adequately statistical power. This first meta-analysis of
low-dose dopamine in ARF showed no benefit of dopamine for prevention or therapy of ARF [3]. A subsequent
meta-analysis by Friedrich et al. in 2005 included 61 trials
with 3,359 patients, confirmed no effect of low-dose
dopamine on mortality (relative risk, 0.96, 95% CI of
0.78–1.19), need for renal replacement therapy (relative
risk, 0.93, CI of 0.76–1.15), or adverse events (relative risk,
1.13, CI of 0.90–1.41) [4].

Conclusion
Over 10 years, strong evidence has demonstrated lack of
clinical benefit in using dopamine on acute renal failure
and this therapy may have detrimental effects. The utilization of renal-dose dopamine for renal protection, on the
basis of existing evidence, cannot be recommended and
should be stopped from routine clinical use for this
indication.
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Synonyms
Insertion site cover; Protective cover; Wound dressing

Dressing

Definition
Catheter dressings are wound dressings which are used to
cover up a catheter insertion site. These are typically gauze
and polyurethane dressings. In certain cases, the use of
antimicrobial dressings may be considered to cover the
insertion site.

Rationale
Heavy colonization of the catheter insertion site has been
identified as a well-documented and independent factor
for development of bloodstream infection [1]. To protect
the insertion site from contamination, site dressing is
advocated as an essential part of the care for the catheter
insertion site. Tunneled central venous catheter (CVC)
sites that are well healed might not require dressings [2].

Type of Dressing
Typically, catheter dressings are made of gauze or of semipermeable transparent polyurethane, coated with a layer
of acrylic adhesive. Rates of colonization among catheters
dressed with transparent dressings have been shown to be
comparable to that of catheters dressed with gauze, and so
have rates of bloodstream infection and phlebitis. The
choice between both types can be based on matters of
preference, availability, or cost considerations. As compared to gauze, polyurethane dressings have the important
advantages of allowing easy inspection of the insertion site
and stabilizing the catheter. They require less frequent
changes but are more expensive upon purchase. Gauze
dressings may be preferred if the patient has profuse perspiration, is diaphoretic, if blood is seeping from the
insertion site, or in settings with limited financial
resources [1, 2].
Awareness of the fact that most organisms responsible
for causing central line-associated bloodstream infections
(CLABSI) originate from the insertion site has triggered
the industry to dedicate particular efforts to manufacture
antimicrobial dressings. Specifically, the use of hydrophilic
polyurethane absorptive foam with chlorhexidine gluconate has been designed as a disc to be placed around the
insertion site. Back in 2002, by lack of evidence, the Centers for Disease Control and Prevention were not able to
make a recommendation for the use of these chlorhexidine-impregnated sponge dressings to reduce the incidence of catheter infection, and considered this issue as
unresolved [2]. The more recent SHEA/IDSA recommendations to prevent CLABSI in acute care hospitals recommend to consider the use of these dressings in selected
cases, such as in hospital units or patient populations with
a higher CLABSI rate than the institutional goal, despite
compliance with an evidence-based prevention bundle;
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patients with limited venous access and a history of recurrent CLABSI; and patients who are at heightened risk of
severe sequelae from a CLABSI (such as patients with
recently implanted intravascular devices) [1].

Frequency of Change
In order to prevent CLABSI, the recommended frequency
of change is 5–7 days for transparent dressings and 2 days
for gauze dressings. Both types are to be replaced more
frequently in case the dressing has become damp, soiled,
loose, or if otherwise clinically indicated [1, 2]. The same
recommendation pertains to pulmonary artery catheters
[2]. For peripheral arterial catheters, it is recommended to
change the dressing upon replacement of the catheter, or
when the dressing becomes damp, loose, or soiled, or
when inspection of the site is necessary [2]. In CVCs
which are used for hemodialysis, the dressing is to be
changed upon every dialysis session or earlier if clinically
indicated. Dressings used on tunneled or implanted CVC
sites should be replaced every 7 days until the insertion site
has healed, unless there is an indication to change them
sooner [3].
As part of the institutional surveillance for catheterrelated infection, the insertion site is to be palpated daily
for tenderness through an intact dressing. Moreover, the
site is to be inspected daily to assess the development of
tenderness or local symptoms of infection (rubor, dolor,
calor, tumor, functio laesa). In the presence of such symptoms, or merely the doubt of their presence, the dressing
must be removed immediately in order to allow for more
meticulous inspection.

Antimicrobial Ointments
Several topical ointments have been studied at the catheter
insertion site. The use of antimicrobial ointments at catheter insertion sites potentially promotes the emergence
of drug-resistant organisms and colonization with yeasts.
In order to prevent central line-associated infection, it is
nevertheless highly recommended to use antimicrobial
ointments at the insertion site of a hemodialysis catheter.
As such, povidone-iodine or polysporin ointments are
recommended to be applied to hemodialysis catheter
insertion sites in patients with a history of recurrent
Staphylococcus aureus CLABSI. Studies with prophylactic
mupirocin have shown that it prevents infections, but the
ointment ultimately induces mupirocin resistance and
damages the integrity of polyurethane catheters. Rates of
catheter colonization with Candida species also increase
after application of an antimicrobial ointment that has
no fungicidal activity. Therefore, the use of mupirocin
ointment is not recommended [1].
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Disinfection of the Insertion Site
Along with the change of catheter dressings goes disinfection of the insertion site. The most recent recommendation on the prevention of CLABSI [1] is the use of
chlorhexidine-based antiseptic for site care after catheter
insertion, without mentioning any concentration of preference. The superiority of a 2% chlorhexidine solution in
lowering BSI rates compared with site preparation with
10% povidone-iodine or 70% alcohol has nevertheless
been shown. If a (2%) chlorhexidine-based preparation
is not available, tincture of iodine, an iodophor, or 70%
alcohol can be used [2]. In order to obtain adequate
antisepsis, the respective contact time of each agent with
the skin to air dry needs to be observed. Moreover, in
order to reduce colonization and prevent infection, the
insertion site must always be kept dry [4].
Defatting the insertion site with organic solutions such
as acetone and ether is not recommended. It does not
improve microbial removal from the insertion site, nor
does it reduce the incidence of catheter-related infection.
Moreover, it increases cutaneous inflammation and
patient discomfort [5].

Pre-existing Condition
This procedure applies to adult patients with a central
venous, pulmonary arterial or peripheral arterial intravascular device in place.
Chlorhexidine-based products are not approved by
the US Food and Drug Administration for children younger than 2 months of age; for children in this age group
povidone-iodine can be used [1].

Application
1. Data collection
(a) Collect patient and catheter data.
(b) Inform about the need to continue
catheterization.
2. Preparation of work area
(a) Restrict activities around bed.
(b) Assure patient’s privacy and safety.
(c) Make room at the bedside area.
(d) Ensure good visibility.
(e) Adjust the bed height.
3. Preparation of material
(a) Clean catheter cart surface.
(b) Ensure all needed material is present.
4. Preparation of patient
(a) If possible, explain procedure to patient.
(b) Assist/place patient into suitable position that
is both comfortable and convenient for the
procedure.

(c) Clear space around the insertion site of clothes
and blankets.
5. Procedure
(a) Take cart to bedside.
(b) Apply appropriate hand hygiene and put on
non-sterile gloves.
(c) Place bed protection.
(d) Loosen and remove dressing.
(e) Observe dressing.
(f) Remove gloves and discard gloves and dressing.
(g) Apply appropriate hand hygiene.
(h) Observe and inspect catheter site.
(i) Take culture, if appropriate.
(j) Assess which type of dressing to use.
(k) Peel open dressing packet and open sterile field.
(l) Apply aseptic technique by either no-touch technique or gloved technique.
(m) In case of dried blood or drainage at the insertion
site, cleanse with sterile NaCl 0.9%.
(n) Disinfect the insertion site with a 2% chlorhexidine-based solution.
(o) Allow the insertion site to dry.
(p) Apply appropriate dressing using aseptic technique and fix, avoiding traction and pressure,
and bearing patient comfort and mobility in
mind.
(q) Label dressing with date/time/initials.
(r) Apply appropriate hand hygiene.
6. Post procedure care
(a) Install the patient comfortably.
(b) Adjust the bed height.
(c) Remove trolley from bedside area.
(d) Dispose of waste according to the institutional
instructions.
(e) Clean the cart surfaces and dry well.
7. Documentation
(a) Document dressing change and site assessment in
medical record and/or flow sheet.
(b) Inform physician of signs of infection.
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Box 1 Mechanisms of nephrotoxin induced acute
renal failure
Direct Nephrotoxicity
Tubuloepithelial injury
ATN (e.g., aminoglycosides)
Osmotic nephrosis (e.g., hypertonic solutions, IVIG)
Interstitial nephritis
Acute allergic interstitial nephritis (e.g., penicillins)
Chronic interstitial nephritis (e.g., calcineurin inhibitors)
Papillary necrosis (e.g., nonsteroidal antiinflammatory
agents)
Glomerular disease
Glomerulonephritis (e.g., gold, penicillamine), ACE
inhibitors_Renal vasculitis (e.g., hydralazine)
Obstructive Uropathy
Crystalline nephropathy (e.g., acyclovir, indinavir)
Indirect Nephrotoxicity
Decreases intrarenal blood flow (e.g., ACE inhibitors,
NSAIDs)

Drug Susceptibility Testing (DST)
The formal testing of clinical isolates for susceptibility to
a broad range of drugs which has historically required
culture. DST now includes more rapid methods including
nucleic acid probes for DNA sequences that predict resistance to certain drugs.

Nephrotoxic AKI; Nephrotoxicity; Nephrotoxins

Mechanisms of Nephrotoxicity: Drugs with direct nephrotoxic effects may induce renal injury by one of several
mechanisms (see Box 1). Most commonly, renally excreted
drugs can exert direct toxic effects on renal tubules, inducing cellular injury and death in acute tubular necrosis
(ATN), or induce inflammation in the renal interstitium
in acute interstitial nephritis (AIN). Other types of nephrotoxic tubular injury include osmotic nephrosis, induced
by hypertonic solutions as well as tubular obstruction by
drug precipitation (e.g., crystalline nephropathy). Drugs
may also be indirectly nephrotoxic by modulating
intrarenal blood flow thus rendering the kidneys vulnerable to ischemia and injury in situations of decreased renal
blood flow. Therapeutic agents have been associated with
the development of glomerular disease or vasculitis; however, these are relatively rare complications of medical
therapy.

Definition

Epidemiology

Nephrotoxicity refers to the injurious effect of an exposure
on the kidney. The exposure can be a form of treatment
(e.g., radiation), a medication, or a toxic chemical. Druginduced acute kidney injury refers to a deterioration in
kidney function caused by a medication. Drug-induced
acute kidney injury should not be confused with the fact
that some medications have a predominantly renal excretion and need their dose adjusted for the decreased renal
function.

Acute kidney injury (AKI) is a relatively common condition in the intensive care unit (ICU) and occurs in 20–30%
of critically ill patients with approximately 6% eventually
requiring renal replacement therapy [1]. The development
of AKI in this setting is associated with increased mortality, increased hospital length of stay, and increased healthcare resource use and costs [2]. While in most cases the
etiology of AKI is multifactorial (e.g., sepsis, ischemia/
hypoperfusion), several recent large epidemiologic studies
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have shown that nephrotoxic drugs were contributing
factors in 19–25% of cases of severe acute renal failure in
critically ill patients [3, 4].
Nephrotoxic ATN is generally a dose-dependent phenomenon that predictably occurs in patients at high risk
for renal injury (older patients, preexisting renal disease,
multiple nephrotoxic agents used, hemodynamic instability, sepsis) and is characteristically noninflammatory in
nature. In contrast, acute (allergic) interstitial nephritis is
an idiosyncratic inflammatory response to drug exposure.

very small and used low-risk patients. Lipid-based formulations of amphoteracin B are also available which may
produce less nephrotoxicity; however, these agents are
considerably more expensive. The recent introduction of
alternative antifungal agents such as itraconazole,
voriconazole, and caspofungin has largely supplanted the
use of amphoteracin B in high-risk patients with renal
impairment; however, it continues to be used widely in
patients with normal renal function due to its relatively
low cost and broad spectrum of activity.

Evaluation/Assessment

Vancomycin

Drug-Induced ATN
Aminoglycosides, amphoteracin B, and vancomycin (AG)
are the drugs most commonly associated with ATN [5].

Aminoglycosides
AKI as defined by a 0.5–1 mg/dl increase in serum creatinine values is a relatively common complication of treatment with a reported incidence ranging between 10% and
20% [6, 7]. Risk factors for aminoglycoside nephrotoxicity
include the type of AG, high peak serum levels, cumulative
dose, the duration and frequency of administration, as
well as patient-related factors such as age, preexisting
renal dysfunction, hypoalbuminemia, liver dysfunction,
decreased renal perfusion, and the use of concomitant
nephrotoxic drugs [8–12].
Clinical evidence of AG-induced ATN is seen within
5–10 days of initiation of AG treatment. AG-induced acute
renal failure is generally nonoliguric and may in fact be
associated with decreased urine concentrating ability and
urinary magnesium wasting. It is generally reversible after
discontinuation of the drug; however, supportive renal
replacement therapy may be required. If required and
consolidated AG dosing is used, renal function should be
assessed daily to monitor for changes in renal function,
and trough levels should be followed to guide dosage
adjustments.

Amphoteracin B
Approximately 80% of patients who receive treatment
with Ampho B will experience AKI [13]. Risk factors for
amphoteracin B nephrotoxicity include preexisting renal
insufficiency, hypokalemia, volume depletion, the use of
concomitant nephrotoxins, as well as large individual and
cumulative dosages [14–16]. A number of preventative
strategies have been studied in order to minimize the
associated nephrotoxicity including sodium loading
[17], and longer infusion rates [18]. While some have
shown a reduction in nephrotoxicity, these studies are

The synergistic nephrotoxicity of combination therapy
involving vancomycin and aminoglycosides is well
established with a reported incidence of acute renal failure
in the range of 20–30% [19]; however, the nephrotoxicity
of vancomycin alone is being increasingly recognized as
high-dose therapy has become more common for the
treatment of methicillin-resistant Staphylococcus aureus
(MRSA). The reported incidence of vancomycin-related
nephrotoxicity ranges from 6% to 30% [20], however
most reported cases have had additional risk factors for
acute renal failure, which makes it difficult to determine
the true risk of treatment. The mechanism by which it
exerts its nephrotoxicity is unknown. Independent
risk factors for nephrotoxicity include the use of concomitant nephrotoxic agents, age, duration of therapy, and
drug levels achieved [20, 21]. Trough levels greater than
15 ug/ml are associated with increased risk of nephrotoxicity and peak levels have also been associated with
increased nephrotoxicity.

Acute Interstitial Nephritis
Acute interstitial nephritis (AIN) is an acute inflammatory
condition that specifically affects the renal tubules and
interstitium and occurs as a hypersensitivity reaction to
medications, most commonly antibiotics, but may also be
associated with other conditions including sepsis,
immune-mediated disease, and glomerular diseases. AIN
is associated with wide variety of drugs, many of which are
commonly used in the critical care setting (see Box 2), and
accounts for between 3% and 15% of all drug-induced
acute renal failure [22]. Renal dysfunction usually occurs
7–14 days after exposure but may occur earlier in
a previously sensitized individual. Systemic symptoms
may be associated with B lactam antibiotics and sulfa
drugs including fever, eosinophilia, and rash. Renal manifestations include sterile pyuria, eosinophiluria, and characteristic findings of an inflammatory infiltrate in the
renal interstitium as well as granulomas on renal biopsy.
Reactions are generally idiosyncratic and management

Drug-Induced AKI

Box 2 Drugs commonly associated with acute
interistial nephritis

●
●
●
●
●
●
●
●
●
●

NSAIDs, including selective COX-2 inhibitors
Penicillins and cephalosporins
Rifampin
Sulfonamides, including trimethoprim-sulfamethoxazole, furosemide, bumetanide, thiazide-type diuretics
Ciprofloxacin
Cimetidine
Allopurinol
Omeprazole and lansoprazole
Indinavir
5-aminosalicylates

involves removal of the suspected causative agent and
supportive therapy. In most cases AIN is self-limited and
reversible, however recovery may take weeks to months
and a small proportion of patients may require temporary
renal replacement therapy. Several case series suggest that
treatment of biopsy proven AIN with steroids (prednisone
1 mg/kg/day) for up to 4 weeks may accelerate the rate of
recovery [23–25].

Hemodynamically Mediated Nephrotoxic
Acute Renal Failure
Intraglomerular pressure and consequently glomerular
filtration rate (GFR) is normally regulated by the vasomotor tone of the afferent (preglomerular) and the efferent (postglomerular) arterioles. In situations of decreased
renal blood flow intraglomerular pressures are maintained
by vasodilatation of the afferent arteriole and vasoconstriction of the efferent arteriole. Medications that modulate
intrarenal blood flow such as nonsteroidal antiinflammatory agents (NSAIDs), angiotensin converting
enzyme (ACE) inhibitors, or angiotensin receptor blockers
also have the potential of causing or exacerbating acute
renal failure.
The most common scenario where ACE inhibitors
may be associated with AKI is in the presence of
decompensated heart failure. Several recent studies show
that 20–25% of patients admitted with congestive heart
failure will develop renal dysfunction [26, 27]. Reasons for
progressive renal failure in this setting include overdiuresis
resulting in intravascular volume depletion, critical renal
artery stenosis or patients with acute decompensation
who have a precipitous drop in cardiac output. Even
with optimal management, however, some patients are
so angiotensin II-dependent that discontinuation of
these agents may be required in favor of alternative agents

D

for afterload reduction (nitrates and hydralazine) [28].
The plasma creatinine and potassium concentrations
should be carefully monitored in critically ill patients. In
most circumstances NSAIDs do not pose a significant risk
to patients with normal renal function. However, in situations where renal perfusion may be diminished
(decreased effective circulating volume), a relatively
common condition in critically ill patients, the inhibition
of prostaglandin-induced vasodilation with the use
of NSAIDs may further compromise renal blood
flow and exacerbate ischemic injury. The renal effects
of NSAIDs do seem to be dependent on the type,
dose, and duration of treatment [29]. Despite the initial
promise of a more favorable side effect profile, COX 2
inhibitors are essentially equivalent to other classes of
NSAIDS with respect to their nephrotoxic potential [30].
Patients at high risk of NSAID-induced nephrotoxicity
include patients with preexisting renal dysfunction,
severe cardiovascular or hepatic failure, or the concomitant use of other potentially nephrotoxic medications
such as aminoglycosides, ACE inhibitors, and
ARBs [29, 31].

Treatment
The best treatment for drug-induced kidney injury is
prevention. Identification of high-risk patients (see Box 3)
is helpful in individualizing therapeutic choices. Measurement of serum creatinine should always be performed
before administration of potentially nephrotoxic medications. Serum creatinine–based GFR estimation equations
may be helpful in detecting occult preexisting chronic
kidney disease [32]. These equations have the same limitations as serum creatinine and overestimate renal function in hospitalized patients but may be slightly more
accurate in detecting baseline renal disease, which has
implications for drug dosing. The use of potentially nephrotoxic agents should be avoided in high-risk patients if
alternatives exist. Ensuring all medications are dosed to
estimated GFR and ongoing monitoring of renal function
is critically important. A clinical pharmacist in the critical
care setting can reduce dosing errors and may prevent/
limit nephrotoxin exposure [33].
When drug nephrotoxicity is suspected, in most cases
the primary treatment is removal or discontinuation of
the suspected medication. AIN should be considered in
any critically ill patient who develops acute renal failure
in the absence of another explanation. There have been
conflicting reports regarding the efficacy of steroid treatment for AIN, however given relatively low toxicity of
a short-term steroid regimen it should at least be considered in cases of non-NSAID associated AIN.
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Risk factors for nephrotoxic AKI

Age
Chronic kidney disease (eGFR < 60)
Proteinuria
Duration of therapy (ATN)
Dehydration/Intravascular volume depletion

After-care
General measures for supportive renal care should be
provided if/when indicated including hydration, medical
management of electrolytes imbalance, and renal replacement therapy.

Prognosis
The development of acute kidney injury (AKI) in critically
ill patients is associated with adverse clinical outcomes
including excess mortality, increased length of hospital
stay, and the requirement for chronic dialysis in survivors
[2, 34, 35]. Approximately 30–40% of all patients
admitted to a critical care unit will have an episode
of AKI, and approximately 4% will require renal
replacement therapy [36]. No studies have specifically
evaluated the prognosis of drug-induced AKI in critical
illness, however the renal prognosis of nephrotoxic AKI
has generally been felt to be better than AKI due to other
causes. However, in most cases AKI is multifactorial and
the specific contribution of nephrotoxicity is difficult to
ascertain.
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Upper and lower extremity Doppler; Upper and lower
extremity duplex ultrasonography

technicians and typically takes from 15 to 45 min to
perform. The exam systematically evaluates proximal
and distal veins to the level of the distal calf.
Compression ultrasonography is a technique in which
direct pressure is applied with the transducer while
maintaining visualization of the target vein. Although
clot is usually anechoic, making it indistinguishable from
normal venous blood, its presence may be detected by its
prevention of collapse with transducer pressure. Compression ultrasonography is technically much simpler to perform than duplex and can easily be learned by clinician
sonologists who can then perform it at the bedside. It has
similar diagnostic accuracy to duplex [1].
Lower extremity limited compression ultrasound
(LCUS) is compression ultrasound limited to the common
femoral and popliteal veins. The scientific rationale for
LCUS stems from large studies demonstrating that isolated superficial femoral DVT is extremely rare and all
clots either cross the common femoral vein, popliteal
vein, or both. LCUS has been shown to be equivalent in
accuracy to whole leg duplex ultrasound and can be
performed more quickly [2]. One downside of LCUS is
the lack of the evaluation of distal calf veins. An approach
supported by the largest multi-center trial to date recommends that patients with a negative LCUS and a positive
d-dimer should undergo repeat ultrasound in 5–7 days to
exclude extension of a previously unseen distal clot [2].
Upper extremity ultrasound involves compression
ultrasound of the deep veins of the upper extremity. The
subclavian vein, while easily visualized, is difficult to compress. For this reason, duplex techniques may be required
to definitively exclude DVT in the upper extremity,
although compression assessment, if positive, may certainly be used to rule in the presence of clot [3].
A limited approach to upper extremity ultrasound has
not yet been described.

Definition

Pre-existing Condition

Deep vein thrombosis (DVT) is an intraluminal thrombus
involving any portion of the deep venous system. DVTs
can be proximal or distal. Proximal DVTs are defined as
those at risk for embolization. In the inferior vena caval
system, this includes the iliac, common femoral, superficial femoral, and popliteal veins. In the superior vena caval
system, this includes the internal jugular, subclavian, axillary, and brachial veins (Fig. 1).
Duplex Ultrasound is a commonly employed method
of diagnosing DVT and combines ultrasonographic techniques of compression with color and spectral Doppler
analysis of venous flow with and without respiratory variation and augmentation. It is performed by specialized

Utilization of LCUS in diagnosis of DVT has traditionally
been guided by assessment of a patient’s physical exam
combined with the risk factors of Virchow’s triad: stasis,
injury, and hypercoagulability. The well-validated Well’s
scoring system provides a straightforward numerical
approach to quantify a patient’s pre-test probability of
having a DVT [4]. Since resolving DVTs causes thickening
and/or scarring of the vessel walls, such vessels may not
compress fully, giving the impression of non-occluding
thrombus. In such situations, the sonologist should
enquire regarding prior DVT. If the patient has no such
history, or if there is sufficient clinical concern, the patient
should receive a full duplex evaluation.

DVT, Limited Compression
Ultrasonography
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Deep
femoral vein
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femoral vein

Internal jugular vein
Cephalic vein

Great
saphenous vein

Brachial vein

Superficial
femoral vein

Subclavian vein

Popliteal vein

Axillary vein
Posterior tibial vein
Peroneal vein

Basillic vein

Anterior tibial vein

DVT, Limited Compression Ultrasonography. Figure 1 Deep veins of the lower (left) and upper (right) extremities

Upper extremity DVT has similar risk factors to lower
extremity DVT. Due to the greater mobility of the upper
extremity and the smaller caliber of its veins, it has historically been considered as a rare source of DVT. However,
with the proliferation of therapeutic and diagnostic procedures involving instrumentation of the upper extremity,
there is an escalating burden of upper extremity endothelial injury, leading to increasing incidence of DVT. Common risk factors include central venous cannulation and
indwelling foreign bodies such as pacemaker or AICD
wires [1, 3].

Application
Instruments: An ultrasound machine equipped with
a high-resolution linear probe is adequate for the majority
of patients. In patients with large legs, a lower frequency
curvilinear probe allows deeper visualization. In addition,
a bed with adjustable height and bed angle is
recommended to position the patient to optimize venous
pooling in the target veins.
Setup: Stretcher height, patient positioning, machine and
screen placement should be ergonomically arranged.
Ambient lighting should be lowered. Pillows should
be used to support extremities in positions that relax
overlying muscles, facilitate filling of the veins, and
minimize patient discomfort. When accessing the
groin or axilla, a probe cover may be used for reasons of
hygiene.

Common Femoral Vein Compression
Ultrasonography
Patient Positioning : The patient should be supine in
reverse Trendelenburg. The hip should be slightly flexed
and abducted in a semi frog leg position (Fig. 2).

DVT, Limited Compression Ultrasonography. Figure 2
Common femoral vein ultrasound can be accomplished with
the patient in supine position and the hip slightly flexed and
externally rotated

Vessel Identification: The transducer is placed at the midpoint of the inguinal ligament in transverse orientation. At
this point, the common femoral vein (CFV) usually runs
medial to the artery. The CFV is short, running barely 5
cm before it bifurcates into the deep and superficial femoral veins.
Compression and Interpretation: After identification of the
CFV, downward pressure is applied using the transducer.
In the normal state, the vessel will completely collapse
(Fig. 3). If the vessel does not collapse and there is at
least 25% deformation of the adjacent common femoral
artery, then the test is considered positive for a CFV DVT.
Pitfalls: There are two common pitfalls in common femoral vein sonography. The first is misidentification of

DVT, Limited Compression Ultrasonography
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a non-compressible vein for artery, resulting in a false
negative exam. This error can most easily occur in
young, otherwise healthy individuals. Such patients usually have relatively low systolic blood pressures, healthy
arteries (therefore supple and easily compressible), and
a thin layer of overlying soft tissue. All these features lead
to compression of the artery with less force than that
required to compress the veins in older heavier individuals. A second pitfall is mistaking a femoral lymph node as
a non-compressible DVT (Fig. 4). This can be avoided by
careful systematic scanning through the vessel. With realtime scanning, vascular structures are seen to be continuous whereas cystic structures, such as lymph nodes, are
discrete.

with the patient prone with reverse Trendelenburg and the
knee flexed to approximately 30 to maximize venous
pooling. If the patient is unable to lay prone, a lateral
decubitus position may be used. If venous filling is adequate, the target extremity may be placed uppermost for
easier accessibility. If venous filling is poor, the target
extremity should be lower, although this may make it
slightly more challenging to scan. A patient who is able
to sit can be positioned facing the sonologist with the knee
flexed over the edge on the stretcher and the foot
supported. If the patient cannot cooperate with any of
the above methods, the popliteal space can be accessed
by bending the knee and externally rotating the hip while
the patient remains supine.
Vessel Identification: Place the probe in a transverse
orientation in the popliteal fossa. The popliteal vein runs
from the adductor hiatus to its trifurcation into calf vessels. The popliteal vein lies superficial to the popliteal
artery. The femoral condyles and tibial plateau should be
visualized just deep to the vessels (Fig. 6).
Compression and Interpretation: After identification of
the popliteal vein, pressure is applied looking for complete
compression of the vessel. Absence of complete collapse
with pressure causing a 25% deformation of the popliteal
artery wall is considered a positive result (Fig. 6).
Pitfalls: The same pitfalls as discussed for the CFV
can occur while evaluating the popliteal vein. In addition, especially with a subacute DVT, compensatory
engorgement of collateral vessels, which are compressible, can be misidentified as the popliteal. This leads
to a false negative test. To avoid this error, the
sonologist should start each exam by identifying the
femoral condyles and tibial plateau and the deep vessels just superficial to these bony landmarks. A Baker
cyst is not infrequently discovered on popliteal exam
(Fig. 4). These fluid collections can be of any size from
centimeters in diameter to involving a large part of
the calf. The cyst usually has an irregular serpinginous
shape, and is heterogeneously echogenic, although they
are sometimes anechoic. They are not easily mistaken for
the popliteal vessels, which, in any case should be separately identified and evaluated. If the cyst prevents effective compression, duplex scanning should be arranged.
As previously noted, a lower frequency curvilinear probe
may be needed for obese patients or those with significant
edema.

Popliteal Vein Compression
Ultrasonography

Upper Extremity Compression
Ultrasonography

Patient Positioning: There are several methods of popliteal
evaluation by ultrasound (Fig. 5). The optimal position is

Patient Positioning: Place the patient supine in
Trendelenburg. For assessment of the neck and thorax,

DVT, Limited Compression Ultrasonography. Figure 3 The
common femoral vein is seen running medial to the artery and
collapsing with compression (top images). A DVT is present
when the vein fails to compress. Deformation of the adjacent
artery indicates adequate external compression (bottom
images) (V – common femoral vein; A – common femoral
artery)
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DVT, Limited Compression Ultrasonography. Figure 4 Pitfalls in DVT ultrasound. Femoral lymph nodes (left) or, in the popliteal
region, a Baker’s cyst (right) may be confused for non-compressible veins. Systematic scanning through the structure will
reveal a cystic structure and help avoid this pitfall (LN – Lymph Node; BC – Baker’s Cyst)

DVT, Limited Compression Ultrasonography. Figure 5 For popliteal ultrasound, the patient may be positioned prone (top left),
lateral decubitus (top right), supine (bottom left), or sitting up with leg hanging off of the stretcher (bottom right)

DVT, Limited Compression Ultrasonography
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DVT, Limited Compression Ultrasonography. Figure 6 The popliteal vein is seen running superficial to the popliteal artery and
between the femoral condyles collapsing with compression (top images). A DVT is present when the vein fails to compress.
Deformation of the adjacent arterial wall indicates adequate compression (bottom images) (V – popliteal vein; A – popliteal artery;
* – femoral condyles)

the patient may place the extremity in a position of comfort on the chest. When assessing the axillary vein, the
shoulder should be fully abducted (Fig. 7).

Vessel Identification
Internal Jugular: Place the probe in transverse orientation
below the angle of the mandible and above the clavicles in
the region of the sternocleidomastoid muscle. The internal
jugular vein is a large vessel adjacent to the thicker walled
carotid artery (Fig. 7).
Subclavian Vein: Place the probe superior and posterior to
the clavicle in a plane running parallel to the clavicle to
obtain a longitudinal view. A transverse view may be
obtained as the subclavian exits from underneath the
clavicle to become the axillary vein (Fig. 7).

Axillary Vein: Place the probe in the axilla in transverse
orientation. The probe can be marched distally in this
orientation to assess the brachial, radial, and ulnar
veins (Fig. 7).
Compression and Interpretation: Similarly to elsewhere in
the body, deep veins are paired with an adjacent artery and
DVT is considered present when the vein fails to compress
with simultaneous 25% compression of the adjacent
artery (Figs. 8 and 9). Care should be taken when
compressing the neck especially in elderly patients,
although even in Trendelenburg, light pressure should
easily compress the internal jugular. In all but those with
venous obstruction or severely elevated right heart pressures, elevation of the head of the bed should result in
spontaneous collapse the internal jugular vein.
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DVT, Limited Compression Ultrasonography. Figure 7 The upper extremity venous system involves scanning the neck (top
left), above and below the clavicle in the thorax (top right and bottom left), as well as in the axilla (bottom right) and distally through
the arm (not pictured)

Pitfalls: As previously mentioned, the subclavian vein is
difficult to compress due to the overlying clavicle, limiting
the reliability of compression ultrasonography in this
territory.

Superficial and/or Distal Venous Thrombosis
Occasionally, the search for a DVT reveals that the patient’s
symptoms are actually caused by thrombosis of the superficial venous system, perforating veins, or distal deep

venous system. While distal DVTs and superficial vein
thromboses do not pose an immediate risk of embolization
approximately 20% will propagate and eventually become
more dangerous proximal DVTs. The optimal management of such thrombi has not been extensively investigated
and is beyond the scope of this chapter. However, many
authorities suggest that clot-containing segments of superficial veins that directly communicate with deep veins
should be managed similar to DVTs.

Dynamic Index of Preload Responsiveness
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DVT, Limited Compression Ultrasonography. Figure 8 Brachial and basilic thromboses are demonstrated by intraluminal
echogenicity in transverse (left) and longitudinal (right) views (BrV – brachial vein; BrA – brachial artery; BV – basillic vein;
AV – axillary vein)

DVT, Limited Compression Ultrasonography. Figure 9 Transverse image of the subclavian vein (left) and intrajugular (right)
with thrombus as evidence by intraluminal echogenecity (SV – subclavian vein; SA – subclavian artery; IJ – intrajugular vein;
CA – carotid artery)
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Dynamic Index of Preload
Responsiveness
Parameter measured during a dynamic test able to determine whether the patient’s heart is operating on the steep
portion of the Frank–Starling curve or on the terminal
plateau portion. Among numerous dynamic indices
of preload responsiveness, pulse pressure variation,
stroke volume variation, and the hemodynamic
response to passive leg raising test are the most frequently
used.
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Dysbarism

Dysbarism
▶ Diving Sickness

Dysphagia
▶ HIV-Related Disease of the Oral Cavity and Esophagus

Cardiac etiology of dyspnea can be separated into five
broad categories listed in Table 1. Coronary artery disease
(CAD) should be always considered in patients with
appropriate age and risk factors. Although chest pain is
main staple of cardiac ischemia, dyspnea resulting from
diastolic dysfunction that results from myocardial oxygen
supply-demand mismatch is not uncommon. Acute
decompensated heart failure (ADHF) is another leading
cause of hospitalization, morbidity, and mortality commonly presenting with dyspnea on exertion or in severe

Dyspnea: Differential Diagnosis. Table 1 Differential
diagnosis of dyspnea

Dyspnea: Differential Diagnosis
ALAN S. MAISEL1, WAHIDA SEKANDAR2, LEO SLAVIN2
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VA San Diego Healthcare System, University of California
Cardiology Section, San Diego, CA, USA
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Cardiac
Coronary artery disease
Congestive heart failure
Valvular heart disease
Arrhythmia
Pericardial disease
Pulmonary

Synonyms

Chronic obstructive pulmonary disease

Air hunger; Shortness of breath

Asthma

Definition
The American Thoracic Society defines dyspnea as
a subjective experience of breathing discomfort that consists of qualitatively distinct sensations that vary in intensity [1].

Interstitial lung disease
Pulmonary infection
Bronchiectasis
Neoplasm
Pleural effusion
Venous thromboembolic disease

Differential Diagnosis
Table 1 present the differential diagnosis of dyspnea in
adults [1, 2]. The duration or severity of the dyspnea does
not determine the underlying cause of dyspnea [1].
Approximately two thirds of cases of dyspnea are caused
by a pulmonary or cardiac disorder [3]. Asthma, congestive heart failure (HF), chronic obstructive pulmonary
disease (COPD), pneumonia, pulmonary embolism, cardiac ischemia, interstitial lung disease (ILD), and psychogenic conditions (e.g., generalized anxiety disorder
(GAD), panic disorders, post-traumatic stress disorder
PTSD) are responsible for 85% of patients presenting
with dyspnea [1].

Pulmonary hypertension
Pneumothorax
Chest wall deformities
Pulmonary embolism
Other (non-cardiac, non-pulmonary)
Psychogenic (GAD, PTSD, panic disorders)
Deconditioning
Obesity (massive)
Severe anemia
GERD
Metabolic conditions (acidosis, uremia)
Liver cirrhosis

Cross-Reference to Disease

Thyroid disease

Given the broad differential diagnosis, a systematic
approach is required in evaluating patients with dyspnea.
History and physical examination are critical in excluding
broad categories of diseases, and targeted laboratory tests
and imaging studies solidify the diagnosis.

Neuromuscular disorders (Myasthenia gravis, ALS)
Atelectasis
ALS, amyotrophic lateral sclerosis; GAD, generalized anxiety disorder;
GERD, gastroesophageal reflux disease; PTSD, post-traumatic stress
disorder

Dyspnea: Differential Diagnosis

cases at rest. HF should be suspected in patients with
history of CAD presenting with symptoms of volume
overload including dyspnea, orthopnea, and paroxysmal
nocturnal dyspnea. Physical exam becomes equally important in assessing volume stasis. The presence of jugular
vein distention, S3 gallop, rales, and pedal edema provide
compelling evidence for HF.
Valvular heart disease should initially be assessed by
careful cardiac auscultation. The presence of a pathologic
murmur on physical exam should raise suspicion for
valvular heart disease and followed-up with echocardiography for structural and Doppler assessment of the valves.
Cardiac arrhythmias including atrial fibrillation (AF),
ventricular tachycardia (VT), or other supraventricular
tachycardia (SVT) can also cause dyspnea by reducing
diastolic filling, and increasing left atrial pressure.

D

Arrhythmias should be considered when patients present
with palpitations, presyncope, or syncope. Telemetry and
electrocardiogram (ECG) are critical in the initial evaluation of arrhythmia as the cause of dyspnea. Pericardial
diseases including acute pericarditis, constriction, and
pericardial tamponade should be ruled out in patients
presenting with dyspnea. Chest pain, presence of pericardial knock, elevated jugular venous pressure, and tachycardia are symptoms and signs that force one to carefully
evaluate for pericardial disease with ECG and echocardiography as well as ancillary laboratory tests [4].
The initial diagnostic assessment for cardiac causes of
dyspnea should include brain natriuretic peptide (BNP),
electrocardiography, chest radiography, and an echocardiogram. The BNP is very effective in ruling out HF as the
cause of dyspnea. The Breathing Not Properly trial first
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Dyspnea: Differential Diagnosis. Figure 1 Receiver-operating-characteristic curve for various cutoff levels of B-type natriuretic
peptide (BNP)
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revealed that BNP could serve as an accurate marker for
the diagnosis of HF in patients presenting to the ED with
dyspnea. A BNP level 100 pg/mL yielded a 90% sensitivity and 76% specificity for separating cardiac from noncardiac etiologies of dyspnea (Fig. 1) [5]. BNP levels were
a more accurate predictor of HF diagnosis than history,
physical exam, and routine laboratory tests. If the index of
suspicion is high for cardiac ischemia, then troponin,
myocardial perfusion imaging, and possibly cardiac catheterization would be required to elicit the diagnosis of
dyspnea. Holter or event monitoring are necessary if
arrhythmia is considered as the cause and initial telemetry
and ECG assessment is negative.

Pulmonary causes of dyspnea can also be separated
into broad disease categories. Upper airway causes including trauma, neoplasm, epiglottitis, laryngeal edema,
tongue retraction, laryngospasm, abductor paralysis of
vocal cords, and aspiration of foreign body should quickly
be assess for with history and physical examination. The
presence of cough, stridor, and history of smoking and
oral lesions on physical exam should warrant rapid referral
to ENT for laryngoscopy. Pulmonary infections include
pneumonia, bronchitis, empyema, tuberculosis, and
opportunistic infections. The presence of constitutional
symptoms, cough, fever, leucocytosis, and chest radiography evidence of infiltrate supports the diagnosis. A history

Evaluation of Patients with Chronic Dyspnea
Patient with suspected chronic dyspnea

Conduct detailed history and physical examination
Conduct appropriate level 1 testing as needed to confirm diagnosis

Level 1:
Complete blood count
Metabolic profile
Chest radiograph
Electrocardiogram
Spirometry
Pulse oximetry

Is the diagnosis evident?

Yes

No
Conduct appropriate
level 2 testing

Possible diagnoses:
Asthma
Chronic obstructive
pulmonary disease
Congestive heart failure
Pleural effusion
Anemia
Kyphoscoliosis

Level 2:
Echocardiogram
Brain natriuretic peptide
Pulmonary function testing
Arterial blood gas
High-resolution computed
tomography
Holter monitor
Radionuclide study
Ventilation-perfusion (V/Q) scan

Is the diagnosis evident?

Yes

No

Possible diagnoses:
Pericardial disease
Congestive heart failure
Valvular heart disease
Coronary artery disease
Cardiac arrhythmia
Restrictive lung disease
Interstitial lung disease
Chronic pulmonary
embolism

Conduct appropriate level 3 testing
(specialty consultation for these tests)
Level 3:
Cardiac catheterization
Cardiopulmonary exercise testing
Bronchoscopy
Esophageal pH
Lung biopsy

Is the diagnosis evident?

Yes

Possible diagnoses:
Gastroesophageal reflux disease
Coronary artery disease
Deconditioning
Primary pulmonary hypertension

Dyspnea: Differential Diagnosis. Figure 2 Evaluation of dyspnea [1]

No
Consider:
Psychogenic dyspnea
Specialty consultation

Dyspnea: Differential Diagnosis

of immunesupression warrants consideration of opportunistic causes of pulmonary infection and dyspnea.
Space-occupying lesions include neoplasm (primary or
metastatic), pleural effusion, or large hiatal hernia also
cause dyspnea. The presence of historical clues such as
tobacco use, constitutional symptoms, cough, and weight
loss prompts a careful evaluation for malignancy. Primary
pulmonary disease can be separated into obstructive and
restrictive categories. Obstructive causes include asthma,
COPD, and bronchiectasis. The diagnosis of asthma can
be made from thorough history and physical examination.
The presence of allergic rhinitis, triggering factors, nasal
polyps, and prolonged expiration, wheezing on exam, and
reduced peak flow suggest the diagnosis of asthma. Significant tobacco consumption, wheezing, prolonged expiration, and barrel chest suggest COPD as the cause of
dyspnea. Restrictive lung disease can further be separated
by ILD and chest wall deformities. ILD causes include
sarcoidosis, collagen vascular diseases, interstitial pulmonary fibrosis (IPF), acute interstitial pneumonitis, and
pneumoconiosis (asbestosis, silicosis). Pulmonary embolism should be considers in patients with predispositions
to clotting such as immobility. Chest wall deformities
such as severe kyphoscoliosis, fractured ribs, sternal compression, and morbid obesity are also responsible for
patients presenting with dyspnea. Finally, venous thromboembolic disease, pulmonary hypertension and pneumothorax should be considered in the evaluation of
dyspnea [4].
History and physical examination are again critical in
the initial assessment of pulmonary causes of dyspnea and
allow targeted diagnostic evaluation. Primary tests that
should be ordered include complete blood count, metabolic panel, pulse oximetry, chest radiography, and spirometry. Based on index of suspicion further evaluation
with more sophisticated testing including laboratory tests
searching for causes of ILD, high-resolution computer
tomography of chest, ventilation-perfusion imaging, and
echocardiography could be considered.
The non-cardiac, non-pulmonary etiology of dyspnea is a broad category involving multiple organ

D

systems. Again, it requires a careful history and physical
examination and specific laboratory tests to rule-out
these various causes. Psychogenic disorders including
PTSD, panic disorders, and GAD are made strictly on
clinical grounds. Previous history of panic attacks, or
physical or psychological trauma, substance abuse guides
the clinician in this direction especially if none of the
initial work-up demonstrates an organic cause of
dyspnea. Severe anemia should be considered as a cause
of dyspnea and can easily be evaluated with a CBC. The
two extremes of thyroid disease including myxedema and
thyrotoxicosis are also part of dyspnea evaluation. History and physical exam, and serum thyroid-stimulating
hormone test can help exclude thyroid disease as the
cause of dyspnea. Others include cirrhosis of the liver,
obesity, deconditioning, GERD, and atelectasis. Metabolic
causes such as uremia and acidosis can be evaluated with
a chemistry panel and blood gas analysis. Finally, neuromuscular disorders such as diaphragmatic paralysis, myasthenia gravis, Lamber–Eaton syndrome, and ALS are in the
differential for dyspnea. A careful neurology examination
followed by referral to a neurologist is necessary in evaluating these conditions [4].
The evaluation of dyspnea is complicated by the interplay of multiple organ systems and involves a broad differential diagnosis. A systematic approach is critical to
make the correct diagnosis. Figure 2 outlines an approach
to diagnostic evaluation of dyspnea predicated on a careful
and comprehensive history and physical examination.
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EAdi
Electrical activity of the diaphragm.

Early Administration of
Antibiotics
▶ Antimicrobial Administration in Critical Infections

Early Fixation of Unstable Spine
Fractures
▶ Spine Damage Control

Early Goal-Directed Therapy
A more specific form of therapy used for the treatment of
severe sepsis and septic shock. This approach involves adjustments of cardiac preload, afterload, and contractility to
balance oxygen delivery with an increased oxygen demand.

Early Total Care (ETC)
ETC refers to early definitive stabilization of orthopedic
injuries in the trauma patient.

Ebola
▶ Biological Terrorism, Hemorrhagic Fever

Ebola and Marburg Virus
LAURA A. COOLEY, DANIEL G. BAUSCH
Department of Adult Infectious Diseases, Tulane
University Health Sciences Center, New Orleans, LA, USA

Definition

▶ Viral hemorrhagic fever is an acute systemic illness classically involving fever, a constellation of initially nonspecific
signs and symptoms, and a propensity for bleeding and
shock [1]. Viral hemorrhagic fever may be caused by
more than 25 different viruses from four families
(Table 1). Although the geographic distribution of each
virus is restricted by the distribution of its animal reservoir
or arthropod vector, collectively, ▶ hemorrhagic fever
viruses can be found throughout the world and may be
very difficult to distinguish clinically. A high index of
suspicion, detailed investigation of the travel and exposure
history of the patient, and a basic understanding of the
incubation periods and distribution of the various reservoirs of the hemorrhagic fever viruses are imperative, as
are prompt notification and laboratory confirmation
(Table 1).
Viral hemorrhagic caused by the family Filoviridae –
filamentous, negative-stranded, nonsegmented, lipidenveloped RNA viruses – is generally considered to be the
most severe [1, 2]. The virus family Filoviridae is divided
into two genera, Marburgvirus and Ebolavirus. There are
five recognized species of Ebolavirus (Zaire, Sudan, Ivory
Coast, Reston, and Bundibugyo), and a single species of
Marburgvirus, Lake Victoria marburgvirus. With the
exception of Reston ebolavirus, which is found in the
Philippines, filoviruses are endemic only in sub-Saharan
Africa. Again with the exception of Reston ebolavirus,
which is not pathogenic in humans, all filoviruses appear
to produce a similar illness, considered here as a single
entity, ▶ filoviral hemorrhagic fever (FHF).
Marburgvirus was first recognized in 1967 after an
outbreak of 32 cases among laboratory workers, with
secondary transmission to medical personnel and family
members in Germany and Yugoslavia (now Serbia).

Jean-Louis Vincent & Jesse B. Hall (eds.), Encyclopedia of Intensive Care Medicine, DOI 10.1007/978-3-642-00418-6,
# Springer-Verlag Berlin Heidelberg 2012
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Ebola and Marburg Virus. Table 1 Principal viruses causing hemorrhagic fevers

Virus

Disease

Geographic
distribution of
human disease

Principal
reservoir/
vector

Annual cases

Case fatality
ratio

Human-tohuman
transmissibility

Filoviridae
Ebola

Ebola HF

Sub-Saharan
Africa

Bat suspected

__a

35–85%,
depending
upon species

High

Marburg

Marburg HF

Sub-Saharan
Africa

Bat suspected

__a

22–85%

High

Lassa

Lassa fever

West Africa

Rodent

100,000–
300,000

2–50%

Moderate

Junin

Argentine HF

Argentine
pampas

Rodent

100

15–30%

Low

Machupo

Bolivian HF

Beni
department,
Bolivia

Rodent

<50

15–30%

Low

Guanarito

Venezuelan HF

Portuguesa
Rodent
state, Venezuela

<50

15–30%

Low

Sabiác

Proposed name: Rural area near
Brazilian HF
Sao Paulo,
Brazil?

Unknown,
rodent
suspected

__c

33%

Low?

Flexald

Proposed name: Brazilian
Flexal HF
Amazon

Rodent

__d

__d

Unknown

Lujoe

Proposed name: Zambia,
Unknown,
Lujo HF
southern Africa? rodent
suspected

__e

80%

High?

Hantaan, Seoul,
Puumala,
Dobrava, and
others

HF with renal
syndrome

Hantaan:
northeast Asia;
Seoul: urban
areas
worldwide;
Puumala and
Dobrava:
Europe

Rodent

50,000–150,000

<1–50%,
depending on
specific virus

No

Rift Valley fever

Rift Valley fever

Africa, Middle
East

Domestic
livestock/
Mosquitoes

100–100,000a

50%

No

Crimean-Congo
HF

Wild and
Crimean-Congo Africa, Middle
HF
East, Balkans,
domestic
southern Russia, vertebrates/tick
western China

500

15–30%

High

Yellow fever

5,000–200,000f

20–50%

No

Arenaviridaeb

Bunyaviridae

Flaviviridae
Yellow fever

Sub-Saharan
Africa, South
America

Monkey/
mosquito

Ebola and Marburg Virus
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Ebola and Marburg Virus. Table 1 (Continued)
Geographic
distribution of
human disease

Principal
reservoir/
vector

Annual cases

Case fatality
ratio

Human-tohuman
transmissibility

Virus

Disease

Dengue

Dengue HF

Tropics and
subtropics
worldwide

Human/
mosquito

100,000–
200,000f

<1–50%,
depending on
level of
healthcare
available

No

Omsk HF

Omsk HF

Western Siberia

Rodent/tick

100–200

1–3%

Not reported

Kyasanur Forest Kyasanur Forest Karnataka state, Vertebrate
disease
disease
India
(rodents, bats,
birds, monkeys,
others)/tick

400–500

3–5%

Not reported,
but laboratory
infections have
occurred

Alkhumra HFg

<50

25%

Not reported

Proposed name: Saudi Arabia
Alkhumra HF

Unknown, ticks
suspected

E

HF hemorrhagic fever
a
Although some endemic transmission of the filoviruses (Ebola>Marburg) and Rift Valley fever virus occurs, these viruses have most often been
associated with epidemics. Epidemics of Ebola hemorrhagic typically involve <500 people and Marburg <200. Filovirus epidemics have been
recognized with increasing frequency since 1994
b
Although evidence of infection with the North American arenavirus Whitewater Arroyo has been noted in sick persons, its role as a pathogen has
not been clearly established
c
Only 3 cases (1 fatal) of Sabiá virus infection have been noted since discovery of the virus in 1990. Two of them were related to laboratory infection.
Disease from this virus is presumed to be similar to the other South American arenavirus HFs
d
A single case of human infection (nonfatal) with Flexal virus has been reported from a presumed laboratory exposure in Belem, Brazil, in 1978
e
Lujo virus (proposed name) was first identified in 2008 after an outbreak of 5 human cases. The index case was from Zambia. Four secondary cases
occurred in healthcare workers and associated personnel after the index case was medically evacuated to South Africa
f
Based on estimates from the World Health Organization. Significant underreporting occurs. Incidence may fluctuate widely depending on
epidemic activity
g
Alkhumra virus is considered by some to be a variant of Kyasanur Forest disease virus. Controversy exists over the proper spelling of the virus,
written as “Alkhurma” in some publications

The disease, named Marburg hemorrhagic fever after the
site of the first recognized cases in Marburg, Germany, was
subsequently linked to African green monkeys imported
from Uganda whose harvested organs were to be used for
the production of polio vaccine. Since 1967, only sporadic
cases were noted among travelers and healthcare workers
in southeastern Africa until larger outbreaks occurred in
the Democratic Republic of the Congo (154 cases) in
1998–2000 and Angola (374 cases) in 2004–2006. Investigation of cases in gold miners in 2007 in Uganda resulted
in the isolation of Marburg virus from bats, the likely
natural reservoirs of the filoviruses. Imported cases of
Marburg hemorrhagic fever from Uganda to the
Netherlands and the United States occurred in 2008.
Both persons had exposure to bats in caves they visited
as tourists. Ebolavirus was first identified in 1976 in central Africa during outbreaks in Zaire (now the Democratic
Republic of Congo) and Sudan. After a 20 year lull,

increasingly frequent outbreaks have been noted in central
Africa, the largest (425 cases) in Uganda in 2000–2001.
The geographic distribution of confirmed cases of Ebola
and/or Marburg hemorrhagic is presented in Fig. 1.
Human infection with filoviruses is uncommon but
may occur via direct or, more often, indirect contact with
the primary reservoir (i.e., presumably bats), contact with
other dead-end hosts (most often nonhuman primates
that are hunted for food or used for research), or through
contact with infected persons. Filoviruses are only moderately transmissible between humans, requiring direct
exposure to blood or other bodily fluids during the acute
course of illness. Person-to-person transmission usually
occurs in the course of providing care as a family member
or healthcare worker, or during preparation of a corpse for
burial. Attack rates are typically around 20% in communities in Africa and certainly much lower in healthcare
settings practicing sound barrier nursing. The risk of
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Sudan

Uganda

Côte d’Ivoire
Gabon

Democratic
Republic of
the Congo

Republic of the Congo

Kenya

Angola

Zimbabwe

Ebola and Marburg Virus. Figure 1 Geographic distribution of confirmed cases of Ebola and/or Marburg hemorrhagic

transmission is highest during the later stages of illness
when viremia is high and hemorrhage, vomiting, and
diarrhea may be severe. Transmission does not occur during the incubation period. Large outbreaks, which are
almost invariably fueled by nosocomial transmission, are
usually only noted in regions where deterioration of the
public health system, usually due to civil unrest, has
eroded the healthcare workers’ abilities to routinely maintain barrier nursing precautions. Airborne transmission
under natural circumstances is unlikely, if it occurs at all,
although may be possible when artificial aerosolization
techniques are employed, a finding with obvious implications for consideration of the danger posed by filoviruses
as bioweapons.

Pathogenesis
Understanding of the pathogenesis of FHF is based on
limited data from humans combined with cautious
extrapolation from more extensive observations made
in animal models. Contrary to popular conception,

mortality in FHF is not typically the result of exsanguination, but rather is associated with an intense inflammatory
process resembling septic shock [1, 2]. Monocytes, macrophages, and dendritic cells, the ubiquitous “sentinels”
that normally guard the body against microbial invasion,
are the major sites of initial viral replication and play the
central role in pathogenesis. Virus is then distributed by
circulating monocytes/macrophages to a wide variety of
organs and cell types. The system-wide release of cytokines
and chemokines by these infected cells causes fever, an
intense systemic inflammatory response, vascular instability, and hypotension, culminating in fulminant shock and
multi-system organ failure. The synthesis of cell surface
tissue factor triggers the extrinsic coagulation pathway.
In animal models of Ebola hemorrhagic fever, disseminated intravascular coagulation is noted by the second
day post infection. Extensive necrosis is noted, especially
in the liver, although it is usually not to a degree to
account for death. Although endothelial cell damage is
consistently noted on postmortem tissues collected from

Ebola and Marburg Virus

filovirus victims, studies in monkeys suggest that this
damage does not occur until late in the course of the
disease.
The suppression of host-immune responses is a key
component of filovirus pathogenesis, especially for
Ebolavirus infection, where numerous virus proteins
have been shown to suppress interferon. Furthermore,
in most fatal cases, patients fail to produce antibodies
against the filovirus and die with persistent high viremia.
Because the initiation of an adaptive immune response
requires that dendritic cells present viral antigens to
lymphocytes, the explanation is readily available; dendritic cells are a major site of filoviral replication, which
blocks their maturation and causes their death through
necrosis. Although lymphocytes remain free of infection,
they are destroyed in massive numbers over the course of
illness through apoptosis, again similar to the process
seen in septic shock.

Clinical Presentation
Although increasingly organized surveillance and response
systems for filovirus outbreaks in the last decade have
allowed for more frequent clinical observation, there is still
a dearth of detailed and systematically collected clinical data.
The presenting symptoms of FHF are usually nonspecific
and difficult to distinguish from a host of other febrile
illnesses. After an incubation period of around 8 days
(range 3–21 days), disease typically begins with the abrupt
onset of fever, chills, headache, general malaise, anorexia,
sore throat, and chest, back, muscle, and joint pains [1, 3].
The pharynx may be erythemic. Conjunctival injection or
hemorrhage is seen in up to half of patients at presentation
but itching, discharge, and rhinitis are absent, helping to
distinguish from more common viral syndromes. Patients
themselves rarely refer to problems with their eyes other
than the cosmetic complaint of redness. A fleeting
maculopapular or morbilliform rash is sometimes noted
over the thorax, face, and arms, especially in Caucasians.
A dry cough, sometimes accompanied by a few scattered
rales on auscultation, is frequently noted, but prominent
pulmonary symptoms or the presence of productive
sputum early in the course of disease are uncommon.
Jaundice is not typical and should suggest a different
diagnosis.
Gastrointestinal signs and symptoms develop within
the first few days of illness, including nausea and vomiting,
epigastric and abdominal pain and tenderness (especially
in the right upper quadrant), and diarrhea. FHF has
sometimes been mistaken for acute appendicitis or other
abdominal emergencies. Hepatosplenomegaly is frequently seen, but it is unknown whether this is specific
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to FHF or simply represents the high underlying prevalence of hepatosplenomegaly in populations in subSaharan Africa where most clinical observations have
been made.
Severe cases progress to vascular instability 4–5 days
after the onset of symptoms, which may be evidenced by
postural hypotension, facial flushing, edema, proteinuria,
bleeding, hypotension, and shock. Hemorrhage is variably
seen, depending upon the specific infecting virus, and is
most often gastrointestinal in nature (vomiting blood or
blood passed from the rectum), but vaginal bleeding,
petechiae, purpura, nose bleeds, and bleeding from the
gums and venupuncture sites may occur. Hemoptysis and
hematuria are less frequent. Hemorrhage is almost never
present in the first 2 days of illness. Central nervous system
manifestations, including hiccups, disorientation, gait
anomalies, convulsions, and coma may be noted in endstage disease.
Common clinical laboratory findings include white
blood cell abnormalities (moderate leucopenia and
lymphopenia with atypical lymphocytes early in the
course of disease, with late leukocytosis and left shift),
hemoconcentration, moderate thrombocytopenia, blood
coagulation abnormalities consistent with disseminated
intravascular coagulopathy, and elevated hepatic transaminases (typically AST > ALT), amylase, blood urea nitrogen, and creatinine. Radiographic and EKG examination
have not been frequently reported but generally correlate
with the physical exam.

Treatment
As no licensed antiviral drug is efficacious against the
filoviruses, the treatment is supportive [1, 3]. The
nucleoside analog ribavirin, which has proven beneficial
in some other viral hemorrhagic fevers, has no effect
against the filoviruses, although its use may be indicated
if infection with other susceptible hemorrhagic fever
viruses is considered while awaiting diagnostic confirmation of FHF. Given improved understanding of their
similar pathogenesis, treatment paradigms for FHF are
falling into line with best practices for septic shock,
although it must be noted that no data exist for the
efficacy of shock management strategies specifically
applied to FHF, including early goal-directed fluid
management [1, 4].
Aggressive fluid replacement is essential, but may be
complicated by the microvascular instability inherent in
FHF. Overaggressive rehydration may lead to thirdspacing and pulmonary edema. Furthermore, although
there is little direct experience, indwelling vascular
devices, arterial punctures, and intramuscular injections
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should probably be avoided due to the risk of local bleeding. Blood pressure support with crystalloid fluids should
be employed to maintain central venous pressure between
8 and 12 mmHg or mean arterial pressure above
65 mmHg. Significant internal bleeding can necessitate
transfusion, with a goal hematocrit >30%. Vasopressors
are indicated if target blood pressure cannot be achieved
with intravenous fluids and packed cells. Platelet
transfusion should be considered when platelet count is
<50,000/mL in a bleeding patient or <10,000/mL without
bleeding. Transfusion of fresh frozen plasma should be
considered when bleeding is present and fibrinogen levels
are <100 mg/dL. Vitamin K and folic acid may be given to
patients with disseminated intravascular coagulopathy.
Aggressive use of analgesics and antiemetics may be
needed, but intramuscular and subcutaneous injections
and the use of salicylates or nonsteroidal antiinflammatory drugs should be avoided because of the
risk of hematoma. Seizures may occur in late-stage FHF
but can usually be managed with benzodiazepines or phenytoin. Broad-spectrum antibiotics should be considered
to cover secondary bacterial infection in patients whose
fever persists for more than a week. Until more conclusive
studies are conducted, corticosteroids should probably
not be administered unless adrenal insufficiency is specifically demonstrated. Although supplemental oxygen is
indicated, mechanical ventilation should be avoided, if
possible, due to risk of barotrauma and subsequent
pulmonary hemorrhage. If mechanical ventilation is
required, low tidal volumes should be employed. Uterine
evacuation should be considered in pregnant patients as it
appears to lower the very high maternal and fetal mortality in FHF.
Various experimental therapies have been tried
over the years, convalescent serum, poly- and monoclonal antibodies, and whole blood have been used in
a few instances, but their efficacy has never been
convincingly demonstrated and is not supported by
experiments in nonhuman primates. Interferon-a,
recombinant interferon, extracorporeal blood treatment with hemosorbents, and dialysis have been
tried in a few patients who survived, but it is not
clear that these measures were responsible for the
favorable outcome. A number of newer experimental
therapies are under study, including compounds
designed to directly block filovirus replication, such
as antisense oligonucleotides and short interfering
RNA molecules, and those that act indirectly through
the modification of deleterious host responses. The
most promising compound to date is recombinant
nematode anticoagulant protein c2 (rNAPc2), a tissue

factor blocker and anticoagulant that produced a 33%
reduction in mortality in Ebolavirus-infected monkeys,
presumably through mitigation of disseminated intravascular coagulation. rNAPc2 is presently in advanced
human trials for a number of applications, although
FHF is not among them.
The recognition that both septic shock and FHF are
characterized by a significant fall in the plasma protein
C level has attracted interest in possible use of activated
protein C for FHF. Recombinant human activated protein C is FDA approved for septic shock and has shown
benefit for the treatment of gram-negative sepsis in
large clinical trials. Furthermore, administration of the
drug to 11 Zaire Ebolavirus–infected monkeys resulted
in a significant prolongation of the mean time to death
and survival of 2 of the animals – a notable result
considering the usual 100% fatality in monkey models.
However, the risk of serious bleeding, a recognized
adverse effect of activated protein C, may temper enthusiasm for its use in FHF.
A number of vaccine candidates have been shown to be
efficacious in animal models of FHF, including as postexposure prophylaxis. A recombinant vesiculostomatitis
virus-based vaccine for Ebolavirus was administered on
a compassionate use basis after possible exposure to Zaire
ebolavirus in a laboratory worker. The person did not
develop disease, but it was not clear that infection actually
occurred. Despite some promising preliminary results of
this and other drugs, it must be recognized that no therapy, licensed or experimental, has yet been shown to
protect against filovirus infection once the disease has
begun. The critical stages of disease progression and
points at which intervention may be successful remain
largely unknown.

Evaluation/Assessment
The early nonspecific clinical presentation of FHF
makes it extremely difficult to diagnose clinically,
especially outside of the setting of a recognized outbreak [1]. The differential diagnosis includes a broad
array of febrile illnesses which may vary by geographic
region (Table 2). A diagnosis of FHF should be considered
in patients with a clinically compatible syndrome who,
within 3 weeks prior to disease onset, (1) traveled in or
had contact with live or recently killed wild animals
(especially nonhuman primates) in or recently arriving
from an area where a filovirus is known or suspected to
be endemic (Fig. 1), (2) had potential direct contact with
blood or bodily fluids of a person or animal with FHF
during their acute illness (this group most often is comprised of healthcare workers), (3) worked in a laboratory
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Ebola and Marburg Virus. Table 2 Differential diagnosis of filovirus hemorrhagic fever
Disease

Distinguishing characteristics and comments

Parasites
Malaria

Classically shows paroxysms of fever and chills. Hemorrhagic manifestations
less common. Malaria smears or rapid test usually positive. Responds to
antimalarials

Amebiasis

Hemorrhagic manifestations other than bloody diarrhea generally not seen.
Amoebic trophozoites identified in the stool. Responds to antiparasitics

Giardiasis
African trypanosomiasis (acute phase)

Acute stages may mimic viral HF if neurologic syndrome not prominent

Bacteria
Typhoid fever

Hemorrhagic manifestations other than bloody diarrhea generally not seen.
Responds to antibiotics

Bacillary dysentery (including shigellosis,
campylobacteriosis, salmonellosis, and
enterohemorrhagic Escherichia coli and others)

Hemorrhagic manifestations other than bloody diarrhea generally not seen.
Respond to antibiotics

Meningococcemia

Bacterial-induced DIC may mimic the bleeding diathesis of viral HF. Large
ecchymoses typical of meningococcemia are unusual in the viral HFs except
for CCHF. May respond to antibiotics

Staphylococcemia

Bacterial-induced DIC may mimic the bleeding diathesis of viral HF. May
respond to antibiotics

Septicemic plague

Bacterial-induced DIC may mimic the bleeding diathesis of viral HF. Large
ecchymoses typical of plague are unusual in the viral HFs except for CCHF.
May respond to antibiotics

Streptococcal pharyngitis (may mimic the
exudative pharyngitis sometimes seen in Lassa
fever)
Tularemia
Acute abdominal emergencies (appendicitis and
peritonitis)
Pyelonephritis and post-streptococcal
glomerulonephritis (may mimic HF with renal
syndrome)
Anthrax (inhalation or gastrointestinal)
Psittacosis

Pulmonary symptoms often not present until late in the illness. Responds to
antibiotics

Viruses
Influenza

Prominent respiratory component to clinical presentation. No hemorrhagic
manifestations. Influenza rapid test may be positive. May respond to antiinfluenza drugs

Arbovirus infection (including dengue, yellow
fever, and West Nile fever)

Encephalitis is unusual, but when present may mimic the viral HFs with
significant neurologic involvement (Kyasanur forest disease, Omsk HF).
Usually less severe than viral HF. Hemorrhage not reported

Viral hepatitis (including hepatitis A, B, and E;
Epstein-Barr; and cytomegalovirus)

Jaundice atypical in HF except YF. Tests for hepatitis antigens may be
positive

Measles

Rash may mimic that seen in early stages of some viral HFs. Prominence of
coryza and upper respiratory symptoms in measles should help
differentiate. Vaccine preventable
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Ebola and Marburg Virus. Table 2 (Continued)
Disease

Distinguishing characteristics and comments

Rubella

Rash may mimic that seen in early stages of some viral HFs. Usually a mild
disease. Vaccine preventable

Hemorrhagic or flat smallpox

Diffuse hemorrhagic or macular lesions. In contrast to the viral HFs, the rash
may involve the oral mucosa, palms, and soles. Smallpox in the wild has
been eradicated

Alphavirus infection (including chikungunya and
o’nyong-nyong)
Other viral HFs

See Table 1. Recent travel to tropics (YF, dengue HF). Jaundice common in
YF but atypical in the other viral HFs

Spirochetes, Rickettsia, Ehrlichia, and Coxiella
Relapsing fever

Recurrent fevers and flu-like symptoms, with direct neurologic involvement
and splenomegaly. Spirochetes visible in blood while febrile. Responds to
antibiotics

Leptospirosis

Jaundice, renal failure, and myocarditis in severe cases. Responds to
antibiotics

Spotted fever group rickettsia (including Rocky
Mountain spotted fever, Boutonneuse fever,
African tick bite fever)

Necrotic lesion (eschar) at site of tick bite in some forms. Respond to
antibiotics

Typhus group rickettsia (including murine- and
louse-borne typhus)
Q fever
Ehrlichiosis
NonInfectious Etiologies
Idiopathic and thrombotic thrombocytopenic
purpura (ITP/TTP)

Presentation usually less acute than viral HF. May have prominent
neurologic symptoms in TTP. Coagulation factors normal and DIC absent.
Often respond to corticosteroids (ITP) or plasma exchange (TTP)

Acute glaucoma (may mimic the acute ocular
manifestations of Rift Valley fever)
Leukemia (may resemble the leukemoid reaction
occasionally seen in HF with renal syndrome)
CCHF, Crimean-Congo hemorrhagic fever; DIC, disseminated intravascular coagulopathy; HF, hemorrhagic fever; ITP, idiopathic thrombocytopenic
purpura; TTP, thrombotic thrombocytopenic purpura; YF, yellow fever

or animal facility where filoviruses are handled, or (4) had
sex with someone recovering from a FHF in the last
3 months (see below). Acts of bioterrorism must be
considered if FHF is strongly suspected in a patient without any of the above criteria, especially if clusters of cases
are seen. It should be remembered that most FHFs are rare
even in persons possessing one of the above risk factors, so
alternative diagnoses should always be aggressively sought,
especially malaria and typhoid fever. Prompt laboratory
confirmation is imperative, although testing is presently
available only in a few specialized laboratories. In the
United States, testing can be arranged through the Centers

for Disease Control and Prevention (CDC) (404-6391115) [3].
Established isolation measures should be implemented as soon as the diagnosis of FHF is considered.
It is prudent to place the patient in a negative airflow
room if available, despite the absence of evidence for
aerosol transmission between humans. Although normal barrier nursing precautions to prevent parenteral
and droplet exposure to blood and bodily fluids probably suffice in most instances, these are usually
upgraded to “viral hemorrhagic fever precautions”
once the diagnosis is entertained, which include the

ECG

use of surgical masks, face shields, double gloves,
gowns, and head and shoe covers [5]. Disinfection of
items coming into direct contact with the patient with
bleach and chemical or heat inactivation of human waste
is advised. Small-particle aerosol precautions, such as the
use of high-efficiency particulate air filter masks, should
be employed when performing procedures which may
generate aerosols, such as endotracheal intubation. The
hospital laboratory should be alerted to the possible diagnosis of FHF before sending any specimens so that appropriate precautions can be implemented. When possible, the
use of point-of-care diagnostic assays performed by the
treatment team can further limit exposure. Specific infection
control measures should be followed in handling the
deceased. Hospital, local, and state health authorities and
the CDC should be immediately notified and contact tracing
initiated [1, 3].

After-care
Survivors of FHF display a humoral antibody
response between days 7 and 11 after infection that
correlates closely with virus clearance and symptom
abatement [1]. Although all infections are acute and there
is no true carrier state, virus clearance may be delayed for
months from a few immunologically protected sites such
as the gonads and chambers of the eye. With the exception
of contact with bodily fluids from these sites, there is no
risk of infection from patients in the convalescent phase.
Survivors of FHF usually suffer no obvious long-term
sequelae, although convalescence may be prolonged,
with the potential for persistent myalgia, arthralgia,
anorexia and weight loss, alopecia, pancreatitis, uveitis,
and orchitis up to a year after infection. The psychological
effects of FHF may also be significant, with patients
experiencing depression or post-traumatic stress. Clinical
management during convalescence includes the use
of warm packs, acetaminophen, nonsteroidal antiinflammatory drugs, cosmetics, hair-growth stimulants,
anxiolytics, antidepressants, nutritional supplements,
and nutritional and psychological counseling as indicated.
Uveitis responds to topical steroids and atropine. Because
of virus persistence in the gonads and the consequent
risk of sexual transmission, abstinence or condom use
is recommended for 3 months after acute illness.
It is also prudent to avoid breast-feeding during
convalescence unless there is no other way to support
the baby.

Prognosis
The clinical course of FHF usually unfolds quite rapidly, with death in fatal cases 7–10 days after symptom
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onset. The case fatality ration of Marburgvirus infection in Africa is consistently over 80%, although only
22% during the 1967 outbreak in Europe [2]. The case
fatality ratio of Ebola hemorrhagic fever varies with the
implicated species of virus, from up to 90% with the Zaire
strain to the nonpathogenic Reston ebolavirus (although
this virus is highly lethal in monkeys). However, mild and
even asymptomatic cases of both Marburg and Ebola virus
infection have been reported. Reasons for the heterogeneity in severity both within and between outbreaks
are largely unknown, although differences in route and
dose of infection, underlying comorbid illness, available medical care, and genetic predisposition have been
postulated. Common indicators of a poor prognosis
include shock, bleeding, neurological manifestations,
high viremia (or surrogate measurements of antigen
or genome copies), and AST >150 IU/L. High maternal and fetal mortality are also noted in pregnant
patients with FHF, in whom vaginal bleeding and
spontaneous abortion usually occurs.
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WHO-Informal working group has suggested an internationally standardized US classification which groups cysts
into active, transitional, and inactive (Table 1).
Clinical symptoms and signs depend on cyst stage,
localization, size, and number. Asymptomatic cysts are
usually discovered incidentally, these cysts usually do not
require immediate treatment and should be thoroughly
investigated and staged before treatment decisions are
taken [3].

Synonyms

Treatment

Echinococcosis

CE is a parasitic disease of worldwide prevalence. Its
clinical spectrum ranges from asymptomatic infection to
severe, rarely fatal disease. Hydatid cysts occur mainly in
the liver (70%) and the lung (20%), and ultrasound (US)
is used to diagnose, stage, and follow-up patients. Based
on earlier work, in particular of Gharbi et al. [1], the

Currently, four treatment modalities are in use: (1) surgery, (2) PAIR (Puncture, Aspiration, Injection of
protoscolicidal agent; Reaspiration), (3) medical treatment with benzimidazoles (4) watch and wait approach.
Patients treated primarily by PAIR or surgery receive
peri-interventional benzimidazole. Adverse effects of
benzimidazole include hepatotoxicity, neutropenia,
thrombocytopenia and alopecia, and regular follow-up
of liver enzymes and full blood count is recommended
[3, 4].

Echinococcosis. Figure 1 Dilated hepatic bile ducts with
floating material inside the common bile duct, representing
detached endocystic membranes and hydatid debris (asterisk).
(Endoscopic retrograde cholangiography [ERCP])

Echinococcosis. Figure 2 Patient with peritoneal seeding of
a ruptured hydatid cyst. Peritoneal cysts are predominately of
type CE 2 (*) and CE 3b (**). (Magnetic resonance imaging
performing a true fast imaging and steady state precession
[TrueFISP] sequence in coronal orientation)

Cystic echinococcosis (CE); Cystic hydatidosis; Hydatid
disease

Definition

Echinococcosis
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Echinococcosis. Table 1 Ultrasound classification of CE cysts (From Ref [2]. With permission)
Gharbi 1981

WHO IWGE 2001

Type I

CE1

Image

Description

Stage

Unilocular unechoic
cystic lesion with
double line sign

ACTIVE

E
Type III

CE2

Multiseptated, “rosettelike” “Honeycomb” cyst

Type II

CE3

Cyst with detached
TRANSITIONAL
membranes (water-lilysign)

Cyst with daughter
cysts in solid matrix

Type IV

CE4

Cyst with
heterogeneous
hypoechoic/
hyperechoic contents.
No daughter cysts

Type V

CE5

Solid plus calcified wall

INACTIVE
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Echinococcosis. Figure 3 Type CE 3b hydatid cyst with perihepatic subcapsular hydatid fluid after cyst rupture.
(Contrast medium-enhanced computed tomography) (Picture taken from Ref [5]. With permission)

Echinococcosis. Figure 4 Hepatic echinococcosis with two hydatid cysts. The anterior cyst anterior shows a cystobiliary fistula
with a cyst wall defect (arrow), dilated intrahepatic bile ducts (arrowhead) and air inside the cyst cavity (asterisk). The posterior cyst
represents a noncomplicated-type CE 2 hydatid cyst. (Contrast medium-enhanced computed tomography)

Echinococcosis
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Echinococcosis. Figure 5 (a) Chest X-ray with a large hydatid cyst at the base of the right hemithorax. (b) The computed
tomography with mediastinal window settings demonstrates a pulmonary hydatid cyst with a free floating membrane inside
the cavity. (c) In the computed tomography with lung window settings, the air/fluid level and cysto-bronchial-fistulas in the cyst
wall are visible (asterisk)

Complications and Their Radiologic
Features
Intrahepatic complications of hydatid cysts include cyst
rupture and infection. Cyst rupture with passage of cyst
content into the biliary tree leads to biliary obstruction
which can be complicated by cholangitis. This can be
relieved by ERCP and papillotomy. Cyst diameter appears
to be positively correlated with the presence of cystobiliary fistulas (Fig. 1).
Direct rupture usually occurs in cysts located near the
surface of the liver. Spontaneous microrupture of a
hepatic cyst may pass asymptomatically and can lead to
peritoneal seeding (Fig. 2).
Cyst rupture with exposure to parasitic antigen may
cause anaphylaxis (Fig. 3).
For cysts with secondary bacterial infection, open surgery and percutaneous management are the two treatment
options (Fig. 4).
Most common clinical symptoms of pulmonary CE
are sudden coughing attacks, hemoptysis, and chest pain.
After cyst rupture, cyst fluid and membranes may be

expectorated. Allergic symptoms may occur, but fatal anaphylaxis is rare. The main complication is bacterial infection of the cyst (Fig. 5a–c).
Growing cysts may cause compression of large veins
and thrombosis e.g., thrombosis of the caval portal or
hepatic veins (Fig. 6).
Osseous cysts occur in are rare and the spine and pelvis
are most commonly involved. In bone involvement there
is no pericyst formation, which infiltrative growth (Fig. 7).
Pulmonary embolism is a rare complication of hepatic
or cardiac echinococcosis. It may occur as a result of cyst
rupture into the hepatic or caval veins or directly from
ruptured cysts into the right cardiac chambers [6] (Figs. 8
and 9).

After-care and Prognosis
Cyst activity is monitored by US at 3–12 monthly
intervals during medical treatment and after surgical
or PAIR interventions. Once a cyst becomes inactive it
should be followed up for a minimum of 5 years at
yearly intervals.
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Echinococcosis. Figure 6 Gadolinium-enhanced magnetic resonance imaging in a portal venous phase shows total
compression of the hepatic veins (arrow), resulting in a tiger-like perfusion pattern, which is typical for a Budd–Chiari Syndrome
(asterisk). (T1-weighted 3D-fast low-angle shot [FLASH]-sequence)

Echinococcosis. Figure 7 Hydatid cyst of the spine with aggressive proliferation, resulting in a stenosis of the neural foramen
and nerve compression (asterisk). (T2-weighted turbo-spin-echo [TSE] sequence in coronal [left] and sagital [right] orientation)

Echinococcosis, Alveolar
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Echinococcosis. Figure 8 Perfusion defect of the right hemithorax (asterisk) due to a central pulmonary embolism of the
right pulmonary artery (arrow). (3D maximum intensity projection [MIP] of a contrast-enhanced T1-weighted 3D-fast low-angle
shot [FLASH]-sequence [right] and inversion recovery turbo-spin-echo sequence [TIRM] [left])
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Echinococcosis, Alveolar
Echinococcosis. Figure 9 Hydatid cyst of the posterior wall
of the left ventricle (asterisk). (Long-axis view performing
T2-weighted half-Fourier single shot turbo-spin-echo [HASTE]
sequence)

Prognosis of CE is usually good and depends on the
presence of cyst complications, preexisting medical problems, and expertise of the treatment center.
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Synonyms
Alveolar echinococcosis (AE); Alveolar hydatid disease;
Echinococcus multilocularis echinococcosis

Definition
AE is an infection caused by the larval stage of the fox
tapeworm Echinococcus multilocularis characterized by
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a chronically progressive tumor-like, infiltrative and
destructive growth. It has an extensive geographic range
in the northern hemisphere including central Europe,
northern and central Eurasia, and parts of North America.
The primary site of infection is almost exclusively the liver.

PX

Primary lesion cannot be assessed

PO

No detectable lesion in the liver

P1

Peripheral lesions without proximal vascular and/or
biliary involvement

P2

Central lesions with proximal vascular and/or
biliary involvement of one lobe

as specific. These “bunch of grape” or “honeycomb-like”
lesions are best seen in T2-weighted MRI sequences. Poor
vascularization of the lesions often leads to the development of necrotic cavities. Contours of the lesion are irregular and there is lack of a well-defined wall. CT scanning
may reveal characteristic clusters of microcalcifications or
irregular plaque-like calcified foci in the central or peripheral parts of the lesion. However, in up to 30% of cases AE
may present with atypical imaging aspects. Lesions may
present as homogenous nodules corresponding to
“young” AE lesions, small calcified lesions, or as pseudocysts.
Detection of specific antibodies is important for confirmation of AE (sensitivity 90–100%). In seronegative
patients suspected to have AE, fine needle biopsy of the
hepatic lesion is needed to confirm the diagnosis [1, 2, 4].
It is recommended to use a clinical classification system for human alveolar echinococcosis, the PNM system
(P = primary lesion, N = involvement of neighboring
organs, M = metastases), which facilitates systematic
initial assessment and follow-up of lesions (Table 1).
Clinical symptoms and signs of AE are epigastric or
right upper quadrant pain and cholestatic jaundice. In
about a third of patients AE lesions are discovered incidentally. In advanced disease, metastases mainly in the
lung and/or brain may occur, causing respiratory and
neurological symptoms, respectively [1, 2] (Fig. 1).

P3

Central lesions with biliary vascular and biliary
involvement of both lobes

Treatment

P4

Any liver lesion with extension along the vessels
and the biliary tree

Characteristics
Imaging techniques especially ultrasound (US), computed
tomography (CT), and magnetic resonance imaging
(MRI) are of foremost importance in establishing the
diagnosis. Hepatic lesions are characterized by heterogeneous hypodense masses, associated with invasion of biliary and vascular walls (cholangio MRI). The presence of
an alveolar (multivesicular) structure may be considered

Echinococcosis, Alveolar. Table 1 Hepatic localization in the
PNM system for classification of human alveolar echinococcosis [2, 5]

There are several treatment modalities for AE. The only
curative treatment approach is for lesions confined to
either the left or right lobe of the liver (P1, P2). For this

Echinococcosis, Alveolar. Figure 1 Characteristic multivesicular microcystic lesions in hepatic alveolar echinococcosis appear
hyperintense performing T2-weighted MR-imaging (left) and hypodense performing contrast enhanced CT (right).
Microcalcification inside the lesion (arrow), verified performing non-enhanced CT. Biliary involvement results in dilatation of
biliary ducts (asterisk). (Left: T2-weighted half-Fourier single shot turbo spin echo (HASTE) sequence, right: contrast-enhanced
computed tomography)

Echinococcus multilocularis Echinococcosis

E

797

E

Echinococcosis, Alveolar. Figure 2 Pre- (left) and post-interventional (right) ERCP of infiltrated hepatic biliary duct (asterisk) in
hepatic alveolar echinococcosis

subset of AE patients liver resection with postoperative
benzimidazole treatment (BMZ) for 2 years is indicated.
Benzimidazole drug therapy lifelong is indicated in
hepatic AE lesions which are not operable. Treatment
with benzimidazoles can extend survival times significantly, and medical treatment is parasitostatic rather
than parasitocidal. Radio-labeled fluoro-deoxyglucose
positron-emission tomography (FDG-PET) has been
used in small case series to assess response to BMZ
treatment.
Liver transplantation (LT) for AE is only indicated in
incurable symptomatic biliary AE, with life-threatening
cholangitis and/or symptomatic secondary biliary cirrhosis. Particularly in patients where disease is limited to the
liver and involves the hilum, LTmay offer a good chance of
recurrence-free survival. In other patients (patients with
large tumor masses or vascular complications of AE),
benefit of LT is not as clear; in a case series of 45 European
patients with LT for AE there was a recurrence-free survival of 45% after a 10-year period. Since the introduction
of interventional radiological procedures LT rates have
clearly decreased over the past decades.
Jaundice and cholangitis due to parasitic infiltration
into the biliary tree and consecutive biliary stenosis can be
treated endoscopically by ballon dilatation of the affected
bile duct and by stent implantation [1–4] (Fig. 2).

After-care
Post-interventional care of patients with AE depends largely
on the type of treatment. All patients are followed up by
serology. AE lesions treated by radical curative surgery are
followed up by US for about 10 years. AE patients with nonresectable disease need follow-up tailored to the individual.
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Echocardiography. Table 1 Indications and uses of
echocardiography in the critical care unit
Evaluation of the multiple trauma patient
The hemodynamically unstable patient
Hypoxemia and respiratory failure
Failure to wean from respiratory support

Synonyms

Investigation of acute coronary syndromes and
complications of myocardial infarction

Cardiac Doppler; Cardiac ultrasound; TOE; TTE

Abnormal valve function

Definition
Echocardiography is the study of the structures of the
heart and great vessels and the blood flow therein by
means of ultrasound (which analyses processed acoustic
signals from piezoelectric crystals). Echocardiography is
distinguished from other forms of ultrasound as it is
generally limited to phased array transducers with a high
frame rate to interrogate cardiac structures. Detailed
information about cardiac structure, function, and hemodynamics may be obtained.
TTE – Transthoracic echocardiography.
TOE – Transesophageal echocardiography.
M-Mode – The earliest form of echocardiography in
which the M stands for motion.
2-D echocardiography – Most widely used application
of echocardiography that gives an anatomical view of
cardiac structures in motion.
Cardiac Doppler – Measures blood flow velocities
within the chambers of the heart, the common applications are: continuous wave Doppler, pulse wave Doppler,
color flow Doppler, and tissue Doppler.

Pre-existing Condition
Echocardiography is mostly used as a diagnostic investigation of cardiac structure and function. In particular,
it is the definitive application in the intensive care unit
(ICU) for the investigation of structural and functional
lesions of the tricuspid, mitral, aortic and pulmonary
valves together with secondary changes in the cardiac
chambers. Of more significance in the critically ill
patient is the investigation of right and left ventricular
function that may underlie hemodynamic instability. In
general, abnormal ventricular function occurs as a result
of coronary artery disease, cardiomyopathies, valvular
disease, and pulmonary disease and can be affected in
ICU conditions such as sepsis, hemorrhage, and trauma.
In addition to structural abnormalities, the application
of Doppler can provide a functional quantification of
these conditions. Echocardiography can be used to
screen for sources of systemic thromboembolism and

Investigation of sepsis of unknown origin and endocarditis
Investigation of suspected aortic dissection
Source of stroke or distant embolization
Diagnosis and drainage of pericardial and pleural effusions
Site of intravascular devices (intra-aortic balloon pump,
pulmonary artery catheter)
Investigation of the patient with congenital heart disease or
cardiac transplant

sepsis. Finally, echocardiography is the most useful
tool for simultaneous diagnosis, monitoring, and therapy
of acute life-threatening hemodynamic deterioration
(see Table 1).

Application
Technology
Echocardiography has progressed enormously since the
first transthoracic M-mode applications. The transthoracic mode is most commonly employed due to its ease
of use and noninvasive nature. In critically ill patients,
particularly those with pulmonary disease, those on
mechanical ventilation, postcardiac surgical patients,
and the obese population, transesophageal scanning
has increased in popularity. Whereas image clarity is
often improved, there are rare reports of complications
and probe operation is more complex. Another less
frequently used imaging route is intracardiac echocardiography via the great vessels – although this is usually
a specialized cardiac catheterization laboratory technique. Like many other technologies, the quantum
leap in computer processing power has driven advances
such as 3-D echocardiography (Fig. 1), tissue velocity
Doppler, and myocardial stress and strain analysis.
Another consequence of technological advancement is
increased miniaturization of powerful echocardiography
machines to the size of laptop computers and pocket-sized
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Echocardiography. Figure 1 3-D transthoracic image showing the tricuspid and mitral valves

Echocardiography. Figure 2 A laptop-based
echocardiography machine

Echocardiography. Figure 3 A new pocket-sized
echocardiography machine

Uses
The Multiple Trauma Patient
devices. This trend has contributed to an increase in
the spectrum of user groups. Indeed one of the
widely discussed topics in recent times in the ICU
community is the concept of intensivist-delivered
echocardiography and the use of “handheld” echocardiography (Figs. 2 and 3).

Evaluation of the heart and great vessels in the patient with
blunt thoracic trauma demands immediate assessment in
the emergency room. Echocardiography can give crucially
important “bedside” diagnostic information concerning
the presence of pericardial hemorrhage, penetrating injury
to the heart, pericardial collections and tamponade,
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myocardial contusion, disruption of the ascending and
descending aorta, and also the presence of hemothorax.
At the same time, the assessment of left ventricular end
diastolic volume (LVEDV) can be made to guide immediate intravascular volume replacement therapy. In the
context of thoracic trauma, this information will be
more accurate than that obtained from intravascular pressure monitoring such as the pulmonary artery catheter,
which may be difficult and hazardous to institute. In the
unstable patient who requires immediate transfer to the
operating room and emergency surgery, traumatic injury
to the aorta can be excluded without the need for
a potentially hazardous tomographic scan. Satisfactory
transthoracic acoustic windows can be difficult to obtain
and so the transesophageal route can be used, with the
proviso that it can be hazardous if there is suspected
coexisting facial and cervical injury.

Hypotension and Low Cardiac Output States
Reduced blood pressure and consequent organ
hypoperfusion is one of the commonest intensive care
clinical problems. Whilst there are numerous etiologies
and pathophysiological complexities that may give rise to
this situation, most will fall into one of three categories:
reduced intravascular volume, systemic vasodilatation,
and reduced cardiac contractility. Intravascular pressure
measurement can be used to guide the management of
hypotension, in particular measurement of central venous
pressure and pulmonary arterial wedge pressure. However, there are a number of conditions that must be fulfilled for these measurements to accurately reflect left
ventricular end-diastolic volume (LVEDV) (Fig. 4). The
great value of the echocardiography probe is in its ability
to directly monitor real-time LVEDV and its response to
therapeutic maneuvers. The use of the pulmonary artery
catheter is in decline and has been largely replaced by
cardiac output derived from esophageal Doppler or pulse
wave contour analysis that will monitor cardiac output

CVP

Normal
tricuspid

RVEDP

PADP

Normal RV
compliance

over a longer time frame. Echocardiography can give
a snapshot over a shorter critical period for immediate
management and institution of volume and vasoactive
agent therapy. If TOE is used then a probe may be set to
a left ventricular short axis view and left in situ for a longer
monitoring period. There is concern that there may be
a significant discordance between hemodynamic management strategies derived from the two technologies,
although it has been shown that intensivists can be easily
trained to successfully evaluate indices of left ventricular
function. The utility of the echo probe is in its direct
monitoring capability of myocardial contractility, regional
wall motion, and assessment of mitral valve competence.
Pulmonary artery systolic pressure can also be measured if
there is any degree of tricuspid valve regurgitation. Echocardiography can also give intermittent measurements of
stroke volume as the product of Doppler velocity time
integral (VTI) measurement of left ventricular outflow
tract (LVOT) flow together with LVOT area (Movies 1,
Fig. 5 and 2, Fig. 6).

Acute Coronary Syndromes and Myocardial
Infarction
Most patients with acute coronary syndromes are now
admitted to coronary care units; however, a number of
those whose condition is complicated by a cardiac arrest
or who suffer the other life-threatening complications
may be admitted to the ICU (Table 2). Early diagnosis
and evaluation of the severity and mechanism of these
problems is vital to direct further interventional cardiology management or rapid transfer to a facility where early
cardiac surgery is available. Early echo is an easily
performed bedside investigation in the ICU and will provide a rapid assessment of global, regional wall, and valvular function of the left ventricle. In the ventilated
patient, TOE can be performed without risk of respiratory
depression from sedative agents and can provide a
useful monitor of response to preload and afterload

PCWP

PVR
normal

LAP

AP
normal

LVEDP

MV
normal

LVEDV

Normal LV
compliance

Echocardiography. Figure 4 Cardiac chamber measurements and conditions. CVP, central venous pressure; RVEDP, right
ventricular end-diastolic pressure; PADP, pulmonary artery diastolic pressure; PCWP, pulmonary capillary wedge pressure; LAP,
left atrial pressure; LVEDP, left ventricular end-diastolic pressure; LVEDV, left ventricular end-diastolic volume; PVR, pulmonary
vascular resistance; AP, airway pressure; MV, mitral valve

Echocardiography

Echocardiography. Movie 1, Figure 5 shows a TOE image of
a hypovolemic LV following hemorrhage

Echocardiography. Movie 2, Figure 6 shows the same LV
following volume therapy

E

manipulation as well as response to inotropic agents. The
presence of any degree of mitral regurgitation diagnosed
after myocardial infarction (MI) is an independent predictor of increased cardiovascular and all-cause mortality.
Acute ruptured papillary muscle may occur particularly
following posterior MI and may be associated with catastrophic mitral valve regurgitation, flash pulmonary
edema with a minimal murmur present (due to the
regurgitant orifice size). Without appropriate medical
therapy, including intra-aortic balloon counterpulsation,
percutaneous or surgical intervention, hemodynamic
deterioration and multiple organ failure are usually rapid
in these patients. TOE with Doppler color flow mapping is
the diagnostic method of choice.

Endocarditis and Abnormal Valvular
Function
A common reason for an echocardiography request in the
ICU is to investigate the source of an unexplained septicemia. A significant proportion of patients may have an
unexpected valvular vegetation or valve abscess of a native
valve, in particular those with staphylococcus aureus isolated from blood cultures. The ICU population is at risk of
developing infective cardiac valve lesions due to the use of
intravascular catheters and the presence of surgical
wounds. The discovery of valvular vegetations may direct
a change in antimicrobial therapy or warrant a surgical
intervention although in general it is an indicator of poor
prognosis and there is a high mortality in such patients.
TTE is usually sufficient to diagnose vegetations, although
TOE carries greater specificity and is indicated to study
perivalvular abscesses and mitral valve vegetations. In
some studies, there was also a significant diagnostic
pickup rate for unsuspected valvular stenoses and most
commonly mitral valve incompetence, which then
directed therapy toward these causes of hypotension.

Aortic Dissection
Echocardiography. Table 2 Complications of myocardial
infarction that may necessitate intensive care unit (ICU)
admission
Cardiorespiratory arrest
Acute left ventricular failure
Left ventricular aneurysm and mural thrombus
Ischemic mitral regurgitation
Ruptured papillary muscle
Ruptured intraventricular septum
Ruptured ventricular wall and cardiac tamponade

Patients with acute aortic dissection are often hemodynamically unstable. ICU admission may be necessary for
acute medical management and rapid stabilization prior
to transfer or surgery. Complications and sequelae of
aortic dissection include aortic rupture, hemothorax,
pericardial tamponade, severe aortic valve insufficiency,
and acute ischaemia of various circulations (coronary,
cerebral, renal, mesenteric, and limb). To prevent progression of this condition, medical therapy is warranted with
beta-adrenergic blockers and vasodilators to reduce aortic
wall stress. The diagnosis of a dissection in the ascending
aorta (Debakey type A) usually necessitates urgent surgery, whereas a dissection limited to the descending aorta
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Echocardiography. Movie 3, Figure 7 shows an intimal
dissection flap in the ascending aorta

(type B) can often be managed conservatively. The diagnosis of acute aortic dissection may be suspected initially
from clinical findings and the chest radiograph. The presence of this condition may be confirmed with contrast
enhanced CT scanning, magnetic resonance imaging, aortography, or TOE. Contrast CT requires a significant volume of intravenous contrast in the face of renal
impairment and lacks the temporal resolution to detect
a mobile flap. Magnetic resonance imaging does not
require contrast dye but may not be available or desirable
in the unstable patient. TOE is a technique that may be
performed quickly and without transporting the patient
and also allows evaluation the pericardium, aortic valve
incompetence and quantification of ventricular function.
Sedation and measures to blunt the hemodynamic
responses to TOE are required as rupture during TOE
examination has been reported. Several comparisons
have been made comparing these diagnostic modalities
and with one reporting a sensitivity of 99% and
a specificity of 98%. Other studies have reported
a higher false positive (lower specificity) but utilized
monoplane imaging only, despite this the authors
recommended TOE as the sole diagnostic modality in
unstable patients (Movies 3–6, Figs. 7–10).

Stroke and Thromboembolism
Echocardiography is one of the first-line investigations in
the investigation of systemic embolic stroke. Intracardiac
sites of origin include left atrial thrombus, particularly in
association with atrial fibrillation, left atrial dilatation and
mitral valve stenosis and mural thrombus formation –
which may occur following myocardial infarction. Mobile

Echocardiography. Movie 4, Figure 8 shows color flow
Doppler across this intimal flap

Echocardiography. Movie 5, Figure 9 shows regurgitation
through the aortic valve in the same patient

ICU echocardiography can be used to diagnose the origin
of embolization and differentiate the event from hemorrhagic stroke, allowing immediate anticoagulation. TOE
has a much higher sensitivity for thrombus formation in
the left atrium and in particular the left atrial appendage
(Movie 7, Fig. 11). Other sources of distant embolization
include vegetations on cardiac valves and intracardiac
masses. Pulmonary embolism can also be diagnosed by
both types of echocardiography – although the
transesophageal route may have better diagnostic sensitivity for massive pulmonary embolism. The hemodynamic
sequelae of this event, such as right ventricular dilatation
and tricuspid regurgitation can be evaluated using the 2-D
and Doppler modes.

Echocardiography
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interactions during weaning, although improving the
prognosis for weaning will often rest on echocardiography
revealing a hitherto undiagnosed problem. Examples of
this include: aortic stenosis, uni- or biventricular failure,
mitral regurgitation, and interatrial shunt. These lesions
can be corrected or supportive therapies can be induced to
facilitate the weaning process.

Hemodynamics and Quantitative
Echocardiography

Echocardiography. Movie 6, Figure 10 shows the dissection
extending into the descending aorta with the true and false
lumens. All images are TOE from the same patient.* movies
require cropping at the top to remove patient name

Hemodynamics is the quantitative analysis of blood
flow through the valves and cardiac chambers. This can
be studied as discussed previously by the use of Doppler
echocardiography applications and other measurements.
Some specific examples will be discussed below [1, 2].

Aortic Valve Stenosis
Blood flow velocity undergoes significant acceleration as it
is propelled by the force of ventricular contraction
through constricted and poorly mobile aortic valve
cusps. The commonest cause of aortic stenosis in Europe
is age-related valvular degeneration. The acceleration in
the ejected blood can be measured by aligning the probe
with the direction of flow. The Bernoulli equation can
then be used to translate flow velocity into a pressure
gradient.
Pressure gradient across the aortic valve
DP ¼ P1  P2 ¼ 4V1 2 4V2 2
DP ¼ 4V1 2 (assuming V2 is less than 1 m/s)

Echocardiography. Movie 7, Figure 11 shows a thrombus in
the left atrial appendage with spontaneous echo contrast
indicating stasis in a patient in long-term slow atrial fibrillation
on a TOE

Pericardial Disease
Pericardial disease can cause significant haemodynamic
impairment. If not recognized, pericardial effusion can
produce a life-threatening tamponade. Pericardial constriction can produce severe chronic heart failure. Echocardiography is the investigation of choice to investigate
these conditions.

Failure to Wean from Respiratory Support
There may be any number of reasons why critically ill
patients fail to wean from ventilatory support, but in
a small number of patients impaired cardiac function
may be the limiting factor. A number of studies
have investigated the complexities of cardiorespiratory

Bernoulli equation as applied to measuring transvalvular
gradients
P2 is peak pressure below the aortic valve (left ventricular outflow tract) mmHg
V2 is peak blood flow velocity below the aortic valve
(left ventricular outflow tract) m/s
P1 is the peak pressure above the aortic valve mmHg
V1 is the peak blood flow velocity above the aortic
valve m/s
Other methods of quantifying aortic valve stenosis are
aortic valve area derived either from planimetric measurement or the continuity equation. This is commonly done
if ventricular function is poor enough so that the gradient
does not adequately characterize the degree of the stenosis.
The aortic valve area can be calculated from the other
three variables shown which can be measured. Note that
the product obtained on either side of the equation is
equal to one stroke volume.
ALVOT  VTILVOT ¼ AAV  VTIAV

E
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Continuity equation as applied to the measurement of
aortic valve area
ALVOT is the area of the left ventricular outflow tract
(LVOT)
VTILVOT is the velocity time integral (VTI) through
the LVOT in one systole
AAV is the aortic valve area
VTIAV is the VTI through the aortic valve in one systole
(Movies 8, Fig. 12 and 9, Fig. 13, Figs. 14 and 15)

Aortic Valve Regurgitation
Aortic regurgitation may occur as mixed valvular disease
with degenerative aortic stenosis or as a sole pathology
with, for example, aortic dissection or a leak around
a degenerative prosthetic valve. There are a number of
methods for quantification of the severity of this lesion, the
most commonly applied is the pressure halftime (P1/2t). The
probe is aligned with the direction of flow of the retrograde
jet and the velocity is displayed graphically against time. The
pressure halftime is the time taken for the pressure to decay
by a half from its peak. Semiquantitative analysis of the color
flow Doppler map may also be used to assist in the estimation of severity (Fig. 16).

Mitral Stenosis
The most common cause of this obstructive lesion of the
mitral valve is caused by rheumatic disease. The severity of
mitral stenosis is relatively easy to quantify from the
inflow gradient. This is easily measured (particularly
from TOE) and is expressed in mmHg. This is measured
from tracing the diastolic inflow. If the patient is in atrial
fibrillation, then the average from a number of measurements should be calculated (Fig. 17; Movie 10, Fig. 18).

Mitral Regurgitation

Echocardiography. Movie 8, Figure 12 shows a TOE long
axis view of a stenosed aortic valve

This is possibly the most difficult valvular lesion to quantify and the variety of different methods reflects this.
A combination of 2-D and color Doppler is the mainstay
of analysis. This semiquantitative method is
supplemented by information from pulmonary vein flow
waveform analysis and transmitral diastolic peak forward
flow velocity. In addition, the continuity equation can be
applied to calculate regurgitant volume, regurgitant fraction, and effective regurgitant orifice area (Fig. 19).

Tricuspid Regurgitation and Pulmonary
Artery Pressure
Severity of tricuspid valve incompetence is usually assessed
with 2-D and color Doppler with no standard quantitative
Doppler measurement. Tricuspid regurgitation occurs during right ventricular systole when the pulmonary valve is
open, thus peak right ventricular pressure recorded through
the tricuspid valve (derived from the Bernoulli equation)
added to central venous pressure is equal to pulmonary
artery systolic pressure.

Left Ventricular Function
Echocardiography. Movie 9, Figure 13 shows the same view
with the associated color flow jet

First, left ventricular cavity and wall dimensions should be
measured with M-mode or 2-D echocardiography. Left
ventricular function consists of systolic and diastolic

Echocardiography
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Echocardiography. Figure 14 Transesophageal echocardiography (TOE) continuous wave Doppler showing peak gradient
across a stenotic aortic valve

Echocardiography. Figure 15 Transesophageal
echocardiography (TOE) 2-D planimetry of the aortic valve
area in a stenotic valve

Doppler. Cardiac output can be calculated by the product
of measured VTI of the LVOT and LVOT area and pulse
rate (see continuity equation above).
Regional wall analysis involves an inspection of 16
defined segments and their classification into normal,
hypokinetic, akinetic, or dyskinetic. As part of this analysis, the regional function by main coronary artery supply
can be determined.
Pulse-wave Doppler can be utilized to quantify
transmitral valve and pulmonary vein flow – certain patterns can indicate impaired left ventricular diastolic relaxation. Tissue Doppler analysis of longitudinal myocardial
motion can be used to measure diastolic function which
is independent of volume status. For a detailed explanation of diastolic function, the reader is referred to an
echocardiographic textbook.

Right Ventricular Function
aspects. Systolic function analysis can be divided into that
of global systolic function and regional wall motion analysis. Quantification of global systolic function includes
fractional shortening from M-mode, fractional area
change, and ejection fraction from 2-D and dP/dt (early
systolic LV pressure increase) from continuous wave

In contrast to left ventricular function, the same quantitative analysis of right ventricular function is not available.
Right ventricular function is usually assessed by size,
geometry, and longitudinal annular motion. Overall semiquantitative assessment of function by the experienced
operator is the current state of the art (Movies 11,
Fig. 20 and 12, Fig. 21).
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1 AR Vmax
3.68 m/s
AR maxPG 54.28 mmHg
AR PHT
513.51 ms
AR Dec Time 1,770 ms
AR Dec Slope 2.08 m/s2

Echocardiography. Figure 16 Pressure halftime calculation in a mildly incompetent aortic valve

1 MVpeakV
PeakPG
MeanPG
MVVTI

=
=
=
=

1.65 m/s
10.94 mmHg
5.32 mmHg
64.92 cm

2 MV PHT = 233 m/s
MV DecT = 795 m/s
MVA
= 0.94 cm2

Echocardiography. Figure 17 Pulse wave Doppler of the same patient showing transvalvular gradient and pressure halftime

Echocardiography

Intensivist-Delivered Echocardiography
This has become an area of increasing and sustained
interest for intensivists. Cardiology-delivered echocardiography is traditionally available as a one-off diagnostic

Echocardiography. Movie 10, Figure 18 TOE of stenotic
mitral valve – valve on left of video, Movie 11, Fig. 20 TTE of
stenotic mitral valve – valve on right of video

E

study with a time-limited availability. Intensivist requirements of an echocardiographic study are often as part
of a multimodal package of hemodynamic diagnosis,
monitoring, and intervention. This may entail several
repeated studies or a more continuous phase of monitoring utilizing TOE. As discussed previously, advances
and miniaturization of echocardiography machines into
smaller and more mobile platforms have facilitated
this end.
There is an international recognition that the
required knowledge, skill set, and experience to perform echocardiography competently are more complex and take longer to obtain than, for example,
competency in esophageal Doppler [3]. It has been
difficult to integrate these competencies into current
training schemes. Various intensive care and echocardiography bodies are currently wrestling with these
issues and are trying to design accreditation and training processes that will cater for current and future
intensive care requirements [4, 5]. The internet provides
a large number of websites with educational and training
content [6, 7].

2D 12 cm1
11 f/s
f: 5.7 MHz
DR: 65 dB
R: 0.0 G: 61
CFM G: 58

f: 4.4 MHz
PRF:7,000 Hz
LVR:2.6 cm/s

Echocardiography. Figure 19 Transesophageal echocardiography (TOE) image showing color flow through a prolapsing mitral
valve
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Echocardiography. Movie 11, Figure 20 apical TTE showing
good biventricular function

Zamorano JL, European Association of Echocardiography
(2009) European Association of Echocardiography recommendations for training, competence, and quality improvement in echocardiography. Eur J Echocardiogr 10(8):893–905
Benjamin E, Griffin K, Leibowitz AB, Manasia A, Oropello JM,
Geffroy V et al (1998) Goal-directed transesophageal echocardiography performed by intensivists to assess left ventricular function:
comparison with pulmonary artery catheterization. J Cardiothorac
Vasc Anesth 12(1):10–15
Cholley BP, Vieillard-Baron A, Mebazaa A (2006) Echocardiography
in the ICU: time for widespread use. Intensive Care Med 32(1):9–10
www.winfocus.org
www.echotrainer.org

Echography
▶ Ultrasound: Uses in ICU

Echography of the Inferior Vena
Cava (IVC)
▶ Intravascular Volume Assessment by Inferior Vena Cava
Sonography

Eclampsia
▶ Hypertensive Emergency
Echocardiography. Movie 12, Figure 21 TTE showing poor
biventricular function – note pacing wire
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Synonyms
Sign-outs; Transfer of care; Transitions of care

ED-ICU Handoffs

Definition
The transfer of information and responsibility for patient
care and management for a patient who is being admitted
to the intensive care unit (ICU) from the emergency
department (ED).

Characteristics
Background
The ED-ICU handoff is the process by which information
and responsibility for patient care is transferred from
emergency care providers to intensivists. Traditionally
handoffs are delivered by providers of the same training
(i.e., physician to physician) who will be assuming
a specific role in the patient’s care. Providers involved in
handoffs include the physicians and nurses in the ED and
the ICU, and can also potentially include several other
hospital staff such as respiratory therapists, technicians,
transporters, consultants, and others depending upon
ongoing care needs.

Risks Surrounding Handoffs
The time interval surrounding the ED-ICU transfer of care
(i.e., “handoff ”) is a particularly high-risk time for
patients. Handoffs can sometimes lead to poorer outcomes when there are problems with communication of
information and other administrative issues [1].
While the handoffs between ED and ICU providers
vary from hospital to hospital, the usual process
involves several elements. These include a verbal case
presentation by the emergency care providers detailing
the clinical history, a description of the presenting and
ED course (i.e., interventions and response to interventions), information regarding other providers involved
(i.e., recommendations from a consultant), and the
most up-to-date clinical status of the patient, including
vital signs.

E

an electronic medical record. This permits the ICU
providers to review information prior to the handoff,
so that the discussion can focus on clarifying the
major active issues. In addition, it allows the ICU
providers to access data like laboratory results without
spending critical time asking for specific data that may
be easily electronically accessible to both parties.
Access to clinical information also allows both providers to focus on balancing the signal-to-noise ratio,
where the focus can be the most salient information
related to active patient management [2]. Because both
the ED and ICU staff are busy with many competing
needs, it is important to balance conciseness and completeness in handoffs to make best use of both providers’
time.

Little Evidence on Poor Handoffs
One of the problems with the current state of knowledge
on handoffs is that there are few, if any, evidence-based
“red flags” that should be recognized as risk factors for
a poor handoff. It is also difficult to know if a poor handoff
was the cause of an adverse outcome. But when it comes to
root-cause analysis, sometimes the handoff is the
“smoking gun” regardless of whether the handoff itself
was the problem.
However, some “red flags” for poor handoffs and
poor outcomes include an uncertain diagnosis and the
presence of continued instability. In addition, a poor
handoff may be more common when emergency care is
driven by other physicians such as consultants, or by
prolonged stays in the ED where the emergency care
providers themselves experience multiple handoffs;
important information that should be communicated
to the ICU team may be lost prior to the handoff to
the ICU team.

Subject to Cognitive Bias
Ensuring a Two-Way Dialogue
The transfer ideally should also involve a questionand-answer period where the receiving provider can
ask questions regarding the case to clarify any issues.
It is also imperative that providers directly interact
during a handoff of critically ill patients, either in
person or by telephone. Handoffs that occur without
direct communication may be at higher risk for problems or errors.

Access to Critical Information
Providers should ideally be able to access to the same
clinical information during a handoff, such as through

Information that is relayed between providers during
handoffs can be subject to cognitive biases. ICU providers
rely on the initial clinical acumen of the emergency care
providers. If there has been an error related to the diagnosis, interpretation of radiographic studies, or other
information, and the ICU providers do not discover the
errors, the “diagnosis momentum” may result in continuation of the incorrect diagnosis [3].
ICU providers may also be subject to their own
cognitive bias if the information is interpreted through
a faulty lens (i.e., distraction or inexperience). One
common cognitive bias is “anchoring,” which is the
over-reliance on one piece of information based on

809

E

810

E

ED-ICU Handoffs

one’s own beliefs of experiences. However, it is equally
important to mention that sometimes the communication between the ED and ICU team can result in
a “save” where the discussion itself may elucidate new
ideas about the diagnosis or a new direction for
patient care.

Boarding in the ED
After a handoff has been performed, the time
between the handoff and the ultimate physical transfer of the patient can be a high-risk time because care
may be “transferred” for one care team (i.e., the
physicians) while other staff (e.g., nurses) may still
be caring for the patient in the ED. Studies have
shown that longer ED length of stay (LOS) is associated with poorer outcomes in critically ill patients.
One study found that an ED LOS >6 h was associated with a higher inpatient mortality rate (17.4%
versus 12.9%), a difference that persisted in adjusted
analysis [4]. In addition, another study found that longer
ED length of stay for intubated trauma patients was
associated with a higher risk of ventilator-associated
pneumonia [5].
There are several reasons why there may be poorer
outcomes with longer ED lengths of stay. The first is that
the focus of the emergency care provider is on the initial
management of patients, not caring for patients after
prolonged stays. It can sometimes be unclear whose
responsibility it is for ongoing management decisions
when the patient is physically present in the ED, but the
handoff has already occurred. Potential solutions for this
are to have clear hospital policies with regard to which
teams manage care after handoffs and to ensure that
patients are transferred to ICU settings in a prompt
manner.

Moving Toward a Safer ED-ICU Handoff
Standardization has been touted as the major way to
improve handoffs; however, there is little evidence
that using templates improve the quality or safety of
ED-ICU handoffs [6]. Specific standard tools include
published handoff mnemonics that include S-BAR, the
5-Ps, IPASS the BATON, HANDOFF, and SIGN OUT
[7]. Many of these and others are handoff templates
involving data elements that may not be relevant to the
specific case and some may have information flows
that can decrease the efficiency of the ED-ICU handoff.
Some may be impractical to implement for the

ED-ICU handoff. While there is little agreement on
what should be included in a standard ED-ICU handoff, there are several recommendations that may make
ED-ICU handoffs safer.

Reducing the Number of Handoffs
Because handoffs are clearly high-risk reducing their
frequency, where possible, they may be a safer way to
approach transitions from the ED to the ICU. For
example, if a patient is being admitted to the ICU
and the ED is at shift change, the ED provider who
initially cared for the patient (i.e., the most knowledge
providers) should make sure to communicate with the
ICU prior to leaving.

Limit Interruptions and Distractions
Both the ED and the ICU can be busy places where distractions can limit the quality of handoffs [8]. It is important for both the ED and ICU to limit outside distractions
and interruptions during a handoff [9].

Clearly Communicate Outstanding Tasks,
Open Issues, and Areas of Uncertainty
It is important to communicate specifically outstanding tests that may be ordered but not yet completed as
well tests that are completed but results are still pending. In addition, it is vital to discuss specific active
issues necessary for the ongoing management of the
patient, along with specific areas where uncertainties
remain.

Avoid Unnecessary Delays
Because prolonged ED lengths of stay are associated
with poorer outcomes, it is important for providers
not to create unnecessary delays. For example, additional testing or consultation may be desired, but this
should be accomplished by the team who has received
the handoff and will have continued responsibility for
the patient.

Signal Clear Roles After the Handoff
There may be outstanding elements of care that need to
occur after the handoff occurs but before the patient
physically leaves the ED. It is important for both ED and
ICU providers to agree on what specific roles each will play
in the ongoing management. For example, an ICU
provider may immediately come to the bedside in the
ED assuming complete management, while in other
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cases ED providers may have greater levels of involvement.
However, regardless of the specific plan, it is important to
explicitly delineate clear management roles after the
handoff.
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Synonyms
Clearance; Kidney function

Definition
Glomerular filtration rate (GFR): GFR is the rate of filtration of plasma from the renal glomeruli to the tubules. The
level of GFR is considered to be the best overall index of
kidney function in health and disease.
Measured GFR (mGFR): GFR cannot be measured directly
and instead is measured indirectly either as the urinary or
plasma clearance of an exogenous or endogenous filtration
marker. Clearance measurements are complex procedures
and are generally used only as a confirmatory test.
Estimated GFR (eGFR): GFR can be estimated either from
serum level of an endogenous filtration marker, such as
urea, creatinine and cystatin C, without a urine collection.
GFR is related to the reciprocal of the serum level of the
filtration marker and to its non-GFR determinants, and
can be estimated using estimating equations. Current recommendations by the U.S. National Kidney Disease Education Program (NKDEP) are to report estimated GFR
when serum creatinine is measured.

Characteristics

EDM
▶ Esophageal Doppler

EDV
▶ End Diastolic Volume

EEG Monitoring
▶ Electro-Neurophysiology
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GFR Determinants, Normal Values, and
Variability
Glomerular filtration rate is a passive process in which
plasma moves from glomerular capillaries to Bowman’s
space by the balance of hydrostatic (ΔP) and oncotic
pressure (Δp) gradients across the capillary wall, and the
ultrafiltration coefficient (Kf ). The relationship of singlenephron GFR (SNGFR) to these factors is shown in
Equation 1 (Table 1). Alterations in renal plasma flow
also affect SNGFR, largely by influencing ΔP and Δp.
The GFR is the product of the number of nephrons (N)
and the SNGFR (Equation 2). Reduction in the number of
nephrons, the ultrafiltration coefficient, or in the filtration
pressure lead to a reduction in GFR.
The average normal values of GFR in humans
are approximately 130 ml/min/1.73 m2 for men and
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eGFR, Concept of. Table 1 Equations for glomerular filtration rate and clearance
Number Topic

Equations and definitions of terms

1

SNGFR = Kf (ΔP – Δp)

Single-nephron GFR

ΔP = difference between the net transcapillary hydraulic pressure
favoring filtration
Δp = net oncotic pressure opposing filtration
Kf = ultrafiltration coefficient (measure of surface area and permeability
characteristics of the glomerular ultrafiltration barrier)
2

Whole-kidney GFR

GFR = N  SNGFR

3

Plasma clearance

Cx = Ax/Px
Cx = clearance of x
AX = amount of x eliminated from the plasma per unit time
PX = average plasma concentration of x

4

Urinary clearance

Cx = Ux  V/Px

5

Urinary excretion of solutes

Ux  V = GFR  Px  TRx + TSx
GFR  Px = filtered load of x per unit time
TRx = rate of tubular reabsorption of x
TSx = rate of tubular secretion of x

6

Rearrangement of Equation 5 to relate
GFR to other determinants of urinary
excretion of solutes

GFR = (Ux  V + TRx – TSx)/Px

7

Rearrangement of Equation 6 to relate
GFR to urinary clearance

GFR = Cx + TRx/Px  TSx/Px

8

Relationship of GFR to urinary clearance
of an ideal filtration marker

GFR = Cx

9

Regression Equation for GFR

GFR = (b  X + c  Y + d  Z)/a  Px + e
X, Y, Z = numerical values for clinical and demographic variables
a, b, c, d = coefficients relating Px and other variables to measured GFR
e = error based on uncertainty due to measurement, biological
variability, and statistical techniques used to derive the coefficients

10

Estimation Equation for GFR developed
on the logarithmic scale

eGFR = [Px]a  Xb  Yc  Zd

120 ml/min/1.73 m2 for women, with considerable variation among individuals [1] (Fig. 1). Adjustment for body
surface area takes into account variation due to body size
and permits comparison to normative values. Day-to-day
variability in measured GFR is affected by protein intake,
exercise, and diurnal variation (10% lower at midnight as
compared to the afternoon). GFR increases by almost 50%
during the first trimester of pregnancy and returns to
baseline immediately after delivery. GFR declines with
age; with the mean rate of decline of approximately
0.75 ml/min/year beyond age 40 years. Determinants of
the decline in GFR with aging are not well understood.

Measurement of GFR
Concept of clearance. The clearance of a substance is
defined as the rate at which it is cleared from the

plasma per unit concentration. The clearance of substance “x” (Cx) is given by Equation 3. For a substance
that is cleared by urinary excretion, the clearance formula
may be rewritten as Equation 4. If substance x is freely
filtered at the glomerulus, then urinary excretion
represents the net effects of glomerular filtration,
tubular reabsorption, and secretion (Equation 5). By
rearrangement, GFR can be related to urinary clearance
(Equations 6 and 7). An ideal filtration marker is defined
as a substance that is freely filtered by the glomerulus and
neither secreted nor reabsorbed during its passage
through the tubules. If substance x is an ideal filtration
marker, GFR can be assessed from urinary clearance of
x (Equation 8). Clearance may be measured using either
exogenous or endogenous filtration markers as described
below (Tables 2 and 3).
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eGFR, Concept of. Figure 1 Normal values for GFR in men and women. Normal values for inulin clearance are shown for men
(Panel A) and women (Panel B) of various ages, with the GFR measured as the urinary clearance of inulin. Solid lines represent the
mean value of GFR per decade of age, and dashed lines represent the value 1 SD from the mean value of GFR per decade of
age (Adapted from Wesson L. Physiology of the human kidney. New York: Grune & Stratton, 1969. Reprinted from Stevens LA,
Coresh J, Greene T, Levey AS. N Engl J Med 2006;354:2473–83)

Measurement of urinary clearance. Urinary clearance is
the most direct method for measurement of GFR. Urine
concentration of the filtration marker is assayed in a timed
urine sample during which the plasma concentration is
assayed. GFR is computed according to Equation 4. This
procedure is applicable for both exogenous and endogenous filtration markers. Urinary clearance depends on
filtration, tubular secretion, and tubular reabsorption.
For an ideal filtration marker, urinary clearance equals
GFR; for substances that are filtered and secreted, urinary
clearance exceeds GFR; and for substances that are filtered
and reabsorbed, urinary clearance is less than GFR. Measurement of urinary clearance requires a timed urine collection for measurement of urine volume, as well as urine
and plasma concentrations of the filtration marker. Special
care must be taken to avoid inaccurate urine collections,
which limits the accuracy of the clearance calculation.
Measurement of plasma clearance. There is an increasing interest in plasma clearance due to the lack of requirement for a timed urinary collection. GFR is calculated
from plasma clearance following a bolus intravenous
injection of an exogenous filtration marker, with the clearance computed from the amount of the marker administered (Ax) and the area under the curve of plasma

concentration versus time (Equation 3). The decline in
serum levels is secondary to the immediate disappearance
of the marker from the plasma into its volume of distribution (fast component) and to renal excretion (slow
component). Plasma clearance is best estimated using
a two-compartment model, which requires blood sampling early (usually two or three time points until
60 min) and late (one to three time points from 120 min
onward). Plasma clearance of a substance depends on
filtration, tubular secretion, tubular reabsorption, and in
addition, extrarenal elimination. Disadvantages of plasma
clearance include requirement of a relatively long time
(5 h) for determination of the disappearance curve,
GFR overestimation due to a prolongation of the first
compartment of the two-compartment curve in those
with edema, and extrarenal elimination of the filtration
marker may lead to the overestimation of urinary clearance, which would be more apparent at lower GFR.
Exogenous filtration markers. Inulin, a 5,200-dalton,
uncharged polymer of fructose, is the only known ideal
filtration marker, and urinary clearance of inulin is the
“gold standard” for measurement of GFR. The classical
method to measure GFR as developed by Homer Smith
involved maintenance of an intravenous infusion of inulin
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eGFR, Concept of. Table 2 Properties of exogenous filtration
markers
Marker

Method of
administration Comments

Inulin

Continuous IV

Iothalamate Bolus IV or
subcutaneous

99m

Tc-DTPA Bolus IV

Gold standard
Can be administered as
radioactive compound with
125
I as the tracer or as a
nonradioactive compound,
with assay using HPLC
methods. In radioactive
form, potential problem of
thyroid uptake of 125I.
Iothalamate is secreted
leading to overestimation
of GFR
Dissociation of 99mTc leads
to plasma protein binding
and underestimation of GFR

51

Bolus IV

10% lower clearance than
inulin

Iohexol

Bolus IV

Low incidence of adverse
effects. Comparable to
inulin
Expensive and difficult to
perform assay

Cr-EDTA

at a constant rate, collection of frequent blood samples,
and bladder catheterization to accurately measure urinary
flow rate. However, inulin is difficult to handle and the
procedures are invasive and thus is currently used only in
research studies. Alternative exogenous filtration markers
include iothalamate, iohexol, ethylene diamine tetraacetic
acid (EDTA), and diethylene triamine pentaacetic acid
(DTPA) (Table 2). Measuring clearance with the use of
exogenous markers is complex, expensive, and difficult to
perform in routine clinical practice, but is suitable as
a confirmatory test when more accuracy is required than
can be obtained from GFR estimation.
Endogenous filtration markers. Creatinine is the most
commonly used endogenous filtration marker in clinical
practice. In the past, urea was widely utilized, and presently, cystatin C shows great promise. Understanding the
basic concepts of metabolism, renal physiology, and analytical chemistry related to endogenous filtration markers
is essential to the interpretation of GFR measurements and
estimates based on these markers (Table 3). Only creatinine and urea are excreted in the urine and can be utilized
for urinary clearances. Creatinine is secreted, so creatinine
clearance is greater than GFR, while urea is reabsorbed, so

urea clearance is less than GFR. By coincidence, in individuals with GFR less than 20 ml/min/1.73 m2, the average
of creatinine and urea clearance approximates GFR.
A timed urine collection for measurement of creatinine
and urea clearance is generally a reasonable test to confirm
the estimated GFR based on serum levels of endogenous
filtration markers. The main limitation in practice is inaccurate urine collections.

Estimation of GFR
Determination of serum levels of endogenous filtration
markers. Figure 2 shows the relationship of plasma concentration of a substance to its generation by cells
and dietary intake, urinary excretion, and extrarenal elimination by gut and liver. In the steady state, the plasma
level is related to the reciprocal of the level of GFR, but is
also influenced by generation, tubular secretion and
reabsorption, and extrarenal elimination, collectively
termed “non-GFR determinants” of the plasma level. In
the non-steady state, after a change in GFR, the change in
the plasma concentration of the filtration marker lags
behind the change in measured GFR (Fig. 3). The rate of
rise in the filtration marker depends on the severity of
reduction in GFR from baseline level of GFR (a greater
reduction is associated with a faster rise, Fig. 4) [2]. The
interval required to reach the new steady state depends on
the baseline GFR (a lower baseline GFR is associated with
a longer interval, Fig. 4).
Development and validation of estimating equations.
GFR estimating equations permit more accurate estimation of measured GFR from plasma levels of endogenous
filtration markers and clinical and demographic variables
than from the plasma level alone. GFR estimating equations are derived from regression analysis in which the
level of measured GFR is related to the plasma solute
concentration and observed clinical and demographic
variables that serve as surrogates for the non-GFR determinants of plasma levels (Equation 9). Estimating equations for GFR are often developed on the logarithmic
scale, then exponentiated to report eGFR on the linear
scale, and therefore have the appearance of Equation 10.
The negative sign for the coefficient a reflects the reciprocal (inverse) relationship of plasma concentration of substance x to GFR. Some estimating equations for use in
adults are shown in Table 4.
Use of GFR estimating equations in the steady state and
non-steady state. In the steady state, an increase in the
plasma concentration of the filtration marker is reflected
by a proportionate decrease in eGFR. If the coefficient
relating the plasma level to eGFR (“a” in Equation 10) is
1.0, then a rise in Px to 1.5, 2.0 and 3.0 times the baseline
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eGFR, Concept of. Table 3 Properties of endogenous filtration markers
Variable

Creatinine

Urea

Cystatin C

Weight

113 Da

60 Da

13,000 Da

Structure

Amino acid derivative

Product of protein metabolism Nonglycosylated basic protein

Molecular properties

Physiological determinants of serum level
Generation

Varies, according to muscle
mass and dietary protein;
lower in elderly persons,
women, and Whites

Varies, according to dietary
Thought to be constant by all
protein intake and catabolism nucleated cells; variation in
serum levels, independent of
GFR, may be due to generation

Handling by the kidney

Filtered, secreted, and
excreted in the urine

Filtered, reabsorbed, and
excreted in the urine

Filtered, reabsorbed, and
catabolized

Extrarenal elimination

Yes; increases at reduced GFR

Yes; increases at reduced GFR

Preliminary evidence of
increases at reduced GFR

Use in estimating equations for GFR
Demographic and clinical
variables as surrogates for
physiological determinants

Age, sex, and race; related to
muscle mass

Not applicable

Under development

Accuracy

Underestimation at higher
GFR; limited precision
throughout the range

Not applicable

Similar to creatinine at lower
GFR; unknown at higher GFR

Method

Colorimetric or enzymatic

Direct measurement,
enzymatic colorimetric, and
electrochemical

PENIA or PETIA

Assay precision

Very good except at low range. Precise throughout the range

Clinical laboratory practice

Multiple assays; widely used
nonstandard calibration

Multiple assays; enzymatic and Not on most autoanalyzers
colorimetric more commonly
used

Reference standard

IDMS

IDMS

Assay

Precise throughout range

None at present

Adapted with permission from reference 1.
GFR: glomerular filtration rate, PENIA: particle-enhanced nephelometric immunoassay, IDMS: isotope-dilution gas chromatography–mass
spectroscopy.

level would be reflected in a decline in eGFR to 2/3, 1/2, or
1/3 of the baseline level, respectively. In non-steady state,
the change in estimated GFR lags behind the change in
measured GFR (Fig. 3). In this setting, GFR can be estimated from the rate and magnitude of change in the GFR
estimate, analogous to the interpretation of changes in the
serum level of the filtration marker in the non-steady state.
Thus, after a decline in GFR, the estimated GFR overestimates the measured GFR until the new steady state is
achieved; conversely, after an increase in GFR, the estimated GFR underestimates the measured GFR until the
new steady state is achieved. These relationships are further altered if there are changes in the non-determinants
of the filtration markers in addition to changes in GFR.

For these reasons, estimating GFR in the non-steady state
is complex.

Estimating Equations Based on Serum
Creatinine
Determinants of serum creatinine. Creatinine is a 113 Da
amino acid derivative, which is primarily generated in
muscle and to a lesser extent from intake of cooked
meat. Creatinine is freely filtered by the glomerulus and
actively secreted by the tubules. Creatinine is eliminated in
the gut by degradation by microorganisms, which may be
quantitatively important in patients with decreased GFR
and high concentration of creatinine in gastrointestinal
secretions. Because of all these non-GFR determinants of
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G
(cells)
UxV=
GFR x P – TR + TS
G
(diet)

P

UxV
(kidney)

G–E=
GFR x P – TR + TS
GFR =
(G + TR – TS – E) / P

E
(gut, liver)

eGFR, Concept of. Figure 2 Determinants of the serum level of endogenous filtration markers. The plasma level (P) of an
endogenous filtration marker is determined by its generation (G) from cells and diet, extrarenal elimination (E) by gut and liver,
and urinary excretion (UV) by the kidney. Urinary excretion is the sum of filtered load (GFR X P), tubular secretion (TS), and
reabsorption (TR). In the steady state, urinary excretion equals generation and extrarenal elimination. By substitution and
rearrangement, GFR can be expressed as the ratio of the non-GFR determinants (G, TS, TR, and E) to the plasma level (Modified
from Stevens LA, Levey AS. Measured GFR as a Confirmatory Test for Estimated GFR: Indications and Interpretation. J Am Soc
Nephrol 2009;20:2305–2313)

serum creatinine, the relationship of the serum level of
creatinine to GFR varies greatly among individuals within
a population and over time within individuals.
There are a variety of creatinine assays based on colorimetric or enzymatic methods. Serum and plasma concentrations are virtually identical for these methods. The
gold standard method for creatinine assay is isotopedilution mass spectrometry (IDMS) using either gas or
liquid chromatography. The U.S. NKDEP and the International Federation of Clinical Chemistry and Laboratory
Medicine are currently standardizing serum creatinine
assays to methods traceable to IDMS in order to minimize
differences in across clinical laboratories. Standardization
is expected to be complete in the USA in 2009.
The Cockcroft–Gault formula. This formula was developed in 1973 to estimate creatinine clearance (eCcr) not
adjusted for body size based on serum creatinine, age, sex,
and body weight. The equation was developed in 249 men
with a range of creatinine clearance between 30 and
130 mL/min. The adjustment factor for women was
based on a theoretical 15% lower muscle mass. As
expected, the Cockcroft–Gault equation systematically
overestimates GFR, since it was developed to estimate
creatinine clearance rather than GFR. Furthermore,
because of the inclusion of weight in the numerator as
a measure of muscle mass, the equation overestimates
creatinine clearance in patients who are edematous, overweight, or obese. Comparisons to normal values for creatinine clearance require computation of body surface
area and adjustment to 1.73 m2. The Cockcroft–Gault

equation has not been reexpressed for use with standardized serum creatinine.
The Modification of Diet in Renal Disease (MDRD)
Study equation. The MDRD Study equation was developed
in 1999 using data from 1,628 patients enrolled in the
baseline period of the MDRD Study in patients with
CKD (mean GFR of 40 mL/min/1.73 m2) who were predominantly Caucasian and who did not have diabetic
kidney disease or kidney transplants. The four-variable
equation estimates GFR adjusted for body surface area
based on serum creatinine, age, sex, and race (categorized
as Black vs. White or other). The terms for age, sex, and
race reflect differences in creatinine generation related to
changes in muscle mass with aging and between sexes and
races. After adjustment for these variables, body size is not
a significant independent variable, probably because the
GFR, as well as the GFR estimate, is adjusted for body
surface area. It is more accurate than the Cockcroft–Gault
formula and measured creatinine clearance, even after
adjustment for systematic bias in the overestimation of
GFR by creatinine clearance. The MDRD Study equation
has been modified for use with standardized creatinine
and has undergone rigorous evaluation. The MDRD
Study equation is relatively unbiased in estimating
measured GFR in subjects with CKD with and without
diabetes or organ transplants when eGFR is below
60 ml/min/1.73 m2. At higher levels, as in subjects with
type 1 diabetes without microalbuminuria or in kidney
donors, the MDRD Study equation underestimates measured GFR. Throughout the range of eGFR, the MDRD
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eGFR, Concept of. Figure 3 Effect of an acute GFR decline on generation, filtration, excretion, balance, and serum level of
endogenous filtration markers. After an acute GFR decline, generation of the marker is unchanged, but filtration and excretion are
reduced, resulting in retention of the marker (a rising positive balance) and a rising plasma level (non-steady state). During this
time, estimated GFR (eGFR) is lower than measured GFR (mGFR). Although GFR remains reduced, the rise in plasma level leads to
an increase in filtered load (the product of GFR times the plasma level) until filtration equals generation. At that time, cumulative
balance and the plasma level plateau at a new steady state. In the new steady state, eGFR approximates mGFR. GFR
expressed in units of ml/min/1.73 m2. Tubular secretion and reabsorption and extrarenal elimination are assumed to be zero
(Modified from Kassirer JP, N Engl J Med 285; 385–389; 1971. Reprinted from Stevens LA, Levey AS. Measured GFR as
a Confirmatory Test for Estimated GFR: Indications and Interpretation. J Am Soc Nephrol 2009;20:2305–2313)

Study equation is relatively imprecise, with about 80–85%
of estimates within 30% of measured GFR.
The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation. The CKD-EPI creatinine equation was developed in 2009 using data from
8,254 participants in 10 studies with and without kidney
disease, diabetes, and organ transplants [3]. The equation
was validated in using data from 3,896 participants in 16
other studies. The CKD-EPI equation includes the same
four variables as the MDRD Study equation, but differs in
the form for serum creatinine (a 2-slope linear spline with
sex-specific knots at 0.7 mg/dL in women and 0.9 mg/dL

in men) and for age (natural scale). GFR estimates using
the CKD-EPI equation are generally higher than using the
MDRD Study equation, especially in women, Whites, and
in younger individuals. Thus, the CKD-EPI equation has
lower bias, especially at an eGFR >60 ml/min/1.73 m2;
however, precision remains limited.

Estimating Equations Based on Serum
Cystatin C
Determinants of serum cystatin C. Cystatin C is
a 13 kDalton nonglycosylated basic protein. Indirect evidence suggests that cystatin C is produced at a relatively
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eGFR, Concept of. Figure 4 Serum creatinine concentrations (Scr) after an abrupt reduction in creatinine clearance (Ccr): Left panel
shows Scr after a 90% reduction in Ccr, Right panel shows Scr after a 50% reduction in Ccr. Both panels show the rise in Scr
superimposed on four different levels of baseline kidney function (no CKD and stages 2 through 4 CKD). Solid squares show the
point at which a 100% increase in Scr has occurred; open triangles show the point at which a 1.0-mg/dl increase in Scr has
occurred (Reprinted from Waikar SS, Bonventre JV: Creatinine kinetics and the definition of acute kidney injury. J Am Soc
Nephrol 2009; 20: 672–9)

eGFR, Concept of. Table 4 Equations for estimating GFR
Cockroft–Gault Formula
Men

eCcr ðmL=minÞ ¼ ð140ageÞweight
72Scr ðmg=dLÞ

Women

eCcr ðmL=minÞ ¼ ð140ageÞweight0:85
72Scr ðmg=dLÞ

or

eCcr ðmL=minÞ ¼ ð140ageÞweight
0:814Sc rðmmol=LÞ
or

eCcr ðmL=minÞ ¼ ð140ageÞweight0:85
0:814Scr ðmol=LÞ

MDRD Study equation (four-variable equation)
eGFR (mL/min/1.73 m2) = 186  Scr(mg/dL)1.154  Age0.203  0.742 (if female)  1.210 (if black)
OR
eGFR (mL/min/1.73 m2) = 32,788  Scr(umol/L)1.154  Age0.203  0.742 (if female)  1.210 (if black)
MDRD Study Equation for use with standardized serum creatinine (four-variable equation)
GFR (mL/min/1.73 m2) = 175  Standardized Scr(mg/dL)1.154  age0.203  0.742 (if female)  1.210 (if black)
OR
GFR (mL/min/1.73 m2) = 30,849  Standardized Scr(umol/L)1.154  age0.203  0.742 (if female)  1.210 (if black)
CKD-EPI Creatinine equation 2009 (for use with standardized serum creatinine, mg/dl)
GFR (ml/min/1.73 m2) = 141  min(Scr/k, 1)a  max(Scr/k, 1)1.209  0.993Age  1.018 (if female)  1.157 (if black)
Where k is 0.7 for females and 0.9 for males, a is 0.329 for females and 0.411 for males, min indicates the minimum of Scr/k
or 1, and max indicates the maximum of Scr/k or 1.
Female
Male

Scr  0.7

GFR = 144  (Scr/0.7)0.329

Scr > 0.7

GFR = 144  (Scr/0.7)1.209

Scr  0.9

GFR = 141  (Scr/0.9)0.411

Scr > 0.9

GFR = 141  (Scr/0.9)1.209

 Age-0.993

 1.157 if black

Elastance
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CKD-EPI cystatin C equations (2008)
Equation 1: eGFR = 76.7  ScysC1.19
Equation 2: eGFR = 127.7  ScysC1.17 age0.13 (0.91 if female)  (1.06 if black)
Equation 3: eGFR = 177.6  Scr 0.65 ScysC0.57  age0.20 (0.82 if female)  (1.11 if black)
*Age in years; weight in kg; Scr, serum creatinine; ScycC, serum cystatin C mg/L
The MDRD Study Equation calculator can also be found online at
http://www.nephron.com/mdrd/default.html
http://www.nkdep.nih.gov/professionals/gfr_calculators/mdrd.htm
http://www.kidney.org/professionals/KDOQI/gfr_calculator.cfm
http://medcalc3000.com/GFREstimate.htm

constant rate by all tissues; thus, its generation may vary
less across populations and over time than generation of
creatinine. Its small size and limited direct measurement
in the rat suggest that cystatin C is freely filtered by the
glomerulus. After filtration, cystatin C is reabsorbed and
catabolized by tubular epithelial cells, with only small
amounts excreted in the urine. Consequently, urinary
clearance of cystatin C does not reflect GFR. There is
some preliminary evidence that serum levels of cystatin
C may be associated with age, sex, weight and height,
smoking status, diabetes status, and level of C-reactive
protein, even after adjustment for measured creatinine
clearance or GFR [4]. There are various assays for cystatin
C; standardization has not yet occurred. When the serum
levels of cystatin C and creatinine both are compared to
measured GFR without adjustment for non-GFR determinants, cystatin C appears to be a better filtration marker.
The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) cystatin C equations. The CKD-EPI
cystatin C equations were developed in 2008 using pooled
data from 3,418 patients with CKD in three research
studies and one clinical population [5]. The equations
using serum cystatin C alone or in combination with
age, sex and race were not more accurate than GFR estimates based on creatinine, age, sex, and race. However, the
equation using both serum cystatin C and creatinine was
more accurate than equations using either filtration
marker. In principle, GFR estimation using cystatin
C could be used as a confirmatory test in patients in
whom estimates based on serum creatinine level are likely
to be inaccurate because of conditions affecting muscle
mass or diet. Equations are now being developed in
a larger study population including participants with
and without CKD. Implementation of these equations in
routine clinical practice requires standardization of the
cystatin C assay, further investigation of factors other

than GFR that influence cystatin C level, and the widespread availability of cost-effective assays.
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Elastance
Inverse of compliance (Ers = 1/Crs), reflecting the stiffness
of the respiratory system.
Electroencephalogram, Food and Drug Administration, General Anesthesia, Sedation, Analgesia, Muscle
Relaxation, Inhalational Anesthetics, Balanced General
Anesthesia, Side Effects, Intraoperative Awareness,
Somatic, Autonomic, Minimum Alveolar Concentration,
Beta Blockers, Fourier Transformation, Power Spectrum
Analyses, Bispectral Analysis, Multivariate Analysis, Glasgow Coma Scale.
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Electrical Injury – High-Voltage
Current
ANDREW STEPHEN, CHARLES A. ADAMS, JR., WILLIAM G. CIOFFI
Department of Surgery, Rhode Island Hospital,
Providence, RI, USA

Synonyms
Electrocution; Lightning strike

Definition
Electrical injury remains somewhat of a poorly understood entity within the field of trauma and emergency
care since even the busiest level one trauma centers rarely
see patients with significant electrical injuries. True highvoltage electrical injuries are even rarer. The National Fire
Protection Association defines “high voltage” as any voltage over 600 V [1]. While most residential homes contain
110–220 V wiring, true high-voltage circuits are common
in scientific and medical devices, older televisions, and
power transmission lines and naturally occurring in the
form of lightning. Unlike thermal injury where patient
care is complex and specialty skills like excision, grafting,
or escharotomy are frequently required, care for patients
with electrical injury is largely supportive. Most of the
current literature cites improving prevention strategies as
the only significant means of advancement in addressing
electrical injury.
The pathophysiology of electrical injury is complex
and there are numerous proposed mechanisms regarding
how major physiologic insults occur. It seems that the
most likely mechanism of cellular injury stems from the
phenomenon of electroporation, which is direct pore formation in cell membranes by electric current. A wide range
of systems can be affected resulting in respiratory, cardiac,
neurologic, musculoskeletal, dermatologic, visual, auditory, and even genitourinary injury. One of the first key
principles of electrical injury is that current from the
electrical source can have both direct deleterious effects
at a cellular level on membrane integrity and function and
from the conversion of the electrical energy into heat to
damage tissues throughout the body [1]. The length of
time an individual is exposed to the current and the
direction or path of the current are two of the most
important factors in determining the degree and types of
injuries suffered. It is speculated that longer duration
exposures to current result in a greater proportion of
thermal injury and more extensive cytologic insult, while
shorter duration exposures to current result in injuries at

more of a cell membrane level and are more due to direct
electrical or nonthermal effects. The most severe and catastrophic manifestations of the initial injury include respiratory arrest and cardiac dysrhythmias, which account for
most of the fatalities. Central neurologic and peripheral
nerve injuries, loss of consciousness, severe burns,
myonecrosis with potential subsequent renal failure, and
damage to intra-abdominal organs and viscera are other
common. There are also a number of potential “neuropsychologic” sequelae including anxiety and pain syndromes,
long-term sleep disturbances, as well as associated injuries
from falls and from being thrown. Some in the literature
have likened electrical injury in its various forms as more
closely resembling crush injury syndromes rather than
thermal injuries.

Treatment
Unlike low voltage electrical injuries that typically cause
minor morbidity, high-voltage sources commonly result
in greater degrees of tissue damage and death. Highvoltage current comes in both alternating (AC) and direct
(DC) forms, and the debate about which form is more
dangerous started in the era of Thomas Edison in the
1880s and remains undecided till today. Though infrequent, lightning strikes, which are the most extreme
form of direct current injury, carry the highest rates of
mortality [1]. Of those that survive lightning strikes, three
quarters suffer some form of long-term deficit or morbidity. Morbidity and severity of electrical injuries is determined by the fairly unpredictable path of the current and
the amount of that current which passes through the body.
Mortality usually occurs in the immediate moments after
the injury and results from arrhythmias, most often
ventricular fibrillation and asystole, or from central respiratory paralysis. In the United States, there are approximately 1,000 deaths per year that result from electrical
injury, and mortality of all types of electrical injury is in
the range of 3–15% with annually approximately 3,000
patients admitted to burn centers [2].
The initial evaluation and treatment of victims of
electrical injury should follow the organized approach
used for all victims of trauma particularly since they
often suffer concurrent blunt trauma. There is, however,
the complicating factor that first responders and care providers must pay careful attention to self-protection and
should be certain that the source of electrical energy has
been grounded or disabled before attempting extrication
of the victim [3]. Newer “hybrid” electrical automobiles
present a unique challenge since they may carry highvoltage electrical capacitors and rows of batteries exposing
not only crash victims but care providers to potential
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electrical injury. As is the case with all trauma victims,
the airway should be assessed and if there are signs of
significant facial and neck burns, marked increased
work of breathing or respiratory collapse, early intubation should be performed. Breath sounds should
be assessed looking for pneumothoraces, followed by
a prompt evaluation of the circulatory system
checking for pulses and blood pressure. Intravenous
access should be established with a goal of establishing
at least two large bore peripheral lines and moving to
more invasive forms if peripheral access is not possible. Victims should be assessed for obvious disability
and deformity and should be exposed in their entirety
to look for other more occult injuries while being
placed on a pulse oximeter and continuous telemetry
monitor. An early electrocardiogram should also be
performed to assess for arrhythmia.
Victims suffering from cardiac or respiratory arrest
should receive immediate cardiopulmonary resuscitation,
and standard ACLS protocols for pharmacologic and defibrillation techniques should be utilized. Unlike patients
suffering from traumatic cardiac arrest where there is
a very brief interval where survival can be obtained in
those who lose vial signs, the same is not felt to be true
for victims of electrical injury and lightning strikes.
Both the European Resuscitation Council and American
Heart Association recommend “vigorous resuscitative
measures. . .even for those who appear dead on initial
evaluation” because the victims often have minimal preinjury cardiac comorbidities [4]. Full neurologic recovery
has been observed even after delayed resuscitative efforts
following lightning strikes. Interestingly, lower voltage AC
more often causes ventricular fibrillation while higher
voltage DC typically causes asystolic arrest. Since lightning
is DC, it too causes asystole more commonly than ventricular fibrillation; however apnea is common and can
lead to hypoxemia and ventricular fibrillation. Thus the
duration of apnea is the key factor that determines outcomes in lightning strikes.
The physical examination findings following electrical
injury are often underwhelming and do not give an accurate picture of the degree of underlying or internal damage
that has been done. Higher voltage electrical injuries often
cause necrotic brownish charred appearing entrance and
exit wounds that can develop to involve more surrounding
tissues as time progresses while lightning injuries often
cause a classic, tree-like branching pattern known as
a Lichtenberg figure at the site of injury. These Lichtenberg
figures though rarely result in significant dermal damage
and usually disappear within a few days. As stated above,
electrical injury victims should be assessed similarly to
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patients suffering from other forms of trauma with a full
secondary survey and thorough tertiary survey upon
admission. Routine admission laboratory determinations
should be done and an initial creatine phosphokinase
(CPK) obtained. CPK can be utilized as a marker for
degree of tissue injury, to guide resuscitation, and to
gauge prognosis specifically relating to likelihood of mortality [5]. Lastly, there is scant evidence that any routine or
advanced imaging is specifically useful for evaluating
patients with electrical or lightning injury other than
what is needed for the general trauma evaluation in cases
of falls, etc.
By and large, the treatment of patients with electrical
injury is mainly supportive. These victims should be
admitted and managed by a trauma surgery service who
can also address all their associated injuries. Patients
presenting with elevated creatine phosphokinase levels or
those with a “crush-type” manifestation of electrical
injury should be aggressively hydrated with crystalloid
intravenous fluid.
The usual parameters of hemodynamic values, urine
output, and renal function should be used to guide therapy. Because the depth and degree of thermal type injury
from electrical sources may be greater than that from
flame burns it is likely that the volumes of fluid necessary
for resuscitation of patients with electrical injury may be
often underestimated. Attention should be paid to findings seen in other types of burn victims such as circumferential torso or extremity burns that may lead to
difficulties with ventilation or possible limb loss. Early
escharotomy remains a crucial intervention in these
cases and if deeper compartments are involved,
fasciotomies with debridement of nonviable muscle may
be necessary. Serial debridements or even amputation is
sometimes required in extreme cases. Electrical injuries
resulting in thermal type skin burns should be
addressed with early excision and grafting with grafts
ideally harvested a significant distance away from any
site of injury. Fortunately, few patients who suffer
electrical injury require such aggressive surgical
therapies.
High-voltage electrical injury and lightning strikes will
continue to be important but often poorly understood
problems in the fields of trauma and emergency medicine.
In summary, several key principles should be noted.
Electrical injuries typically effect otherwise healthy individuals as a result of occupational exposures or outdoor
recreational activities. The degree of internal injury is very
difficult to assess and is often underestimated by the often
fairly unremarkable nature of the external wounds. Standard principles of trauma evaluation and resuscitation
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should be adhered to and the potential for concomitant
blunt trauma should always be entertained. These patients
should always be assessed, managed, and admitted by
a dedicated surgical trauma or burn service. Since the
care of these patients remains largely supportive, continued attempts to educate and guide prevention of the
primary injury are of paramount importance.
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Introduction
Electricity, an essential component of civilized society,
is capable of causing a wide range of pathological
disorders. These disorders range from an inconsequential superficial flash burn of the hand to a deep heatcaused wound that results in permanent disability,
devastating neurovascular sequelae, lesions of the eye,
immediate death from cardiac arrest or dysrhythmia, functionally crippling neurological and psychological symptoms, or any combination thereof. The pathogenesis of
these disorders depends on the amount of electrical current
that either passes over and/or migrates through the victim’s
body. Electrical injuries occur from lightning and electrical
power generated by man. They are arbitrarily divided into
those caused by low voltage (<1,000 V) or high voltage
(>1,000 V). The biological mechanisms causing these
injuries are heat, electroporation of cells, and electrodenaturation of biological tissue.

Electrical Injury: Cataracts
Definition
A cataract is a pathological entity in which there is partial
or complete opacity in the lens of the eye or the capsule of
the lens impairing vision or causing blindness. There are
many kinds of cataracts, one of which is exposure to
electricity.
The most frequent electrical injury of the eye is a
cataract. Lightning, alternating electrical current, and
direct current cause indistinguishable cataracts. The overwhelming majority of cataracts that occur from electricity
are from exposure to high-voltage alternating current.
However, alternating current as low as 220 Vand the direct
current used to defibrillate the heart also have caused
cataracts [1, 2].

Diagnosis
Most cataracts caused by electricity are discovered only
after the victim complains of a decrease in visual acuity.
Although there is no absolute time limit on when
a cataract caused by electricity will become clinically
apparent, most will become obvious within 2 years after
the accident. However, the morphological changes identified as those from electrical exposure can be visualized in
the anterior subcapsular area of the lens by an ophthalmologic examination soon after the accident. The earliest
changes in the lens are an accumulation of fine vacuoles
just beneath the anterior capsule of the lens. These lesions
may not cause visual impairment, may be mid-peripheral
in location and may be overlooked unless the pupil is
dilated. Identical lesions may be found in the posterior
subcapsular area of the lens. Over time these vacuoles are
replaced with flake-like opacities that coalesce and move
into the line of vision [1, 2].

Pathophysiology
The exact pathogenesis of an electrical cataract is
unknown. However, it is reasonable to assume that there
is a change in the permeability of the capsule of the lens as
a direct or indirect result of exposure to electrical current.
It is known that electricity can cause intumescent cataracts. During the intumescent phase of cataract formation there is the potential for development of secondary
glaucoma [1, 2].
All patients who sustain an electrical injury should have
a base-line ophthalmologic examination to include a slitlamp examination as soon as practical following the accident. The patient should be advised of the possibility of
developing a cataract and a variety of other ophthalmologic
disorders that could alter their appearance or vision. There
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are a large number of case reports of additional ocular
manifestations of electrical injury. These may range from
a slight cosmetic deformity of the eyelid to bilateral complete blindness. Should any disorder related to the eye or
vision subsequently develop, a temporal relationship to the
electrical accident must be considered [1, 3].

Treatment
When a cataract matures, surgical replacement of the lens
is indicated.

Prognosis
Outcome of lens replacement is usually excellent provided
there is no other adverse sight-limiting damage of the
fundus or nerve tract critical to vision [4].
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Introduction
Electricity, an essential component of civilized society,
is capable of causing a wide range of pathological
disorders. These disorders range from an inconsequential superficial flash burn of the hand to a deep heatcaused wound that results in permanent disability,
devastating neurovascular sequelae, lesions of the eye,
immediate death from cardiac arrest or a dysrhythmia,
functionally crippling neurological and psychological
symptoms, or any combination thereof. The pathogenesis of these disorders depends on the amount of
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electrical current that either passes over and/or
migrates through the victim’s body. Electrical injuries
occur from lightning and electrical power generated by
man. They are arbitrarily divided into those caused by
low voltage (<1,000 V) or high voltage (>1,000 V).
The biological mechanisms causing these injuries are
heat, electroporation of cells, and electrodenaturation
of biological tissues.

Electrical Injury: Compartment
Syndrome
Definition
Compartment syndrome occurs when there is an increase
in pressure in a limited space within the body compromises the circulation of blood and function of the tissue in
that space. If the pressure is not relieved, necrosis of the
tissue in the entire space will occur [1–3].
Compartment syndromes can occur as a complication
of a burn injury from either flame or electricity. In highvoltage electrical injury a compartment syndrome often
occurs from the heat that is generated as electricity
migrates through the compartments of the body. It can
also be caused by flame burns of the skin that result from
electrical arc ignition of the victim’s clothing.

Pathophisiology
The pathogenesis of a compartment syndrome begins
with heat destruction of the semipermeable membrane
in blood vessels in the zone of burn injury. The semipermeable membrane separates the intravascular fluid space
from the extravascular fluid space. With its destruction,
virtually all the noncellular elements of the circulating
blood (essentially plasma), are sequestered into and
immediately subjacent to the burn-injured tissues. As
a result there is progressive rise, and sometimes rapid
rise, in the tissue pressure. In a compartment when that
pressure reaches or exceeds 40 mmHg arterial blood flow
decreases to the point of ischemia of the tissues contained
in that compartment. In a burn injury the compartment
can be one that is naturally formed, such as a muscular
fascial compartment, or a compartment that is formed by
a circumferential burn of the skin of an extremity or even
the torso. In addition, a compartment syndrome can
occur in an unburned compartment such as an unburned
extremity or the torso (abdominal compartment syndrome or in the chest manifested by an increase in the
airways pressure). This occurs when there is excessive
fluid administered during the fluid resuscitation of
a patient with a large surface area or deep burn,
regardless of cause.
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Diagnosis

Treatment

The wounds from high-voltage electricity that most
often cause the compartment syndrome have unmistakable characteristics. They are leathery, charred, dry,
depressed, insensitive, very hard, and often extensive.
While wounds with these characteristics usually involve
the upper and lower extremities, they can occur on any
part of the body. Typically, these wounds extend through
the subcutaneous tissue into muscle and often extend to
bone. It is not unusual to have muscle necrosis and injury
extending beyond the edge of the contact wound lying
beneath unburned skin. In these areas edema is often
evident.
Flexion of joints occurs from the tetanic stimulation
of muscle caused by alternating electrical current. For
instance, when the palm of the hand is the initial contact
point for entry of electricity into the body, a frequent
occurrence, the joints of that extremity, i.e., the fingers,
wrist, and elbow, are held immobile in flexion by the
tetanic stimulation of muscle. As this occurs the heat
generated by the electricity passing through the extremity coagulates these flexed contracted muscles. Since
relaxation and extension of the muscle fibers cannot
occur, they remain fixed in the contracted position. It is
not unusual to have a limited wound of the palm with
destruction of the entire volar compartment of the
forearm which may extend into the arm. The dorsal
compartments may or may not be spared. This process
can occur anywhere in the body where contracted muscle
is destroyed by heat.
There may be additional separate wounds of the
antecubital fossa and axilla, which usually are sites with
moisture that decreases the impedance of the skin. For
instance, these wounds are the result of arcing from the
initial site of electrical contact of the hand and the violent
flexion of the wrist and elbow.
Electrical current that migrates through any part of
the body seeks grounding exit sites, often the feet. The
current accumulates in the subcutaneous tissue and
then burst through causing additional wounds. While
these wounds often will heal by second intention, they
should be explored to determine if there is necrosis of
deeper tissue. There are also wounds produced by
electrical current passing over the exterior of the
body. These wounds are usually superficial and identified as “current marks.” Electricity can produce additional wounds initiated by arcing across the surface of
the body. As current arcs, temperatures up to 4,000 C
are generated which can ignite the victim’s clothing
causing flame burns that can initiate the compartment
syndrome.

As soon as the ABCs of initial trauma care are under
clinical control and the patient thoroughly examined, all
areas of electrical entrance and exit which are leathery
should be incised to determine the depth of injury. An
immediate clue to the presence of necrotic muscle is the
presence of pigmented urine from myoglobin. In the presence of either muscle injury or an elevation of tissue
pressure of 40 mmHg or above, the incision should be
extended to open and decompress the entirety of each
involved fascial compartment. Before one decides not to
decompress an edematous limb injured by electricity, the
tissue pressure should be measured. The escharotomy/
fasciotomy should prevent extension of the injury caused
from the process known as Volkmann’s ischemia.
There is no value of necrotic tissue on or in the human
body. It increases the risk for clostridial and other bacterial
infections. In addition, the catastrophic complication of
hemorrhage from rupture of a necrotic large artery is
prevented by its removal. Therefore, plans should be
made for further surgical exploration of each wound
with the goal of removing all necrotic tissue as soon as
practical. This may require a series of operations usually
spaced 2 days apart. At issue is the difficulty of being
able to determine the demarcation between viable
and nonviable tissue, especially muscle. After initial
escharotomy/fasciotomy subsequent operations are
started with the excision of full-thickness necrosis of skin
and underlying necrotic subcutaneous tissue. Any skin
which appears to be partial thickness in depth is left intact
and observed for healing or progressing to necrosis over
time. If there are wounds which turn out to be deep partial
thickness in depth, they can be skin grafted later. Each
fascial compartment should be systematically opened and
explored. As necrotic muscle is found, it is debrided until
bleeding contractile muscle is encountered. If there is any
question about the viability of a piece of tissue, it should
not be removed and then inspected at the next operation.
All who have done this work have had the frustrating
experience of leaving muscle which was thought to be
viable, but on subsequent inspection found to be obviously necrotic. It is the author’s contention that in the
original cutting of this tissue, nutrient capillaries bled, but
the bleeding from the muscle was not as brisk as one
would have hoped. To add to the confusion, when stimulated, the muscle may have contracted. On later inspection
this muscle had obviously become necrotic. Certainly, as
heat was created during the passage of electricity through
these cells and blood vessels they were irrevocably damaged by heat. A number of tests, such as Doppler ultrasound, arteriography, xenon133 washout studies, frozen
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section microscopy, technetium-99 stannous pyrophosphate scintigraphy, and magnetic resonance imaging
have been employed to try to determine the extent of
muscle nonviability, but with limited success during the
critical period when such information would be valuable.
However, the “bottom line” is that the surgeon must make
the decision of viability or nonviability of tissue. If a piece
of tissue is not viable, that fact will become obvious with
time. It is important to realize that every surface wound
that has the clinical appearance of a full thickness of
skin injury needs to be explored to determine if there
is deep lying necrotic tissue. Measuring the tissue
pressure is the only certain guide to determining the
need for escharotomy and decompression of involved
compartments.
During the debridement of necrotic tissue, viable
blood vessels and nerves need to be covered with viable
soft tissue to preserve their integrity. If the nerve is
necrotic it should be left intact for potential regeneration.
Potential soft tissue for coverage of these structures
includes local flaps. Distant flaps using microvascular
anastomotic techniques usually fail when done within
a month of the electrical accident.
Large arteries requiring ligation should be ligated in
a viable section of the artery. A short segment of the vessel
just distal to the ligature should be submitted for histological confirmation that the proximal portion of the
artery is viable.
Amputation of a part of the body is not unusual
following high voltage electrical injury. The factors
that determine the need for an amputation include
the finding that exposed vital structures, i.e., blood
vessels and nerves cannot be covered with viable soft
tissue.
Since all burn wounds are tetanus-prone wounds, tetanus immunization should be brought up to date.

Prognosis
It is essential to remove all necrotic tissues as soon as
it is clinically practical. As long as necrotic tissue
remains, there is the possibility of local and systemic
sepsis.
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Synonyms
ECG; 12-lead ECG

Definition
The Electrocardiogram is a group of records on paper
charts of the heart electrical activity, as waves and intervals, which depict depolarization (contraction) and repolarization (relaxation). Each of those records (a different
lead) represents a unique view of the heart’s electrical
activity between one positive pole and one negative pole
and generates characteristic waveforms based on the direction in which the electrical current is flowing. The leads’
combinations provide information about the frontal and
horizontal plane of the heart, giving more global information of his activity. The 12-lead ECG, with six limbs leads
(I, II, III, aVR, aVL, aVF) and six precordial leads (V1, V2,
V3, V4, V5, V6), is the most commonly performed in the
world (Figs. 1–3).
ECG or EKG (abbreviated forms of electrocardiogram) allows the identification of rhythm disturbances,
conduction abnormalities and it is widely used as a clinical
tool to detect, diagnose, and monitor the majority of the
medical disorders [1].

Historical Notes
In the last two centuries were essential contributions from
different science investigation areas as animal and human
physiology, physics, and technology for the ECG development [1, 2]. Scientists as Aloysio Luigi Galvani (Bologna,
1737–1798), who demonstrated for the first time that
living tissues, particularly muscles, are capable of generating electricity, or a few decades later Augustus D. Waller
(Paris, 1856–1922) who published in 1887 the first human
electrocardiogram, were determinants. But it was Willem
Einthoven (Semarang, 1860–1927) who was responsible
for the most important advances in this field: he introduced the term “electrocardiogram” (1893); distinguished
five derived deflections (1895) which he names: P, Q, R, S,
and T using letters from the second half of the alphabet,
according with a mathematical convention dating from
Descartes; published the first electrocardiogram recorded
on a string galvanometer (1902); and described an
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aVF
DIII

DII

aVL

aVR

DI

Electrocardiogram. Figure 3 The right precordial leads (red)
and the posterior precordial leads (green)

Electrocardiogram. Figure 1 The limb leads (“Einthoven’s
triangle”)

equilateral triangle formed by his standard leads I, II, and
III, later called “Einthoven’s triangle” (1912). In one of his
most important articles published in the Lancet, “The
different forms of the human electrocardiogram and their
signification,” he used for the first time the abbreviation
“EKG” (derived from the German electrokardiogram) in an
English Journal. Einthoven won the Nobel Prize for
inventing the electrocardiograph in 1924 (Figs. 4 and 5).

Pre-existing Condition
V1
V2
V3
V4
V5
V6

Electrocardiogram. Figure 2 The precordial leads

The Electrocardiogram is universally used to clinically
evaluate healthy persons, part of a simple ‘check-up’ or
in known patients with different conditions and different
severity of illness, from small consultation rooms in prehospitals settings to hospitalized patients, some of them
critically ill and admitted in Coronary Intensive Care
Units (ICU) or in General ICU.
The utility of this clinical tool and the probability of
finding some positive data will be bigger in those patients
with cardio respiratory symptoms, important data from
the past or present clinical history, or found in their
physical examination. The same is valid to patients with
cardiovascular disease risk, like those with risk factors for
coronary artery disease: heredity, race, gender and age
(fixed factors), high blood pressure, elevated serum cholesterol levels, tobacco use, obesity, physical inactivity,
diabetes, metabolic syndrome (modifiable factors) or

Electrocardiogram

stress, alcohol intake, inflammatory markers, and psychosocial factors (contributing factors).
ECG allows the identification of a lot of heart diseases,
determining the extension and severity of myocardial
involvement, localizing sites of origin and pathways of
arrhythmias, identifying and evaluating patients with
genetic diseases who are prone to arrhythmias, and
assessing metabolic disorders, systemic diseases, and also
therapeutic options.

The Most Frequent ECG Changes in Acute
Coronary Syndromes
In these syndromes [3], actually classified in two groups,
the ST-segment elevation myocardial infarct (STEMI) and

Millivolts (mV)

5

R

ST
segment
T

Q S

Peaked, flattened, or inverted T wave
Depression of the ST-segment without T-wave inversion
Depression of the ST-segment with T-wave inversion
(myocardial ischemia)
ST-segment elevation (arterial spasm)

In STEMI
Characterization for progressive and sequential changes
from myocardial ischemia to myocardial injury (STsegment elevation >1 mm in two or more contiguous
leads with T-wave inversion or new-onset left bundle
branch block) and finally to myocardial infarction
(Q wave, ST elevation, and T inversion).

– V3–V4 with reciprocal lead changes in II, III, and aVF:
J – Point

P–Q
interval
Q – T interval
0

In NSTEMI

The localization in terms of leads involved allowed us to
identify the areas of damage, the respective wall, and the
usually compromised coronary artery (Fig. 6):

0

0.2

0.4
Seconds

0.6

Electrocardiogram. Figure 4 Normal ECG configuration
(PQRST)

Electrocardiogram. Figure 5 Normal 12-lead ECG
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the non ST-segment elevation myocardial infarct
(NSTEMI), which also includes stable, unstable, and
Prinzmetal’s angina, some of the classic and frequently
shown ECG changes are:

Localization of the Ischemic Lesions

P

−0.5

E

Anterior wall (left coronary and left anterior
descending arteries)
– I, aVL, V3–V6 with reciprocal lead changes in II, III,
and aVF: Anterolateral wall (left anterior descending,
diagonal branches, circumflex and marginal arterial
branches)
– V1–V4: Anteroseptal (left anterior descending artery)
– V1–V2: Septum (left anterior descending artery, septal
branch)
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I
Lateral

aVR

II
Inferior
II
Inferior

V1
Septum

V4
Anterior

aVL
Lateral

V
Septum

V
Lateral

aVF
Inferior

V3
Anterior

V6
Lateral

Electrocardiogram. Figure 6 Localization of myocardial
damage areas (leads involved)

– II, III, and aVF with reciprocal lead changes in I. aVL:
Inferior wall (right coronary)

– I, aVL, V5, V6 with reciprocal lead changes in II, III,
and aVF: Lateral wall (circumflex branch of left
coronary)
– V8, V9 with reciprocal lead changes from V1 to V4:
Posterior (right coronary or circumflex)
– V4r–V6r: Right ventricular (right coronary artery)

Sinus Rhythm and the Most Frequent
Arrhythmias
Sinus Rhythm
Is a regular rhythm with a normal heart rate (60–100 b/m).
The usual P–QRS–T (waves and intervals) are all similar
and have normal characteristics (size, shape, and limits).

Bradycardias

Is any rhythm with a frequency <60 b/m? Depending on
the localization of the functional pace (the focus that
initiates depolarization), they can be sinus, junctional, or
idioventricular bradycardia. In this last form P wave is
usually absent, the QRS is wide and bizarre (>0.12 s),
and the T wave is abnormal, usually deflecting in opposite
direction from the QRS.

Blocks
A block is an interruption of the conduction of the depolarization stimulus. They can occur throughout all the
conduction system from the nodal sinus until the myocardial cells and they could be complete or incomplete.
Their most common forms are as follows:

– Atrial block: sinus nodal or with other atrial location,
typically with an enlarged or different-in-shape
P wave.
– First-degree atrio-ventricular (AV) block: with an
enlarged but constant PR interval (>0,20 s).

– Type I, second degree AV block: cycles of progressively
longer PR (the Wenckebach pattern) and the R-R
interval shortens until a P wave appears without
a QRS complex (Mobitz I block).
– Type II, second degree AV block: some P wave not
followed by QRS. The PR interval is normal or
prolonged and the auricular rhythm is usually regular
and has a fixed ratio with the ventricular rhythm (2:1
or 3:1).
– Third degree AV block: atria and ventricles beat
independently of each other (AV dissociation).
The atrial frequency is usually between 60 and
100 b/m and the ventricular frequency between
40 and 60 (if the block is intra-nodal) or <40
(if is infra-nodal).
– Branch block (complete or incomplete): the QRS complex is typically widened and is observed in different
shapes in different leads depending in the block localization. It could be right, left, left anterior, or left
posterior according to the compromised branch of
the His conduction system.

Asystole
The rhythm and the frequency are usually indiscernible.
The registration is nearly a flat line. P wave and QRS
complex may be occasionally present as escape
phenomena.

Premature Contractions
An ectopic focus is responsible for a more quick than
normal sequence of depolarization-repolarization. It
could be:

– Atrial: P waves have a different configuration comparing with sinus P.

– Junctional: P wave may occur before, during, or after
QRS and usually is inverted or not visible.
A compensatory pause is commonly present.
– Ventricular: P wave is usually absent in ectopic
beat and may appear after QRS due to retrograde
conduction. QRS complex, which is normal in the
underlying rhythm, appears earlier and it is
enlarged. The compensatory pause could be full
or incomplete.

Tachycardias

Any rhythm with a frequency >100 b/m. Depending on
the localization of the functional pace, they could be
sinus, atrial, or ventricular tachycardia. In the ventricular form the rhythm is regular or slightly irregular
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with a frequency between 100 and 250 b/m. P wave is
usually absent in an ectopic beat or may appear after
QRS with retrograde conduction. QRS complex is
enlarged and uniform in monomorphic forms. T wave
usually is not visible.

Flutter and Fibrillations
Atrial flutter: both atrial and ventricular rhythms
are regular with different frequencies, atrial usually
250–400 b/m and ventricular of 60–100 b/m with
a ratio of 2:1–4:1. Abnormal P waves with sawtooth
appearance (F or flutter waves). QRS complexes are
usually with normal limits or widened. Sometimes it
may be difficult to differentiate atrial flutter from
atrial fibrillation (called fib-flutter).
Fibrillations are irregularly irregular rhythms. There
are different forms:

– Atrial fibrillation: the P waves are absent or replaced by
baseline fibrillatory waves. The QRS complexes have
normal characteristics (size and shape). The atrial
frequency is usually above 400 b/m and the ventricular
between 100–150 b/m.
– Ventricular fibrillation: the rhythm has no pattern or
regularity, just fibrillatory coarse waves or fine waves.

Typical ECG Changes in Other Clinical
Conditions
Several other conditions exhibit certain ECG features
[4, 5] that although not pathognomonic are frequently
seen.

Electrocardiogram. Figure 7 Pericarditis

Electrocardiogram. Figure 8 Hyperkalemia
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Pericarditis
Diffuse ECG changes resulting from concomitant epicardium inflammation result in segment changes that may be
described as follows:
PR segment elevation in aVR due to impaired atrial
depolarization with depression on the limb and left chest
leads; ST-segment elevation due to ventricular repolarization alteration; T-wave inversion follows ST elevation and
may persist for some time. Both ST-T changes may be seen
in myocardial infarction but these tend to be more diffuse
in pericarditis (Fig. 7).

Hyperkalemia
Typical diffuse tall peaked Twaves are seen in this condition.
Progressive worsening of atrial and ventricular contractility
result in lengthening of PR and QRS segments, different
types of conduction blocks, P-wave disappearance, and
may lead to absence of electrical activity (Fig. 8).

Pulmonary Embolism
ECG changes seen in the affection are not specific and
mostly consist of ST-segment and T-wave changes. These
changes refer to right-heart distress. Classic S1Q3T3, right
bundle branch block, or right ventricular strain as well as
T-wave inversion are seen in massive events (Fig. 9).

Hypothermia
In this particular situation a general slowing of impulse
conduction presents with the prolongation of all ECG
intervals. There is a characteristic elevation on the
J point known as Osborne Wave (Fig. 10).
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Electrocardiogram. Figure 9 Pulmonary embolism

Electrocardiogram. Figure 10 Hypothermia

Application
Instruments
There are several different brands of ECG machines with
simple or more sophisticated devices: single or
multichannel units, several strip sizes, or full page reports
with or without interpretation. It is also possible to find
personal computer (PC)-based ECG systems. There are
a plethora of electrodes: TAB, Resting SNAP, or Monitoring electrodes with different sizes, shapes, and materials.
Other special devices that evaluated from ECG and
aloud register and monitoring:

– ECG monitors for continuous monitoring of the heart
electrical activity: measuring heart rate, rhythm, and
conduction disturbances, monitoring pacemaker
function, detecting myocardial ischemia (ST-segment
analysis in some cases), and also giving indication of
electrolytes imbalance and impact of therapeutic
interventions
– Holter monitor, an ambulatory electrocardiography
device, usually used for 24 h to continuously monitor
and register the electrical activity of the heart, using
tapes (magnetic tape audio recording or audio cassette) or new PC-based systems, as recording devices
– Stress cardiac testing systems from traditional
standalone stress testing or new PC-based systems
that integrate a treadmill with stress software and the
power of a PC
– Defibrillators devices which allow simultaneously heart
monitoring, register of the electrical activity, cardioversion and manual or automatic defibrillation

Security
The actually used ECG machine is completely safe and its use
does not involve any risk for the patient or for the operator.
The level and the type of energy used do not put forward any
questions of security, like external leakage current, leakage
current in attached parts, or overheating problems.

Schedule
There is no fixed schedule to perform ECG evaluation in
a patient. Those exams will be performed according to the
clinical judgment. Patients with cardiac diseases, like those
with coronary compromise will probably have it done more
frequently. In the general ICU, it was common in the past, to
do it on a daily basis to all the patients, even to those, who
had not been admitted for cardiovascular reasons. Now with
the generalized use of other devices, like the echocardiograms that are more sophisticated and give us more detailed
information concerning the morphological characteristics
and the functional performance of the heart, the number
of ECG performed per patient during their ICU stay is lower,
about one or two, with the common pattern of the first done
on the ICU admission, and the second performed during the
ICU stay or discharge. More frequent ECG examinations
occur in cardiac patients, during exacerbation of cardiac
dysfunction and arrhythmias.

Cost/Effectiveness
One of the major advantages of ECG machines is their
relatively low total cost, device cost, paper cost, and costs
related to the operator. ECG is easy to do, easy to learn,
quickly available, relatively easy to interpret, and gives us
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an important sum of the cardiac information. The devices
usually are robust enough, have high durability, and
technical maintenance is rarely necessary. ECG is one of
the most cost/effective medical tools.

The ECG in the Future
Those medical devices will be more powerful and accurate
and will use the latest computer technology, making the
diagnosis quicker and more accurate. They probably will
make it possible to built three-dimensional models of the
beating heart, providing the professionals with more
diagnostic data. The development of electronics, new
software, and the use of sophisticated mobile phones
possibly will allow them, in combination with new electrodes, to transmit and send to a monitoring center,
a signal to be converted in to ECG readings.
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Synonyms
EEG monitoring; Electromyography and nerve conduction studies; Evoked potentials; Transcranial magnetic
stimulation

Definition and Classification
Electrophysiological techniques that have proven useful
when applied to ICU patients include:
1. Electroencephalography (EEG), especially continuous
EEG monitoring (CEEG): EEG usually recorded from
electrodes attached to the scalp in a standardized fashion (Fig. 1a). Each electrode records the aggregate of
approximately 6 cm2 of underlying cerebral cortex.
EEG rhythms are graded from delta (4 Hz or less),
theta (>4 but <8 Hz), alpha (8–13 Hz), and beta
(>13 Hz). In addition to detecting rhythmic waves,
EEG can detect nonrhythymic phenomena such as
interictal epileptiform potentials, triphasic waves and
some seizures (see Fig. 1b). The activity is captured
and displayed at the bedside and/or remotely in real
time.
2. Evoked potentials, especially somatosensory evoked
potentials (SSEPs). With SSEPs, EEG electrodes are
used to record electrical signals along the sensory
pathway (Fig. 2). Computerized averaging techniques
are employed to detect potentials that are time-locked
to the stimulus. Such potentials add up/summate in
the computer with repeated acquisitions, usually
100 ms each, while electrical activity that is not timerelated to the stimulus is “averaged out” or approaches
zero voltage. In this way, small signals can be selectively amplified and thus detected against the background “noise” of the recording.
3. Electromyography (EMG) and nerve conduction studies (NCS): EMG or needle electrode studies of muscle
activity are used to detect pathological changes in
muscle membrane electrical activity, as caused by neuropathies (especially axonal neuropathies with denervation in muscle) or intrinsic muscle disease
(myopathies) (see Fig. 3). Nerve conduction studies
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b
Electro-Neurophysiology. Figure 1 (a) The “international 10–20 system of electrode placement” redrawn from Jasper et al.,
1954 (shown in color) (b) An EEG showing the evolutionary changes of a seizure in the left cerebral hemisphere (channels 1–4 and
9–12). A series of spikes (sharply contoured wave forms) is followed by rhythmic, sinusoidal waves
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Electro-Neurophysiology. Figure 2 The usual paradigm for somatosensory evoked potential testing. The median nerve is
stimulated at the wrist and signal is recorded at Erb’s point over the brachial plexus (N9 potential), the posterior columns of the
high cervical spinal cord (N13) and then the primary sensory cortex on the opposite side from the stimulation site (N20 response)

N-M transmission
defect (MG, LEMS,
drugs)

Generalized
weakness +
ventilatory failure

Yes

Spinal MRI, CSF
analysis, viral
serology

No

EMG, NCV, muscle
enzymes

Suspect spinal cord
disease?

GBS: slowed
NCV/conduction
block

Myopathy: Direct
muscle stim, CK ↑

Neuropathy:
reduced motor
units, abn SNAPs,
denervation
potentials

Percutaneous needle
muscle biopsy

Open muscle+/−
nerve biopsy if
needle muscle
biopsy is inadequate
or if warranted on
clinical grounds
(e.g., suspected
vasculitis)

Electro-Neurophysiology. Figure 3 A practical approach to the determination of ICU-acquired weakness. Legend: CK serum
creatine kinase, GBS Guillain-Barré syndrome, NCV nerve conduction velocity, N-M neuromuscular, and SNAP sensory nerve action
potential

are sensitive to slowing or conduction in large myelinated nerve fibers, as may be caused by demyelination,
conduction block along the course of nerves or defects
in neuromuscular transmission (see below).
4. Transcranial magnetic stimulation (TMS) uses
a collapsing magnetic field to activate the underlying
motor cortex or other brain regions in a noninvasive
manner (see Fig. 4).

Pre-existing Condition and Application
1. EEG or CEEG monitoring has its principal application
in seizure detection. More than 90% of such seizures are
nonconvulsive and would be difficult/impossible to
detect without CEEG [1]. In general ICUs seizures
occur in at least 8% of comatose patients; the incidence
rises to above 20% in patients with acute structural

brain lesions, e.g., traumatic brain injury, and to above
40% in patients who fail to recover promptly after
convulsive seizures. Brief, standard 20 min EEG recordings will detect less than 15% of such seizures, but 48 h
of CEEG will reveal over 95% of seizures, many/most of
which constitute status epilepticus (nonconvulsive status epilepticus, NCSE) [1]. Since there is abundant
evidence that NCSE can damage the brain [1], there
is a good rationale for such monitoring.
Other applications of CEEG include the detection
of regional brain ischemia, as might be seen with
vasospasm after aneurysmal subarachnoid hemorrhage (SAH) [2]. CEEG reveals changes in voltage or
frequencies occur before infarction or tissue damage
occurs, so the technique is useful in both the detection
and monitoring of the effectiveness of remedial
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Electro-Neurophysiology. Figure 4 A “figure of 8” coil used
for transcranial magnetic motor stimulation (shown in color)

strategies, e.g., the raising of blood pressure to allow
improved perfusion. Applying quantitative techniques, e.g., percentage of alpha variability, simplifies,
and condenses the EEG into a more user-friendly
format that could be used for bedside monitoring of
ischemia and its treatment [2]. It should also be noted
that approximately 15% of patients with SAH also
have seizures, which can be detected and monitored
with CEEG [2].
We have also used CEEG as a simple “sedation
monitor.” This has special application in patients
who are conscious but paralyzed, e.g., in severe cases
of Guillain-Barré syndrome, for whom sedation can be
titrated to relieve conscious distress without “overshooting.” Excessive sedation contributes to ICU delirium and prolongs ICU length of stay, which in turn
increases morbidity and mortality.
Standard EEGs are helpful in grading the severity
of encephalopathy. We have developed a grading system that is unambiguous [3]. The grading of severity is
helpful in following the course of illness or its recovery.
The development of a computer-assisted classification
system could be helpful in monitoring the course at
the bedside.

EEG is of some help in the prognostic determination of comatose patients. In anoxic-ischemic
encephalopathy (AIE) after cardiac arrest the
absence of electrographic reactivity (the change in
frequency of amplitude of EEG rhythms related to
a stimulus) is indicative of a poor outcome in
a high percentage of patients. Conversely, the presence of EEG reactivity is associated with a favorable
outcome.
SSEPs have been shown to be prognostically very
helpful in cases of AIE after cardiac arrest and for
patients with traumatic brain injury (TBI) [4, 5]. If
the sensory pathway is intact to the foramen magnum
(as reflected by the integrity of the N13 response – see
Fig. 2) but the cortical (N20) response is absent, the
problem lies in the brain. Such a result has a positive
predictive value of essentially 100% an outcome no
better than vegetative state for AIE and 95% for TBI
patients. The presence of the N20 response, however,
does not necessarily correlate with a favorable outcome. Nearly half such patients have poor outcomes,
with severe disability.
2. EMG and NCS: Neuromuscular weakness is
common among ICU patients, affecting at least
24% of patients on assisted ventilation for more
than 1 week, more than 70% of patients with
documented sepsis and multiorgan failure and
1.7% of children in pediatric ICUs. Prolonged
immobilization also contributes to muscle weakness. Neuromuscular abnormalities acquired in
ICU have been previously classified as either
polyneuropathy or myopathy. Critical illness
polyneuropathy (CIP), an axonal neuropathy without histological evidence of inflammation, is both
motor and sensory, although the motor component
often predominates. Critical illness myopathy
(CIM) includes an acute necrotizing myopathy,
thick filament depletion myopathy or type II fiber
atrophy. However, the two conditions are often
combined in the individual patients and the
clinical-electrophysiological distinction between
CIP and CIM is sometimes difficult, hence the
recent term “critical illness neuromyopathy
(CINM).” This appellation is often imprecise, as
one component may be dominant. Since myopathies may recover more quickly than neuropathies,
their differentiation has relevance for prognosis and
management.
Several other conditions can mimic CINM. An
algorithm for the approach to ICU-acquired weakness
is given in Fig. 4.

Emergency Burr Holes

The following conditions produce partial or
complete blockade of neuromuscular transmission:
myasthenia gravis, the myasthenic (Eaton-Lambert)
syndrome, the use of certain neuromuscular blocking
drugs, botulism, and tick-bite paralysis. These can be
sorted out with repetitive nerve stimulation and
recording from muscle.
3. Transcranial magnetic motor stimulation: Although
not widely applied, this technique can be used to
assess motor pathways in the unresponsive
patient. This can be important when spinal cord
damage is suspected, e.g., in cases of trauma or
inflammation.

Conclusions
The application of neurophysiological techniques to ICU
patients requires careful consideration of what information is desired, based on a differential diagnosis, and
knowledge of limitations of the technology. Seizure detection optimally requires 48 h of CEEG. Prognostic determination after AIE is often guided by SSEPs and EEG. TBI
and traumatic spinal cord injury can be approached using
SSEPs and TCM stimulation. ICU-acquired weakness
requires a systematic approach, often involving neuroimaging, EMG, NCS (including repetitive stimulation to
determine if a neuromuscular block is present), and even
muscle biopsy to determine the cause.
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Synonyms
Craniectomy; Craniotomy; Intracranial decompression

Definition
Traumatic brain injury (TBI) is a complex term that
encompasses a variety of different types of injury that
occur within the brain matter itself (intra-axial) and
outside the brain (extra-axial). Intra-axial injuries
include cerebral contusions, intraparenchymal hematomas, and diffuse axonal injury. Extra-axial injuries
include hemorrhages within the subdural and epidural spaces. At times, these insults can be very dangerous and even life-threatening as they can increase
intracranial pressure and cause shifting of the brain
ultimately resulting in herniation, infarction, and possible death. Therefore, it is extremely important to
diagnose these hemorrhages quickly and carefully so
that they may be evacuated in an expeditious fashion.
TBI has long been divided up into three categories
based on the Glasgow Coma Scale (GCS) score in
which the patient is given points for best eye, verbal,
and motor response with a maximum of 15 points
total for all three. Mild head injury is defined as GCS
 13, moderate 9–12, and severe  8. In patients
with moderate to severe head injury, subdural hemorrhages occur at a rate of 12–18% [1] while
epidural bleeds occur in 0.5–12.3% and these numbers
are higher in patients with brainstem injury or skull fracture. The overall morbidity and mortality of an epidural
hematoma (EDH) is 12–41% but much higher for
subdural hematomas (SDH) ranging from 57% to 90%
This difference is based on the fact that low-velocity
injuries to the brain result in epidural hematomas and
therefore usually do not have associated parenchymal
injuries, whereas subdural hematomas are associated
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with high-velocity mechanisms and often cause more
primary brain injury [2].
In the modern era, the majority of hospitals in
the USA and other first-world countries have access
to a CT scanner which eliminates the need for emergent burr hole craniotomy as a means of diagnosing
intracranial hemorrhage. However, there are still rural
hospitals in the USA that do not have this technology
and as such the practicing physicians, be they neurosurgeons or not, are forced to place emergency cranial burr holes in the face of acute neurologic decline.
In fact, there have been multiple cases reported of
life-saving cranial burr holes for acute extra-axial
hemorrhages performed by non-neurosurgical physicians. Therefore, it is important to discuss how to
clinically diagnose these bleeds as well as how and
where to place the burr holes in situations where no
neurosurgeon or CT scanner is available.

Pre-existing Condition
Intracranial hemorrhage can occur anywhere in and
around the brain and location dictates the signs and
symptoms that one experiences. As a general rule, a mass
lesion such as a SDH or EDH that is large enough to cause
uncal herniation will result in an ipsilateral blown pupil
due to compression on the ipsilateral oculomotor nerve.
Furthermore, these lesions often cause contralateral
hemiparesis and if large enough to increase ICP will
cause lethargy, headache, nausea, and vomiting. Moreover, SDH and intra-axial hemorrhages are often epileptogenic and result in first-time seizures for many patients
with these types of injuries. Interestingly, the classic teaching that epidural hematomas cause immediate altered
mental status followed by a lucid period followed by
worsening neurologic decline actually only occurs in
about one-third of these types of hemorrhages. Moreover,
other types of hemorrhages including subdural and
intraparenchymal hematomas may result in the same pattern of symptoms. Knowing these basic principles is crucial for the practitioner in determining which side to place
the initial burr hole.
While it is obviously necessary to know how to identify patients with suspected intracranial hemorrhage
(ICH), it is even more important to know when burr
hole placement for suspected ICH is often futile. Research
continues to show that patients who arrive with a GCS of 3
or 4 have bilateral non-reactive pupils and a lack of motor
function tend to have a very poor prognosis despite any
intervention.

Application
Prior to Burr Hole Placement
Once it has been determined that a patient’s history and
exam support a diagnosis of intracranial hemorrhage, an
attempt to contact a neurosurgeon should be made. If one
is not available to perform the procedure, then attempts at
contacting one via phone for consultation should be
attempted. Prior to burr hole placement, the standard
trauma protocol should be followed ensuring that the
patient has a secure airway, is breathing or being ventilated
by a respirator, and that circulation is confirmed. Once
this and the remainder of the primary survey is complete,
nonsurgical interventions to treat secondary problems
associated with intracranial hemorrhages should be
employed. Oftentimes, large intracranial hematomas
cause mass effect and increase the intracranial pressure
(ICP). If this is suspected, the physician should administer
osmotic agents such as mannitol or hypertonic saline,
raise the head of bed to at least 30 and/or hyperventilate
the patient, if intubated, in order to decrease the carbon
dioxide level as an initial effort to lower the ICP. An antiepileptic agent should also be administered as subdural
and intra-axial hematomas can be epileptogenic. The classic agent administered is fosphenytoin, which is bolused
intravenously at a dose of 18–20 mg/kg. It is important to
note that often phenytoin and sometimes fosphenytoin
cause hypotension when bolused; therefore, careful attention to the blood pressure prior to administration is crucial. An alternative to fosphenytoin is levetiracetam (brand
name Keppra), which can also be bolused intravenously.
Basic labs including a coagulation panel should be ordered
as many of these patients are coagulopathic. The goal INR
prior to performing any burr hole is  1.4 and fresh frozen
plasma should be administered immediately if the INR is
elevated above this level. Moreover, for patients taking
antiplatelet agents, platelets and ddAVP should be administered so as to decrease the risk of further bleeding during
and after the procedure. If CT is unavailable oftentimes
x-ray is accessible, and a simple skull x-ray (AP and
Lateral) can help clue the physician in to the location of
the hemorrhage and to help visualize foreign bodies in
cases of penetrating injuries. For example, greater than
85% of patients with a squamous temporal skull fracture
had an associated epidural hematoma located immediately beneath the fracture site. This does not apply to
subdural hematomas as they often involve a larger area
and are not limited by the dural attachments to the cranial
sutures as epidural hematomas are [2].

Emergency Burr Holes

Placement of Cranial Burr Holes: Location
and Technique
To place an emergent burr hole, the patient should be
taken to the operating room, if possible, to minimize
infection risk and to allow for a more controlled environment where complications, should they arise, are more
easily dealt with. If available, general anesthesia should be
used and the patient should be placed on the table with the
head turned such that the area of interest is exposed. The
head should then be shaved to assist with visualization,
prepped and then draped in a sterile fashion.
The first burr hole should always be placed on the side
of the head ipsilateral to the blown pupil and contralateral
to the hemiparesis. If there is no blown pupil or
hemiparesis then the side with the obvious external
trauma should be chosen first. It is important to place
the burr hole adjacent to and not within a fracture [2].
Unless the location of the hematoma is obvious, the first
burr hole should be made in the temporal region. This is
done because temporal hemorrhages often cause uncal
herniation with brainstem compression which can be
fatal and therefore temporal lobe decompression must be
the first priority. The incision for the temporal burr hole is
made approximately 1 cm anterior to the tragus and is
carried 5 cm superiorly over the top of the ear to avoid the
superficial temporal artery posteriorly and the temporal
branch of the facial nerve anteriorly. The temporalis muscle is then divided using monopolar cautery revealing the
periosteum, which is then peeled away using a periosteal
elevator. Next, a self-retaining retractor is inserted exposing the underlying cranium and the burr hole is made
using a high-speed drill with a round cutter burr until
a thin layer of inner cortex remains. This is then removed
with a curette revealing the epidural space where an epidural hematoma will be identified. If no epidural hematoma is seen, then the dura must be opened sharply in
a cruciate fashion and the edges cauterized with the bipolar. This will expose the underlying subdural hematoma
which can then be evacuated with gentle suction and
irrigation. Careful inspection for bleeding vessels must
be performed prior to closure.
If no hemorrhage is encountered at the temporal burr
hole site then an ipsilateral frontal burr hole should be
placed next. The incision is made just anterior to the coronal
suture and 3–4 cm lateral to the midline so as to avoid the
underlying superior sagittal sinus [2]. It is carried out
parallel to the midline approximately 5 cm in length. In
this location, there is no underlying muscle so the scalpel
should be inserted down to the periosteum and continued
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in this plane over the length of the incision. The remainder
of the process is the same as that of the temporal burr hole.
If no intracranial hemorrhage is encountered underneath the frontal burr hole either, then an ipsilateral parietal
burr hole is placed. The incision is made 3 cm posterior to
the external auditory meatus and 5 cm lateral to the midline.
It is carried out from medial to the lateral (perpendicular to
the sagittal plane) and should also be approximately 5 cm in
length. As with the frontal burr hole, there is no underlying
temporalis muscle here so the scalpel should be inserted
down to the periosteum and the incision should be opened
in this plane. The remainder of the process is the same as the
other burr holes from this point.
If all three ipsilateral burr holes are negative for hemorrhage, then the physician should move to the contralateral side and place the burr holes in the same order:
temporal then frontal then parietal as this order progresses
from highest to lowest yield. There are times when intracranial hemorrhages are bilateral and in these cases,
removal of an EDH or SDH does not provide adequate
decompression to improve the patient’s clinical status and
therefore the surgeon must move to the contralateral side
to search for another hemorrhage.
An important concept to understand is that acute
hemorrhages are generally encountered in the form of
a thick clot. Because of this, it is difficult to evacuate the
entire mass through a burr hole alone and therefore
a larger craniotomy must then be performed. In fact, less
than 10% of all acute intracranial hemorrhages can be
completely removed through a burr hole so the clinician
performing the procedure should expect this in most
instances. To perform a craniotomy, a question-marktype incision is made and this can easily be performed by
simply connecting the previously described incisions. The
scalp is then reflected anteriorly exposing the underlying
cranium and burr holes. At this point, a craniotome can
then be used to connect the burr holes and the cranial flap
can then be gently removed exposing the epidural space.
At this point, as was previously mentioned, an epidural
hematoma may be encountered and is removed with gentle suction irrigation. If no EDH is seen, then the dura is
sharply incised in a cruciate fashion and is then reflected
to reveal the underlying subdural hematoma which is then
removed as previously described. While a formal craniotomy is most often performed upon encountering an acute
epidural hemorrhage, a novel approach to EDH drainage
through a burr hole has recently been described and may
be useful for non-neurosurgical physicians who do not
know how to perform a craniotomy. In this approach,
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a burr hole is made as previously described and flexible
tubes (e.g., ventriculostomy catheters) are then inserted
into the epidural space where the clot is located and placed
to suction for 3–5 days. This technique resulted in an 85%
success rate of hematoma evacuation and clinical
improvement in which patients regained consciousness
and had no significant neurologic sequelae.
On the other hand, chronic subdural hematomas are
generally liquified and are often described as having
a motor oil appearance and consistency. Because of this,
these types of hemorrhages are more easily evacuated
through a burr hole than acute sub or epidural hematomas
and successful neurologic recovery occurs in greater than
90% of these patients [3]. However, chronic subdural
hematomas that have formed over a long period of time
often develop membranes that divide the hemorrhage into
different compartments and thus must be removed in
order to completely remove the hemorrhage. That said,
when a chronic subdural hematoma is encountered upon
placement of a burr hole, there is no benefit in terms of
recurrence, to placing a second burr hole [4].
Finally, if no intracranial hemorrhage is identified
after placing all six of the previously described burr
holes, then a posterior fossa burr hole should be made.
The patient is placed in the prone position and the
incision is made approximately 3 cm medial to the mastoid eminence in the sagittal plane [2]. The burr hole is
carried out the same way as the others. In this area,
epidural and subdural hematomas are rare and occur at
a rate of approximately 4–13% and <1%, respectively, is
most likely. However, when posterior fossa hemorrhages
are evacuated through emergency burr holes dramatic
clinical improvement has been demonstrated [5].
Closure for all wounds should be performed after
hemostasis is achieved both in the sub and epidural spaces
as well as at the level of the scalp. A Jackson Pratt drain is
often placed in the sub or epidural space depending on the
location of the hemorrhage and if a craniotomy was
performed the bone flap must be reapproximated to the
cranium and secured in placed with titanium plates and
screws or with the sutures placed through small holes
made in the flap and the adjacent skull. Note, in some
cases, the brain edema is so great that the bone flap cannot
be placed back and therefore must be frozen for a sufficient
period of time to allow the swelling to subside. In the case
of a craniectomy, the patient must wear a protective helmet postoperatively when out of bed in order to protect
the exposed brain underneath the craniectomy site. To
close the scalp, inverted interrupted sutures are placed
through the galeal, first, and then the skin is closed with
staples or a running suture (often monofilament).

Conclusion
Intracranial hemorrhage is often a severe and lifethreatening emergency and therefore must be addressed
immediately in the safest and most efficient manner. With
the advent of the CT scanner in the 1970s, identification of
an ICH and its location within the intracranial space has led
to their successful and expedient removal resulting in better
neurologic outcomes. However, some areas in the USA and
abroad still do not have this type of imaging modality nor
do they have the expertise of a neurosurgeon. Therefore,
clinicians in these areas must rely on emergent burr hole
drainage for patients who present with signs and symptoms
consistent with ICH and brain herniation as it may be the
difference between life and death.
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Definition
Emergency medical services (EMS) is an all-encompassing
term for acute patient care in a variety of settings, including the emergency department (ED), urgent care clinic,
pre-hospital setting, and disaster situations. This chapter
will deal specifically with ED services. Please refer to the
Prehospital Care Chapter for further information on EMS
outside the hospital setting.

Characteristics
Overview
Emergency medicine (EM) is a medical specialty directed
at the diagnosis and stabilization of acute medical and
traumatic conditions in both adult and pediatric patients.
EM physicians are trained to have a broad knowledge of
each medical and surgical specialty and subspecialty in
order to efficiently identify the emergent or urgent condition, and appropriately stabilize and/or treat that
condition.

History
The advent of EMS is attributed to Dominique Jean
Larrey during the French Revolution, during which he
initiated transport of injured soldiers by trained personnel to a central area to receive urgent medical
care. This model was further developed in subsequent
wars, and by the 1830s was utilized by civilians in
London during the cholera outbreak. The first medical transport service in the USA began in 1865 in
Chicago. World War II may have been the first venue
where a functioning system of triage, transport, and
acute attention to casualties resulted in improved
outcomes. A factor that is likely to have contributed
to this was the change in the emphasis on professional experience in the early triage and management
of battlefield casualties. In World War I, the task of
triage and directing initial care was given to less
experienced medical officers. In World War II, triage
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and early battlefield casualty management was the
job of experienced medical officers. Despite what
had been learned from our military experience, the
large-scale utilization of trained, experienced physicians in emergency care would not be realized until
at least 30 years later [1].
Prior to the 1960s, physicians from a variety of
specialties staffed the ED. In most cases, it was the
least-experienced doctors, the rotating interns, who
were placed in charge of the emergency area. Other
times, emergency rooms were staffed with physicians
who either no longer enjoyed working in the specialty
they trained in and had no other options, or were no
longer able to function in their primary specialty for
other reasons. Hospitals sometimes resorted to hiring
troubled, transient, aged, or foreign medical doctors
with variable experience to work in the emergency
room (ER) [1]. In essence, the sickest and most emergent
patients were more often being attended to by the leastqualified physicians. At the same time, the number of
patients presenting to hospital emergency rooms was rising dramatically. In 1954, an estimated 9.4 million patients
were seen in hospital ERs, and by 1965, it had tripled to
28.7 million patients [2]. It was soon recognized that the
ED was a unique environment that required specialized
training and skills. In 1967, the UK formed the Casualty
Surgeons Association, which later became known as the
British Association for Accident and Emergency Medicine.
This went on to become the British Association of Emergency Medicine (BAEM), which merged with the Royal
College of Surgeons in 2005 to form the College of Emergency Medicine (CEM).
In the USA, the American College of Emergency
Physicians (ACEP) was formed in 1968 by a group of
eight physicians dedicated to structuring and standardizing the field of emergency medicine. By 1973, the American Medical Association (AMA) recognized ACEP for
a seat in the House of Delegates. The American Board
of Emergency Medicine (ABEM) was formed in 1976, and
by 1979, the American Board of Medical Specialties
fully recognized EM as a medical specialty. In 1980,
ABEM credentialed the first board-certified emergency
physicians [3].
Other professional organizations include the formation of the Canadian Association of Emergency Physicians
in 1978, and the Australian Society of Emergency Physicians in 1981.
In 1991, the International Federation for Emergency Medicine (IFEM) was founded, consisting of
professional EM organizations from the UK and the
USA, as well as Canada and Australia. The IFEM
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promotes the practice of quality EM and prehospital
EM internationally. Currently, a number of additional
countries have joined the IFEM.

Education
Currently, 146 EM residencies in the USA are approved by
the Accreditation Council of Graduate Medical Education
(ACGME). These programs are either 3 or 4 years in
length. There are 17 additional combined residency programs: EM/internal medicine, EM/pediatrics, and EM/
critical care. There are also a multitude of fellowships,
allowing the residency-trained EM physician to further
specialize in an area of interest. These fellowships include
EMS (prehospital medicine), ultrasound, toxicology,
pediatrics, hyperbaric/undersea medicine, and sports
medicine [4].
During residency training, the EM physician is educated in a variety of fields, including critical care, general
and trauma surgery, orthopedics, cardiology, internal
medicine, anesthesia, obstetrics/gynecology, pediatrics,
psychiatry, neurosurgery, urology, ophthalmology, otolaryngology, and odontology. There is also specific
training in advanced cardiac life support, advanced
trauma life support, pediatric advanced life support,
neonatal resuscitation, as well as disaster medicine and
bioterrorism.
In the UK, physicians have approximately 6 years of
specialty training prior to applying for a position as
a consultant in emergency medicine. EM training outside
of the USA and the UK is continuing to develop.

The emergency physician must concurrently evaluate
and treat the emergent, urgent, and non-emergent
patient, prioritizing those who require immediate intervention [5].
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Emergency Medical Services
(EMS)
An emergency medical services (EMS) system is
a geographically organized system of field response, prehospital care, and transport of patients to health-care
facilities, usually by a trained first responder or emergency
medical technician.

Emergency Medicine
▶ Emergency Medical Services

Practice
Emergency medicine developed from the vision of
those who saw the need for a focused, organized,
and disciplined approach to the identification, stabilization, and treatment of those threatened with loss of
life or limb. It is a service that, by law, is available to
everyone. The principles of emergency medicine are to
efficiently and effectively identify and begin treatment
of medical and surgical emergencies. The emergency
physician must approach each patient with a broad
differential diagnosis for the causes of the patient’s
presentation. The goal is not necessarily to diagnose
the patient with a particular disease process, but to
rule out an emergent or life-threatening cause for the
patient’s complaint. This is a fundamental difference in
the way of thinking between practice in emergency
medicine and any other field of medicine.
The art of emergency medicine lies in the ability to
rapidly distinguish the critically ill patient from the less
ill, while simultaneously caring for multiple patients.
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Empyema. Table 1 Poor prognostic factors for
parapneumonic effusions and empyemaa,b

▶ Antimicrobial Administration in Critical Infections

Presence of pus in pleural space
Gram stain of pleural fluid positive
Pleural fluid glucose below 40 mg/dL
Pleural fluid culture positive
Pleural fluid pH < 7.0

Empyema
ANUPAMA G. BRIXEY, RICHARD W. LIGHT
Division of Pulmonary/Critical Care Medicine, Vanderbilt
University Medical Center, Nashville, TN, USA

Pleural fluid LDH > 3X upper limit of normal for serum
Loculated pleural fluid
a

Listed in order of decreasing importance.
From [1].

b

Synonyms
Complicated parapneumonic effusion; Pleural space
infection

Definition
Empyema is defined as an infection of the pleural space
manifested by the presence of thick, purulent-appearing
pleural fluid. On a spectrum, empyema is the most severe
form of a parapneumonic effusion. To better understand
the concept of an empyema, it is important to define the
other forms of fluid in the pleural space. A pleural effusion
associated with bacterial pneumonia, lung abscess, or
bronchiectasis is defined as a parapneumonic effusion
[1]. A simple parapneumonic effusion is one that resolves
spontaneously with treatment of the underlying infection
and does not require further invasive measures.
A ▶ complicated parapneumonic effusion (CPPE) is one
that does not resolve with the above measures, and
requires drainage with single or repeat therapeutic
thoracentesis, or placement of a chest tube (tube
thoracostomy). The indication for drainage is based on
the presence of certain poor prognostic risk factors (see
Table 1). It is important to note that a complicated
parapneumonic effusion can also be an empyema if the
fluid present has a thick, purulent appearance. An empyema can further be subdivided into a simple empyema or
a complex empyema with the main difference being the
presence of a single versus multiple loculations (see
Table 2).
Parapneumonic effusions evolve through three
stages to develop into an empyema: the exudative,
fibropurulent, and organization stages [1]. In the exudative stage there is rapid accumulation of sterile fluid in
the pleural space that most likely arises from the
interstitium of the lung, but may partially arise from
increased permeability of capillaries in the visceral or

Empyema. Table 2 A classification and treatment scheme for
parapneumonic effusions and empyemaa
Class 1
Nonsignificant pleural
effusion

Small
< 10 mm thick on lateral
decubitis CXR
No thoracentesis indicated

Class 2
Simple parapneumonic
pleural effusion

> 10 mm thick on lateral
decubitis CXR
Glucose > 40 mg/dL,
pH > 7.20
LDH < 3X upper limit of
normal for serum
Gram stain and culture
negative
Antibiotics alone (once
thoracentesis confirms that it
is a simple effusion)

Class 3
Borderline complicated
pleural effusion

7.0 < pH < 7.20 or glucose
> 40 mg/dL or
LDH > 3X upper limit
Gram stain and culture
negative
Repeat thoracentesis
followed by tube
thoracostomy if fall in pH/
glucose or rise in LDH, plus
antibiotics

Class 4
Simple complicated pleural
effusion

pH < 7.0 or glucose
< 40 mg/dL or
Gram stain or culture
positive
No loculations, no frank pus
Serial thoracenteses or tube
thoracostomy, plus
antibiotics
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Empyema. Table 2 (Continued)
Class 5
Complex complicated
pleural effusion

Class 6
Simple empyema

Class 7
Complex empyema

ab

pH < 7.0 or glucose
< 40 mg/dL or
Gram stain or culture
positive
Multi-loculated
Tube thoracostomy +/
thoracoscopy or
decortication, plus
antibiotics

Empyema. Table 3 Event or state precipitating empyema in
319 patients in three series
Event/state

Number

Percentage

Pulmonary infection

177

55

Surgical procedure

66

21

Trauma

18

6

Esophageal perforation

15

5

Spontaneous pneumothorax

7

2

Thoracentesis

6

2

Frank pus present
(regardless of lab values)
Single locule or free flowing
Tube thoracostomy +/
thoracoscopy or
decortication, plus
antibiotics

Data from [2–4].

Frank pus present
(regardless of lab values)
Multi-loculated
Tube thoracostomy, plus
antibiotics
Very often requires
thoracoscopy or
decortication

▶ empyema necessitatis or ▶ bronchopleural fistula may
develop, in which the fluid may drain spontaneously
through the chest wall or into the lung, respectively.

Adapted from [1].

parietal pleura. The exudative stage progresses to the
fibropurulent stage if timely antibiotic therapy is not initiated allowing bacteria to invade the pleural space from
the contiguous pneumonia. It is noteworthy to realize that
bacteria in the pleural space (evidenced by a positive gram
stain or culture) can arise from a non-pneumonic process
such as direct inoculation from a surgical procedure or
trauma, an esophageal perforation, etc. (see Table 3). The
fibropurulent stage is characterized by increasing amounts
of pleural fluid that is no longer sterile but contains
polymorphonuclear leukocytes, bacteria, and cellular
debris. There is also the development of a continuous
fibrin sheet over the visceral and parietal pleura that may
progress into loculations. The effusion can become an
empyema during the late part of this second stage, or it
may not become a true empyema until it reaches the last
stage, the organization stage. During this process,
fibroblasts continue to grow and produce an inelastic
membrane called a ▶ pleural peel that encases the lung
and limits its functional capability (trapped lung).
An empyema is always present at this stage, and if
the patient remains untreated, complications such as

Sub-diaphragmatic infection

4

1

Septicemia

4

1

22

7

319

100

Miscellaneous or unknown
Total

Treatment
The treatment of parapneumonic effusions and empyemas involves selection and use of antimicrobial agents,
and management of the effusion itself. The initial choice
of antibiotic should be based on whether the patient
has a community-acquired or hospital-acquired infection. If the gram stain or culture of the pleural fluid is
positive, this should clearly help guide the choice of
antibiotic. Patients with non-life-threatening community-acquired pneumonias (CAPs) should be treated
with a fluoroquinolone, or an advanced macrolide plus
a B-lactam [5]. Patients with severe or life-threatening
CAPs without pseudomonal risk factors should also be
treated with the above antibiotics. If there are risk factors
for pseudomonas, an anti-pseudomonal agent such
as piperacillin-tazobactam, imipenem, meropenem, or
cefepime should be used in addition to an antipseudomonal fluoroquinolone, for double coverage.
Aminoglycosides should be avoided as they do not
penetrate the pleural space well. Antibiotic choices
should generally include good anaerobic coverage
(such as a B-lactam, fourth generation fluoroquinolone,
clindamycin, flagyl) since anaerobic infections are responsible for a large number of parapneumonic effusions and
empyemas. Patients with hospital-acquired infections or
with suspicion for methicillin-resistant staphylococcus

Empyema

aureus (MRSA) should be covered with vancomycin or
linezolid. No studies have been conducted on the most
appropriate duration of antimicrobial therapy, so the
current standard of care is to continue antibiotics for
several weeks. In regards to intrapleural antibiotics, there
are no randomized-controlled trials documenting the
benefit of direct injection of antibiotics into the pleural
space; therefore, it is not currently recommended.
The second part of treatment of parapneumonic effusions and empyemas involves management of the effusion.
Options for management on a spectrum of least invasive
to most invasive include observation, therapeutic
thoracentesis, tube thoracostomy (chest tube), videoassisted thoracoscopic surgery (VATS) with breakdown
of adhesions, thoracotomy with ▶ decortication, and
open drainage. Clearly, the choice of therapy involves
utilizing the least invasive measure possible that would
prevent further complications. We will discuss the indication for each of the treatment options listed above. Observation is only acceptable, if a parapneumonic effusion is
less than 10 mm in thickness on either a lateral decubitus
chest radiograph, an ultrasound, or a CT (computed
tomography) scan. If the effusion is greater than 10 mm
in thickness, then the least invasive procedure possible is
a therapeutic thoracentesis because there is an obligation
to sample the fluid to determine if it is a CPPE. A delay in
this procedure can be hazardous because a free flowing
effusion can become loculated within 12–24 h. The reason
why a therapeutic thoracentesis is recommended as
opposed to a diagnostic thoracentesis is because if the
effusion is complicated, then both the diagnosis and treatment have been done with one needle stick. Serial imaging
should then be done to evaluate if the fluid has recurred. If
it does not recur, then no further treatment other than
continuation of antibiotics is necessary. If it does recur,
then two management options are available: if the initial
thoracentesis revealed the presence of poor prognostic
factors (see Table 1), then either a repeat therapeutic
thoracentesis can be performed or a chest tube can be
placed. There are no randomized-controlled studies comparing repeat therapeutic thoracenteses to small bore chest
tube placement in patients with complicated nonloculated parapneumonic effusions. Most commonly,
physicians opt for tube thoracostomy rather than therapeutic thoracentesis in the event of a recurrent CPPE, or in
the event of an initial diagnostic thoracentesis revealing
a CPPE. It is important that the chest tube be placed in
a dependent portion of the pleural space for maximum
drainage. Also, if the visceral pleura is covered with a fibrin
sheath, placing the chest tube to suction may aid in
expansion of the lung and hasten resolution of the
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empyema cavity. If a patient is showing signs of clinical
and radiological improvement after tube thoracostomy,
then the chest tube should be left in place until the volume
of drainage is less than 50–100 ml in 24 h, and the color
has turned a clear yellow.
If a patient does not demonstrate significant
clinical and radiological improvement within 24 h of
chest tube placement, then one of two situations is
possible: either the pleural space is not being satisfactorily drained or the patient is on the wrong
antibiotic. Poor drainage may be secondary to
a malfunctioning chest tube, presence of loculations
that prevent complete drainage, or presence of fibrin
over the visceral pleura that prevents expansion of the
underlying lung. If after further evaluation, it is
determined that the lack of improvement is secondary
to loculations or fibrous tissue over the visceral
pleura, a thoracic surgery consultation should be
obtained for consideration of VATS with breakdown
of adhesions or thoracotomy with decortication,
respectively. Intrapleural fibrinolytics are often considered for patients with difficulty to drain CPPEs
or empyemas. However, a recent multicenter study
conducted in the UK showed a lack of efficacy for
intrapleural fibrinolytics in preventing patients’ need
to go to surgery or in decreasing hospital length of
stay [6]. Therefore, unless a patient does not have access
to VATS or is not a surgical candidate, and has a loculated,
fibrous pleural effusion that is not adequately draining,
instillation of intrapleural fibrinolytics should not be
considered.
Patients with CPPEs or empyemas that are not showing signs of clinical or radiological improvement with an
appropriately positioned chest tube and on broad antibiotics should be considered for VATS. With a VATS, pleural
space loculations can be removed, the pleural space can be
completely drained, and adequate chest tube placement
can be confirmed. If the presence of a pleural peel causing
trapped lung is noted, a decortication can be performed.
This can be done by VATS in many patients, but often
requires conversion to a thoracotomy [7]. During
a decortication, all fibrous tissue is removed from the
visceral and parietal pleuras, and all pus is evacuated
from the pleural space. In patients with empyema, it is
important to obtain complete re-expansion of the underlying lung and obliterate the pleural space. If a space
persists, it is virtually impossible to eliminate the infection. If a patient is too debilitated to undergo
a decortication by thoracotomy or VATS then the last
option is open drainage. In the simplest form of this
procedure, one to three ribs over the lowest part of the
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empyema are resected followed by insertion of large bore
chest tubes into the empyema cavity. The tubes are irrigated daily, and the fluid drained from these tubes can be
collected in a colostomy bag. The major disadvantage to
this procedure is that patients have an open chest wound
for a period defined in months.

Evaluation and Assessment
The diagnosis of a CPPE or an empyema is made
by thoracentesis and appropriate analysis of the pleural
fluid. Once it is determined that a patient has
a parapneumonic effusion greater than 10 mm in thickness,
a thoracentesis should be performed to determine if it is
simple or complicated. After the pleural fluid is obtained it
should be examined grossly to determine its color, turbidity/thickness, and odor. Pleural fluid secondary to
a parapneumonic effusion can range from a clear/yellow,
non-odorous, freely draining fluid to a green/brown, malodorous, thick pus. The presence of a feculent odor suggests
the presence of an anaerobic infection that may be secondary to aspiration, whereas the thickness is used to determine
whether or not the fluid is an empyema.
The pleural fluid should be sent to the laboratory
for gram stain, culture, lactate dehydrogenase (LDH),
total protein, glucose, pH (should be analyzed with
a blood gas machine to prevent a falsely elevated pH
reading), as well as total and differential white blood
cell counts. The pleural fluid can also be sent for
mycobacterial smears/cultures, fungal cultures, and
cytology based on clinical suspicion. It is also important to obtain serum levels of LDH and total protein
at the same time as the pleural fluid studies since
these will be used in the calculation and determination of whether the effusion is a transudate or an
exudate based on Light’s criteria. According to this
criteria, an effusion is an exudate if even one of the
following three parameters hold true: (1) the ratio of
the total protein of the effusion to serum is greater
than 0.5, (2) the ratio of the LDH of the effusion to
serum is great than 0.6, and (3) the LDH of
the effusion is greater than two thirds the upper
limit of normal of serum LDH. By definition, any
parapneumonic effusion, whether simple or complicated, will be an exudate by Light’s criteria. If it is
a transudate, then the search for another cause of the
effusion should ensue.
What distinguishes between simple or complicated
parapneumonic effusions, and therefore, the need for
drainage, is the presence of poor prognostic factors (see
Table 1). Specifically, if the pleural fluid glucose
is > 60 mg/dL, the pH is > 7.20, the LDH is < 3X the

upper limit of normal for serum, and the gram stain and
culture are negative, then the effusion is a simple
parapneumonic effusion, and no further diagnostic or
therapeutic measure other than treatment with antibiotics
is necessary. If the pleural fluid glucose is < 40 mg/dL, the
pH is < 7.0, the LDH is > 3X the upper limit of normal for
serum, or the gram stain or culture are positive, then the
effusion is definitively a CPPE and requires drainage with
serial therapeutic thoracenteses or tube thoracostomy. If
the pleural fluid glucose falls between 40 and 60 mg/dL
and the pH falls between 7.00 and 7.20 with a negative
gram stain and culture, then the effusion is a borderline
CPPE. In this situation, if the initial procedure performed
to obtain these results was a therapeutic thoracentesis,
then a repeat therapeutic thoracentesis should be
performed if the fluid recurs. If the pH and glucose
decrease and the LDH increases on the second pleural
fluid analysis, tube thoracostomy should be performed if
the fluid recurs a third time. If only a diagnostic
thoracentesis was the initial procedure performed, then
a therapeutic thoracentesis should be performed if the
effusion increases in size or if the patient has persistent
fever or leukocytosis. If the pH and glucose are decreased
and the LDH has increased on the second pleural fluid
analysis, then tube thoracostomy should be performed.
Obviously, if thick pus is present, then regardless of any
values obtained from laboratory data, the effusion is an
empyema and necessitates placement of a chest tube with
consideration of a surgical procedure depending on adequacy of drainage, presence of loculations, and patient
improvement or decline.
A few notes should be made about some of the studies
sent for diagnosis. Patients with parapneumonic effusions frequently have negative pleural fluid cultures,
even in cases of empyema. Polymerase chain reaction
(PCR) can be used to identify the organism and is
much more sensitive than routine bacterial culture.
The disadvantage is that the PCR for each specific
organism must be run to determine if it is the causative agent. In regards to pleural fluid pH and glucose, these should be used as indications for drainage
only if the effusion is thought to be related to infection. Various other conditions such as rheumatoid
arthritis and malignancy can cause low levels of pleural pH and glucose but do not necessitate tube
thoracostomy. Finally, when determining whether
a parapneumonic effusion needs drainage based on
pH, the pleural fluid pH (measured with a blood
gas machine) should be at least 0.30 units less than
the arterial pH for greatest accuracy [1]. In the
situation in which a patient has a CPPE secondary to
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a Proteus infection, the pleural fluid pH can actually be
elevated because of the production of ammonia by these
organisms, so a normal or elevated pH should not
preclude placement of a chest tube in this case [1].

3.
4.

5.

After-care
Patients with empyema frequently develop pleural
thickening when their parapneumonic effusions progress from the fibropurulent to the organization stage
resulting in a pleural peel that encases the lung.
The pleural thickening from parapneumonic effusions
usually resolves spontaneously within 6 months in
greater than 85% of cases [5]. If it does not, and the
patient’s quality of life is limited by dyspnea, and there is
presence of restriction on pulmonary function tests, then
decortication should be considered. Patients with residual
pleural thickening necessitating surgery are more likely to
have had an empyema (as opposed to only a CPPE) and
are more likely to have had delayed resolution of their
effusion [8].

Prognosis
The prognosis of empyema depends largely on the presence of comorbidities, the specific treatment measures
used to clear the infection and drain the effusion, as well
as the time course of these treatment measures. The longer
the delay in implementing antimicrobial therapy and
definitive drainage of the empyema, the more severe the
infection and the worse the prognosis. A good prognosis
also hinges on the fact that the original cause of the
infection has been addressed with measures taken to prevent recurrence. For example, a patient with a single episode of aspiration in the setting of an elective intubation
for surgery leading to a parapneumonic effusion has
a much better prognosis than the patient with bronchiectasis causing recurrent pneumonias with associated
parapneumonic effusions. The hope is that if patients
with minimal comorbidities are placed on the correct
antibiotics in a timely fashion and have successful drainage of their empyemas, then they should make a full
recovery.
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Empyema Necessitatis
An empyema that is not adequately drained such that the
accumulation of pus in the pleural space and buildup of
pressure results in spontaneous drainage of the pus
through the chest wall, and formation of a subcutaneous
abscess.
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Synonyms
Acute brain failure; Acute confusional state; Acute toxicmetabolic encephalopathy; Altered mental status; Coma;
ICU psychosis; Organic brain syndrome

Definition
The term “acute encephalopathy” refers to a spectrum of
disorders characterized by a sudden and pathologic disruption of cognitive function, generally associated with
changes in the level of consciousness, and attributable to
a definable neurologic disease, systemic disease, or physiological derangement. Encephalopathy is a feature of
many hereditary metabolic disorders; however, this chapter will discuss exclusively the more common acquired
forms of encephalopathy. Encephalopathies may be considered according to clinical manifestations or according
to the underlying etiological process.

Clinical Phenotypes of Encephalopathy
The most common descriptors of acute encephalopathy are delirium and coma. Delirium is a state of acutely
impaired attention associated with altered consciousness,
disorientation, perceptual abnormalities, and a fluctuating course (1). In the ICU setting, the incidence of
delirium can reach up to 90% based on the population
studied and the delirium screening tool applied. Coma,
another common presentation of encephalopathy, is
a state of unarousable unresponsiveness coupled with
an unawareness of self and environment (2). The
incidence of coma among critically ill patients is up
to 20% with the highest incidence seen in mechanically ventilated patients.
The vegetative state, which develops in the subacute to
chronic setting after brain injury, is a state of depressed
consciousness which differs from coma in that signs of
arousal can be observed including periodic spontaneous
opening of eyes; this is usually caused by extensive damage to the cerebral cortex or thalamus with relative sparing of the brainstem arousal pathways. The minimally

conscious state, also occurring in the subacute to
chronic phase after brain injury, is characterized by
depressed consciousness associated with intermittent,
albeit inconsistent, behaviors that are indicative of self
and environmental awareness.

Etiological Subtypes of Encephalopathy
Encephalopathy may be triggered by a wide array of physiological, metabolic, and pharmacologic factors (see
Table 1). Well-characterized acute encephalopathic syndromes include anoxic encephalopathy, hepatic encephalopathy, encephalopathies associated with renal failure,
sepsis-associated encephalopathy, posterior reversible
encephalopathy syndrome, and Wernicke’s encephalopathy. Encephalopathy may also be triggered by acutely
developing primary brain disorders including trauma,
CNS infections, brain tumors, stroke, and nonconvulsive
status epilepticus.

Differential Diagnosis of Encephalopathy
Dementia: Delirium must be distinguished from dementia
which generally has an insidious onset, developing over
months or years, and is not associated with abrupt fluctuations as seen in delirium. Patients with dementia often
have normal sleep–wake cycles, and impaired attention is
not the most common symptom.
Psychosis: Features of psychosis include hallucinations
(often auditory; while in delirium they are typically
visual), delusions, and disorganized thought patterns.
The abrupt onset and fluctuating course of delirium is
not typical of psychotic patients.
Acute mania: Patients with acute mania have an
elevated, irritable mood associated with grandiose
thinking, flight of ideas, insomnia, and increased goaldirected behavior, sometimes with associated psychotic
elements. Acute mania can be confused with hyperactive delirium; however, cognitive dysfunction is not as
prominent as in patients with delirium, and acute
mania is usually associated with prior episodes of
mania or depression.
Depression (pseudodementia): Major depressive disorder is characterized by diminished interest or pleasure in
most activities, sleep disturbances, feelings of worthlessness or guilt, and recurrent thoughts of death or suicide.
A depressive episode may resemble the hypoactive form of
delirium; however, the latter has a more fluctuating course
and more perceptual disturbances.
Locked-in state: Patients in the locked-in-state have
focal lesions in the rostral pons and/or midbrain with
sparing of the reticular neuronal projections required for
arousal. Consciousness is preserved and voluntary motor
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Encephalopathy and Delirium. Table 1 (Continued)
Inflammatory and immune-mediated encephalitis

Vascular

Postinfectious encephalitis

Ischemic stroke

Post-vaccine encephalitis

Intracerebral hemorrhage

Paraneoplastic encephalitis

Subarachnoid hemorrhage

Lupus encephalitis

Cerebral venous thrombosis

Neurosarcoidosis

Vasculitis

Acute disseminated encephalomyelitis (ADEM)

Posterior reversible encephalopathy syndrome (PRES)
Trauma
Focal brain lacerations and contusions
Extra-axial hematomas
Diffuse axonal injury
Neoplasm
Primary or secondary brain tumors
Seizures/status epilepticus
Generalized seizures (convulsive, nonconvulsive)
Complex partial seizures
Organ failure
Cardiac arrest (anoxic–ischemic encephalopathy)
Respiratory (encephalopathies associated with hypoxia,
hypercapnia)
Hepatic encephalopathy
Uremic encephalopathy
Metabolic
Severe electrolyte imbalance
Hypoglycemia; hyperglycemic states
Cofactor deficiency (Wernicke’s encephalopathy)
Endocrine
Hypothalamic and pituitary failure
Thyroid (myxedema coma, thyrotoxicosis)
Adrenal (Addison’s disease)
Pharmacologic/toxic
Prescription medications (opioids, benzodiazepines,
barbiturates, tricyclics, neuroleptics, aspirin, SSRIs,
acetaminophen, anticonvulsants)
Drugs of abuse (opioids, alcohol, methanol, ethylene glycol,
amphetamines, cocaine, hallucinogens)
Environmental exposures (carbon monoxide, heavy metals)
Central nervous system infection
Meningitis
Encephalitis
Systemic infection
Septic encephalopathy
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function is generally limited to blinking of eyes and vertical eye movements. Care must be taken to avoid mistaking
a locked-in state with coma. Confirmation of a locked-in
state can also be made by detecting normal brain activity
on EEG or PET scan.

Treatment of Encephalopathy
Treatment should target the underlying physiological perturbation or disease. Depending on the primary disorder, the
encephalopathy may resolve rapidly, as when a deliriogenic
medication property is discontinued, or in a more delayed
fashion, such as after treatment of septic shock. In other
cases, the encephalopathy may have limited potential for
resolution as in severe anoxic brain injury.
Preventive non-pharmacological strategies may be very
successful in reducing the incidence or severity of delirium in
the ICU: these measures include efforts to promote patient
reorientation, adequate sleep, normalization of day–night
cycles, reduction of catheters and physical restraints, and
providing eyeglasses and hearing aids as needed.
Supportive measures are necessary for many encephalopathic patients. For patients in a coma, endotracheal
intubation and mechanical ventilation are needed for airway protection and to optimize ventilation and oxygenation. Efforts should be made to institute corrective
measures for systemic metabolic and physiological abnormalities which might contribute to cerebral dysfunction –
fever, hypotension, hypoxia, acidosis, and electrolyte
imbalances.
Pharmacologic therapy should be considered in
patients with delirium that is resistant to supportive measures and who are a risk to themselves or others. Antipsychotic agents may be administered with consideration
given to potentially dangerous side effects such as QTprolongation or extrapyramidal symptoms. Benzodiazepines should be avoided as they promote or worsen
delirium; they should be reserved for patients in whom
alcohol withdrawal delirium is a concern.
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Evaluation/Assessment of
Encephalopathy
Clinical assessment : The diagnosis of encephalopathy and
delirium is made on clinical grounds. Encephalopathic
patients should undergo a full neurological examination
with assessment of consciousness, cognition, cranial nerve
function, motor and sensory function, reflexes, and coordination. Several screening tools have been validated for
the identification of delirium in the ICU. These include
the Confusion Assessment Method for the ICU (CAMICU) (Table 2) and the Intensive Care Delirium Checklist
for Screening (ICDSC) (Table 3) [3].
Cranial CT: Cranial CT should be obtained when the
underlying cause of the encephalopathy is not rapidly
identified, or when neurological function does not
improve in an anticipated fashion. CT will rapidly identify
intracranial hemorrhage and moderate to severe degrees
of brain edema. The sensitivity and specificity of cranial
CT to identify structural brain abnormalities in ICU
patients with encephalopathy is low. The diagnostic yield
is greater in the presence of focal neurologic deficits or
seizures.
Brain MRI: MRI has greater spatial resolution than CT
and is more sensitive in identifying acute stroke, milder
degrees of brain edema, and lesions of the posterior fossa
and regions adjacent to the bone. Recent studies suggest
MRI may be an important adjunct in detecting brain
injury associated with septic shock; however, the role of
MRI in assessing critically patients remains undefined.
Electroencephalogram (EEG): EEG is helpful to identify
nonconvulsive seizure activity which may be present in up
to 20% of critically ill patients with altered consciousness.
EEG can also help grade the severity of neurologic dysfunction and differentiate between organic versus psychiatric causes of acute encephalopathy. The EEG in patients
with severe metabolic disturbances often reveal slowing of
background rhythms and prominence of theta and delta
frequency waves that can be associated with a triphasic

wave morphology. Patients with acute encephalopathy
caused by alcohol or benzodiazepine toxicity low voltage
fast (beta) activity. Viral encephalitis, in particular herpes
encephalitis, is associated with high amplitude complexes
in the temporal lobe region and periodic lateralized epileptiform discharges (PLEDs).

Encephalopathy and Delirium. Table 3 Intensive Care
Delirium Screening Checklist (ICDSC)
1. Altered level of consciousness
A. Exaggerated response to normal stimulation (score 1
point)
B. Normal wakefulness
C. Response to mild or moderate stimulation (score 1 point)
D. Response only to intense and repeated stimulation (e.g.,
loud voice and pain) – Stop assessment
E. No response – Stop assessment
2. Inattention Score 1 point for any of the following
abnormalities:
A. Difficulty in following commands
B. Easily distracted by external stimuli
C. Difficulty in shifting focus
3. Disorientation Score 1 point for any one obvious
abnormality in orientation to time, person, or place
4. Hallucinations or Delusions Score 1 point for either:
A. Equivocal evidence of hallucinations or a behavior due to
hallucinations
B. Delusions or gross impairment of reality testing
5. Psychomotor Agitation or Retardation Score 1 point for
either:
A. Hyperactivity requiring the use of additional sedative
drugs or restraints in order to control potential danger
B. Hypoactive or clinically noticeable psychomotor slowing
or retardation
6. Inappropriate Speech or Mood Score 1 point for either:
A. Inappropriate, disorganized, or incoherent speech

Encephalopathy and Delirium. Table 2 Confusion assessment method for the ICU (CAM-ICU)
Feature 1

Acute onset of mental status changes or
a fluctuating course

Feature 2

Inattention

Feature 3

Disorganized thinking

Feature 4

Altered level of consciousness

Delirium present if patient has features 1 and 2, plus either features 3 or 4

B. Inappropriate mood related to events or situation
7. Sleep–Wake Cycle Disturbance Score 1 point for:
A. Sleeping less than four hours at night
B. Waking frequently at night
C. Sleep 4 h during day
8. Symptom Fluctuation Score 1 point for fluctuation of
any of the above items over 24 h
TOTAL ICSDC SCORE (Add 1–8, max 8, min 0); A total ICSDC Score  4
has a 99% sensitivity for a diagnosis of delirium
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Types of Acute Encephalopathy

Metabolic Encephalopathies

In the ICU setting, a single or definitive cause for acute
encephalopathy often cannot be identified; however,
a range of etiologic factors must be considered (Table 1).

Common electrolyte disturbances that result in encephalopathy are hyponatremia, hypernatremia, hypoglycemia,
and hyperglycemic crises. Acute hyponatremia may cause
brain edema with clinical signs ranging from confusion to
coma and death. The severity of clinical presentation
depends on the rate of decrease and the absolute serum
sodium level. Correction of hyponatremia should be
achieved in a controlled manner to avoid the development
of an osmotic demyelination syndrome. Hypernatremia
leads to neurologic dysfunction through a hyperosmolar
state that effectively dehydrates the brain. The rate of
correction of hypernatremia should also be cautious to
prevent the development of cerebral edema. Hypoglycemia can present with encephalopathy or occasionally as
focal neurologic deficits, especially in patients with prior
strokes or other brain lesions. Correction of hypoglycemia
should be performed rapidly with intravenous dextrose to
prevent permanent brain injury. Depending on the severity and duration of hypoglycemia, the clinical response to
treatment may lag significantly behind the return to
normoglycemia. Severe hyperglycemia resulting from
decompensated diabetes mellitus is another important
cause of encephalopathy. Brain dysfunction results from
serum hyperosmolarity associated with acidosis and electrolyte depletion. Treatment priorities are intravascular
volume resuscitation, intravenous insulin, and electrolyte
repletion.

Cerebrovascular
Cerebrovascular causes of encephalopathy are generally
acute in onset. Intracranial hemorrhages (aneurysmal
subarachnoid hemorrhage or primary intracerebral hemorrhage) or ischemic stroke may result in coma if lesions
involve bilateral cerebral hemisphere, bilateral thalami, or
if they are located in reticular activating system in the
rostral brainstem. Focal strokes affecting the right parietal
lobe have been associated with delirium. When
a cerebrovascular etiology is likely, brain CT and/or MRI
should be obtained emergently; consultation with neurology and/or neurosurgery is recommended.

CNS Infections
The constellation of encephalopathy, fever, and leukocytosis should elicit the possibility of encephalitis or meningitis, especially when another plausible source of infection
has not been identified. Lumbar puncture should be
obtained if there is no contraindication. Cerebral spinal
fluid (CSF) should be sent for bacterial cultures and viral
PCRs. In immunosuppressed patients, fungal and mycobacterial cultures should also be sent. Early empiric antibiotic and antiviral therapy should be instituted pending
CSF analysis.

Anoxic Encephalopathy
Sepsis-Associated Encephalopathy
The clinical presentation of sepsis-associated encephalopathy ranges from mild confusion to coma. It is estimated
that one third of patients with severe sepsis or septic shock
have a Glasgow Coma Scale (GCS) of <12. Furthermore,
the severity of encephalopathy is an independent predictor
of increased short term mortality [4]. EEG usually reveals
diffusely slowed activity with or without triphasic waves.
CT-scan is rarely helpful, while MRI may show focal
ischemic or hemorrhagic procelesions. Management consists in treating the underlying infection.

Nonconvulsive Status Epilepticus
Epileptiform activity may occur in the absence of clinically evident seizures. Studies indicate that 8–20% of
critically ill patients with altered mental status have
nonconvulsive status epilepticus (NCSE). In patients at
risk (i.e., history of seizures or known orimary brain
injury), continuous EEG monitoring for at least 24 h
should be considered. Treatment is as with convulsive
seizures or status.

Anoxic brain injury is most important sequela of
cardiac arrest, with less than 10% of survivors
returning to their previous levels of neurologic functioning. The severity of encephalopathy is dependent
on multiple factors including, but not limited to, the
length of cardiac arrest, degree of hypoxia or ischemia,
existence of previous brain insults, and age. In addition to supportive care, there is evidence that therapeutic hypothermia in the initial postarrest period
results in significantly better neurologic outcomes.
Assessment of patients with anoxic encephalopathy
generally focuses on prognostication. Findings that
have been associated with poor prognosis include the
presence of myoclonic status epilepticus on day 1,
absence of N20 responses on somatosensory evoked
potentials (SSEP) on days 1–3, serum neuron-specific
enolase (NSE) > 33 mg/L on days 1–3, absent pupil or
corneal reflexes on day 3, and extensor or absent
motor responses on day 3 [6]. Of note, the prognostic
value of these factors has not been established in patients
who have received therapeutic hypothermia.
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Hepatic Encephalopathy
Hepatic encephalopathy (HE) represents a range of neurologic dysfunction seen with acute and chronic liver
failure. It is associated with varying degrees of brain
edema, both cytotoxic and vasogenic, and is present in
up to 80% of patients with acute hepatic encephalopathy.
The onset of acute HE is often precipitated by gastrointestinal bleeding, infection, hypokalemia, increased protein in diet, alcohol ingestion, and exposure to
benzodiazepines or opioids. Laboratory studies often
reveal an elevated ammonia level, although the correlation between severity of encephalopathy and serum
ammonia levels is not consistent across studies. A head
CT should be performed to evaluate for brain edema
and to rule out other structural lesions. MRI is more
sensitive and specific for cerebral edema, and may
demonstrate increased signal in bilateral basal ganglia
on T1-weighted imaging. EEG generally shows diffuse
slowing with or without triphasic waves. Treatment
is based on removing precipitating factors and on
measures to lower serum ammonia levels.

Uremic Encephalopathy
Uremic encephalopathy can develop with both acute and
chronic renal failure. Presenting symptoms include headache, tremor, myoclonus, obtundation, and coma. The
cause of the neurologic dysfunction is thought to be due
to accumulation of various dialyzable toxins such as urea,
guanidino compounds, uric acid, hippuric acid, various
amino acids, polyamines, phenols, acetone, glucuronic
acid, carnitine, myoinositol, and phosphates. Uremic
encephalopathy resolves with renal replacement therapy,
yet a delay of 1–2 days is common before clinical improvement is seen.

Dialysis Disequilibrium Syndrome
An acute neurologic complication that may occur with the
initiation of hemodialysis is dialysis disequilibrium syndrome (DDS). Symptoms include headache, nausea, confusion, and ataxia. Severely affected patients may develop
seizures, obtundation, and coma. This condition usually
develops during or immediately after hemodialysis, and is
thought to be caused by rapid shifts in serum osmolarity
leading to brain edema. DDS is usually self-limiting and
symptoms generally resolved over several hours.

Encephalopathy Associated with Endocrine
Disorders
Several endocrine disorders can manifest diffuse neurologic dysfunction. Both severe hypothyroidism and hyperthyroidism can cause an acute encephalopathy. Myxedema

coma is the severest form of hypothyroidism and manifests with lethargy or coma in association with bradycardia, hypothermia, hyponatremia, and hypercapnic/
hypoxemic respiratory failure. Thyrotoxicosis may present
with a range of neurologic symptoms from psychosis and
agitation to delirium, somnolence, and even coma.
Though acute adrenal insufficiency typically presents
with circulatory shock and electrolyte abnormalities, it
has been associated with lethargy and coma. Hashimoto’s
encephalopathy (also known as steroid-responsive
encephalopathy with autoimmune thyroiditis) is
a heterogenous syndrome of neurologic symptoms associated with antithyroid antibodies and/or autoimmune
thyroid dysfunction. Its presentation can range from subacute, recurrent episodes of focal neurologic deficits to
a rapidly progressive dementia or coma. Treatment is
with corticosteroids.

Wernicke’s Encephalopathy
A rare but easily treatable cause of delirium is Wernicke’s
encephalopathy (WE), an acute syndrome caused by thiamine deficiency. It is most commonly seen in chronic
alcoholism, malnutrition, malabsorptive gastrointestinal
disease, bariatric surgery, cancer, and AIDS. Characteristic
presentation is ophthalmoplegia, gait ataxia, and altered
mental status. As the administration of glucose can precipitate or worsen WE, it is important to always give
thiamine before any glucose-containing solutions in
patients in whom WE is possible. MRI may reveal T2
hyperintensities surrounding the cerebral aqueduct and
third ventricle, including the mamillary bodies and medial
thalami. However, imaging studies should not delay treatment, especially since intravenous thiamine is safe, effective, and readily administered.

Posterior Reversible Encephalopathy
Syndrome
Posterior reversible encephalopathy syndrome (PRES),
also known as reversible posterior leukoencephalopathy
syndrome, is characterized by the clinical findings of headache, altered mental status, seizures, and visual disturbances associated with radiologic evidence of vasogenic
edema usually in the parietal and occipital lobes. This
condition is commonly associated with severe hypertension, immunosuppressive drugs, and hypertensive disorders of pregnancy (eclampsia or pre-eclampisa). Though
the exact pathophysiology is unknown, prevailing theories
point toward a disturbance of cerebral autoregulatory
mechanisms, leading to endothelial injury, blood–brain
barrier breakdown, and vasogenic edema. MRI is more
sensitive and specific for making this diagnosis than CT.

End Diastolic Volume

Treatment should be targeted toward the underlying
cause, as well as aggressive blood pressure control and
seizure prophylaxis. Long-term prognosis with this condition is generally very good, with resolution of radiologic
findings in days or weeks.

After-care
The care of patients after resolution or improvement
of the acute encephalopathy should focus on continued
treatment of the underlying etiology. With certain
causes, such as metabolic derangements, frequent laboratory monitoring may be needed to prevent relapse.
Prophylactic treatments may also have a role in other
etiologies, such as with hepatic encephalopathy. Many
patients with encephalopathy suffer from chronic
impairments in cognitive function even after the
underlying disease has completely resolved, requiring
long-term care in rehabilitation centers and nursing
facilities.

Prognosis of Encephalopathy
Delirium is associated with unfavorable short-term
outcomes in the hospitalized patient. These include
increased mortality, prolonged hospital stay, delayed
rehabilitation, and increased risk of nursing-home
placement [5]. In the ICU, delirium is associated with
a longer duration of mechanical ventilation, prolonged
ICU stay, and increased risk of unplanned extubation
and catheter removal. Delirium may also adversely affect
the prognosis of patients with dementia. One study found
that patients with an episode of delirium and underlying
Alzheimer’s dementia had a significantly faster rate of
cognitive decline.
In the hospital setting, especially the ICU, coma
(defined as GCS < 8) is one of the strongest independent
predictors of mortality and adverse outcomes in patients
with primary and secondary brain injury. As in delirium,
comatose patients in the ICU setting have prolonged
length of stay and duration of mechanical ventilation.
Coma is the most powerful predictor of mortality and
functional outcomes following primary cerebral disorders,
including ischemic stroke, intracerebral hemorrhage, and
traumatic brain injury. Coma is also a major predictor of
mortality in patients without a primary cerebral condition.
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End Diastolic Volume
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Synonyms
EDV; Right ventricular end diastolic volume; RVEDV

Definition
End-diastolic volume (EDV) is the amount of blood in
a ventricle immediately before the contraction, at the end
of diastole. According to the Frank–Starling principle, the
strength of cardiac contraction is related to the muscle
fiber length at end of diastole. An increase of EDV means
an increase of preload on the heart and, finally, it increases
the stroke volume. The EDV is closely related to venous
compliance because nearly two thirds of the blood in the
systemic circulation is stored in the venous system.
Increasing venous compliance elevates the capacitance of
the veins, reducing venous return and therefore enddiastolic volume. Decreasing venous compliance has the
opposite effect.
The right and left ventricles have to work together.
They share the intraventricular septum. They are
surrounded by the pericardium. They are also joined in
a series by the pulmonary vascular bed. They share
a common blood supply. The right and left ventricles
have the same main objective to maintain an adequate
cardiac output. The right ventricle has to supply an adequate preload to the left side of the heart.
The right and left ventricles are interdependent. This
interdependence is a complex interaction mediated by the
myocardial fiber bundles, the interventricular septum, the
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pericardium, and the pulmonary circulation. Change in
dimension and performance of one ventricle influences
the geometry of the other. The consequences on increased
preload or increased afterload differ widely between the
two ventricles. Finally, together the right and left ventricles
work to maintain an adequate cardiac output (CO).
The right ventricle (RV) has often been described as
a passive conduit, responsible for accepting venous blood
and pumping it through the pulmonary circulation to the
left ventricle. Recently, practitioners appreciated the value
of an optimal functioning of the right ventricle [1].
Although monitoring of muscle fiber length would be
ideal, it has been shown that EDV of the left ventricle is
a better indicator of muscle fiber length than pulmonary
artery occlusion pressure (PAOP). These relationships are
also valid for the RV. Right ventricle loading and performance are difficult to measure because of the functional
anatomy and complex geometry. Up to now, right ventricular function can be assessed by different methods: biplane
angiography, radionuclide techniques, echocardiography,
magnetic resonance imaging, and thermodilution. The
complex RV structure and position affects the accuracy of
ventriculographic as well as echocardiographic measurements. The accuracy of radionuclide ventriculography has
also been questioned. Therefore, a widely accepted gold
standard for the assessment of RV volume and ejection
fraction does not exist. However, only two techniques,
echocardiography and thermodilution, are used to monitor right ventricular and global heart function during
surgery and at the bedside (in the critically ill patients).

Characteristics
The hemodynamic monitoring has been mainly directed
to the left side of the heart. A normal cardio-circulatory
homeostasis, however, depends on adequate function of
both ventricles. Change in dimension and performance of
one ventricle influences the geometry of the other. There is
growing interest in the importance of the right side of the
heart, particularly in patients suffering from sepsis,
trauma, acute respiratory distress syndrome (ARDS),
and in heart and liver transplanted patients [2–5].
There is indeed a renewed interest in pulmonary artery
catheter (PAC) that allows calculation of right ventricular
volumes on the basis of the thermodilution technique.
The first generation of such catheters was introduced in
the 1980s. The current generation of PAC was introduced
in the late 1990s. It allows dual monitoring of the continuous cardiac output (CCO), continuous right ventricular
ejection fraction (RVEF), and continuous right ventricular end diastolic volume (RVEDV).
This PAC has been modified to contain a thermal
filament 10 cm in length located approximately 14–25
cm from the tip of the PAC. The PAC also contains
a thermistor located 4 cm from the tip of the catheter.
The thermal filament emits pulses of thermal energy as the
signal (or indicator) changing the temperature of the
blood. The new RVEF algorithm generates a relaxation
waveform resembling the bolus thermodilution washout
decay curve (Fig. 1). The waveform is based on the repeating on–off input signal and is generated by the accumulation of the temperature change for each on and off

TB
T3

EDV

T2
SV
T1

EDV – ESV

ESV

Thermal decay
T1  ESV  C + TB  (EDV – ESV)  C = T2  EDV  C

End Diastolic Volume. Figure 1 The catheter quantifies the RVEF, and then derives the RVEDV. The interval of time (Dt) between
the consecutive beats on the decay thermal curve is evaluated. Based on the principle of the energy conservation (thermal
energy within the blood in the PA) close measures of T are analyzed (T1, T2, T3) to obtain a differential between the points that
represents the EF. RVEF, right ventricular ejection fraction; RVEDV, right ventricular end diastolic volume; PA, pulmonary artery;
EF, ejection fraction; T, temperature
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segment of the input signal. RVEF is calculated on the
basis of the estimation of the exponential decay time
constant (t) of this curve and heart rate:
RVEF ¼ 1  exp½60=ðt  HRÞ
Subsequently, right ventricular volumes including
continuous RVEDV are then calculated using ejection
fraction, HR, and CO without the need for user
calibration or intervention. RVEDV is calculated as
(CCO/HR)/RVEF. Data are collected throughout the
entire respiratory cycle. The relaxation waveform measures the length of time needed to reach baseline from
80% of the peak change in temperature of the blood. CCO
and mixed venous oxygen saturation (SvO2) may be
obtained as well. The near continuous parameters are
updated approximately every 60 s, reflecting an average
of the measurements taken over the last 6–9 min. These
are described as “time averaged.” The advantage to the use
of this technology is that technical errors associated with
bolus measurements are eliminated.
With a radio nuclear method, in humans as well as in
experimental model, it has showed the accuracy and validity of this technique and it has been proved to be accurate
for measuring RV volumes (and RVEF) in comparison to
radiographic, radionuclide, and echocardiographic
methods. Measurement of RV volume by thermodilution
shows reproducible results.
While close monitoring of RV volumes using
thermodilution technique was assessed as a useful monitor, others stated good reproducibility, but less certain
accuracy. Some problems burden the clinical applicability of RVEDV and RVEF: the modified PAC shows
a delayed reactivity to rapid changes in intravascular
volume and temperature, data might be inaccurate if
there occurs poor positioning of the catheter in respect
to the tricuspid valve or of the thermistor in relation to
the pulmonary valve. RV monitoring using RV volumetric catheters may become less reliable in case of irregular
heart rate or high hearts rate (i.e., tachycardia >130–150
beats/min), because the R-R interval is too short to
identify ejection fraction.
Finally, the RVEDV is calculated from stroke volume
(SV), which, in turn, is derived from CO measurements:
this has raised a lot of concern on mathematical coupling
as potential limitation to the use of RVEDV as a preload
index. This issue was investigated, and it demonstrated
that this is not a limitation to the use of these parameters
in clinical practice.
In clinical studies RVEDV showed to correlate
with CO. But correlation between RV preload and
left ventricular function appears to be of particular
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value when considering volume challenge in patients
with inadequate cardiac output. In the critically ill,
the assumption that PAOP reflects left atrial pressure
and thus left ventricular end-diastolic pressure
(LVEDP) is often weak because of changes in ventricular compliance. Mechanical ventilation and use of
PEEP are the main causes of the discrepancy between
PAOP and preload status. The RVEDV showed to
better correlate with CO than PAOP in different clinical settings such as trauma surgery patients, septic
patients, mechanically ventilated patients, and finally
liver transplant settings.
Patients undergoing liver transplantation (Ltx) may
develop significant hemodynamic instability, especially
during the anhepatic stage, immediately after reperfusion of the grafted liver, and for the subsequent hour
after reperfusion. A study using transesophageal echocardiography (TEE) suggested that isolated right ventricular (RV) failure might contribute to hemodynamic
instability. Another study suggested the presence of
impaired left ventricular (LV) function on reperfusion
based on a poor correlation between PAOP and CO.
Yet, central venous pressure (CVP) and PAOP are
usually poor indicators of end-diastolic ventricular
volume. Maintaining adequate CO in a liver transplant
recipient is essential in order to ensure tissue perfusion. However, aggressive volume replacement can
cause significant volume overload and should be
avoided. On the basis of the lack of correlation
between filling pressures and preload, a multicenter
prospective study was conducted to analyze the relationships between SV, RVEDV, and filling pressures
using the advanced technology of modified PAC. Two
hundred and forty four patients undergoing Ltx were
enrolled and hemodynamic data were collected
intraoperatively. Results indicate that RVEDV is
a better reflection of preload than CVP and PAOP.
These results indicate that RVEDV is a valuable indicator of preload and as such it might become
a useful tool to guide intraoperative fluid management. Low CO can be treated by volume administration when RVEDV is low and by inotropic support
if RVEF is low after exclusion of other causes of
decreased contractility in order to avoid massive
volume overload.
Even if the superiority of right ventricular end diastolic
volume on filling pressures has been demonstrated, the
debate on the weight of its limitations on its usefulness is
not ceasing. However, no large clinical trials are available
showing a beneficial impact of RV volume monitoring on
patient outcome.
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In conclusion, there is no evidence that a single monitoring improves the outcome, or that a single variable
should be better than others. By using more monitoring
devices, additional data are available and they may be
associated with all the other clinical information.
RV dysfunction has a crucial role in the cardiovascular
performance of the critically ill. Various factors can contribute to an abnormal RV performance including perioperative RV infarction, insufficient perfusion of the right
coronary artery, RV overloading, inadequate protection of
the right ventricle, or pulmonary damage with an increase
of the RV afterload.
Not only the pressures monitoring, but also
the accurate assessment of RV performance is necessary. Measurement of RVEDV using the fast-response
thermodilution technique is useful as a preload index.
In clinical practice, the absolute values of RVEDV are
not of interest, but the intraindividual changes (e.g.,
after volume therapy, inotropes, or vasodilators) and
the information obtained from RVEDV should be
integrated with the RVEF. The results on RVEDV are,
however, far from being uniform. The discrepancy in
the benefits of RVEDV monitoring as a surrogate of
cardiac preload is due to the different patient
populations studied.
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Endocarditis
DANIEL Z. USLAN, JOCELYN T. KIM
David Geffen School of Medicine, University of California,
Los Angeles, CA, USA

Definition
Infective endocarditis (IE) is an infection of the endocardium of one or more heart valves. Patients with IE can
develop severe valvular insufficiency, congestive heart
failure, intracardiac abscess, septic shock, and systemic
embolization requiring intensive care monitoring.
This infection can be categorized in multiple ways.
Traditionally, IE has been classified as subacute or acute
based on the chronicity of the disease and typical progression of untreated infection. Classification can also be
based on pathology [native valve endocarditis (NVE) or
prosthetic valve endocarditis (PVE)] or by epidemiology
(community-acquired IE, health care–associated IE
[HCIE], or intravenous drug user IE). This entry will
focus on the pathophysiology, clinical presentation, and
management of IE in the hospitalized patient. Other forms
of non-valvular cardiovascular infection are being seen
increasingly in the hospitalized patient, including infection involving pacemaker, defibrillator or left ventricular
assist devices, along with vascular graft or conduit infection. Review of these entities is beyond the scope of this
entry.
The division between subacute (SBE) and acute bacterial endocarditis has become increasingly blurred. In the
past, SBE suggested a community-acquired infection with
less virulent organisms such as viridans-group Streptococci or Enterococcus. SBE often presents with indolent
symptoms such as low-grade fever, weight loss, or other
nonspecific systemic symptoms. Acute IE, typically due to
Staphylococcus aureus is characterized by an aggressive
course, often with high fever and significant systemic
toxicity, including sepsis syndrome. The epidemiology of
S. aureus infections has changed substantially over the past
decade. IE from S. aureus is now more common than
S. viridans in many parts of the world [1]. Improved
microbiologic and echocardiographic techniques have
reduced the incidence of SBE as a cause of fever of
unknown origin.
The significance of HCIE has become increasingly
important in today’s health-care environment. HCIE
includes all cases of nosocomial and non-nosocomial
HCIE. Nosocomial IE is defined as IE that develops more
than 48 h after admission. Non-nosocomial HCIE is
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IE that occurs in an outpatient who has had extensive
health-care contact, including recent hospitalization,
hemodialysis or other outpatient infusions, or nursing
home residence [1]. Due to significant changes in healthcare delivery over the past decade, HCIE due to S. aureus
has become the single most common form of IE.

Pathophysiology
All types of endocarditis share a similar pathophysiology.
Bacteria arrive on the valve through secondary seeding
from another source. In HCIE, the source is commonly
an intravascular device such as central venous catheter or
a hemodialysis catheter. However, bacteremia may occur
as a result of any number of conditions, including pulmonary infections, intra-abdominal infections such as
cholangitis, or infection of the urinary system. The development of IE depends of the formation of a sterile platelet
fibrin thrombus on the valvular endothelium, which
serves as the nidus of infection. Thrombus formation
occurs secondary to turbulence or trauma to the endothelium. In the setting of bacteremia, the activated platelets
and local milieu encourage bacterial adhesion to the
thrombus. Some organisms, such as S. aureus, may initiate
thrombus formation even on undamaged endocardial
surfaces, whereas typical SBE depends on a preformed
thrombus. Once adherence to the surface occurs, the bacteria grow and invade the valvular leaflets. Hospitalized
patients are at particular risk for bacteremia due to central
venous catheters and cardiovascular devices such as prosthetic valves and pacemaker/defibrillators. Hemodynamic
factors and turbulent blood flow may lead to increased
endothelial cell reactivity and platelet deposition, and
ultimately the development of endocarditis.

Epidemiology
An institution’s incidence of IE varies depending on the
prevalence of risk factors in its patient population. For
example, communities may have varying numbers of
patients with intravascular devices, cardiac surgeries,
intravenous drug use (IVDU), or congenital heart disease.
Before the 1980s, IE tended to be an indolent infection
occurring in younger adults with rheumatic heart disease
(RHD). Over the years, the epidemiology of this
disease has dramatically changed in many ways.
Due to the increasing use of intravascular and intracardiac medical devices, subsequent infections also
increased. HCIE account for 39.1% of the cases of all
types of IE. It is anticipated that the rates of the HCIE
will continue to climb due to rising rates of bloodstream
infection, increasingly ill patients admitted to intensive
care units, and higher prevalence of cardiac devices [2].
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Almost any abnormal structure of the heart can predispose to development of IE. RHD is no longer the most
common cardiac risk factor for IE. In the United States,
degenerative and atherosclerotic valvular abnormalities
such as calcific aortic stenosis account for 50% of IE
cases. PVE accounts for 20% of IE. The most common
valvulopathy associated with native valve IE is due to
mitral valve prolapse. Congenital heart disease is
a significant risk factor for IE. While bicuspid aortic valves
are the most common valvulopathy associated with IE,
patients with tetralogy of Fallot have the highest incidence
of IE among congenital heart disease. Coarctation of the
aorta and ventricular septal defect are also significant risk
factors for IE.
Postoperative patients are at risk for IE as a result of
a surgical site infection causing transient bacteremia, often
with S. aureus. C. parapsilosis IE may be more frequently
seen in post-cardiac surgical patients. A surgical wound
infection was the primary source of infection in 90% of
cases of HCIE [3]. S. aureus bacteremia following median
sternotomy is particularly ominous and frequently predicts the presence of mediastinitis or endocarditis.

Microbiology
The microbiologic epidemiology of IE has changed drastically over the last several decades. Historically, S. viridans
was the most common cause of bacterial endocarditis. The
source of infection was thought to be from transient
bacteremia with oral flora seeding predisposed cardiac
valves. However, S. aureus is now the most common
cause of IE due to the increasing prevalence of intravascular devices and associated bacteremia. A recent prospective observational study found S. aureus to account for
31.1% of all types of IE [1]. Early infection (<2 months
since implantation) of prosthetic valve is most likely due
to S. aureus. Viridans-group Streptococcus are the second
most common cause of IE, accounting for 18% of the
cases, followed by Enterococci.
Coagulase-negative staphylococcus, the most frequent
cause of catheter-related BSI, accounts for 10.5% of IE and
approximately 20% of late infection (2 months since
implantation) of prosthetic valves. Although nosocomial
gram-negative bacteremia is common, HCIE due to
a non-HACEK (Haemophilus aphrophilus; Actinobacillus
actinomycetemcomitans;
Cardiobacterium
hominis;
Eikenella corrodens; and Kingella kingae) gram-negative
organism remains quite rare and accounts for only 2.1%
of IE. Pseudomonas aeruginosa is the most frequent cause
of gram-negative IE and is often associated with IVDU,
hemodialysis and cardiac surgery. Polymicrobial infection
accounts for less than 2% of the cases of IE.
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Culture-negative IE accounts for approximately 8.1% of
cases and is frequently due to preceding antibiotics.
Due the increasing incidence of fungemia, fungal
endocarditis accounts for 1.8% of IE and 5% of the cases
of HCIE. Most cases are secondary to Candida albicans,
although C. parapsilosis IE may be more frequently seen in
post-cardiac surgical patients.

Evaluation/Assessment
Upon initial evaluation, a detailed history and physical
examination can often shed clues as to the most appropriate empiric therapy while awaiting culture results.
Patients with a history of health-care contact, such as
nursing home residents or recipients with intravascular
devices, should be covered for appropriate organisms such
as MRSA. Patients should be asked about intravenous
drug use and examined for physical evidence (such as
needle stick marks). Postoperative patients should have
their wounds examined closely for evidence of surgical site
infection. Sites of indwelling central venous catheters
should be inspected closely. Patients at risk for PVE should
prompt a low threshold for echocardiography.
The diagnosis of IE may be based on pathologic or
clinical evidence. The Duke Criteria are useful for diagnosis because they incorporate pathologic and clinical
criteria including echocardiography. A pathologic diagnosis relies on demonstration of a microorganism by gram
stain, culture, or histology from a vegetation, or
a vegetation that has embolized, or an intracardiac abscess.
A clinical diagnosis can be made by two major criteria, one
major and three minor criteria, or five minor criteria.
The major clinical criteria consist of the following:
● Persistently positive blood cultures with a likely pathogen such as S. aureus, S. viridans, S. bovis, HACEK
group, enterococci. Blood cultures must be drawn
more than 12 h apart or all of three or a majority of
four or more blood cultures with the first and last one
an hour apart
● Echocardiographic evidence of IE (i.e., valvular vegetation, new or partial dehiscence of a prosthetic valve
or an intracardiac abscess)
● New regurgitant murmur
● Serological or culture evidence of infection with
Coxiella burnetii
Minor criteria include:
● Fever
● Vascular signs, i.e., embolization, Janeway lesions
(non-tender erythematous or hemorrhagic lesions on
the palms or soles)

● Immunologic signs (i.e., glomerulonephritis, Roth’s
spots (lesions in the retina of the eyes), or Osler’s
nodes (tender nodules on the fingers or toes)
● Predisposing valvular condition that causes significant
regurgitation or turbulence of blood flow or intravenous drug abuse
● Positive blood cultures that do not meet the strict
definitions of a major criterion
● An elevated rheumatoid factor titer in without
a known prior rheumatologic disorder
Although the diagnosis of IE appears straightforward,
it is often missed. The clinical manifestations of contemporary IE may be difficult to identify as classic signs,
symptoms, and stigmata are usually absent. Less than
20% of patients with echocardiography proven S. aureus
IE have classic stigmata of embolic or immunologic phenomena on clinical examination [4]. Thus, clinical suspicion is vital to establishing an early and accurate diagnosis
of IE, and the use of echocardiography is crucial in
patients at risk for acute IE.

Laboratories
Initial laboratories may include a complete blood count,
basic metabolic panel, urinalysis, and coagulation panel.
A minimum of three sets of blood cultures from different
venipuncture sites will improve the sensitivity of culturing an organism. As noted, it is vital to obtain blood
cultures prior to initiation of antimicrobial agents, as
the most common cause of culture-negative IE is prior
antibiotics.
Anemia of chronic disease can also occur as a result of
chronic infection. Leukocytosis may also be seen. Proteinuria and hematuria signifies renal dysfunction
and suggests glomerulonephritis. Elevated rheumatoid
factor may occur as an immunologic phenomenon.
Erythrocyte sedimentation rate is often elevated,
although nonspecific. Complement factors such as C3,
C4m, and CH50 are often decreased with subacute IE. In
culture-negative IE, serological testing for organisms
such as Coxiella burnettii (Q fever) and Bartonella may
be considered given the proper epidemiologic history and
risk factors.

Echocardiography
Echocardiography is critical to the diagnosis of IE.
Evidence of mass or vegetation, new valvular regurgitation, or prosthetic valve dehiscence is part of the
major criteria for the diagnosis of IE. Fowler et al.
prospectively studied 103 patients admitted to the
hospital with S. aureus blood stream infection, all of
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which underwent both TEE (transesophageal echocardiography) and TTE (transthoracic echocardiography).
Clinical evidence of IE was rare, but 25% of patients
were found to have definite IE by echocardiography. TEE
had increased sensitivity for diagnosis compared to TTE.
Interestingly, clinical findings and predisposing heart
disease may not accurately predict which patients will
have IE and therefore echocardiography, particularly
TEE, is crucial to establish diagnosis.
However, TTE is often the first modality of choice
when patients are at low risk for IE, or TEE cannot be
performed in a timely manner. TEE is often reserved for
moderate to high risk of IE, need for confirmatory testing
of indeterminate TTE, or patients with suspected PVE.
TEE is usually not recommended in low-risk patients with
a negative TTE [5]. On the other hand, if the clinical
suspicion for IE remains high despite a nondiagnostic
TTE (e.g., sustained bacteremia or evidence of systemic
emboli), TEE should be pursued.
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including ventilator-associated pneumonia, catheterassociated urinary tract infection, and intra-abdominal
infections. It is essential to obtain blood cultures for febrile
patients in the ICU rather than simply escalating or changing antibiotics empirically due to new fevers or change in
hemodynamic status.
After the diagnosis has been made and the patient
stabilized, close monitoring is required. Initial management decisions may vary, in particular for patients
with left-sided IE. For example, new onset of heart
failure or arrhythmias may suggest development of an
intracardiac abscess and should prompt surgical evaluation, while onset of new neurological symptoms
should necessitate a detailed neurologic evaluation
and further imaging. Additionally, many patients in
the ICU may have frequent changes in their renal
function (either as result of treatment-related toxicities
or underlying medical conditions) or may be receiving
hemodialysis necessitating close monitoring of antibiotic levels and dosing requirement.

Electrocardiography
An electrocardiogram (EKG) may show evidence of new
condition delay conduction delay suggesting septal or
aortic valve disease.

Other Imaging Studies
Chest radiography may detect evidence of congestive heart
failure or septic pulmonary emboli. Ventilation/perfusion
scan or chest CT may confirm the presence of pulmonary
emboli. CT scans or MRIs may also be used to localize the
presence of metastatic seeding or emboli to distal organs
such as the kidney, spleen, or brain.

Treatment
A multidisciplinary approach involving specialists in
infectious disease, cardiology, cardiac surgery, and critical
care is often required. Empiric antibiotics will depend
upon a patient’s history and the hospital’s microbiologic
epidemiology. Given the current prevalence of MRSA in
most of hospitals and communities, empiric treatment
should include appropriate agents, such as Vancomycin.
A detailed guideline of the antimicrobial management for
infective endocarditis is covered in the American Heart
Association guideline and are beyond the scope of this
review [5].
Ultimately, the identification of an etiologic pathogen
is crucial for optimal management of IE. However,
obtaining an etiologic pathogen may be confounded due
to prior antibiotic administration. The microbiologic
diagnosis of IE is difficult since hospitalized patients in
the ICU may be on antibiotics for any number of reasons,

Surgery
Surgery is used as an adjunct to medical therapy in approximately 25% of IE. As the indications and decisions regarding selection of patients for surgery and timing of surgical
intervention are complex, the decisions are best made with
conjunction with an experienced cardiovascular surgeon
and infectious disease specialist. The most common indication for surgery is uncontrolled or progressive infection
despite appropriate antibiotics. The AHA guidelines note
the need for emergent surgical evaluation in any patient
with IE and congestive heart failure, as the incidence of
reinfection of newly implanted valve is much less than the
mortality rate in these patients without surgery, which is as
high as 51%. Other scenarios where surgery should be
considered should include recurrent systemic emboli
despite appropriate treatment, fungal infection, infection
with multidrug-resistant or difficult-to-treat organisms
(such as pseudomonas or acinetobacter). Cardiac complications such as perivalvular abscesses, valve rupture, or
perforation are other condition that may require surgical
intervention. Generally, surgery is more commonly undertaken for prosthetic than native valve IE. Optimal timing of
surgery can be difficult to determine, in particular in
patients with neurologic manifestations of IE such as intracranial mitotic aneurysms or systemic emboli.

After-care
Treatment of IE historically required prolonged
hospitalization both due to the need for parental
antibiotics as well as to monitor for complications.

857

E

858

E

Endogenous Infections

The routine availability of devices such as peripherally
inserted central catheters (PICC) and advances in
home infusion therapy have allowed outpatient antimicrobial therapy to become routine for treatment
of IE once patients are stable for hospital
discharge. Improved echocardiographic methods and
understanding of risk factors for poor outcomes may
help select patients who benefit from ongoing
hospitalization.
The AHA guidelines recommend that patients
nearing completion of antimicrobial therapy for IE
should receive a TTE to establish a new baseline [5].
Other recommended care includes discontinuation of
intravascular devices if possible, drug rehabilitation referral for patients with a history of IVDU, education regarding antimicrobial prophylaxis for dental procedures, as
well as dental evaluation and treatment. Because IE may
relapse, patients should be educated about signs and
symptoms of IE and advised to seek medical attention
for any febrile illness. Additionally, prior IE is
a significant risk factor for future IE. Physicians seeing
patients with a febrile illness who have a recent or remote
history of IE should have a low threshold for obtaining
blood cultures and not simply treating with empiric antimicrobial therapy. Long-term follow up should emphasize
monitoring of valvular function, minimization of intravascular devices, and maintenance of proper dental
hygiene.

Prognosis
The prognosis of IE varies widely on the patient’s comorbid conditions, infecting organism, and the severity of
infection. Factors associated with poor prognosis included
advanced age, infection with MRSA, PVE, heart failure,
and embolization. S. aureus HCIE is associated with
higher mortality than community-acquired S. aureus IE.
The prognosis from IE due to Candida or gram-negative
organisms such as pseudomonas is generally poor,
although early surgical interventions may have improved
mortality rates.

Cross Reference

▶ Cardiac and Endovascular Infections
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Endogenous Infections
In endogenous infections, the etiologic infectious agent
stems from the colonizing flora of the same patient.
Endogenous infections are provoked by breaches in the
defense mechanism that allow colonizing microorganisms
to become invasive. In secondary endogenous infections,
the causative microorganisms have been acquired from
a contact with the health-care system at an earlier moment
in time. In contrast, primary endogenous infections
engage a pathogen from the autochthonous flora of the
patient.

Endogenous Natriuretic
Hormones
▶ B-Type Natriuretic Peptide

Endometritis
▶ Puerperal Sepsis

Endomyometritis
▶ Puerperal Sepsis

Endothelial Cell Injury

Endomyoparametritis
▶ Puerperal Sepsis
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Endothelial Cell Injury. Table 1 Role of endothelial cell in
normal homeostasis
Vascular tone
Blood flow
Coagulation
Inflammation

Endoscopic Retrograde
Cholangio-Pancreatography
(ERCP)

Immunity
Angiogenesis
Permeability

▶ Gastrointestinal Endoscopy

Endoscopic Ultrasound (EUS)
▶ Gastrointestinal Endoscopy

Endothelial Cell Injury. Table 2 Pathological effects of
endothelial cell injury
Loss of autoregulation of vascular tone – vasoconstriction
Reduction of blood flow in capillary beds
Loss of anticoagulant protective factors, leading to
coagulation and thrombus formation
Up-regulation of pro-inflammatory cytokines

Endothelial Cell Dysfunction
▶ Endothelial Cell Injury

Endothelial Cell Injury
ASIF SHARFUDDIN, BRUCE A. MOLITORIS
Division of Nephrology, Department of Medicine, Indiana
University School of Medicine, Indianapolis, IN, USA

Synonyms
Endothelial cell dysfunction; Endothelialitis

Introduction
The endothelium plays a major role in health and disease.
It is a prime target for injury during acute critical illness
and may serve as the initiating and continuing systemic
response due to its central role as discussed below. Functions of the endothelial cells include control of vascular
tone, regulation of blood flow to local tissue beds, modulation of coagulation and inflammation, and lastly permeability (Table 1). The following sections will look at the
role of endothelial cells with special emphasis on renal
injury.

Increased expression of surface leukocyte adhesion
molecules
Loss of intact endothelial/interstitial barrier

Ischemia and sepsis are the two major types of injuries
seen in the intensive care setting. Both types of injuries
have profound effects on the endothelium. The renal
vasculature and endothelium are particularly sensitive to
these insults. When such an insult occurs, the endothelial
bed becomes ineffective in performing its function, and
this vascular dysregulation leads to continued ischemic
injury following the initial insult, which is termed the
extension phase of acute kidney injury (AKI) [1]. Histopathologically this is seen as vascular congestion, edema
formation, diminished microvascular blood flow, and
infiltration of inflammatory cells (Table 2).

Vascular Tone
Conger et al. were among the first to demonstrate that
postischemic rat kidneys manifest vasoconstriction in
response to decreased renal perfusion pressure and hence
cannot autoregulate blood flow even when total renal
blood flow had returned to baseline values up to 1 week
after injury. Goligorsky et al. have extensively studied this
increased constrictor responses and found that it could be
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blocked by Ca2+ antagonists. They also demonstrated the
phenomenon loss of normal endothelial nitric oxide
synthase (NOS) function was due to a loss of vasodilator
responses to acetylcholine and bradykinin. Although still
unclear, NO production from eNOS may be impaired at
the level of enzyme activity or modified by reactive oxygen
species to impair normal vasodilatory activity.
Administration
of
L-arginine,
NO-donor
molsidomine, or the eNOS cofactor tetrahydrobiopterin
can preserve medullary perfusion and attenuate acute
kidney injury (AKI) induced by ischemia/reperfusion
(I/R); conversely, the administration of No-nitro-Larginine methyl ester, an NO blocker, has been reported
to aggravate the course of AKI following I/R injury.
Although clearly important, these pharmacological studies make it difficult to assess the contribution of eNOS
impairment in the overall course of reduced renal function
following I/R.

Cytoskeleton
The cytoskeletal structure of endothelial cells includes
actin filament bundles that form a supportive ring around
the periphery, along with the adhesion complexes that
provide the integrity of the endothelial layer. The assembly
and disassembly of actin filaments is regulated by a family
of actin-binding proteins including actin depolymerizing
factor (ADF)/cofilin. With ischemic injury, the normal
architecture of the actin cytoskeleton is markedly changed
along with endothelial cell swelling, impaired cell–cell and
cell–substrate adhesion, and loss of tight junction barrier
functions. ATP depletion of cultured endothelial cells has
been shown to induce dephosphorylation/activation of
ADF/cofilin in a direct and concentration-dependant
fashion. This results in depolymerized and severed actin
filaments, seen as filamentous (F) actin aggregates at the
basolateral aspects of the cell [2].

Permeability
The endothelial barrier serves to separate the inner space
of the blood vessel from the surrounding tissue and to
control the exchange of cells and fluids between the two.
It is defined by a combination of transcellular and
paracellular pathways, the latter being a major contributor
to the inflammation-induced barrier dysfunction.
Sutton et al. have elegantly studied the role of endothelial cells in acute kidney injury by a series of experiments utilizing florescent dextrans and two-photon intravital imaging. The increased microvascular permeability
observed in acute kidney injury is likely a combination
of numerous factors such as loss of endothelial
monolayer, breakdown of perivascular matrix, alterations

of endothelial cell contacts, and upregulated leukocyte–
endothelial interactions. They have shown that 24 h after
ischemic injury there was loss of localization in vascular
endothelial cadherin immunostaining, suggesting severe
alterations in the integrity of the adherens junctions of the
renal microvasculature. In vivo two-photon imaging demonstrated a loss of capillary barrier function within 2 h of
reperfusion as evidenced by leakiness of high molecular
weight dextrans (>300,000 Da) into the interstitial space.
Breakdown of barrier function may also be due to matrix
metalloproteinase-2 or -9 activation [1].

Coagulation
The endothelial cell plays a central role in coagulation via
its interaction with protein C through the endothelial cell
protein C receptor (EPCR) and thrombomodulin. The
protein C pathway helps to maintain normal homeostasis
and limits inflammatory responses. Protein C is activated
by thrombin-mediated cleavage and the rate of this reaction is further augmented 1,000-fold when thrombin
binds to the endothelial cell-surface receptor protein
thrombomodulin. The activation rate of protein C is further increased by approximately tenfold when EPCR binds
protein C and presents it to the thrombin:
thrombomodulin complex. Activated protein C (APC)
essentially then has an anti-thrombotic actions, profibrinolytic properties, and participates in numerous
anti-inflammatory and cytoprotective pathways to restore
normal homeostasis.
Based on these properties, the endothelial cell plays an
absolutely essential and critical role in maintaining
a normal and healthy vasculature and endothelial bed.
During an inflammatory response, many of the natural
anticoagulants including protein C are consumed along
with down-regulation of EPCR and thrombomodulin
expression, which decreases the anticoagulant and antiinflammatory effects of the protein C pathway. Damaged
endothelial cells undergo apoptosis and this further contributes to amplifying the coagulation cascade because the
disrupted endothelium provides a procoagulant surface.
Activation of the inflammation and coagulation pathways
continues to cycle with little control, leading to enhanced
microvascular coagulation and endothelial cell dysfunction. Ultimately, microvascular function is compromised
resulting in disseminated intravascular coagulation (DIC)
and microvascular thrombosis, decreased tissue perfusion
and hypoxemia, and organ dysfunction/failure. It has
shown by investigators that treatment with soluble
thrombomodulin attenuates renal injury with minimization of vascular permeabilility defects and improvement in
capillary renal blood flow [3].

Endothelial Cell Injury
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Endothelial cell injury

Rouleaux
formation

↑ Coagulation

Loss of endothelial
cell-cell contacts

E
Endothelial cell swelling

Expression of adhesion
molecules

Cytokine
Release

Extracellular matrix
breakdown

Leukocyte
activation and
recruitment

Loss of endothelial cell monolayer
↑ Permeability

Leukocyte-endothelial cell
adhesion and interaction

Impaired flow

Endothelial Cell Injury. Figure 1 Endothelial cell injury

Inflammation
Altered endothelial cell function also mediates inflammation, a hallmark of ischemic injury that has been the
subject of numerous recent studies. Ischemia induces the
increased expression of a number of leukocyte adhesion
molecules such as P-selectin, E-selectin, intercellular adhesion molecule (ICAM), and B7-1. Consequently, it has
also been shown that strategies to pharmacologically
block or genetically ablate the expression of these molecules are protective against ischemic or septic AKI.
Investigators have also shown that T-cells also play
a major role vascular permeability during ischemic injury.
Gene micro-array analysis showed the production of TNFalpha and IFN-gamma protein was increased in CD3 and
CD4 T cells from the blood and kidney after ischemia.
Furthermore, it has also been demonstrated that in CD3,
CD4, and CD 8 T cell deficient mice, there is a significantly
attenuated rise in renal vascular permeability after
ischemic injury. Hence, T-cells directly contribute to the

increased vascular permeability, potentially through T cell
cytokine production.
Another feature noted during inflammation and
endothelial cell injury is the phenomenon of erythrocyte
trapping with rouleaux formation, prolonging the reduction in renal blood flow, and exacerbating tubular injury.

Long-Term Effects of Endothelial
Cell Injury
There is now recent evidence that acute injury to endothelial cells may have long-term chronic implications. This
finding has been shown in a series of publications by Basile
et al. where the investigators have shown significant reduction in blood-vessel density following ischemic injury
leading to the phenomenon of vascular dropout. This
was verified by Sutton et al. who found a drop in the
vascular density by almost 45% at 4 weeks after an ischemic insult. This suggests that unlike the renal epithelial
tubular cells, the renal vascular system lacks comparable
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regenerative potential. It is not clear yet whether apoptosis
and necrosis play a major role in endothelial cell dropout.
Ischemia has been shown to inhibit the angiogenic protein
vascular endothelial growth factor (VEGF) while inducing
ADAMTS-1, thought to be a VEGF inhibitor. It was then
postulated that the lack of vascular repair could be due to
lack of VEGF, as shown by experiments where administration of VEGF-121 preserved the microvascular density.
Reduction of the microvasculature density increases
hypoxia-mediated fibrosis and alters proper hemodynamics, which may lead to hypertension. This may play
a critical role in the progression of chronic kidney disease
following initial recovery from ischemia/reperfusioninduced acute kidney injury [4].

Targets of Therapy: Role of Endothelial
Progenitor Cells
Due to its numerous mechanisms in initiating as well as
continuing existing injury, there are several targets available to reduce the effect of endothelial cell injury as well as
potentially minimize actual endothelial cell damage itself
(Fig. 1).
The concept of restoration of vascular supply to damaged or ischemic organs for accelerating their regeneration
is well established. One therapeutic strategy based on this
concept is the delivery of angiogenic factors.
The current view is that Endothelial Progenitor Cells
(EPCs) are a heterogeneous group, which by latest count
originate from Hematopoietic Stem Cells (HSCs) or their
angioblastic subpopulation and mesenchymal stem cells
(MSCs). In the bone marrow, these cells are characterized
by the combination of surface markers such as CD34,
VEGF-R2 (Flk-1), and an early marker CD133; moreover,
in the blood they may express markers of HSC, c-kit, and
Sca-1. Upon further differentiation, these cells lose CD133
and acquire VE cadherin and von Willebrand factor.
There is a growing body of evidence that endothelial
progenitor cells (EPCs) may improve vascular regeneration
in different ischemic organs. Recent data also suggests that
EPCs are mobilized after acute ischemic injury and are
recruited in the ischemic kidney, where they can ameliorate
AKI through both paracrine effects as well as repair of the
injured renal microvasculature. Transplanting intact endothelial cells in injured ischemic vasculature has also shown
promise in reduction of ischemic injury. Although the
underlying mechanisms are not fully understood, replacement of damaged cells will mainly be generated by neighboring cells or cells recruited from the circulation [5].
In summary, the endothelial cell is now recognized as
a major contributor to the initiation and extension of
acute kidney injury and targeting the mechanisms to

block these dysfunctional intracellular processes may be
of key therapeutic value in the field on intensive care
medicine.
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Synonyms
Capnograph; Capnography; Capnometry

Definition
End-tidal carbon dioxide monitoring is the noninvasive,
continuous measurement of the partial pressure of carbon
dioxide (PCO2) in the expired gas. Capnometry refers to
the numeric measurement of expired carbon dioxide,
while capnography refers to the graphical representation
of the variation in PCO2 with time.
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Pre-existing Condition
1. Patients who have a tracheal tube or supraglottic airway device inserted.
2. Patients who are mechanically ventilated.
3. Patients who are potentially respiratory compromised
and require monitoring of their respiratory status.

Measurement of End-Tidal Carbon Dioxide
There are many ways of measuring CO2 levels [1]
including infrared spectrometry, Raman gas analysis,
mass spectrometry, chemical colorimetry, and electroacoustic analysis. Among these, infrared spectrometry
is most widely used in the clinical setting. It involves
shining a beam of infrared of known wavelength,
through a glass sampling chamber containing the
gas to be analyzed. Absorption of CO2 peaks at about
4,300 nm. The higher the level of CO2, the more radiation
it absorbs. However, this form of measurement can be
affected by the presence of other gases such as water
vapor, carbon monoxide, nitrous oxide, and oxygen, but
the design of the analyzer usually compensates for it.
Infrared spectrometry is cost-effective and simple to set
up. This is important because of the confined space of the
intensive care unit. Expired gas can be analyzed in the
sampling chamber either by sidestream or mainstream
capnography.
Sidestream capnography involves continuous aspiration of gas from the breathing circuit to be analyzed in the
gas cell before being expelled into the environment. The
rate of gas flow can vary from 50 to 250 mL/min. Hence
significant error occurs when the sampling flow
approaches or exceeds the expired gas flow. Sidestream
capnography requires the attachment of a sampling line to
a side port on the main circuit (Fig. 1). It is linked to the
main analyzer via a series of connections, filters, and water
trap, rendering it at risk of disconnection, breakage, and
gas leakage. Depending on the rate of sampling gas flow
and caliber of the tube, there may be significant time delay
before the gas is analyzed and displayed graphically. The
lag time can be up to a few seconds. Such delays may have
a crucial implication in an emergency situation. A major
error that can be introduced into the analysis is the presence of water vapor, which is invariably present in expired
gas. This can be minimized by the addition of filter and
water trap: however, this requires regular maintenance to
ensure accurate results. Advantages of sidestream
capnography include a smaller weight on the airway
device and lesser risk of the airway device getting kinked;
it can also be used to monitor the respiratory pattern of
a patient who is not on invasive ventilation and breathing

E
a

b
End-Tidal CO2. Figure 1 (a) Mainstream capnography setup
in a breathing circuit. (b) Calibration module of mainstream
capnography

spontaneously. Automated self-calibration can be
performed with the CO2 sidestream analyzer.
In mainstream capnography, the measuring system is
connected in series with the breathing circuit and this
allows the measuring transducer to measure the PCO2
through a transparent window. Once again, presence of
secretions, water condensation, and particles can potentially lead to false readings and manual calibration is
required at regular intervals to ensure accurate reading.
The adapter-transducer (Fig. 2) is usually placed very near
to the airway device. As the setup has a significant weight,
it needs to be supported to prevent excess traction on the
airway device. Mainstream capnography has the advantage of a minimal lag time and it is not dependent on a gas
aspiration mechanism, as such it is not easily affected by
low expired gas flow rate, which may result in inaccuracy.

The Capnogram
The capnogram [2] is most frequently portrayed as partial
pressure of carbon dioxide (PCO2) versus time (Fig. 3).
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End-Tidal CO2. Figure 2 (a) Sidestream capnography setup in a breathing circuit. (b) Datex-Ohmeda airway module of
sidestream capnography showing water trap and connection of sampling tube

Phase I, by convention, refers to the period when
minimal level of CO2 is recorded. This is equivalent to
the inspiratory baseline because it is contributed by the gas
that is inspired. Phase I may be elevated when there is
significant amount of CO2 present in the gas mixture as in
the case of a patient ventilated on a rebreathing circuit
when CO2 absorption is incomplete. As the individual
expires, a sharp upstroke is observed as alveolar gas
mixes with the dead space gas before reaching a plateau.
The short phase of the upstroke is known as Phase II or
expiratory upstroke. Following Phase II, the PCO2 is
maintained at a constant level with slight variations. This
is Phase III, also known as expiratory plateau or alveolar
plateau. The PCO2 at the end of Phase III is the end-tidal
PCO2 (PetCO2). It represents the alveolar gas concentration of CO2. Phase III is usually the predominant phase in
the capnogram. It is quite common to observe a regular
oscillatory wave form in Phase III or even throughout
the four phases of the capnogram. This is especially
more noticeable in pediatric or thin patients with very
compliant lungs. This phenomenon is due to the transmission of pulsation from the beating heart to the lungs
and is regarded as a normal variation. As the individual

inspires, there is a sharp drop in the PCO2 as the inspired
fresh gas washes away the CO2 before reaching the inspiratory baseline. This inspiratory downstroke is also known
as Phase IV.

Application
End-Tidal Carbon Dioxide Monitoring as
a Tool to Verify Tracheal Tube Placement
Capnography can be a quick, reliable, and noninvasive
tool to check the placement of the tracheal tube [3]. The
presence of the four phases of the capnogram with ventilation confirms the placement of the tube in the trachea.
However, this does not exclude bronchial placement.
Capnography may not indicate correct placement in the
following situations:
1. During cardiac arrest with inadequate chest
compressions.
2. Severe bronchospasm when there is minimal or no
alveolar ventilation.
3. Complete occlusion of the endotracheal tube by secretions or foreign body.

End-Tidal CO2
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End-Tidal CO2. Figure 3 The four phases of a capnograph

Esophageal intubation may also yield some semblance
of a normal capnogram due to exhaled gas being
forced into the esophagus during bag-and-mask ventilation. This may be seen in up to one third of
esophageal placement of the tracheal tube. In such
cases, however, there will be a quick progressive
decline of the PetCO2 as the CO2 present in the upper
gastrointestinal tract is washed out and is usually
nondetectable by the sixth breath.
A light, disposable colorimetric CO2 detector has been
used in place of capnography to verify tube placements in
remote location. When the detector is exposed to CO2, it
changes color due to a drop in pH. Different colors correspond to different concentration of CO2.
The use of capnography to confirm endotracheal
tube placement can also be translated to tracheal
placement of emergency surgical airway. Confirmation
of placement of tracheostomy or cricothyrotomy tube
reduces the risk of subcutaneous emphysema, caused
by bagging on a tube that has been cannulated into
a false passage.

End-Tidal Carbon Dioxide Pressure as an
Estimate of Arterial Carbon Dioxide Pressure
PetCO2 can be used as a noninvasive, continuous estimate
of the arterial CO2 pressure (PaCO2) [4]. In a healthy
individual who has no airway disease, the PetCO2 is almost

equal to the alveolar PCO2 (PACO2). PACO2 is also almost
identical to the PaCO2 in a healthy awake individual when
there is overall optimal ventilation and perfusion
matching. In healthy anesthetized individuals who are
undergoing positive pressure ventilation, the amount of
dead space and physiologic shunt can be increased to
about 10%, making a gradient of about 5 mmHg between
PetCO2 and PaCO2 (Pa-etCO2). Critically ill patients may
have various degrees and forms of respiratory pathology.
Although PetCO2 may not be a very reliable estimate of
PaCO2 in these patients, it can still be used as an indicator
to alert the clinician to any gross abnormalities and deviations from the baseline. In most situations, PaCO2 is
greater than PetCO2. So in the presence of high PetCO2,
one can assume the PaCO2 to be abnormally high.
A baseline PetCO2 and PaCO2 can also be obtained and
the gradient calculated. By assuming that there is no major
change in lung pathology or metabolism, PetCO2 can be an
estimate of PaCO2 based on the baseline. This can be used
to guide the physician in optimizing the ventilatory settings according to respiratory needs.
A sudden change in PetCO2 can be a sign of acute
problems that warrants further investigations. However, one must interpret PetCO2 with caution because
a stable PetCO2 does not guarantee stable hemodynamics
and pulmonary functions especially in critically ill
patients.
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Pa-etCO2 as an Indicator for Changes in
Hemodynamics
A widening of Pa-etCO2 gradient is mostly due to an
increase in physiologic dead space and can be found in
various clinical conditions. Such widening is frequently
due to decrease in cardiac output resulting in decreased
pulmonary blood flow, which in turn creates an increase
in ventilation dead space. This is commonly shown as
a dip in PetCO2 and it can be applied in situations of
pulmonary embolism and air embolism. Based on the
Pa-etCO2, a gradient >5 mmHg is suggestive of significant
emboli.

End-Tidal Carbon Dioxide Monitoring as an
Indicator of Adequate Cardio Pulmonary
Resuscitation
Since PetCO2 is largely dependent on the cardiac output, it
can be used to gauge the adequacy of chest compression
during cardiopulmonary resuscitation [5]. A high PetCO2
would indicate that the cardiac output generated by chest
compression is sufficient to produce pulmonary blood
flow for gaseous exchange. It has been shown that patients
with low PetCO2, during cardiac arrest have higher risk of
death, while patients who survived had a higher average
PetCO2.

Arterial and End-Tidal Carbon Dioxide
Gradient as a Guide to the Titration of
Positive End-Expiratory Pressure
Positive end-expiratory pressure has been shown to reduce
alveolar atelectasis by increasing the functional residual
capacity and improving the intrapulmonary physiologic
shunt. The Pa-etCO2 gradient has been postulated to be
lowest when there is optimal recruitment of the alveoli
without causing overdistension, which will result in
increased dead space. This has been shown to be beneficial
in animal studies, but its application in humans proves to
be difficult.

Capnography as an Indicator of Small
Airway Disease
In a normal healthy individual, most of the expiratory gas
is emptied from the alveoli at the same instance, resulting
in a constant level of PCO2 during phase III. However, in
patients with asthma, bronchospasm, or chronic pulmonary obstructive disease, there is narrowing of the bronchioles resulting in the alveoli having different time
constants in emptying their gases. This results in
a prolonged gas mixing during expiration, which is seen
as an upslope during phase III (Fig. 4). During an acute
exacerbation, capnography can be used as a diagnostic

PCO2 (mmHg)

40
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Time (s)

End-Tidal CO2. Figure 4 Capnograph of a patient with
bronchospasm

tool as well as a monitor to track the clinical response of
the patient to treatment with bronchodilator. This is
observed as the gradient during phase III gradually returns
to the normal plateau.

End-Tidal Carbon Dioxide as a Monitor of
Neuromuscular Blockade
In the critical care setting, neuromuscular blocking agents
are used to induce muscle relaxation in sedated patients
who require high ventilatory support or who are unable to
synchronize with the ventilator. Monitoring of muscle
relaxation is traditionally done with the “Train of Four”
nerve stimulation test. With the early recovery from muscle relaxation, spontaneous breaths can be recognized as
clefts (also known as curare clefts) during phase III
(Fig. 5).

Capnography as a Monitor of Respiratory
Pattern
The respiratory pattern of a nonintubated, spontaneously
breathing patient can also be monitored with
capnography. This is usually performed with sidestream
capnography by connecting the sampling line to a short
connector or intravenous cannula that is placed near the
patient’s nose or mouth while oxygen is administered via
a Hudson’s facemask. There are also commercial adaptations of the oxygen nasal prongs such that it
enables expired gas to be analyzed. This allows the
detection of hypoventilation or apnea when patient is
sedated for an invasive procedure. Patients who are at
risk of developing airway obstruction postextubation

Enhanced Recovery After Surgery Intervention
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The term “energy expenditure” refers to the amount of
calories used by an organism. The different components of
energy expenditure can be seen as a continuum. Basal
metabolic expenditure is the basal requirement in deep
sleep. Resting metabolic expenditure refers to a fasting
patient, resting in a thermoneutral environment. Resting
energy expenditure adds the thermic effect of food. Total
energy expenditure includes the energy expenditure associated with activity.
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End-Tidal CO2. Figure 5 Capnograph of a patient recovering
from neuromuscular paralysis

can also be monitored closely. Although the PetCO2
may not reflect the PaCO2 in such cases, it certainly shows
the presence of spontaneous breath as well as offers
a measurement of respiratory rate.

Conclusion
End-tidal carbon dioxide is a noninvasive, simple monitor
that can be used as a diagnostic as well as a monitoring
tool in many applications in the critical care setting. However, PetCO2 level measured at one instance must be
interpreted together with other clinical parameters in
making diagnoses.
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Synonyms
Accelerated recovery; Fast-track surgery; Multimodal
perioperative care

Definition
Enhanced Recovery After Surgery (ERAS) is a multimodal
pathway for perioperative care that is aimed at minimizing
the stress response during a patient’s journey through
a surgical procedure to facilitate the maintenance of preoperative bodily composition and organ function and
thereby achieve early recovery. The key factors that hinder
postoperative recovery and delay discharge after uncomplicated major abdominal surgery include the need for
parenteral analgesia due to ineffective pain control, intravenous fluids secondary to persistent gut dysfunction and
the need for bed rest due to lack of mobility. ERAS pathways incorporate individual care elements designed to
address these issues and emphasize the need for
a multidisciplinary team approach in the perioperative
management of patients using clear guidelines that are
based on best quality evidence. Since the introduction of
the concept in the 1990s by Professor Henrik Kehlet [1]
and his group in Denmark, ERAS groups have achieved

E

868

E

Enhanced Recovery After Surgery Intervention

similar results in general surgical departments using this
evidence-based care platform.

Components of ERAS
ERAS pathways integrate a range of perioperative interventions that are proven to maintain a balance between
normal physiological function and controlling the inflammatory response following major surgery to facilitate early
recovery, especially after elective colonic resections [2].
The elements that comprise ERAS programs are
implemented so that they may complement each other
to act synergistically and result in better clinical outcomes.
These elements of the ERAS pathway can be classified into
preoperative, intraoperative, and postoperative interventions (Table 1).

Evidence Base
Most of the individual elements of the ERAS programs are
derived from high quality studies [2]. The less-studied
elements which form part of ERAS may have also contributed to the outcome, based on common consensus opinions and derived from traditional care settings. A recent
meta-analysis of randomized controlled trials [3] has
reported that patients undergoing major open colorectal
surgery and managed with a perioperative ERAS pathway
had a primary hospital stay of 2.5 days less than those
managed with a traditional care pathway and 50% fewer
postoperative complications. There were no statistically
significant differences in readmission and mortality
rates, indicating that the reduction in length of stay can
be achieved without compromising patient safety. These

Enhanced Recovery After Surgery Intervention. Table 1 Components of ERAS
Preoperative

Intraoperative

Postoperative

Preadmission counseling:
Enables patients to have a clear
understanding of the intended
perioperative care with emphasis on preagreed goals. Has been shown to
minimize patient anxiety and facilitate
recovery.

Standard anesthesia protocol:
Rational use of short-acting agents and
preoperative commencement of midthoracic epidural blocks achieves
sympathetic blockade, reduces the need
for large doses of general anesthetic
agents, systemic opioids, attenuates
stress hormone release, gut paralysis,
postoperative insulin resistance, and
allows early recovery after surgery.

Mid-thoracic epidural anesthesia/
analgesia (TEDA):
TEDA results in better pain relief, earlier
return of bowel function, attenuated
stress response, insulin resistance,
reduced incidence of respiratory and
cardiovascular complications. ERAS
programs recommend continuous
low-dose mid-thoracic epidural using
local anesthetic and opioid
combinations for approximately 48 h,
following elective colonic surgery and
approximately 72–96 h after pelvic
surgery with boluses for breakthrough
pain. Paracetomol (acetaminophen)
(4 g/d) for baseline analgesia and
NSAIDS following removal of epidural
should be started postoperatively.

No prolonged fasting with oral fluid and
carbohydrate loading:
Overnight preoperative fasting for is
detrimental to patients and leads to fluid
deficits and postoperative insulin
resistance. Provision of food up to 6 h
preoperatively and clear carbohydrate
drinks up to 2 h preoperatively is safe and
improves outcome by ensuring that
patients are in metabolically fed state and
improving insulin sensitivity, even in
diabetic patients.

Prevention of hypothermia:
Active prevention of hypothermia is
associated with reduced risk of wound
infections, cardiac complications,
bleeding, and transfusion requirements.
Routine use of upper body-forced-air
heating blankets and the use of warm
intravenous fluids for prolonged
procedures are therefore recommended
in these patients.

Early mobilization:
Early mobilization decreases insulin
resistance, risk of thromboembolism,
and pulmonary dysfunction, while
increasing muscle strength, and
facilitates early discharge. The aim is to
encourage independence and
mobilization for at least 2 h on the day
of surgery (e.g., turning, sitting in bed)
and 6 h thereafter (e.g., walking).

Enhanced Recovery After Surgery Intervention
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Enhanced Recovery After Surgery Intervention. Table 1 (Continued)
Preoperative

Intraoperative

Postoperative

No (or selective) bowel preparation:
Applicable to colorectal surgery.
Mechanical bowel preparation leads to
depletion of fluid and electrolytes. Metaanalyses have shown no difference in
outcome if bowel preparation is used or
not. The role of mechanical bowel
preparation for ultralow rectal
anastomoses is still unclear and needs
further evaluation.

Maintenance of normothermia:
Active prevention of hypothermia is
associated with reduced risk of wound
infections, cardiac complications,
bleeding, and transfusion requirements.
Routine use of upper body-forced-air
heating blankets and the use of warm
intravenous fluids for prolonged
procedures are therefore recommended
in these patients.

Early oral nutrition:
Ineffective pain control, analgesia with
oral or intravenous opiates, loss of
appetite and lack of mobility,
contribute to delayed gastrointestinal
recovery. Early enteral feeding within
the first 24 h with protein enriched
nutrition supplements is safe and
tolerance to oral diet is a better
indicator of gut function and is
associated with decreased gut
permeability, early return of bowel
function, reduced length of stay, and
no increased risk of anastomotic
leakage or complications.

No premedication:
Long-acting sedatives, hypnotics and
opioids are associated with prolonged
recovery due to inability to drink or
mobilize postoperatively. Therefore,
short-acting medications are
recommended to facilitate early recovery.

Perioperative fluid management:
Perioperative fluid overload is associated
with delayed return of gastrointestinal
function, increased risk of cardiac and
infectious complications. The
recommended aims of fluid therapy
should be balanced fluids, avoidance of
hypo- or hypervolemia, sodium and fluid
overload. Goal-directed fluid therapy
using minimally invasive methods such as
Doppler probes is recommended in
certain high-risk cases to optimize
intraoperative fluid therapy.

Prevention of postoperative ileus:
Surgical stress, opioids, bowel handling
and fluid overload predispose to ileus
and impair GI function. Oral
magnesium oxide promotes
postoperative bowel function. Midthoracic epidural analgesia, avoidance
of fluid overload and laparoscopic
approach, where possible is
recommended. A low-dose laxative
such as magnesium oxide may also be
considered postoperatively.

Antithrombotic prophylaxis:
Major surgical procedures are associated
with high-risk thromboembolic
complications. Subcutaneous low-dose
unfractionated heparin or subcutaneous
low-molecular-weight heparin along with
graduated compression thromboembolic
deterrent stockings (TEDS) prevents these
complications and should be continued
postoperatively in certain high-risk
patients according to local guidelines.

No routine use of nasogastric tubes or
drains:
Avoiding routine use of nasogastric tubes
is associated with earlier return of
gastrointestinal function and is not
associated with increased risk of
anastomotic leak or length of stay.
Routine use of intra-abdominal drains in
colonic or rectal surgery does not reduce
the risk of complications. Drains should
not be used for routine colonic resections
above peritoneal reflections and for low
anterior resections only short term
(< 24 h) drainage should be considered.

Aggressive treatment of postoperative
nausea and vomiting:
Facilitates early oral feeding.
Symptoms related to postoperative
ileus and opioids can be more stressful
than postoperative pain. Female
gender, nonsmoking status, history of
motion sickness or PONV, and
postoperative opioids confer high risk.
Individuals at moderate risk (>2
factors) should receive prophylaxis
with dexamethosone sodium
phosphate at induction, or serotonin
receptor antagonist at the end of
surgery.
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Enhanced Recovery After Surgery Intervention. Table 1 (Continued)
Preoperative

Intraoperative

Antimicrobial prophylaxis:
Prophylactic antibiotics minimize
infectious complications in colorectal
surgery. The type of antibiotics should be
tailored according to local resistance
patterns, risk of Clostridium difficile, and
MRSA status. A single dose, one hour prior
to skin incision, and further doses for
procedures lasting more than 3 h is
recommended.

Postoperative
Postoperative laxatives:
Rapid recovery of gastrointestinal
function within 48 h in ERAS programs
incorporating elements such as TEDA,
early feeding, mobilization, and
laxatives, has been demonstrated
using scintigraphy methods. Therefore,
a low-dose postoperative laxative such
as magnesium oxide may be
considered to stimulate gut function.
However, no randomized study has
been performed of its individual
importance for early normalization of
bowel function within an ERAS
protocol.
Early removal of urinary catheter:
Prolonged use of indwelling urinary
catheters can increase the risk of
urinary tract infections. Early removal
of bladder catheters was not
associated with increased risk of
recatheterization for urinary retention
or infectious complications. However,
low rectal resections may require
1–2 days longer period of urinary
drainage, preferably with suprapubic
catheterization.
Discharge criteria:
Ensures patients have adequate oral
food and fluid intake, good analgesia,
mobilize independently and does not
result in increased readmission rates,
morbidity, or mortality.
Audit of compliance and outcomes:
Documenting defined outcomes after
implementation of ERAS programs
ensures standard of care and identifies
areas for improvement and allows
comparison between different
institutions.

results confirm the findings from other meta-analyses and
consensus reviews on ERAS pathways [2]. There is also
limited evidence to support the fact that elderly patients
and those with high ASA grades may also fare better when
treated within an ERAS pathway, and that age and nutritional status were not independent determinants of morbidity or mortality [4].

ERAS pathways have also shown positive outcomes
such as decreased length of stay and complications in
patients undergoing surgical procedures other than colorectal surgery, such as thoracic, vascular, orthopedics,
urology, esophageal, pancreatic, and liver surgery. However, the evidence is limited and needs further evaluation
in future prospective studies.

Enteral and Parenteral Feeding in Acute Renal Failure

Role of Laparoscopy
Several studies have reported individual advantages of
minimally invasive surgery such as reduced inflammatory response, decreased insulin resistance, improved
pulmonary function, early return of bowel function,
mobilization, less pain, reduced incidence of complications and readmissions, leading to shorter hospital
stay, early recovery, and, more importantly, similar
oncological clearance with no significant difference in
local, port, or wound-site recurrence or distant metastasis, despite varied postoperative management. The
evidence for laparoscopic resections for rectal cancers
is less clear; however, some studies have reported that
both laparoscopic resections and ERAS programs when
applied together, in rectal surgery, complement each
other in a synergistic way leading to better outcome
and can be safely implemented in general surgical
units.

The Team Approach
Implementation of the ERAS pathway has been shown to
improve patient in outcome after major abdominal surgery in dedicated centers as well as other hospitals. This
could be related to the changes in organizational structure
following implementation of these programs, which in
a shared practice environment has been shown to create
a complementary pattern of change, that favored better
outcomes for all patients, irrespective of treatment by
ERAS or traditional methods and without comprising
the workload or working environment of staff who implement the ERAS pathway. This multidisciplinary care
should be provided by a dedicated team comprising surgeons, anesthetists, dieticians, nurses, and physiotherapists. This approach has the potential advantages of
ensuring communication within the team members,
motivating patients with improved compliance to the protocols, facilitating active monitoring of progress and
auditing of outcomes. Successful implementation of
ERAS pathways have been reported following a brief preparatory period, emphasizing the need for staff and
patient education in achieving the intended goals of
ERAS pathways [5].

Applications
Although several studies and meta-analyses over the last
few years have shown that patients benefit from ERAS
programs, implementing ERAS pathways across multiple
institutions has remained a challenge. Some studies have
also reported successful implementation of ERAS elements with economic benefits and no increase in
complication and readmission rates. Changes in nursing
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tasks with reduction in both postoperative nursing care
per day as well as per stay have been reported with no
increased demands on nursing time. Although the exact
savings may vary between units and health-care systems,
undoubtedly shortening length of stay by 2–3 days saves
resources, and decreasing complication rates by up to 50%
reduces cost and suffering. Despite the overwhelming
evidence, the acceptance of principles of ERAS has been
slow amongst different health-care systems and clinicians.
A way forward seems to be to focus on identifying the
pitfalls that inhibit implementation of ERAS programs, so
that further developments can be made within health-care
infrastructures for successful delivery of ERAS pathways.
Improved application of ERAS pathways through staff and
patient education, a multidisciplinary approach to patient
care, maintaining compliance to ERAS elements, improving rehabilitation processes, benchmarking standards of
care and monitoring of performance against national and
international standards are recommended to further
improve resource utilization and health-care delivery
across all surgical specialties.
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Synonyms
Artificial nutrition; Enteral; Enteral feeding; Enteral tube
feeding; Total enteral nutrition; Tube feeding

Trade Names
There are more than 50 commercial adult enteral formulas
available throughout the world. As the availability and
trade name of each may differ depending on the country
of origin, it is advised to consult your local medical information service, and local enteral feeding companies, for
trade names.

Class and Category
Enteral nutrition can be classified under the main therapeutic class of nutritional support, subcategory enteral
nutrition or supplemental nutrition.

Indications
Nutritional support is considered to be a standard of
care for critically ill patients in the adult intensive care
unit (ICU). It has been shown to improve wound
healing, reduce complication rates, and reduce the
length of ICU and hospital stay and may reduce
mortality [1].
Enteral nutrition should be the first-choice nutritional support for patients who have a functioning
gastrointestinal tract, but are unable to be fed orally,
such as those patients in a comatose or semiconscious
state, with an unsafe swallow, or who have insufficient
oral intake.

Timing of Nutritional Support
Based on feeding guidelines initiatives conducted across
Australia, New Zealand, and Europe, patients who are
expected to stay in the ICU longer than 2 days should
receive enteral nutrition within the first 24 h of ICU
admission [2, 3].
Commencement of early feeding defined as within the
first 24 h of admission may offer a mortality benefit in
the critically ill patient. Recent metaanalyses addressing
the issue of timing of enteral nutrition show that the
provision of early enteral nutrition may reduce mortality
by 8–12% [1, 3, 4].

Dosage
Determining Caloric Requirements
Indirect calorimetry is regarded as the gold standard
method to determine resting energy expenditure in the
critically ill patient. ▶ Indirect calorimeters measure oxygen consumption and carbon dioxide production during
respiratory gas exchange. Portable indirect calorimeters
can be used in spontaneously breathing and ventilatordependent critically ill patients, and indirect calorimetry
may also be an optional integrated component of newer
mechanical ventilators. Indirect calorimetry results may
be unreliable in ventilated patients with a fraction of
inspired oxygen (FiO2) >60% when open circuit measurement systems are used. Indirect calorimetry is unavailable
in many ICUs.
In the absence of indirect calorimetry, caloric requirements should be set between 20 and 25 kcal/kg body
weight/day during the early ‘flow’ phase of critical illness,
increasing to 25–30 kcal/kg body weight/day during the
anabolic phase [2].
Equations such as Harris Benedict and Schofield are
often used to determine individual caloric requirements in
the critically ill. Both have been found to overestimate
caloric requirements in particular patient groups, which
may result in overfeeding.

Overfeeding
Overfeeding of ICU patients, particularly with carbohydrates, has been associated with adverse outcomes such as
hyperglycemia and hepatic steatosis. Although individual
patient conditions vary, overfeeding may be considered to
occur when providing >35 kcal/kg body weight/day.
To avoid overfeeding, if indirect calorimetry is not available, critically ill ventilated obese patients (body mass index
30 kg/m2) should be fed to their ideal body weight.

Enteral Nutrition

Overfeeding may also result if only the nonprotein
calories available in an enteral formula are considered
while determining actual feeding rates. The total caloric
content of an enteral formula should be used to determine
feeding rates and is calculated from the energy contained
in the nonprotein ingredients (lipid and carbohydrate)
and the energy contained in the protein ingredients of an
enteral formula.

Underfeeding
Enteral nutrition is often withheld for tests and
procedures, and frequently not restarted in a timely
manner. These interruptions can lead to patients not
meeting their estimated nutritional requirements during ICU stay.
The difference between directly measured or estimated
caloric requirements and actual caloric intake can be
termed ‘caloric balance.’ Being in negative caloric balance
has been shown to prolong mechanical ventilation, length
of hospital stay, and infectious complications in critically
ill patients. Careful monitoring of estimated requirements
versus actual caloric intakes and ensuring enteral nutrition
is recommenced after tests and procedures can help minimize underfeeding in the ICU.
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depending upon disease state. However, determining protein requirements for critically ill patients is challenging
and may need to be continually revised as a patient’s
disease state changes over time.

Determining Protein Requirements
Daily nitrogen balance studies have been used to determine protein turnover in the critically ill patient. Nitrogen
balance may be calculated by subtracting the excreted 24-h
urine urea nitrogen, plus a small correction for insensible
losses, from the nitrogen delivered during nutritional support. A positive nitrogen balance of 2–4 g/day is ideal, but
is difficult to achieve in the critically ill patient. Calculated
nitrogen balance may be inaccurate as it is affected by
disorders of nitrogen retention (severe hepatic failure or
creatinine clearance of <50 mL/min), large nitrogen losses
through diarrhea or wound drainage, inaccurate measurements of protein intake, and incomplete 24-h urinary
collection.
Monitoring of biochemical protein markers such as
albumin and prealbumin has not been validated for use
when determining adequacy of protein intake in the critical care setting.

Meeting Increased Protein Needs
Supplemental Parenteral Nutrition
Supplemental parenteral nutrition is not recommended
for patients who are able to meet their nutritional requirements entirely with enteral nutrition. However, in critically ill patients with enteral feeding intolerance who are
unable to meet 80% of their nutritional requirements
within 72 h of the commencement of enteral nutrition, if
prokinetic challenges and/or post-pyloric feeding have
been unsuccessful, supplemental parenteral nutrition
should be considered [2, 3].
As enteral feeding tolerance improves and enteral
intake is able to meet the estimated nutritional requirements, supplemental parenteral nutrition should be
weaned to minimize overfeeding.

Protein Intake
Critically ill patients have been shown to lose up to 5–10%
of lean body mass/week spent in the ICU. Adequate protein intakes are required for wound healing, maintenance
of lean body mass stores, and to support immune
function.
Current recommendations range between 1.0 and
2.0 g protein/kg actual body weight/day (1.5–2.0 g
protein/kg ideal body weight/day for obese patients)
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Standard enteral nutrition formula has high nonprotein
calorie to nitrogen ratios. For example, a standard enteral
formula may have a ratio of 150:1, which means for every
1 g of nitrogen it contains 150 kcal from carbohydrate and
lipid sources. A high protein enteral formula will have
a lower protein to nonprotein calorie ratio, often around
100:1.
Using a high protein enteral formula (100:1 nonprotein calorie to nitrogen ratio), or adding additional modular protein supplements to standard enteral nutrition
formula should be considered in patients with increased
protein requirements.
Examples of critically ill patients who may have
increased protein requirements include patients with
burns, short bowel syndrome, and those on continuous
renal replacement therapy.

Preparation/Composition
A large number of commercial enteral nutrition formulas
are available for use in the adult ICU. Most commercial
formulas are lactose and often gluten-free, and all contain
added vitamins, minerals, and trace elements.
The ideal combination of protein, carbohydrate, and
lipid for the critically ill patient remains unknown.
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Standard Polymeric Formulas
Standard polymeric formulas are often regarded as the
first choice for patients in the ICU due to their better
gastrointestinal tolerance and cheaper cost.
They typically contain 1–1.5 kcal/L of formula,
35–40 g of protein/L, 30% of total calories as lipid, and
have a lower osmolality due to their lower carbohydrate
content.
Standard polymeric enteral nutrition formulas contain intact proteins (from caseinates, soy isolates, and
whey), long-chain carbohydrates such as polysaccharides
and oligosaccharides, and long-chain triglycerides from
vegetable oils.

Nutrient-Dense Polymeric Formulas
Nutrient-dense formula may be considered in patients
who are fluid restricted, have poor gastric emptying,
or have higher caloric requirements. They usually
contain 1.5–2.0 kcal/L due to their higher carbohydrate content.
Formulas with caloric densities of 2.0 kcal/L are hypertonic to body fluids and ideally should be fed into the
stomach rather than into the small intestine to minimize
gastrointestinal side effects and allow gastric secretion
dilution.

Modified Protein and Modified Lipid
Formulas
Peptide-based and amino acid-containing enteral formulas are absorbed more rapidly into the gastrointestinal
tract than intact proteins, which are found in standard
polymeric formulas. Peptide-based formulas may also
promote water reabsorption in the colon. Modified protein formulas may be preferable in patients with severe
diarrhea, inflammatory bowel disease, and major gastrointestinal surgery.
Medium-chain rather than long-chain triglycerides
are absorbed directly into the portal system rather
than into the lymphatic system and do not require
bile salts for digestion. They also do not require
energy for absorption, storage, or use. Enteral formulas
that contain medium-chain rather than long-chain triglycerides may be useful in patients with chyle leaks
and fat malabsorption syndromes.

Fiber-Containing Formulas
Two types of fibers are present in fiber-containing enteral
formulas: nonfermentable and fermentable. Both have
been promoted to reduce diarrhea.
Nonfermentable fibers (lignans) are not broken down
by intestinal bacteria. They may be helpful in patients with

watery diarrhea as they can create an osmotic force that
absorbs water from the bowel lumen.
Fermentable fibers (gums, pectins, and cellulose) are
broken down by intestinal bacteria to form short-chain
fatty acids. The large bowel mucosa uses these fatty acids
as an energy source. As fermentable fibers bind bile salts
and slow gastric emptying they may also be useful in
reducing diarrhea.
High fiber formulas typically contain 8–14 g/L of fiber,
commonly from soy polysaccharide, a fermentable fiber.
Other nonfermentable fiber products are available and can
be added to enteral nutrition formulas to boost enteral
fiber content.
Research into the effectiveness of fiber-containing
products in the critically ill has yielded variable results.
We recommend a focus on the cause of the diarrhea rather
than on its management. This includes a review of current
medications and inspection of stool specimens for Clostridium difficile [3].

Vitamins and Trace Elements
Most commercial enteral nutrition formulas will meet
average healthy patient requirements for vitamins, minerals, and trace elements if 1,200–1,500 mL of formula/day
are tolerated.
Patients who are malnourished on admission may
require additional vitamins, minerals, and trace elements
on top of what is provided in standard enteral nutrition
formula. These requirements should be individually
assessed at ICU admission and regularly throughout the
ICU stay.

Novel Ingredients
Glutamine may be conditionally essential in critical illness, and is a key fuel source for enterocytes. Much
research has focused on glutamine-supplemented parenteral nutrition, but at this point in time glutaminesupplemented enteral nutrition has not been shown to
improve patient outcomes in heterogeneous critically ill
patient populations. A large factorial trial of glutamine
and antioxidant supplementation in patients able
to tolerate enteral nutrition is currently ongoing in
Canada (the REDOXS study, Clinicaltrials.gov identifier
NCT00133978).
Omega-3 fatty acids (eicosapentaenoic acid) from
fish oils, borage oil (gamma-linolenic acid) and
antioxidants have been promoted for use in patients
with acute lung injury. Vegetable-based sources of
omega-6 polyunsaturated fatty acids, which are
standard source of lipids in enteral nutrition, are
thought to be proinflammatory and may cause
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inflammatory-mediated tissue injury. In contrast,
omega-3 fats are a source of resolvins, which may
reduce inflammation. A large-scale clinical trial is
currently underway in an attempt to definitively
assess the effectiveness of these novel ingredients
in patients with acute lung injury or acute
respiratory distress syndrome (Clinicaltrials.gov identifier NCT00609180).
Arginine-containing enteral nutrition formula that
also contain omega 3 fatty acids and nucleotides has
been promoted to modulate immune function in the
critically ill patient. Despite being widely studied over
the last 10–15 years, the use of these formulas
remains controversial, particularly in patients with
sepsis or septic shock. Animal studies have suggested
arginine to be the problematic ingredient and at least
one enteral formula company has removed high
arginine-containing formula from the critical care
market.

Open Versus Closed Enteral Nutrition
Systems
Microbiological contamination of enteral nutrition
formula can occur during production, reconstitution,
preparation, storage, or administration.
Closed feeding systems are more common in the ICU
environment. Closed ready-to-feed enteral nutrition systems contain sterilized sealed liquid ingredients in order to
minimize microbiological contamination. As they are sold
in a ready-to-use delivery container, connection to administration tubing is all that is required before being fed to
the patient.
Open enteral nutrition systems provide more opportunities for microbiological contamination. They may
require additional decanting of enteral nutrition formula,
or reconstitution of powdered nonsterile formula or
ingredients before being transferred to an enteral nutrition
delivery container.
Regardless of the enteral nutrition system
chosen, good hygiene practices should be maintained
throughout all stages of enteral nutrition formula preparation and administration to minimize contamination
risks.

Contraindications
Patients with ischemic bowel, high volume enteric fistulae
(>500 mL/h), ileus, and imminent bowel surgery are often
considered unsuitable candidates for enteral nutrition. In
cases where enteral nutrition cannot be commenced
within the first 24 h of ICU admission, parenteral nutrition should be initiated [3].
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Other patient types such as those with base of
skull or severe facial fractures are not contraindicated
to enteral nutrition but nasogastric tubes may be
contraindicated. These patients can be fed enterally via
the orogastric route.

Adverse Reactions
Refeeding Syndrome

▶ Refeeding syndrome is characterized by severe electrolyte and fluid shifts associated with metabolic abnormalities. It is seen most often in malnourished patients who
have been fasted or starved and who then have full nutritional support recommenced.
Hypophosphatemia (a fall of >0.16 mmol/L to below
0.64 mmol/L) within 72 h of the onset of nutritional
support is considered the hallmark feature of refeeding
syndrome. In an observational study of mixed medical
and surgical ICU patients who had been fasted for
as little as 48 h, refeeding syndrome developed in 34%
of patients. Patients with refeeding syndrome had
a significantly longer duration of mechanical ventilation
and hospital stay.
Close monitoring and replacement of low electrolyte levels is essential. The provision of multivitamins,
including thiamine, and trace elements is also
warranted throughout the refeeding process [5].
Patients with refeeding syndrome may benefit from
short-term reductions in caloric intake, to <50% of
the rate at the time of onset, with a slow advancement to the original nutritional requirements over
4–5 days [5].

Aspiration Pneumonia

▶ Aspiration pneumonia is defined as the misdirection of
oropharyngeal or gastric contents into the larynx and
lower respiratory tract.
Despite a concern of increased ▶ aspiration pneumonia during enteral nutrition delivery, large clinical trials do
not document increases in witnessed aspiration resulting
in new pulmonary infiltrates associated with increased
enteral nutrition intakes [3].
Elevating the head of the bed to 30–45 in appropriate
patients receiving enteral nutrition may reduce aspiration
risk.
Other minimization strategies include regularly
checking the position of the enteral feeding tube to ensure
that it has not changed location, feeding into the small
intestine using post-pyloric feeding tubes, using
promotility agents and regularly monitoring for enteral
feeding intolerance.
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Enteral Feeding Intolerance
Impaired gastric absorption and slowed gastric emptying
are common in critical illness and have been estimated to
occur in 31–46% of all critically ill patients who are
gastrically fed.
Signs of enteral feeding intolerance include gastric
residual volumes >250 mL, excessive gastric distension
or discomfort, and vomiting.
If intolerance is encountered, promotility agents and
small bowel feeding tubes should be considered [3].

Small Bowel Feeding
The small bowel is known to have a greater absorptive
capacity than the stomach and is less likely to be effected
by reduced motility during critical illness. As it is located
further away from the lungs and pharynx, small bowel
feeding is also thought to decrease the risk of aspiration
pneumonia.
Direct comparisons of the advantages of small
bowel and gastric feeding in all critically ill patients
are inconclusive. In some trials, the volume of enteral
nutrition formula delivered via small bowel feeding
was increased, although this was not a consistent finding across all trials.
Due to the ease with which gastric tubes can be
placed, and the time delays that may be caused by
attempting to position a small bowel feeding tube in
all patients, a gastric tube should be the first choice
for all patients. Use of small bowel tubes should be
considered for patients who are intolerant of gastric
feeding.

Use of Promotility Agents
Promotility agents, such as erythromycin and
metoclopramide, are used to improve gastric emptying
and reduce intolerance.
Due to concerns regarding antibiotic resistance, careful
and considered use of erythromycin as a regular promotility
agent has been suggested.

Feeding Tube Placement
Incorrect feeding tube placement, causing accidental tracheal intubation, has been estimated to occur in 1% of all
patients who have a feeding tube inserted.
Routine chest x-ray to confirm correct tube placement
is considered essential and is strongly recommended
before commencing enteral nutrition. A chest x-ray is
appropriate at any time a feeding tube is suspected to
have moved.
Other clinical methods that have been used to confirm
tube position include assessing whether the length of
feeding tube external to the body has altered since the

chest x-ray, measuring the pH of the feeding tube aspirate,
and the presence of negative pressure when withdrawing
fluid from the feeding tube.

Drug Interactions
When oral medications are delivered concurrently with
enteral nutrition formulas, several factors should be
considered to minimize blocked feeding tubes, avoid
enteral nutrition–drug incompatibilities and prevent
reduced drug efficacy. Consult your pharmacist for
incompatibilities.
If appropriate, oral medications should be crushed, or
capsules opened and administered via the medication arm
of the feeding tube. Medications should not be given
directly into the enteral nutrition formula.
Feeding tubes should be flushed with water before and
after medication administration to prevent feeding tube
blockages, and to ensure that all medications are administered to the patient.
Before considering crushing tablets or decanting capsules via feeding tubes, check with your pharmacist to
ensure that this is appropriate and does not alter the
drug efficacy.
Liquid alternatives to oral tablets should be considered, however, liquid preparations are frequently sorbitol
based and hypertonic, and hence may cause gastrointestinal side effects including diarrhea.
Some medications can interact with enteral nutrition
formula and these include phenytoin, warfarin, carbamazepine, fluoroquinolones, and proton pump inhibitors.
Altering continuous feeding regimes to avoid the time
periods when these medications are delivered may be
warranted.
Intensive care pharmacists and dietitians are useful
resources when addressing these issues in the ICU
patient.

Mechanisms of Action
In the healthy adult, the primary source of metabolic
energy is glucose. If a healthy adult is fasted, and does
not receive any nutritional support, the body’s glycogen
stores are mobilized and converted into glucose for energy.
After approximately 24 h of fasting, these glycogen stores
may be depleted. After the body’s glycogen stores are
depleted, the healthy adult converts muscle protein into
glucose, later relying on its fat stores for energy.
Due to the increased metabolic requirements of
stressed critically ill patients, glycogen stores are
exhausted more rapidly than in the healthy adult.
After the glycogen stores are depleted, the critically
ill patient metabolizes muscle protein in preference to
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fat stores to generate energy. Trauma and septic patients
may use protein to provide the majority of the required
energy.
Proteins are involved in almost every cellular process
throughout the body. This includes key roles in cell signaling, cell adhesion, immune responses, and wound
healing. The provision of early enteral nutrition may prevent widespread catabolism of muscle protein as an energy
source and allow cellular processes, immune responses,
and wound healing to continue at a normal rate.
Enteral nutrition may also play a key role in
maintaining the gut barrier function and gut immune
function by providing key nutrients to the bowel mucosa,
including short-chain fatty acids from the breakdown of
fermentable fibers.

Guidelines
While nutritional support may be considered a standard
of care, observational studies have documented that up to
50% of ICU patients remain unfed 48 h after ICU admission. Active implementation of a feeding guideline may
improve the provision of nutritional support to ICU
patients [3].
Active implementation can be achieved through the
use of strategies such as academic detailing, audit and
feedback, active reminders, and educationally influential
opinion leaders [3].

Cross-References
▶ Nutrition, Trauma
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Enteroscopy
▶ Gastrointestinal Endoscopy

Envenomation
▶ Snake Bites

Enzyme-Linked Immunosorbent
Assay
Otherwise known as ELISA, this laboratory technique
detects the presence of an antigen or antibody by an
antigen–antibody interaction and use of an antibody
which is linked to an enzyme. The substrate for the
enzyme is then added, resulting in a visible signal (color
or fluorescence), which allows the determination of the
quantity of antigen or antibody in the original sample.

Epidermoid Cysts of the Spleen
▶ Splenic Cysts
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Epidural Hematoma
KEN R. WINSTON
Department of Neurosurgery, University of Colorado,
Denver, CO, USA

Definition
Epidural hematoma is the presence of blood, clotted or
otherwise, in the epidural space. The cranial epidural
space is bounded on its inner surface by dura and on
its outer surface by the bone of the cranial vault. There
is no cranial epidural space until the dura is dissected
away from bone. The cranial epidural space comes into
existence when the dura is separated from the bone by
pressure from arterial or venous bleeding into that
space.
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Early and accurate diagnosis of acute epidural
hematoma followed by prompt intervention is commonly followed by return to normal life. Missed or
delayed diagnosis or delayed intervention after diagnosis often results in severe neurologic impairment or
death. With the exception of cardiac arrest, there is
no diagnosis for which prompt and accurate diagnosis is more important.

Characteristics
Intracranial epidural hematomas can occur anywhere
along the inner surface of the cranial vault. The outer
contour of the epidural hematoma is determined by
the contour of the overlying bone and the inner contour is concave, as determined by the tightly stretched
dura over the hematoma. Therefore epidural hematomas are typically biconcave in shape. Dura is considerably more densely attached along the cranial suture
lines and over the base of the cranial vault and therefore most epidural hematomas do not cross suture
lines or occur in the base of the cranium unless
there is extensive fracturing.

Causes of Cranial Epidural Hematoma
Most epidural hematomas occur as a result of arterial
bleeding from one or more disrupted branches of
a meningeal artery, usually the middle meningeal artery.
Disruption of a meningeal artery is most often associated
with a fracture of the skull that crosses one of the meningeal branches but this is not a sine quo non. Epidural
bleeding from an epidural artery can occur without any
fracture, as a consequence of trauma-induced sliding of
the dura in an area of loose attachment to bone. Arterial
bleeding into the epidural space can also occur from
bleeding from a bony fracture site itself. A third source
of epidural bleeding is the dural venous sinuses, particularly the superior sagittal sinus. This is almost always
associated with fractures over the vertex and bleeding
from fractured bone may contribute significantly. As an
epidural hematoma expands and dura is progressively
separated from bone, additional bleeding sites may appear
and become significantly contributory.

Radiographic Appearance
Epidural blood typically has a radio-dense appearance on
CT; however, as the blood clots and contracts there can be
a serious component that is more radiolucent. If computed tomography is done before all of the epidural
blood has clotted or while active bleeding is occurring,
that portion of the epidural mass will have a radiolucent
appearance.

Clinical Presentation
Epidural hematomas almost always occur as
a consequence of blunt cranial trauma, and should be
considered in all cases of head trauma. An attempt to
make the diagnosis on the basis of history of severity of
trauma is unreliable. Seemingly minor trauma can produce epidural bleeding. It can occur at any age, with or
without loss of consciousness, and with or without fracture of the skull. There is no reliable clinical presentation.
There is a classic clinical presentation of epidural
hematoma that occurs in approximately one third or
fewer of cases. This presentation consists of blunt cranial
trauma followed by immediate loss of consciousness,
regained consciousness after a few seconds or minutes,
a lucid interval of minutes to hours, followed by progressive neurologic decline with contralateral hemiparesis and
a dilated pupil, usually but always, on the ipsilateral side.
The clinician should never await the appearance of the
classic presentation before neuroimaging.
Epidural hematoma in the posterior fossa is commonly, not universally, associated with rapid neurologic
deterioration. The Cushing triad of wide pulse pressure
with systolic hypertension, bradycardia, and an abnormal
respiratory pattern is common in this setting and most
patients have an occipital fracture. CT may also demonstrate hydrocephalus as a consequence of compromise of
the CSF pathway.
More commonly today epidural hematomas are diagnosed when computed tomography of the head is done as
part of an evaluation or screening in a patient who has
suffered head trauma but the clinician ordering the study
has no specific diagnosis – epidural hematoma or other –
in mind.
A particularly dangerous pitfall for clinicians occurs in
patients who have a brief loss of consciousness from head
trauma, followed by quick regaining of consciousness and
return to seemingly normal function – for example, an
athlete who returns to the game or a person who is able to
drive an automobile.

Natural History
Large epidural hematomas causing significant displacement of brain, often with transfalcine or transtentorial
cerebral herniations are life-threatening and can be
expected to continue to expand and result in cardiac
arrest and death. The same is true for hematomas that
are demonstrated on serial imaging to be progressively
enlarging. The time span from trauma to cardiac
arrest is quite variable and may vary from approximately 20 min to over 24 h but the latter is unusually
long.

Epidural Hematoma

Patients with relatively small epidural hematomas that
do not expand and no other abnormality on neurological
examination or scanning typically have no neurologic
symptoms.

Diagnosis
Diagnosis of acute epidural hematoma is now almost
always made with computed tomography. Only
extremely rarely is the diagnosis made solely on the
basis of history and physical examination. Everyone
with loss of consciousness, however brief, or with any
impaired neurologic function following head trauma
should have a CT and almost everyone who has received
a hard blow to the head should have a CT, regardless of
neurologic impairment. Of course a clinician must use
judgment in determining what constitutes a hard blow
to the head but assessment of severity of head trauma
based on history from the patient or other sources is
notoriously unreliable.
The presence of impaired consciousness, anisocoria,
reflex asymmetry, hemiparesis, and abducens nerve paresis is often seen in patients with epidural hematoma but it
is common to have none of these. The identification of
skull fracture, particularly one that crosses the course of
a meningeal artery, is of particular concern. There should
be high suspicion in all patients with multiple system
trauma and in all patients with suspected alcohol intoxication, regardless of neurologic findings. Also patients
with clotting disorders and those on anticoagulants are
much more prone to have significant intracranial bleeding
and more likely to have rapid expansion of small identified
hematomas.
The rapid transfer of trauma victims to trauma
centers results in very early evaluation and CT scanning. Because such early scanning may detect no
epidural blood or only very small amounts of blood,
this, particularly if combined with a normal or near
normal neurologic examination, can result in the false
conclusion that all is well and little or no observation
is necessary.
The classic neurosurgical teaching was that almost all
epidural hematomas must be surgically removed
emergently. Large ones were removed to relieve cerebral
compression that is often life-threatening and the small
ones were removed because they were believed to inevitably expand and become life-threatening. With the development of early and rapid neuroimaging and with the
relative ease in serial neuroimaging, it has become clear
that many epidural hematomas never become lifethreatening and the blood will slowly resolve over a few
days or weeks.
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Surgical Treatment
Treatment of acute epidural hematoma consists of craniotomy with total removal of the hematoma and definitive
control of the bleeding site or sites. Once surgery is
decided to be necessary, it should be done on an emergent
basis. For almost all patients there is sufficient time for
positioning of the patient in a sterile operating room,
scrubbing the scalp, proper draping, and attention to
sterile technique. In rare cases, for example, with precipitous neurologic deterioration or cardiac arrest, some or
all of these steps can be minimized or even skipped. After
the clot is removed, attention can be given to the details
that received little attention at the start of the operation.
The surgery itself is often technically simple, from
a neurosurgical viewpoint. After the bone flap is removed,
it is quite easy to remove the hematoma. The source of the
bleeding is usually apparent and most often easy to control. Bleeding from torn meningeal arteries can be controlled by electrocoagulation or ligation and the same is
true for small dural veins. Bleeding from the bone can be
controlled with bone wax. If there is epidural venous
bleeding from beyond the boundary of the craniotomy,
this can usually be controlled by suturing the dura to the
pericranium or to the bone with so-called tenting or
sleeper sutures. Arterial bleeding from the surrounding
epidural space may require removal of additional bone
to expose the source.
Bleeding from large venous sinuses can be difficult to
control, particularly if there is laceration of the sinus. If the
sinus bleeding is at the edge of the craniotomy, it can
usually be controlled with dural tenting sutures tied over
pieces of Gelfoam, followed by gentle manual pressure
through a cottonoid for a few minutes. Electrocoagulation
may be successful for very small bleeding sites from venous
sinuses but, if applied to large openings or if persistently
applied to small sites, this will enlarge the opening and
increase the bleeding. Vigorously bleeding venous sites can
almost always be controlled with Gelfoam, cottonoids,
and manual pressure for several minutes. Sometimes
bone fragments or a bone flap can be replaced over the
Gelfoam in a manner which tamponades the bleeding.
Attempt to close an opening in a large venous sinus with
sutures is usually unsuccessful, makes the opening larger,
and increases the blood loss; however, in very emergent
cases, this can be tried. In all but the most extreme circumstances, no attempt should be made to ligate the large
venous sinuses. This is almost never necessary and,
depending upon location, may result in extensive
venous-type cerebral infarction.
Under conditions in which no surgeon is available who
is familiar or confident in doing a craniotomy, the
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patient’s life may be saved by one or more bur holes and
removal of clot, by suctioning, of that part of the epidural
clot that is exposed. Some active bleeding may persist but
the wound may be packed open and the patient transferred to a medical center where there is a neurosurgeon.
Some surgeons routinely open the dura to inspect the
subdural space for the presence of subdural hematoma.
This decision should be made on the basis of the appearance of the preoperative neuroimaging and intraoperative
inspection. Clearly if there is evidence or significant suspicion of subdural blood, the space should be visualized
and appropriate action taken. However for many patients
with epidural hematomas, subdural hemorrhage can be
quite confidently excluded and therefore opening the
dural is unnecessary and adds some, albeit small, risk.
The placement of dural tenting sutures for prophylaxis, in contradistinction to placement for hemostasis, is
traditionally done but, in the opinion of the author,
unnecessary and can cause subdural bleeding. If the dura
is pulled excessively tight, it can “bowstring” the dura
beyond the edge of the craniotomy and cause epidural
bleeding that will appear on postoperative neuroimaging
and may require additional surgical intervention.
Closure of the craniotomy is straightforward. There is
no necessity for covering the entire area of exposed dura
with any hemostatic material; this expands the postoperative epidural space and serves little or no purpose. Placement of a Jackson-Pratt drain in the epidural space is
variably used by neurosurgeons but is favored by the
author.

Nonsurgical Treatment
Not all patients with epidural hematomas have to undergo
craniotomy because not all epidural hematomas are large
enough to significantly affect the underlying brain and not
all epidural hematomas continue to expand. Size and
location are generally considered to be important in making decisions to not do surgery but there is no generally
accepted criteria regarding what is safe. Hematomas if
3 mm or less in thickness and those with only 1–2 cm in
lateral extern are considered to be safe to observe by most
neurosurgeons. Those greater than 1 cm in thickness are
more likely to be considered unsafe, but there is no general
agreement on which are safe and which unsafe to observe.
It is generally agreed upon that if an epidural hematoma is
to be observed – that is, not immediately evacuated – there
should be close neurological monitoring and serial CT
evaluations until it is clear that the hematoma is stable in
size or slowly becoming smaller. Epidural hematomas in
the posterior fossa are considered to be more worrisome
when not evacuated. It is the author’s opinion that there is

a trend to manage more patients with epidural hematomas by careful observation and serial scanning.

Postoperative Management
All patients must be closely monitored after evacuation of
an epidural hematoma. Uncommonly, but very importantly, recurrent bleeding into the epidural space can
occur either in the same site or in the epidural space
adjacent to the craniotomy and the earlier this is detected
the better. Also in severely injured patients, delayed epidural hemorrhage in other locations, even contralateral,
may occur or become apparent in the hours or first day or
two after surgery. And of course bleeding into the subdural
space, ventricles, or brain parenchyma can occur and
cerebral edema may become apparent or become worse
after removal of an epidural hematoma. Therefore all
patients should have the neuroimaging repeated within
the first few hours after surgery and, depending on clinical
features, once or more thereafter.

Prognosis
Prognosis is excellent following surgical evacuation of
epidural hematomas in patients in whom the diagnosis is
made before significant damage has been produced by
compression and herniation of the brain. Most patients
diagnosed before there is significant impairment of consciousness return to normal life with little or no neurologic impairment. Diagnosis and treatment after the
appearance of coma, and particularly after cardiac arrest,
have a much worse prognosis and death is not uncommon. Brain damage occurs from brain compression which
can cause hypoxia, ischemia, and infarction, before the
pressure on the brain is released. Also the trauma that
produced the bleeding into the epidural space can cause,
not uncommonly, additional injury to the brain in
the form of cerebral laceration, subdural hematoma,
intracerebral hematoma, and brain contusion.
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of hours. Two forms of epiglottitis have been hypothesized
in adults: the classic form with the same presentation as in
children and the “supraglottitis,” with a slower onset and
less localization to the epiglottis but more oropharyngeal
inflammation [2].

Etiology

Epidural Monitor
▶ Intracranial Pressure

Epiglottitis
LIVIU-ADELIN GULDFRED
Department of Otolaryngology and Head and
Neck Surgery, Rigshospitalet, Copenhagen, Denmark

Synonyms
Laryngitis supraglottica; Supraglottitis

Definition
Epiglottitis is a potentially life-threatening inflammation
of the supraglottic structures, which can lead to sudden
fatal airway obstruction [1]. It is characterized by pronounced inflammatory edema of the epiglottis, usually
progressing to involve the aryepiglottic folds and the
entire supraglottic larynx. The swelling significantly
reduces the airway cross-sectional area, and obstruction
can result either from further swelling or from aspiration
of secretions or mucus plugging.
Because of the anatomical differences between adult
and pediatric larynx, epiglottitis has a more fulminant
course in children, who are more susceptible to acute
airway obstruction compared to adults. This can be illustrated considering Poiseuille’s law (F = dV/dt = (DP p r4)/
(8 ή L), where F is the volumetric flow rate, t is the time,
DP is the pressure difference between the two ends of the
tube (airway), r is the internal radius, ή is the dynamic
viscosity, and L is the total length of the tube); a child with
an airway diameter of 6 mm, who develops 0,5 mm edema,
will have a flow of 48% of baseline (assuming the other
parameters are constant). In contrast, an adult with an
airway diameter of 15 mm and the same edema will have
a flow of 76% of baseline.
The typical epiglottitis in children occurs between the
ages of 2 and 6 years and is characterized by rapid progress
of symptoms that can lead to airway obstruction in matter

Infectious causes. This is by far the most frequent
form of epiglottitis. The main causative agent has
been Haemophilus influenzae type b (Hib), but the
introduction of the conjugate vaccines against Hib in
the western countries has led to a dramatic decline in
the incidence (but not disappearance) of Hib epiglottitis
in children. Other known bacterial etiological agents
include Streptococcus pneumoniae, Beta-hemolytic streptococci, and Haemophilus parainfluenzae; less common
causes are Staphylococcus aureus, mycobacteria, Bacteroides
melaninogenicus, Enterobacter cloacae, Escherichia coli,
Fusobacterium necrophorum, Klebsiella pneumoniae,
Neisseria meningitides, and Pasteurella multocidain [2, 3].
In immunocompromised patients, epiglottitis can be
caused by fungi. Although viruses are not considered to
cause epiglottitis by some authors, they can at least facilitate a bacterial superinfection that may lead to
epiglottitis.
Noninfectious causes. Epiglottitis can be caused by
direct physical trauma (reported after using laryngeal
mask and blind finger sweep for removing foreign
bodies), thermal injury, and caustic and foreign body
ingestion.

Epidemiology
During the last decades the epidemiology of acute
epiglottitis has changed both in the pediatric and the
adult population. There is generally agreement between
the different reports that the introduction of Hib vaccination has led to a significant reduction of the incidence of
epiglotittis in children [1, 2]. However, for several reasons,
the pediatric epiglottitis has not disappeared. Firstly, the
vaccination rates are not 100%, and even if there is some
evidence of herd immunity, there are several reports of
Hib epiglottitis in unvaccinated children. Secondly, vaccination failures, even if rare (the overall vaccine effectiveness in a prospective study in the UK was 98%), do occur.
Finally, acute epiglottitis in children can also be caused by
other pathogens than Hib [1–3]. More worryingly, not
only has acute epiglottitis in children not vanished, but
there is also evidence of increasing incidence in the UK.
In adults, some studies have found an increasing tendency [2] while other authors have reported a stable
incidence [1]. Two hypotheses have been formulated to
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explain the rising incidence of adult epiglottitis. The first
hypothesis [2] postulates the existence of two forms of
epiglottitis in adults: the classic form caused by Hib
and the “supraglottitis.” The latter is unrelated to
Hib, has a slower onset and less localization to the
epiglottis, but more oropharyngeal inflammation. It is
an increasing in the occurrence of this form that
would explain the rising incidence of acute epiglottitis
in adults. The second hypothesis [4] ascribes the
increasing incidence of adult epiglottitis to the indiscriminate use of antibiotics, leading to emergence and spread
of antimicrobial resistance.
Some authors have reported seasonal variation in the
incidence of epiglottitis with a summer predominance,
but other studies with larger samples could not confirm
this [1, 2, 4, 5].
In almost all studies there is a preponderance of male
subjects with reported male-to-female ratios varying from
1.2:1 to 4:1 [1, 3, 4].

Treatment
Epiglottitis is an acute life-threatening condition and the
main concern should be securing the airway followed by
treatment of the infection.

Prehospital Care
Once the diagnosis of epiglottitis is suspected, no further
examination should be made; specially the use of tongue
depressor may result in backward displacement of the
epiglottis and precipitate airway obstruction. Any procedure that may induce anxiety should be delayed until the
airway is secured. Oxygen may be administered if it does
not disturb the patient, possibly without a mask by
directing an oxygen flow over the patient’s face. Immediate transport to the nearest appropriate facility is necessary. Depending on the local transport conditions, if the
ambulance crew does not include a physician, the
diagnosing physician should accompany the patient to
the hospital. Because of the risk of airway obstruction
the patient should not be transported in supine, but
in the erect sitting position.
In case of respiratory arrest, the first recommended
step is jaw-thrust and bag-mask ventilation, which usually
provides adequate ventilation. Some authors have
advocated ventilation in prone position instead of supine
position, which theoretically would provide better
ventilation. If it is not possible to ventilate the patient
adequately, orotracheal intubation should be attempted.
If both bag-mask ventilation and intubation fail needle
cricothyrostomi or surgical cricothyrotomy are the only
alternatives left.

In Hospital Care
The establishment of an artificial airway in children with
epiglottitis is mandatory and should not be delayed. Initially, humidified oxygen can be given by a nasal cannula,
a nonrebreather mask or by directing an oxygen flow over
the patient’s face, and the patient should have respiratory
and cardiac monitoring placed. Radiographic evaluation
will not only delay the securing of the airway, but has also
been found of little value in the primary evaluation of
epiglottitis; if epiglottitis is seriously considered no imaging studies are required. The child with suspected
epiglottitis should be transferred directly to the operating
room where equipment for emergency tracheotomy must
be available. The pediatric airway should ideally be managed jointly by a trained otolaryngologist and a pediatric
anesthesiologist. Under the intubation procedure the
supraglottis can be inspected and the diagnosis confirmed
by the visualization of an edematous, “cherry-red”
epiglottis.
The clinical picture of epiglottitis in adults is more
heterogeneous and some authors have tried to differentiate degrees of severity to guide treatment. For patients in
extremis the same approach as for children should be
applied. Adult patients without signs of airway compromise usually cooperate well at fiberoptic endoscopy,
which, in contrast with the situation in children, is considered a safe procedure in adults. Under this procedure,
one should always be ready to proceed with intubation
and, if this is unsuccessful, with tracheotomy. Adults with
mild acute epiglottitis or supraglottitis (patients without
respiratory difficulty, stridor, or drooling and who have
only mild swelling on fiberoptic endoscopy) can often be
managed without immediate airway intervention by close
monitoring in the intensive care unit [2, 5]. When in
doubt, establishing an artificial airway is likely the safest
approach. Some of the factors found associated with airway intervention are: dyspnoea, stridor, drooling, rapid
onset of symptoms (less than 12 h) and abscess formation,
sitting erect, and history of diabetes mellitus [2, 4, 5]. Even
if rare, there are case reports of sudden respiratory compromise in patients who appeared to be stable or even
improving; equipment for immediate endotracheal
intubation and cricothyrotomy should therefore be available at the bedside of all patients with epiglottitis treated
conservatively [3].
Once the airway is secured epiglottic and blood cultures should be obtained and empiric parenteral antimicrobial therapy started. This should provide coverage of
the most likely bacterial pathogens (and not only
Haemophilus influenzae). The most frequently used antibiotics are a second or third generation cephalosporin
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(Cefuroxime or Ceftriaxone), Ampicillin-sulbactam,
Clindamycin, and (in earlier studies) Chloramphenicol.
The proportion of patients with acute epiglottitis
receiving glucocorticoids reported in literature varies
from 20% to over 80% [1]. Most authors have not found
beneficial effects of steroids on the length of hospital stay,
period of intubation or duration of intensive care unit stay
[2, 4, 5]. Even if all studies are retrospective, and, in the
absence of prospective randomized trials, a potentially
beneficial effect of corticosteroids cannot be rejected, the
corticosteroids should not be used indiscriminately in
children.
Nebulized racemic epinephrine has not proved to
relieve the obstruction in epiglottitis, as it does in
pseudocroup, and is not indicated in infectious
epiglottitis. In many paramedic protocols it is actually
contraindicated, if epiglottitis is suspected, partly because
of the risk of heightening the anxiety, and thus precipitating airway compromise, partly because of the risk of
rebound effect, and partly because the shortly beneficial
effect could potentially delay the adequate treatment.
Some authors use racemic epinephrine just before the
intubation, when the patient is in the operating room
and the team capable of securing the airway is present.
There are anecdotal reports of rapid improvement of the
symptoms in patients with marked stridor who were given
intramuscular epinephrine, and one can argue that epinephrine may “buy time” in severe cases while arrangements are being made for the patient to be intubated [3].
After intubation the patient should be admitted to
intensive care unit and kept sedated so as to minimize
the local trauma resulting from excessive patient movement. Extubation is usually possible after 24–72 h, and
decision hereof should be based on the following criteria:
(a) resolution of fever for more than 12 h, (b) present air
leaks around the endotracheal tube, and (c) decreased
edema of the epiglottis confirmed by laryngoscopy.
Some clinicians advocate the use of dexamathasone at
1–2 mg/kg in divided doses every 6 h, beginning 12–24 h
before extubation, in order to minimize the incidence of
post-extubation stridor. At extubation appropriate staff
and equipment should be readily available in case of
recurrent respiratory distress. In most studies the mean
hospital stay is about 5 days, but mean hospitalizations of
8–10 days are also reported. The antibiotic treatment
should be continued for at least 7–10 days.

E

day-care centers. In 1982, the Committee on Infectious
Diseases of the American Academy of Pediatrics
recommended Rifampin (Rifampicin) prophylaxis for all
household contacts (children and adults) in households
where there were children (other than the index case) less
than 4 years old, and nursery schools and day care centers
contacts should be considered as a “household.” The effect
of Rifampin prophylaxis has been well documented. The
introduction of the conjugate Hib vaccines has reduced,
but not eliminated, the occurrence of invasive Hib infections, and the Rifampin prophylaxis is still recommended
based on studies from the prevaccine era. According to the
Red Book 2006 of the American Academy of Pediatrics,
Rifampin prophylaxis should be given to all household
contacts to patients in whom Hib is isolated, if in the
household exists (a) one or more child younger than
4 years who has not received his or her age-appropriate
number of doses of Hib vaccine, or (b) one or more child
younger than 12 months who has not received the primary
series of Hib vaccine, or (c) an immunocompromised
child, regardless of the vaccination history. The
recommended dose is 20 mg/kg per dose once daily for
4 days to a maximum dosage of 600 mg/day for persons
over 1 month of age. The Rifampin profylaxis is not
practiced in all countries.
Because of the risk of transmission some authors
recommend isolation of the patient with diagnosed
epiglottitis for 24 h after initiation of antibiotics.

Evaluation/Assessment
History
In pediatric patients the acute epiglottitis has an abrupt
onset and the symptoms typically develop rapidly (within
hours) with fever; painful throat; severe odynophagia,
which results in drooling; and difficulty with breathing.
Other symptoms include cough, change in the voice, and
ear pain [2]. The child refuses to eat and drink. In adults
epiglottitis may develop as rapidly as in children, but the
disease may also have a slower onset and a more protracted
course. The reported duration of symptoms prior to hospital admission varies between 2 h and 7 days. A comparison between the symptomatology in children and adults
[2] revealed that the former were more likely to have
difficulties with breathing, history of fever, cough, and
drooling, while the latter were more likely to have difficulties with swallowing, sore throat, and changes in voice.

Prevention
Before the introduction of the conjugate Haemophilus
influenaze type b (Hib) vaccines, it had been well
documented that Hib can spread in households and

Physical Signs
Patients affected by epiglottitis appear acutely ill, anxious,
and assume a characteristic (tripod) position, if old
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enough to do so – sitting erect on hands with the neck
hyperextended and jaw protruded in order to keep the
laryngeal airway open. The typical signs are drooling,
elevated temperature, tachycardia, increased respiratory
rate, stridor, muffled voice, cervical adenopathy, and tenderness of the anterior neck. While stridor is more likely to
be present in children (80% of children at admission
compared to 27% of adults [2]) the incidence of tenderness of the anterior neck is higher in adults (79% VS 38%
in children). Later on additional signs of upper airway
obstruction become evident including jugular, subcostal,
and intercostals retractions. The condition can rapidly
progress to respiratory arrest.

of respiratory distress on the suspicion of epiglottitis, but
the diagnosis is not confirmed under the intubation
procedure.
In view of the more heterogeneous etiology of acute
epiglottitis after the introduction of the conjugate vaccines
against Haemophilus influenzae, it is essential to obtain
both epiglottic swabs and blood cultures after securing the
airway. Antibiotic therapy can then be tailored according
to the sensitivity results. In one study blood cultures
showed bacterial growth in 62% of children and 15% of
adults [2]. Laboratory evaluation will often show elevated
white blood cell count with a polymorphonuclear
reaction.

Evaluation

Differential Diagnoses

As mentioned earlier, if the diagnosis of epiglottitis is
suspected, no further examination should be made; especially the use of tongue depressor may result in backward
displacement of the epiglottis and precipitate airway
obstruction. Any procedure that may induce anxiety
should be delayed until the airway is secured.
Radiographic evaluation for suspected epiglottitis
cannot be recommended, and can only be justified
when in doubt and with a stable patient. Traditionally,
lateral neck x-ray (with portable equipment or with
accompanying physician), obtained with hyperextension
during inspiration, has been recommended as screening
tool for patients with suspected epiglottitis. The lateral
neck film classically shows an epiglottic “thumb sign”
(round and thick epiglottis), loss of the vallecular air
space (“vallecula sign”), and thickening of the
aryepiglottic folds. But, if the patient is in respiratory
distress, radiographic evaluation will only delay the
establishing of an artificial airway and places the patient
in an area where emergency airway care is suboptimal. If
the patient is stable, the most accurate way of diagnosing
a not highly suspected epiglottitis in adults is by direct
visualization of epiglottis by flexible nasoendoscopy.
Most authors consider this procedure unsafe in children,
because of the risk of sudden total airway obstruction,
but it has proved to allow accurate diagnosis of acute
epiglottitis in older, cooperative children with atypical
symptoms. Furthermore, a normal lateral neck radiograph does not exclude acute epiglottitis (reported sensitivity varies from 38% to about 85%), and it has been
found of little value in the primary evaluation of
epiglottitis. Imaging studies can be considered after
securing the airway. Postintubation chest radigraph
may show bronchopulmonary involvement (15–63%)
or occasionally pulmonary edema. Further imaging is
of course indicated, if the patient was intubated because

Infectious etiology: croup (laryngotracheobronchitis),
spasmodic croup, acute (simple) laryngitis, bacterial
tracheitis
(bacterial
laryngotracheobronchitis
or
psudomembranous croup), tonsillitis, pharyngitis,
uvulitis, peritonsillar abscess, retropharyngeal abscess,
mononucleosis, Ludvig’s angina, pneumonia, pertusis,
and diphteria
Non-infectious etiology: foreign bodies, anaphylaxis
and hereditary angioedema, inhalation injuries, caustic
ingestion or aspiration, laryngomalacia, vascular ring,
right aortic arch, laryngeal trauma, laryngeal stenosis,
laryngeal tumor, laryngeal hemangioma, vocal cord paralysis, and vocal cord dysfunction
Systemic disease that can cause upper airway obstruction: amyloid, sarcoidosis, pemphigus, pemphigoid, and
Wegener’s granulomatosis.

After-care
In uncomplicated cases the response to antibiotics is typically rapid, and extubation can usually be performed
after 24–72 h. After further 24–48 h of observation
the patient may be discharged with antibiotic treatment
for 7–10 days.

Prognosis
With appropriate treatment the prognosis is good. After
the introduction of Hib vaccination the mortality rate for
children has fallen to less than 1%, but the mortality in
adults is in the range of 6–7%, with reported rates varying
from 0% to 20% [3].

Complications
Complications can be present already at admission with
the most frequently reported being epiglottis abscess and
pneumonia [2, 4, 5]. If Haemophilus infuenzae is the
causative agent, there may be concomitant infections
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in other structures: meningitis, pneumonia, septicemia, arthritis, otitis media, and pericarditis. Occasionally patients with upper airway obstruction will
develop postobstructive pulmonary edema [2]. Inspiration against obstruction leads to an increase in venous
return and, hence, an increase in capillary hydrostatic
pressure. Because of hypoxemia, via a sympathetic
response, there will be also a shift of blood from the
systemic to the pulmonary system contributing to the
volume overload of the pulmonary vessels. This will
cause capillary leak and increased interstitial and alveolar
edema.
The complications rate of emergency cricothyrotomy is
about five times greater than that of elective surgical
airway intervention [3], but the procedure is lifesaving.
Among the immediate complications are hemorrhage,
mediastinal or subcutaneous emphysema, pneumothorax,
and tube misplacement. Later complications include
subglottic stenosis and vocal dysfunction. The same complications can occur in connection with tracheotomy. For
intubated patients a self-extubation rate of about 5% has
been reported, and placement of an incorrect size of the
endotracheal tube may lead to acquired subglottic
stenosis.
Other complications may develop during the hospital
stay. If the epiglottitis does not respond rapidly to
antibiotic therapy, the possibility of an epiglottic
abscess should be considered. Lobar, segmental, or
subsegmental atelectasis rates as high as 21% has been
reported and pneumonia has been observed in 15% of
adults with epiglottitis [3]. Other reported complications
during the hospital stay are adult respiratory distress syndrome, peritonsillar abscess, gastroduodenal ulcer [5],
and delirium.

Economics
Based on data from the Kids’ Inpatient Database for 2003,
a dataset on hospital use, outcomes, and charges designed
to study children’s use of hospital services in the United
States, a recent study found that the average charges for
children with epiglottitis was $74,931, with a range from
$3,343 to $938,512. Even if the mean length of hospitalization in this study (15.6 days, with a range from 0 to
199 days) is longer than in the majority of other studies, it
can be concluded that acute epiglottitis in children in the
vaccine era is a rare, but expensive to treat disease.
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Synonyms
Tubular injury; Tubular necrosis

Introduction
Acute Kidney Injury (AKI) is a common clinical problem
with an increasing incidence. It spans a spectrum from
pre-renal states, where the integrity of renal parenchyma
and epithelial cells is preserved, intrinsic or intra-renal
injury where there is structural damage to the parenchyma, to acute obstructive or post-renal acute kidney
injury. Ischemia, sepsis, and nephrotoxins are the most
common causes of intrinsic AKI, which is classically associated with acute tubular necrosis (ATN). The following
discussion will focus on the epithelial cell injury that
occurs during intrinsic renal injury.

Basic Pathophysiology
Renal blood flow approximates about 20–25% of the total
cardiac output, and various forces regulate glomerular
filtration. Only a small fraction of the renal blood flow is
delivered to the medulla, leaving this region relatively
hypoxic. Partial pressures of oxygen are in the range
of 10–25 mmHg in the medulla as compared to
50–60 mmHg in the cortex. Consequently, small reductions in oxygen delivery can lead to anoxic injury to the
epithelial cells of this region.
While all segments of the nephron may undergo injury
during an ischemic insult, the major and most commonly
injured epithelial cell involved in AKI from ischemia,
sepsis, or other nephrotoxins is the proximal tubular cell
(PTC). Of the three segments (S1–S3), the S3 segment of
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the proximal tubule in the outer stripe of the medulla is
the most susceptible to ischemic injury for several reasons.
First, it has limited capacity to undergo anaerobic glycolysis. Second, due to its unique regional blood flow, there is
marked hypoperfusion and congestion in this medullary
region post-injury that persists even though cortical blood
flow may have returned to normal after ischemic injury.
Endothelial cell injury and dysfunction is primarily
responsible for this phenomenon, known now as the
“extension phase” of AKI (Fig. 1). The other major epithelial cells of the nephron involved are those of the
medullary thick ascending limb (mTAL) located more
distally. The S1 and S2 segments are most commonly
involved in toxic nephropathy due to their high endocytic
rates.
Ischemia or sepsis leads to a profound drop in glomerular filtration rate (GFR) through afferent arteriolar vasoconstriction and proximal tubular obstruction. This along
with tubular back-leakage leads to a fall in effective GFR.

Morphological Changes
The hallmark of ATN on histological examination is the
loss of the apical brush border of the PTC’s. This results in
microvilli disruption and detachment from the cell surface, forming membrane-bound “blebs” that are released
into the tubular lumen. Other major findings include
patchy loss of tubular cells exposing areas of denuded
tubular basement, focal areas of proximal tubular dilatation, and presence of distal tubular casts. The casts seen are

formed by the sloughed tubule cells, brush-border vesicle
remnants, and cellular debris in combination with TammHorsfall glycoprotein (THP). These distal casts have the
potential to obstruct the tubular lumen. Necrosis itself is
inconspicuous and restricted to the highly susceptible
outer medullary regions. Apoptotic features are more
commonly seen in both proximal and distal tubule cells.
Glomerular epithelial cell injury in ischemic, septic, or
nephrotoxic is not classically seen although some studies
have shown thickening and coarsening of foot processes.
The future morphological course of the tubular cell alterations varies according to the type and extent of injury as
discussed later.

Cytoskeletal and Intracellular Structural
Changes
Epithelial cellular structure and function are mediated in
part by the actin cytoskeleton, which plays an integral role
in surface membrane structure and function, cell polarity,
endocytosis, signal transduction, cell motility, movement
of organelles, exocytosis, cell division, cell migration, barrier function of the junctional complexes, cell-matrix
adhesion, and, last but not least, signal transduction.
Based on its role in these multitudes of processes, disruption of the actin cytoskeleton results in changes and/or
disruption of the above-mentioned functions. This is
especially important for PT cells when amplification of
the apical membrane by microvilli is essential for normal
cell function.
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Actin helical microfilaments are formed by selfassembly of globular or G-actin into filamentous F-actin.
In PT cells, the actin cytoskeleton forms a terminal web
layer just below the apical plasma membrane and a core of
F-actin filaments extends from the terminal web into the
tips of the microvilli to maintain the architectural integrity
of the brush border. Ischemic insult results in cellular ATP
depletion, which leads to a rapid disruption of the apical
actin and redistribution of the cytoskeleton F-actin core,
resulting in the formation of membrane-bound extracellular vesicles or “blebs.” These can be either exfoliated into
the tubular lumen or internalized with the capability of
being recycled. The core mechanism of disruption is the
depolymerization mediated by actin-binding protein
known as actin depolymerizing factor (ADF) or cofilin.
This protein family is normally maintained in the inactive
phosphorylated form where it cannot bind to actin. Ischemia results in ATP depletion, which has been shown to
cause Rho GTPase inactivation. This can lead to activation
and relocalization of ADF/cofilin to the apical membranes, where it can mediate different effects including
depolymerization, severing, capping and nucleation.
This destroys the actin filament core structure of microvilli
and results in surface membrane blebbing.
Concomitantly, the concentration of F-actin in the
cell increases with the formation of large cytosolic aggregates in the perinuclear region and near the junctional
complexes of the basolateral membranes. Other proteins
involved in the depolymerization process are tropomyosin and ezrin. Specifically, it has been shown that during
ischemia, ezrin, an actin-binding phosphorylated protein, becomes dephosphorylated and the attachment
between the microvillar F-actin core and the plasma
membrane is lost. Similarly, tropomyosin physiologically
binds to and stabilizes the F-actin microfilament core in
the terminal web. After ischemia, there is dissociation of
the tropomyosin from the microfilament core, resulting
in access of the microfilaments in the terminal web to
the binding, severing, and depolymerizing actions of
ADF/cofilin [1].
Another important consequence of disruption of the
actin cytoskeleton is the loss of tight junctions and
adherens junctions. These junctional complexes actively
participate in numerous functions including paracellular
transport, cell polarity, and cellular shape. The tight junctions also known as zonula occludens (ZO) are composed
of growing number of proteins such as occluding, claudin,
ZO-1, protein kinase C with numerous barrier functions,
such as adhesion, permeability, and transport. The actin
present in the terminal web is linked to the ZO, and hence,
any disruption of the terminal web results in disruption of
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the tight junctions. Early ischemic injury results in “opening” of these tight junctions, leading to increased permeability causing further “back-leak” of the glomerular
filtrate.
Epithelial cells also lose their attachment to the underlying extracellular matrix due to disruption of integrins.
Integrins are transmembrane proteins normally responsible for the anchoring of epithelial cells to the substrate
matrix via the actin cytoskeleton. It has been shown that
ATP depletion results in relocalization of b-integrins from
the basal membrane to the apical membrane, with consequential detachment of the viable cells from the tubular
basement membrane. The exfoliated cells can then exhibit
abnormal adhesions within the tubular lumen and among
themselves, forming tubular cellular casts as mentioned
earlier.
It is extremely important to note the role of the cytoskeleton and changes in polarity and function. Normally,
the Na-K-ATPase pump resides in the basolateral membrane of the tubular epithelial cell, but under conditions of
anoxia, they are redistributed to the apical membrane as
early as within 10 min. This occurs due to the disruption
of the pumps’ attachment to the membrane via the
spectrin/actin cytoskeleton. Postulated mechanisms of
this include hyperphosphorylation of the protein ankyrin,
with consequent loss of binding protein spectrin, and
cleavage of spectrin by activation of proteases such as
calpain. This redistribution of the Na-K-ATPase pump
results in bidirectional transport of sodium and water
across the epithelial cell apical as well as the basolateral
membrane, resulting in transport of cellular Na back into
the tubular lumen, one of the major mechanisms of the
high fractional excretion of Na seen in patients with ATN
(Fig. 2).

Apoptosis and Necrosis
The fate of the epithelial cell after an injury ultimately
depends on the extent of the injury. Cells undergoing
sublethal or less severe injury have the capability of functional and structural recovery if the insult is interrupted.
Cells that suffer a more severe or lethal injury undergo
apoptosis or necrosis, leading to cell death. Apoptosis is an
energy-dependent, programmed cell death after injury
that results in condensation of nuclear and cytoplasmic
materials, forming apoptotic bodies. These apoptotic bodies, which are plasma membrane–bound, are rapidly
phagocytosed by macrophages and neighboring viable
epithelial cells. In necrosis, there is cellular and organelle
swelling, with loss of plasma membrane integrity, and
release of cytoplasmic and nuclear materials into the
lumen or interstitium.
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Apoptotic mechanisms are complex with various
inter-playing and counter-acting factors affecting
a number of pathways. The caspase family of proteases
has now been identified to be important initiators as well
as effectors of apoptosis. Both the intrinsic (mitochondrial) and extrinsic (death receptor) apoptotic pathways
are activated in human AKI. Specifically, activation of procaspase-9 primarily depends on intrinsic mitochondrial
pathways regulated by the Bcl-2 family of proteins, while
that of pro-caspase-8 results from extrinsic signaling via
cell surface death receptors such as Fas and their ligands
FADD. Their also exists considerable “cross-talk” between
these two intrinsic and extrinsic pathways. The other
group of caspases 3, 6, and 7 are effector caspases, that
are more abundant and catalytically robust, cleaving many
cellular proteins, resulting in classical apoptotic phenotype. Caspase activation in epithelial cells occurs due to
ischemic and other cytotoxic insults, whereas inhibition of
caspase activity has been shown to be protective against
such injury in cultured and in vivo renal epithelial tubular
cells.
Several pathways, including the intrinsic (Bcl-2 family,
cytochrome c, caspase-9), extrinsic (Fas, FADD,
caspase-8), and regulatory (p53 and NF-kB) pathways,
appear to be activated during ischemic renal tubular cell
injury. It has also been shown that the balance between cell
survival and death depends on the relative concentrations
of the pro-apoptotic (Bax, Bad and Bid) and antiapoptotic (Bcl-2 and Bcl-xl) members of the Bcl-2 family
of proteins. Overexpression of pro-apoptotic or relative

deficiency of anti-apoptotic proteins may lead to formation of mitochondrial pores. Vice versa, the inhibition of
such pore formation may occur in the opposite imbalance
(Fig. 3).
Other important proteins that have been shown to
play a significant role in the apoptotic pathways include
NF-kB and p53. The central pro-apoptotic transcription
factor p53 can be activated by hypoxia, via HIF-1a as well
as other noxious stimuli such as certain drugs, e.g., cisplatin. The kinase-mediated pathways such as ERK’s,
JNK’s are responsible for mediating cellular responses
involved in apoptosis, survival, and repair through their
interaction with other signals from growth factors such as
HGF, IGF-1, EGF, and VEGF. These independent mechanisms can inhibit pro-apoptotic proteins such as Bad, and
activate the anti-apoptotic transcription of CREB’s.
Overall, the therapeutic implications of apoptosis in
preventing epithelial cell injury are significant, considering that various targets are available for blockade or modulation. It is also possible that the “window” to prevent
lethal injury and prevent cells from progressing to necrosis
is in the early initiating apoptotic phases.
Epithelial cell necrosis or ATN, on the other hand, is
a passive non-energy-dependent process, which occurs
secondary to severe ATP depletion from toxic or ischemic
insult. It is not dependent on caspase activation, but rather
results from rise in intracellular calcium and the activation
of membrane phospholipases. Hence, morphologically,
necrotic cells do not exhibit the nuclear fragmentation or
chromatin condensation seen in apoptosis, and neither do
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they form apoptotic bodies. Functionally, the severe ATP
depletion results first in the mitochondrial injury with
subsequent arrest of oxidative phosphorylation causing
further depletion of energy stores, and robust formation
of reactive oxygen species that in turn mediate further
cellular injury.
Secondly, numerous studies have shown that ATP
depletion leads to a rise in intracellular calcium through
impairment of calcium ATPases, while inhibition of the
Na-K-ATPase activity potentiates calcium entry into the
cell via the sodium-calcium exchanger. Increased cytosolic
calcium causes further mitochondrial injury and cytoskeletal alterations. This results in downstream activations of
proteases such as calpain and phospholipases. Phospholipases such as PLA2 cause direct hydrolytic damage to
membranes and also release toxic free fatty acids. They
also cause release of eicosanoids that have vasoactive and
hemokinetic activities, resulting in an intense surrounding
inflammatory response. Calpain mediates plasma membrane permeability as well as hydrolysis of the cytoskeleton
proteins. Lastly, there is also release of lysosomal enzymes
and proteases that degrade histones, resulting in
accessibility of the endonucleases to the entire segment,

classically seen as the “smear” pattern on gel electrophoresis, in contrast to the typical “ladder” pattern seen in
apoptosis [2].

Parenchymal Inflammation
Inflammation and recruitment of leukocytes during epithelial injury are now recognized as major mediators of all
phases of endothelial and tubular cell injury. Early inflammation is classically characterized by margination of leukocytes to the activated vascular endothelium, via
interactions between selectins and ligands that allow firm
adhesion, followed by transmigration. A number of potent
mediators are generated by the injured proximal epithelial
tubular cell, including pro-inflammatory cytokines such
as TNF-a, IL-6, IL-1b, MCP-1, IL-8, TGF-b, and
RANTES. Toll-like receptor 2 (TLR2) has been shown to
be an important mediator of endothelial ischemic injury,
while TLR4 has been shown to play a similar role in animal
models of both ischemic and septic injury.
Neutrophils are the earliest to accumulate in ischemic
injury in animal models, but rarely seen in human ATN.
Blockade of neutrophil function or neutrophil depletion
has shown to provide only partial protection against
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injury. Hence, other leukocytes also play an important
role. These include macrophages, B lymphocyte, and
T cell lymphocytes. Selective deletion, knock-out mice
models, and specific blockade animal experiments have
shown that all these cells do mediate tubular injury at
various phases and that these are synergistic interactions
between different cellular types. It is also known that
during ischemic injury, the complement receptor C5a
expression is markedly upregulated on proximal tubule
epithelial cells as well as interstitial macrophages. C5a is
powerful chemoattractant that recruits these inflammatory cells. Needless to day, numerous cytokines whether
released from the endothelium or the epithelial cell,
together have a concerted effort to augment the inflammatory response seen as a result of ischemic or septic
injury [3].

Intracellular Mechanisms – Role of
Reactive Oxygen Species (ROS), Heme
Oxygenase, and Heat Shock Proteins
(HSP)
Reactive oxygen species such as the hydroxyl radical
(HO-), perioxynitrite (ONOO-), and hyperchlorous acid
(OCl-) are generated in epithelial cells during ischemic
injury by catalytic conversion. These ROS can damage cells
in a variety of ways, e.g., perioxidation of lipids in plasma
and intracellular membranes. They can also destabilize the
cytoskeletal proteins and integrins required to maintain
cell-cell adhesion as well as to extracellular matrix. These
ROS can also have vasoconstrictive effects by their capacity to scavenge nitric oxide [4].
Much of the discussion above has been on proteins
or mechanisms that promote injury. However, there are
protective mechanisms that allow cells to have a defense
against numerous stresses. The complex HSP system is
induced in great levels during stress conditions. They are
believed to facilitate the restoration of normal function by
assisting in the refolding of denatured proteins, along with
aiding the appropriate folding of newly synthesized
proteins. They also help in degradation of irreparable
proteins and toxins to limit their accumulation. Thus,
their role has been studied and found that overexpression
prior to injury has protective effects. The proteins HSP-90,
HSP-72, and HSP-25 have particularly been extensively
studied. For example, overexpression of HSP-25 has been
shown to be protective against actin-cytoskeleton disruption. After in vivo renal ischemia, HSP-90 has been shown
to be rapidly induced in cytosolic proximal tubular epithelial cells, particularly in the late stages, leading to the
conclusion that they may be crucial for disposition of
damaged proteins and the assembly of newly formed

peptides. In nephrotoxic models, Hsp-72 has been
shown to limit apoptosis through increased Bcl-2/Bax
ratio, implicating its role in cell death as well.
The enzyme heme-oxygenase-1 (HO-1) has also
emerged as a prominent player in epithelial cell injury.
Numerous observations have shown that the biologic
actions of HO-1 include anti-inflammatory, vasodilatory,
cytoprotective, anti-apoptotic, and cellular proliferative
effects in the setting of AKI. Hence, upregulation or
overexpression of HO-1 is an attractive protective strategy
against cellular injury.

Repair, Regeneration, and Role of
Stem Cells
The renal tubular epithelial cells have the remarkable
potential to regenerate functionally and structurally after
ischemic or toxic insults. Once the insulting factors have
been removed (e.g., reperfusion, cessation of toxic drugs,
treatment of sepsis), sublethally injured cells repair themselves without going through a “de-differentiated” stage.
More severely injured cells do however undergo this stage,
which morphologically appears as flattened cells with an
ill-defined brush border. Essentially, there is proliferation
of the viable cells that spread across the denuded basement
membrane, after which they regain their differential character back into a normal tubular epithelial cell.
Functionally, there is re-assembly of the cytoskeleton
structure once ATP repletion occurs, and it has been
shown that the apical microvilli can be restored in as
early as 24 h after ATP depletion. Similarly, the Na-KATPase lose their apical location, and relocate to the
basolateral membranes within 24 h. Lastly, the lipid polarity is reestablished, that can lag behind and is completed
by about 10 days post-injury.
Growth factors and signals from injured cells are crucial at this stage to promote the timely and appropriate
regenerative capacity of the viable cells. In animal models,
administration of exogenous growth factors has been
shown to accelerate renal recovery from injury. These
include epidermal growth factor (EGF), insulin-like
growth factor-1 (IGF-1), a-melanocyte-stimulating hormone (a-MSH), erythropoietin, hepatocyte growth factor
(HGF), and bone-morphogenic protein-7 (BMP-7). These
effects have not yet been validated in human clinical trials
of ATN.
More recently, there has been a major interest in
studying the roles of progenitor/stem cells and mesenchymal stem cells in tubular epithelial cell injury. Investigators
have now shown that different types of stems cells may
reside in the renal architecture. It is also possible that these
may be derived from the circulation or bone marrow.

Esophageal Doppler

Although the evidence is not conclusive yet, there is early
evidence that both stem cells as well as bone-marrowderived mesenchymal stem cells may contribute to structural and functional renal repair. The protective mechanisms have not yet been completely elucidated, but
postulated to be by direct differentiation into renal epithelial cells or by supplying growth factors that stimulate
the regeneration of resident stem cells. The “renotropism”
exhibited by these cells may have a huge impact on therapeutic options in the future once their roles are more
defined [5].
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Synonyms
Cardiac output monitor; CardioQ; Esophageal Doppler
monitor; ED; EDM; HemoSonic 100; OD; ODM; TED;
Trans-esophageal Doppler; Waki TO

Definition
Esophageal Doppler is a term used to describe a method of
cardiac output monitoring based on calculating the velocity of blood in the descending aorta using Doppler ultrasound sent and received by a probe inserted into the
esophagus. It provides a rapid, minimally invasive assessment of cardiovascular performance including the parameters of flow, contractility, preload, and afterload. These
data can be used to optimize the patient’s intravascular
fluid status and, if necessary, guide vasoactive therapy. It
has a strong evidence base, particularly in the operating
theatre, and has been shown to have comparable precision
and accuracy to thermodilution and the pulmonary artery
(PA) catheter [1].

Characteristics
Background

ESBLs
Extended spectrum beta lactamases. Enzymes that can
hydrolyze all b-lactams except carbapenems.

Eschar
Eschar is the thick dry black necrotic tissue that may cover
all or parts of the wound.
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The link between tissue dysoxia and organ dysfunction
highlights the importance of optimizing perfusion and
oxygen delivery to minimize complications in critically
ill patients and those undergoing major surgery. The paradigm shift from using pressure toward flow-derived variables to guide early fluid administration and circulatory
support has resulted in the development of many different
forms of cardiac output monitoring as safer, less-invasive
alternatives to the PA catheter.
Early Doppler ultrasonography to assess cardiac output insonated the ascending thoracic aorta from either the
intercostal or the suprasternal position, but maintaining
probe position proved too difficult for use as a continuous
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monitor. The esophageal probe, first described in 1971,
takes advantage of the close anatomical relationship
between the mid-esophagus and descending thoracic
aorta and has proved more practical with improved
inter-rater variability. Probe-insertion is quick and easy
to learn, and the technology has become well established
in European practice as a monitor in the perioperative and
critical care setting. There are currently three types of
ODM marketed worldwide: CardioQ, HemoSonic 100,
and Waki TO which differ slightly in design but provide
similar information.

Velocity
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Peak velocity

The Doppler Effect
The Doppler effect states that the change in frequency of
sound sent toward and reflected back from a moving
object is directly proportional to its velocity, becoming
lower as it moves away. Depending on its manufacturer,
the esophageal Doppler probe transmits ultrasound at
a frequency of 4 or 5 MHz, at an angle of 45 or 60 toward
the aorta, which is then reflected back by erythrocytes
flowing within it. Their velocity can then be calculated
according to the following formula:
V ¼

df  c
2fT  cos y

where V is blood velocity (ms1), df is the frequency shift
(Hz), c is the speed of sound in body tissue (1,540 ms1),
fT is the transmitted ultrasound frequency (Hz), and y is
the angle of insonation relative to blood flow.

Velocity–Time Waveform
The ODM displays a waveform of blood velocity plotted
against time from which all the output information is
analyzed. This waveform has a characteristically triangular
shape (see Fig. 1). A normal CardioQ waveform, for
instance, is displayed with a densely black center and
a crisp white/red outer envelope suggesting that aortic
blood is traveling mainly at the same velocity. Turbulence
in aortic blood flow results more in the inner envelope
being colored red/white, particularly on the trailing edge.

Cardiac Output
The integral of the velocity–time waveform represents the
distance traveled by the column of blood ejected into the
descending aorta during systole, and this is known as
stroke-distance (SD). Stroke volume (SV) is proportional
to the product of SD and aortic cross-sectional area with
correction for the fact that on average only 70% of cardiac
output enters the descending aorta, the rest flowing via
supra-aortic vessels to the head and arms. Both the
CardioQ and Waki TO estimate aortic cross-sectional

Flow time

Time

Esophageal Doppler. Figure 1 Schematic representation of
a normal waveform

area based on nomograms derived from the patient’s age,
sex, and height. In contrast, the HemoSonic 100 uses
a second pulsed wave echo beam at 90 to the probe and
M-mode to measure the aortic diameter in an attempt to
improve focus and accuracy.

Contractility
The apex of the waveform corresponds to the peak velocity
(PV), which is a marker of left ventricular contractility and
declines steadily with age. The PV of a 20-year old is
between 90 and 120 ms1, falling to between 50 and
80 ms1 in a 70 year old. Another marker of contractility
is the angle of the waveform’s leading edge, known as the
mean acceleration (MA). A hyperdynamic circulation
results in a sharp waveform with a high PV and MA
consistent with increased contractility. Myocardial depression from any form reduces both of these values and tends
to cause the apex of the waveform to become rounded in
shape. Inotropic support will reverse these changes and
may alter the shape of the waveform in other ways due to
changes in systemic vascular resistance (see Fig. 2).
Obstructive pathology such as pericardial tamponade,
valvular stenoses, or pulmonary emboli will cause
a similar reduction in PV and MA, which may or may
not reverse with inotropic support.

Preload and Afterload
The base of the waveform, known as the flow time, represents the time that blood spends flowing forwards into the
aorta during each cardiac cycle. As heart rate affects the time
spent in systole (and so the flow time) it is corrected for in
the same way that QT is on an ECG, that is, by dividing it by
the square of the cycle time. The result is the flow time
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Esophageal Doppler. Figure 2 Characteristic patterns seen in different physiological states and the effects of appropriate
interventions

corrected (FTc) with normal adult values ranging between
330 and 360 ms1. Some studies have shown FTc to be
superior to PA wedge pressure in assessing preload, but it
is also a particularly sensitive indicator of afterload.
FTc has an inversely proportional relationship with
systemic vascular resistance (SVR) so that high SVR states
such as hypothermia and injudicious vasopressor therapy
cause a reduction in FTc that is independent of preload.
Clues to this condition would be the presence of a low
FTc associated with a low PV and absence of fluidresponsiveness. In contrast high output low SVR states
such as sepsis and pregnancy tend to broaden the FTc
considerably, often well over 400 ms1.
Interventions to improve individual hemodynamic
parameters rarely do so in isolation. There are always
some compensatory changes in other variables and pattern recognition is as important as it is when evaluating
ECGs. Figure 2 highlights these important patterns.

Pre-existing Condition
Most ODM studies excluded patients with oropharyngeal
and esophageal pathology for obvious reasons and many
excluded those with a coagulopathy or bleeding tendency.
So far there is limited evidence to support ODM use in the
pediatric population, but there is considerable interest in
this area and in time this is sure to change.
The esophageal probe was originally developed for use
via the oral route in anesthetized patients and for years
this was a prerequisite given its relative rigidity. However,

in recent years probes have become more flexible and are
increasingly marketed for nasal use in sedated, topically
anesthetized patients. In clinical practice, however, the
utility of this form of cardiac output monitoring is
enhanced by the presence of an endotracheal tube, which
explains why it has become synonymous with perioperative monitoring both in the operating theatre and on the
critical care unit.

Limitations of ODM
This technology relies on the accurate measurement of
aortic blood velocity and that the assumptions linking
this to stroke volume hold true. There are some conditions
when ODM may be difficult or produce inaccurate results
and these are summarized below:
1. Altered angle of insonation. This is fixed in each
probe and small deviations due to esophageal pathology (e.g., hiatus hernia or achalasia), skeletal pathology (e.g., kyphoscoliosis), or surgical traction will
cause imprecise measurement of aortic blood velocity.
The presence of a nasogastric tube may also interfere
with results.
2. Poor estimation of aortic cross-sectional area.
M-mode is flawed if the true diameter is not measured
and also assumes that the aorta is circular in shape,
which is not necessarily the case in atherosclerotic
disease. Nomograms were developed by collating population data and may bear little relationship to
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individual patients. Neither approach takes into
account the patient’s blood pressure, which affects
aortic tone and potential diameter. Finally one must
not forget that any error in estimation of aortic radius
will be squared.
3. Altered distribution of aortic blood flow. Any condition that changes the proportionality of blood flow
between descending aortic and preaortic blood flow
will alter the relationship between measurement of
blood velocity and estimation of SV. This may be
anatomical (e.g., aortic coarctation or dissection) or
acquired intraoperatively (e.g., aortic cross-clamping
and regional sympathectomy due to central neuraxial
blockade).
4. Factors affecting aortic blood flow. Laminar flow is
assumed and so causes of turbulent flow such as severe
aortic stenosis or coarctation may affect results. Disruption of diastolic blood flow such as severe aortic
regurgitation or intra-aortic balloon counterpulsation
will do the same.
5. Atrial fibrillation. Each cardiac cycle will eject different volumes from the heart depending on time
allowed for diastolic filling and this is reflected on
the monitor. Taking an average over a greater number
of cycles (e.g., ten rather than five) can moderate this
problem and the ODM may succeed where pulsecontour analysis might fail.
Fortunately these conditions are rare in everyday practice.
In such cases the monitor can be used to monitor trends
rather than absolute values. Fluid optimization can usually still be confidently achieved.

Application
Probe Insertion, Optimal Placement, and
Signal Acquisition
The probe must first be lubricated generously with aqueous jelly as this has two distinct advantages: it facilitates
insertion but once inside the esophagus it provides
improved acoustic coupling, essential for signal
acquisition.
The angle of the probe should ideally be facing posteriorly on insertion, as this will be the relationship with the
descending aorta at the mid-esophageal level (usually at
T5–6, 35–40 cm from the teeth).
Turning up the volume on the monitor while inserting
the probe is useful as the correct position will result in
a characteristically sharp, maximally-pitched sound and
this feedback aids placement while observing the waveform display for the highest PV.

Slowly rotating the probe and then gently adjusting its
depth will allow optimization of the signal. Any waveforms seen below the baseline suggest venous flow and
a combination of signals both above and below the baseline imply that the probe is likely to be behind the heart.
It is important to avoid inadvertently insonating other
arterial vessels such as pulmonary and celiac arteries or the
heart, which is often the cause of clearly inaccurate results.
Probe depths may provide clues to these and the waveform
characteristics are shown in Fig. 3.
Once the probe has been positioned correctly the
information that it provides can be used to optimize the
patient’s circulation.

Fluid Optimization and Goal-Directed
Therapy
Fluid therapy is essential for the management of major
surgery and critical illness. However its administration
cannot be considered routine. Patients are individuals
with differing states of hydration, blood volume, and
fluid shifts. At present we have no means to accurately
determine these important parameters, relying instead on
crude physiological data and late surrogate markers of
perfusion. Compensated hypovolemia impairs oxygen
delivery and yet is not always clinically obvious, while
unrecognized hypervolemic states can be potentially as
injurious and difficult to detect. It seems logical therefore
that if the right amount of fluid is administered to each
patient at the right time, these risks should be avoided.
Flow-guided strategies to optimize stroke volume
using fluid boluses and in some cases inotropic support
have been repeatedly shown to improve morbidity and
mortality in patients following major surgery and trauma
if implemented before the onset of organ-dysfunction.
To date there have been nine prospective, randomized
controlled trials of perioperative Doppler-guided fluid
optimization versus standard fluid therapy, which consistently reduced complications and in most cases shortened
hospital length of stay when compared with standard fluid
administration [2]. These studies cover a broad range of
high-risk surgery including cardiac, proximal femoral
fracture, colorectal, trauma, major general, gynecological,
and urological populations. Each of these studies used
a broadly similar fluid protocol based on sequential colloid challenges demonstrating a Starling-type relationship
with increasing SV by 10% or more. The majority of fluid
protocols have in addition targeted a value of FTc > 0.35.
Postoperative complications of any kind are known to
increase the costs and length of hospital stay. Furthermore
the presence of any complication in the 30 days after
surgery has been shown to the strongest independent
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Esophageal Doppler. Figure 3 Characteristic waveforms representing probe malposition with suggestions on how to improve
the signal

predictor of mortality in a Veteran Administration Study
of 105,951 patients following major surgery [3]. It makes
clinical and economic sense therefore to introduce measures to reduce these complications and several metaanalyses of perioperative Doppler-guided fluid therapy
suggest that it can achieve this. The gut is particularly
vulnerable to hypoperfusion injury and ODM may confer
a clinically significant reduction in gastrointestinal complications (both major and minor) and a faster return to
enteral diet. For this reason it has become advocated as
part of the perioperative care program known as enhanced
surgical recovery.

Clinical and Cost Effectiveness
The UK National Institute for Clinical Excellence (NICE)
deems ODM to be outside its remit as it is “considered
standard clinical practice with an efficacy and safety profile that is sufficiently well known.”
A high-quality systematic review of ODM was
conducted in the US by the ECRI Evidence-based Practice
Center under contract to the Agency for Healthcare
Research and Quality (AHRQ) [4]. It was published in
2007 and found strong evidence to support the following
key recommendations regarding patients undergoing surgical procedures with an expected substantial blood loss or
fluid shifts requiring fluid replacement:
1. “The available evidence suggests that esophageal
Doppler probes are relatively low-risk devices, as

reporting of even minor morbidity has been infrequent thus far.”
2. “The addition of esophageal Doppler monitoring for
guided fluid replacement to a protocol using CVP and
conventional clinical assessment during surgery leads
to a clinically significant reduction in the rate of major
complications and total complications in surgical
patients compared to CVP plus conventional clinical
assessment.” “However, because different studies
reported complications in different ways, the evidence
did not permit analysis of most individual
complications.”
3. “The addition of esophageal Doppler monitoring to
the protocol described above also reduces the length of
hospital stay for surgical patients (clinical significance
uncertain).”
Due to its low overall power, no conclusion was possible
regarding mortality. It found the surgical intensive care
study was of high quality but could not make recommendations on the basis that this was a single center study.
However, since this review, a further study including
trauma patients was published and may have changed
this position.
In 2008, the NHS Centre for Evidence Based Purchasing published a similar review of ODM based on the work
done by the AHRQ [5]. It presented the same conclusions
on clinical effectiveness but went on to evaluate costeffectiveness. At that time, based on a 5-year lifetime, the
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annual (purchase and servicing) costs of a CardioQ monitor were £2,800. If 125 patients were treated annually
using a 6-hour probe the costs of individual use worked
out at £82.40, falling to £65.60 if the annual number of
patients treated increased to 500. Its economic analysis
concluded that “the costs of ODM are likely to be offset by
reductions in both complications and length of hospital
stay, although the costs of treatment initiated because of
the different monitoring strategies are uncertain.”

Conclusion
The ODM is robust, easy to use, and provides comparably
accurate cardiac output information to thermodilution
from the PA catheter without the risk profile. It has proven
clinical utility with a strong evidence base regarding perioperative fluid-optimization. Having been repeatedly
shown to reduce complications and length of hospital
stay, evidence-based purchasing reviews on both sides of
the Atlantic have supported this form of minimally invasive cardiac output monitoring.
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Synonyms
Esophageal balloon; Esophageal manometry

Definition
Esophageal pressure measurement is the technique of passing a catheter with a balloon tip into the mid-esophagus for
the purpose of recording the local pressures as a surrogate
for the pleural pressure, thereby allowing for the estimation
and separation of chest wall elastance and lung elastance in
respiratory mechanics measurements.
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Esophageal Doppler Monitor
▶ Esophageal Doppler

Esophageal Manometry
▶ Esophageal Pressure

Pre-existing Condition
This technique has been described as a diagnostic tool for
numerous conditions including but not limited to emphysema, diaphragm paralysis, acute respiratory distress
syndrome, and obesity.

Contraindications
The placement and use of esophageal catheters are generally contraindicated in patients who have a history of
esophageal pathology (e.g., esophageal varices, esophageal
tear/rupture, esophageal strictures) or recent esophageal
surgery (e.g., esophagectomy, gastric bypass surgery).

Application
Introduction
The process of ventilation and oxygenation involves
a complex interaction between the lungs, chest wall, and
respiratory muscles. For patients with respiratory failure
requiring ventilatory support, this interaction becomes
even more complicated as intrinsic and extrinsic forces
interact with the independent elastance of both the lungs
and chest wall to impede the flow of air into and out of the
lungs. These interactions can be highly variable from one
patient to another and from one disease process to the
next. The study and monitoring of these variables and
their interactions is called respiratory mechanics. To best
study the interactions and contributions of the respiratory
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system components to ventilation, it is necessary to first
separate and partition the chest wall properties from the
lung. Separating the lung and chest wall components
requires an accurate estimate of the pressures transmitted
across each component along with the distending volume
of the lungs. The lung volume is easily measured via a flow
meter at the airway which integrates the flow over time
during both inhalation and exhalation to obtain a volume.
This volume is important for many calculations, such as
compliance, which is simply the change in volume for
a given change in pressure. The inverse of this relationship
is termed elastance.
Although measuring the volume at the airway
is relatively simple, determining accurate pressures
inside and surrounding each component of the respiratory system as shown in Fig. 1 is not simple. First, it is

Pes
Pao
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Pes

P pl

Pga
T.Sarge

Esophageal Pressure. Figure 1 Schematic diagram
demonstrating the relationship between atmospheric
pressure (Patm); airway pressure (Pao); alveolar pressure (Palv);
esophageal pressure (Pes); pleural pressure (Ppl); and gastric
pressure (Pga). Delineation of these pressures requires the
ability to perform static breath holding maneuvers (i.e.,
a cooperative and/or sedated patient) with pressure
transduction systems attached to the airway and esophageal
devices
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not feasible to measure alveolar pressure (Palv) directly,
but it can be approximated at the airway opening (Pao)
via a standard pressure transduction system during
static flow maneuvers and by assuming an open
glottis (e.g., through an endotracheal tube at endinspiration and end-exhalation). The static flow
maneuvers serve to eliminate the resistive forces
from the classic equation of motion for respiration.
The pressure outside the body or chest wall is constant and known to be atmospheric (Patm), or zero at
normal conditions near sea level.
Determining the pressure of the potential space
between the lung and the chest wall (i.e., pleural pressure,
Ppl) is more complex. The pleural space is not easily
accessible and is, therefore, often ignored by clinicians
caring for patients with respiratory insults. This is generally acceptable for most patients where the diagnosis and
physical exam allow the clinician to conclude which component of the respiratory system is experiencing an insult
and thus driving the respiratory failure. For example,
a 70 kg male patient with known emphysematous disease
presenting with respiratory failure, flu-like symptoms,
and a focal infiltrate on a chest radiograph allows the
clinician to conclude that the patient is suffering from
a primary pulmonary insult requiring standard
ventilatory support, antibiotics, inhalers, and possibly
steroids. On the other hand, in a morbidly obese patient
with sepsis and respiratory failure following bariatric
surgery, determining the primary cause of respiratory
failure and managing the ventilator may be more difficult.
That is, could the patient be suffering from a primary
pulmonary process such as a postoperative pneumonia?
Or is the patient’s primary problem morbid obesity and
abdominal hypertension with a severely abnormal chest
wall elastance? Airway pressure alone will not allow for
precise determination of the patient’s respiratory disease.
Separation of the chest wall and lung elastance may be
useful in the treatment of patients with respiratory failure
from unclear mechanisms.
Esophageal manometry is one method that has
been used to measure pleural pressures [1]. These
measurements have been described for over a half
century [1] and have often been used to study the
respiratory mechanics of patients including work of
breathing, respiratory muscle function, and chest
wall elastance in acute respiratory distress syndrome
(ARDS). The following sections will describe the technique to produce esophageal measurements for the
purpose of estimating pleural pressures and studying
the respiratory mechanics in critically ill patients
requiring ventilatory support.
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Technique
Placement and Measurements
One of the strengths of using esophageal manometry to
estimate pleural pressures is the ease and safety of
placement of the device. Several commercially available
catheters are readily available and consist of a thinwalled balloon surrounding multiple holes at the tip of
a polyethylene catheter (Fig. 2). Much work was done by
Milic-Emili and colleagues to perfect the technique of
esophageal manometry in the 1960s [1]. Similar to the
placement of a small feeding tube, the procedure first
requires the placement of a catheter into the stomach via
the nose or mouth (Fig. 1). The catheter is advanced
beyond the posterior pharynx and allowed to pass beyond
the esophagus and stomach at approximately 60 cm from
the incisors or nares. Care must be taken to avoid coiling
in the posterior pharynx or entry into the trachea; however misplacement of the catheter is usually obvious and
apparent at the time of placement or initiation of
measurements.
At this time, the guide wire is removed from the catheter
device and the catheter is connected to a pneumotachograph
and the balloon is inflated with 0.5–1.0 mL of air. The
amount of air is important as overinflation of the balloon
catheter will lead to inaccurate pressure measurements [1].
Confirmation of gastric placement is accomplished by
applying gentle pressure to the abdomen in the left
upper quadrant just below the costal margin and observing a signal on the pressure transducer attached to the
esophageal balloon that coincides with the maneuver
(Fig. 3). Measurement of gastric pressure (Pga) during

Esophageal Pressure. Figure 2 An example of a standard,
commercially available esophageal pressure monitoring
catheter

tidal ventilation is possible at this time. The esophageal
balloon is then withdrawn to 40 cm to measure Pes and
presumed to reside in the mid esophagus. Proper balloon
position is easily confirmed by observing an appropriate
change in the pressure tracing as the balloon was withdrawn into the thorax (changes in pressure wave-form,
mean pressure, and cardiac oscillations) (Fig. 3). Once
again, erroneous positioning of the catheter should be
investigated prior to formal study and is often detectable
by inconsistencies in the pressure waveforms (Fig. 4).
Once proper positioning is confirmed in the midesophagus, multiple measurements can be made to assist
the clinician with identifying the pathophysiology of an
individual patient’s respiratory failure. Pressure at the airway opening (Pao) is simultaneously measured to allow
estimation of transpulmonary pressure (Ptp = Pao – Pes).
Pressure and volume signals can be digitized and integrated
with flow to yield volume change. End-inspiratory and endexpiratory hold maneuvers may be performed to obtain
static measurements at zero flow of transpulmonary pressure at end-inflation and at end-expiration. Static flow
measurements require the patient to be passive without
respiratory efforts, often requiring the administration of
sedatives, narcotics, or even neuromuscular antagonists
(Fig. 3).

Work of Breathing
Patients with respiratory insufficiency have a mismatch
between the force required to entrain air into the lungs
and the force the respiratory muscles are able to
generate. This mismatch can be due to a decrease in the
inspiratory force generated by the respiratory system
(weakness or fatigue); an increase in the elastance of the
respiratory system (acute respiratory distress syndrome)
or a combination of these two mechanisms. Ultimately, if
the respiratory distress worsens to the point of failure,
mechanical ventilation with positive pressure is required
to sustain the patient until recovery of the underlying
disease can occur. Eventually, weaning from mechanical
ventilation requires that the patient demonstrate the ability to resume the work load of ventilation. The calculated
mechanical work of breathing (WOB) is one method that
has been described to evaluate patients who are ready for
liberation from the ventilator. However, this requires that
the clinician be able to distinguish the work that is being
done by the ventilator versus that being done by the
patient. This can be accomplished through measurements
of intra-thoracic pressure via an esophageal balloon.
Unfortunately, work of breathing measurements have
not proven to be useful in everyday clinical practice, however, they have provided a greater understanding of
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Esophageal Pressure. Figure 3 Example of simultaneous recordings of airway (red tracing) and esophageal catheter (green
tracing) during placement into the stomach (left) and then after withdrawal of the catheter into the esophagus (right). Note the
abdominal push that is transmitted while the catheter lies in the stomach and the sudden appearance of cardiac oscillations once
the catheter is withdrawn from the stomach and brought back above the diaphragm to rest in the esophagus

patient-ventilator interactions with various support and
assist modes of ventilation and are, therefore, worthy of
discussion.
Under general principles of physics, mechanical work
is the amount of energy transferred by a force acting
through a distance and is mathematically defined as the
product of force and total displacement of an object:
Work ¼ Force  Displacement

ð1Þ

The unit of measure for work is Joules (J), which is the
force of 1 Newton acting over a distance of 1 m, or
a Newton-meter. Inherent to the definition, there can be
zero work accomplished despite a significant force applied
to an object. Thus energy can be expended without
accomplishing any work. These definitions and concepts
are important when calculating and understanding work
within the respiratory system.
When applied to breathing and a three-dimensional
respiratory system, the mechanical work is calculated by
substituting the pressure generated by the respiratory
system as the force and the volume of gas entrained into
the lungs as the displaced object and integrating this
product throughout the inspiratory cycle per the
following equation:

Z
Work ðof breathingÞ ¼

DPressure  DVolume ð2Þ

The units for this equation are typically expressed as J/L,
where 1 J is equal to the force required to move 1 L of gas
across a pressure gradient of 10 cmH2O.
Conceptually, this integral calculation equals the area
contained within the inspiratory side of the pressure volume loop, where the pressure is the intra-thoracic pressure
generated by the respiratory muscles and is approximated
from the esophageal balloon catheter. The normal WOB is
between 0.3 and 0.6 J/L. Using an esophageal balloon, the
following equation describes the mechanical WOB:
Z
DPes  DVolume
ð3Þ
WOBmech ¼
Just as displacement of an object must occur prior to work
being accomplished, there must be flow and displacement
of a volume of gas before work of breathing can be calculated. Therefore, work of breathing only measures the
energy utilized as flow begins at the onset of inspiration
and continues throughout the entire inspiratory cycle.
Typically, work of breathing describes the energy
required to accomplish inspiration only as expiration is
often passive, however, patients in respiratory failure
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Esophageal Pressure. Figure 4 Example of incorrect placement of an esophageal balloon catheter. A balloon catheter that is
placed high in the esophagus (often due to curling in the mouth or pharynx) will demonstrate falsely low pressures without
good cardiac oscillations. In this example, the incorrect placement on the left demonstrates a reading of 5 cmH2O) compared
to 20 cmH2O when placed correctly on the right. Also consistent with the correctly positioned catheter on the right is the
fact that this patient had a bladder pressure measurement of 23 cmH2O

Respiratory Muscle Function

(especially with air-trapping) may also utilize accessory
muscles for active exhalation and thus expend energy and
perform work throughout the entire breath cycle. Moreover, patients who are unable to trigger the ventilator due
to excessive air-trapping and intrinsic PEEP may expend
energy despite no work being accomplished. Therefore,
other measures of energy expenditure have been defined
to better account for scenarios in which there is muscle
contraction without volume displacement, that is,
isovolumic contraction. The most common measure is
the pressure time product, or PTP, which is defined
as the intra-thoracic pressure change generated by the
respiratory muscles during an inspiratory effort multiplied by the total time and expressed as cmH2O per second
per minute [2].
Z
PTP ¼ Pes dt
ð4Þ

Diaphragm paralysis can be difficult to diagnose as
patients are often able to utilize accessory muscles to
compensate for the lost function of a diaphragm. Moreover, patients on positive pressure ventilation who are
having difficulty weaning from mechanical ventilation
may also have impaired diaphragm function that is difficult to confirm. In such instances, esophageal manometry,
in conjunction with gastric manometry can be useful to
establish the diagnosis of diaphragm paralysis and is still
considered by many to be the gold standard. After
confirming placement of two balloon catheters to establish
both gastric and esophageal pressure, the tracings are
plotted together along with the difference between gastric
pressure (Pga) and esophageal pressure, or a transdiaphragmatic pressure (Pdi):

Typically, PTP values can range from 60 to 80 cmH2O/s/
min for normal subjects and as high as 300 cmH2O/s/min
for intubated patients depending on airway resistance and
total PEEP.

Multiple maneuvers have been described to better elucidate the function of the diaphragm, including maximal
inspiratory force, or Mueller maneuver, sniffing diaphragm pressure, maximal inspiratory force through

Pdi ¼ Pga  Pes

ð5Þ
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a mouthpiece [3]. The normal value for transdiaphragmatic pressure is approximately 100 cmH2O.
One issue has been consistency and reproducibility for
these effort dependent maneuvers. For this reason,
phrenic nerve stimulation during trans-diaphragmatic
pressure recordings has also been described, but is more
invasive and requires greater expertise.

Chest Wall Elastance
The chest wall and associated structures (rib cage,
abdomen, and breasts) oppose lung inflation and have
a specific elastance, Ecw. Just as the lungs have an elastic
recoil that must be overcome for normal lung inflation, so
too, does the chest wall oppose lung inflation during
inspiration. And similar to the lung, chest wall elastance
can be highly variable from patient to patient. This
variability in chest wall elastance is now being recognized
as a significant contributing factor in patients with
respiratory failure [4].
The elastance of the respiratory system, Etot is a sum of
the chest wall elastance and lung elastance:
Etot ¼ Ecw þ EL

ð6Þ

Separating the chest wall elastance (Ecw) from the lung
elastance (EL) requires measurement of the pressure
between the lung and chest wall, which is pleural pressure
(Ppl). During static respiratory maneuvers at zero flow
(thus negating airway resistance) and assuming esophageal pressure (Pes) approximates pleural pressure (Ppl), the
esophageal pressure is related to the chest wall elastance
(Ecw) by the equation:
Ecw ¼ DPes =VT

ð7Þ

In a sample of approximately 70 patients, Talmor et al.
demonstrated significant variability among patients with
regard to pleural pressures measured via esophageal pressure that was not explained by changes in airway pressure
[4]. The authors concluded that elevated esophageal
pressures suggest that chest wall mechanical properties
often contribute substantially and unpredictably to total
respiratory system elastance, and therefore airway pressures alone may not adequately predict transpulmonary
pressures or lung distension [4].

Acute Respiratory Distress Syndrome
Recognizing the variability and potential contribution of
chest wall elastance on respiratory failure, it may be possible to utilize this technology to assist in the ventilator
management of patients with acute respiratory distress
syndrome (ARDS). A now well-recognized component
of ARDS is the contribution the ventilators may add and
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exacerbate the lung injury when not managed carefully
and has been termed ventilator-induced lung injury
(VILI). Among the proposed mechanisms for VILI are
both atelectrauma and volutrauma. These two mechanisms lie at the extreme ends of the breath cycle.
Atelectrauma refers to the injury believed to occur
from the repetitive opening and closing of airways at
end-exhalation and the beginning of the next inspiration,
presumably due to inadequate levels of positive end expiratory pressure (PEEP). Volutrauma refers to the injury
that is known to occur from over-distension of alveoli at
the end of inspiration, presumably due to regional hyperinflation of recruitable alveoli with excessive tidal volumes
and/or PEEP. Ideally, the ventilator would be set by the
clinician to optimize recruitable alveoli with the appropriate level of PEEP that minimizes atelectasis at endexhalation while also preventing over-distension at endinspiration with the appropriate tidal volume. Although
limiting tidal volumes is now well accepted for patients
with ARDS, the optimum PEEP levels have yet to be
clearly identified with most trials failing to demonstrate
improved mortality in high versus low PEEP strategies.
However, most trials have used either random PEEP titration protocols or pressure – volume curves with pressures
measured only at the airway to titrate PEEP. Unfortunately, this fails to account for the aforementioned perturbations often seen in the chest wall compliance of
critically ill patients.
Attempting to put these facts into clinical practice,
Talmor et al. theorized that esophageal pressures could
be used as a guide for the titration of PEEP in patients
with ARDS [5]. Incorporating this theory into a protocol,
Talmor recently published a single center study of 61
patients randomized to either PEEP titrated to the
ARDSnet sliding scale or to transpulmonary pressure, Ptp
estimated from esophageal pressure [5]. The goal in the
study group was to maintain the estimated Ptp > 0 cmH2O
during static end-expiratory maneuvers (Fig. 5). As a
single-centered study not powered for mortality, the
primary end point was patient oxygenation. Unlike
other studies, the study protocol did not require PEEP to
be increased in the study group and, in fact, it was
decreased in some patients. Overall, however, the PEEP
levels were clearly higher in the study group with PEEP at
72 h averaging 17 6 cm versus 10 4 cmH2O in the
study and control groups, respectively. After meeting
early stopping criteria, the PaO2/FiO2 ratio at 72 h
was significantly different at 88 mmHg higher in the
study group than the control (95% confidence interval,
78.1–98.3; P = 0.002). This effect was persistent over the
entire follow-up time (at 24, 48, and 72h; P = 0.001 by
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Esophageal Pressure. Figure 5 This figure demonstrates the effect changing PEEP on the airway tracing (red), the esophageal
tracing (green), and the mathematical difference between the airway and esophageal tracing, that is, transpulmonary pressure
tracing (blue). In this example, increasing the PEEP by 5 cmH20 had the potentially beneficial effect of elevating the end-expiratory
transpulmonary pressure to at least zero, thus, theoretically minimizing the collapse and atelectasis that would otherwise occur at
lower PEEP levels. This technique has been studied by Talmor et al. in a small, single center study with encouraging results [5]

repeated-measures analysis of variance). Respiratorysystem compliance was also significantly better at 24,
48, and 72 h in the esophageal pressure-guided group
(P = 0.01 by repeated-measures analysis of variance).
Talmor et al. concluded that this method can be useful,
effective, and safe [5].

Limitations
Esophageal pressure manometry has been used extensively to approximate the intra-thoracic pressures
in spontaneously breathing patients and ventilated
patients. The accuracy and effectiveness of this technique has been the source of much debate in the literature. Clearly, the technique of measuring a pressure in
the esophagus via a balloon-tipped catheter is not without sources of error, including over-inflation of the
balloon, under-inflation of the balloon, malposition of
the balloon and balloon malfunction and leakage. Significant effort has been carried out to improve this
technique and minimize these sources of error. Most
notably, Milici-Emili and colleagues published a series
of papers in the 1960s outlining an improved technique

for measuring esophageal pressures that closely approximate pleural pressure [1].
The second potential limitation is the utility of following absolute values of esophageal pressure as a true surrogate for pleural pressure throughout all lung fields. This is
not as significant for calculating work of breathing measurements, which involves measurements of change in
value, but not based on absolute values per se. Pelosi
et al. demonstrated good correlation with the trends, but
not the absolute values of esophageal manometry when
compared to direct pleural pressure measurements in various lung fields of canines [6]. However, the differences in
pleural pressure measurements were predictably above or
below the esophageal pressure measurements in the
nondependent and dependent lung zones, respectively.
Talmor et al. have hypothesized that the absolute numbers
have enough value to draw conclusions about lung and
chest wall compliance, so that PEEP can be titrated more
effectively and with better fidelity than following airway
pressures alone [5]. The effectiveness of this particular
indication and use of esophageal manometry remains to
be elucidated in a larger multicentered trial.

Ethanol Intoxication
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Ethanol Intoxication
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▶ HIV-Related Disease of the Oral Cavity and Esophagus

Synonyms
Alcohol intoxication

Esophago-Gastro-Duodenoscopy
(EGD)
▶ Gastrointestinal Endoscopy

Estimation of Burn Size
▶ Burn Injury, Rule of Nines

Estrogen
▶ Sex Steroids: Role in ICU Outcome

Definition
Acute ethanol intoxication is defined by the presence of
a constellation of heterogeneous signs and symptoms in
the setting of significant ethanol, or ethyl alcohol, ingestion. These signs and symptoms can be myriad and are
largely related to ethanol’s depressant effects on the central
nervous system. The Diagnostic and Statistical Manual of
Mental Disorders IV clinical criteria for the diagnosis of
acute alcohol intoxication include development of clinically significant maladaptive behavior or psychological
changes during, or shortly after, alcohol ingestion, as
well as development of one or more of the following
signs: slurred speech, lack of coordination, unsteady gait,
nystagmus, impairment of attention or memory, stupor,
or coma. These symptoms cannot be attributed to
the presence of a general medical condition or mental
disorder [1].

Clinical Effects

ETA
Endotracheal Aspirates (ETA).
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Ethanol is a colorless and odorless hydrocarbon. Surprisingly, its effects are not well understood, but it is known to
enhance the inhibitory actions of central nervous system
(CNS) GABA receptors and block the excitatory actions of
NMDA receptors. The clinical sequelae of ethanol
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intoxication are related to the amount ingested, the rate of
ingestion, and the patient’s habituation to ethanol exposure. At low doses, ethanol selectively depresses areas of
the brain involved in higher cortical function, leading to
a variety of neuropsychiatric manifestations, including
euphoria, emotional lability, social withdrawal, and
aggression. With increasing alcohol serum concentrations,
the central nervous system becomes more diffusely
inhibited, leading to progressive mental status and respiratory depression, loss of airway protective reflexes, and
coma [5].

Pharmacokinetics
A number of factors affect the pharmacokinetics of ethanol. Ethanol undergoes first pass metabolism by gastric
alcohol dehydrogenase (ADH). The rate can be altered by
the presence or absence of food and coingestants as well as
changes in gastric motility. Women have a decreased concentration of gastric ADH, thereby increasing the amount
of ethanol absorbed. Ethnicity also plays an important role
in both gastric and hepatic ADH functioning. Some ethnic
groups, particularly Asians, have ADH subtype variations
leading to increased absorption.
Ethanol is metabolized in the liver primary by alcohol
dehydrogenase and aldehyde dehydrogenase which convert
it to acetaldehyde and acetate respectively. Genetic polymorphisms in these enzymes increase or decrease metabolism
contributing to variable rates seen in individual patients.
The microsomal ethanol oxidizing system (CYP2E1) and
the peroxidase-catalase system are minor pathways that also
contribute to elimination. Ethanol-naı̈ve patients metabolize ethanol at a rate of 10–25 mg/dL per hour, while chronic
alcoholics may metabolize at twice that rate. Changes in
metabolism induced by chronic ethanol exposure are due
in part to induction of CYP2E1, although many of its effects
are poorly understood [3].

Treatment
Treatment of acute alcohol intoxication is primarily supportive. It is of critical importance to identify underlying
illness or traumatic injury that may present with similar
symptoms or that may be masked by ethanol intoxication.
Reversible causes of altered mental status, such as hypoglycemia, hypoxia, and opioid intoxication, should be
immediately identified and treated. Patients who are
mildly to moderately intoxicated without other complicating factors may be observed in the emergency department without further intervention.
Patients who are severely intoxicated require further
evaluation and management. Of primary concern is airway protection and respiratory depression. Patients with

an altered mental status should be placed on continuous
pulse oximetry and, if available, end-tidal carbon dioxide
monitoring and observed closely. Risk of aspiration of
gastric contents can be decreased by elevating the head of
the bed or laying the patient on their side. Mechanical
airway obstruction may respond to basic maneuvers, such
as airway repositioning or insertion of an oropharyngeal
or nasopharyngeal airway. Respiratory or severe CNS
depression causing airway compromise may require
definitive treatment with intubation and mechanical
ventilation.
Volume and nutritional status should be assessed.
Hypovolemic patients should be treated with intravenous
volume repletion. Intoxicated patients, particularly those
with a history of chronic alcohol abuse, often have electrolyte and nutritional deficiencies that must be
addressed. These most commonly include hypoglycemia,
hypokalemia, hypomagnesemia, and thiamine and folate
deficiencies. Care must be taken when giving glucose to
patients as administration without thiamine supplementation may precipitate overt encephalopathy in thiamine
deficiency. Since thiamine has a benign side effect profile,
routine administration is recommended in all patients in
whom chronic alcohol abuse is suspected. Any patient
exhibiting signs of Wernicke–Korsakoff syndrome
(ophthalmoplegia, ataxia, and encephalopathy resulting
in confusion, confabulation, and short-term memory
loss) should receive prompt high-dose intravenous thiamine replacement [4].

Reversal Agents
There is no effective reversal agent for ethanol. A number
of therapies have historically been used including
flumazenil, naloxone, caffeine, and rapid intravenous
fluid loading followed by forced diuresis. However, none
have proven to be beneficial. Hemodialysis, in contrast,
does increase the elimination of ethanol, but is rarely
necessary given the effectiveness of supportive care.

The Agitated Patient
Patients presenting to the emergency department in an
agitated and intoxicated state may be difficult to manage,
consuming valuable time and resources. They may be
concomitantly intoxicated with other substances, including sympathomimetics such as cocaine or amphetamines,
which can contribute to agitation, delirium, and
psychosis.
To facilitate evaluation and management, chemical
sedation and restraint may be warranted. Both benzodiazepines and antipsychotics are commonly used for sedation of agitated patients. An understanding of the
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pharmacokinetics as well as the side effect profile of these
medications is essential for a complete risk-benefit analysis in each patient. Benzodiazepines such as lorazepam
and diazepam are relatively fast-acting and can be delivered via the intravenous, intramuscular, or rectal route.
They are generally safe and well tolerated with few side
effects; however, in combination with ethanol, there is
a synergic respiratory depressant effect. The respiratory
status of intoxicated patients who are treated with benzodiazepines must be very closely monitored. Antipsychotics
are advantageous as they do not cause respiratory depression. However, they carry additional risks of hyperthermia, antimuscarinic effects, and a lowered seizure
threshold. The American Food and Drug Administration
placed a black box warning on haloperidol and droperidol
recommending an electrocardiogram to assess for QTc
prolongation prior to intravenous administration of
these drugs. This is clearly not feasible in an agitated
patient and presents another risk that must be taken into
consideration when choosing an agent for sedation.
In extreme cases, it may be necessary to secure the
patient’s airway with endotracheal intubation in order to
facilitate proper sedation for the safety of both the patient
and medical staff. Rapid assessment is critical to rule out
complications of ethanol intoxication or other lifethreatening etiologies of agitation such as intracranial
hemorrhage. Any patient receiving chemical sedation
and restraint should be in a closely monitored setting,
with continuous respiratory and telemetry monitoring.

Evaluation/Assessment
Evaluation of the acutely intoxicated patient poses
a difficult challenge to the clinician. The presentation
can range from mild inebriation to severe agitation to
profound lethargy. A patient’s altered mental status may
mask significant underlying traumatic injuries or occult
medical illness. Obtaining necessary diagnostic tests can
be difficult in an intoxicated, uncooperative patient,
sometimes requiring pharmacologic or physical restraint.
While mild to moderate intoxication is unlikely to contribute to significant morbidity or mortality, associated
traumatic injuries may be life threatening, and severe
intoxication can cause respiratory arrest and death.
A primary survey to assess the adequacy of airway
patency, breathing, and circulation should be performed
immediately. Particular attention should be paid to airway
protection and respiratory drive. Frequent reassessment
and close monitoring are paramount. Glucose concentration should be rapidly obtained. Following the immediate
identification and correction of acute, life-threatening
problems, a careful head-to-toe exam should be
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performed to rule out any occult traumatic injury or
other medical illness. Full exposure of the patient is essential. If there is any suspicion of cervical trauma, a cervical
collar should be applied [2].

Laboratory Testing
In patients without significant medical comorbidities who
present with uncomplicated acute intoxication, laboratory
testing is generally not beneficial. The provider may rely
on careful clinical assessment and close observation. In
patients with possible comorbidities or in whom the diagnosis is unclear, the differential diagnosis should be widened and the threshold for laboratory investigation
lowered. Evaluation should be directed by the clinical
picture of each patient, but may include a complete
blood count, electrolytes, BUN, creatinine, calcium, magnesium, liver function tests, coagulation studies, lipase,
ketones, and ammonia. If there is a large anion gap or
suspicion for the coingestion of a toxic alcohol, serum
osmolality should be sent. However, discretion must be
used in interpreting these tests, as ethanol itself can cause
an anion gap and elevated serum osmolality.
The clinical utility of obtaining a serum blood alcohol
concentration (BAC) has been debated. This concentration can be difficult to interpret, as it may not correlate
well with clinical symptoms. The same blood alcohol
concentration in an ethanol-naı̈ve adult may result in
coma, while a patients who is chronically exposed to
alcohol may be lucid or even having withdrawal. Additionally, the presence of serum ethanol has caused clinicians to overlook coexisting medical conditions. The
classic example is the patient in who altered mental status
from intracranial hemorrhage is attributed to ethanol
intoxication. It is therefore important to interpret the
result in the context of the patient’s current clinical status
and to maintain a low index of suspicion for concomitant
illness or injury. Ethanol may be metabolized at widely
differing rates by different patients so its utility in
predicting time for metabolism is also limited.

Radiological Testing
The radiological test of choice to rule out significant
intracranial injury is noncontrast computed tomography
of the head. All intoxicated patients with head trauma and
those who are deeply comatose should have imaging studies to rule out intracranial hemorrhage. Routine imaging
is unnecessary in mildly intoxicated patients. For all other
patients, clinical judgment can be used to determine the
need for radiologic testing.
Similarly, the threshold for obtaining imaging to rule
out other potential traumatic injuries or medical illness
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should be low. Physical examination is frequently
unreliable in the intoxicated patient, making it difficult
to identify occult injury and illness. Any external signs of
trauma should prompt the physician to consider imaging
of the affected body part. Likewise, suspicion for any
medical illness, such as pneumonia or ascites, should
direct imaging as clinically warranted.
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The Chronic Alcoholic
The index of suspicion for the presence of comorbid
conditions must be heightened in patients who have
a history of chronic alcohol abuse. These patients are at
risk for a number of dangerous and life-threatening conditions, including, but not limited to: alcohol withdrawal;
upper gastrointestinal bleed; electrolyte abnormalities;
pancreatitis; atrial and ventricular arrhythmias; alcoholic
ketoacidosis; pneumonia; and nutritional deficiencies.

After-care
Indications for admission include any significant comorbid condition (such as an upper gastrointestinal bleed,
pancreatitis, or significant traumatic injury), persistently
abnormal vital signs or mental status despite adequate
resuscitation, significant toxic coingestion, or alcohol
withdrawal. Patients who present with uncomplicated
alcohol intoxication may be discharged after observation
in the emergency department and resolution of symptoms. Careful clinical assessment of the patient with particular attention to mental status and neurologic
examination is adequate to determine the time when the
patient can be safely discharged.

Ethylene Glycol
▶ Toxic Alcohols

EVD-Associated Infection
▶ External Ventricular Drainage (EVD)-Related CNS
Infection

Evidence-Based Medicine (EBM)
Evidence-based medicine (EBM) is the systematic guidance of medical decision making by the appraisal of scientific evidence for or against clinical utility.

Prognosis
Acute ethanol intoxication can be life threatening, but is
unlikely to result in significant morbidity or mortality
with adequate medical care. Long-term prognosis also
depends on the patient’s patterns of alcohol use. Many of
the detrimental effects of alcohol are related to trauma in
the setting of alcohol intoxication and to the sequelae of
long-term alcohol abuse, such as alcoholic cirrhosis, nutritional deficiencies, withdrawal, and maladaptive psychosocial behaviors. All patients presenting to the emergency
department with alcohol intoxication should be screened
for and counseled about the dangers of alcohol use and
abuse.

Evisceration
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Synonyms
Burst abdomen; Disembowelment
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Definition
Protrusion of intra-abdominal structures or organs
from a dehisced incision or laceration in the abdominal wall.

Evisceration
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Evisceration. Figure. 1 Intestinal evisceration in a 6 year boy from traumatic penetrating injury (Printed with permission from
Dr. Fritz Karrer, The Children’s Hospital, Denver)

Physiology
Evisceration of abdominal contents can result from
penetrating trauma or dehiscence of a surgical
wound.
The incidence of evisceration due to dehiscence of an
abdominal surgical wound is 0.5–1.2% and has not
changed significantly over the last century. This is likely
due to the increasing complexity in both operations and
the patient population. Impaired wound healing is most
often implicated in postsurgical evisceration. Risk factors
for dehiscence and evisceration include age, diabetes,
obesity, malnutrition, corticosteroid therapy, and sepsis.
Wound infection is directly associated with over 50% of
eviscerations [1].
Surgical technique can contribute to wound dehiscence. Examples of technical failures included closing the
wound under tension, placing the fascial sutures too far
apart, or pulling the suture too tightly and strangulating
the wound edges. Postoperative factors include abdominal
distension due to ileus or obstruction, ascites, and severe
coughing or vomiting.
Postoperative management including judicious
administration of intravenous fluids, avoidance of
prolonged ileus, and weight lifting restrictions can all be
important factors that contribute to satisfactory wound

healing. Consideration should also be given to the removal
of superficial stitches or staples as early removal can result
in superficial dehiscence, leaving the wound at risk for
infection.
Penetrating trauma may be associated with evisceration. As many as 10–20% of abdominal stab wounds have
obvious evisceration upon presentation to the hospital
[2]. This can include omentum, small or large intestine,
bladder, liver, and stomach.

Management
Historically, evisceration due to penetrating trauma
required prompt exploration in the operating room.
Some have challenged this premise in recent years,
citing that hemodynamically stable patients with solitary omental evisceration and a benign abdominal
exam can be managed nonoperatively with serial
physical exams and close monitoring [2]. Numerous
retrospective reviews have shown that false-negative
physical exams for abdominal stab wounds occur <5%
of the time [3, 4]. In patients with acute abdominal evisceration, 65–70% will have intra-abdominal injuries that
require repair, suggesting that potential nonoperative candidates should be monitored closely by an experienced
surgeon [2].
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For high-risk patients undergoing elective abdominal procedures, evisceration can be avoided if the
closure is technically sound. Principles in closure
methods are well described and include: continuous
running suture using 1 cm tissue bite and 1 cm
interval between each bite to create a suture lengthto-wound length ratio of 4:1. This can be augmented
in high-risk patients with interrupted retention sutures,
either externally or internally placed. Technical variations included interrupted suture solely, “far-and-near,”
and “figures-of-eight.” Comparisons of continuous and
interrupted closures have found no differences in incidence of wound dehiscence. Continuous suture closure
is a reasonable technique because of its efficacy, safety,
and speed.
The basic principles of management of abdominal wall
dehiscence and evisceration are early diagnosis and surgical
closure. Clinically, the hallmark of wound dehiscence is the
spontaneous drainage of serosanguinous fluid from the
wound and occurs in over 80% of patients with
a dehiscence. Wound dehiscence may or may not be
associated with intestinal evisceration, but in the setting of
a recent operation in a hemodynamically stable patient,
immediate reoperation is indicated (Fig. 1). The patient
should be taken to the operating room for exploration.
The wound should be debrided to healthy tissue and
reapproximated once again by a continuous fascial closure
buttressed with interrupted retention sutures [5]. In an
unstable patient, the wound can be treated with gauze
packing or a negative pressure dressing giving special
attention to applying an abdominal binder for
mobilization.
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Evoked Potentials
▶ Electro-Neurophysiology

(Excessive) Blood Loss
▶ Bleeding Patient

Ex-lap
▶ Laparotomy

Exogenous Infections
Exogenous infections denote an external source for the
etiologic infectious agent.

Follow-Up
Hernias are a common late complication of wound dehiscence with incidence approaching 30% in some series. It is
prudent to delay elective repair until the wound has fully
healed and the patient has recovered from the initial
surgery. Other important preoperative evaluation considerations include nutritional status, obesity, and abdominal
symptoms.
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Exotoxic Shock
▶ Toxic Shock Syndrome, Skin Source

Exploratory Laparotomy
▶ Laparotomy

Explosion-Induced Trauma
▶ Blast Injury

External Ventricular Drainage (EVD)-Related CNS Infection

Explosion-Induced Tympanic
Membrane Rupture
▶ Blast Injury

Explosive Barotrauma

E

External Fixation (EF)
EF is a method of fracture alignment and stabilization
that has uses both as definitive fixation, and as temporary fixation, depending on patient and injury circumstances. EF involves pins and/or wires that are
embedded in bone but extend beyond the level of
the skin and connect to frames in order to achieve the
desired result.

▶ Blast Injury

External Ventricular Drain (EVD)
Explosive Injuries

▶ Ventriculostomy

▶ Bomb Injuries

Explosive Injury
▶ Blast Injury

Exsanguinate
▶ Hemorrhagic Shock, Classification

External Ventricular Drainage
(EVD)-Related CNS Infection
SONJA HANSEN1, ELISABETH MEYER2
1
Institute of Hygiene and Environmental Medicine,
Charité – University Medicine, Berlin, Germany
2
Charité Campus Benjamin Franklin, Institute of Hygiene
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Synonyms

Extended Hepatectomy
▶ Hepatic Trisegmentectomy

Extended Right/Left Hepatectomy
▶ Hepatic Trisegmentectomy

Extensively Drug-Resistant
Tuberculosis (XDR TB)
XDR TB is a growing problem and is defined as resistance
to INH, RIF, any fluoroquinolone as well as one of three
injectable second-line drugs.
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EVD-associated infection; Ventricular catheter
ventriculostomy-related/associated infection

or

Definition
An EVD-related CNS infection is a device-related infection which represents as meningitis and/or ventriculitis.
An EVD is accomplished in order to monitor the
intracranial pressure as well as to relieve pressure from
the CNS for example after head trauma and brain surgery
or in patients with hydrocephalus. Some patients require
EVD for direct administration of medication into the
nervous system.
Infection rates vary from 4% to 20%. Recently,
the incidence of ventriculostomy-associated meningitis
in two German intensive care units was described as
6.3 infections per 1,000 drainage days. The presence
of intraventricular blood and previous trauma were
significant risk factors for infection [1]. Further
predisposing factors for an infection in case of EVD are
non-adherence to rigid insertion and maintenance
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protocols, other neurosurgical operations, frequency of
EVD manipulation, and drainage for more than 5 days.
The disease-causing pathogens are mainly coagulase
negative Staphylococci (CoNS) and S. aureus. The most
common gram-negative species are enterobacteriaceae
and Pseudomonas. Infection caused by fungi is rare
but may be a problem in the immunocompromised
patient.

Evaluation/Assessment
Diagnosis of EVD-related CNS infection is frequently
impaired either by the presence of systemic inflammation
due to the primary disease or by hemorrhagic CSF which
may cause inflammatory reaction itself or by absence of
neurological signs and symptoms and in the presence of
normal CSF values. Nonetheless, CSF samples
and culture must be obtained, CSF laboratory (see
▶ Post-neurosurgical Meningitis) and CSF Gram stain
and culture should be performed. In addition,
a significant increase of the ratio of leukocytes and erythrocytes in CSF divided by the ratio of leukocytes and
erythrocytes in peripheral blood is highly indicative of
EVD-related ventriculitis [2].

Treatment
In the case of a primarily purulent CSF, treatment should
start immediately with antimicrobials covering grampositive and gram-negative bacteria. In areas with a high
prevalence of methicillin-resistant Staphylococcus aureus
(MRSA) and multiresistant gram-negative rods therapy with
vancomycin 21 g/day and meropenem 3–42 g/day is
recommended. Because penetration of intravenous vancomycin into CSF is poor, intrathecal application can be considered. In cases of fulminant gram-negative ventriculitis,
intraventricular aminoglycosides have also been administered. Another treatment option includes ceftazidime
32 g/day plus rifampicin 600 mg/day or fosfomycin
35 g/day. In most cases, treatment is continued for
10–14 days, although some experts have recommended
shorter durations of 5–7 days if repeated CSF cultures are
negative and if the EVD is exchanged. Generally, device
removal is recommendable [2].
In case of primarily hemorrhagic CSF and a Gram
stain positive for Staphylococci therapy can be restricted
to vancomycin if the patient is not immunocompromised
and polymicrobial infection is not suspected. Antimicrobial therapy is usually continued for 7 days.

Prognosis
EVD-related CNS infection is a life-threatening disease
with mortality up to 26%.

The risk of infection can be minimized by a high
compliance to hand hygiene and minimal manipulation
of the EVD. It is key to assess the continued need for
EVD daily in order to minimize the period of time to
which the patient is at risk for infection. Prophylactic
catheter exchange is not recommended. The EVD can
be left safely, as long as needed if meticulous care is
taken during insertion and nursing. Surveillance with
feedback of EVD-related infection rates helps to identify
potential deficiencies concerning infection control measures [1].

References
1.

2.

Scheithauer S, Bürgel U, Ryang YM, Koch S, Schiefer J, Häfner H,
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Extra Renal Therapy
▶ Hemodialysis in ICU

Extracorporeal Lung Assist (ECLA)
▶ Extracorporeal Lung Support

Extracorporeal Lung Support
DIETRICH HENZLER
Division of Critical Care, Dalhousie University and QEII
Health Sciences Center, Halifax, NS, Canada

Synonyms
Extracorporeal lung assist (ECLA); Extracorporeal membrane oxygenation (ECMO); Interventional lung assist
(iLA) (= pECLA); Miniaturized extracorporeal membrane
oxygenation (Mini-ECMO); Pumpless extracorporeal
lung assist (pECLA)

Extracorporeal Lung Support

Definition
Extracorporeal lung support (ECLS) is a technique, by
which blood flows through an extracorporeal circuit
with a semipermeable membrane, facilitating gas
exchange. Mostly, there has to be a residual function of
the native lung, and cannot be a complete replacement as
an artificial lung. The ECLS is mostly pump-driven to
maintain extracorporeal flow.
ECLS is sometimes confused with extracorporeal life
support, which also includes support of heart function.
Combined lung and heart support is by principle equal to
cardio-pulmonary bypass, as it is used for open-heart
surgery. There are differences in configuration, flow
rates, and medication, which will be discussed later. One
has to differentiate ECLS from a ventricular assist device
(VAD), which provides just heart support without lung
support.

Types of ECLS depending on cannulation site
Veno-venous ECMO (Fig. 1): It is a standard application
for ECLS. Inflow cannulas are placed via femoral access in
the inferior vena cava and/or vena iliaca. Return is typically to the right atrium via the jugular vein or a long
femoral cannula. Extracorporeal blood flow is between
30% and 50% of cardiac output. This is a most efficient
form of ECMO, since the venous blood has a low partial
pressure of oxygen offering a high gradient for oxygen
uptake (Table 1).
Veno-arterial ECMO: Venous cannulation is (bi-)
femoral and/or jugular and return is into the femoral
artery or aorta. Cannulation can be central, especially
post-op cardiac surgery. The native lung and the heart
are bypassed, thus this type is a heart-and-lung assist. It
is also used in post-op cardiac surgery and other acute
heart failure.
Arterio-venous ECLA (Fig. 2): This type of cannulation basically creates a huge arterio-venous shunt, which
limits the maximum blood to flow to leave enough flow
through the body. Nowadays, it is only used without
a blood pump and is driven by the patient’s own blood
pressure. It is very effective for CO2-removal, but less
effective for oxygenation due to limited flow and smaller
gradient of partial oxygen pressure difference.

Pre-existing Condition
Suitability
At present, ECLS is a technique to provide organ support
for acute failure only. It is not suitable for chronic illness
and cannot be maintained over a prolonged period (i.e.,
>2 months). It is intended as a “bridge to recovery,”
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although some systems have been used as “bridge to
transplant.” Future developments are aimed at long-term
support, to incorporate the technology in the large vessels
or the thoracic cavity.

Principle of Gas Exchange Across the
Extracorporeal Membrane
Gas exchange is by passive diffusion across the semipermeable membrane. According to Fick’s law, the gas transfer rate is directly proportional to the difference in partial
gas pressures (pressure gradient) and surface area:
A
V_ gas 1
D ðP1  P2 Þ
T
(A = surface area; T = thickness of membrane; D = diffusion constant; P1–P2 = partial gas pressure gradient across
membrane). To maintain the driving pressure gradient
(and thereby uptake of a gas) the flow in the receiving
phase has to be higher than in the delivering phase (Fig. 3).
There is always a sufficient pressure gradient for
carbon dioxide as the gas flow can be increased to 12 L/
min, maintaining a partial pressure of close to zero in the
gaseous phase. Blood flow cannot be increased as easily, as
higher blood flow is limited by cannula size and volume
status and will increase blood trauma.
Important: All ECLS are efficient for CO2-removal,
but oxygenation efficacy is determined by blood flow
through the extracorporeal circuit. Thus, ECLS systems
with lower blood flows are not suitable in most severe
hypoxemia.

Side Effects and Caveats
Hemodynamics and Blood Flow
To secure adequate blood flow, a state of euvolemia or
even hypervolemia needs to be maintained. This can be
difficult to achieve, since there is no bedside method to
determine blood volume. Furthermore, it contradicts with
the goal of a negative fluid balance to reduce pulmonary
edema.
The assessment of volume status is mainly based on
clinical observation. Central venous pressure may be
falsely decreased (v-aECMO) or increased (v-vECMO).
Changes in CVP during treatment are therefore more
important than absolute numbers. Echocardiography can
provide a good estimate of heart filling and function
except in veno-arterial ECMO, where the heart is
unloaded. In v-v cannulation pre-load is increased and
in a-v ECLS left ventricular after-load is decreased. A drop
in extracorporeal flow, an increase in pump speed to
maintain blood flow, a further drop in in-flow pressure
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Extracorporeal Lung Support. Figure 1 Pump driven ECMO (depicted as veno-venous) setup. A schematic B example

E

Extracorporeal Lung Support

913

Extracorporeal Lung Support. Table 1 Characteristics of different ECLS
Blood
pump

Oxygenation

Veno-venous

Yes

** Z

** Z

Lung

1.5–2.5

150–180

Veno-arterial

Yes

*** Z

*** Z

Heart-lung

1.5–4.5

180–200

Arterio-venous

No

*Z

** Z

Lung

1.0–1.8

120–140

CO2-removal

Assist type

Blood flow L/min

Anticoagulation
ACT target

E
O2 supply

.

Flow meter

. fem
to V

Membrane

from

V. fem.

m.
A. fe

A. fem.

CO2
O2

b

a

Extracorporeal Lung Support. Figure 2 Pumpless ECLA setup. A schematic B example

Blood flow

40

80

mmHg

Gas flow

O2

CO2

760

0

mmHg

Extracorporeal Lung Support. Figure 3 Principle of gas
exchange across a semi-permeable membrane

and a “chatter” of the in-flow tubing are clinical signs of
inadequate intravascular volume.
A large volume loss has to be considered when starting
ECLS, since crystalloid fluid used for priming the circuit
will distribute in the third space. In cases of severe hemodynamic instability or very low intravascular volume (i.e.,
children) priming of the circuit with equal composition
(RBCs, plasma) is recommended. The extracorporeal
blood flow should be increased only stepwise to allow for
adequate volume resuscitation and adjustment of vasopressors. An increase in vasopressor demand after starting
the ECLS (decreased afterload, relative hypovolemia,
adsorption of vasopressor substance by the foreign surface?) has to be anticipated.

Gas Exchange
After starting the ECLS an increase in PO2 and a decrease
in PCO2 will occur immediately, in both arterial and
mixed venous blood. While this (desired) effect causes
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little adverse reactions in veno-arterial ECMO, a sudden
increase of mixed-venous PO2 in v-v and a-v ECLS can
lead to attenuation of hypoxic pulmonary vasoconstriction and a temporary worsening of systemic oxygenation.

Blood Trauma and Bleeding
Enhanced biocompatibility is a major advance in newer
developments. There are two components for blood traumatization: Firstly, direct trauma to corpuscular elements,
and secondly, indirect trauma by activation of inflammation and coagulation. The direct trauma is determined by
pump speed, the pressure gradient by which the blood is
sucked through the cannulas, and the type and configuration of the blood pump. Its magnitude can be estimated
from a decrease in platelets and red blood cells and
a concomitant increase in plasma-free hemoglobin.
The indirect trauma is determined mainly by the foreign surface, where platelets and neutrophils are activated
to initiate the coagulatory and inflammatory cascade. For
prevention, either high doses of heparin have to be given
or the entire system has to be coated with heparin. Lowgrade heparinization is still warranted, increasing the risk
of bleeding. Intracerebral hemorrhage, in particular, has to
be monitored if a higher degree of anticoagulation is
needed.
A sudden decrease in thrombocyte count can be
caused by activation of coagulation, clot formation in
the membrane, or might be indicative of a newly developed heparin-induced thrombocytopenia (HIT). In this
case, the circuit needs to be changed to a non-heparinized
model and anticoagulation switched to other substances
(i.e., hirudine, argatroban, prostacycline).

Infection
As with all indwelling catheters, the risk of infection is
enormous. Insertion of cannulas, priming of the circuit
and any changes to the configuration of the circuit have to
be done under absolute sterility, the operating field needs
to be completely draped and the operators gowned for the
procedure. The cannulation sites should be covered with
non-occlusive dressing and changed only when soaked.
Sites should be disinfected when dressed. The use of iodine
is preferred over alcoholic disinfectants, since alcohol
might cause cracks and eventually rupture in the plastic
housing of blood pump and membrane.

Limb Ischemia
After cannulation of femoral vessels diminished venous
return might lead to limb swelling and thrombosis. The
latter has to be excluded if swelling occurs to prevent

pulmonary embolism. There is a significant risk of limb
ischemia in femoral artery cannulation, which correlates
directly with cannula size. In general, the limb has to be
kept warm; dependant and pedal pulses have to be
checked frequently. If perfusion is critical, SpO2 monitoring is recommended. In case of ischemia, one can restore
perfusion distal of the femoral cannula by establishing
a bypass to the femoral artery (vascular surgery).

Technical Failures
Rupture or leakage is rare, but can occur at connection
sites or the pump housing; rupture of the tubing in roller
pumps only is by slow degradation of the material. Dramatic blood loss is the consequence, and clamps have to be
provided at the bedside all times to allow for immediate
clamping.
Clot formation will develop gradually over time, and
will be increased in case of insufficient anticoagulation or
hypercoagulatory state. Fatty deposits may be the result of
hyperalimentation or large infusions of lipids (propofol!).
Both will decrease membrane performance and increase
the transmembranous pressure gradient, leading to a drop
in extracorporeal blood flow. The performance can be
checked by taking postmembrane blood gases. With
FiO2 1.0 at the ECMO mixer the pO2 should be >300
mmHg to indicate adequate performance. The membrane
can be changed by stopping the pump, clamping and
cutting of the circuit, and connecting to a new membrane.
Any clamp time >1 min should be avoided to prevent
heavy clotting in the tubing and the membrane.
Air embolism is possible by leakage, rupture, or massively increased gas pressure in the membrane. If air is
detected in the return tubing, the circuit should be
clamped immediately and the air removed before
restarting. Air in the membrane can sometimes be
removed by a “burping” procedure without stopping the
blood flow.
Pump failure can be caused by primary pump breakage, by power outage, or by disconnection of the electromagnetic coupling of the rotor. If the pump head is still
intact, most ECMO systems have a hand crank to use for
immediate replacement. In critical dependency (i.e., v-a
heart-lung ECMO), a second pump head is put in parallel
to be used if the first head fails (Fig. 1a).
Bleeding from the cannulation site is a frequent
problem in anticoagulated patients. Check for overheparinization or thrombocytopenia or factor consumption. Bleeding can be controlled in many cases by local
application of hemostatic sponges or agents, sometimes
combined with a purse-string suture. Existing, stable
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Rational to Use ECMO
Despite recent advances in diagnostics and treatment,
the mortality of ARDS is still unacceptably high,
ranging between 20% and 33%, depending on the
severity of the illness. In approximately 15–40% [1]
of cases with severe ARDS, the gas exchange capabilities of
the lungs are diminished such that even ventilating with
pure oxygen will not guarantee sufficient oxygen uptake to
maintain the minimum delivery of oxygen to the cells.
Furthermore, lung-protective ventilation settings to
avoid injurious ventilation with large tidal volumes

and inflation pressures will worsen ventilatory failure
characterized by hypercapnia and severe respiratory acidosis. Consequently, ECLS has two primary goals: Firstly,
to prevent harmful hypoxemia in oxygen refractory lung
failure, and secondly, to enable lung-protective ventilation
settings.
The National Institute of Health (NIH)-sponsored
trial from 1975–78 was the first attempt to investigate
ECLS in adult ARDS in a randomized clinical trial [2].
Only 10% survival in ECMO and control groups was
disappointing, but it was criticized for various reasons:
Only high-flow veno-arterial ECMO was used (impairing
pulmonary nutritive perfusion), high blood losses of
>2.5 L/day in fully anticoagulated patients had to be
replaced and ECMO was stopped after 5 days, if no
improvement was noted.
Despite this, adult ECMO continued to be used as
a rescue therapy in refractory hypoxemia. Algorithms
were developed (Fig. 4), whereby ECMO was embedded
in a bundle of measures of hemodynamic and ventilatory
optimization and adjunctive therapies [1]. Several centers
reported survival rates >50% for this group of patients
with most severe ARDS (PaO2/FiO2 <60 mmHg).

Check!

blood clots should not be removed unless infected. If
blood flow decreases without other plausible cause,
check for cannula kinking underneath the dressing. If
kinking occurs, normal flow can be restored by cannula
change in most instances only.
Plasma leakage is a phenomenon after prolonged use,
although newer materials (PMP, silicone) have reduced
the incidence and increased the life span considerably.
When serous leakage (>100 mL/h) becomes apparent at
the gas outlet of the membrane, the oxygenator has to be
replaced.

Acute respiratory failure
PaO2/FiO2 < 100 mmHg

Diagnostic tests incl. Microbiology
ECHO (rule out cardiac cause)
Chest CT (abscess, empyema,
pneumothorax, effusion)

Prone position
HFOV
Inhaled NO

Pressure-controlled ventilation
Tidal volume ≤ 6 mL/kg IBW
Peak inspiratory pressure ≤ 30 mmHg
increase PEEP (ARDSnet high PEEP/FiO2 table)

No
ECLA

Antibiotic treatment
Dehydration (forced
diuresis, CRRT)
Hemodynamic
stabilization

P/F < 200 consider
P/F > 100

Yes

PaCO2 < 70
pH > 7.2

Check!

Lung Protective Ventilation
Enable

No
Yes

E

P/F > 70

No
ECMO

Extracorporeal Lung Support. Figure 4 Algorithm for advanced treatment of acute respiratory failure including ECMO
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Patients were treated with ECMO for a mean of 3
weeks if severe hypoxemia persisted for >2 h (fast
entry criteria) or if no improvement was seen
despite advanced treatment including fluid removal,
prone ventilation, nitric oxide inhalation, and lungprotective ventilation.
The most recent CESAR-trial (Conventional ventilation or ECMO for Severe Adult Respiratory failure)
[3] randomized patients to advanced treatment with
ECMO in a single center versus without ECMO in
surrounding hospitals. Ninety patients in each group,
who were comparable in severity of illness, were analyzed in an intention-to-treat analysis. A significant
mortality benefit was observed for the ECMO treated
patients with a risk reduction of 0.69 (0.05–0.97,
p = 0.03).

Newer Developments
The complexity and invasiveness of ECMO therapy have
prevented its broad use so far. The investment and maintenance costs are high, personnel have to be specially
trained, and there are complications induced by the
incompatibility with the large foreign surface. Newer
developments have therefore aimed to reduce complexity
and to improve biocompatibility.
The uses of heparin-coated surfaces and less systemic anticoagulation have reduced the risk of severe
bleeding and the need for transfusion of blood products considerably. Further developments reduced the
foreign surface by miniaturizing the extracorporeal
circuit (mini-ECMO) or by placing the oxygenator
inside the body (intravascular oxygenator). None of
these developments are currently available for routine
therapy, although a few mini-ECMO systems are
commercially available.
Another development reduced the membrane
function basically to an extracorporeal ventilator.
The blood flow is driven by the patient’s blood pressure as arterio-venous cannulation, eliminating the
need for a blood pump (pumpless ECLA). The technique is greatly simplified, allowing its use after little
training, on transfer and without specialized personnel. However, due to the characteristics of a-vECLS, it
is less effective for oxygenation, but very effective for
CO2 removal. Therefore, the main focus is on drastic
reduction of ventilation to enable lung-protective settings
by extracorporeal CO2 removal. A cohort of >90 patients
has been reported from a single center, proving the versatility and effectiveness of the device [4]. Survival rates were
comparable with conventional ECMO. The device is
widely available, and randomized studies are currently

underway to test the hypothesis that ultraprotective
ventilation settings with extracorporeal CO2 removal
improve survival compared to lung-protective ventilation
alone.

Application
Indications
Patients are eligible in case of potentially reversible acute
respiratory failure exhibiting severe hypoxemia and/or
respiratory acidosis and hypercapnia, despite adequate
advanced treatment measures. These include, but are not
confined to, the following [5]:
● Ventilation with tidal volume 6 mL/kg ideal body
weight
● Positive-end expiratory pressure (PEEP) according to
NIH protocol
● Central venous pressure 10–16 mmHg in supine
position
● MAP 70 mmHg
● Use of NO ventilation 10–40 ppm
● Forced diuresis (furosemide 5–40 mg/h and/or CRRT)
to reduce pulmonary edema
● Use of prone position
The physiologic conditions determine the type of ECLS.
Heart function, as assessed by echocardiography and gas
exchange are important denominators (see Table 2). ECLS
should be started early in course of the disease, as longer
ventilation with lung injurious ventilation settings will
promote structural, fibrotic changes, and systemic SIRS,
which will counterfeit the benefits of ECLS.
Specific indications for extracorporeal CO2 removal by
use of the iLA have been devised in patients endangered by
high PaCO2. Thus, lung-protective ventilation can be
facilitated in patients with acute brain injury and
increased intracranial pressure, and as bridge-totransplant in patients with severe COPD to reduce (ventilatory) work of breathing, but prevent from respirator
therapy.

Contraindications to ECLS
Absolute

● Pre-existing structural lung disease (fibrosis, interstitial lung disease, but not COPD)
● Metastatic cancer
● Uncontrolled infection (i.e., undrained abscess)
● Obvious or suspected major neurologic dysfunction
or recent intracerebral bleeding (<3 months)
● Significant intracardiac shunting
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Extracorporeal Lung Support. Table 2 Indications for different type of ECLS
Heart function

PF-ratio

Hypercapnia and
pH<7.2

ECLS type

Time frame

Normal or mild/
moderate LV
dysfunction

70 mmHg

+/

v-v ECMO

Immediately (<2 h)

Normal or mild/
moderate LV
dysfunction

70–100 mmHg

+

a-v iLA

Within 24 h

E

Severe dysfunction, (LV <70 mmHg
or RV) cardiogenic
shock

+/

v-a ECMO

Immediately (<2 h)

Extracorporeal Lung Support. Table 3 Monitoring requirements
ECLS type

Blood flow

Pressures in circuit Limb perfusion

Pump-driven

Continuously

Continuously

Pumpless

n/a

Relative

●
●
●
●

Major other organ dysfunction
BMI >40 and/or BW >120 kg
>7 days on mechanical ventilation
Persistent septic shock refractory to treatment

Additional, specific contraindications for
pumpless ECLA

● Impaired limb perfusion, that is, significant peripheral
arterial disease or femoral artery diameter <51 mm
● Heparin-induced thrombocytopenia (confirmed)
● Severe cardiac dysfunction, significant valve abnormalities, pre-existing severe pulmonary hypertension

Typical Setup and Monitoring
Absolute sterility is mandatory when setting up an ECLS.
Before cannulation, the extracorporeal circuit has to be
primed, that is, completely de-aired. A first dose of anticoagulant (usually 5,000 units heparin) is given directly before
percutaneous cannula insertion. Then the circuit is
connected.

ACT/aPTT

q 1h
Check q 1 h for
coolness, paleness,
swelling, pedal
q 4–8 h
pulse. SpO2 on toe
in Art.fem.
cannulation

Blood trauma,
Hemolysis
Hb, PLT, Fib, plasma
free Hb q 8 h
Hb, PLT q 24 h

For any pump-driven circuit (ECMO), the take-off
and return pressures, the pump speed, the extracorporeal flow, and the gas mixture have to be monitored.
Sometimes a second pump head and/or oxygenator
is connected (but not perfused) for safety, to allow
immediate resumption of extracorporeal flow in case
of failure (Fig. 1a). There is a heat exchanger to control
temperature.
A pumpless circuit is much simplified and
requires blood flow monitoring only (Fig. 2a). In any
circuit, the membrane has to be checked regularly for
clot formation, lipid deposits, or plasma leakage.
Especially in femoral arterial cannulation, distal limb
perfusion has to be monitored frequently for signs of
malperfusion (coolness, paleness, cyanosis, missing
pedal pulses). Since there is no heat exchanger, the
extracorporeal circuit will cool the blood and thus
decrease patient temperature. To prevent from
cooling, a forced air-warming blanket can be placed
over the circuit and the patient’s lower limbs.
A summary of monitoring recommendations is given
in Table 3.
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Management During ECLS
Patients do not always need to be paralyzed and ventilated
in controlled mode to be on ECLS. The level of sedation
should prevent the patient from desynchronizing with the
ventilator or moving the lower limb. The level of sedation
required should be revisited daily to choose the least
possible sedation. If the patient is compliant and not
delirious, very minimal or no sedation may be required
for intermediate-term support in a spontaneously breathing patient.
Administering high-dose propofol (>20 mL/h) must
be prevented as the lipid will produce fat deposits in the
membrane impairing the gas-exchange capability. Nutrition rich in fats should also be avoided.
The first and most important goal in ventilatory management is to reduce injurious ventilator settings. The
plateau pressure and tidal volumes should be adjusted to
lung-protective settings as soon as the ECLS is fully operational. Without adjusting ventilation settings, ECLS does
not make sense. The level of PEEP should be chosen to
keep the lung open and prevent de-recruitment and collapse. The increased PvO2 in the pulmonary artery in vvECMO and iLA will attenuate hypoxic pulmonary vasoconstriction and increase pulmonary perfusion of
atelectatic regions, thus worsening oxygenation. The addition of inhaled pulmonary vasodilators can be tried in this
situation, but any effect is unpredictable and often not
present.
Upon initiation of ECLS treatment, there is frequent
accumulation of fluids over the first days of treatment in
an effort to stabilize the patient. As much as 25 L of
positive fluid balance has been reported in 2–3 days of
treatment in nonsurgical patients. However, this fluid has
to be removed as soon as the hemodynamic situation
allows doing so. Close monitoring of hemodynamic and
fluid status is essential, significant advances and healing of
the lung can only be expected if pulmonary edema is
reduced.

Weaning

Once the FiO2 on the ventilator is reduced <0.5 and
the patient’s minute ventilation to <0.2 L/kg/min, the
support from the ECLS can be gradually reduced. In
v-aECMO it has to be tested, whether the heart is
able to compensate by increasing the preload. The
pump flow is gradually reduced under echocardiographic visualization of heart function. Any decompensation can be detected early and support resumed,
if needed.
The steps of weaning support are different in pump
driven ECMO versus pumples iLA. In ECMO, first the

FiO2 to the membrane oxygenator is gradually reduced to
0.2 L. Then, the pump flow is reduced to 0.5–1 L/min. To
test, whether the patient is stable without ECMO, the
membrane oxygenator can be bypassed and hemodynamics and gas exchange monitored for changes. If the patient
is stable for 1 h, the ECMO can be discontinued and the
cannulas removed.
In pumpless iLA, first the sweep gas flow is reduced in
steps of 1 L/min, as long as the blood flow is >2 L/min. If
blood flow is <2 L/min, the sweep gas is turned off to test
the patient’s capability of breathing. In most cases, the
patient will be breathing in an assisted spontaneous
breathing mode already. If after 6 h there are no signs of
exertion, increased work of breathing and hypercapnia
with respiratory acidosis, the iLA, can be clamped and
the cannulas removed.
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Extravascular Lung Water
XAVIER MONNET1, AZRIEL PEREL2
1
Medical Intensive Care Unit, Bicêtre Hospital, Assistance
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Synonyms
Lung water; Pulmonary edema

Definition
Extravascular lung water (EVLW) is the volume of water
that is contained in the interstitium, intracellular compartment, lymphatic fluid, surfactant, and the alveoli. The
EVLW volume does not include the intravascular volume
or any pleural effusion.

Characteristics
General
The abnormal accumulation of EVLW is a frequent phenomenon in critically ill patients. In case of lung edema
from hydrostatic origin (e.g., cardiogenic ▶ pulmonary
edema), EVLW volume increases because the increased
hydrostatic pressure in the pulmonary microvessels drives
fluid into the interstitium and possibly into the alveoli,
overwhelming the drainage capacity of the lymphatic network to the superior vena cava. In case of increased permeability lung edema (e.g., ▶ ARDS), the transfer of fluids
out of the pulmonary microvessels is increased primarily
due to increased endothelial and epithelial permeability or
both. This type of edema can be markedly aggravated if the
hydrostatic pressure is concomitantly increased [1].
Although its clinical and physiological manifestations
can be quite variable, increased EVLW is always
a potential threat to life. Any abnormal increase in
EVLW, whatever the cause may be, is associated with
various degrees of impaired gas exchange and decreased
lung compliance, carrying clinically significant consequences. However, the quantitative assessment of EVLW
by clinical examination, chest radiograph, or oxygenation
has been repeatedly shown to be very inaccurate. The most
commonly used method to estimate is the chest radiograph, although its interpretation has a reported poor
interobserver agreement even among experts and a lack
of sensitivity to small changes in the quantity of EVLW.
Similarly, although recommended in some guidelines, the
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monitoring of oxygenation as a measure of the degree of
EVLW accumulation has also been shown to be very
inaccurate.
The importance of EVLW measurement in critically ill patients cannot be overestimated, since it is
the best pulmonary specific index of disease severity
and predictor of outcome available to us in patients
with ALI/ARDS [2]. Moreover, the measurement of
EVLW may be extremely helpful during fluid management
of critically ill patients and help prevent detrimental fluid
overload. In addition, EVLW was shown to be useful for
instituting a negative fluid balance and improving functional prognosis in ARDS [3]. The ▶ PiCCO monitor
(PULSION Medical Systems AG, Munich, Germany;
http://www.pulsion.com) is the only commercially available monitor that provides the measurement of EVLW at
the bedside.

Techniques for the Measurement of EVLW
Gravimetry is a method for the determination of EVLW in
excised lung tissue and is considered as the reference
(“gold standard”) method for measuring EVLW. Briefly,
the lungs are homogenized with a known amount of water,
and samples of the homogenate are centrifuged to produce
a supernatant. Samples of blood, homogenate, and supernatant are weighed before and after thorough drying.
Using the hematocrit values of the blood and the supernatant and the wet and dry weights of the blood, homogenate, and supernatant, the water content of the
pulmonary blood volume can be calculated and excluded,
resulting in an accurate measurement of EVLW. Gravimetry is obviously an ex vivo method that can be used only
for experimental purposes or postmortem. Advanced
imaging, such as CT or magnetic resonance imaging,
have also been used to quantitatively assess EVLW, but
these techniques are expensive and impractical for routine
clinical use.

Transpulmonary Dilution Techniques
These techniques describe a time-concentration curve on
an indicator which is injected into the circulation and
which originally served for the measurement of the cardiac
output (CO) by the Stewart-Hamilton formula. Briefly,
the underlying principle of the volumetric analysis of
a dilution curve is that multiplying the flow (i.e., the
CO) by the mean transit time of an injected indicator
(e.g., cold, dye) provides the total volume of distribution between the site of injection and the site of detection (Fig. 1). For the measurement of EVLW by such
a dilution technique, the indicator must be injected in
the superior vena cava, that is, at the entrance of the
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Cold saline
Blood
temperature

1

1
t

MTt

Dt

t

Total intrathoracic
volume
(ITTV)

2

Total pulmonary
volume
(TPV)

Global end-diastopic
volume
GEDV = ITTV– TPV

2

3

Intrathoracic blood
volume
ITBV = 1.25 x GEDV

4

Extravascular lung
water
EVLW = ITTV – ITBV

Pulmonary blood
volume
PBV = 0.25 x GEDV

4

Extravascular Lung Water. Figure 1 Measurement of the extravascular lung water (EVLW) by the single (cold) indicator
transpulmonary thermodilution ((TTD) technique. MTt: mean transit time; Dt: downslope time)

thorax, the dilution curve must be detected at the exit of
the thorax, that is, in the aorta, and the indicator has to be
distributed within the EVLW [1].

The Double Indicator Dilution Technique
The first clinically available bedside measurement of
EVLW was done by the thermo-dye dilution technique
[1]. The injectate used in this double indicator dilution
technique consisted of two indicators in the form of cold
dye (indocyanine green, ICG). While the cold indicator
equilibrates with the extravascular space, the dye is rapidly bound to proteins and remains in the intravascular

space. As a consequence, the distribution volume of the
cold yields the intrathoracic thermal volume (ITTV),
while the distribution volume of the dye yields the intrathoracic blood volume (ITBV). The difference between
these two volumes, excluding the water content of the
myocardium and of the thoracic vessels, is the EVLW [1]
(Fig. 1).
The thermo-dye dilution technique has been validated
in animal experimental studies of lung edema in which
a high degree of correlation was found between the measured EVLW and postmortem gravimetry. The thermodye dilution technique was also validated in patients
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against radionuclide techniques and against quantitative computed tomography. EVLW by the double indicator technique has also been shown to have good
reproducibility in patients with ARDS. However, earlier
models of monitors that employed this technique (e.g.,
the COLD system, Pulsion Medical Systems, Munich,
Germany) have not been clinically successful due to
the method being cumbersome and limited by the cost
of indocyanine green.

Single Indicator Dilution Technique
The double indicator dilution has been replaced by the
single indicator (cold) transpulmonary thermodilution
(TTD) which is applied by the PiCCO monitor [1].
Normally in adults, 15 mL of cooled saline (<8 C)
are injected through a central venous line and the
thermodilution curve is measured by a thermistortipped arterial line that is placed in the femoral,
axillary, brachial, or radial (long catheter) artery.
The CO is measured from the TTD by the StewartHamilton formula, while further analysis of the curve
provides the measurement of global end-diastolic
volume (GEDV) and intra-thoracic blood volume
(ITBV) which are volumetric parameters of preload,
as well as the EVLW which quantifies the amount of
pulmonary edema at the bedside (see chapter on the
▶ PiCCO Monitor). The important technological development that allowed replacing the cumbersome doubleindicator with the simple single indicator TTD has
become possible once the global end-diastolic volume
(GEDV, the end-diastolic volume of all heart chambers)
could be calculated by a single indicator.
Basically, as already described in the 1950s, the
largest compartment in a chain of mixing chambers
will predominantly determine the slope of the downstream indicator dilution curve. Since the pulmonary
thermal volume (the sum of the pulmonary blood
volume and of the EVLW) is the largest chamber in
the heart-lung volume system, it can be measured by
multiplying the downslope time of the TTD curve by
the CO (that is measured by the same TTD).
Subtracting the resulting pulmonary thermal volume
from the intrathoracic thermal volume (ITTV, the
total volume of distribution of the cold indicator)
produces the GEDV. In critically ill patients,
a nearly constant ratio was found by Sakka et al.
[4] and by others, between the GEDV and the ITBV
(ITBV = 1.25  GEDV). This ratio allows, therefore, the
calculation of ITBV by the single indicator TTD
method, and consequently the calculation of the EVLW
(EVLW = ITTV  ITBV) [1] (Fig. 1). The measurement of
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EVLW has been validated against the double indicator
transpulmonary dilution in humans [4] and against the
gravimetric technique in animals [5].

Possible Limitations of EVLW Measurement
by the Transpulmonary Dilution Technique
The accurate measurement of EVLW is dependent on an
accurate calculation of the volume of distribution of the
cold indicator, which in turn depends on the complete
diffusion of the cold indicator to all lung regions. Indeed,
it has been shown that excluding a major part of the lung
by clamping a lobar pulmonary artery results in an immediate decrease in measured EVLW, which returns to normal once the artery is unclamped and flow is resumed. In
some cases of ARDS it has been indeed reported that the
transpulmonary dilution techniques may underestimate
EVLW. This might be due to the poor diffusion of the cold
indicator in some lung regions, due to hypoxia-induced
vasoconstriction of the condensed area and due to the
volume of surrounding edema. This underestimation of
EVLW is more likely to occur in ARDS with heterogeneous
than homogeneous lung injury because when lung injury
is heterogeneous, the indicator tends to redistribute from
the regions with the most severe injury edema and
impaired perfusion toward less injured regions.
However, patients with the highest thermodilutionderived EVLW have consistently the poorest prognosis. If
severe ARDS is associated with a significant underestimation of EVLW, one would not see the consistent correlation
between thermodilution-EVLW and mortality. In addition, the underestimation of TTD-EVLW has been
reported in patients with high EVLW values, making the
inaccuracy to be of lesser clinical significance. Finally,
TTD-EVLW levels have been shown to correlate with
Vd/Vt, which is another variable that is associated with
bad prognosis in ARDS [2]. If the exclusion of the cold
indicator is expected to occur significantly more in
patients with high Vd/Vt ratios, then one would expect
EVLW and Vd/Vt to be either negatively correlated or to
have no correlation at all. Thus, even though the exclusion
of the cold indicator may occur to some degree, its clinical
significance seems clinically unimportant in patients with
ARDS.
The effects of the positive end-expiratory pressure
(PEEP) on the measurement of EVLW are controversial.
On one hand, PEEP could reduce the intrathoracic blood
volume by squeezing the pulmonary vessels. On the other
hand, PEEP could increase the intrathoracic blood volume
by recruiting some compressed or atelectatic lung regions,
reducing hypoxic vasoconstriction and improving the
penetration and diffusion of the indicator. Animal studies
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have indeed reported conflicting results, with PEEP leading to an overestimation or to an underestimation of
EVLW. In patients, PEEP has likely a limited clinical
impact on the measurement of EVLW by TTD.
Finally, EVLW could be underestimated if indexed to
the actual patient’s weight rather than to the predicted
body weight [2], the latter being better correlated to the
lungs dimensions. Accordingly, all EVLW measurements
must now be indexed to the predicted body weight,
a modification that has been already introduced into the
PiCCO2 monitor. In summary, the TTD technique
enables a reliable measurement of EVLW, even though
the value could be underestimated in the heterogeneous
forms of ARDS when lung edema is very high anyway. By
contrast to some other techniques attempting to quantify
EVLW in humans (computed tomography, lung
echography, thoracic bioimpedance or isotopic techniques), the TTD method employed by the PiCCO allows
an easy and reproducible EVLW measurement at the bedside each time a CO is measured.

Clinical Applications
The first and obvious clinical utility of measuring EVLW is
to diagnose and quantify the abnormal accumulation of
EVLW (pulmonary edema) in clinical situations where
this diagnosis cannot be easily established on the basis of
usual criteria. For instance, in a critically ill patient receiving mechanical ventilation for several days and who has
already received a certain amount of fluid and experiences
a worsening of gas exchange, measuring EVLW helps to
differentiate pulmonary edema from a new episode of
lung infection, atelectasis, or the accumulation of pleural
effusion.

Identification of the Mechanism of
Pulmonary Edema
In addition to EVLW itself, the transpulmonary dilution technique enables the estimation of the degree of
impairment of the pulmonary microvascular permeability. For this purpose, it calculates the ▶ pulmonary
vascular permeability index (PVPI), which is the ratio
between EVLW and the pulmonary blood volume, that
is, between the extravascular and the intravascular pulmonary fluid volumes (Fig. 1). The PVPI has been demonstrated in experimental studies to be higher in increased
permeability than in hydrostatic pulmonary edema [5]
and in a clinical study, it has been shown to discriminate
between these two forms of edema with a good diagnostic
accuracy [6].
Differentiating cardiogenic from non-cardiogenic pulmonary edema is of great clinical importance as these

entities frequently require different diagnostic and therapeutic approaches. This diagnostic dilemma is usually
resolved by using anamnestic, clinical, radiological, and
biological criteria. In critically ill patients such differentiation may be more difficult and yet more critical. Measuring the PVPI may be helpful in making the correct
diagnosis [5, 6]. The PVPI may also have important implications in the fluid management of critically ill patients,
especially those with ALI/ARDS. Since patients with
increased pulmonary vascular permeability are more susceptible to increases in hydrostatic pressure, a high PVPI
value (e.g., >6) might suggest that further fluid administration may be detrimental and that other methods of
improving the circulation should be considered. Finally,
the PVPI may serve as a marker of pulmonary microvascular injury which is the pathophysiological hallmark of
ARDS, and may also be integrated in a renewed “functional” definition of ARDS.

Prognostic Value of EVLW in Patients with
ALI/ARDS
Several clinical studies have established EVLW as a marker
of poor prognosis in patients with sepsis or with ALI/
ARDS. A consistent stepwise increase in mortality with
increasing EVLW has been described with high EVLW
(>20 mL/kg) being associated with 65–80%. Interestingly
in ARDS, EVLW has been shown to predict mortality
better than the PaO2/FiO2 ratio. In a recent study,
EVLWI and permeability indexes were significantly
increased on day 3 after onset of sepsis in non-survivors
than in survivors, while another study showed that EVLW
was markedly elevated in patients with early ARDS, was
significantly higher in non-survivors, and correlated with
Vd/Vt [2].

The Value of EVLW in Guiding Fluid
Administration in Critically Ill Patients
Fluid management of critically ill patients is the subject of
hot debate. On one hand, large amounts of fluids have
been shown to be necessary for the successful resuscitation
of septic patients, and yet, only 50% of critically ill patients
have been consistently shown to respond to fluid loading
by increasing their CO. Moreover, the fluid management
of critically ill patients is very often guided by filling
pressures, which are notorious for being inaccurate in
their assessment of the status of preload and fluid responsiveness. Large studies have additionally shown that positive fluid balance is associated with increased mortality of
critically ill patients, and in ARDS, a conservative fluid
management was shown to be superior to a more liberal
fluid administration. Last but not least, it is well agreed
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that fluid administration may cause a detrimental increase
in EVLW.
The bedside measurement of EVLW may be an
extremely useful tool in this context of fluid management
of patients with ALI/ARDS, patients who may have subclinical lung injury, or patients with limited cardiac
reserve who are in danger of developing pulmonary
edema as a result of overzealous fluid resuscitation. Measuring and following EVLW provide, therefore, the ability
to conduct fluid resuscitation in a controlled and safe
manner. For example, during fluid resuscitation of
a septic patient with a known impairment of LV function
EVLW may be the only tool to signal when fluid administration causes EVLW to increase. Additionally, a high
EVLW (and PVPI) value may serve as an indicator for
fluid restriction in ARDS patients with severe hypoxemia
even if indicators of fluid responsiveness are positive. Thus
high EVLW values may help solve therapeutic heart-lung
conflict and encourage clinicians to choose alternative
interventions for hemodynamic stabilization when
EVLW is very high and is associated with threatening
hypoxemia. Last but not least, EVLW may be helpful in
instituting an aggressive fluid removal strategy in ARDS in
order to improve oxygenation and facilitate earlier
weaning from mechanical ventilation. An earlier randomized study did indeed show that EVLW-guided fluid management resulted in a smaller cumulative fluid balance and
shorter duration of ventilation and of ICU length of stay
compared with fluid management that was guided by the
pulmonary artery catheter [3]. Interestingly, a very recent
study showed that early donor management that included
active attempts to reduce EVLW increased the retrieval
rate of lungs for transplantation.
Although there is no further evidence that the
measurement of EVLW influences the outcome, the
availability of this unique parameter has been shown
to significantly modify therapeutic decisions in the
ICU. In a very recent study, following the additional
knowledge of the EVLW value, more than half of the
initial fluid management plans and 22% of the vasoactive therapy plans have been modified. The modification of the initial therapeutic plans was done
significantly more frequently in patients with high
EVLW values, with the most frequent decision change
being fluid restriction and the administration of
a diuretic. Our own data from a large group of
patients show that the knowledge of all the PiCCO
data, including the EVLW, had led to significant modifications of the initial therapeutic plans, including
a change of the initial fluid management plan in
33% of the cases.
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Conclusion
EVLW can now be estimated easily and reliably at the bedside by the ▶ transpulmonary thermodilution technique
with every intermittent measurement of cardiac output.
Measuring EVLW allows the diagnosis and the quantification of pulmonary edema when the cause of respiratory
failure is uncertain. As such, EVLW may contribute to
a better definition and management of ALI/ARDS. By estimating lung vascular permeability, it also allows
distinguishing between the cardiogenic and the noncardiogenic forms of pulmonary edema. The measurement
of EVLW may be extremely helpful in guiding fluid therapy
in critically ill patients, mainly by preventing detrimental
fluid overload and by facilitating the institution of negative
fluid balance in ARDS and other critically ill patients.
Although not yet shown to affect outcome, the measurement of EVLW has been shown to have a strong impact on
therapeutic decisions.
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Extravascular Lung Water (EVLW)
The amount of water outside the blood vessels in the lungs.
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Extremity Compartment
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Definition, Incidence, and Etiology
Extremity compartment syndrome relates to an increase
in pressure within the tight fascial envelopes containing
muscles, nerves, and vessels [1]. Although an extremity
compartment syndrome may develop despite optimal
therapy, permanent damage to the intracompartmental
structures is a preventable event that indicates delayed
diagnosis or inadequate treatment. It is important to
recognize that perfusion vessels (arterioles, capillaries,
and venules) operate in pressures ranging from 10 to 30
mmHg. Therefore, intracompartmental pressures of this
magnitude may compromise the viability of nerves and
muscle even in the presence of a normal arterial pressure
in the vehicle vessels (large arteries) and the preservation
of a distal pulse.
Compartment syndrome was first recognized by
Volkmann in 1881. Although it most commonly occurs
in the legs, it can involve any compartment of the human
body, including the thighs, gluteal regions, feet, and upper
extremities. Its incidence ranges widely from 1% with
isolated closed fractures to over 20% in the presence of
comminuted fractures with vascular injury or prolonged
compression.
Fractures are the most common cause of extremity
compartment syndrome, followed by an interruption of
the vascular supply by either injury or a thromboembolic
event. Crush (compression by a heavy object, as it happens
in earthquakes), constrictive casts or bandages, burns,
medical bleeding, saline infiltration, snakebites, and physical exertion are additional causes of compartment
syndrome.

Physiology
When intracompartmental pressure rises, the nerves are
the first to be affected. Pain and paresthesias will be early
symptoms. After the pressure in the compartment
becomes higher than the pressure in the microcirculation
(precapillary arteriole: 30–50 mmHg; true capillary: 20–30
mmHg; postcapillary venule: 10–20 mmHg), the muscle
viability is at risk [1]. Necrotic muscle and irreparable
nerve damage may cause not only limb loss but also

major systemic disturbances. Ischemic muscle cells release
myoglobin, which is damaging to the kidneys through
a mechanical effect (precipitation and obstruction of
renal tubules) and a chemical effect (direct toxicity).
Acute renal failure occurs in 5% to 30% of patients with
myoglobinuria and associated with significant mortality.
Besides the kidneys, other organs, such as the lungs, may
suffer an insult related to muscle ischemia from prolonged
compartment syndrome. The effect of reperfusion is
greater than that of ischemia in causing failure of these
organs.
In untreated extremities with compartment syndrome, Volkmann contractures may form because of muscle and nerve ischemia and fibroplastic proliferation. Such
contractures render the extremity nonfunctional and may
require an amputation.

Anatomy of the Extremity Compartments

● Leg compartments [1]: anterior, lateral, superficial
posterior, and deep posterior. Most frequently all
four compartments are involved with the anterior
and lateral being the most common. The deep peroneal nerve runs in the anterior compartment, the
superficial peroneal in the lateral, the sural in the
superficial posterior, and the tibial nerve in the deep
posterior. The anterior tibial artery travels in the anterior and the posterior tibial artery in the deep posterior compartment.
● Thigh compartments [1]: anterior, posterior, and
medial. The medial compartment contains the
neurovascular bundle and is the least frequently
involved of the three compartments. The sciatic
nerve travels in the posterior compartment.
● Arm compartments [2]: anterior and posterior. The
anterior (biceps) compartment contains the brachial
vessels as well as the median, ulnar, and
musculocutaneous nerves. The posterior (triceps)
compartment contains the radial nerve. The deltoid
muscle is invested in its own fascia and therefore,
could be considered as a separate third compartment
of the arm.
● Forearm compartments [2]: volar, dorsal, and mobile
wad. The volar compartment contains the flexors and
pronators of the forearm and wrist, the median and
ulnar nerves, and the radial and ulnar arteries. The
dorsal compartment contains the extensors of the
wrist and fingers. The mobile wad is in close association to the dorsal compartment and most probably
does not need to be decompressed separately during
fasciotomies due to communications with it. It contains the radial nerve.

Extremity Compartment Syndrome

● Other compartments: Literally, every muscle or group
of muscles encircled by fascia may produce compartment syndrome. Uncommon sites include the gluteal
muscles, iliacus, foot, hand, or deltoid.

Diagnosis
The 6 Ps are the mainstay of diagnosis of compartment
syndrome:
● Pain (out of proportion)
● Pressure (indicating a tense compartment when
palpated)
● Paresthesia (early sign indicating pressure of nerves)
● Paralysis (late sign indicating prolonged and untreated
compression of nerves)
● Pulse (stands for pulse present – pulse is not lost until
a very late stage)
● Pallor (again a very late sign owing to loss of pulse)
Besides the symptoms, an objective diagnosis can be
attained by measurement of intracompartmental pressures. The most frequently used device is the Stryker
pressure monitor (Stryker Corporation, Kalamazoo, MI).
All compartments should be measured. Numbers are relative and should always be taken into account in relationship to the symptoms. Usually, pressures above 20 mmHg
are in the dangerous zone and above 30 mmHg require
immediate pressure release.
Others have emphasized the difference of the diastolic
pressure minus the intracompartmental pressure as the
most reliable indicator for fasciotomy [3]. This difference
reflects the perfusion pressure to the muscle and nerves
and if less than 30 mmHg, surgical intervention should be
considered urgently.

Treatment
Release of tight bandages or casts should be done
immediately. Mannitol and bicarbonate are often
used but not scientifically proven. The rationale
includes oxygen-free radical scavenging and protection of the kidneys through alkalization. The main
modality of treatment is surgical release of the pressure by fasciotomy [1, 4]. The principles of fasciotomy
are the following:
1. Adequate: Fasciotomy should be long enough to
release the pressure completely. Small fasciotomies
may be aesthetically pleasing but risk the extremity
due to inadequate pressure release. Subcutaneous
fasciotomies (small skin incision with sliding of the
scissors under the skin to open the fascia) usually lead
to inadequate pressure release. Of importance is also
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to open all the compartments. For example in leg
fasciotomies, the posterior deep compartment is
frequently untreated.
2. Atraumatic: Important nerves should be spared.
Detailed knowledge of anatomy will help preserve
crucial structures. Injury to the peroneal nerves
during lateral leg fasciotomy is not an uncommon
occurrence.
3. Sterile: Every precaution should be taken to avoid
infection. Infection leads to progression of muscle
damage, especially in the presence of already
necrotic muscle, which is a fertile medium for bacterial growth.

Closure of Fasciotomy
There are three main methods for closing the fasciotomy
wound:
1. Primary skin closure: This is possible only if the muscle was not particularly swollen at the initial operation
(frequently indicating an unnecessary prophylactic
fasciotomy) and the closure is done soon after the
fasciotomy.
2. Gradual skin closure: This is achieved by either the
shoelace technique [5] or the special devices, which
bring the edges of the wound together over a period of
hours or days. It is our preferred method for closing
fasciotomies and can be easily done at the bedside.
3. Skin graft: In large wounds that cannot be closed,
a partial thickness split skin graft is the only choice.
It requires one more operation, usually under general
anesthesia.

Common Pitfalls
The most important principle to remember is that compartment syndromes are not diagnosed if not suspected.
Always keep the possibility of compartment syndrome
development after injury to the extremities. Some important pitfalls in diagnosis or treatment are the following:
● Lack of high index of suspicion and appropriate monitoring in patients who have risk factors for development of compartment syndrome.
● Failure to associate the patient’s pain with the development of compartment syndrome. It is a common
error to attribute the pain to the injury (fractured
bone, gunshot wound, etc.). The physician needs to
remember that even in the absence of analgesics, pain
is usually self-regulated and decreases in intensity as
times progresses. This is more true when reasonable
amount of analgesics are administered, as it routinely
happens in hospitals. Increasing extremity pain or
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pain out of proportion for the amount of injury and
despite seemingly adequate analgesia should immediately raise the suspicion of compartment syndrome.
Absolute reliance on the measurement of intracompartmental pressures without correlating these with
clinical findings. The measuring instruments fail or
may be used inadequately. A low pressure does not
exclude compartment syndrome with 100% accuracy.
Particularly in hypotensive patients, compartment
syndrome may occur at a lower intracompartmental
pressure. The clinical findings (6 Ps) should be the
predominant guides of diagnosis and the pressure
measurement serve as an adjunct.
Incomplete examination because of overlying dressings, casts, or splints. This is one of the most common
pitfalls and leads to catastrophic consequences, particularly in obtunded patients. It is of the utmost importance to have access for clinical examination to an
injured extremity. For this reason, we recommend to
avoid casting of the extremity in the very early stages
after severe trauma resulting in extensive soft tissue
and vascular injuries. A splint is adequate at the beginning. The wrapping dressings are opened frequently to
examine the compartments for tension.
Inadequate fasciotomies or skin incisions are the most
frequent therapeutic mistake. The fascia may be inadequately incised or not incised at all. The former
occurs usually with subcutaneous fasciotomies. The
latter occurs with deep compartments, such as the
posterior deep compartment of the leg. It is also essential to make adequate skin incisions. Our philosophy is
to avoid prophylactic fasciotomies; however, when we
do fasciotomies for therapeutic reasons, we use long
incisions on the skin and fascia.
Application of tight dressings, casts, or tourniquets,
which can cause compartment syndrome by themselves.
Failure to maintain strict aseptic technique. Infection
of muscle leads to necrosis; necrosis leads to further
infection.
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Introduction
Acute lower extremity ischemia (ALI) represents
a challenging diagnosis to any clinician. Despite advances
in endovascular therapy and critical care, ALI is still associated with a high mortality rate. It is often associated with
other significant comorbidities and is especially difficult to
diagnose in a patient with altered mental status. Delays in
diagnosis can result in significant functional impairment
or even limb loss. Furthermore, management is often
complex with a variety of options for the treating physician. Ultimately, if ALI is suspected, prompt referral to
a vascular surgeon is indicated for the best chance of limb
salvage.
ALI is classified into three progressive stages: viable,
threatened, and irreversible (or nonviable) [1]. In a viable
limb, patients retain motor and sensory function. A good
example would be the onset of claudication. Viable ischemia does not require therapy unless it progresses. The
majority of patients who develop ALI manifest
a threatened limb. This requires prompt intervention
and is typically associated with some sensory or motor
deficit combined with absent pulses. A threatened limb is
a broad category in which treatment results may range
from retaining complete limb function to major amputation. Sometimes treatment must be instituted immediately; other times it can be delayed for hours to days. If
untreated, a threatened limb progresses to a nonviable
limb. Rigor in a long-standing ischemic limb is an example. There is no indication for intervention in patients
with irreversible ischemia. Major amputation is the preferred therapy. ALI causing a threatened limb is the focus
of this chapter as limb salvage is the ultimate goal in these
patients.

Etiology
Introduction
The etiology of ALI is important to ascertain as it plays
a role in determining management. Excluding trauma,
which is discussed in the Vascular Injury chapter, essentially
all causes of ALI can be subdivided into embolic and thrombotic. Patients with ALI from emboli typically do not
have any pre-existing vascular disease. Their symptom
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progression is severe and rapid. Untreated, major amputation will almost always be the result. In contrast, patients
with ALI from acute thrombosis typically have preexisting vascular disease and tolerate the ischemia much
better. Diagnosis and treatment is often more complex
but clinicians usually have more time to formulate
a treatment plan.

Embolic
Cardiogenic emboli account for the majority of cases
of ALI. Atrial arrhythmias in the absence of anticoagulation can cause atrial thrombus to form and
embolize, usually to the lower extremities. New-onset
or untreated atrial fibrillation is the most common
cause of ALI. Ventricular thrombus can also form in
a ventricular aneurysm after myocardial infarction
although this is far less common. Rarely deep
venous thrombus that embolizes can enter the arterial
circulation if there is a patent intra-cardiac right-toleft shunt. This is an important diagnosis to exclude
if a patient with acute DVT simultaneously presents
with acute lower extremity or end-organ ischemia.
Septic valvular vegetations can embolize but rarely
are large enough to cause limb ischemia. Finally
atrial tumors such as myxomas are rare causes of
ALI.
Non-cardiogenic emboli can also cause ALI but are
less frequent. Arterial aneurysms can embolize to the
lower extremities. Aortic, popliteal, and femoral aneurysms, in order, are the most common. Turbulent flow in
large aneurysms causes them to be lined with mural
thrombus which can sometimes embolize. This can sometimes present insidiously with significant destruction of
peripheral arterial beds or acutely with a cold leg or “blue
toe syndrome.”
Atheromatous plaque is another source of embolic
debris and most often originates from the thoracic or
abdominal aorta. Smoking is often implicated and
these patients typically have calcified vessels on imaging studies.

Thrombotic
Acute arterial thrombosis is another etiology of ALI.
Thrombosis most often occurs in the setting of preexisting vascular disease. Since these patients have been
pre-conditioned with collateral circulation, they can tolerate their ischemia much better than their counterparts
suffering from ALI secondary to emboli.
Atherosclerotic plaque can progress to arterial occlusion usually in smokers and diabetics. These patients usually carry a diagnosis of peripheral arterial disease.
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Peripheral arterial stents, especially covered stents, can
acutely thrombose. Peripheral aneurysms can acutely
thrombose, often leading to limb-threatening ischemia.
Finally, thrombosis can be iatrogenic in the case of
indwelling arterial catheters.

Diagnosis
Diagnosing ALI expeditiously is critical for treatment
success. The longer a limb remains ischemic, the more
likely irreversible tissue damage and reperfusion injury
will occur. Patients with embolic arterial ischemia have
roughly a 6-h window before permanent damage results.
Patients with thrombotic ischemia can often tolerate the
ischemia much longer as their tissue beds are trained to
accommodate decreased perfusion. Unfortunately these
patients usually present later in the disease process and
have fewer therapeutic options available.

Clinical Features
ALI is manifested by the six “P’s”: pain, pallor, paresthesias, poikilothermia (cold), paralysis, and pulselessness.
Severe pain is the initial symptom and is universal. Pain
indicates viable tissue that is being threatened. The
absence of pain is a poor prognostic sign as it usually
indicates nerve damage that accompanies ischemia late
in its course.
Pallor and the decreased temperature of an acutely
ischemic extremity follow soon after the onset of pain.
Pallor can progress to mottling over time which is an
ominous sign. It is essential for clinicians to compare the
ischemic limb with the normal one. The ischemic limb will
be paler in color and cooler to touch, especially distally.
Capillary refill of the foot and digits will be dramatically
delayed compared with the normal extremity. In addition,
pedal pulses will not be palpable and will often be absent
by Doppler. Veins and capillaries, although poorly filled,
appear as a prominent reticular network against the pale
background of the skin.
Nerves are affected early in ALI. Patients initially complain of paresthesias and decreased sensation of the foot
and digits. This progresses to frank numbness with time.
Motor nerves are affected in a similar fashion but usually
after their sensory counterparts. Patients often have difficulty moving their toes. Motor dysfunction will progress
proximally with time. Paralysis is a late finding and ideally
should not accompany the initial diagnosis of ALI. Rigor
usually denotes lack of viability in the underlying tissues
and is a very poor prognostic sign.
In a patient with an altered sensorium the diagnosis
can be extremely difficult. In situations where patients
cannot adequately communicate their symptoms such as

E

928

E

Extremity, Ischemia

in the intensive care unit or in the post-operative period, it
is critical that care-givers be vigilant for limb ischemia.
Procedures often complicated by ALI include vascular
surgery, cardiothoracic surgery, hip or knee surgery, anterior spine procedures, and procedures requiring femoral
arterial catheterization such as coronary angiography.
Femoral arterial lines in the intensive care unit can also
lead to limb ischemia especially in patients with preexisting vascular disease. Any significant delay in diagnosis
can often have catastrophic results.
In general, a good physical examination coupled with
a handheld Doppler is sufficient to make the diagnosis. It
is essential to examine the unaffected limb to obtain
a sense of the patient’s baseline exam. Most patients with
embolic occlusion have a normal arterial exam in the
contralateral lower extremity. Commonly, patients have
a “water-hammer” pulse at the level of acute occlusion.
Distally, pulses are absent. Doppler flow is usually
monophasic or not obtainable. The most common site
of atrial embolization is the femoral bifurcation. Patients
typically have a strong high femoral pulse and absent
pulses distally. Patients with thrombotic occlusion usually
have an abnormal arterial exam on the contralateral lower
extremity. In this case, further imaging can help clarify the
diagnosis and delineate treatment.

Imaging
Arterial duplex should always be the initial diagnostic test.
It gives information regarding vessel patency, degree of
stenosis, length of occlusion, preexisting disease, and distal flow patterns. It is cheap, noninvasive, fast, reliable and
reproducible. It poses no risk to the patient and often
serves as a vascular surgeon’s confirmatory test. Finally, it
serves as a benchmark to which post-procedure duplexes
can be compared.
Recent technological advances have made computed
tomographic angiography and magnetic resonance angiography nearly as good as conventional angiography. The
advantages are that they allow rapid image acquisition and
are non-invasive. The disadvantages are that they require
more intravenous contrast, are subject to motion artifact,
and are expensive.
Conventional angiography has always been the gold
standard for diagnosis but is not always required in the
current era. Angiography requires the presence of
a vascular interventionalist. It is invasive with a risk of
arterial injury and bleeding. The advantages are that it
allows for simultaneous therapeutic intervention, smaller
amounts of contrast, and better resolution of the distal
vascular beds. It is usually required in patients with
thrombotic ischemia.

Treatment
Initial management of the patient with ALI involves anticoagulation with heparin. Intravenous heparin is preferred in that it is short-acting, can be reversed, and has
an anti-inflammatory effect. Judicious fluid resuscitation
is reasonable, especially as the patient will likely require
either surgery or angiography. Premedication with agents
to reduce contrast nephropathy may be indicated. Type
and cross match, hemoglobin and indicators of renal
function are the most useful laboratory tests. Serum lactate is usually not as helpful as serial clinical examination.
An electrocardiogram is mandatory in every patient with
ALI to rule out atrial arrhythmia.
Treatment of ALI in the modern era is complex given
the tools currently available to a vascular surgeon. Treatment can fundamentally be subdivided into endovascular
(catheter-based) and surgical. It is often predicated on
whether the ischemia is embolic or thrombotic and
when the patient presents in the time course of ischemia.
Treatment should be performed expeditiously to offer the
best chance of limb salvage.

Endovascular
In a patient who does not have an immediately threatened
limb, an endovascular solution is often less invasive and
offers the vascular surgeon more therapeutic options.
Angiography can accurately diagnose the level of ischemia
and provide information on preexisting vascular disease
while concomitantly providing a platform to treat the
patient. Thrombolytic therapy with mechanical
thrombectomy is a standard first step. This decreases the
overall thrombus burden while providing a pharmacological means to dissolve clot in distal vascular beds [2]. After
lysis has been completed, the surgeon then has the option
to perform angioplasty and stenting or bypass surgery.
Frequently, lysis is all that is required for limb salvage.
This method does not preclude surgery should it be
needed.

Surgical
Open balloon-catheter thrombectomy has been the gold
standard of alleviating ALI for decades since Fogarty’s
classic paper [3]. This option is ideal in patients presenting
with an acutely threatened limb from embolic occlusion. It
is fast, effective, and provides immediate relief. It can also
be combined with fasciotomy or done with local anesthesia if needed.
It is less ideal in patients with thrombotic disease as
subsequent revascularization is often needed. The advantages are that results are almost immediate. The disadvantages are that intraoperative imaging is not ideal and

Exudative Phase

subsequent thrombolysis, if necessary, cannot usually be
performed. It is best for embolic disease or short, focal
thrombus in large vascular beds. Surgical bypass is often
utilized in cases of thrombotic ischemia where a bypass
target is available on angiogram and other options have
been unsuccessful.
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Reperfusion

3.

Reperfusion injury is the paradoxical progression of tissue
injury following the resolution of ischemia. It can occur in
all types of organs such as the heart or viscera. In patients
with long-standing ischemia, the sudden increase in blood
flow can actually cause additional injury before stabilizing.
This is thought to be the effect of reactive oxygen radical
species and inflammatory mediators [4]. A proinflammatory cascade is initiated which promotes vasoconstriction, edema, and tissue injury.
A theory for reperfusion injury is the “no-reflow phenomenon.” This theory observes that despite restoration
of flow in large arteriolar beds, the microscopic circulation
is still clogged with thrombus, fibrin and debris. The
restitution of flow does not necessarily reopen these vascular beds but instead causes edema, increased vascular
permeability and further cellular damage.
In the case of ALI, reperfusion injury is not uncommon and should be expected when ischemia is longstanding. Ischemia-reperfusion injury in a limb usually
results in compartment syndrome. The edema resulting
from reperfusion injury causes a shift in the A-V gradient.
Veins collapse under the pressure of intra-compartmental
edema and prevent arterial perfusion. This results in
anoxic injury which causes more edema. This vicious
cycle continues until tissue death occurs or compartment
pressure is relieved. Fasciotomy is a relatively simple
but often a limb salvaging procedure in which high
compartent pressures are relieved by incising the fascial
compartments of the involved extremity. When needed,
fasciotomies must be done expeditiously and completely
in all involved compartments.
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Extrinsic Risk Factors for HAI
Extrinsic infectious risk is determined by quality of care,
extent of preventive strategies and their application.

Extubation Failure
The development of symptoms and signs of respiratory
failure occurring within 24–72 h of planned extubation
and requiring the reinstitution of mechanical ventilatory
support (either reintubation or noninvasive ventilation).

Exudative Phase
Exudative phase of empyema formation is characterized in
patients with pneumonia by the influx of exudative fluid
into the pleural space that remains non-loculated and free
flowing.

929

E

F
Fainting
▶ Syncope

Fanconi Syndrome
Generalized dysfunction of the renal proximal tubule,
leading to a proximal renal tubular acidosis, renal phosphate
wasting and hypophosphatemia, glucosuria in the context
of euglycemia, aminoaciduria, and organic aciduria.

Febrile Neutropenia (FN)
▶ Neutropenia and Fever

Femoral Artery Aneurysm
▶ Vascular, True Aneurysms

FeNa
FAST
▶ Focused Assessment for the Sonographic Examination
for Trauma
▶ Ultrasound: Uses in ICU

▶ Fractional Excretion of Sodium (Na) and Urea
Nitrogen (UN)

Fenoldopam
Fast-Track Surgery
▶ Enhanced Recovery After Surgery Intervention

RON H. RAWLINGS, ANDREW SHAW
Department of Anesthesiology, Duke University Medical
Center, Durham, NC, USA

Background

[18F]FDG
[18F]fluoro-2-deoxy-D-glucose, analog of glucose, is
uptaken at the same rate of glucose by the cells where it
is trapped. As a consequence, the accumulation of [18F]
FDG detected by PET is proportional to the intensity of
glycolytic metabolism of the cells.

Febrile Leukopenia
▶ Neutropenia and Fever

Fenoldopam is an agonist of the peripheral dopamine DA1
receptor. Dopamine is an endogenous catecholamine that
was first synthesized in 1910 and quickly discovered to
be a potent vasoconstrictor and sympathomimetic. It was
later appreciated that dopamine had dose-dependent
actions. At low doses, it lowers diastolic blood pressure
and increases renal perfusion. At intermediate doses,
it increases heart rate and cardiac contractility. At
higher doses, it causes vasoconstriction and hypertension.
Protecting kidney function by infusing dopamine at low
or “renal” dose has permeated medical practice despite
a lack of evidence supporting its use. These effects are
mediated by the peripheral dopamine DA1 receptor, and
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Fenoldopam

are overwhelmed at higher doses when alpha- and betaadrenergic effects dominate. Fenoldopam emerged as a
specific agonist at the DA1 receptor with no significant
activity on alpha- and beta- adrenergic receptors.
Fenoldopam causes vasodilation and natriuresis, and
results in a lowering of blood pressure. It is an effective
antihypertensive and shows promise for renal protection,
particularly in cardiac surgery associated acute kidney
injury.

Synonyms
Corlopam®

Trade Names
Corlopam®

Class and Category
Fenoldopam is an intravenous dopamine DA1 agonist
used for the acute treatment of severe hypertension.

Indications
The US FDA approved intravenous fenoldopam for the
short-term treatment of severe hypertension in adults on
September 25, 1997. It was approved for used in pediatric
patients in 2004. It is also used in the management
of perioperative hypertension. An oral formulation of
fenoldopam is under investigation for the treatment of
hypertension [2]. Fenoldopam has been used off-label to
prevent contrast-induced nephropathy based on animal
data and small preliminary trials. It is gathering support
for off-label use in preventing renal dysfunction from
cardiopulmonary bypass, major vascular surgery, and
sepsis [3–5].

Antihypertensive Effects
Fenoldopam has been demonstrated to be an effective and
safe antihypertensive. Clinical trials have demonstrated
a consistent dose-dependent response to infusion rates of
0.1–0.8 mcg/kg/min, resulting in a 10–35% sustained
reduction of systolic blood pressure. Tolerance develops
gradually with a 50% reduction in effect by 60 h. The
combined effects of vasodilation, diuresis, and natriuresis
make it an attractive alternative to esmolol, nicardipine,
and nitroprusside for treatment of severe hypertension [4].

Contrast-Induced Nephropathy
Fenoldopam has been demonstrated to increase GFR in
animals and humans and prevent the reduction in GFR
caused by intravenous radio-contrast administration. It
has been used off-label to prevent renal dysfunction associated with IV contrast administration. However, current

evidence does not favor its use for this indication. The
CONTRAST study randomized 315 patients with a creatinine clearance less than 60 mL/min to receive fenoldopam
or placebo infusions starting 1 h prior to angiography and
lasting 12 h. Contrast-induced nephropathy was defined as
a 25% increase in serum creatinine within 96 h. No significant differences were observed between the groups [5].

Renal Protection in Cardiovascular Surgery
Fenoldopam is a promising drug in preventing the complication of perioperative acute kidney injury in patients
undergoing cardiac and major vascular surgery. Metaanalysis of 1,059 patients from 13 randomized and casematched studies showed that fenoldopam consistently and
significantly reduced the need for renal replacement therapy (odds ratio 0.37 [0.23–0.59], p <0.001) and inhospital death (odds ratio 0.46 [0.29–0.75], p 0.01).
These benefits were associated with shorter intensive care
unit stay (weighted mean difference [WMD] of 0.93 days
[1.27–0.58], p <0.002). Sensitivity analyses, tests for small
study bias, and heterogeneity assessment further confirmed the main analysis.
One of the stronger studies included in this metaanalysis was a randomized, placebo controlled study that
included 193 patients undergoing cardiac surgery who
had at least one risk factor for renal failure. The use of
a 24 h fenoldopam infusion decreased the incidence of
acute kidney injury (defined as a postoperative serum
creatinine level greater than 2 with an increase of greater
than 0.7 from maximum preoperative value) by over 50%
[3]. However, the small sample sizes of the positive studies, the risk of publication bias toward positive studies, the
lack of a large, multicenter trial, and prior negative studies
on renal-dose dopamine have left most physicians waiting
for stronger evidence prior to adoption.

Dosage
Adults: Initially, infuse at 0.1 mcg/kg/min and
titrate up every 15 min as needed in increments of
0.05–0.1 mcg/kg/min. The maximum recommended
dosage is 1.6 mcg/kg/min.
Infants and Children: The usual starting dose is
0.2 mcg/kg/min; doses lower than this do not produce
significant changes in MAP. Increase dosage every 15–
20 min. Doses as high as 4 mcg/kg/min were administered
during the open-label period; however, tachycardia without further decreases in MAP occurs at dosages greater
than 0.8 mcg/kg/min [2].

Preparation/Composition
Fenoldopam is supplied in a 10 mg/mL concentrate.
This should be reconstituted with 0.9% saline or 5%

Fenoldopam

dextrose-in-water to a final concentration of 40 mcg/mL
by adding 1 mL (10 mg) of concentrate to 250 mL of
solution. For children and infants, a 60 mcg/mL solution is created by adding 6 mg (0.6 mL) to 100 mL of
solution [2].

F

Fenoldopam may produce a rapid decline in blood
pressure, and care should be taken to avoid organ dysfunction secondary to hypoperfusion. A dose-dependent
sinus tachycardia often develops. This elevation in heart
rate could increase myocardial oxygen demand and
exacerbate symptoms in patients with heart failure,
coronary artery disease, or a history of angina. In patients
with cirrhosis and portal hypertension, intravenous
fenoldopam increases heart rate and portal venous
pressure.
Fenoldopam decreases serum potassium concentrations, which may occasionally result in hypokalemia –
exacerbating arrhythmias or conduction abnormalities.
It also causes a dose-dependent increase in intraocular
pressure and caution should be exercised in patients with
glaucoma and/or increased intraocular pressure.
Fenoldopam is classified as a pregnancy category
B drug. In reproductive studies in rats and rabbits, no
evidence of impaired fertility or fetal harm was observed
with administration of large dosages of fenoldopam.
However, there are no adequate and well-controlled studies on pregnant women [2].

is an agonist of the D1 family of central dopamine receptors; however, due to its poor lipid solubility it does not
cross the blood brain barrier and has no central effects
when administered peripherally. All the dopamine receptors are members of the superfamily of G-protein-coupled
receptors. The vascular DA1 receptors are located on the
smooth muscle of most arterial beds, particularly in the
renal and splanchnic arteries, with lesser density in the
coronary and cerebral arteries. Stimulation of the DA1
receptor results in an intracellular increase in cyclic adenosine monophosphate (cAMP)-dependent protein kinase
A activity, thus promoting the relaxation of smooth muscles resulting in vasodilation [4].
Stimulation of the DA1 receptors on renal tubular
cells results in decreased sodium transport by cAMPdependent and cAMP-independent mechanisms. The
Na/K-ATPase pump in the medullary and proximal
tubular portion of the loop of Henle is inhibited by local
increases in cAMP production. This results in a natriuresis
that is independent, but can be augmented by the small
increase in glomerular filtration rate mediated by renal
artery dilation [4].
Stimulation of other DA1 receptors has the following
effects. Venous vessels are dilated, with increased capacitance. The eye demonstrates an increase in intraocular
pressure. There is decreased gastric secretions and acidity.
Aldosterone secretion is inhibited in adrenal gland [4].
Fenoldopam also demonstrates anti-inflammatory
properties. The administration of fenoldopam blocks
nuclear factor kappa B (NF-kB) activation after ischemia
and reperfusion. NF-kB activation induces oxidative stress
and is responsible for a number of proinflammatory adhesion molecules, cytokines, and chemokines that result in
inflammation. The mechanism of this effect is not clear
but is likely due to inhibition of the NF-kB signaling
pathways [1].

Drug Interactions

References

Contraindications
Fenoldopam contains sodium metabisulfite which may
cause allergic reactions in some people. This drug should
be used with caution in patients with known sulfite hypersensitivity. Patients with asthma are more likely than nonasthmatic patients to experience this sensitivity reaction [2].

Adverse Reactions

Concomitant use of fenoldopam with beta-blockers
should be avoided [2]. If the drugs are used together,
caution should be exercised because unexpected hypotension could result from beta-blocker inhibition of the sympathetic reflex response to fenoldopam.
Metoclopramide or other peripherally acting dopamine antagonists may inhibit the blood pressure effects
of fenoldopam [2].
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Mechanisms of Action
Fenoldopam is a specific agonist of the DA1 peripheral
dopamine receptor. Unlike dopamine it is not an agonist
of DA2 or the alpha- and beta- adrenergic receptors. It also
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Field Triage Scoring

▶ Fractional Excretion of Sodium (Na) and Urea
Nitrogen (UN)

HOWARD R. CHAMPION
Uniformed Services University of the Health Sciences,
Bethesda, MD, USA

Definition

Fibrinopurulent Phase
Fibrinopurulent phase of empyema formation is characterized in patients with pneumonia by fibrin deposition
within pleural fluid and along pleural membranes that
begins the formation of intrapleural loculations.

Fibrobronchoscopy
▶ Bronchial Fibroscopy and Lung Biopsy

Field Medicine
▶ Basic Life Support
▶ Prehospital – Emergency Medical Services

Field Triage
▶ Prehospital Care, Triage Criteria

Triage
The word “triage” comes from the French word “trier,”
which means “to sort.” Its initial application in medicine
is ascribed to Napoleon’s Surgeon in Chief, Baron
Dominique Jean Larrey, c. 1792. Dr. Larrey’s triage
method involved sorting casualties by medical need (not
rank, as was previously done) and prioritizing those with
the highest likelihood of survival and eventual return to
duty.
The military concept of triage, or sorting patients into
treatment categories, remains essentially unchanged. In
the civilian context, triage refers to the identification of
patient risk and matching resources to patient needs [1],
especially during ▶ mass-casualty incidents (MCIs). MCIs
encompass large events such as terrorist bomb attacks or
natural disasters, but also refer to any situation in which
the number of casualties may overwhelm available
resources. Triage differs in regular EMS (non-MCI) and
MCI settings (Table 1). The former operates under the
philosophy of “doing the best for each individual.” During
an MCI, however, when resources must be rationed, triage
is performed with the battlefield philosophy of “doing the
least for the most” to ensure the survival of as many
casualties as possible and in the case of the severely
injured, to funnel resources to those with the highest
chance of survival.

Field Triage Scoring. Table 1 Triage for MCI versus non-MCI event [4]
MCI

Non-MCI

Hostile

Secure

Patient volume

Large

Small

Typical responder level of training

Inadequate, less experienced

Adequate, experienced

Guiding philosophy

Battlefield mentality: “least for the most”

“Most for the most”

Resource availability

Limited

Less limited

Triage goals

Accurate triage balance, avoid
overcrowding hospitals

Overtriage maintained to counter
undertriage

Environment

Field Triage Scoring

Field Triage Scoring
Primary Triage
Upon arrival on the scene of an incident, responders
perform initial and secondary triage (sometimes called
simple and advanced triage). The goal of the first round
of triage is to separate, based on patient physiology, the
numerous lightly injured (“walking wounded”) from
those with more severe injuries who may require immediate attention, with no consideration of resource availability. In the USA, primary triage in an MCI is commonly
accomplished and communicated using the Simple Triage
and Rapid Treatment ▶ START and JumpSTART systems.
Other triage methods exist as well, which focus more on
non-MCI situations.

START and JumpSTART
The START triage system was developed in 1983 by Hoag
Hospital and the Newport Beach Fire Department (Newport Beach, CA) and updated in 1994. Used in most US
EMS jurisdictions, it is a method that enables responders
to rapidly (in less than 1 min per patient) stratify every
patient at the scene into one of four categories, and then
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communicate this assessment to treatment personnel
using a color-coded tag (Fig. 1). The START sequence
begins with the walking wounded being moved, and
continues with the assessment of patients with more
severe injuries using respiratory rate, radial pulse, and
mental status (Table 2). START is the most commonly
used MCI triage tool used in the USA, Canada, and
other countries. JumpSTART, developed in 1995, is
a pediatric triage tool that is based upon the STARTsystem
and designed for MCI situations.

Other Systems
Although START and JumpSTART are the most widely
used triage systems in the USA, other jurisdiction-based
systems (such as the mechanism, anatomy, and physiology
[MAP] tool developed in California) are used as well.
Triage systems similar to START that are used in the US
military include the MIDE (minimal, immediate, delayed,
and expectant) and Pentagon Mass Casualty Project
(Mascal, a coordinated military/community effort developed by the Pentagon prior to the 9/11 attacks and
implemented on 9/11, which is credited with saving
lives). The recently developed Sacco Triage Method

0 Not breathing, no pulse
1 Life-threatening injury
2 Serious, not life-threatening
3 Walking wounded

Field Triage Scoring. Figure. 1 START (left) and JumpSTART (right) triage tags [2]
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Field Triage Scoring. Table 2 START system [2]
Assessment

No

Yes

Walking wounded?

Assess respirations ↓

■ Tag Green and move to another area

Initial

Position airway
Reassess

▪ <30/min: Check perfusion ↓
▪ >30/min: ■ Tag Red

After positioning

■ Tag Black

Respirations

Perfusion
Radial pulse present?

Capillary refill
▪ >2 s: Control bleeding, ■ Tag Red
▪ <2 s: Assess mental status ↓

Assess mental status ↓

■ Tag Red

■ Tag Yellow

Mental status
Can follow simple command?

(STM) is an evidence-based, outcome-driven method for
triage in resource-constrained situations. Not usable in the
field, the STM uses physiological variables to predict
patient deterioration and survival probability, which can
be retrospectively examined to hone triage strategies.

Secondary Triage and Prioritization for
Transport
In an MCI, secondary triage involves stratifying the more
seriously wounded based on their ability to survive if they
were to receive immediate attention. The purpose of triage
here is to ensure that scarce resources are used only for
patients who have a chance of survival and not for those
who will die regardless of the treatment they receive.
Triage in these situations is thus a form of rationing that
maximizes the probability of survival for those who have
a chance of survival.
Implicit in secondary triage is the prioritization of
patients for transport. This decision is based on resource
availability, that is, transport method (ambulance, helicopter) and destination facility (hospital/trauma center).
A remote rural location may have access to ambulanceonly (i.e., no helicopter) transport to a small regional
hospital where patients will be stabilized until other
arrangements can be made, whereas a more urban area
may have access to a wider range of services including
a helicopter and a Level I trauma center (discussed below).

Triage Accuracy
Triage accuracy is essential to matching patient needs and
available resources. When large numbers of patients are
present, triage often entails identifying within a large
group of patients with a range of injury types and

severities, the small group of those with critical injuries
whose only chance of survival depends on expenditure of
resources and provider efforts. This challenge is accompanied by that of identifying patients at risk for occult
injuries (e.g., identifying a potentially lethal closed head
or thoracic injury after a vehicle crash), who would need
to be transported to a Level I trauma center instead of the
nearest hospital.
Correctly matching severely injured patients to the
most appropriate facility for care directly impacts
morbidity and mortality. Most hospitals and emergency
departments have basic emergency services, but trauma
centers are designated specifically for care of the severely
injured. In the USA, trauma centers are categorized by the
American College of Surgeons (ACS) Committee on
Trauma based on services and resources; they range from
Level I, which provides the highest level of care, with
surgeons available around the clock, to Level IV, which
provides initial stabilization and transfer to a higher level
of care (Table 3).
The ACS field triage decision scheme (Fig. 2) is
a tool to help responders determine whether patients
should be transported to a trauma center if one is available. Before this became available in 1987, trauma patients
were sent to the nearest hospital regardless of its capabilities. Revised most recently in 2006, this is a fourstep sequence that uses physiology, anatomy, mechanism
of injury, and special considerations (e.g., age,
comorbidities) to assist in determining whether transport
to a trauma center is warranted.
The physiologic component, which is the first element
in the decision scheme, comprises the Glasgow Coma
Scale (GCS), systolic blood pressure, and respiratory

Field Triage Scoring
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Field Triage Scoring. Table 3 American College of Surgeons’ Trauma Center Designation (Adapted from [5])
Level I

Level II

Level III

Level IV

1. Regional resource hospital
central to trauma care
system
2. Provides total care for every
aspect of injury, from
prevention through
rehabilitation
3. Maintains resources and
personnel for patient care,
education, and research
(usually in university-based
teaching hospital)
4. Provides leadership in
education, research, and
system planning to all
hospitals caring for injured
patients in region

1. Provides comprehensive
trauma care, regardless of
injury severity
2. Can be most prevalent
community facility and
manage most trauma
patients or supplement
Level I trauma center
3. Academic, public, or private
institution in urban,
suburban, or rural area
4. Where no Level I center
exists, is responsible for
education and system
leadership

1. Provides prompt
assessment, resuscitation,
emergency surgery, and
stabilization, and arranges
transfer to a higher level
facility when needed
2. Maintains continuous
general surgery coverage
3. Has transfer agreements
and standardized
treatment protocols to plan
for care of injured patients
4. Might not be required in
urban or suburban area
with adequate Level I or II
center

1. Rural facility that
supplements care within
larger trauma system
2. Provides initial evaluation
and assessment of injured
patients
3. Must have 24 h emergency
coverage by a physician
4. Has transfer agreements
and a good working
relationship with nearest
Level I, II, or III center

rate. The GCS is one of the most widely used physiological
assessment methods for triage. A three-pronged measurement of brain function using eye opening and best motor
and verbal response, the GCS uses a descending scale of
severity ranging from 3 to 15. A score of 3 indicates deep
coma and 15 indicates full consciousness. The GCS is easy
to use, even by unskilled personnel; can be used in the field
and in hospital; and has been shown to correlate closely
with the Glasgow Outcome Scale, a measure of brain
function. In primary triage, only the verbal component
is considered. A GCS score <14 indicates that the patient
should be transported to a trauma center, as do a systolic
blood pressure reading of <90 beats/min and a respiratory
rate of <10 or >29 breaths/min (<20 in an infant less than
1 year old).
Mechanism of injury is an important consideration
during triage, especially in the case of bomb attacks, which
have specific mechanics and produce specific injury patterns. For example, explosions occurring in confined
spaces are associated with increased risk of blast lung
and penetrating injuries than explosions in open areas.
Explosion-related incidents also have distributions of
injuries distinct from nonexplosion-related incidents,
such as large numbers of both walking wounded and
deaths, and a small subset of patients with critical injuries
with increased complexity, severity, and number of body
regions involved. A logistical characteristic of MCIs such
as terrorist bombings is that care facilities are often inundated with the walking wounded, which may overwhelm

resources to the eventual detriment of the critically
injured. Thus, triage decisions must be reiterated and
confirmed frequently so as to minimize over- and
undertriage.

Overtriage and Undertriage
Not every injured patient needs the advanced capabilities
of a Level I trauma center, and many can be better
served by being transported to the closest hospital.
Overburdening Level I trauma centers with less severely
injured patients reduces resource availability for patients
who truly need that advanced level of care.
The perfect secondary triage scenario would involve
accurately routing all severely injured patients to highlevel facilities (Levels I or II) and those with less-severe
injuries to lower-level facilities (Levels III or IV, local
hospitals). The realities of the scene, however, which
include chaos, large numbers of patients, a multitude of
different types of patients and injuries, challenges of
patient assessment, recognition of patients at high risk
for occult injuries (and therefore at high risk of deterioration), and increasingly unstable scene situations (military
setting or terrorist attack), make it impossible to make the
correct decisions 100% of the time.
Undertriage refers to the incorrect decision to transport a severely injured patient to a lower-level facility, thus
precluding the patient from receiving the advanced care
he or she requires. The ACS has set a target level for
undertriage at 0–5%.
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Measure vital signs and level of consciousness

Step One

Glasgow Coma Scale
Systolic blood pressure, mmHg
Respiratory rate, /min

<14 or
<90 or
<10 or >29 (<20 in infant less than 1 year)

No

Yes
Take to a trauma center. Steps 1 and 2 triage attempts to identify the most seriously
injured patients in the field. These patients would be transported preferentially to the
highest level of care within the trauma system.

Step Two

•
•
•
•
•
•
•
•

Assess anatomy of injury

All penetrating injuries to head, neck, torso, and extremities proximal to elbow and knee
Flail chest
Two or more proximal long-bone fractures
Crush, degloved, or mangled extermity
Amputation proximal to wrist and ankle
Pelvic fractures
Open or depressed skull fracture
Paralysis

Yes

No

Take to a trauma center. Steps 1 and 2 triage attempts to identify the most seriously
injured patients in the field. These patients would be transported preferentially to the
highest level of care within the trauma system.

Assess mechanism of injury
and evidence of high-energy
impact

• Falls

° Adults: >20 ft (1 story = 10 ft)
° Children: >10 ft or 2 to 3 times the height of the child

Step Three

• High-risk auto crash
° Intrusion: >12in, occupant site; >18in, any site
° Ejection (partial or complete) from automobile
° Death in same passenger compartment
° Vehicle telemetry data consistent with high risk of injury
• Auto v pedestrian/bicyclist thrown, run over, or with significant (>20 mph) impact
• Motorcycle crash >20 mph

Yes

No

Transport to closest appropriate trauma center which, depending on the trauma
system, need not be the highest level trauma center

Assess special patient or
system considerations

• Age

° Older adults: Risk of injury/death increases after age 55
° Children: should be triaged preferentially to pediatric-capable trauma centers

Step Four

• Anticoagulation and bleeding disorders
• Burns
° Without other trauma mechanism: Triage to burn facility
° With trauma mechanism: triage to trauma center
• Time-sensitive extremity injury
• End-stage renal disease requiring dialysis
• Pregnancy >20 weeks
• EMS provider judgment

Yes

No

Contact medical control and consider transport to trauma center or a specific
resource hospital
When in doubt, transport to a trauma center

Field Triage Scoring. Figure. 2 ACS field triage decision scheme, 2006 [3]

Transport according to protocol

Fixation or Repair

Overtriage occurs when those with lesser injuries are
given too high a priority. The implications of this include
a potential deluge of the health-care system; lack of sufficient resources for those whose lives depend on them;
increased preventable mortality; and unnecessary consumption of expensive resources, which contributes to
the precarious financial situation of many trauma centers.
A common occurrence following an explosive blast MCI is
the flooding of nearby health-care facilities by the walking
wounded. It has been suggested that these patients be
triaged at the hospital perimeters to prevent those with
minor injuries from gaining access to scarce resources. The
ACS has set a target overtriage range of 30–50%. This high
rate of acceptable overtriage is good for individual patients
but presents a financial burden for trauma centers.

Characteristics

It can be applied to MCI and non-MCI situations.
Scores are easy to use and can be reassessed as needed.
For MCIs, SMART tags are recognized worldwide.
ACS guidelines may be applied based on available
resources.
● ACS guidelines include not only physiology but anatomy, mechanism of injury, and special considerations.
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Filters
▶ Dialysis Membranes

Finger Fracture
▶ Hepatotomy

First Responder
▶ Basic Life Support

First Response
▶ Prehospital – Emergency Medical Services

First Rib Syndrome
▶ Thoracic Outlet

First-Degree Burn
▶ Burn Injury, Primary Wound Excision

Filoviral Hemorrhagic Fever
Filoviral hemorrhagic fever is an acute and severe febrile
syndrome caused by a member of the virus family
Filoviridae.
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Filoviruses

The distinguishing characteristics of field triage scoring
are as follows:
●
●
●
●
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Fixation or Repair
▶ Chest Wall Stabilization
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Flail Chest

Flail Chest
LENA M. NAPOLITANO
Department of Surgery, University of Michigan,
1C340A-UH, University Hospital, Ann Arbor, MI, USA

Synonyms
Blunt chest trauma; Pulmonary contusion; Rib fractures;
Thoracic trauma

Definition
A flail chest is a life-threatening thoracic traumatic injury
that occurs when multiple ribs fracture in multiple locations, and this segment of the chest wall becomes detached
from the rest of the chest wall so that the flail segment
moves independently. The number of ribs that must be
fractured varies by differing definitions: some define flail
chest as at least two adjacent ribs broken in at least two
places, and some define as three or more ribs broken in
two or more places. Flail chest can also occur when ribs are
fractured proximally in conjunction with disarticulation
of costochondral cartilages distally [1].
The flail segment moves in the opposite direction as
the rest of the chest wall. Because of the ambient pressure
in comparison to the pressure inside the lungs, the flail
segment moves inward while the rest of the chest is moving outward, and vice versa. This “paradoxical motion” of
the flail segment is associated with significant pain, and is
associated with increased work of breathing.
Flail chest is invariably accompanied by an underlying
pulmonary contusion. Flail chest is commonly associated
with hypoxemia due to the underlying pulmonary contusion. Often, it is the pulmonary contusion, not the flail
segment, which is the main cause of respiratory failure and
associated hypoxemia in patients with both injuries.
For the condition to occur, generally there must be
a significant force applied over a large surface of the
thorax to create the multiple anterior and posterior rib
fractures. Rollover and crushing injuries most commonly
break ribs at only one point – for flail chest to occur
a significant impact is required, breaking the ribs in two
or more places.

Epidemiology: Thoracic Trauma
Thoracic trauma accounts for 30% of admissions in
trauma centers, and is due to blunt trauma in almost
70% of cases. In-hospital mortality is 4–8% for isolated
thoracic trauma, but increases significantly up to 35% for
patients with thoracic trauma and other injuries. This

increased mortality is due primarily to the associated
injuries.
Few patients require emergency surgery for thoracic
trauma, but the thoracic injuries that do require surgical
intervention are most commonly related to severe intrathoracic bleeding. Delayed surgery may be necessary in the
management of thoracic trauma after more accurate diagnostic studies.
Early survival in blunt thoracic trauma is dependent
on adequate initial resuscitation and the timeliness and
correct sequence of diagnostic investigations. Late survival
rates in blunt thoracic trauma are dependent on the
potential development of post-traumatic complications,
and are in part due to the high incidence of significant
associated injuries.
In patients with flail chest, additional chest wall
injuries (additional rib fractures, sternal fracture, clavicle
fracture, scapular fractures) and pulmonary injuries
(pulmonary contusion, pneumothorax, hemothorax) are
most common. Pneumothorax and/or hemothorax are
reported in up to 50% of patients with flail chest. Cardiovascular injuries (blunt myocardial injury, cardiac rupture/tamponade, aortic or other great vessel disruption)
can also occur as associated injuries with flail chest, however are significantly less common.

Epidemiology: Flail Chest
Flail chest is a serious, life-threatening chest injury often
associated with underlying pulmonary injury (pulmonary
contusion) and is most commonly seen in cases of significant blunt trauma. In emergency department presentations, approximately 30% of patients with extensive
thoracic trauma have a flail chest.

Diagnosis
Flail chest is a clinical diagnosis, based on physical examination. Evidence of paradoxical motion of a portion of
the affected segment of the chest wall in a spontaneously
breathing patient on physical examination confirms
a diagnosis of flail chest. Upon inspiration, the flail segment is pulled inward by the negative intrathoracic pressure. With exhalation, the positive pressure forces the
segment to protrude outward. Muscular splinting of the
chest early in the postinjury period, however, may mask
the paradoxical motion until the flail becomes apparent
hours later with the development of fatigue.
In patients who are intubated and mechanically ventilated upon trauma admission, a high degree of suspicion
with palpation of the chest wall for crepitance and rib
fractures and meticulous review of the chest radiograph
are imperative. Chest pain, dyspnea, tachypnea, and
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hypoxemia are common presenting symptoms in patients
with flail chest. Chest wall pain and sensitivity, chest wall
bruises, bony crepitations, and chest wall subcutaneous air
are common physical exam findings in patients with flail
chest.
An initial baseline chest radiograph is necessary in all
patients with flail chest. This provides definitive diagnosis
of the flail chest, determines the size of the flail segment
and the number and extent of rib fractures, and allows
determination of the underlying pulmonary contusion
and its severity and other associated chest wall injuries
such as pneumothorax or hemothorax. The initial chest
radiograph provides the baseline by which all subsequent
chest radiographs will be compared during the patient’s
hospital course (Fig. 1).
Thoracic computed tomography (CT scan) imaging
with 3-D reformats is commonly performed to evaluate
the extent of potential internal thoracic injuries and associated thoracic spine injuries, and more recently is
performed to assess whether rib fracture fixation should
be considered as a potential treatment strategy for flail
chest (Fig. 2).
Similarly, an initial arterial blood gas determination
is necessary in all patients with flail chest. This initial
arterial blood gas provides definitive evidence of adequacy of oxygenation and ventilation, and again provides
a baseline for all future arterial blood gas analyses to be
compared. The initial blood gas is particularly important
in patients with chronic pulmonary diseases, such as
chronic obstructive pulmonary disease, since these patients
may retain pCO2 in their baseline pulmonary state.
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The clinical significance of the flail chest injury is
variable, and is dependent on the association with other
thoracic injuries, including pulmonary contusion, pneumothorax, hemothorax, and damage to other thoracic
structures.

Treatment
Treatment of flail chest requires concomitant treatment
of the underlying pulmonary contusion and possible
associated acute respiratory insufficiency or failure and/
or hypoxemia. Since patients with flail chest have the
potential to deteriorate and develop acute respiratory
failure requiring intubation and the initiation of
mechanical ventilation, they should be admitted to
the intensive care unit for aggressive pulmonary support
and continuous monitoring of pulse oximetry and
hemodynamics.
Treatment for flail chest and pulmonary contusion is
concentrated in two specific areas: (1) pulmonary support
and (2) pain control.

Pulmonary Support
Management of patients with flail chest and pulmonary
contusion centers around maintaining adequate pulmonary support, that is, adequate oxygenation and ventilation, with pulmonary toilet and chest physiotherapy, the
provision of supplemental humidified oxygen, drainage of
associated hemothorax and pneumothorax, and adequate
pain control to allow coughing and deep breathing with
aggressive pulmonary toilet.

Flail Chest. Figure 1 Chest radiograph and CT scan imaging of a trauma patient with an extensive left flail chest, multiple left rib
fractures, and large underlying left pulmonary contusion. The depressed left chest wall due to the large flail segment is easily
visible in the CT scan image below
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Flail Chest. Figure 2 An extensive right flail chest is present, with fractures both anteriorly and posteriorly of multiple right ribs.
There are displaced comminuted fractures of the right first through ninth ribs. A thoracostomy tube is present within the right
hemithorax. There is a comminuted minimally displaced mid right clavicular fracture and a sternal fracture

Initial Assessment of Respiratory Function
The initial assessment of adequacy of respiratory function
in patients with traumatic flail chest is most important.
A baseline arterial blood gas determination and chest
radiograph is necessary in all patients with flail chest as
discussed above. An early assessment of work of breathing
is also necessary, with examination of respiratory rate, and
any evidence of rapid shallow breathing, intercostal muscle retractions, or nasal flaring. It is important to avoid
over-resuscitation with crystalloid, as this may worsen the
hypoxemia that occurs with flail chest and associated
pulmonary contusion.

Maintenance of Adequate Oxygenation and
Ventilation
Continual reevaluation of respiratory status is necessary in
all patients with flail chest as they can develop early acute
respiratory failure and severe hypoxemia. If either hypoxemic or hypercarbic respiratory failure develops, respiratory support must be initiated. For patients who are
awake, alert, and compliant with worsening respiratory
status, a trial of noninvasive ventilation with continuous
positive airway pressure (CPAP or BiPAP) delivered by
mask may be considered.
Early intubation and mechanical ventilation, providing “internal pneumatic stabilization” of the chest wall,
is paramount in patients who develop severe acute

respiratory failure. However, prolonged mechanical ventilation is associated with the development of ventilatorassociated pneumonia and potential adverse outcome. If
the patient with flail chest requires intubation and
mechanical ventilation, all efforts to prevent ventilatorassociated pneumonia must be considered [2].

Chest Tube Drainage of Associated
Pneumothorax or Hemothorax, VATS
Large-bore chest tubes (36-Fr) are placed to drain traumatic hemothorax and traumatic pneumothorax. The use
of careful technique for tube thoracostomy will assist in
avoiding complications associated with chest tube insertion, including intercostal vascular injury, lung parenchymal injury, and inadvertent intra-abdominal tube
placement. The chest tube incision should never be placed
lower than the fourth intercostal space, because the diaphragm can rise to the fifth intercostal space with expiration. It is important to make an adequate tube
thoracostomy incision that permits entrance of a finger
into the pleural space, and a digital sweep should be
performed prior to tube placement to ensure that the
lung is away from the chest wall. These maneuvers will
aid in the prevention of pulmonary parenchymal injuries.
It must also be ensured that the last hole of the chest tube
is well within the pleural cavity prior to suturing the
tube in place. If persistent hemothorax is present, despite
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tube thoracostomy drainage, early consideration of videoassisted thoracoscopic surgery (VATS) is indicated, since it
provides definitive clearance of the pleural space.
The use of a single dose of antibiotics (cefazolin) as
prophylaxis to prevent chest tube infections and empyema
may be considered. A meta-analysis of five clinical trials
concluded a clear protective effect for post-traumatic
empyema when antibiotics are used, lowering the frequency of empyema from 7.6% to 1.14% (RR 0.19, 95%
CI 0.07–0.5) and the frequency of pneumonia from 16%
to 7.6% (RR 0.44, 95% CI 0.27–0.73). [3] More recent
studies, however, document very low rates of empyema
related to chest tubes placed for thoracic trauma when
sterile aseptic technique is used, and additional studies to
validate these prior findings are warranted.

Pain Control
The provision of adequate analgesia is key to providing
appropriate management for severe thoracic trauma. Failure to provide analgesia results in hypoventilation,
retained pulmonary secretions, subsequent development
of atelectasis and pulmonary lobar collapse, pneumonia
and resultant acute respiratory failure. Meticulous attention to providing adequate pain control can sometimes
result in avoidance of intubation.
Pain management with an epidural catheter and continuous epidural analgesia is the preferred mode of analgesia delivery in severe flail chest injury. Narcotic and
nonnarcotic analgesics, intercostal nerve blocks, patientcontrolled analgesia (PCA), and patient-controlled epidural analgesia (PCEA) are all utilized to provide pain
control in patients with flail chest. The specific approach
for pain management must be individualized in trauma
patients with flail chest, particularly since they commonly
have other additional traumatic injuries that require pain
control as well. Transition to enteral narcotics and/or nonsteroidal anti-inflammatory medications is considered as
patients are recovering. Slow tapering of pain medications
as an outpatient is necessary in patients with flail chest.

Surgical Repair
Surgical fixation for the treatment of flail chest remains
controversial. Traditionally, management of severe flail
chest has consisted of internal pneumatic splinting, sometimes leading to prolonged intubation and mechanical
ventilation for adequate stabilization of the flail segment,
with attendant complications including risk for ventilator-associated pneumonia. Surgical fixation of rib fractures in patients with flail chest, using absorbable or
nonabsorbable plates and screws has been advocated as
a safe and effective strategy for early stabilization of the
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chest wall. A few small pilot studies have documented
some efficacy (decreased ventilator days, decreased pneumonia, and earlier return to work), but prospective randomized trials have yet to establish a benefit. It will be
most important to define the specific indications for acute
versus delayed consideration of surgical repair of rib
fractures.

After-care
Serial outpatient follow-up after hospital discharge is necessary in patients with flail chest injuries. Some of these
patients will continue to have significant chest wall pain,
and some will have nonunion of their rib fractures.
Delayed surgical repair can be considered in these patients.

Prognosis and Outcomes
A recent review of 250 patients presenting with flail chest
injury during a 12-year period to a single Level 1 trauma
center reported an all-cause mortality rate of 8.8%. The
leading cause of flail chest was motor vehicle crash,
followed by falls and assaults. Tube thoracostomy was
required in 47% of patients, but only 19 patients (7.6%)
required thoracotomy and/or laparotomy. Increased ISS
was associated with increased mortality in these patients
with flail chest. Patients with isolated flail chest (n = 105)
and ISS score of 16 or less had a 3.8% mortality rate,
compared to patients with multisystem trauma and ISS
> 40 (n = 87) with a mortality rate of 16% [4].

Summary
The important aspects of flail chest are summarized
below:
● Flail chest definition: Two or more consecutive ribs
broken in two or more places.
● Diagnosis by physical exam, paradoxical chest wall
motion, chest wall sucks in with inspiration.
● Diagnostic Imaging: CXR  Chest CT.
● Always has associated pulmonary contusion.
● Mortality is 8–35% (usually due to underlying and
associated injuries).
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Flail Chest Stabilization

Flail Chest Stabilization
▶ Chest Wall Stabilization

Flaviviruses
▶ Biological Terrorism, Hemorrhagic Fever

unwell patient with evidence of hemodynamic compromise. The principle is to administer a predetermined volume of intravenous fluid bolus over a short period of time,
and measure any changes in the patient’s cardiovascular
parameters to establish whether they can be improved
with further volume resuscitation. The aim is to differentiate hypovolemia or relative hypovolemia, which may
improve with fluid volume and therefore increased preload, from cardiac failure, which may get worse with
higher cardiac filling pressures.

Pre-existing Condition

Flexor/Extensor Posturing
▶ Decorticate/Decerebrate Posturing

Flow Distribution
▶ Adsorption

Flow-Directed Pulmonary Artery
Catheterization
▶ Pulmonary Artery Catheterization

Fluid Challenge
BEN SINGER, ANDREW RHODES, MAURIZIO CECCONI
Department of Intensive Care, St. George’s Hospital,
London, UK

A fluid challenge is usually indicated where there is clinical
evidence of hypovolemia or organ hypoperfusion. There are
several causes of hypovolemia, and while some may be
obvious, such as external losses (external hemorrhage, gastrointestinal losses, high urinary losses), some internal losses
(internal hemorrhage, distributive changes due to sepsis,
inflammation or circulatory failure) may be less obvious [1].
There are several clinical signs that may suggest a low
intravascular volume but on their own they can be nonspecific and it is a combination of clinical signs along with
a patient’s history that allows a physician to make an impression as to the likelihood of hypovolemia being present. These
signs can include:
Cardiovascular
Hypotension
Tachycardia
Delayed capillary refill
Lactic acidosis
Low central venous or mixed venous saturation
Renal
Oliguria
Metabolic acidosis
Peripheries
Thirst
Dry mucus membranes
Cool extremities
Reduced skin turgor [1]

Application
Synonyms
Colloid challenge; Crystalloid challenge; Volume challenge

Definition
It is interesting that for one of the most common interventions made on the intensive care unit, a precise definition of a fluid challenge is hard to come by. At a basic level,
it is a method for guiding fluid replacement in an acutely

To conduct a fluid challenge, the first decision is what
form of fluid resuscitation to use. The choices are
a colloid or crystalloid. While all have their advantages
and disadvantages, a glance through the literature and the
experience of the authors indictate that the most commonly used fluid is a colloid. The next choice is the
volume of fluid to infuse. Although some studies into
fluid challenges do not infuse a predetermined volume
but instead give fluid until a hemodynamic threshold
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is reached (e.g. until Pulmonary Artery Occlusion
Pressure (PAOP) increases by 3 mmHg) [2], most
recommend giving a set volume bolus and reassessing
the response. A commonly used fluid challenge would be
250 mL colloid run in stat over 5–10 min.
Most importantly is to define how the impact of the
fluid challenge will be measured.
If cardiac filling pressures were a reliable indication of
ventricular preload, then Central Venous Pressure (CVP)
and PAOP (as an indicator of Left Atrial Filling Pressure)
would be ideal for determining any responsiveness to
a fluid challenge. According to the Starling convention,
raising the preload increases the stretch of the myocardial
fibers and increases the stroke volume and consequently
the cardiac output if heart rate stays the same. In a low
volume circulation with a healthy heart with normal ventricular compliance, a fluid challenge would increase cardiac output without a significant rise in CVP or PAOP.
However, there is evidence that neither CVP nor PAOP is
reliable predictor of volume responsiveness [3]. This may
be because preload is influenced not only by filling pressures but importantly by ventricular compliance that is
likely to be affected in critical illness. There is also evidence
that there is a poor correlation between a CVP reading and
intravascular volume [5]. CVP and PAOP are still useful
measurements in a fluid challenge, but more as an indicator that enough fluid has been given to stretch the ventricle. If the ventricle has been stretched enough to produce
an increase in CVP of 2 mmHg, then the right side of the
heart has been challenged adequately to test the hypothesis
that increasing vascular volume will lead to an increase in
stroke volume or cardiac output [1, 4]. A significant
increase (>5 mmHg) in CVP or PAOP immediately after
an intra venous volume challenge may indicate right (or
left) ventricular dysfunction and a risk of systemic and/or
pulmonary edema and therefore these parameters may act
as a safety net, with fluid challenges to be stopped if they
rise to a predetermined level. We provide an example of
a protocol evolved from Weil and Henning’s work in
the 1970s and adapted from Venn et al. [4], which gives
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a guide as to rises in CVP and PAOP during and after
a fluid challenge that may indicate optimal cardiac filling
pressures have been exceeded and further volume may risk
fluid overload (Table 1).
In hemodynamically unstable patients, a positive fluid
challenge indicates that the patients will increase their
cardiac output with intra venous volume. This does not
necessarily mean that the patient should be given fluids.
This question is a clinical one determined by specific
needs. If the patient does not respond to the fluid challenge, then volume will not be beneficial and the challenge
should not be repeated unless there is a significant change
in the underlying status or hemodynamic variables. For
example, it is important to remember that changes in the
cardiovascular tone, after administration of inotropic or
vasoactive drugs, can make a non-responder a responder,
and vice versa.

Selection of Measurement Parameters
Cardiovascular parameters must be selected prior to the
fluid challenge in which an improvement should be
sought. Interestingly, there is no gold standard used in
the literature of what should be measured and, what
degree of increase in this variable should be seen as
a positive response. To explain better, one could look at
stroke volume (SV) or cardiac output (CO). A positive
response varies between studies from 10% to 25%
(Michard Teboul fluid responsiveness review). Other
parameters can include Mean Arterial Pressure, Mixed
Venous Saturations, Heart Rate, Urine Output, Stroke Volume Variation, Calculated Stoke Volume, or Right End Diastolic Volume Index. We present an example of a fluid
challenge protocol using cardiac index as a measured outcome modified from Vincent and Weil [1] (Table 2). It is
important that the parameters being measured are
recorded immediately at the beginning of the fluid
challenge, and immediately afterward. It is also important
that infusions of vasopressors or inotropes are unchanged
during the duration of the challenge. This is to reduce the
many variables that can affect cardiac index and CVP to as

Fluid Challenge. Table 1 An example of a safety protocol using monitoring CVP or PAOP during a fluid challenge (Modified from
Venn et al. [4])
CVP

PAOP

Action

During fluid challenge

Increases >5 mmHg

Increases >7 mmHg

Stop infusion

Following fluid challenge

Increases 3–5 mmHg

Increases 3–7 mmHg

WAIT and reassess

Following fluid challenge

Increases <3 mmHg

Increases <3 mmHg

Safe to repeat fluid bolus if indicated

WAIT and reassess
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Fluid Excess

Fluid Challenge. Table 2 An example of one successful and two unsuccessful fluid challenges using a CVP safety protocol from
Table 1 and using 250 mL colloid given over 5–10 min with a Cardiac Index increase of >15% indicating a successful outcome [1]
Example

Example 1

Time

Baseline

5–10 min

Baseline

5–10 min

Baseline

5–10 min

Cardiac index

2.7

3.4

3.2

3.2

2.9

2.7

CVP

9

10

8

12

12

18

Outcome

Successful

Repeat

Unsuccessful

Wait and reassess Unsuccessful Stop challenge and reassess

Example 2

Example 3

In Example 1, there is an increase of >15% in cardiac index with a fluid challenge indicating that the patient’s cardiac filling pressures were suboptimal
and the patient has responded to fluid. CVP has stayed within safety limits. In Example 2, there has been no increase in cardiac index and CVP has risen
4 mmHg, indicating the patient has not responded to fluid and the CVP rise may indicate increased filling pressures and that further fluid will not be of
benefit. In Example 3, the CVP has risen by 6 mmHg, a significant rise in filling pressure with a corresponding fall in cardiac index. As indicated in our
safety protocol, the fluid challenge should be stopped as soon as the CVP increases by more than 5 mmHg as this CVP rise suggests optimal filling
pressure has been exceeded and with no increase in cardiac index, further fluid risks overload and pulmonary edema

few as possible and increases the likelihood that any
changes seen in parameters are due to the effect of the
fluid challenge alone.
Generally, a fluid challenge is very safe. The risks of
fluid overload are somewhat tempered by the fact that you
are administering a small amount of fluid as a diagnostic
procedure that should indicate whether or not a patient is
volume responsive, therefore potentially avoiding giving
greater volumes of fluid inappropriately. Therefore, the
risks of pulmonary edema and fluid overload especially in
patients with renal failure should, if anything, be reduced
by a correctly performed fluid challenge, There are potential risks of raised intracranial pressure in brain-injured
patients. There are also small risks involved depending on
the type of fluid used, from interactions with clotting
function and anaphylaxis with some colloids, to blood
product reactions and hyperchloraemic acidosis with
some crystalloids and increased edema due to the relative
hypotonicity of others.

4.

5.

Venn R, Steele A, Richardson P, Poloniecki J, Grounds M, Newman P
(2002) Randomized controlled trial to investigate influence of the
fluid challenge on duration of hospital stay and perioperative
morbidity in patients with hip fractures. Br J Anaesth 88(1):65–71
Marik P, Baram M, Vahid B (2008) Does CVP predict fluid responsiveness? A systemic review of the literature and the tale of seven
mares. Chest 134(1):172–178

Fluid Excess
▶ Volume Overload in Children

Fluid Overload
▶ Volume Overload in Children

Conclusion
As long as the indications for a fluid challenge, as well as
the potential successful and unsuccessful outcomes are
well defined, it is a safe, simple, and reproducible tool
for the assessment and optimization of a critically ill
patient’s circulatory volume.
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Fluid Responsiveness
The degree by which the cardiac output responds to fluid
loading; its prediction is an important tool in fluid
management.
▶ Volume Responsiveness

Fluid Resuscitation
▶ Burn Fluid Resuscitation

Focused Assessment for the Sonographic Examination for Trauma

F

947

Fluid Therapy
▶ Hydration and Volume Expansion

FN
Febrile neutropenia. A febrile episode in a patient with
absolute neutrophil count of 500 cells/mm3 presenting
as a complication of anticancer chemotherapy and usually
representing occult infection.
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FOB
Flexible Fiber-optic Bronchoscopy (FOB).

Focused Assessment for the
Sonographic Examination for
Trauma
GRACE S. ROZYCKI
Emory University School of Medicine, Chief of Trauma/
Surgical Critical Care/Emergency General Surgery
Department of Surgery, Atlanta, GA, USA

Synonyms
FAST

Definition
The Focused Assessment for the Sonographic Examination of the Trauma Patient (FAST) is a focused ultrasound
examination that evaluates the pericardial sac and the
dependent regions of the abdomen for the presence or
absence of blood [1]. The four transducer positions
comprising the FAST examination are: (1) pericardial;
(2) right, and (3) left upper quadrants; and (4) pelvis
(Fig. 1).
When ultrasound waves contact an organ, some are
reflected and some are transmitted through the organ. The
reflected waves return to the transducer and generate
electrical impulses that are converted to the image that is

Focused Assessment for the Sonographic Examination for
Trauma. Figure 1 Transducer positions from FAST (Used with
permission from [4])

seen on the monitor. This is known as the Pulse-Echo
Principle.

Characteristics
Intraperitoneal blood accumulates in dependent regions
of the abdomen when the patient is in the supine position.
These dependent areas correspond to Morison’s pouch,
the spleno-renal recess, and the pelvis, posterior to the
bladder. All these regions may be visualized rapidly and
dependably with the FAST. As an extension of the physical
examination, surgeons perform the FAST exam during
the “secondary survey” as described in the American
College of Surgeons Advanced Trauma Life Support
Course. Completed in about 2.5 minutes using a 3.5 MHz
transducer, the FASTsurveys for blood in the pericardial sac
and three dependent abdominal regions, including
Morison’s pouch, the spleno-renal recess, and the pelvis.
A nasogastric tube is inserted before the examination, if
needed, while the urinary catheter is withheld so that the
distended bladder can provide an acoustic window for
visualization of blood in the pelvis. After ultrasound transmission gel is applied in the four areas, the examination is
conducted in sequence beginning with the pericardial area,
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right and left upper quadrants, and pelvis. The FAST is
performed in a specific sequence for several reasons. The
pericardial area is visualized first so that blood within the
heart can be used as a standard to set the gain. (The gain is
a measure of the strength of the ultrasound signal and it
regulates the degree of ultrasound wave amplification, i.e.,
the brightness of the image.) The gain should be set so
that the blood inside the heart appears anechoic, i.e.,
black on the ultrasound image. When the setting is correct,
blood in the pericardial sac and abdomen will be correctly
identified. The abdominal part of the FAST begins with
a survey of the right upper quadrant which is the location
in the peritoneal cavity where blood most often accumulates and, therefore, is most readily detected with the FAST.
This was demonstrated in a large multicenter study in
which the investigators found that regardless of the injured
organ (with the exception of those patients who had
an isolated perforated viscus), blood was most often identified on the right upper quadrant image of the FAST [2].
This can be a time-saving measure because when
hemoperitoneum is identified on the FAST examination
of a hemodynamically unstable patient, then that image
alone, in combination with the patient’s clinical picture, is
sufficient to justify an immediate abdominal operation. In
a hemodynamically stable patient, after examining the
right upper quadrant, the left upper quadrant and pelvis
are visualized. In general, the illustrated sequence and
technique proceed as follows:
1. The transducer is oriented for sagittal sections and
positioned in the subxiphoid region to identify the
heart and to examine for blood in the pericardial sac.
2. The transducer is placed in the right midaxillary line
between the 11th and 12th ribs to identify the sagittal
sections of the liver, kidney, and diaphragm.
3. With the transducer positioned in the left posterior
axillary line between the ninth and tenth ribs, the
spleen and kidney are visualized.
4. Finally, the transducer is directed for a transverse section and placed 4 cm superior to the symphysis pubis.
It is swept inferiorly to obtain a coronal view of the full
bladder and both sides of the pelvis.

Accuracy of the FAST
Improper technique, inexperience of the examiner, and
the inappropriate use of ultrasound adversely impact the
accuracy of ultrasound imaging. Additionally, the etiology
of injury, the presence of hypotension, and select associated injuries have also been shown to influence the accuracy of this modality. For example, both false-positive and
negative pericardial ultrasound examinations have been

reported to occur in the presence of a massive hemothorax
or mediastinal blood. Repeating the FAST after the insertion of a tube thoracostomy improves the visualization of
the pericardial area and decreases the number of falsepositive and false-negative studies. While false-positive
studies may occur, a rapid focused ultrasound survey of
the subcostal pericardial area is a very accurate method to
detect the presence or absence of hemopericardium in
most patients with penetrating wounds in the “cardiac
box” area [3]. Furthermore, the use of pericardial ultrasound has been shown to be especially helpful in the
evaluation of patients who have no overt signs of pericardial tamponade.
The FAST is also very accurate when it is used to
evaluate hypotensive patients who present with blunt
abdominal trauma. In this scenario, ultrasound is so accurate that when the FAST is positive, an immediate operation is justified [4]. Because the FAST is a focused
examination for the detection of blood in dependent
areas of the abdomen, its results should not be compared
to those of a computed tomography scan because the
FAST does not readily identify intraparenchymal or retroperitoneal injuries. Therefore, select hemodynamically
stable patients considered to be at high risk for occult
intra-abdominal injury should undergo a computed
tomography scan of the abdomen regardless of the results
of the FAST examination. These patients include those
with fractures of the pelvis or thoracolumbar spine,
major thoracic trauma (pulmonary contusion, lower rib
fractures), and hematuria [5]. These studies have helped
provide guidelines to decrease the number of falsenegative FAST studies, but, as with the use of any diagnostic modality, it is important to correlate the results of the
test with the patient’s clinical picture.

Pre-existing Condition
For the initial assessment of the injured patient, ultrasound is an ideal test because of its unique qualities. The
following illustrate these unique qualities and how ultrasound is used to assess the injured patient.
Situations in which the use of ultrasound is
particularly helpful are for the evaluation of the injured
pregnant patient, the multiply injured patient, and the
simultaneous arrival of multiple injured patients. As
a noninvasive modality providing no ionizing radiation to
the patient, ultrasound evaluates the injured pregnant
patient while simultaneously identifying the fetal heart
so that its rate can be recorded. For the patient with
multiple fractures who is in traction, the portable machine
allows the FAST examination to be performed without
having to move the patient. If hypotension occurs or
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there is an unexpected decrease in hematocrit, an ultrasound examination can be easily repeated to exclude
hemoperitoneum. When several patients with penetrating
thoracoabdominal injuries present simultaneously to the
emergency department, a rapid FAST examination with
thoracic views can assess for pericardial effusion, massive
hemothorax, or hemoperitoneum within seconds. This
information helps the surgeon to rapidly prioritize
resources and triage patients.

F

Fournier’s Gangrene
▶ Soft Tissue Infections, Life-Threatening

Foxglove Toxicity
▶ Cardiac Steroids and Glycoside Toxicity

Ultrasound in Penetrating Trauma
Ultrasound for the diagnosis of injuries after penetrating
trauma has been studied much less extensively than ultrasound used after blunt trauma. Several of the larger, wellknown series have included patients with penetrating
trauma and, as stated previously, ultrasound of the pericardium has been shown to be accurate for diagnosis of
injury in patients with penetrating injury to the “cardiac
box.” Although ultrasound may be used to diagnose fascial
penetration after an anterior abdominal stab wound,
a negative ultrasound examination is clearly less helpful
and does not preclude peritoneal penetration.

Summary
Because it is portable, rapid, noninvasive, and easily
repeatable, ultrasound is particularly suited to the trauma
setting. When performed by the physician, it offers immediate feedback through real-time imaging that can be
incorporated into the management of the patient.

F
Fractional Excretion of Sodium
(Na) and Urea Nitrogen (UN)
STEFAN HERGET-ROSENTHAL
Department of Nephrology, University of
Duisburg-Essen, Duisburg, Germany

Synonyms
FeNa; FeUN

Definition
Measure of the ratio of sodium and urea nitrogen excreted
in the urine of the total sodium or urea nitrogen filtered by
the glomerula.
Urinary Na  serum creatinine  100
Serum Na  urinary creatinine
Urinary UN  serum creatinine  100
FeUN :
Serum UN  urinary creatinine
FeNa :
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Characteristics
Pathophysiology
The intact renal tubule in healthy subjects and patients
with prerenal AKI may almost completely reabsorb urinary sodium and UN. Therefore, FeNa is smaller than 1%
and FeUN is below 35% in prerenal AKI [1]. In renal
AKI, however, the injured tubules do not succeed in
reabsorbing sodium and UN. In consequence, FeNa
increases above 2% and FeUN above 50% [1]. Therefore,
FeNa and FeUN should be two valuable markers to discriminate between prerenal and renal AKI, the most commonly encountered forms in intensive care medicine.

Clinical Utility and Performance
Whereas FeNa differentiated well between most forms of
untreated prerenal and renal AKI, it performed poorly in
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prerenal AKI treated with diuretics as in congestive heart
failure, liver failure with ascites, and in prerenal AKI
due to excessive vomiting or nasogastric suction or
superimposed on advanced chronic kidney disease. In
these cases of prerenal AKI, FeNa predominately exceeds
2% [1]. On the other hand, renal AKI due to contrast,
rhabdomyolysis or sepsis, often demonstrates with FeNa
below 1% and may falsely be categorized as prerenal.
Therefore, the value of FeNa is limited and when applying
FeNa, these limitations need to be taken into account.
FeUN performed as well as FeNa in differentiating
between most forms of untreated prerenal and renal AKI
(sensitivity 90 versus 92%, specificity 80 versus 72%).
FeUN was especially superior to FeNa to discriminate
prerenal AKI treated with diuretics and renal AKI (sensitivity 89 versus 48%). FeUN may falsely be increased
above 50% in prerenal instances with osmotic diuresis,
for example, diabetic coma. There are also conflicting
findings that could not confirm the excellent data in
regard to FeUN [2]. Altogether, FeUN is the superior
tool to differentiate prerenal and renal AKI but should
always be used in combination with history, physical
examination, and simple hemodynamic measurements.
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Fracture Classification
DAVID J. HAK
Denver Health, Denver, CO, USA

Definition
A systematic grouping of different fracture patterns into
clinically useful groups.

Characteristics
Numerous fracture classification systems have been developed to allow surgeons to differentiate different fracture
patterns and organize them into clinically useful groups.
A good classification system is valid, reliable, and reproducible. It should serve as a guideline for treatment,
indicate risk and nature of potential complications, and

provide information regarding anticipated prognosis.
While the ideal classification system is difficult to achieve,
it should provide a reliable method of communicating the
pattern of injury, and allow comparison of treatment
results of similar fractures treated at different institutions
or using different methods.

Traditional Fracture Classification
Systems
Most commonly used fracture classification systems were
developed by individual surgeons to describe fractures
limited to a specific anatomic area or a specific part of
one bone. The developing surgeon’s name is often
attached to these classification systems, resulting in the
frequency of classification eponyms. Common examples
include:
Garden classification of femoral neck fractures
Neer classification of proximal humerus fractures
Schatzker classification of tibial plateau fractures
Hawkins classification of talar neck fractures
Frykman classification of distal radius fractures
While some of these classification systems may include
the mechanism of injury, most are based on the radiographic appearance of the fracture.
Fracture classification systems can be divided into
three main types: nominal, ordinal, or scalar. Some classification systems may include a combination of nominal,
ordinal, and scalar components. Nominal systems categorize fractures based on the accepted names and patterns of
similar fracture lines. For instance, calcaneus fractures can
be classified as either “tongue type” or “joint depression
type” based on the location of the fracture. Ordinal systems classify fractures based on a numbered series. For
example, fractures of the proximal humerus can be classified based on the number of separate displaced fracture
fragments, such as 1-part, 2-part, 3-part, and 4-part. Scalar systems classify fractures based on specific measurement, such as displacement of less than 5 mm, between
5 and 10 mm, and greater than 10 mm.
Assessments of these traditional classification systems
have generally shown only poor to fair interobserver reliability and intraobserver reproducibility.

Comprehensive Fracture Classification
Systems
Problems associated with traditional classification systems
have led to the development of a comprehensive standardized classification system. The goal of these classification
systems is to facilitate communication in a consistent,
uniform fashion. While the primary role of many
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commonly used traditional classification systems are to
aid surgeons in their day-to-day decision-making processes, the role of a comprehensive fracture classification
is primarily in its usefulness for clinical research. By using
a uniform comprehensive classification system you can
more accurately compare the results of different forms of
treatment in a similar group of injuries.
Beginning in the 1970s, Maurice Müller began working with numerous colleagues on the AO Comprehensive
Long Bone Classification System [1]. This alphanumeric
system was designed to be internationally understandable
and compatible with computerized databases. This classification system organizes fractures of long bones into
hierarchical triads based on the severity of the bony injury.
Each bone is given a specific numeric assignment (e.g.,
humerus 1, forearm 2, femur 3, tibia 4). The location of
the fracture in the bone is then specified as proximal,
middle, or distal third. Fractures are then subdivided
into three types, and each type further subdivided into
three groups. Types and groups are arranged in ascending
order of severity. Groups are also further subdivided into
subgroups using specific qualifications.
The Orthopaedic Trauma Association (OTA) has
adopted and expanded Müllers long bone system, classifying fractures of other bones including the pelvis and spine,
along with dislocation and pediatric fractures [2, 3].
The initial version of the OTA Fracture and Dislocation
was published in 1996, with the most recent update occurring in 2007.

Soft Tissue Injury Classification Systems
Open fractures are commonly classified using the
Gustillo–Anderson classification system [4]. Type I open
fractures represent low-energy injuries with minimal fracture comminution. These are usually inside-out injuries in
which the open injury occurs when the broken bone pokes
outward through the skin. Type II open fractures occur
from a higher energy mechanism and result in more
comminution and periosteal disruption. Type III open
fractures occur as a result of the highest energy mechanism, resulting in significant comminution and periosteal
disruption. The type III category is subcategorized into
Type IIIA in which the skin can be closed. In type IIIB
some form of soft tissue procedure is required for closure
such as a skin graft, rotation flap, or free flap. Type IIIC are
injuries with associated vascular injuries requiring repair.
The use of this classification system can help predict the
rate of infection and fracture healing problems.
The severity of soft tissue injury in closed fractures can
also be classified by the less frequently used Tscherne
classification system. A Tscherne Grade O has no or only

F

951

a minor soft tissue injury. A Tscherne Grade I injury consists of a superficial abrasion or contusion with pressure
from the inside by the displaced fracture fragments.
A Tscherne Grade III injury involves a deep contaminated
abrasion and extensive skin contusion with damage to the
muscle and subcutaneous tissue due to direct trauma.
Included in this category are associated compartment
syndromes and vascular injuries.

Intraobserver Reproducibility
Ideal classification systems should have good intraobserver
reproducibility, such that each time an individual evaluates a particular fracture he or she selects the same
classification.

Interobserver Agreement
Ideal classification systems should have good interobserver
agreement, such that when two or more independent
observers evaluate a particular fracture they each select
the same classification. Numerous studies have evaluated
the interobserver agreement of various commonly used
classification systems. Generally the interobserver agreement is relatively low, especially for more complex classification systems. It has been suggested that this low
interobserver agreement is caused by forcing surgeons to
place a continuum of infinite fracture patterns into
dichotomous variables. Since the variability of fracture
patterns is limitless, judgments are required to place
them into a specific classification category.

Validation of Fracture Classification
Systems
Validation of classification systems is important for both
research and publication, since it is thought that the severity of the injury has an important impact on the patient’s
outcome. Many current fracture classification systems
have been stratified based on the presumed injury severity.
However, fracture severity itself is not the only factor
which can impact patient’s outcome. Noninjury factors
such as education level, overall health, and mental outlook
may play an equally important role in the patient’s outcome [5]. The ability to apply a validated, reliable, and
reproducible classification system will improve the ability
to evaluate future clinical studies and published literature.
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Free Radical Scavenger
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urinary solutes, and the other containing solute-free
water only. This concept can be useful in understanding
the pathophysiology of conditions with hypo- and
hypernatremia. Free-water clearance again is a useful indicator of how the body is regulating water to correct hypoor hypernatremia. A free-water clearance of zero means
the renal tubule is producing urine isosmotic with respect
to the plasma. Values greater than zero imply that the renal
tubule is producing dilute urine through the excretion of
solute-free water. Values less than zero imply that the
tubule is conserving water, resulting in concentrated
urine. Injury of the tubules as in (renal) AKI has been
accompanied by a loss of concentration ability. A change
from strongly negative free-water clearances to values
approximately of zero were demonstrated to be an early
indicator of AKI and occurred 24–48 h prior to the
increase of serum creatinine in a former study [1]. However the data on free-water clearances as an early indicator
of AKI are limited and it is a widely forgotten test. It
should be more often applied as it is inexpensive and
may be measured rapidly without the need of urine collection and with routinely available markers and little
complexity.
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Full-Thickness Burn

Synonyms

▶ Burn Injury, Primary Wound Excision

Cl H2O

Definition
Measure of the volume of blood plasma that is cleared of
solute-free water by the glomerulum per unit time.
ð1  urine osmolality Þ
ClH2O ¼ Urine volume ½ml=min 
Serum osmolality
Simplified equation:
ClH2O ¼ Urine volume ½ml=min
ð1  ðurine Naþ þ urine Kþ ÞÞ
Serum Naþ

Functional and Structural Markers
of Renal Impairment in Serum
and Urine
STEFAN HERGET-ROSENTHAL
Department of Nephrology, University of
Duisburg-Essen, Duisburg, Germany

Characteristics

Definition

The urine may conceptionally be divided into two components, one consisting of isosmotic urine containing all

These are used to detect and evaluate functional and
structural renal impairments. Please see the entries on

Functional Hemodynamics
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Functional and Structural Markers of Renal Impairment in Serum and Urine. Table 1 Performance of different functional and
structural markers of renal impairment in serum and urine
Differentiation of AKI types
(prerenal versus renal)

Early detection of AKI
Free water clearance

Good, but limited data

Serum levels of LMWP

Good, but data available only
for cystatin C

Urine excretion of LMWP

Good, but limited data in AKI

Urine excretion of tubular
enzymes

Good to excellent, but limited Poor, but limited data in AKI
data in AKI

Poor, but limited data in AKI

Fractionated excretion of
sodium

Intermediate to good

Fractionated excretion of urea
nitrogen

Good to excellent

Prediction of severity of AKI

Good
Intermediate to good

AKI, acute kidney injury; LMWP, low molecular weight protein

▶ Cystatin C, Free Water Clearance, ▶ Serum and Urinary
Low Molecular Weight Proteins, ▶ Tubular Enzymuria,
and ▶ Fractional Excretion of Sodium (Na) and Urea
Nitrogen (UN) for more information.
These markers can be used in various settings as early
detection of AKI, differentiation of AKI types, and stratification of prognosis in AKI as demonstrated in Table 1. As
most categories contain numerous individual markers,
only those most widely studied, and for which commercial
kits are available, are presented in more detail.

Functional Hemodynamics
CHRISTOPH K. HOFER1, DANIEL DE BACKER2,
FREDERIC MICHARD3, MAXIME CANNESSON4
1
Institute of Anaesthesiology and Intensive Care
Medicine, Triemli City Hospital Zurich, Zurich,
Switzerland
2
Department of Intensive Care, Erasme University
Hospital, Free University of Brussels, Brussels, Belgium
3
Director, Medical Strategy, Edwards Lifesciences, Nyon,
Switzerland
4
Department of Anesthesiology & Perioperative Care,
School of Medicine, University of California, Irvine,
CA, USA

Synonyms
Assessment of
responsiveness

preload

responsiveness

or

fluid

Definition
Functional hemodynamics delineate the evaluation of the
cardiac preload responsiveness. They aim at predicting if
cardiac stroke volume would increase in response to
a planned intravenous fluid administration or not in
order to determine the ideal strategy of increasing cardiac
output and oxygen delivery. In other words, their task is to
differentiate fluid responders from nonresponders, that is,
to assess cardiac preload reserve. Cyclic cardiovascular
changes based on heart–lung interactions induced by
mechanical positive pressure ventilation are mostly applied
for this task, using different hemodynamic monitoring
techniques to provide the so-called dynamic variables of
fluid responsiveness [1]. However, various limitations may
preclude the reliable use of these variables and alternatives
such as a passive leg-raising test may be required.

Characteristics
Pathophysiological Fundamentals
During inspiration of mechanical positive pressure ventilation typically right ventricular stroke volume decreases and
left ventricular stroke volume increases. This inspiratory
reduction of right ventricular stroke volume is the result
of two major contributing factors:
● Inspiratory augmentation of intrathoracic pressure
reduces right ventricular preload (a compression of
the intrathoracic and a distension of the extrathoracic
section of the vena cava can be observed).
● Right ventricular afterload is increased because
increased intrathoracic pressure is transmitted to the
pulmonary vascular bed and vascular resistance is
increased.

F

F

Functional Hemodynamics

Inspiratory increases of left ventricular stroke volume
on the other hand can be explained by the following
mechanisms:
● Increased intrathoracic pressure forces fluid out of the
pulmonary capillary bed resulting an increased left
ventricular preload.
● Increased intrathoracic pressure reduces left ventricular transmural pressure and therefore left ventricular
afterload is decreased. This reduction of afterload may
have primarily an effect in patients with reduced left
ventricular function.
● Increased intrathoracic pressure may exert a direct
effect on the left ventricle and may augment left ventricular stroke volume.
● Decreased diastolic right ventricular filling during
inspiration may enhance left ventricular filling
(“interventricular dependence”).

During expiration the inverse phenomenon occurs, right
ventricular stroke volume is restored and left ventricular
stroke volume decreases. The decrease in left ventricular
stroke volume during expiration is the consequence of the
reduced right ventricular stroke volume during inspiration, and occurs with a time lag of approximately three
consecutive cardiac cycles (“pulmonary transit time,”
Fig. 1).
The amplitude of the resulting cyclic preload and
stroke volume changes during inspiration and expiration
depend not only on the intravascular volume status but
also on the actual position on the Frank–Starling curve:
When the heart is operating on the ascending limb of the
Frank–Starling curve, intrathoracic pressure variations
imposed by mechanical ventilation result in major variations of stroke volume and subsequently in major variation of peripheral arterial pressure indicating a preserved
preload reserve (“responder”). By contrast, on the plateau

Assessment of SVV and PPV
PPmax

SVmax

Arterial pressure

p

PPmin

SVmin

t
Assessment of SPV, Δup and Δdown
SPV

Arterial pressure

p

ΔUp

ΔDown

t

p
Airway pressure
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t
Pulmonary transit time

Functional Hemodynamics. Figure 1 Assessment of SVV, PPV, SPV, and Δ components. For explanation of abbreviations please
see Table 1

Functional Hemodynamics

of the Frank–Starling curve only minor variations of
stroke volume and pressure amplitude occur (limited preload reserve, “nonresponder”). Thus, large stroke volume
variations (SVVs) are represented by large numerical
values of the dynamic variables reflecting the ascending
part and small values the plateau of the Frank–Starling
curve (Fig. 2).

F

definition of the cardiac response and test variability was
neglected. Moreover, the assessment of ROC curves
assumes a “black or white situation,” that is, responder
or nonresponder to volume expansion and, unfortunately,
the likelihood of misclassification ratios defined by
a specific level of test sensitivity and specificity is not
considered. In the future, statistical approaches such as
the so-called gray zone approach may be applied in order
to better define the clinical applications of the dynamic
variables describing a zone between positive and negative
test results according to the clinical requirements. Ideally,
the test characteristics may be provided for different cutoff levels allowing the physician to decide which cutoff to
use in a given situation.

Prediction of Preload Responsiveness
Different dynamic variables (Table 1) became available in
recent years. Moreover, different functional tests have been
rediscovered or developed. They all have been tested with
respect to their capacity of predicting fluid responsiveness.
Typically, the dynamic variables before a fluid loading
maneuver and the related cardiac responses were recorded.
Functional tests on the other hand provoke an internal
preload change and again consecutive cardiac function
changes are assessed. Based on these test results, receiver
operating characteristics (ROC) curves can be plotted in
order to determine the ability to predict the desired effect
and to assess the threshold value of the functional variables and tests, which is used for the discrimination of
fluid responders and nonresponders. Although the threshold values for the different dynamic variables (Fig. 3) and
tests (Fig. 4) are of clinical relevance, they need to be
carefully interpreted in a clinical context considering
some methodological aspects of the studies performed in
the past. It has to be emphasized that there was no consensus regarding the amount of fluid administered or the

Predicting Preload Responsiveness Using
Static Preload Variables
Standard pressure preload variables, that is, central venous
and pulmonary capillary occlusion pressure (CVP and
PCOP respectively) have repeatedly shown in the past
that they poorly reflect preload and that they are not
able to predict a cardiac response to a fluid trial. On the
other hand, the so-called volumetric preload variables,
assessed by different thermodilution techniques, and
echocardiographic preload determination gained importance and allowed an improved preload assessment when
compared to the pressure preload variables. However, the
ability to predict fluid responsiveness by these variables is
also very limited. This may be explained by the static

SV

ΔSV
ΔP
ΔSV
ΔP
Respiratory ΔSV
= Stroke volume variation
= Indicator of position on Frank–Starling curve
Intrathoracic pressure changes induced by
mechanical ventilation

P

Functional Hemodynamics. Figure 2 Stroke volume variation and the Frank–Starling curve. In the zone of the ascending limb of
the Frank–Starling curve intrathoracic pressure variations (dP) induced by mechanical ventilation result in pronounced variations
of stroke volume (dSV) indicating preload reserve (“responders”). In the shallow part of the curve variations of dP and dSV are small
(reduced preload reserve, “nonresponders”)
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SVV

Functional Hemodynamics. Table 1 Dynamic variables of
preload responsiveness
SVV

9.5–12.5%

SVV = (SVmax – SVmin)/SVmean
(%)

PPV
9.4–17.4%

Stroke volume variation SVmax/min = maximal and minimal
stroke volume
SVmean = mean values of stroke
volume
PPV
Pulse pressure variation

PPV = (PPmax – PPmin)/PPmean
(%)
PPmax/min = maximal and minimal
pulse pressure
PPmean = mean values of pulse
pressure

SPV

SPV = SAPmax – SAPmin (mmHg)

Systolic pressure
variation

SAPmax = maximal systolic arterial
pressure
SAPmin = minimal systolic arterial
pressure

ΔDown/ΔUp

ΔDown = SAPapnoe – SAPmin
(mmHg)
ΔUp = SAPmax –SAPapnoe
(mmHg)
SAPapnoe = systolic arterial
pressure during apnoea

ΔPOP

ΔPOP = (POPmax – POPmin) /
POPmean (%)

Plethysmographic
systolic pressure
variation

POPmax/min = maximal and
minimal plethysmographic
amplitude
POPmean = mean
plethysmographic amplitude

ΔPEP

ΔPEP = (PEPexp – PEPinsp)/
PEPmean (%)

Left ventricle prePEPexp/insp = pre-ejection period
ejection period variation during expiration and inspiration
PEPmean = mean pre-ejection
period
ΔVpeak

SPV
7%/9–12mmHg

ΔVpeak = (Vpeakmax –
Vpeakmin)/Vpeakmean(%)

Peak aortic flow velocity POPmax/min = maximal and
minimal peak aortic flow velocity
variation
POPmean = mean peak aortic flow
velocity
SVC-CI/IVC-DI

SVC-CI/IVC-DI = (Diammax –
Diammin)/Diammean (%)

Superior/inferior vena
cava collapsibility/
distensibility index

Diammax/min = maximal and
minimal caval diameter
Diammean = mean caval diameter

ΔDown
5mmHg
ΔPOP
9.5–14%
ΔPEP

“Responder”

F

“Nonresponder”

956

3.8–6.6%
ΔVpeak
12–18%
SVC-CI
36%
IVC-DI
12–18%

Range of threshold values based on literature
review including studies performed 1999–2010

Functional Hemodynamics. Figure 3 Threshold values of
dynamic variables predicting preload responsiveness. For
explanation of abbreviations please see Table 1

nature of these variables. They may in fact assess an actual
preload situation but this does not necessarily allow a valid
conclusion to be drawn about a cardiac response. However, the assessment of the CVP variation may be useful in
order to assess preload responsiveness and to ensure that
preload is effectively altered during a fluid challenge or a
passive leg-raising test. In addition, it can be used as safety
limit during a fluid challenge.

Predicting Preload Responsiveness Using
Dynamic Variables
In contrast to the use of static preload variables, the
dynamic assessment of fluid responsiveness has proven

Functional Hemodynamics

to be a robust concept. Different variables provided
by different techniques and different hemodynamic monitoring devices became available in recent years. An overview of the dynamic variables is presented in the following
section. Their calculation is summarized in Table 1.
● Stroke volume variation (SVV) can be assessed by
different minimally invasive hemodynamic monitoring devices typically based on pulse wave analysis such
as the manually calibrated systems (PiCCOplus;
Pulsion Medical System, Munich, Germany and
LiDCOplus; LiDCO Ltd, London, UK), the autocalibrated
system
(FloTrac/Vigileo;
Edwards
Lifesciences, Irvine, CA, USA) or the uncalibrated
ones (MostCare; Vytech Health, Padova, Italy and
LiDCOrapid; LIDCO Ltd, London, UK). However,
other techniques assessing stroke volume may also
enable the assessment of SVV. As all techniques and
devices differ with respect to stroke volume measurement, specific technical aspects and inherent limitations of the different systems have to be considered.
SVV is usually calculated from the highest and lowest
stroke volume during one or more ventilatory cycles
(Fig. 1).
Based on the pathophysiological considerations
SVV may be expected to be the most reliable dynamic
variables of fluid responsiveness. Indeed, various studies revealed positive results for SVV assessed by the
PiCCO system and the FloTrac/Vigileo system [2, 3].
Some conflicting results may eventually be explained
by the general limitations of the concept of functional
hemodynamics. However, they point also at the problem that pulse wave analysis does not directly assesses
stroke volume, but rather provides an estimate of
stroke volume, which may vary in accuracy based on
the different assessment techniques. Moreover, the
accurate assessment of minimal and maximal stroke
volume over a limited period of time may also be
a potential problem for pulse wave analysis devices.
● Pulse pressure variation (PPV) (Fig. 1) was typically
determined by manual analysis of the arterial pressure
waveform in the past. Today some monitoring devices
based on pulse wave analysis automatically calculate
PPV (PiCCOplus; Pulsion Medical System, Munich,
Germany; LiDCOplus and LiDCOrapid; LiDCO Ltd,
London, UK). Moreover, in the future this variable will
be integrated in the standard monitoring systems for
invasive arterial pressure measurements such as the
Philips Intellivue Monitor (Philips, Eindhoven,
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Netherlands) and can then be widely applied. PPV is
assessed from the highest and lowest pulse pressure
during one or more ventilatory cycles, pulse pressure
being defined as the difference of systolic and diastolic
pressure (Fig. 2). A disadvantage of the sole arterial
waveform analysis is the lack of cardiac output assessment, which precludes a direct control of the fluidloading effect. An optimal arterial pressure signal is
a prerequisite for reliable manual and automated PPV
measurements.
PPV is the most widely tested variable under different clinical conditions and it predominantely
showed to be an accurate predictor of a cardiac
response to fluid loading in mechanically ventilated
patients. Although PPV was previously considered to
be more susceptible to vascular influences than SVV
a recent meta-analysis [4] revealed that PPV was more
robust in assessing fluid responsiveness than SVV. Prototypes for some of the automated PPV assessments,
which will be integrated in standard monitoring systems, have been successfully tested only recently. However, all of these assessment techniques are using
specific computation algorithms so that they will
require specific clinical validation.
● Systolic pressure variation (SPV) is the difference of
the maximal and minimal systolic amplitude during
one ventilatory cycle and the sum of ΔDown/ΔUp
being manually calculated from systolic pressure during an apneic phase of at least 5 s as reference value
(Fig. 1). ΔDown is considered to be the SPV component reflecting fluid responsiveness, that is, the degree
of stroke volume decrease as a result of decreased
venous return during inspiration, whereas ΔUp is
deemed to represent an early inspiratory stroke volume increase, that may also be the result of
a transmission of intrathoracic or intra-abdominal
pressure.
Historically, SPV was the first variable investigated
for fluid responsiveness and conflicting results have
been reported regarding the prediction of fluid
responsiveness. Some of these findings may be
explained by the contribution of the ΔUp component
of SPV and interestingly, it could be observed that the
ΔDown component better predicts a cardiac response
than SPV. Moreover, some data provide an indication
that the performance of PPV as dynamic variable is
superior to SPV.
● Plethysmographic systolic pressure variation (ΔPOP)
can be assessed automatically today by different

957

F

958

F

Functional Hemodynamics

noninvasive pulse-oximetric plethysmography techniques. A variation of ΔPOP is a so-called plethysmographic variability index (PVI, Massimo Corp,
Irvine, CA, USA), which is calculated using a slightly
different algorithm than ΔPOP (the maximal amplitude is being used as denominator instead of an averaged value) [5]. These variables represent noninvasive
correlates of PPV and, based on their noninvasive
nature, a broad application in different settings may
be possible.
Both variables were recently evaluated as predictors of fluid responsiveness and positive results were
observed. Moreover, a close correlation of invasively
assessed PPV and the plethysmographic variables was
revealed. However, ΔPOP and PVI may be prone to
error during low-perfusion conditions with increased
vasomotor tone, or as a result of ambient light or
because of movement artifacts.
● Left ventricle pre-ejection period variation (ΔPEP) is
determined using either an arterial pressure or a plethysmographic signal in combination with an ECG
tracing. The pre-ejection period is typically defined
as time interval between the onset of ventricular depolarization and of left ventricular ejection. This period
decreases with increased preload and may be therefore
an indicator of fluid responsiveness during mechanical ventilation. ΔPEP is calculated from the endexpiratory and end-inspiratory pre-ejection period.
Only limited data is available today indicating that
ΔPEP can be a reliable predictor of preload responsiveness. Although ΔPEP could be integrated in standard monitoring devices, validation data are sparse
and the assessment of ΔPEP has still to be considered
an experimental technique today.
● Peak aortic flow velocity variation (ΔVpeak) can be
monitored and manually calculated as dynamic variable using either transesophageal echocardiography or
esophageal Doppler devices. In contrast to SVV,
ΔVpeak has to be considered to be the only “true”
dynamic variable reflecting stroke volume variation
as it directly assesses flow changes induced by mechanical ventilation in the descending aorta.
Doppler flow techniques have been repeatedly used
for the assessment of fluid responsiveness with positive
results. Recently, ΔVpeak was compared to SVV
(assessed by the FloTrac/Vigileo system) and these data
revealed no difference in their predictive power.
Although the echocardiographic assessment of fluid
responsiveness is interesting and may be an adequate
tool in experienced hands, interobserver variability

and the typical problems related to technical, but
also to logistic aspects in daily practice may limit its
clinical use.
● Another echocardiographic approach is the assessment of the superior vena cava collapsibility or inferior vena cava distensibility index (SVC-CI/IVC-DI)
that are assessed by transesophageal and transthoracic
echocardiography, respectively. The extent of the
intrathoracic caval collapsibility and abdominal distensibility during mechanical ventilation is used to
determine fluid responsiveness.
Both variables were tested with respect to preload
responsiveness and the data showed that the echocardiographic approach is a valid concept. However,
experience with the use of SVC-CI and IVC-DI is
still limited and the typical problems related to echocardiography (as mentioned previously) need to be
considered.

Limitations of Dynamic Variables
A variety of limitations preclude a widespread use of the
functional hemodynamic variables in clinical practice.
These are either related to cardiovascular or ventilatory
issues (Table 2).

Predicting Preload Responsiveness Using
Functional Tests
So far two functional tests, that is, the passive leg-raising
test and the end-expiratory occlusion trial have been evaluated for the prediction of fluid responsiveness. When
compared with the dynamic variables a major advantage
of these tests is the fact that they can be used in spontaneously breathing patients or in patients with major
arrhythmias.
● The passive leg-raising test is a maneuver that shifts
blood from the lower body to the central circulatory
compartment. Thus, preload and subsequently stroke
volume may increase in situations with preserved preload reserve, that is, in responders. It has to be emphasized that correct body positioning seems to be crucial
for a reliable assessment. It is recommended to bring
the upper body first in a semi-recumbent position
(45 head-up position) and then to tilt the entire
body (45 leg raise). It is assumed that a larger amount
of blood can be mobilized by this technique than by
a simple leg raising because not only pooled venous
blood from the lower extremities but also blood from
the splanchnic compartment may be shifted toward
the heart.

Functional Hemodynamics
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Functional Hemodynamics. Table 2 Limitations associated with the use of dynamic variables of preload responsiveness
Cardiovascular limitations
Cardiac arrhythmia

Extrasystoles, absolute arrhythmias, and other heart rate irregularities may result
in a misinterpretation

Right heart insufficiency/cor pulmonale

Reliable registration may be impeded due to ventricular interdependency

Use of vasopressor agents

Norepinephrine may preserve central blood volume by vasoconstricting
capacitance veins and affecting vascular compliance. Arterial pressure based
variables may be prone to error; pulse pressure variation (PPV) measurement may
be more affected than SVV) recordings. However, in different trials evaluating
dynamic variables norepinephrine was used. Therefore, it may be prudent to avoid
excessive vasoconstriction and changes of norepinephrine doses during
hemodynamic assessment

Increased intra-abdominal pressure

Venous return by caval vein compression and by increased intrathoracic pressure
during mechanical inspiration can be reduced, but simultaneous purge effect on
intra-abdominal venous system may counterbalance this phenomenon. So far
only experimental data demonstrated that this situation can interfere with correct
assessment

Ventilatory limitations
Spontaneously breathing patient

Positive pressure ventilation is a prerequisite for adequate assessment.
Intrathoracic pressure changes of spontaneously breathing patients but also
supportive positive pressure ventilation causing an irregular breathing pattern
may preclude reliable measurements

Level of tidal volume

Only adequate tidal volumes sufficiently increase intrathoracic pressure to impede
venous return allowing accurate assessment. Tidal volumes <8 mL/kg do not
allow acceptable prediction of fluid responsiveness [4]. However, adequate
driving pressures seem to be more important when pulmonary compliance is
preserved, whereas in acute respiratory distress syndrome (ARDS) amount of tidal
volume reflects the limitation of the dynamic variables

Positive end-expiratory pressure (PEEP)

PEEP per se does not affect assessment. However, changes in PEEP levels may
result in corresponding changes in preload, and thus in dynamic variables.
Therefore, no changes of respirator setting should be made during assessment

Open chest conditions

Conflicting results were found for the assessment during open chest conditions.
For clinical purposes, it can be assumed that changes of intrathoracic pressure
ratio during open chest conditions may impede a reliable assessment

Respiratory rates and ratio of
heart-to-respiratory rate

High respiratory rates and decreased heart rate to respiratory rate ratio may affect
assessment

Several studies in recent years could demonstrate
that the passive leg-raising test was able to predict fluid
responsiveness. In these studies the cardiac response was
assessed by echocardiography, the Doppler technique, or
pulse wave analysis. Similar threshold values for the
discrimination between responders and nonresponders
using the different techniques were observed (Fig. 4).
● The end-expiratory occlusion trial for the prediction
of fluid responsiveness is based on the restoration of
the venous return following the expiration of mechanical ventilation. A short end-expiratory pause as it is
usually performed in order to assess intrinsic positive

end-expiratory pressure (PEEP) impedes the cyclic
heart–lung interaction. This allows the assessment of
the cardiac response and the maneuver can be considered to be an internal fluid trial. Since the test is
performed during several cardiac cycles, it is independent of cardiac arrhythmia.
So far there is only limited experience using the
end-expiratory occlusion trial predicting fluid responsiveness. Recently the trial was assessed in one clinical
study with positive results. Interestingly, threshold
values showed to be lower than those for the passive
leg-raising test (Fig. 4).
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Passive leg-raising test
ΔVaorta

ΔSV
10–12.5%
End-expiratory
occlusion trial

“Responder”

12%
“Nonresponder”
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ΔSV
5%

5. When limitations for the dynamic preload assessment
by the arterial pressure waveform analysis exist, three
other possibilities should be considered. First, the prediction of preload responsiveness can be performed by
a passive leg-raising test using a cardiac output monitoring system. Second, hemodynamics may be evaluated during an expiratory pause in patients under
mechanical ventilation or still a fluid challenge should
be performed, respecting the safety limits.
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Fungal Endocarditis
▶ Cardiac and Endovascular Infections

Practical Approach
The following standardized approach for the reliable
application of the dynamic variables of fluid responsiveness may be useful in clinical practice:
1. A clinical problem that may benefit from fluid administration (signs of tissue hypoperfusion such as hypotension, oliguria, and increased lactate levels) needs to
be identified. A preserved preload reserve per se is not
an indication for fluid administration.
2. All general limitations such as cardiac arrhythmia,
right heart failure, spontaneous breathing, or low
tidal volumes have to be excluded.
3. Specific limitations related to the assessment technique have to be considered.
4. During dynamic preload assessment no therapeutic
changes regarding norepinephrine dose and ventilator
settings should be made.

Fungal Meningitis
▶ Meningitis

FUO
Fever of unknown origin in the context of febrile neutropenia, representing fever without any signs of infection.

Furosemide
▶ Diuretics for Treatment of Acute Kidney Injury
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Synonyms
Pharyngeal reflex

Definition
The gag reflex is a reflex contraction of the back of the
throat, elicited by touching the posterior pharyngeal wall,
tonsillar area, or the base of the tongue. Stimulation
results in a visible contraction of the pharyngeal wall.
The gag reflex is a protective response that prevents oral
contents from entering the throat except as part of normal
swallowing and helps prevent choking. The afferent limb
of the reflex is supplied by the glossopharyngeal nerve
(cranial nerve IX), which inputs to the nucleus solitarius
and the spinal trigeminal nucleus. The efferent limb is
supplied by the vagus nerve (cranial nerve X) from the
nucleus ambiguus. All of these are located in the medulla.
The lower cranial nerves are involved in pharyngeal and
laryngeal function as well as in movements of the neck
and tongue. Damage to them can result in problems
with speech and swallowing. These nerves are commonly
affected by conditions that damage the medulla or cause
bilateral damage to corticobulbar connections. This can
create motor problems that affect tongue and pharynx
movement as well as speech. Individual or combined
lesions of the glossopharyngeal and vagus nerves may
result in an impaired gag reflex.

Characteristics
Stimulation of the gag reflex produces a brisk and brief
elevation of the soft palate and a bilateral contraction of
the pharyngeal muscles evoked by touching the posterior

pharyngeal wall. In an isolated glossopharyngeal nerve
(sensory) lesion, there will be no response when the
affected side is touched. In isolated vagal nerve damage,
the soft palate will elevate and pull toward the intact side,
regardless of the side of the pharynx that is touched. If
both cranial nerve (CN) IX and CN X are damaged on one
side, stimulation of the normal side elicits only a unilateral
response, with deviation of the soft palate to that side.
Touching the damaged side produces no response at all.
Sensitivities to the gag reflex vary among individuals. The
gag reflex may be under such strong voluntary control that
stimulation causes very little or no response. In contrast,
in very sensitive individuals a simple gag may progress to
retching and vomiting.
Absence of the gag reflex can be a symptom of
severe medical conditions that result in damage to the
glossopharyngeal nerve, the vagus nerve, or brain. Yet,
up to one third of healthy people do not have a gag reflex.
Moreover, with increasing age the gag reflex weakens
without evident impairment. Individuals may learn to
suppress the gag reflex, for example, sword swallowers.
Others may learn to trigger the reflex, as observed in
patients suffering from bulimia nervosa, who intentionally
induce vomiting. To differentiate between involvement of
the peripheral or brainstem portion of a cranial nerve
pathway, it is important to consider whether there is
additionally the involvement of the corticospinal or
spinothalamic tracts of the cranial nerves that course
through the brainstem and/or evidence of damage to
cerebellar function. It is unusual for brain stem lesions
to involve one or two cranial nerves in isolation, without
also affecting the contiguous long-tracts or cerebellar
system structures. Supranuclear motor pathways to the
palate, and pharyngealand laryngeal musculature are
bilateral. Therefore, unilateral lesions, even large strokes,
rarely produce a persistent problem with lower cranial
nerve function. Bilateral acute or subacute loss of
hemispheric connections to the medullary nuclei causes
difficulty with swallowing, phonating and, initially, a
depressed gag reflex. In time, the gag reflex may become
uncontrollably hyperactive, as do many other skeletal and
autonomic reflexes when they are no longer under
supranuclear control.
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Clinical Relevance
Evaluation of the gag reflex is utilized in the clinical
assessment of brain injury, the risk of dysphagia, and is
a component of the brain death examination to ascertain
absent or present brain stem function.
Neurologic Examination: Rostrocaudal deterioration
is a predictable sequence of neurological deterioration
which occurs from a mass lesion in the head. A comatose
patient with an untreated mass lesion will progress from
consciousness to impaired consciousness, to a reversible
state of coma, and finally to an irreversible state of coma
in a predictable fashion. Serial examinations of pupillary
response, cranial nerves, and motor function permit
assessment of the level of injury, the extent of injury, and
the rapidity of deterioration. An untreated unilateral mass
lesion produces caudal progression of injury and culminates in herniation. Irreversible injury is characterized by
involvement of the brainstem. The absence of gag reflex
indicates brainstem injury, although it must be remembered that one third of healthy individuals lack a normal
gag response. Therefore, the cough reflex, mediated by the
vagus nerve (CN X), should also be assessed. The cough
reflex is rarely absent in healthy individuals and does
not appear to be affected by aging. Dubinsky found in
patients with known or suspected intracranial hemorrhages that patients with a post-transfer GCS score 5
and an absent gag reflex had a 100% incidence of death or
severe, permanent neurological dysfunction compared to
a 25% incidence in those arriving with GCS scores 5 and
an intact gag reflex [1].
Neurogenic Dysphagia: In the adult population, the
most common etiology of dysphagia is stroke, but closed
head injury, anoxic encephalopathy, and CNS depression
due to intoxication can also result in loss of the protective
cough and swallow reflexes. These swallowing impairments due to central nervous system injury are categorized
as neurogenic dysphagia. Two thirds of patients suffering
severe brain injury demonstrate functional deficits involving swallowing. Aspiration occurs in approximately 40%
of stroke patients with dysphagia. Dysphagic patients who
aspirate are at an increased risk of acquiring pneumonia.
Pneumonia is four times greater in stroke patients who
aspirate, as compared to those who do not.
The patient with severe traumatic brain injury (TBI)
demonstrates abnormal muscle tone, reflexes, and sensory
deficits that result in prolonged oral transit, delayed
swallowing reflex, and reduced pharyngeal peristalsis.
Normal swallowing is comprised of the following phases:
oral phase, pharyngeal phase, and an esophageal phase
which require the coordination of multiple paired
muscles, cranial nerves, and levels of the central nervous

system. Impairment of normal protective mechanisms
predisposes to swallowing dysfunction and aspiration.
The most common brain injury lesions associated with
swallowing dysfunction and aspiration occur following
multicentric hemispheric or brainstem injury. The risk
for aspiration is further increased with endotracheal intubations or tracheostomies that are often required in the
care of the brain injured patient and both are known to
interfere with normal swallowing. Furthermore, over
20% of patients demonstrate ongoing dysphagia following
extubation. Post-extubation dysphagia appears most pronounced in those patients requiring prolonged intubation
but it can even follow relatively brief periods of endotracheal intubation.
Aspiration is defined as the misdirection of oropharyngeal or gastric contents into the larynx and lower
respiratory tract. The gag reflex and the cough reflex are
important defenses against oropharyngeal aspiration,
with abnormalities of both increasing the risk of aspiration pneumonia. A clinical assessment evaluates the structure and function of the swallow. It enables the prediction
of impaired pharyngeal, laryngeal, and esophageal swallow physiology. The findings from the clinical evaluation
help to determine appropriate management, specific
treatment strategies, and the need for further testing.
The clinical parameters of impaired swallowing include
cough, change in voice after swallowing, and an impaired
gag reflex. The absence of a gag reflex alone does not
predict aspiration. The most frequent impairments
detected by videofluoroscopy (VFS) are oral phase dysfunction, delayed or absent gag reflex, and aspiration.
Many patients with TBI and dysphagia demonstrate
impairment in the pharyngeal phase of swallowing. In
addition, many of these patients demonstrate concomitant impairment of the laryngeal cough reflex mediated by
CN X. In patients with stroke, aspiration occurs in 40% of
patients, of which half the events are silent. Terre found
that 65% of patients with TBI had an impaired gag reflex
but significant correlation with aspiration was only
observed in those who aspirated prior to swallowing [2].
This illustrates the importance of an intact cough reflex in
concert with an intact gag reflex to prevent aspiration. It
appears that the greater the derangement in the cough
reflex, the greater the risk of pneumonia.
Available evidence suggests that a full clinical assessment has approximately 80% sensitivity and 70% specificity for detecting aspiration. Further evaluation after the
clinical assessment may be necessary. VFS assessment is
the most commonly used test to further determine the
nature and extent of a swallowing disorder. Radiopaque
material, usually barium, is administered to the patient
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and radiographic images are obtained. Disorders in movement patterns of the structures that may result in aspiration or inefficient swallowing are identified. Abnormal
gag reflex and impaired voluntary cough appear to
predict radiographically verified aspiration in patients
suffering stroke. The risk of aspiration based on the
findings of clinical assessment can be stratified: low risk
(cough and gag normal), moderate risk (either cough or
gag reflex abnormal), and high risk (cough and gag reflex
both abnormal). Following a stroke, dysphagia will be
present in most patients with an absent gag reflex. However, the converse is not true and only one third of patients
with dysphagia will have an absent gag reflex. Comparison
of an absent gag reflex to bedside swallow assessment
demonstrates a high specificity but low sensitivity for
aspiration when the gag reflex is intact.
Sole use of clinical assessment requires caution.
Martino reported in a systematic literature review of
patients suffering stroke that the reported incidence
of dysphagia was lowest when cursory screening
techniques (37–45%) were used, higher using clinical
testing (51–55%), and highest using instrumental testing
(64–78%). Moreover, the review confirms that there is an
increased risk for pneumonia in stroke patients with dysphagia (RR, 3.17) and greatest in stroke patients with
aspiration (RR, 11.56) [3]. Given the high incidence of
aspiration in stroke patients it must be kept in mind that
only one third of patients demonstrate overt aspiration
while the remaining two thirds aspirate silently and can
only be identified with VFS. In patients suffering TBI,
Terre found that 65% of patients had impaired gag reflex,
44% had impaired cough during oral feeding, and 6%
had changes in voice during clinical examination.
Videofluoroscopy revealed some type of disorder in 90%
of cases: 65% during the oral phase and 73% in the
pharyngeal phase indicating that aspiration is often silent
in this group of patients [2]. So while impairment of the
gag reflex is often present in brain injury, the absence of
a gag reflex cannot solely be relied upon to identify
patients at risk for swallowing dysfunction and aspiration.
The clinical assessment of swallowing dysfunction is
relatively accurate but will fail to detect a significant number of patients with aspiration, particularly if they have
concomitant impairment of the cough reflex. In patients
who have an equivocal or suspicious clinical swallowing
assessment then a VFS should be obtained.
Brain Death Examination: Brain death is the irreversible loss of all brain function. The brainstem is responsible
for regulating breathing, heart rate, and reflexes such as
gagging or coughing. Without a functioning brainstem,
life cannot be sustained. Therefore, the diagnosis of brain
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death requires confirmation of absent brainstem function.
The neurological determination of death is primarily
made by clinical examination. Brain injury, stroke, cerebral hypoxia, and intracranial hemorrhage may lead to
brain death. To establish a diagnosis of brain death, the
clinician must first identify the underlying causes and
determine that they are irreversible. All confounding factors such as hypothermia, hypoxia, intoxication by legal or
illegal drugs, shock/hypotension, and severe electrolyte
disturbances must be excluded prior to examination.
Brainstem reflexes are generally lost in a rostral caudal
direction. The cranial nerve nuclei are found in the
midbrain, pons, and medulla. The absence of intact
brainstem reflexes reflects the loss of function in the nuclei
and the corresponding area of the brain stem. Cranial
nerve mediated reflexes include the pupillary response
to light – CN II, III; eye movement (oculocephalic and
oculovestibular reflexes) – CN III, IV, VIII; the corneal
reflex – CN V, VII; and the gag or cough reflex – CN IX, X.
In practice, an apnea test follows cranial nerve examination and evaluates the respiratory center within the
medulla. A retrospective review of brain death declarations in a tertiary medical center found that the clinical
tests most likely to be documented were tests of pupillary
response (86%), gag reflexes (78%), motor response
(66%), and corneal reflexes (57%) [4]. The accuracy of
the clinical diagnosis of brain death appears highly reliable. Flowers found that the clinical evaluation of brain
death (coma, absent brain stem reflexes, and apnea)
performed by experienced neurosurgeons or neurologists
correlated nearly 100% with the absence of cerebral blood
flow by radionuclide angiography [5].
In summary, the gag reflex is relevant to the initial
assessment of brain injury, swallowing dysfunction, the
risk of aspiration, and brain death determination. Yet,
absence of the gag reflex on examination cannot be
interpreted in isolation but rather mandates further
assessment of other components of brain and brain stem
function.
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Synonyms
Gastric residual cutoff value; Gastric residual volumes;
GRVs

Definition
Utilization of gastric residual volumes (GRVs) as a monitor for risk of aspiration pneumonia represents a nursing
procedure in the intensive care unit (ICU) to assess
tolerance of delivery of enteral nutrition (EN). GRVs are
obtained during enteral feeding by having the nurse aspirate (at periodic intervals) from the feeding tube and
report the total volume of formula and fluid obtained.
The use of GRVs as a monitor for risk of aspiration is
based on the premise that delayed gastric emptying will
lead to accumulation of formula in the stomach, which in
turn, poses greater risk for aspiration and pneumonia [1].
Usually an arbitrary level or volume is selected as a
cutoff value, above which automatic cessation of feeding
is ordered to prevent the progression to vomiting and
aspiration. Though the origins of GRVs are difficult to
trace, they first appeared in nursing textbooks approximately 20 years ago, were quickly adapted for use in the
ICU, and have subsequently become standard of care [2].
Unfortunately, there is little supporting evidence
through clinical trials to support the use of GRVs, and
the basic premise supporting their utilization is seriously
flawed [2]. The practice of performing GRVs or using
GRVs as a monitor for risk of aspiration makes several
assumptions: (1) that the practice of GRVs is well standardized; (2) that GRVs reliably and accurately measure
gastric contents; (3) that GRVs distinguish between normal and abnormal gastric emptying; (4) that GRVs are
easy to interpret; (5) that there is a tight correlation
between elevated GRVs and aspiration; and (6) that high
GRVs will subsequently lead to pneumonia and deleterious clinical outcome [2].
There is little data to support any one of these assumptions. Thus, GRVs ultimately turn out to be an inaccurate
and unreliable measure of gastric emptying, risk of aspiration, and likelihood for progression to pneumonia.
Ironically, while GRVs were designed to help protect
critically ill patients from aspiration pneumonia while
receiving EN, their use leads to frequent inappropriate
cessation of EN, and the reduced delivery may actually
increase risk for pneumonia [2, 3]. The benefits of early
EN in the critically ill patient relate to maintenance of gut
integrity, modulation of systemic immunity, and attenuation of oxidative stress. An early sufficient volume of
EN delivered to the patient may be expected to reduce
infectious morbidity, hospital length of stay, duration
of mechanical ventilation, and multiple organ failure.
Misinterpretation, inappropriately low cutoff values, and
overreliance on the practice of GRVs have been shown to
lead to frequent cessation of EN and reduced volume of
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delivery. The reduced delivery of EN ultimately puts the
patient at increased risk of pneumonia [2, 3].

Pre-existing Condition
No aspect of the practice of GRVs has been standardized.
There is wide variation in the definition or arbitrary cutoff
value above which EN is held or discontinued [1, 2]. In the
literature, the cutoff value ranges from 50 to 500 mL, with
variation from one institution to the next and sometimes
from one unit to the next within a single hospital center
[1, 2]. The size of the aspiration syringe and the caliber of
the feeding tube affect the ability and accuracy by which
GRVs are obtained. A minimum caliber of 12-French is
required to obtain reasonable accuracy for GRVs, as tubes
below this caliber will simply collapse on aspiration and
give falsely low GRVs. Larger tubes above 12-French yield
greater GRVs. The duration and manner (from the application of manual negative pressure with a syringe to
application of low wall suction) of aspiration differentially
affects GRV [2]. Percutaneous endoscopic gastrostomy
tubes positioned high on the anterior gastric/abdominal
wall will yield lower GRVs than a nasogastric tube with the
tip in the gastric pool. Using an absolute value for GRV
to indicate cessation of feeds is the most conventional
practice, but a GRV value derived as a percentage of
bolus infusion volume has also been utilized. Again, convention dictates that GRVs are checked every 4 h, and that
there is automatic cessation of EN for the first value above
a certain cutoff level. The duration of the cessation period
prior to rechecking GRVs and reinitiating feeds has not
been standardized. Virtually every aspect of the practice of
GRVs is arbitrary, with little or no basis from controlled
studies [2].
When interpreting GRVs, it is important to realize that
a large volume of physiologic endogenous fluid passes
through the gastrointestinal (GI) tract each day. A total
of 4,000–5,000 mL of salivary and gastric secretions pass
through the stomach daily. When combined with usual
volumes of infusion of enteral formula (ranging from
25 to 125 mL/h), then volumes up to 464 mL/h may be
expected in a normal stomach [2]. Therefore, choosing
any volume as the cutoff value for GRV less than 464 mL
would be expected under normal physiologic conditions,
and certainly could not be expected to differentiate
a patient with delayed gastric emptying from one with
normal gastric physiology. Position of the tip of the feeding tube within the stomach, and position of the patient in
bed would be expected to affect the GRV obtained at the
bedside [2]. When a patient lies in the supine position,
gastric contents should pool in the fundus. Conversely,
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when the patient is positioned in the right lateral
decubitus position, gastric contents should pool in the
antrum. Performing an abdominal radiograph to ascertain
the tube position and then placing the patient in such
a way to take advantage of that position of the tube within
the stomach would be expected to yield more reliable
GRVs. Unfortunately, there is variability in these factors
that contribute to the inaccuracy of the GRV obtained.
Studies in critically ill patients and normal volunteers have
shown that the tip of the tube can migrate from one
position in the stomach to another within an 8-h period
[1]. When the patient lies in the supine position, the
stomach may actually cascade, or break, over the spine
into two separate pools [2]. These factors make it unlikely
that GRVs can reliably and accurately measure gastric
contents.
A number of factors in the ICU can lead to delayed
gastric emptying in the critically ill patient. Such factors
include hyperglycemia, sepsis, use of opioid narcotics,
ischemia, and hypoxemia [2]. Unfortunately, GRVs failed
to distinguish between normal and abnormal gastric
emptying. In a prospective trial in critically ill patients
examining GRVs over an 8-h period following initiation of
EN, use of GRVs were compared to findings on physical
exam and abdominal radiographs performed at the beginning and end of the testing period [1]. Physical findings to
suggest ileus and gastroparesis (such as abdominal distention, hypoactive bowel sounds, hypertympani) correlated
significantly with radiographic evidence of ileus (air-filled
stomach, air/fluid levels, dilated loops of small bowel) [1].
However, there was no significant correlation between
residual volumes and either radiographic evidence of
intolerance or findings on physical exam [1].
GRVs are very difficult to interpret given the numerous physiologic variables which can occur in the ICU
patient. While the average daily production of salivary
and gastric secretions is estimated to be within 4,000–
5,000 mL/day, a number of factors may interfere with
this volume output [2]. The fact that patients are not
chewing and eating their meals may reduce salivary secretions, and use of proton pump inhibitors may reduce the
volume of gastric secretion. Introducing water flushes
following infusion of medication and to maintain patency
of the feeding tube is used with great frequency, and are
often poorly documented in the nursing records of intake
and output. While the intake of formula volume may be
easy to track in the ICU, volume of endogenous fluids may
be impossible to predict or interpret.
The correlation between elevated GRVs, aspiration,
and pneumonia is the most difficult to appreciate.
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Aspiration pneumonia is the most feared complication of
EN in the ICU and is the main argument for continued use
of GRVs. Delayed gastric emptying is only one factor that
increases risk for aspiration, among a myriad of other
factors which include supine position, vomiting, endotracheal tube, nasogastric tube, altered mental status, sedation, limited nursing care, and transport out of the ICU.
Using the presence of pepsin in tracheal secretions as
a surrogate marker for aspiration of gastric contents,
Metheny has shown that a higher incidence of aspiration
episodes does correlate with increased risk of pneumonia
[4]. Unfortunately, these studies have shown that because
of the inaccuracies and poor reliability of GRVs, no significant correlation exists between GRVs and aspiration,
or GRVs and pneumonia [2, 4].
The premise that high GRVs invariably lead to pneumonia and deleterious clinical outcomes has been shown
not to be true. Clinicians in the past have believed that
lowering the cutoff value for GRVs for automatic cessation
of EN protects their patients against aspiration and pneumonia. The same clinicians believe, if the patient is stable
and doing well, that they can raise the cutoff value
for GRVs with the false understanding that risk for aspiration will increase concomitantly. A number of prospective randomized trials have shown that raising the cutoff
value for GRV simply results in increased delivery of EN,
with no increase in risk of aspiration or pneumonia [2, 5].
In fact, in some of these studies, the incidence of GI
complications, infectious morbidity, and hospital length
of stay were improved with a higher residual volume
compared to those patients randomized to a lower value
[2, 5]. Further studies now have evaluated discontinuing
GRVs, and have shown that cessation of the practice
reduces tube clogging and increases delivery of EN (without a concomitant increase in aspiration, vomiting, or
pneumonia) [2, 5].

the dependent position to promote gastric emptying), and
initiate prokinetic therapy with metoclopramide 10 mg IV
every 6 h. If the patient is on opioid narcotics, the clinician
might consider an infusion of naloxone 8 mg in 10 mL of
saline per the feeding tube every 6 h. If a second GRV 4 h
later is >400 mL, then it may be appropriate to withhold
EN while the patient is being reassessed. GRV should be
rechecked every 2 h at that point, with the EN restarted
once the GRV drops <400 mL. If there are no other signs
of intolerance, the EN may be restarted at the same rate
as before. If there are other signs of intolerance (such as
abdominal distention, hypoactive bowel sounds, failure to
pass stool or gas), then it may be prudent to reduce the
rate by 25 mL/h or to a baseline of 25 mL/h. Checking
GRVs is probably more important upon initiation of EN.
Once EN has been infused successfully for 48–72 h, clinicians should be encouraged to stop checking GRVs and
simply follow physical findings or other clinical signs of
tolerance [2].
In summary, early and adequate delivery of EN has
been linked to improved patient outcomes. EN therapy in
the critically ill patient is difficult, and excessive emphasis
on GRVs tends to impede its delivery. The current use of
GRVs is based on a number of flawed assumptions with
little scientific basis [2]. The interpretation of GRV should
never be done in a vacuum, without paying attention to
clinical signs and symptoms, and physical findings of
intolerance and intestinal ileus. Having protocols in
place improves the interpretation and response to elevated
GRVs, reduces inappropriate cessation, and promotes
a greater percentage of goal calories of EN delivered.
Once tolerance of EN is established, it may be appropriate
to cease performing GRVs to better allocate nursing time
and healthcare resources.

Application

1.

It is unlikely that nurses or clinicians will cease utilization
of GRVs in the ICU setting. The best strategy is to alter
interpretation of GRVs and have protocols in place
directing management as a result of that interpretation.
It is appropriate that clinicians continue to check
GRVs every 4 h following initiation of EN, being careful
to return aspirated contents (up to 500 mL) back to the
patient. In the absence of other signs of intolerance, it is
inappropriate to stop delivery of EN for any GRV less than
400–500 mL. For the first GRV >400 mL, it is prudent to
continue EN at its current rate, turn the patient over into
the right lateral decubitus position (to put the antrum in
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Gastrointestinal Bleeding. Table 1 Major causes of upper
gastrointestinal bleeding
Peptic ulcer disease
Gastric ulcer
Duodenal ulcer
Varices

Gastrointestinal Bleeding
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Esophageal
Gastric
Gastritis
Esophagitis
Duodenitis
Mallory–Weiss tear
Angiodysplasia
Malignancy

Synonyms
Gastrointestinal hemorrhage; hematemesis; hematochezia;
melena

Stomal ulcer
Esophageal ulcer
Dieulafoy lesion

Definition
Gastrointestinal bleeding (GIB) may be divided into
upper and lower gastrointestinal bleeding (UGIB and
LGIB, respectively), defined by bleeding originating
proximal or distal to the ligament of Treitz. UGIB is
more common, with an annual incidence of 50–150 per
100,000 population, and accounts for a larger proportion
of admissions in adults. The annual incidence of LGIB is
approximately 20–27 per 100,000. Both upper and lower
GIB are more common in men and older adults. The
overall mortality of GIB is approximately 10%. While
most cases of GIB are self-limited with the majority of
patients having only one episode of bleeding, there are
a number of independent markers that increase morbidity
and mortality. These include age greater than 60 years,
hemodynamic instability, melena or hematochezia,
esophageal varices, recurrent bleeding, requiring more
than five units of packed red blood cells, endoscopic
stigmata of recent hemorrhage, and bloody nasogastric
aspirate [1].

Differential Diagnosis
The most common cause of UGIB is peptic ulcer disease
(PUD), which accounts for 50–60% of cases (Table 1).
Esophageal and gastric varices are responsible for approximately 10–25% of UGIB overall and 60% of episodes in
cirrhotic patients. Varices are the most common cause of
persistent and severe UGIB and more often have bright
red hematemesis on presentation. Patients with portal

hypertension-related bleeding, which includes varices
and portal hypertensive gastropathy, have a mortality
rate of over 50% compared to the much lower mortality
rate of 4% with bleeding due to PUD. While older adults
are more likely to present with bleeds due to PUD, esophagitis, and gastritis, younger adults account for a greater
percentage of cases due to Mallory–Weiss tears, varices,
and gastropathy [2].
The most common cause of LGIB is colonic diverticulosis, which manifests as painless hematochezia. Other
lower tract etiologies of bleeding include angiodysplasia,
colitis, and post-polypectomy (Table 2). Lower tract
bleeding has a re-bleeding rate of 10–20% and requires
surgery 10–15% of the time. The majority of LGIB resolves
spontaneously and has an overall mortality rate of 4%.
Identifying the source of lower tract bleeding may be
challenging if the bleeding is intermittent or located in
the proximal small bowel.
Some patients with a chief complaint of hematemesis
or blood in the stool may in fact not be bleeding from
a gastrointestinal source. Their symptoms may be caused
by swallowed blood from the nasopharynx or oropharynx.
Red-colored food products in the vomitus may also look
like “blood”. The ingestion of beets may give the stool
the appearance of hematochezia, while iron or bismuth
ingestion may result in the appearance of melena.
When analyzed, these stools will be heme negative on
fecal occult testing.
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Gastrointestinal Bleeding. Table 2 Major causes of lower
gastrointestinal bleeding
Diverticular disease
Angiodysplasia
Colitis
Ischemia
Infectious
Inflammatory bowel disease
Radiation
Post-polypectomy bleeding
Malignancy
Anorectal causes
Hemorrhoids
Rectal varices
Fissures
Small bowel etiologies
Angiodysplasia
Meckel diverticulum
Jejunoileal diverticula
Enteritis
Aortoduodenal fistula
Upper gastrointestinal bleeding

Disease
Clinical Features
Although many patients will specifically describe the presence of blood in their emesis or stool, clinicians should
also suspect GIB in patients who present with more subtle
signs and symptoms, such as confusion, syncope, dizziness, angina, hypotension, or tachycardia. The initial evaluation of GIB involves obtaining a thorough yet focused
medical history and performing a physical examination,
while paying special attention to the presence or absence
of hemodynamic compromise. Elucidating the details of
the bleeding (i.e., duration, quantity, and frequency of
bleeding) and associated symptoms of hypovolemia
(lightheadedness, dizziness) and anemia (chest pain, dyspnea, fatigue) can help guide the patient’s management.
The symptoms of GIB are often described as
“bright red” or “coffee ground” vomit (hematemesis),
“bright red” or “maroon-colored” blood in the stool
(hematochezia), or “black” or “tarry” stools (melena).
About half of patients with an upper source of bleeding
present with hematemesis, whereas hematochezia often
suggests either a lower source of bleeding or a brisk

upper source of hemorrhage (14%). Patients with
hematochezia from upper-tract bleeding are more likely
to be transfused, require surgery, and have a higher mortality rate. Similarly, melena can be caused by an upper or
lower source of hemorrhage but is associated with a lower
mortality rate than hematochezia. For the majority (90%)
of patients with melena, the bleeding source is proximal to
the Ligament of Treitz, so the long transit time of the stool
allows the blood to degrade and form the characteristic
black color [2].
A past medical history of coagulopathy, prior past
GIB, liver disease, hemorrhoids, prior radiation for prostate or pelvic cancer, inflammatory bowel disease, and
recent colonoscopy with polypectomy may be helpful.
Use of medications which have been shown to contribute
to GIB should be obtained, including aspirin, nonsteroidal
anti-inflammatory drugs (NSAIDs), glucocorticoids, anticoagulants, and anti-platelet medications. The presence
of a family history of colon cancer or a social history of
alcohol and tobacco use may be useful in risk stratification
of patients.
Abnormal vital signs such as hypotension and tachycardia may indicate significant hemorrhage, although
normal vital signs do not exclude a life-threatening
event. The physical examination in the patient with GIB
should include an assessment of general appearance, mental status, conjunctival pallor (suggesting anemia), skin
color and temperature, adequacy of capillary refill, petechiae or ecchymoses (suggesting coagulopathy), and any
stigmata of cirrhosis, such as jaundice, caput medusa,
ascites, hepatomegaly, and palmar erythema. Examination
of the nasopharynx and oropharynx may identify a
swallowed source of blood. Examining the abdomen for
tenderness, masses, and peritoneal signs is important.
Rectal examination may reveal anal fissures, hemorrhoids,
or rectal masses; stool should be evaluated for color and
occult blood.

Laboratory Testing
Laboratory tests that are important in the evaluation of
GIB include a type and crossmatch, hemoglobin and
hematocrit, platelet count, blood urea nitrogen (BUN)
and creatinine, and coagulation profile. Do not be falsely
reassured by a normal initial hemoglobin, since it may
take more than 24 h for bleeding to cause a change in the
hemoglobin level. However, a low hemoglobin (<10 g/dL)
has been shown to be associated with higher re-bleeding
and mortality rates. An elevated BUN level is associated
with upper tract bleeding, and the BUN to creatinine ratio
may be used to distinguish UGIB from LGIB. In the
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absence of renal failure, a BUN to creatinine ratio greater
than 36 has a sensitivity of 90–95% in predicting UGIB
[3]. Finally, because significant hemorrhage may result in
cardiac ischemia, an electrocardiogram and cardiac biomarkers are recommended in patients at risk for acute
coronary syndrome. GIB patients diagnosed with concurrent myocardial infarction may present with shortness
of breath, dizziness, or abdominal pain rather than the
typical chest pain.

Nasogastric Aspiration
Nasogastric (NG) aspiration detects active hemorrhage
and may be useful in the evaluation of some patients
with GIB. Once considered important in the initial management of patients, there is now controversy surrounding
its clinical utility, especially in light of the significant
patient discomfort associated with its use. In patients
with hematemesis, nasogastric aspiration with lavage
may be utilized to quantify hemorrhage, when clinically
indicated. In those without a clear source of bleeding,
a bloody aspirate identifies an upper source of the bleed
and may help guide further management. In patients
without hematemesis, NG aspiration has a low sensitivity
(42%) and accuracy (66%) for identifying UGIB [4].
While bright red blood from the NG aspirate suggests an
active hemorrhage, dark coffee grounds suggest a recent
bleed or a slow rate of bleeding. On the other hand,
a negative aspirate does not necessarily exclude an UGIB
as it has been shown to miss up to 50% of duodenal
bleeding. In addition, a negative aspirate may imply that
the source of hemorrhage is distal to the Ligament of
Treitz or that the bleeding has stopped entirely.

Emergency Department Management
Patients with significant GIB require expeditious assessment and aggressive resuscitation. A definitive airway may
be needed in patients with intractable vomiting and/or
mental status change who are unable to protect their
airway or at risk for aspiration. Supplemental oxygen
and cardiac monitoring are recommended as significant
bleeding may lead to hypoxia and end-organ ischemia, as
evidenced by demand ischemia due to decreased oxygen
delivery to cardiac tissue. Two large-bore peripheral intravenous catheters are recommended for rapid resuscitation
with crystalloid fluids. Close monitoring and continuous
reassessment of volume status and hemodynamic stability
should be used to guide the resuscitation.
Patients with persistent bleeding and hemodynamic
instability despite crystalloid resuscitation require transfusion of blood products. To determine the amount of
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blood to transfuse, the clinician should consider the
patient’s age, co-morbidities, baseline hemoglobin/
hematocrit, and presence of signs of tissue hypoperfusion
(e.g., cardiac, renal, cerebral). While there are no definite
parameters for transfusion in GIB, it has been suggested
that patients with UGIB due to varices do not benefit from
aggressive transfusion because it may increase portal pressure and worsen bleeding. Patients who are transfused
more than 5 units of packed red blood cells are more likely
to need operative intervention and have a higher mortality
rate [1].

Medical Therapies
A number of medical therapies have been shown to
improve patient outcomes in GIB. Somatostatin and
octreotide, its longer-acting derivative, have been shown
to lower the risk for persistent bleeding and re-bleeding
in UGIB due to both variceal and non-variceal causes. In
a large systematic review of the efficacy of somatostatin
analogs in patients with acute esophageal variceal bleeding, somatostatins decreased the rate of bleeding and the
need for transfusion but did not significantly reduce mortality [5]. The recommended dose for octreotide is a 50 m
intravenous bolus followed by a continuous infusion of
50 m/h. In patients with UGIB due to PUD, proton pump
inhibitors have been shown to decrease the risk of rebleeding and need for operative intervention and blood
transfusion, but with conflicting evidence for a reduction
in mortality. While vasopressin has been used most often
for GIB due to varices, it is associated with significant
re-bleeding and a high complication rate, which includes
dysrhythmias, hypertension, myocardial and peripheral
ischemia, and decreased cardiac output. H2-receptor
antagonist use for UGIB has been shown to be only weakly
beneficial for gastric ulcer bleeding and not beneficial for
duodenal ulcers.

Consultation and Disposition
All patients with significant upper or lower GIB should be
hospitalized. Patients with severe or life-threatening GIB
require urgent consultation with gastroenterology. The
decision to perform emergent endoscopy will often be
based clinically on the severity of the hemorrhage and
the patient’s hemodynamic stability. Intensive-care unit
admission and early involvement of intensivists may be
warranted for patients with hemodynamic instability,
shock, mental status change, and evidence of end-organ
damage. Patients with cardiac ischemia or infarction may
need cardiology consultation. Various studies have identified a subset of low-risk patients who may be discharged
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home with UGIB, but all of the study participants
underwent short observation and endoscopy prior to discharge. These patients were younger than 60 years of age
with no significant co-morbidities, no signs of shock, no
history of liver pathology or varices, no significant anemia,
no frequent hematemesis or melena, and had follow-up
care [6]. As risk stratification for patients with LGIB has
not been well studied, most of these patients are hospitalized for further care.

contrast-related reactions (e.g., anaphylactoid reaction,
contrast-induced nephropathy), arterial thrombosis or
dissection at the puncture site, and bowel infarction.
Angiography is usually reserved for a severe, continuous
lower source of bleeding, especially in cases of brisk bleeding for which colonoscopy is impractical. Since there is no
evidence-based practice guideline for evaluating and
managing LGIB, institutional availability and consultant
expertise often influence management.

Endoscopy

Conclusion

For the majority of UGIB, endoscopy can identify the
source of bleeding. Moreover, endoscopic therapies, such
as sclerotherapy and band ligation, are valuable in the
treatment of acute variceal hemorrhage. Patients who
undergo early endoscopy, within 12–24 h of bleeding,
have lower re-bleeding rates and shorter hospital stays
compared to those who undergo delayed endoscopy.
Endoscopy may also be used to risk stratify patients and
change disposition decisions. While balloon tamponade
with a Sengstaken–Blakemore tube is rarely utilized due to
its high complication rate, it may be life-saving in the
exsanguinating patient with variceal bleeding when
endoscopy is not readily available.
In patients with LGIB, use of colonoscopy to identify
and treat the source of bleeding obviates the need for
a subtotal colectomy. When a brisk upper tract bleed is
suspected in a patient presenting with hematochezia,
endoscopy may be performed prior to colonoscopy.
Typically, colonoscopy is performed in hemodynamically
stable patients with self-limited bleeding or those with
a high likelihood of having a localized lesion. Colonoscopy
is less useful than radiographic imaging in patients with
brisk bleeding.

Gastrointestinal bleeding is a common reason for
patients to seek emergency care and a frequent cause of
hospitalization. Advanced age, concurrent underlying
medical conditions, hemodynamic instability, significant
hematemesis or melena, and marked anemia are all
important risk factors for high morbidity and mortality.
Patients with GIB require prompt diagnosis and risk stratification, aggressive resuscitation, and timely gastroenterology consultation.

Cross Reference

▶ HIV-Related Diseases of the Stomach, Intestines, and
Colon
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Synonyms
Gastro-intestinal bleeding; Gastro-intestinal hemorrhage

Definition
Gastro-intestinal bleeding can be classified according to
the location of bleeding in the digestive tract. Upper
gastro-intestinal bleeding occurs in the tract from mouth
to jejunum. Lower gastro-intestinal bleeding occurs in the
tract from the ileocecal region to the rectum. The jejunalileal tract is not easily accessible for routine diagnostic
procedures, nor for interventional endoscopy. Bleeds
from this part of the digestive tract can be classified as
mid gastro-intestinal bleeding, mostly after exclusion of
bleeding locations in the upper and lower digestive tract.
Clinical symptoms consist of macroscopically visible
bleeding, such as bloody aspirate from the gastric tube,
hematemesis or melena, hypotension, and anemia.
The clinical importance of a bleeding complication
depends on several aspects, such as the overt loss of
blood, the occurrence of a fall in blood pressure and
an increase in pulse rate, a decrease in hemoglobin
level necessitating the transfusion of blood products,
pro-hemostatics or any intervention, and the long-term
consequences of hemorrhagic shock such as acute renal
failure and (transfusion-related) acute lung injury [1].
Landefeld’s Bleeding Severity Index takes these aspects
adequately into account [2]. This method of classification
of bleeding complications is based on criteria for the
amount, rate, and clinical consequences of bleeding and
has been shown to be highly reproducible. Clinically
important major bleeding is defined as overt bleeding
that is fatal, life-threatening, potentially life-threatening,
or acute or subacute and leads to severe or moderate
blood loss or to intervention to stop the bleed. Minor
bleeding includes other overt bleeding from an internal
site, such as gastrointestinal bleeding, hemoptysis, and
gross hematuria.
The incidence of gastro-intestinal bleeding varies
between 0.6% and 3.5% [1, 3]. Gastro-intestinal bleeding
significantly contributes to morbidity, length of stay in the
ICU, and mortality [3]. The majority of gastro-intestinal
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bleedings in the population of the critically ill originate
from stress ulcers in the upper gastro-intestinal tract.

Treatment
Prophylaxis
Traditionally, stress ulcer related bleeding has been
regarded as a substantial source of morbidity and mortality in critically ill patients. Therefore, much attention
has been given in the last 2 decades to prohylactic measures, such as cytoprotection (sucralfate), neutralization
of gastric acids (antacids), and reduction of gastric acid
(histamine-2 receptor antagonists, proton pump inhibitors). A meta-analysis reported that various prophylactic
therapies reduced the incidence of overt or clinically
important bleeding compared to no prophylaxis. Mortality, however, was not affected. In the pathophysiology of
stress related mucosal disease, gastric acid secretion, mucosal ischemia (as a result of splanchnic hypoperfusion), and
reflux of upper intestinal contents into the stomach are
of great importance. Risk factors for the development of
stress related mucosal disease include respiratory failure,
coagulopathy, hypotension, sepsis, hepatic failure, renal
failure, surgery, burns, and major trauma [4].
It is believed that the incidence of stress ulcer related
bleeding has decreased considerably independently from
the use of prophylaxis. Factors responsible for this phenomenon may include improved tissue oxygenation
following more aggressive shock management, improved
infection control using selective decontamination of the
digestive tract, early enteral feeding, and the optimal use of
steroids to suppress the generalized state of inflammation
in the critically ill [1].

Treatment
When clinically important gastro-intestinal bleeding
occurs, therapy should be aimed at the termination of
bleeding. In case of hypotension, patients should be
admitted in the ICU and therapy should be aimed at
resuscitation of shock. In general, transfusion of blood
products, prohemostatics, neutralization of anticoagulants, and suppression of gastric acid secretion will be the
primary treatment of bleeding. It needs to be stressed that
in case of heparin use, protamine sulphate should be given
to neutralize the heparin effect and that in case of use of
platelet aggregation inhibition, platelets should be given.
To investigate the focus of blood loss, endoscopy
needs to be performed by the gastro-enterologist and – if
necessary – interventions can be performed to stop the
bleeding, such as sclerotherapy, cauterization, ligation, or
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clipping. This may be difficult and when unsatisfactorily
done, interventional radiology may bring the solution by
means of selective catheterization and coiling of the
vasculature of the digestive tract. When all options fail
and massive blood loss persists, eptacog alpha (activated)
can be considered as rescue therapy. Abdominal surgery
can be necessary if all other therapies have failed.

Gastrointestinal Endoscopy
JOHN B. CONNEELY1, MICHAEL SUGRUE2
1
Department of Surgery, National University of Ireland,
Dublin 2, Ireland
2
Department of Surgery, Letterkenny General Hospital,
Letterkenny, Co Donegal, Ireland

Evaluation/Assessment
Effectiveness
Tolerance
Pharmacoeconomics

It was calculated that an episode of clinically important
bleeding can result in a mean of 7 additional hematology
tests, 11 blood product transfusions, and 24 days of treatment, resulting in an overall cost of clinically important
bleeding of $12,000 [3].

After-care
Critically ill patients with gastro-intestinal bleeding will
frequently require extended treatment for 4–8 days in the
ICU due to their comorbidities and the existence of multiple organ dysfunction, which may be preexistent or due
to hemorrhagic shock [3]. Treatment to reduce gastric
acid production should be continued for several weeks.
If necessary, control endoscopy can be performed.

Prognosis
Gastro-intestinal bleeding has a substantial affect on morbidity and mortality associated with a relative risk of death
of 1–4. Their ultimate prognosis is largely dependent on
the underlying disease responsible for the occurrence of
bleeding.
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Synonyms
Colonoscopy; Endoscopic Retrograde Cholangiopancreatography (ERCP); Endoscopic Ultrasound
(EUS); Enteroscopy; Esophago-gastro-duodenoscopy
(EGD); Gastroscopy; Oesophago-gastro-duodenoscopy
(OGD); Panendoscopy; Proctoscopy; Sigmoidoscopy;
Videoendoscopy

Definition
Gastrointestinal (GI) endoscopy is the visual inspection of
the luminal surface of the upper and/or lower GI tract with
a flexible fiber-optic camera apparatus. Since the initial
introduction of the technology over 40 years ago, GI
endoscopy has flourished and what began as a purely
diagnostic modality has now become an effective diagnostic and therapeutic facility for the management of all
forms of GI disease. Disorders of the esophagus, stomach,
duodenum, and proximal jejunum; colon; rectum; and
anal canal are particularly suited to endoscopic diagnosis,
investigation, surveillance and in many cases, definitive
therapy. GI endoscopy is now an ubiquitous skill that
should be an element of the basic skill-set of all general
surgeons, GI specialists, and gastroenterologists.

Technology
The advent of fiber-optic technology facilitated the development of flexible endoscopes, thereby extending the
range of GI endoscopy beyond the limits imposed by
unwieldy and often hazardous rigid endoscopic devices.
The use of rigid esophagoscopes and sigmoidoscopes
remains an essential skill, but the practise is appropriately
reserved for those expert in its application in the management of proximal aero-digestive tract and ano-rectal
disease.
Modern endoscopes utilize high-quality optical
devices coupled with digital image-processing technology
to render high-fidelity images of the GI lumen. Images are
now routinely displayed on large visual-display monitors,
allowing image capture, video recording, and electronic
image manipulation. Endoscopes can be adapted to suit
a variety of functions, with narrow caliber endoscopes
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available for pediatric use, longer devices for enteroscopy
or small-bowel examination, multiple channel devices
for therapeutic intervention, and side-viewing devices
for complex pancreato-biliary or EUS applications. Modern devices are now quite robust instruments, suited to the
rapid turnover, multiuse needs demanded of endoscopic
services by modern hospital practise. Typically, endoscopy
units have automated washing machines that clean and
autoclave endoscopes within 30 min.

Technique and Indications
OGD
Patient preparation usually involves a period of fasting for
4–6 h prior to endoscopy to ensure the stomach is empty;
however, under emergency circumstances, gastric lavage
can be helpful. If there is concern that the patient may
be unable to protect his/her airway, OGD should be
performed under general anesthesia with endo-tracheal
(ET) intubation with a cuffed tube. In the case of OGD
for unstable upper GI hemorrhage, ET intubation is advisable. ET intubation does not make access to the posterior
oropharynx more difficult. The other option especially in
elderly patients is to perform awake unsedated OGD. This
will gernally allow the patient to protect his/her own
ariway. The option for advanced airway intervention
(endo-tracheal intubation) should always be available for
emerency endoscopy. In addition, for patients who are
bleeding, transfer to the operating room should be
considered.
In the elective setting, it is recommended that upper
GI endoscopy be performed using awake sedation. This is
usually effected using intravenous administration of
short-acting benzodiazepines, which yield satisfactory
levels of sedation and amnesia but which can rapidly be
reversed. Other intravenous hypnotic agents such as
propofol are used regularly, however, these require greater
expertise and titration of dosage and are therefore best
used in the presence of an anesthetist. Local anesthetic,
usually Lignocaine, may also be applied topically to the
posterior oropharyngeal mucosa in an aerosolized spray to
allow easier esophageal intubation by suppressing the gag
reflex. The only disadvantage is the necessity to avoid oral
intake postprocedure until the anesthesia has subsided.
The patient is placed in the left lateral decubitus
position; however, OGD can safely be performed in the
intubated patient in the supine position. A plastic mouthguard is inserted to protect both the patient’s dentition
and the endoscope. The endoscope is advanced under
direct vision over the tongue into the posterior oropharynx. The endoscopist’s fingers can be used to guide the
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endoscope, however this results in significant discomfort
for the patient if local anesthesia has not been used and
there is potential for injury to the guiding fingers should
the mouth-guard be dislodged! Gentle forward pressure
will allow the endoscope to traverse the cricopharyngeus
and intubate the proximal esophagus. It is important that
the upper esophagus be examined thoroughly as pathology in this location can easily be missed at flexible endoscopy. Air insufflation will distend the esophageal lumen
allowing examination of the mucosa, esophageal peristalsis,
and the normal anatomy of the esophagus throughout its
length. The location of the esophago-gastric junction (OGJ/
EGJ/GEJ) should be noted and recorded as the distance in
centimeters from the incisor teeth.
The stomach should be fully insufflated with air
and examined throughout for obvious mucosal or anatomical abnormality, or abnormal extrinsic compression/
indentation secondary to upper abdominal or retroperitoneal pathology. The endoscope is advanced towards the
gastric antrum, noting the incisura separating the body
from the antrum. At the incisura, the endoscope is fully
retroflexed, to allow inspection of the cardia, OGJ, fundus,
and lesser curvature. This “j-view” is an essential maneuver and OGD is not complete without it. The endoscope is
then straightened and the antrum traversed. The pylorus
may be open or closed. Gentle forward pressure and insufflation of air will usually allow entry to the duodenal bulb,
also referred to as D1. Entry to the second-part of the
duodenum (D2) can be difficult and requires a composite
maneuver during which a safe, clear view of the lumen
may be lost. The endoscope shaft is rotated clockwise,
while the tip is also rotated clockwise. Further rotation
of the tip will angulate the endoscope downwards and
backwards into the descending duodenum and forward
pressure applied now will allow more distal intubation.
Alternatively, withdrawal and straightening of the endoscope may advance the intubation further as the redundant length of endoscope in the stomach is shortened. At
this point, the duodenal mucosa is carefully inspected. The
Ampulla of Vater and, if present, accessory papilla may
be visualized; however, this is difficult with standard
“end-viewing” endoscopes and usually requires the
“side-viewing” devices used for ERCP. Having successfully
intubated D2, the endoscope is slowly withdrawn and the
mucosa carefully inspected throughout the duodenum,
stomach, and esophagus.
OGD is indicated for the investigation of dysphagia,
upper GI hemorrhage, gastro-esophageal reflux, dyspepsia, regurgitation or emesis, abdominal pain, weight loss
or suspected GI malignancy, and GI tract perforation.
Tissue biopsy for histological assessment may be effected
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by simple cutting forceps biopsy. More extensive biopsy or
definitive mucosal resection can be performed with submucosal injection of saline or blue dye and subsequent
wire-snaring with coagulation electrocautery for hemostasis. Laser ablation of mucosal lesions can be performed
via the endoscope and may come to play a major role in
the management of premalignant conditions in the future.
Acute GI hemorrhage is managed particularly well endoscopically. The entire spectrum of hemorrhagic lesions,
ranging from superficial ulcers to frankly bleeding esophageal varices are now routinely managed endoscopically.
Local injection of adrenaline solution, Argon laser coagulation, endoscopic clipping, and band ligation are standard therapies employed for the management of GI
hemorrhage, rendering emergency surgical intervention
a rare necessity. Finally, deployment of endo-luminal
stent-prostheses has been greatly facilitated by advances

Gastrointestinal Endoscopy. Table 1 Common indications
for bedside ICU OGD
Diagnosis and therapy of upper GI bleeding
Diagnosis and therapy of esphageal perforation
Naso-jejunal tube placement
Insertion of PEG

in endoscopic technology and now plays a major role in
the management of esophageal and duodenal disease.
OGD is a safe procedure. Complications depend on
the underlying disease process and performance of therapeutic intervention. Hemorrhage and perforation are rare
but incidence can approach 0.1% following therapeutic
intervention [1]. The main indications for ICU OGD are
shown in Table 1.

Tips and Pitfalls
OGD, although a simple procedure under emergency situations when performed in ICU, requires a dedicated
team approach ideally with an on-call endoscopy team.
The scope should be presterilized to avoid delays. An
emergency pack should be available with the scope to
include an injecting needle, biospy forceps, band ligation
apparatus, Argon laser, or clip applicators. A large, twochannel endoscope with continuous irrigation will
improve suction ability and facilitate identification of
bleeding vessels. The staff should wear eye protection to
avoid blood splattering and contamination (Figs. 1 and 2).
Biopsies in the ICU should only be done with clear awareness of coagulation status as there are risks of hemorrhage.
One should be aware of the potential interation between
COX-II antagonists and clopidigrel. Intra-abdominal
pressure needs to be carefully monitored as patients can
develop signifcant intra-abdominal hypertension leading

Gastrointestinal Endoscopy. Figure 1 Endoscopy in paediatric ICU, note flatscreen viewing stack
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duct stones, and management of biliary leak following
cholecystectomy.
The technique of ERCP is more specialized than routine OGD and ERCP is therefore retained for those with
specialist interest. The principal complications are hemorrhage, cholangitis, post-ERCP pancreatitis, and perforation with an overall incidence of approximately 10%. In
ICU patients, it is essential to have checked the coagulation profile as sphincterotmy in the coagulapathic ICU
patient will result in hemorrhage. Recently, the Dutch
Pancreatic group has identified that early ERCP in gallstone pancreatitis will reduce complications in patients
with evidence of cholestasis, which may be particularly
relevant in the ICU setting [2].

EUS

Gastrointestinal Endoscopy. Figure 2 Endoscopy stack
housing endoscope, light-source, image processor &
insufflator

to abdominal compartment syndrome. At the end of the
endoscopy, as much gas as possible should be sucked out.
Finally ICU endoscopy should never be performed using
the high-flow settings on the endoscopy insufflator.

ERCP
ERCP is an extension of standard OGD and its use
has yielded enormous benefits in the management of
pancreato-biliary disease. ERCP utilizes “side-viewing”
endoscopes in order to visualize the duodenal papilla,
and these endoscopes typically have two or more operating channels to facilitate intervention. The Ampulla of
Vater is cannulated using a fine guide-wire and cannula,
allowing subsequent dye-opacification of the biliary and
pancreatic ductal systems which are examined fluoroscopically. Demonstration of pancreato-biliary ductal anatomy
is the primary goal of diagnostic ERCP, but biopsy of
pancreatic and biliary neoplasms is also possible. Therapeutic manipulations include stenting of benign and
malignant biliary tract obstruction, evacuation of bile-

EUS is a developing modality that couples an ultrasound
probe with an endoscope. The addition of focused, intraluminal ultrasonography, allows detailed examination of
the upper GI tract, rectum, and anal canal. The local
anatomical relationships of normal and abnormal tissue
can be assessed in detail, allowing highly accurate staging
of GI tract malignancies. Malignant morphology, tumor
size, extent of invasion, vascular or nodal involvement,
and even metastatic disease can be assessed prior to
treatment with previously unattainable accuracy. Imageguided biopsy is also possible and has revolutionized the
management of esophageal, gastric, pancreatic, and biliary
disease. Debate regarding the facility of EUS in the management of ano-rectal disease persists, with an emerging
body of data suggesting that Magnetic Resonance Imaging
(MRI) is a superior modality.
EUS remains a highly-specialized modality as yet and
availability is limited both by expertise and infrastructure.
It is a relatively safe procedure with a complication profile
similar to OGD. If biopsy is performed, complication rates
approach approximately 1% overall.

Colonoscopy
The indications for colonsocpy are shown in Table 2.
Normally the colon must be cleansed thoroughly to
allow endoscopic examination. This is rarely possible in
ICU patients. Several techniques are used, the most widely
practised being the use of osmotic laxatives 24 h prior to
examination, coupled with a fluid-only intake. Consideration must be given to the patient’s baseline condition, as
vigorous colonic lavage may not be suitable for those with
significant cardiac or renal disease. The initial position
is left lateral decubitus, but the patient may be turned
to supine or right lateral to facilitate passage of the
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Gastrointestinal Endoscopy. Table 2 Common indications
for colonoscopy in ICU
Diagnosis of colitis (particularly ulcerative colitis and
ischemic colitis)
Diagnosis and therapy of lower GI hemorrhage
Deflation for pseudobstruction
Stenting left colonic onstructing tumours
Therapy of sigmoid volvulus

endoscope. The tip of the endoscope is passed into the
rectum and a combination of gentle forward pressure,
insufflation, suction, withdrawal, and shaft rotation will
allow advancement of the endoscope. The endoscope
should not be advanced unless there is a clear view of the
lumen. At several locations, advancement is hindered due
to anatomical relationships. Negotiation of the rectosigmoid portion can be difficult and may require turning
of the patient’s position. Application of pressure by the
assistant, directly onto the endoscope, or in the left or
right paracolic gutters can greatly assist passage. Beyond
the sigmoid, forward pressure may not yield further intubation as a large sigmoid loop can form. Retroflexion of
the endoscope tip combined with withdrawal and rotation
of the shaft will reduce the redundant loop and facilitate
further intubation. Splenic and hepatic flexures can also
present difficulties. Once passed, hooking the tip of the
endoscope upon mucosal folds and a composite withdrawal/rotation/suction maneuver may yield significant
forward advancement. This maneuver is particularly useful in the right colon, allowing complete intubation of the
caecum. Blind insertion is always unsafe and is absolutely
to be avoided in diseased segments of bowel. Ocasionally,
the “slide-by” technique, where gentle forward pressure
is applied to allow the endoscope glide along and past
an acute angulation despite loss of a clear luminal view,
can be employed, but this is a maneuver for the expert
endoscopist and is not to be recommended in most cases.
Once the caecum has been fully intubated, the position
must be confirmed. The anatomical landmarks are the
triradiate mucosal fold (convergence of the taenia coli),
the ileo-caecal valve, and the appendiceal orifice. If clinical
suspicion of ileal disease exists, the terminal ileum may be
intubated. To assist with confirmation of location, the
endoscopist may indent the right iliac fossa or perform
transillumination, where the endoscope light source is
shone through the anterior abdominal wall to confirm
its position in the right iliac fossa. The endoscope is now
carefully withdrawn, allowing complete inspection of the

mucosa. The luminal appearance will depend upon the
anatomical location: right colon – circular profile with
prominent haustrations; hepatic flexure – the bluish outline of the liver will be visible through the colon wall;
transverse colon – triangular profile with prominent
haustrations; descending colon – circular profile with few
haustrations; sigmoid colon – tortuous with eccentric mucosal folds; rectum – wider lumen, prominent blood vessels,
and mucosal shelves representing the Valves of Houston. The
endoscope may be fully retroflexed and rotated at this point
to allow complete inspection of the rectum.
Colonoscopy is indicated for investigation of all forms
of colonic disease. Even in acute inflammatory conditions,
limited colonoscopy may safely be performed to obtain
diagnostic biopsy. Endoscopic biopsy is usually effected
using insulated biting forceps and coagulation electrocautery for hemostasis. Wire snaring and electrocautery is
used universally for the management of colonic polyps
and there is an emerging role for endoscopic mucosal
resection in the setting of complex polyp disease. Endoluminal stent prostheses are being used increasingly in
the management of colorectal malignancy, combining
endoscopy with fluoroscopy for safe deployment. Finally,
colonoscopy may be both diagnostic and therapeutic in
cases of colonic volvulus or pseudo-obstruction.
Colonoscopy in experienced hands is a safe procedure.
Principal complications are hemorrhage and perforation,
occurring with an overall incidence of 1% and 0.1%
respectively [3].

Emerging Technologies
Endoscopic technology has developed steadily over the
past 20 years. Its facility in the field of diagnosis is
well recognized and advances now focus upon interventional applications. As mentioned, Endoscopic Mucosal
Resection (EMR) is gaining increased popularity in the
western world, having been used extensively in Japan for
some years. Similarly, laser thermal coagulation and
photodynamic therapy appear promising for the future
management of premalignant conditions of the mucosa.
Gastroesophageal reflux disease has been treated endoscopically with some success and several modalities are
now available, including submucosal biopolymer injection (Stretta Procedure) and endoscopic suturing techniques. There are as yet, no long-term outcome data
available, however. In terms of pancreato-biliary disease,
the technology now exists to enable endoscopic visualization of the bile duct lumen, with a host of therapeutic
interventions available from sphincterotomy to duct clearance. As with ERCP, it is likely that this will become more
widely available in time. It is likely also, that endo-luminal
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Gastrointestinal Endoscopy. Table 3 Possible endoscopies
in ICU
Upper GI hemorrhage

Lower GI hemorrhage

Colonic decompression

Gastric lavage

Biliary decompression/Stenting

Stenting/Suturing
anastomotic dehiscence

Feeding tube insertion (Nasal &
PEG)

EUS-guided biopsy

EUS-guided pericardial drainage

EUS-guided pseudocyst
drainage

G

Gastrointestinal Hemorrhage
▶ Gastrointestinal Bleeding

Gastro-intestinal Hemorrhage
▶ Gastro-intestinal Bleeding in ICU Patients

Gastroscopy
stent prostheses will continue to develop, allowing their
use in heretofore inaccessible or “unstentable” anatomical locations. Natural Orifice Transluminal Endoscopic
Surgery (NOTES) is a new technology that allows intraperitoneal surgery, cholecystectomy for example, to be
performed via a trans-gastric, trans-vaginal or trans-colonic
route, using specially adapted endoscopic equipment.
The facility of the technology has been demonstrated in
numerous animal models and early human trials are now
under way. Small bowel enteroscopy is rarely, if ever, used
in ICU.

▶ Gastrointestinal Endoscopy

Gelfoam
An absorbable sponge derived from purified porcine skin
gelatin. Can be employed as a topical or embolic hemostatic. Frequently used when performing super-selective
angiography.

Endoscopy in the Critical Care Setting
Modern endoscopy equipment and the emerging ubiquity
of endoscopic expertise has rendered endoscopy particularly useful in the management of the critically ill patient.
Both diagnostic and therapeutic endoscopy can be
performed safely at the ICU bedside. There are significant
advantages to such bedside management of unstable or
septic patients. Logistic limitations are greatly reduced
with newer, portable endoscopic stacks which can effectively be used in most hospital settings. The list of indications for bedside endoscopy is growing and much as
airway endoscopy is already an important skill for the
intensive care specialist, it is likely that gastrointestinal
endoscopy will also become an element of the intensivist’s
skillset. Relative and absolute indications for ICU bedside
endoscopy are listed in Tables 1, 2, and 3.

Gender
▶ Sex Steroids: Role in ICU Outcome
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Synonyms
Trauma in extremes of age; Trauma in our elders

Definition
The “elderly” patient is not easy to define as chronologic
age does not accurately define one’s physiologic age or
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ability to recover from injury. A widely accepted definition
for geriatrics is those patients 65 years and older. However,
the health and medical characteristics of each patient over
60 years of age are a blend of the effects from biologic
aging, the presence of medical comorbid conditions, and
sequelae of their treatments. Each individual is unique and
no two people are exactly alike as each “ages” at different
rates, as does each organ system within a patient. Thus the
ability to predict outcomes from injury is complex and
requires assessment of the type and severity of injury, age,
physical and mental fitness, pre-injury functional state,
and comorbid medical conditions. As a rule, the older
patient with more severe medical conditions and injury
does poorer than younger, more fit individuals with the
same wounds.

Statistics and Epidemiology
In 1980, 26.5 million people in the USA (11.3% of the
population) were older than 65 years of age. 2004
witnessed the arrival of the “Boomer” generation to this
demographic and some 72 million people will be older
than 65 years by 2030 (20% of the total population).
Currently, trauma is the fourth leading cause of death
in patients between the ages of 55 and 64 years and the
ninth leading cause of death in patients over the age of 65
[1]. Trauma centers are seeing an increasing number of
injured elderly patients as people live longer, are more
active and exposed to increased risk for injury. Aging
involves changes in organ function, muscle and bone
strength, and the ability to withstand physical trauma.
Although younger individuals are more likely to be
injured, the mortality after injury, even some minor injuries, is higher in people in their seventh decade and
beyond.

Characteristics
Physiology of Aging
The normal biologic changes in physiology associated
with aging are well-known. In general, as people age
beyond the seventh decade, their biologic and physiologic
reserve to tolerate injury is reduced. These age-related
changes affect all organ systems and a fundamental understanding of these is essential. Each person ages differently
and each organ system within a person ages at different
measurable rates. For example, a patient with normal
renal and liver function can have profound cardiac dysfunction while another patient may have end stage renal
disease and require dialysis with a normal cardiac profile.

The brain undergoes atrophy reducing its gross size
and putting dural bridging veins under increased tension
resulting in susceptibility to rupture and bleeding with
impact. The smaller brain within the skull also increases
the space into which blood can collect, which may mask
symptoms of mass effect and rising intracranial pressure.
Cerebellar atrophy can affect balance and gait, and blunted
auditory, visual and pain sensation increase the risk of
injury exposure. Although intelligence is largely unaffected with aging, cognitive function declines. Dementia
is a growing public health concern causing impairments in
cognition, function, and behavior. Thus, poor judgment
in risky situations often results in injury [2].
The cardiovascular system undergoes a variety of
expected changes with aging. Myocytes are progressively
lost with a compensatory augmentation of myocyte volume in the ventricles. These changes are associated with
a stiffening of the heart also seen in the great vessels that
result in impaired diastolic filling and increased afterload,
respectively. Coupling these factors with a decreased sensitivity to beta-adrenergic stimulus, the maximum achievable heart rate decreases and the ability to increase cardiac
output when physiologically demanded is impaired [2].
The prevalence of coronary artery disease and atherosclerosis in this population further compromises the amount
of cardiac reserve and ability to increase oxygen delivery.
The respiratory system goes through changes including the chest wall becoming more rigid and weakening of
the muscles of respiration. An increase in ventilationperfusion mismatch widens the alveolar-arterial oxygenation gradient. Additional changes in the lungs themselves
include significant growth of the alveolar ducts, which
decreases the available surface area for gas exchange and
the lungs will have decreased elastic recoil. The elderly
patient relies more on the diaphragm and abdominal
muscles for breathing, both waning in strength over time
[2]. Thus, pulmonary reserve is limited, the chest wall
is “brittle,” and less force is required to break ribs and
contuse lungs.
The renal system experiences cortical tissue loss from
glomerulosclerosis, which is accelerated by atherosclerosis, hypertension, and diabetes. Glomerular filtration rate
(GFR) decreases, which increases risk for ischemic and
nephrotoxic insults resulting in acute renal failure. The
kidney is also less able to reabsorb and secrete solutes
owing to tubular senescence [2]. The team providing
care is cautioned to weigh risks and benefits vigilantly
when prescribing nephrotoxic agents such as iodinated
contrast solutions, certain antibiotics, diuretics, and
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vasoactive medications. Drugs dosage is often based on
serum creatinine, a less reliable measure in the elderly than
creatinine clearance that can be calculated as:
ClCr ðmL= minÞ ¼ ð140  ageÞ
weightðkgÞ=½serum creatinineðmg=dLÞ  72
to accurately assess renal function and appropriate
dosages [2].
An increase in activity appears to be associated with
slowing of the aging process. Changes within musculoskeletal systems are significant [3]. Overall, a decrease
in muscle mass, strength, and responsiveness progresses
throughout adult life, however, increased activity appears
to be associated with slowing these. Decreasing bone
density increases the likelihood and severity of fractures.
Arthritis is highly prevalent, compromises patient mobility, and is a source of chronic pain. Progressive changes
(stiffening, shortening, and lordosis) in the spinal
column alter pulmonary mechanics. Spinal cord stenosis
secondary to osteoarthritis predisposes patients to cord
syndromes. These changes adversely affect the older
patient’s ability to avoid injury and linked to changes in
the central nervous system predispose patients to the
common mechanisms of injury (falls, motor vehicle
crash, and getting struck by automobiles).

Comorbid Conditions
While the normal physiological changes associated with
aging affect the patient’s response to injury, the presence of
preexisting comorbid conditions greatly affect outcome.
Several studies have shown that the presence of comorbid
conditions adversely affect outcome independent of age
and injury severity [3].
Patients who are free of comorbid conditions fare
better than those who have chronic medical conditions,
regardless of chronological age. Older patients have an
increased incidence and more types of preexisting diseases. Most are managed medically, which adds medications (prescription and over the counter drugs) and their
side affects to the clinical situation [4].
Carefully evaluating the older trauma patient to ascertain what comorbid conditions may be present is critical
to adjust resuscitation and ongoing care. Table 1 summarizes the more commonly discovered conditions and how
to quantify them [3]. Table 2 summarizes the prevalence of
disabilities, limitations, and chronic disease by age [5].
More than 80% of elders take at least one medication
ever day. Table 3 lists common medications that can affect
resuscitation strategy.
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Geriatric Trauma. Table 1 Premorbid illness criteria [3]
Cardiac disease
 History of cardiac surgery
 Any cardiac medication
 MI<12 months before admission
 MI>12 months before admission
Diabetes mellitus
 Insulin dependent
 Non-insulin dependent
Liver disease
 Bilirubin>2 mg/dL (on admission)
 Cirrhosis

G

Malignancy
 Any documented history
Pulmonary disease (asthma, COPD, others)
 Bronchodilator therapy
 No bronchodilator therapy
Obesity
 Female>200 lbs
 Male>250 lbs
Renal disease
 Serum Cr>2 mg/dL (on admission)
Neurologic (cerebrovascular accident)
 Any documented history
Hypertension
 Any antihypertensive medication
 Any documented history

Geriatric Trauma. Table 2 Prevalence by age
Disability/limitations
Age 18+

Age 65–74

Age 75+

Trouble
hearing

16.8

31.9

50.4

Vision
limitations

9.5

13.6

21.7

Absence of
all natural
teeth

8.0

22.8

29.4

Age 18+

Age 65–74

Age 75+

Hypertension

22.9

52.9

53.8

Heart disease

10.9

26.2

36.6

Any cancer

7.1

17.2

25.7

Diabetes

7.7

18.6

18.3

Chronic disease

Institute of Medicine Consensus Report, 2008
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Geriatric Trauma. Table 3 Common medications affecting
resuscitation/diagnostic strategy
Drug

Potential effect on approach

Insulin

May cause mental status changes

Aspirin

TBI – platelets needed

Clopidogrel

TBI – platelets needed

Warfarin

TBI – FFP and vitamin K needed

Beta blocker

Blunts response to hypovolemia

Diuretics

Impaired renal function

Benzodiazepines

Changes in mental status – withdrawal

Chronic narcotics

Pain control – withdrawal

Steroids

Adrenal insufficiency

Mechanisms of Injury
The leading causes of nonfatal injury in the USA for
patients over 65 years are: (1) falls (2) struck by an object
(pedestrian – automobile impact) (3) motor vehicle crash,
and (4) violence [1].
Falls remain the most common cause of injury in the
elderly population [1]. The changes of the nervous and
musculoskeletal systems contribute to this prevalence.
Altered balance, strength, and agility impair stability leading to falls. Other causes relate to comorbid medical
conditions (e.g., syncope, cardiac dysrhythmias, and transient ischemic attacks) or side effects of medications [5].
Younger elders fall from heights (ladders, roofs, or down
stairs), while those in the 80s more commonly fall from
a standing position. Soft tissue lacerations, brain injury,
and long bone fractures are the most common injuries
after fall from standing.
Motor vehicle crashes are the third leading cause of
nonfatal injury and the second leading cause of death after
unintentional injury [4]. As the proportion of elders in
our population increases, the numbers of older drivers will
also increase. Driving patterns in the elderly differ; crashes
more commonly occur during the day, in fair weather and
close to where the patient lives. Alcohol consumption is
less prevalent. The same physiologic changes associated
with aging (vision, hearing loss, impaired cognition,
slower reflex time, and decreased muscle strength) contribute to the higher rate of crash in this age group. Similar
to the changing circumstances that change how one
falls, after 80 years, patients are more commonly passengers rather than drivers in these later years and sustain
different injury patterns.
The mortality for a pedestrian struck in this age group
is very high [4]. The physiologic changes of aging, mentioned above, coupled with the altered gait, decreased

speed of walking, and decreased agility and strength
make it more difficult to avoid dangerous situations.
Violence is an unfortunate reality in managing the
elderly trauma patient. Older patients are more susceptible to unintentional injury, criminals, or abuse. Suicide is
common and the problem of domestic violence is increasing in our society. Multiple visits to the emergency department, unexplained bruising or fractures at various stages
of healing, or chronic signs of poor general hygiene should
raise suspicion for abuse [3].
Thermal injury is another common mechanism of
injury. Burns account for approximately 8% of injuryrelated deaths in the elderly and are currently the seventh
leading cause of injury-related death. Impaired mobility
and blunted sensory responses increase risk due to fire or
prolonged heat exposure. More extensive damage and
injury is sustained with equivalent levels of exposure
when compared to younger patients as the elderly have
thinner and more fragile skin.

Trauma Evaluation
The initial approach to evaluating the elderly trauma
patient follows the same protocols used for any other
trauma patient. However, certain nuances are applied.
While resuscitating, attempts are made to contact the
patient’s family members or physician to provide information about health status, level of function, past medical
history, and existence of advance directives.
The ABCDEs of the ATLS course should be followed
with the understanding that the physiology of aging may
warrant modification of the resuscitative process as it
unfolds, such as earlier hemodynamic monitoring and
heightened suspicion for occult injury, blunted cardiovascular response, and potential for early deterioration.
Securing the airway and assuring adequate oxygenation and ventilation early in the resuscitation is paramount.
Careful evaluation of the chest to identify injuries ensures
optimal oxygenation and ventilation. Pneumothorax or
hemothorax should prompt immediate therapy. The presence of crepitance suggests rib fracture or flail segments.
Pain control is central to ongoing management and requires
exquisite balance between narcotic and sedative use and
the adverse effects of somnolence, blunting the respiratory
drive and disorientation.
Volume resuscitation in the elderly trauma patient can
be challenging to assure optimal organ perfusion. Patients
are often taking beta blockers that blunt the usual sympathetic response to hypovolemia and preexisting peripheral
vascular disease alters signs of low intravascular volume.
Though volume should not be withheld, it should be
administered judiciously. Early placement of invasive
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monitoring with central venous catheters, arterial lines,
and pulmonary artery catheters may be necessary and
guide therapy. The use of noninvasive monitoring such
as ultrasound can characterize cardiac function and
volume status (vena caval fullness) as further monitors
of cardiac output and guide volume repletion.
Assessing patients for brain injury is difficult as physical examination is often misleading. Significant blood
accumulation can occur in and around the brain with
little alteration in mental status. A very high index of
suspicion and early CT scanning of the brain are critical.
Any history of a change in the patient’s baseline mental
function is helpful to avoid treating chronic problems as
acute ones and vice versa. CT scan of the head and cervical
spine should be obtained early with any suspicion of
head injury, even a minor one. Identifying the use of
anticoagulation medication is critical to direct reversal
therapy as needed (platelets for aspirin or clopidogrel and
plasma for Coumadin).
Complete physical examination is important and careful inspection for clues of medical illness or previous surgeries is very helpful. Posterior lacerations or hematomas
can be the source of significant bleeding, old surgical scars
may be faded and hard to see even in bright light, body wall
hernias are not readily apparent, and signs of malnutrition
can be evasive unless searched for diligently. The secondary
survey proceeds with a head to toe examination while
appropriate adjunctive and additional studies aimed at
evaluating comorbid conditions, the presence of medications, etc., are obtained as necessary. Special attention to the
patient’s history regarding the circumstances of the event
may suggest a chronic or occult medical condition, medication reaction or misuse (single vehicle car crash in the
middle of the day, clustering of falls), or an unsafe environment (fall down stairs by tripping on a loose rug).
An age-related approach to patient care is presented in
Table 4 [4].

Outcome
Age, physiologic reserve, comorbid conditions (number
and type), injury complex (pattern of injury and severity),
and physiologic insult (shock, GCS, paralysis, etc.) all have
an effect on outcome. No single measure or scoring system
predicts mortality but in general, increasing age, comorbid conditions, and injury severity foretells of increases in
length of stay, complications, and mortality.

Special Considerations
Unfortunately, patients presenting to trauma centers
rarely have documented advance directives in hand
upon arrival. It is appropriate to embark on aggressive

G

981

Geriatric Trauma. Table 4 Age-related approach to
patient care
Treatment axioms, 55 through 69 years
1. Assume some mild decrease in physiologic reserve.
2. Suspect the presence of some common disease of middle
age (diabetes, arteriosclerosis, hypertension, previous
surgery/transfusion).
3. Suspect use of prescription or OTC medication.
4. Assume the patient is competent to provide an accurate
medical history.
5. Look for subtle signs of organ dysfunction, especially
cardiovascular and respiratory systems; ABG
measurements and EKG are crucial.
6. With history of LOC or abnormalities in cognitive function
or personality, assume serious brain injury until proven
otherwise; CT scan is invaluable; MRI may be a useful adjunct.
7. Proceed with standard diagnostic and management
schemes, unless contraindicated by information collected
during history taking.
Treatment axioms, 70 through 80 years
1. Accept presence of age-related and acquired diseaseinduced physiologic alterations of organ systems.
2. Accept the presence of acquired diseases and
medications to correct or control them; assume a higher
incidence of previous surgery and transfusion.
3. Decide whether the patient is competent to give a reliable
medical history; review the history as soon as possible
with the patient’s relative or personal physician.
4. Aggressively monitor the patient and control the
physiologic characteristics to optimize cardiac
performance and oxygen metabolism.
5. Assume that any alteration in mental status or cognitive or
sensory function indicates presence of a brain injury; brain
imaging is mandatory.
6. Proceed with standard diagnostic and management
schemes, including early, aggressive operative
management.
7. Be aware of poor outcome, especially with severe injury to
the central nervous system or marked physiologic
deterioration secondary to injury; check for advance
directives.
Treatment axioms, 80 years or older
1. Proceed as in items 1 through 5 for patients 70 through
80 years of age.
2. Assume a poor outcome with moderately severe injury,
especially in the central nervous system or for any injury
causing physiologic dysfunction.
3. After aggressive initial resuscitation and diagnostic
maneuvers, examine item 2 and discuss appropriateness of
care with the patient (if competent) and family members.
4. Attempt to be humane; recognize the legal and ethical
controversies involved; consider early consultation of
ethics experts and social services to help family and
medical team with difficult decisions.
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resuscitative efforts until family members or surrogate
decision makers can be contacted. Conversations with
the patient’s primary care physician are helpful as are
medication lists obtained from pharmacies. If the patient
is a nursing-home or a life-care resident, transfer of
records can reconcile medications and provide medical
history and recent information about functional level.
Ethical and end-of-life situations are common.
Because patients have poorer outcomes, conversations
with the patient and family members are crucial to ensure
an appropriate level of definitive care is rendered. As
information about the patient, their directives, and injury
complex is obtained, a more informed plan can be made,
consultants secured, and support for the family, if necessary, obtained. Often, the conversation must focus on the
issues of futility and ability of the patient to return to their
expectation of a meaningful life. These end-of-life situations are approached and valued differently by persons of
other cultures, religions, and countries and require sensitivity and time for communication and acceptance [5].
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Synonyms
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Definition

The Glasgow ▶ Coma Scale (GCS) is the most widely used
clinical instrument to evaluate the level of consciousness
[1]. It is a neurological scale that aims to give a reliable,
objective way of recording the conscious state of a patient
for initial as well as subsequent neurological assessment
[2]. A patient is assessed against three criteria of the
scale based on response to stimuli by eye opening, verbal
response, and motor response. These responses are graded
by a standardized score. This standardization allows for
assessments of different examiners, at different times, to
be reproducible.
The GCS was introduced by Teasdale and Jenett in
1974, as a descriptive tool of the functional status of the
central nervous system after head injury [2]. The GCS has
subsequently become the standard as a clinical measure of
the severity of head injury. It has been borrowed extensively for assessment of neurological status resulting from
other medical conditions such as intracranial hemorrhage,
hypoxia, neurodegenerative disease, metabolic disorders
(e.g., hepatic or renal failure, hypoglycemia, diabetic
ketoacidosis), infectious meningitis, as well as in cardiac
arrest [1]. Further, it has been modified accordingly into
a Pediatric Glasgow Coma Scale.

Classification
The three components of the GCS reflect the different
levels of CNS function and integration [2]: with eye opening corresponding to the brain stem, verbal response
corresponding to integration between the cortex and the
brain stem, and motor response corresponding to integration between the cortex and the spinal cord.

Glasgow Coma Scale

A GCS score is obtained by scoring the best eye
response (E), the best verbal response (V), and the best
motor response (M), as described in Table 1. Points for
each response are added for the total score. The GCS score
ranges between 3 and 15, the lower score of 3 corresponds
to no response; thus, a brain-dead patient could have
a GCS = 3. When reporting a GCS score, each response
scored should be reported separately (e.g., E2-V3-M4)
along with the total score (e.g., GCS 9).

Categorization
Coma: No eye opening, no ability to follow commands, no
word verbalizations (GCS 3–8).
The Advanced Trauma Life Support (ATLS) identifies
three categories of head injury based on GCS scoring:
Severe Head Injury – GCS score of 8 or less
Moderate Head Injury – GCS score of 9–12
Mild Head Injury – GCS score of 13–15

Glasgow Coma Scale. Table 1 Scoring of the Glasgow Coma
Scale
Score
(points)

Response
Best eye
opening

Best verbal

Spontaneous – eyes open with
blinking at baseline

4

To verbal stimuli, command, or
speech

3

To pain only (not applied to
face)

2

No response

1

Oriented

5

Confused conversation, but able 4
to answer questions

Best motor

Inappropriate words

3

Incomprehensible speech

2
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Application
The GCS is useful as an index of depth of impaired
consciousness, as well as for predicting neurologic recovery. It is used widely by Emergency Department, Medical
and Surgical Intensive Care Units, as well as by prehospital
providers and emergency medical systems (EMS) [1, 3].
With good interobserver reliability, the GCS has been
linked to accurate prediction of neurologic recovery
from a number of conditions, including ▶ traumatic
brain injury, cardiac arrest, subarachnoid hemorrhage,
and bacterial meningitis [1].
In patients who remain comatose after resuscitation
from cardiac arrest, a GCS score of less than 5 points, on
day 3 following cardiac arrest, has a predictive value of
poor outcome in 100% [4]. These results, however, must
be duplicated on multiple examinations to achieve the
highest predictive value.
The simplicity of the GCS and its rapidity of administration have made it popular among EMS providers for
triage and to guide therapies, and have become a component
of algorithms for out-of-hospital triage to trauma centers.
Upon arrival, and as part as the ATLS initial assessment of
the injured patient, the GCS is included in the primary
survey, and often reassessed during the secondary survey.
In intensive care units, the GCS is included as a calculating factor for various outcome predicting scores (TRISS,
Acute Physiology and Chronic Health Evaluation – APACHE
II). In fact, the GCS has proven to be the most powerful
predictive component of the APACHE II score [4].
As a limitation, the presence of unmeasureable components of the GCS compromises its usefulness. The most
common unmeasureable feature of the GCS is the verbal
score, most often due to the presence of endotracheal
intubation. Various solutions have been adopted for this
matter, including only reporting a motor and an eyeopening score; commonly referred to as GCS-T. A strong
correlation between eye and motor components with the
verbal component of the GCS has been reported. In fact, of
the three scores, the motor score has been reported as the
most predictive of neurologic outcome [5].

No response

1

Obeys commands for
movement

6

Purposeful movement to
painful stimulus

5

Withdraws in response to pain

4

Flexion in response to pain
(decorticate posturing)

3

▶ Altered Mental Status
▶ Coma
▶ Traumatic Brain Injury

Extension in response to pain
(decerebrate posturing)

2
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Definition
The term “glomerulonephritis” refers to a diverse group of
diseases characterized by inflammation affecting the renal
glomeruli. Glomerulonephritis is classified according to
both pathological characteristics and etiology. The many
different types produce a spectrum of clinical presentations, and the major types and their causes are described
below with an emphasis on presentations and conditions
most relevant to the Intensive Care Unit (ICU).

Clinical Presentations

GLN
▶ Glutamine

Global End-Diastolic Volume
(GEDV)
The sum of the end-diastolic volumes of all heart
chambers.

Glomerular Filtration
▶ Renal Blood Flow Regulation

Glomerular Filtration Rate
▶ Creatinine and Creatinine Clearance in Children

Glomerulonephritis
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Synonyms
Bright’s disease

Glomerulonephritis is a relatively uncommon cause of
renal failure in the ICU, where most acute kidney injury
is caused by ischemic or nephrotoxic insults. Recognition
of glomerulonephritis in the ICU patient is important,
however, since the timely diagnosis and initiation of
specific therapy are critical in preventing progression
to irreversible renal failure. The finding of an active urinary sediment, defined by the presence of dysmorphic
(“glomerular”) red blood cells, red cell casts, and proteinuria, is most consistent with a proliferative form of
glomerulonephritis.

Rapidly Progressive Glomerulonephritis
The most common glomerulonephritis “syndrome” associated with the need for admission to ICU is rapidly
progressive glomerulonephritis (RPGN). RPGN is characterized by a rapid deterioration of renal function
over days, weeks, or several months. Patients with
RPGN typically have glomerular hematuria, red cell
casts, and proteinuria. In the presence of large numbers
of urinary red blood cells (>500,000/ml), erythrocyte
morphology should be interpreted with caution, since
they often appear “non-glomerular” despite a glomerular origin. Macroscopic hematuria (sometimes called
“coca cola–colored urine”) is not uncommon in these
patients and usually indicates severe disease. The
pathological correlate of RPGN is widespread “crescent”
formation (Fig. 1). The important causes of RPGN are
pauci-immune crescentic nephritis associated with
anti-neutrophil cytoplasmic antibodies (ANCA), antiglomerular basement membrane (anti-GBM) disease,
and immune complex forms of glomerulonephritis,
which include severe forms of lupus nephritis (Class IV),
IgA nephropathy, post-infectious glomerulonephritis,
and cryoglobulinemic glomerulonephritis. ANCAassociated pauci-immune glomerulonephritis occurs as
one of several clinical syndromes including microscopic
polyangiitis, Wegener’s granulomatosis, Churg–Strauss
syndrome, and renal-limited vasculitis. Each of these has
distinctive features but overlap is common.

Glomerulonephritis

Glomerulonephritis. Figure 1 High-powered view of silverstained section of a renal biopsy showing a single glomerular
tuft almost surrounded by a highly cellular crescent or cap

Uncomplicated RPGN typically does not require
admission to the ICU. It is not unusual, however, for
patients with RPGN to develop other complications of
their illness or its treatment that necessitate ICU support.
Pulmonary hemorrhage is a relatively common and
life-threatening complication of both anti-GBM disease
and ANCA-associated vasculitis. The term “Goodpasture
syndrome” refers to the simultaneous occurrence of
glomerulonephritis and pulmonary hemorrhage that is
caused by anti-GBM antibodies. Patients with pulmonary
hemorrhage may need respiratory support and require
ICU management.
Infectious complications of treatment with potent
immunosuppressive agents also lead to ICU admission
for patients with RPGN. These patients are at risk of severe
sepsis caused by common gram-positive and gramnegative infections of the respiratory and urinary tract.
Patients with central venous catheters are at particular risk
of staphylococcal septicemia. In addition to the general
immunosuppressive effect of corticosteroids and cytotoxics, patients treated with plasma exchange frequently
develop hypogammaglobulinemia, which contributes to
their risk of severe infection. This group is also at risk
of opportunistic infections such as Pneumocystis carinii
pneumonia, invasive cytomegalovirus infections, and
fungal infections.

Nephritic Syndrome
The “nephritic syndrome” is characterized by the acute
onset of hypertension, hematuria (microscopic or macroscopic), proteinuria, edema, oliguria, and sometimes renal
impairment. While the clinical features of the nephritic
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syndrome and RPGN overlap, in the typical nephritic
syndrome, renal impairment is milder and glomerular
inflammation is more self-limiting. The prototypical
nephritic syndrome is due to post-streptococcal glomerulonephritis, which occurs 1–2 weeks after a group A streptococcal throat infection or 3–6 weeks after a group A
streptococcal skin infection. Post-infectious glomerulonephritis also follows infection with other organisms such as
Staphylococci and is associated with various forms of
endocarditis.
Post-streptococcal glomerulonephritis is predominantly a condition of children but people of all ages may
be affected. Patients with nephritic syndrome are usually
cared for on the general medical or renal ward, but serious
complications requiring ICU admission occur occasionally. Most, but not all, cases of acute nephritic syndrome
due to post-streptococcal glomerulonephritis are selflimiting, and the mainstay of treatment is, therefore,
supportive care. In children with the nephritic syndrome,
the most common reason for ICU support is the development of hypertensive encephalopathy, which may be associated with the “reversible posterior leukoencephalopathy
syndrome.” In elderly patients, post-streptococcal glomerulonephritis may present with acute pulmonary edema.
This has a poor prognosis and often requires ICU support
too. Older patients with post-streptococcal glomerulonephritis are more likely to require dialysis acutely and are
less likely to make a complete recovery.

Nephrotic Syndrome
“Nephrotic syndrome” is defined by the presence of severe
proteinuria (>3.5 g/24-h), hypoalbuminemia, generalized
edema, and hyperlipidemia. The clinical consequences of
the nephrotic syndrome are mainly due to the urinary
protein loss, leading to systemic hypoproteinemia and
hypoalbuminemia. Patients presenting with the nephrotic
syndrome often have a preserved glomerular filtration
rate, but loss of renal function can occur over time. Important causes of the nephrotic syndrome include diabetes,
minimal change disease, focal and segmental glomerulosclerosis, membranous nephropathy, amyloidosis, and
lupus nephritis.
Patients with the nephrotic syndrome are usually
managed on the general or renal ward, or as outpatients.
The most serious complications of the nephrotic syndrome that require ICU support are thrombotic events
and infections. The predisposition to thrombotic events is
caused by the loss of anticoagulant proteins in the urine,
especially anti-thrombin III. There is an increased risk of
both venous thromboembolism and arterial thrombosis.
Renal vein thrombosis is a particular risk, especially in
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patients with membranous nephropathy. The role of prophylactic anticoagulation in patients with severe nephrotic
syndrome remains controversial, but many units institute
prophylactic anticoagulation when the serum albumin
falls below 15–20 g/L. Bacterial infection was an important
cause of death in patients with nephrotic syndrome in the
pre-antibiotic era and remains a threat. The risk of pneumococcal infection, especially pneumococcal peritonitis,
is markedly increased.

Asymptomatic Urinary Abnormalities
The finding of glomerular hematuria or marked proteinuria in an ICU patient with a critical non-renal illness
suggests glomerular disease. This may reflect a preexisting
lesion, for example, IgA nephropathy or thin basement
membrane nephropathy. However, glomerulonephritis
also develops secondary to a variety of bacterial and
viral infections. In this situation, the histology is usually
membranoproliferative (also called mesangiocapillary)
glomerulonephritis. While the microscopic hematuria or
proteinuria may be incidental, progressive worsening or
deterioration of renal function warrants a more aggressive
approach to formal diagnosis with serological tests and
possibly a renal biopsy.

Treatment
Treatment for patients in the ICU who have glomerulonephritis must be individualized according to the diagnosis
and clinical symptoms. Immunosuppression has an
important role in most forms of crescentic or necrotizing
glomerulonephritis. In contrast, immunosuppression is
not indicated and is potentially harmful in infectionassociated proliferative glomerulonephritis.

Immunosuppression
Without treatment, RPGN inevitably progresses to irreversible end-stage kidney failure with the need for
permanent renal replacement therapy. The mainstay of
immunosuppression for the treatment of RPGN is the
combination of corticosteroids and cyclophosphamide.
Treatment with corticosteroids alone or in combination
with azathioprine is ineffective. Treatment based on cyclophosphamide and corticosteroids is best established for
the treatment of ANCA- and anti-GBM associated-RPGN,
although other cases of RPGN are managed similarly.
Patients with anti-GBM disease who are dialysisdependent have a poor renal prognosis and, in general,
should not be treated with immunosuppression [1]. Corticosteroids are often initiated as methylprednisolone
pulses (0.5–1.0 g per day for 3 days), followed by oral

prednisolone (1 mg/kg/day), the dose of which is tapered
over several months. Cyclophosphamide is most commonly given orally (2 mg/kg/day) as induction therapy
for 3–6 months. Some units induce remission with cyclophosphamide as monthly or 3-weekly intravenous pulses
(0.5–1.0 g/m2) for 3–6 months, especially in patients
with lupus nephritis. After the induction of remission
(3–6 months), patients are commonly switched to maintenance therapy in order to prevent relapse. This most
commonly consists of azathioprine (2 mk/kg/day) and
low-dose prednisolone (5–7.5 mg day).
While treatment with cyclophosphamide and prednisolone is effective, this treatment is also associated with
significant morbidity and mortality. Leukopenia is an
important side effect of cyclophosphamide, and close
monitoring of the white cell count is essential. Serious
infections can occur with treatment, and Pneumocystis
carinii pneumonia prophylaxis with trimethoprimsulphamethoxazole is recommended. Cyclophosphamide
also increases the risks of infertility and malignancy,
especially cancer of the bladder. Side effects of prednisolone include diabetes, osteoporosis, and peptic ulcer disease. Vitamin D and calcium supplementation, and
proton pump inhibitor prophylaxis are recommended.
A promising newer therapy for relapsing or refractory
RPGN caused by ANCA-associated vasculitis is rituximab,
which is a chimeric mouse/human antibody that depletes
B lymphocytes. In a recent series, rituximab resulted
in complete remission in 75% of cases of refractory
ANCA-associated vasculitis [2]. In this series, relapses
occurred in 57% of patients but re-treatment appeared
effective and safe.
Alternative immunosuppressive therapies that have
been used in the treatment of patients with RPGN include
mycophenolate mofetil, cyclosporine, and methotrexate.
The role of these treatments in RPGN at present, however,
remains limited.

Plasma Exchange
Plasma exchange achieves rapid removal of pathogenic
autoantibodies and has been shown to be of benefit in
specific situations in RPGN. The indications for plasma
exchange in the management of RPGN include:
● Anti-GBM disease complicated by pulmonary hemorrhage or RPGN. Plasma exchange of 3–4 l is commonly performed daily to second daily for 2–3 weeks
until the anti-GBM level is undetectable. The replacement fluid is usually 4% albumin, but if there is
pulmonary hemorrhage or a recent renal biopsy, part
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of the replacement fluid should be given as fresh frozen
plasma at the end of the exchange, in order to avoid
depletion of clotting factors. Patients with anti-GBM
disease who require dialysis at the time of presentation
and have crescents in 100% of glomeruli should generally not be treated with plasma exchange and immunosuppression, because the likelihood of achieving
useful recovery of renal function in this situation is
very small compared with the risks of this aggressive
form of therapy [1].
● Plasma exchange has been shown to be beneficial in
patients with ANCA-associated RPGN who have
a serum creatinine greater than 500 mmol/L or require
dialysis at presentation [3, 4]. Unlike anti-GBM
disease, with ANCA-associated RPGN, meaningful
recovery of renal function in dialysis-dependent
patients may occur. In patients with ANCA vasculitis
and less severe renal failure, plasma exchange is
generally not indicated, although the level of severity
at which plasma exchange confers a benefit is not
evident [4]. Plasma exchange is also recommended
for patients with ANCA-associated pulmonary hemorrhage and for patients with RPGN and serology
simultaneously positive for both ANCA and antiGBM
antibodies. The most common plasma exchange
regimen for ANCA-associated RPGN is treatment
with seven sessions of plasma exchange (3–4 l) over
2 weeks [3].

Renal Replacement Therapy
In general, the indications for renal replacement therapy
and its means of delivery do not differ in patients with
glomerulonephritis from other causes of renal failure.
Where possible, the integrity of the cephalic veins of the
forearms and arms should be preserved as important
future vascular access sites in patients at risk of needing
future long-term renal replacement therapy. For central
venous access, the femoral and internal jugular veins are
preferred over the subclavian veins, because of the risk of
future development of subclavian venous stenosis, which
can limit long-term hemodialysis options.

General and Supportive Care
Nutritional support is important in the care of this group
of patients, and proactive measures are required to avoid
the development of malnutrition. Careful control of blood
pressure to avoid exacerbation of renal injury is important. Fluid balance involving regular bedside assessments
as well as monitoring of central venous pressure and
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hemodynamics is important. Sepsis is a major threat to
this patient group, and general infection control measures
are essential. Symptoms or signs suggesting infection
require rapid evaluation, and the empirical use of broadspectrum antibiotics is required while awaiting a formal
microbiological diagnosis. Exposure to nephrotoxins such
as aminoglycosides, nonsteroidal anti-inflammatory
drugs, and iodinated contrast should be avoided.

Evaluation and Assessment
General Investigations
Evidence of hematuria and proteinuria are usually found
in patients with proliferative forms of glomerulonephritis.
Distinguishing between glomerular and non-glomerular
morphology of urine erythrocytes is important but interpretation depends on the observer’s technical skill and is
complicated by previous use of a bladder catheter. Nevertheless, the finding of urinary red cell casts is pathognomonic for RPGN. Although increased levels of serum
creatinine and urea indicate reduced renal function,
these are insensitive markers. For example, serum creatinine only rises above normal when more than 50% renal
function is lost. The role of novel markers of kidney injury
such as cystatin C and neutrophil gelatinase–associated
lipocalin (NGAL) is still to be established. Inflammatory
markers such as C reactive protein and ESR are commonly
raised, although these are not specific. Infiltrates on chest
X-ray may represent pulmonary hemorrhage or infection.

Serology
Serological tests have a central role in the diagnosis of
various forms of glomerulonephritis. The serological test
results most likely to influence management are a positive
anti-GBM antibody or ANCA result. If RPGN is strongly
suspected, these tests should be performed urgently.
The detection of anti-GBM antibodies by ELISA
strongly suggests a diagnosis of anti-GBM disease or
Goodpasture’s syndrome. Antibody levels do not, however, correlate with disease severity, and 10% of patients
have no antibodies. “False positives” are rare but occur
sometimes with SLE.
ANCA testing is performed by both direct immunofluorescence and ELISA. Immunofluorescence is more
sensitive, but ELISA is more specific. There are two
ANCA fluorescence patterns. Diffuse cytoplasmic fluorescence (C-ANCA) is typically associated with antibodies
directed against proteinase-3 (PR3), and is found in
patients with Wegener’s granulomatosis. Perinuclear fluorescence (P-ANCA) is present with myeloperoxidase
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(MPO) specificity in most patients with microscopic
polyangiitis. There is, however, substantial overlap in the
clinical presentations of both these conditions.
Testing for antinuclear antibodies (ANA) is highly sensitive for the diagnosis of systemic lupus erythematosus
(SLE), although false positive results are common. Positive
serology for anti-dsDNA is, in contrast, highly specific for
SLE and is commonly found in association with lupus
nephritis. Other serological abnormalities that occur
in SLE include antibodies against extractable nuclear
antigens (ENA) and antiphospholipid antibodies (lupus
anticoagulant and antibodies against cardiolipin and b2
glycoprotein).
Antibodies directed against streptococcal antigens are
found in patients with post-streptococcal glomerulonephritis. Sensitivity of testing is improved by testing for
antibodies against both antistreptolysin O (ASO) and
deoxyribonuclease (DNAase) B.
Reduced serum complement levels are commonly
observed in patients with immune complex–mediated
glomerulonephritis. In most cases, both C3 and C4 levels
are reduced. Causes of this pattern include lupus nephritis,
cryoglobulinemia, endocarditis, and type 1 idiopathic
MPGN. Isolated reduction of C3 with a normal C4 level
is consistent with activation of the alternate pathway.
This pattern is observed in post-streptococcal glomerulonephritis and type 2 MPGN (also called “dense deposit
disease”). Other causes of low serum complement include
fat embolism, hemolytic uremic syndrome, severe sepsis,
advanced liver disease, and hereditary complement
deficiencies.

Renal Biopsy
A renal biopsy is required for definitive diagnosis, classification, and assessment of the severity of glomerulonephritis. The decision if, and when, to perform a renal
biopsy is based on the balance of the expected benefit of
the information gained versus the risk of complications,
with bleeding being the major consideration. Renal
biopsy is usually performed percutaneously with realtime ultrasound assistance. If possible, two cores of tissue
should be obtained for examination by light microscopy,
immunofluorescence, and electron microscopy. Urgent
immunofluorescence of fresh tissue is especially valuable
for the rapid diagnosis of anti-GBM disease. Some units
use immunohistochemistry rather than immunofluorescence although this technique is less sensitive for the
diagnosis of anti-GBM disease. Renal biopsy is usually
performed under local anesthesia, but a general anesthetic
is recommended for children. Alternative techniques are

open biopsy, laparoscopic biopsy, and trans-jugular
biopsy, but it is not clear that any of these reduces the
bleeding risk. Clotting parameters must always be checked
and should be normalized before the procedure. Antiplatelet agents should be withheld for 7–10 days if possible. Desmopressin (DDAVP) at a dose of 0.3 mcg/kg can
be administered pre-biopsy to reduce the bleeding risk
associated with uremic platelet dysfunction. Severe
hypertension should be controlled before the biopsy is
performed. Transient macroscopic hematuria occurs in
3–18% of patients and is usually self-limiting. Severe
uncontrolled bleeding can often be managed by urgent
renal arteriography with embolization of the culprit
vessel. The risk of nephrectomy post-renal biopsy varies
between nephrology units and is about 0.3%, and the
mortality rate approximates 0.1%. Potential relative
or absolute contraindications to renal biopsy include
bleeding diatheses, uncontrolled hypertension, small
kidneys (<9 cm), a solitary kidney, and an uncooperative
patient.

After-care
Patients with glomerulonephritis require regular followup by a renal physician. When they are admitted to the
ICU, close co-operation with the renal team is critical.
Patients with glomerulonephritis are at risk of progressing
to end-stage kidney disease requiring long-term renal
replacement therapy. Damage to cephalic forearm and
arm veins with intravenous cannulae should be avoided
as much as possible, because these represent important
options for future hemodialysis access. For central venous
access, the internal jugular and femoral veins are preferred
over the subclavian veins because of the risk of subclavian
stenosis, which can become a major problem for hemodialysis patients. Long-term management of glomerulonephritis may require ongoing immunosuppression, which
requires regular review to assess its effectiveness and
toxicity. Complications of therapy that require monitoring and treatment include steroid-induced diabetes and
osteoporosis. Many patients with glomerulonephritis have
associated hypertension, which needs to be expertly controlled to minimize secondary renal injury and cardiovascular risk. Patients in their reproductive years treated
with cyclophosphamide frequently become infertile and
require specialist assessment and possibly sperm, ovary, or
embryo harvesting, before the treatment is commenced.

Prognosis
The prognosis varies markedly for different forms of glomerulonephritis. In the era prior to the development of
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effective immunosuppression, patients with RPGN rapidly
progressed to end-stage renal failure or death. While the
prognosis has improved markedly with current immunosuppression, morbidity and mortality remain substantial.
For example, in a series of patients with ANCAassociated vasculitis treated with cyclophosphamide and
prednsisolone and followed for 5 years, the mortality rate
was 24% and the risk of end-stage kidney disease was 28%
[5]. Adverse outcomes are due to ongoing disease activity
or the complications of therapy. Post-streptococcal and
other infection-associated glomerulonephritides usually
resolve with treatment of the precipitating infection,
although the prognosis is less favorable in the elderly. In
patients who develop chronic kidney disease, predictors of
progression include proteinuria, raised serum creatinine
at presentation, poorly controlled hypertension, and the
demonstration of interstitial fibrosis and tubular atrophy
on renal biopsy. All patients with glomerulonephritis
require ongoing follow-up by a nephrologist to monitor
disease progression and treatment over time.
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Synonyms
Alanyl-glutamine dipeptide; GLN

Trade Names
Dipeptiven; Nutrestore

Class and Category
Amino acid, food product, drug

Indications
Glutamine has a long history of intensive care unit (ICU)
prescribing worldwide for medical, surgical, trauma,
and burn patients based on evidence that it improves
clinical outcome, and is a minimal-risk, low-cost intervention. The interest in glutamine supplementation is
due to the fact that glutamine is released in large
amounts from muscle tissue during catabolic states serving as a vital nutrient source for many cell types and
a stress signal inducing key cellular protection pathways
(i.e., heat shock protein expression). However, despite
this massive release from muscle, plasma levels of glutamine decrease rapidly in critical illness due to limited
muscle stores. Admission deficiency in plasma glutamine
has been found to be predictive of mortality in the ICU.
Glutamine plays a vital and versatile role in many key
pathways required for survival from critical illness and
injury.
Thus, given the available data every worldwide critical
care and clinical nutrition society’s guidelines give glutamine a grade “A” recommendation for all patients requiring parenteral nutrition in the ICU. This data is based
on 4 level 1 and 13 level 2 randomized controlled trials
showing significant reductions in mortality and infectious
morbidity in ICU patients. Oral glutamine presently
receives a grade “B” recommendation for use in trauma
and burn patients to reduce infection and mortality in
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these settings. Finally, recent clinical data reveals that
glutamine appears to be the first, and at present, the only
clinically available therapeutic agent able to induce the
protective heat shock protein response to improve outcome in critically ill patients. Currently large clinical trials
are studying the use of glutamine as a separately administered “pharmaconutrient” to reduce mortality in critical
illness.

Dosage
The greatest clinical efficacy in currently available randomized trials was achieved when doses of 0.5 g/kg/day
either orally, enterally, or intravenously were administered. Clinical trials have administered GLN at doses
ranging from 10 g/day up to 1.0 g/kg/day. Metaanalysis data reveals the greatest reductions in mortality and infectious morbidity at dosages greater then
0.2–0.3 g/kg. Very few trials show clinical benefit at
doses lower than this in an ICU population. Glutamine
can be given orally, enterally, or intravenously. Dosing
orally/enterally should be at a minimum of 0.5 g/kg/day,
typically in divided doses either three or four times daily.
Successfully studied enteral doses in trauma and burn
injury include 0.5 g/kg/day given continuously or in
divided doses every 4–6 h. In markets where intravenous
glutamine dipeptide formulations (such as alanylglutamine or glycyl-glutamine) are available, the
recommended dose is 0.35 g/kg/day (yields 0.2 g/kg glutamine) as a continuous infusion. However, doses as
large as 1.0 g/kg/day have been studied in critically ill
patients without adverse effect. Glutamine dipeptides are
commonly added to complete parenteral nutrition solutions as glutamine is often the only amino acid not
included in standard parenteral amino acid preparations.
The approved doses in parenteral nutrition solutions
in most markets are from 0.35 g/kg to 0.5 g/kg of alanyl-glutamine, which yields 0.2–0.35 g/kg of free
L-glutamine.

Preparation/Composition
The most common form of glutamine given in the ICU
intravenously is the alanyl-glutamine dipeptide. This form
is readily soluble in water and is stable at room temperature for up to 24 months. It is typically available as
a 20% solution. L-glutamine solutions are available in
some countries. However, these solutions have limited
solubility and are available in a maximal concentration
of 2.5–3.0%. These solutions also have limited shelf life
due to L-glutamine’s limited solubility and stability in
solution.

Enteral and oral preparations of glutamine are typically made with free L-glutamine and are commercially
available worldwide.

Contraindications
In cirrhotic liver failure the significant nitrogen content of
glutamine can lead to elevation in ammonia that must be
monitored when glutamine is given in this setting. Previous concerns about glutamine administration in head
injury have been decreased by data showing that even
large intravenous doses of glutamine have not been
found to lead to increases in brain glutamate levels.

Mechanisms of Action
There are numerous hypotheses pertaining to glutamine’s
mechanism of action in the ICU population, and its
dramatic release from muscle. It acts as a fuel source for
rapidly dividing cells, is a precursor for nucleic acid synthesis, and aids the kidney in acid–base homeostasis. Glutamine also serves as a cell-signaling molecule in catabolic
states regulating the expression of genes, and functioning
in intracellular signaling pathways, signal transduction,
and cell repair/defense. It is likely that glutamine release
from muscle serves as a “stress signal” signaling the transcription of genes important for immunity and cellular
metabolism.

Induction of Heat Shock Proteins
A central theme in glutamine’s beneficial effects involves
the induction of heat shock proteins, particularly HSP-70.
Through the use of knock-out cells and knock-out animals it has been shown that the capacity to express HSPs is
required for glutamine’s protection against injury. It has
also been shown that administration of glutamine to critically ill patients can enhance their HSP expression, and
this increased expression correlates with improved
ICU outcome. The mechanism for glutamine-mediated
induction of HSP-70 is via the hexosamine biosynthetic
pathway (HBP), which is required for glutamine to function optimally. Glutamine utilizes the HBP to modify
gene expression via the transcription factors Sp1 and
HSF-1. It is likely that the HBP is part of an early cellular
protective response; it responds quickly to stress by
modifying proteins. Other experiments have shown that
the glutamine-mediated induction of HSP-70 is via the
hexosamine biosynthetic pathway (HBP). Intravenous
glutamine administration has been shown to enhance
HSP-70 expression in critically ill patients. This increased
expression of HSP-70 was found to be correlated with
reduced length of stay in the ICU and reduced ventilator
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days. Thus, glutamine can be regarded as the first, and
presently the only clinically relevant inducer of heat shock
protein expression to improve outcome in critical illness.

Attenuation of Hyperinflammatory
Response
In experimental models, glutamine supplementation leads
to a decrease in the release of pro-inflammatory cytokines
(specifically, IL-6 and TNF-a) following injury or surgery,
which correlates with improved survival after infection.
This reduced hyperinflammatory response is mediated
through glutamine’s attenuation of nuclear binding/
activation of nuclear factor-kappa B (NF-kB).

Immune Function
The immune system is affected by glutamine intake. Lymphocytes and macrophages metabolize glutamine at a high
rate. Cell surface activation markers CD25 [inerleukin
(IL)-2 receptor a chain], CD45 RO (leukocyte common
antigen), and CD71 (transferring receptor) are dependent
on the presence of glutamine for their expression. Monocyte function is hindered when glutamine is deficient.
Altered monocyte major histocompatibility complex
class II is associated with postoperative infection and
sepsis and has been linked to expression levels of human
leukocyte antigen on DR locus (HLA-DR expression).

Study
or sub-category
Griffiths
Houdijk
Jones
Powell-Tuck
Brantley
Wischmeyer
Garrel
Hall
Zhou
Fuentes-Orozco
Xian-Li
Dechelotte 2006
Palmese
Sahin
Cai
Duska
Estivariz
Fuentes-Orozco 2008
Luo 2008
McQuiggan
Perez-Barcena

Glutamine
n/N

Control
n/N

18/42
4/41
10/26
14/83
0/31
2/15
2/21
27/179
0/20
2/17
0/20
2/58
6/42
2/20
17/55
2/10
1/32
2/22
1/23
0/10
3/15

25/42
3/39
9/24
20/85
0/41
5/16
12/24
30/184
0/20
3/16
3/21
2/56
8/42
6/20
20/55
0/10
6/31
5/22
0/9
2/10
0/15

Glutamine’s relationship to cellular metabolism and
mitochondrial function is through its preservation of
ATP/ADP and NAD levels in the face of sepsis, shock,
and I/R injury. This knowledge has been put to use clinically as glutamine has been tested as a resuscitation fluid
in hemorrhagic shock to restore hepatic ATP levels. Experimental work also shows that it plays a role in prevention
of apoptosis following injury, likely through the extracellular signal-regulated kinase (ERK) signaling pathway.
Another contributor to mortality in the ICU is hyperglycemia and insulin resistance. It has been observed that
glutamine supplementation can improve parameters of
hyperglycemia and reduce insulin requirements, particularly in trauma patients.

Meta-analysis of Glutamine Use in the ICU
A meta-analysis of all published clinical trials of glutamine
in the ICU setting has been conducted and has since
been updated on January 31, 2009 (Fig. 1), with the
most recent trials of glutamine therapy in critical
illness. The new updated data/meta-analysis is available
on http://www.criticalcarenutrition.com. This updated
work reveals that glutamine given by either the enteral or
parenteral route leads to significantly reduced mortality in
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Glutamine. Figure 1 Effect of enteral and parenteral glutamine on overall mortality in critical illness
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Glutamine. Figure 2 Effect of enteral and parenteral glutamine on infectious complications
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Glutamine. Figure 3 Effect of enteral and parenteral glutamine administration on length of stay

critical illness (RR 0.79, 95% CI 0.61–0.93, p = 0.008), and
infectious morbidity was also significantly reduced [Fig. 2
(RR 0.79, 95% CI 0.68–0.93, p = 0.005)]. Glutamine also
led to a 206-day reduction [Fig. 3 (95% CI 4.39, 0.74,
p = 0.006)] in ICU length of stay. The subgroup of patients
requiring parenteral nutrition was analyzed separately. In
this group, glutamine led to a 29% reduction in the risk of
death [Fig. 4 (RR 0.71, CI 0.55–0.92, p = 0.008)].

Summary
Glutamine-deficient patients in the ICU seem unable to
generate an HSP response, which may put them at

increased risk for a systemic inflammatory response and
organ failure. Glutamine has a long history of safe
prescribing worldwide and a number of clinical trials
(and a meta-analysis) that show that it protects against
infectious morbidity and mortality in the ICU. While
there have been few trials that did not show a positive
effect from glutamine supplementation, there were clear
differences between the positive and negative trials. Trials
showing positive effects of glutamine therapy gave larger
doses, and more often delivered it via the parenteral
route. Glutamine is now considered by many to be a
“conditionally essential” nutrient in critical illness.
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Glutamine. Figure 4 Effect of parenteral glutamine on mortality
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Definition
Glutamine is the most abundant free amino acid in the
human body. A large number of tissues and cells of the
body utilize glutamine at high rates, and availability of
glutamine is essential for their function. It plays a central

role in several important functions of the human cell.
These functions include:
● Essential metabolic precursor in nucleotide and glucose biosynthesis
● Constituent for proteins – usually 5–10% of the total
amino acid content
● Energy substrate for immunocompetent cells and
enterocytes
● Precursor for the important excitatory neurotransmitter glutamate in the brain
● A pathway for glutamate transport out of the brain
● Precursor for the antioxidant glutathione
● Interorgan transporter of nitrogen
● A substrate for renal ammoniagenesis and acid-base
regulation
● Direct effects on gene expression

Characteristics
Biochemistry
Glutamine has a molecular weight of 146 Da and is built
up from an alfa-ketoglutarate carbon skeleton and two
amino groups as illustrated in Fig. 1. As alfa-ketoglutarate
is a constituent of the Citric Acid Cycle, glutamine has
a fast entry to the aerobic energy production of the
mitochondria. Glutamate is built from the same carbon
skeleton and hence closely related and easily transformed
to glutamine and alfa-ketoglutarate. With removal or
addition of amino groups, these three substances are
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synthesized from each other as shown in Fig. 2. Hence,
glutamine is produced from the combination of glutamate
and NH3 by glutamine synthetase.
Skeletal muscle is the major synthesizer of glutamine
in the body, but smaller amounts are also synthesized in
other tissues, such as liver, lungs, and astrocytes. The
major source for this synthesis is glutamate exported
from the liver. The estimated endogenous synthesis rate
of glutamine is 50–80 g/day in healthy adults. Plasma
glutamine concentration is 0.5–0.8 mmol/L, which is
20–40% of the total free amino acid content in plasma.
Glutamine is also the most abundant intracellular free
amino acid in many tissues. In skeletal muscles, the intracellular concentration is around 20 mmol/L, which is a lot
higher than in other tissues due to its role as glutamine
producer. In the basal state, skeletal muscles export all
free amino acids, except glutamate. However, in the fed
state, this tissue has an uptake of all free amino acids
except glutamine, which is constantly exported. Skeletal
muscle can even use essential amino acids to produce
glutamine [1].
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Glutamine Metabolism. Figure 1 Structure formula for
glutamine

Energy Substrate
Glutamine is quantitatively the most important energy
fuel for rapidly dividing cells such as enterocytes, fibroblasts, and immune cells. Glutamine can be transported
into mitochondria via a transport system specific for
glutamine and asparagine. There it is metabolized to
glutamate by the action of glutaminase, an enzyme
found at high concentration in cells which often utilize
glutamine. The role of glutamine in energy production
is particularly important in cells that can export free
ammonia. Glutamine can provide the cell with almost as
much energy as glucose, thus it is a valuable energy
source.
Most cultured cells in the laboratory use glutamine as
an energy substrate, and it is of high importance to cell
survival and proliferation in vitro. It is difficult to grow
cells in culture medium that does not contain an excess of
glutamine. This is probably due to its combined role in
energy production and nucleotide synthesis. Especially
immunocompetent cells and enterocytes are sensitive
to the concentration of glutamine and need it in order to
divide in vitro.
Newsholme et al. have proposed the leading theory on
the high utilization of glutamine in these cells [2]. They
have a high rate of glutamine uptake, high levels of glutaminase, but a low rate of oxidation. This keeps a constant
high flow and availability of glutamine in the cells, which
at any given moment can be used to highly increase nucleotide and glutathione synthesis. The nucleotides are
needed both for DNA as the cells divide and for RNA
necessary for protein synthesis. As these are cells that in
crucial situations need to multiply rapidly as a response to
a challenge at any time, they need to keep the flow of
glutamine constantly high also when they are quiescent
and do not really need it.
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Glutamine Metabolism. Figure 2 Glutamine is synthesized from a-ketoglutarate and glutamate by the action of glutamate
dehydrogenase and glutamine synthetase respectively

Glutamine Metabolism

Nitrogen Transportation, the Liver and
the Kidney
The liver is the only organ in the body with the ability to
metabolize ammonia into urea, which is nontoxic and can
be transported to the kidneys for excretion. Free ammonia
from the splanchnic region is hence taken care of when the
blood is filtered through the liver. Ammonia from the rest
of the body, however, needs to be transported to the liver.
As high circulating levels of free ammonia in the general
circulation are toxic to the central nervous system, glutamine is used as a nitrogen vehicle.
In astrocytes the ability to synthesize glutamine is
normally used to return the glutamate removed from the
synaptic cleft back to the neuron where it can be recycled
to glutamate. During a state of hyperammonia, this
becomes an important protective mechanism for the
CNS as glutamine synthesis is a way for the astroglia to
remove ammonia from the circulation.
Another destination for the nitrogen is the kidneys,
where glutamine is the most important donor of NH3.
Glutaminase cleaves the NH3 off from the glutamine,
creating glutamate. The expression of this enzyme in the
kidneys is regulated by pH. The NH3 is secreted and
combines with H+ in the collecting tubule to form ammonia. The H+ which is thus gotten rid of comes from renal
synthesis of HCO3. Hence, glutamine metabolism in
the kidney is essential for acid-base buffering and maintenance of blood pH. The left over glutamate is converted
and enters the gluconeogenesis. Glucose produced from
the kidneys accounts for up to 25% of the whole body
glucose production.

G

lymphokine-activated killer cell activity and impairs cellular stress response.
In septic patients, there is a considerable decrease in
the number of functional phagocytes. As they play an
important role in antigen presentation and T-cell activation, this can have serious effects for the patient. In
vitro studies have shown that a lack of glutamine, equal
to the low concentrations found in critically ill patients,
downregulates several important surface and adhesion
molecules in monocytes in a concentration-dependent
manner. These finding was paralleled by a diminished
capacity of antigen presentation to T-cells. Reduced glutamine concentrations also led to a decreased phagocytic
capacity of the monocytes [2].

Apoptosis
Glutamine depletion has been shown to modulate apoptosis in a large number of cell types. In cell cultures of
enterocytes, it has been found that glutamine inhibits
apoptosis via the extrinsic, death receptor, pathway in
a dose-dependent manner by preventing activation of or
suppressing caspases and kinases involved in the signalling
of the receptor [3]. In cultivated T-cells, glutamine has
been found to significantly downregulate the expression of
Fas and Fas ligand, upregulate the anti-apoptotic protein
Bcl-2, and decrease activity of caspases, hence protecting
them from apoptosis. Studies of neutrophils have also
shown that glutamine provision decreases expression
of pro-apoptotic proteins and increases expression of
anti-apoptotic proteins also in these cells.

Glutamine and the Immune System

Glutathione and Heat Shock Proteins

As discussed above, glutamine is utilized at high rates by
several cells of the immune system, including lymphocytes,
macrophages, and neutrophils, and crucial for their function. Depletion of glutamine leads to a G0/G1 phase arrest
of these cells’ proliferation. Glutamine supplementation has
been shown to attenuate proinflammatory cytokine release
in experimental endotoxemia and reduce the immunosuppression induced by surgery. The understanding of the
mechanisms involves increases over time.
Glutamine availability has been reported to be necessary for many functions of immune cells, such as T-cell
proliferation, B-lymphocyte differentiation, expression of
key lymphocyte cell surface markers such as CD25, macrophage phagocytosis, antigen presentation and cytokine
production (IL-1, IL-2 IL-6, TNF-a, IFN-g) plus neutrophil superoxide production, and delaying or preventing
apoptosis [3]. Whereas lack of glutamine reduces

Experimentally, glutamine availability protects the gastrointestinal mucosa and cardiomyocytes following ischemia/reperfusion. Some of the cell protective effects of
glutamine may be mediated by heat shock proteins,
which have been shown to be expressed at a lower rate in
glutamine deficiency, but enhanced when glutamine is
available. These proteins are essential to cellular survival
under stressful situations. Both in vitro and in vivo studies
show that glutamine is a potent enhancer of heat shock
protein 72, Hsp72, which in turn downregulates cytokine
expression. Also the expression of Hsp70 has been shown
to be connected to glutamine concentrations as reduced
levels of glutamine significantly impaired Hsp70 expression in cultured immune cells. Hence, glutamine-starving
cells are unable to express normal amounts of Hsp70.
One study indicates that this depends on a tremendously
shortened half-life of Hsp70 mRNA (less than 20% of the
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half-life in normal glutamine levels). In vivo studies have
shown that glutamine-mediated Hsp70 induction in sepsis and shock is tissue dependent, liver shows almost no
induction, whereas heart and lung get a significant
increase following glutamine treatment.
Glutamine is also a precursor for glutathione, important as an antioxidant and protecting cells from apoptosis.
In postoperative patients, glutamine has been shown to
attenuate the depletion of glutathione in skeletal muscle
induced by surgery [3]. It can also preserve hepatic glutathione levels after liver injury. In vitro cells damaged by
reactive oxygen species has shown a restoration of mitochondrial structure and metabolism when incubated with
glutamine. The cell death seen in hyperoxia is preceded by
a degeneration of the mitochondria. Glutamine protected
mitochondria and other cellular structures in cells exposed
to hyperoxia. Although the mechanisms behind this are
not fully understood, findings imply that glutathione and
ATP production play important roles.
The cultured cells exposed to hyperoxia doubled their
glutamine consumption compared to normal oxygen
conditions. In addition, it was demonstrated that glutamine can protect the TCA cycle enzyme alfa-ketoglutarate
dehydrogenase from inactivation under oxidative stress.
Hence, glutamine can prevent a loss of ATP that is seen in
cells with glutamine depletion exposed to hyperoxia. It has
been suggested that this available ATP could then be used
by the cell for homeostatic, protective, and repair mechanisms. These mechanisms could be important in ICU
patients in need of respiratory aid and high concentrations
of oxygen to retain O2 saturation.
Another method for the cytoprotective effect of both
Hsp and glutamine seems to be influencing ion transport
across the cell membrane and maintaining the intracellular ion milieu, another ATP-demanding action.

Intestine
Several animal studies report that glutamine prevents
bacterial translocations by maintaining integrity of the
mucosal barrier of the intestines. This is done by increasing DNA and protein synthesis, villous height, and
mucosal proliferation leading to a decrease in mucosal
permeability. In vitro studies have shown that glutamine
is involved as an activator in signal transductions pathways of growth factors in epithelial intestine cells regulating expression of genes involved in cell division and
inflammation [3].

Insulin and Pancreatic Beta Cells
Pancreatic islet cells can metabolize glutamine at high
rates. Recent studies have shown that glutamine influences

(enhances) insulin secretion and gene expression in the
beta cells. Some of the genes regulate code for ion channels, metabolic enzymes, and protein kinases and phosphatases involved in insulin secretion. It has also been
shown to be involved in the metabolic mechanisms mediating insulin resistance in the glucose transport system
in the way of attenuating insulin-desensitization in intensive care unit patients. Presumably, glutamine improves
adipose tissue insulin sensitivity.

Metabolic Stress
Although glutamine is a nonessential amino acid, it has
been shown that critically ill patients have a relative lack of
glutamine, and that glutamine supplementation in parenteral nutrition to these patients improves both mortality
and morbidity [4]. Metabolic stress, such as severe trauma
or infection, major surgery, or multiple organ failure,
causes an increased export of glutamine from skeletal
muscle which in turn causes an intracellular depletion
of glutamine in the muscle. Studies have observed that
glutamine synthetase expression increases greatly, whereas
glutaminase activity remained constant in skeletal muscle
during sepsis. Despite the increase in glutaminase
activity, the rate of release exceeds that of synthesis. One
of the factors behind this is cortisol, which is known to
upregulate glutamine synthesis in skeletal muscle.
ICU patients have a profound depletion that often
goes down to 20% of the normal level already on the
first day in the ICU and then remains unaltered during
the entire ICU stay. In these patients, glutamine is considered a conditionally essential amino acid. When giving
glutamine supplementation to critically ill patients, the
subject of enteral versus parenteral administration has
been widely discussed. To patients receiving parenteral
nutrition, glutamine supplementation is considered the
standard of care. However, when it comes to enteral nutrition, there is no conclusive evidence for the benefits of
glutamine supplementation. One reason for this may be
the high fraction of first path elimination through the
splanchnic area. Most of the glutamine provided enterally
is utilized by enterocytes and immunocompetent cells in
the intestine. Then more is taken up as the blood passes
through the liver and only a fraction of the originally given
dose appear in the general circulation. In contrast parenteral administration provides a wide distribution to the
whole body in relation to the blood flow to the different
tissues and organs.
In the future, it has been suggested to use plasma
glutamine concentration at admission to the intensive
care unit as a prognostic marker and an indicator for the
need of glutamine supplementation.
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Early goal-directed therapy (EGDT) is a management
strategy for patients with critical infections, applying an
algorithmic approach to correct key hemodynamic variables at a proximal point of the treatment process. This
can occur in the Emergency Department (ED) in the
case of patients presenting from the community or on
the wards, in the operating rooms, and in intensive care
units (ICUs) in patients who develop their infections while
hospitalized. To understand the rationale for and efficacy
of EGDT, it is important to have a general understanding
of infectious disease and the continuum of severity of
disease.
It is unknown how many people develop an infection
from a bacterium, virus, or fungus each year. The majority
of these infections are asymptomatic but a significant
percentage cause symptoms that make the person aware
that their body is fighting an infection. A continuum exists
between asymptomatic infection and life-threatening
disease. Sepsis occurs when a person has a source of
infection and the body mounts a protective response to
that infection in an attempt to eliminate the infectious
source. The body’s protective response has been described
as the systemic inflammatory response syndrome (SIRS)
and can be identified by the presence of common signs of
inflammation: core body temperature <36 C (96.8 F) or
>38 C (100.4 F); heart rate >90 beats per minute (BPM);
a respiratory rate >20 breaths per minute; a white blood
cell (WBC) count<4,000/mL or >12,000/mL or with >
10% immature cells. If the patient has two or more of these
SIRS criteria in response to an infection, the patient has
sepsis. If an infection and the body’s response to that
infection produce organ dysfunction, the patient has
severe sepsis. If the illness progresses to the point of
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ongoing hypotension, classified as a systolic blood pressure (SBP) <90 mmHg despite adequate volume resuscitation, the patient has septic shock. Different management
strategies are needed as the severity of disease moves
along this continuum, and EGDT has emerged as one of
the cornerstones for the management of patients with
severe sepsis and septic shock.
It has been estimated that 750,000 patients have severe
sepsis or septic shock each year in the USA and the overall
mortality is 30%. A similar number occur each year in
Europe. The incidence of severe sepsis is increasing as the
population ages, more patients live longer with severe
comorbidities, and the number of patients on chronic
immunosuppressive therapy increases. Forty percent of
patients with severe sepsis originate in the community
and are admitted to the hospital through the ED; the
other 60% develop severe sepsis while hospitalized,
either as a progression of already present infection or
the emergence of infections, especially in the postoperative setting.
Antibiotic therapy and supportive care are the key
components of the management of patients with sepsis.
The intensity of therapy required increases as the patient
moves along the continuum of severity of illness. When an
imbalance between oxygen delivery and oxygen consumption occurs, tissue-level hypoperfusion and shock ensue.
Hypoperfusion can manifest itself as increased production
of lactate or as hypotension. With the development of
shock, sepsis becomes a time-sensitive disease and rapid
intervention is required.

Conceptualizing Early Goal-Directed Therapy
The concept of EGDT grew out of insights from hemodynamic optimization trials in high-risk surgical patients.
Dr. Shoemaker observed that patients admitted for highrisk valve replacement surgery had unacceptably high
mortality. He hypothesized that the patients would do
better if their hemodynamics were optimized prior to
the physical stress of surgery. Using invasive monitoring,
Dr. Shoemaker attempted to increase oxygen delivery to
supratherapeutic values in a systematic fashion. This
approach lowered mortality in this patient cohort from
33% to 4% [1]. Subsequent studies attempting to apply
a similar approach to a mixed group of critically ill ICU
patients showed no efficacy to a hemodynamic optimization strategy. Dr. Gattinoni and colleagues randomized
more than 750 ICU patients to receive either normal
therapy, therapy targeting supranormal cardiac output
(CO), or therapy normalizing oxygen delivery, measured
by mixed venous oxygen saturation (SvO2). No difference
was seen between the three groups. However, the patients

enrolled in Dr. Gattinoni’s trial had been in the ICU for at
least 24 h and, on average, had already attained the resuscitation goals related to central venous pressure (CVP),
mean arterial pressure (MAP), and SvO2. It can be argued
that when aggressive, targeted therapy is applied to an
already optimized patient population, the risk of the therapy will outweigh the potential benefits because the
patients are no longer in a supply-dependent phase of
oxygen consumption.
The 1999 ACCM guidelines for the management of
patients with severe sepsis and septic shock suggested
several hemodynamic goals in this patient population
including pulmonary artery occlusion pressure of 12–15
mmHG, adequate MAP, preload, and contractility;
however, these guidelines were largely based on expert
consensus because of a lack of clinical trials. In 2001, in
The New England Journal of Medicine, Dr. Rivers and
colleagues published their landmark study on EGDT,
which revolutionized the approach to treating patients
with severe sepsis and septic shock [2]. Dr. Rivers and
colleagues designed a study to test a number of insights
into severe infections: (1) severe sepsis and septic shock
are time-dependent diseases and a window of opportunity
exists to reverse pathophysiologic changes developing at
the organ and tissue levels before damage becomes irreversible; (2) when severe sepsis and septic shock patients
present to the ED, they are often in a supply dependent
phase of oxygen consumption and will consume more
oxygen if supplied; (3) serum lactate levels can be used
to identify patients with severe tissue-level hypoperfusion
who have not yet developed SBP criteria for shock.
The trial published by Dr. Rivers and colleagues is
a single-center, randomized, partially blinded trial of
standard therapy compared to an algorithmic, goaldirected hemodynamic optimization strategy in patients
with severe sepsis or septic shock. To qualify for the
trial, patients had to have a suspected or confirmed
source of infection, at least two SIRS criteria as
a marker of sepsis, organ dysfunction, and either a lactate
4 mmol/L as a marker of tissue-level hypoperfusion or
an SBP 90 mmHg after a fluid challenge of 20–30 cc/kg
over a 30 min period. It is important to emphasize that
a novel approach of the EGDT enrollment criteria was
the use of serum lactate as a marker of tissue-level
hypoperfusion, organ dysfunction, and impending cardiovascular collapse. For both groups adequate IV access
was obtained, supplemental oxygen was delivered (including intubation if clinically indicated), a central venous
catheter (CVC) and arterial pressure monitoring catheter
(a-line) were placed; antibiotics were administered and
source control was pursued as indicated.
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Severe Sepsis Pathway
Who needs this?
Patients with:
1. ≥ 2 SIRS criteria
HR >90
RR >20
T>100.4° or <96.8°
WBC >12 or <4
2. Suspected infection
3. Lactate >4
or
SBP <90 after 30cc/kg bolus

Insert CVC in IJV or SCV
Send ScvO2 if not Presep® catheter
Calculate Apache II score† and notify Super SAR about need for MICU Bed

CVP ≥ 8

Yes

No

Bolus 500 ml NS q15–20 min
Assess for pulmonary edema if >3L given
MAP ≥65

Yes

No

1. Start/Titrate norepi 2 mcg/min or dopamine 5 mcg/kg/min*
2. Dexamethasone 4 mg IV Q6° for refractory hypotension
3. Place arterial line if time permits
ScvO2 ≥ 70%

Yes

No
1. Send Stat Super Gas to assess current HgB
2. Transfuse PRBC’s until HgB ≥10

ScvO2 ≥70%

Yes

No
Start/Titrate Dobutamine 2.5 mcg/kg/min (increase by 2.5
mcg/kg increments; hold for hr >120, map <65)

ScvO2 ≥70%

Yes

CVP, MAP, ScvO2 goals achieved

No

Re-evaluate to achieve goals

*If patient requires vasopressor do Stim test:
√Serum cortisol just prior to giving ACTH
Give 250 mcg ACTH IV
√Serum cortisol 1 hour after ACTH given
†
www.sfar.org/scores2/apache22.html
Consider activated protein C if Apache II ≥25

Goal-Directed Therapy. Figure 1 The hospital of the University of Pennsylvania’s severe sepsis pathway
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Specifics of the Protocol
In the trial, 263 patients were enrolled. For the 133 randomized to standard therapy the following were
addressed: CVP was checked at some time in their ED
course and attempts were made to increase the CVP to
8–12 mmHg; a MAP of >65 mmHg was targeted; a urine
output of >0.5 mL/kg/h was pursued using IV fluid
boluses. The patients were transferred to the ICU when
a bed became available. For the 130 patients randomized
to the EGDT group, a 6-h algorithmic resuscitation
strategy addressing hemodynamic goals in a systematic
fashion was pursued and the patients remained in the
ED the entire 6 h. The first hemodynamic variable
addressed was CVP, as a marker of preload. If the CVP
was <8 mmHg, IV boluses of crystalloid solution were
given. After adequate volume resuscitation, MAP, as
a marker of appropriate afterload, was addressed, with
a target goal of 65–90 mmHg. Inappropriately low MAP
was corrected with vasopressor infusion; inappropriately
high MAP was treated with vasodilators. The third hemodynamic variable addressed was the central venous oxygen
saturation (ScvO2), a marker of the balance between oxygen delivery and oxygen consumption. This variable was
not addressed at all in the standard therapy arm. In the
EGDT arm of the trial, if the patient’s ScvO2 was70%,
packed red blood cells (pRBC) were transfused to
increase the patient’s hemoglobin (Hgb) to10 mg/dL.
If an Hgb level of 10 mg/dL already existed, an inotrope
was started.
After 6 h of algorithmic care, the patients were transferred to the ICU where the ICU physicians were blinded
to which study arm the patients were enrolled in. Using
this resuscitation strategy, Rivers and his colleagues demonstrated a 16% absolute reduction in in-hospital mortality in patients treated with EGDT versus standard therapy
(46.5% vs 30.5%). This survival benefit remained at 28
and 60 days after treatment. The mortality benefit of
EGDT was twofold: (1) EGDT patients had a 50% reduction in sudden cardiovascular collapse as a cause of death,
12/117 (10.3%) vs 25/119 (21.0%); and (2) post-hoc analysis of stored serial blood samples from the EGDT trial
demonstrated significant reductions in inflammatory
markers associated with progression of organ dysfunction
and these reductions were noted as early as 3 h after
the onset of therapy [3]. This suggests that early restoration of tissue-level perfusion is an immunomodulatory
intervention.
Significant differences between the EGDT and standard therapy groups during the first 6 h of care included:
(1) crystalloid infusion, EGDT, 5.0 L vs standard therapy,
3.5 L; (2) inotropes, EGDT, 13.7% versus standard

therapy, 0.8%; and (3) pRBC transfusion, EGDT, 64.1%
vs 18.5%.
The potential for a significant reduction in severe
sepsis mortality demonstrated in this single center trial
was acknowledged in the Surviving Sepsis Campaign’s
(SSC) 2004 recommendations for the initial resuscitation
bundle, which gave EGDT a high priority (see Fig. 1 for an
example of a hospital’s EGDT protocol). The same level of
evidence was assigned to EGDT when the SSC guidelines
were revised in 2008 [4].

Controversies
Significant controversy has surrounded the translation of
the EGDT algorithm used in the original trial to the management of severe sepsis patients in diverse settings. These
concerns include: (1) the level of evidence assigned by the
SSC to a single center trial, (2) the contribution of each step
of the algorithm to patient outcomes, and (3) the generalizability of results to patient populations at increased risk
for severe sepsis (transplant; oncology patients receiving
chemotherapy; need for immediate surgical intervention)
who were excluded from the original trial.
Pooled data of EGDT implementation studies (either
without controls or with historic controls) have demonstrated similar mortality reduction as the original trial; the
SSC’s initial publication addressing increased worldwide
compliance with their resuscitation and management
bundles demonstrated significant mortality reduction
(37% prior to initiation; 31% after) when the bundles,
including EGDT, were employed [5]. A recent trial
by Jones et al. demonstrated the non-inferiority of a
goal-directed resuscitation strategy substituting lactate
clearance for ScvO2 as the third resuscitation goal [6].
An NIH-funded, multicenter, three-arm trial comparing EGDT as performed in the Rivers et al. trial to lessinvasive, protocolized care to standard therapy, known as
the Protocolized Care in Emergency Department Septic
Shock (ProCESS) trial, began enrolling patients in January
2008. The trial hopes to test the survival benefit seen with
protocolized care.

Conclusions
Several fundamental insights from the original EGDT trial
remain central to currently accepted “standard of care” for
managing patients with and improving outcomes from
severe sepsis and septic shock: (1) early recognition of
severity of illness, (2) implementing aggressive resuscitation
at the most proximal phase of critical illness, (3) systematically targeting specific resuscitation goals in an algorithmic
fashion, (4) increasing oxygen delivery during the supplydependent phase of critical infections reverses shock, limits
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inflammation, and prevents sudden cardiovascular collapse. Further investigations are needed to refine EGDT,
define the importance of different hemodynamic resuscitation goals, and elucidate the optimal resuscitation strategy
for severe sepsis and septic shock.
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Definition/Diagnosis
Group A streptococcus (GAS) is a common cause of both
pharyngitis and skin and soft-tissue infections. It can also
occasionally be the causative agent of overwhelming sepsis
in the general medical as well as the obstetric and gynecologic patient population in which it produces a toxic shock
syndrome which shares some similarities to staphylococcal toxic shock syndrome. GAS is an uncommon cause of
bacteremia and a rare cause of sepsis and shock, accounting for just over 10,000 cases of invasive disease and
roughly 1,700 deaths in the United States during 2003
[1]. However, sepsis due to GAS and toxic shock syndrome (TSS) is the most severe form of GAS infection,
the latter of which is mediated by toxin releasing group A
streptococcus. GAS infections appear to have been a frequent cause of mortality long before the understanding of
microbiologic origins of infections. Peurperal sepsis, likely
caused by GAS, has been recorded as early as 500BC
but became epidemic in the mid 1600s. This coincided
with the centralization and “modernization” of obstetric
care which transformed the process of childbirth from
home birth with a lay provider to a hospital birth attended
by clinicians. For approximately the next 200 years,
women succumbed to child bed fever in staggering proportions. During this time, reports suggest that as many as
10% of women died in childbirth from childbed fever [1].
Since the development of modern germ theory, the introduction of significant improvements to basic hand
hygiene, and the discovery of antibiotics, the rate of GAS
sepsis decreased dramatically. In recent years, however,
there appears to have been a resurgence of severe cases
secondary to Group A Strep in obstetrics for unclear
reasons.
A case of Group A streptococcal toxic shock is defined
as the isolation of this pathogen combined with clinical
evidence of toxic shock syndrome. TSS is a syndrome of
hypotension combined with the presence of two of the
following: renal impairment, coagulopathy, liver abnormalities, adult respiratory distress syndrome (ARDS),
generalized erythematous macular rash with occasional
desquamation, soft tissue necrosis including necrotizing
fasciitis, myositis, and tissue gangrene. TSS plus the presence of GAS isolated from a normally sterile source is
defined as a definite case whereas GAS isolated from
a non sterile site (throat, vagina, skin lesion) is defined
as a probable case [2].
Group A Streptococcus is an exotoxin-producing,
gram positive cocci which causes a wide variety of illnesses
including strep pharyngitis as well as aggressive skin and
soft tissue infections. The virulence of GAS is attributed to
a variety of factors, most importantly the production of
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a toxin. The antiphagocytic M protein expressed on the
surface has properties which aid the pathogen in avoiding
destruction by the host immune system. GAS can also
produce a pyrogenic exotoxin which induces cytokine
synthesis, leading to fever and increased susceptibility to
endotoxins as well as serving to suppress the host immune
response. Additionally, the M protein may act as a super
antigen, further amplifying the systemic response to the
infection. The resurgence of cases of GAS invasive infections are theorized to be due to shifting antigenicity of the
M proteins to more virulent subtypes. Infection may present following an obvious breach of epithelium or mucosa
such as after vaginal delivery, cesarean section, hysterectomy, or other major gynecologic surgery. Patients may
also occasionally present without any obvious antecedent
trauma or injury in addition to the fact that cases following viral illnesses such as varicella and influenza have also
been reported. While GAS pharyngitis is common, rarely
does GAS toxic shock syndrome follow GAS pharyngitis.
GAS was traditionally thought to affect those at the
extremes of age. However, newer reports have shown
that GAS is seen in all age groups with pertinent risk
factors being age dependent. GAS in young adults to
middle-aged people is most commonly associated with
IV drug use, HIV, and puerperal sepsis. Risk factors in
patients over 40 include burns, immunosuppression, and
diabetes mellitus. Importantly, several reports of nosocomial infections and outbreaks have been linked to
healthcare workers who were subsequently noted to be
GAS carriers [2].
Pain is the most common presenting symptom in GAS
toxic shock. One fifth of patients will report a flu-like
prodrome with fevers, chills, nausea, and vomiting 1–2
days prior to the onset of sepsis. Most patients report
sudden onset, severe pain which typically is out of proportion to the physical findings on exam, and often
develops before any other clinical signs. Fever is another
of the most common early signs of TSS. The majority of
patients also manifest signs of soft tissue infection including erythema and induration at the site of infection which
may progress over hours to dusky appearing tissue and
bullae. Patients with progressive GAS invasive infection
will commonly develop hypotension and multi-organ failure in a very rapid manner after initial presentation.
Because early symptoms of GAS sepsis and toxic shock
syndrome are vague and nonspecific, clinicians must
remain vigilant for the rare cases of GAS sepsis and TSS
that occur. Patients with GAS TSS quickly develop toxin
mediated sepsis and require prompt, aggressive resuscitation and surgical debridement of the infected area as well
as the use of broad- spectrum antibiotics.

Treatment
Survival of patients with GAS sepsis and toxic shock
syndrome is dependent upon aggressive surgical resection
of the necrotic tissue, rapid commencement of broad
spectrum antibiotics, and prompt supportive care with
aggressive fluid rescusitation and use of vasoactive agents
for hemodynamic support as needed. This aggressive surgical resection often means urgent lifesaving hysterectomy
and/or extensive skin and soft tissue resection. Septicappearing patients in whom there is a suspicion of GAS
should be evaluated carefully for a possible source of
infection. If there is evidence of skin or soft tissue involvement or any evidence of necrotizing fasciitis, surgical
debridement should be undertaken without delay and
should be managed as described in the section on necrotizing fasciitis. Aggressive supportive care should be
started immediately and often coincides with making the
diagnosis of GAS TSS.
Broad spectrum antibiotics should be promptly
started in cases of septic shock and tailored based on
culture results. All cases of sepsis without a clear source
should be evaluated for possibility of Group A Strep TSS
and appropriate coverage should be instituted. For
patients with known GAS TSS, most studies recommend
a beta-lactam agent in combination with clindamycin.
Clindamycin is used for both its antimicrobial and antiinflammatory/antitoxin properties. Antibiotics can be tailored when the culture results produce sensitivity profiles.
Duration of therapy should be individualized for each
case, but should be continued for a minimum of 14 days.

References
1.

2.

Bisno A, Stevens DL (2000) Streptococcus pyogenes, Chapter 186. In:
Mandell GL, Bennet JE, Dolin R (eds) Principles and practices of
infectious diseases, 5th edn. Churchill Livingstone, Philadelphia,
pp 2101–2116
Gibbs RS, Sweet RL (eds) (2002) Toxic shock syndrome, Chapter 11.
In: Infectious diseases of the female genital tract, 4th edn. Lippincott
Williams & Wilkins, Philadelphia, pp 317–336

GRVs
▶ Gastric Residuals

aGST
▶ Tubular Enzymuria

Gut Dysfunction

pGST
▶ Tubular Enzymuria

Guideline-Based Sepsis Therapy
▶ Sepsis: Management, Including Sepsis Bundles

Guidelines
▶ Resuscitation Endpoints

Gustilo-Anderson Type IIIB or IIIC
Open Fracture
▶ Mangled Extremity

Gut Dysfunction
JESSICA A. DOMINGUEZ1, CRAIG M. COOPERSMITH2
1
Department of Anesthesiology, University of Colorado
Denver School of Medicine, Aurora, CO, USA
2
Department of Surgery, Emory University School of
Medicine, Atlanta, GA, USA

Synonyms
Intestinal barrier dysfunction; Intestinal failure; Leaky gut

Definition
Gut dysfunction is a frequent occurrence among critically
ill patients and is thought to contribute significantly to
morbidity and mortality. Despite this, there is no uniform,
objective, clinically relevant definition of gut dysfunction.
Furthermore, none of the scoring systems used to assess
organ dysfunction and severity of illness take gastrointestinal function into account. Therefore, a clear objective
definition of gut dysfunction is warranted. This article will
focus on the pathophysiology, clinical features, and
management of gut dysfunction in critical illness.
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The gut has been hypothesized to be the “motor” of
multiple organ dysfunction syndrome (MODS) for more
than two decades. As critical care research has evolved,
numerous studies have further defined how the gut plays
a role in the origin and propagation of critical illness. The
gastrointestinal tract has several important functions
which can influence the clinical outcome of critically ill
patients. First, digestive functions are performed by the
intestinal epithelium. Absorption of nutrients by the epithelium is necessary for host well-being; however, the
presence of nutrients in the gastrointestinal tract is also
essential for maintaining intestinal integrity. This is
highlighted by the observation that provision of enteral
nutrition and specific nutrients such as glutamine attenuates increased intestinal permeability seen in critically ill
patients. Secondly, the gut functions as a barrier to protect
against invasion of potentially harmful antigens. In addition, the gut is home to an enormous number of bacteria,
and can be a source of infections among critically ill
patients. Lastly, the gastrointestinal tract is the largest lymphoid organ in the body, and therefore plays an important
role in the immune response of critically ill patients.

The Normal Intestinal Barrier
The gut, in broad terms, is comprised of portions of the
gastrointestinal tract ranging from the mouth to the anus.
It contains the esophagus, small intestine (duodenum,
jejunum, and ileum), colon, and rectum. Within the gut,
there are three entities: the epithelium, the mucosal
immune system, and the commensal microflora (Fig. 1).
Each of these components interacts in a tightly regulated
complex ecosystem that is under constant surveillance [3].
The Epithelium. The epithelium of the gastrointestinal
tract represents the largest body surface in contact with the
outside world. This mucosal lining consists of a single
layer of columnar epithelial cells that are constantly
renewed from multipotent stem cells. This has been best
studied in the small intestine, where stem cells originate in
the crypts of Lieberkühn. These stem cells give rise to
four major epithelial lineages: absorptive enterocytes,
mucous-producing goblet cells, enteroendocrine cells,
and Paneth cells, which function in host defense. Over
the course of a 3–5 day lifespan, enterocytes, goblet cells,
and enteroendocrine cells migrate upward along the
crypt-villus axis where they differentiate and ultimately
die of apoptosis or are exfoliated as a whole into the
lumen. In contrast, Paneth cells migrate downward over
the course of 5–8 day to the crypt base where they reside
for approximately 3 weeks. Each epithelial cell is in intimate contact with its neighbors, and the integrity of the
epithelium is maintained by apical junctional complexes.
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The Intestinal Barrier
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Gut Dysfunction. Figure 1 The intestinal barrier in the distal small intestine. The epithelium, immune cells, and commensal
bacteria work together to prevent invasion of potentially harmful substances

Tight junctions are the most apical components of the
complex and create a dynamic barrier to the paracellular
movement of water, solutes, and immune cells.
The mucosal immune system. The gut-associated lymphoid tissue is the largest lymphatic organ in the body and
is composed of four distinct compartments: Peyer’s
patches, mesenteric lymph nodes, the lamina propria,
and intraepithelial lymphocytes (IELs). Importantly, the
intestinal lymphoid cells secrete cytokines and other
mediators that stimulate and regulate the mucosal
immune system. The mucosal immune system has three
main functions: (1) to prevent pathogens from penetrating the epithelium; (2) to prevent uptake of foreign
antigens from a variety of sources including commensal
bacteria, food, airborne, or particulate matter; and (3) to
prevent pathologic immune responses against luminal
antigens if they are successful in crossing mucosal barriers.
The commensal microflora. The gut’s endogenous
microflora plays a significant role in host homeostasis

and can profoundly influence healthy and diseased states.
The adult human intestine is home to more than 100
trillion bacteria, which is greater than the total number
of somatic and germ cells in the entire human organism.
There are estimated to be between 500 and 1,000 species of
bacteria present within the gut. Aerobic, facultative, and
anaerobic bacteria are all part of the enteric microflora;
however, their distribution changes throughout the length
of the gut with anaerobes not present in the stomach but
making up greater than 99% of the flora in the distal
colon.

Pathogenesis of Gut Dysfunction in Critical
Illness
The gut plays an important role in the pathophysiology of
critical illness, and any perturbations to the intestinal
epithelium can ultimately lead to distant organ damage
and development of MODS. The pathogenetic mechanisms of gut dysfunction are multifactorial; however,
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there are ultimately only a limited number of ways in
which the gut can initiate or propagate a physiologic
state that leads to increased mortality. The first is to
allow something that already exists within the gut lumen
(bacteria, endotoxin, other preformed toxins) access to the
remainder of the body where it can have harmful effects.
Next, the gut can produce and then release something
(cytokines, toxins) that might have direct or indirect
harmful extra-intestinal effects. Finally, alterations in gut
mucosal integrity can cause significant volume and electrolyte abnormalities via losses of gastrointestinal fluid
(via excessive vomiting or diarrhea) or by anemia caused
by gastrointestinal bleeding.
There is significant evidence that both residents of the
gut and factors newly produced within the gut leave
the intestine via the systemic circulation and/or the
mesenteric lymph to cause propagation of critical illness.
Specifically, whatever substance leaves the gut (either escaping from the lumen or being produced by the epithelium or
immune system) can subsequently either primarily injure
distant tissue, or secondarily alter the host response.
The immune response in critical illness is complex,
with an early hyperimmune state followed by a late
hypoimmune state [5]. Inflammatory mediators are key
modulators of epithelial permeability due to their ability
to alter tight junction expression and localization. Increased
intestinal permeability, due to compromised epithelial
integrity, can lead to persistent activation of systemic
inflammation, and importantly, loss of intestinal barrier
function is an early event in critical illness. While conclusive
data that intact bacteria translocate from the gut in critical
illness is lacking, there is significant evidence that luminal
contents (bacterial products, cytokines) have distant injurious effects; thus, intestinal hyperpermeability may be a
critical component in the pathophysiology of critical illness.
Both cellular proliferation and death are also altered in
the intestinal epithelium during critical illness. Sepsis and
noninfectious inflammation cause increased apoptosis in
the gut epithelium in numerous animal models as well as
in patient autopsy studies, and prevention of apoptosis
leads to improved survival in preclinical models of sepsis.
Increased sepsis-induced intestinal apoptosis may contribute to increased intestinal permeability. Despite the
fact that there is increased cell death in sepsis, there is no
compensatory increase in intestinal proliferation. In fact,
there is a marked decrease in crypt cell proliferation in
sepsis. In addition to its effects on the gut epithelium,
critical illness also has a profound effect upon the number
of cells in the mucosal immune system with increased
sepsis-induced apoptosis in lamina propria lymphocytes,
IELs, and Peyer’s patches.
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Interactions between host and bacterial pathogens
in the intestine contribute to gut-derived sepsis. In
critically ill patients, increased intestinal permeability,
immunosuppression, and antibiotic usage can alter the
delicate balance of the enteric microflora, leaving the
intestinal mucosa with less “beneficial” bacteria such as
Bifidobacterium and Lactobacillus and higher “pathogenic” bacteria such Staphylococcus and Pseudomonas.
Since commensal bacteria are believed to be an essential
part of host homeostasis, there is significant interest in
the use of probiotics to recreate the normal gut flora.
Probiotics have been studied in over 50 trials (most not
in critical illness) with varying success. However, a recent
prospective randomized trial in patients with severe acute
pancreatitis showed increased mortality in patients treated
with probiotics. This was associated with increased bacterial translocation and enterocyte damage in patients with
organ failure [1]. In contrast to studies attempting to give
exogenous bacteria to regain homeostasis, there is also
preclinical data that downregulating or eliminating commensal bacteria is beneficial in murine models of critical
illness, although the relevance of this in patients is unclear.
The gastrointestinal tract is especially susceptible to
ischemic injury in critical illness. Even when cardiac output is maintained or increased in the intensive care unit,
the body preferentially maintains perfusion to the heart,
brain, and kidneys while shunting blood away from the
intestine. In addition, while pressors raise blood pressure,
they also frequently have splanchnic vasoconstrictive
effects. Hypoperfusion of the intestine can ultimately
result in severe gut dysfunction, whether measured globally, regionally, locally, or on a cellular or subcellular basis.
In addition, intestinal reperfusion following ischemia can
lead to production of inflammatory mediators that can
amplify the systemic inflammatory response.

Treatment
Nutritional treatment. The most important stimulus for
intestinal epithelial growth, function, and preservation of
intestinal integrity is the presence of nutrients within the
gut lumen. Therefore, providing enteral nutritional support
is a crucial component of patient management in the intensive care unit. Importantly, enteral nutrition should be
initiated early (within 24–48 h if possible) in a patient’s
course in the intensive care unit. Parenteral nutrition should
be used in patients who are unable to tolerate enteral
nutrition; however, parenteral nutrition lacks the immunological benefits of enteral nutrition and should not be used
as a first line method of feeding critically ill patients.
Patients who are fed enterally should receive polymeric
solutions [2]. These should not be supplemented with
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arginine. In specific patient populations, immunonutrition
has been demonstrated to be beneficial. Specifically, both
burn and trauma patients should be supplemented with
glutamine and patients with ARDS should receive fish oil,
borage oil, and antioxidants. Patients should be fed into the
stomach unless they cannot tolerate feeds, in which case
strategies to optimize the chance of success include beginning
a prokinetic agent or placing a small bowel feeding tube.
Of note, feeding protocols may improve compliance
with evidenced-based nutrition guidelines, but there is no
evidence that these protocols improve mortality in critically
ill patients.
Selective decontamination of the digestive tract (SDD).
In the critically ill patient, loss of bacterial homeostasis
is a characteristic feature of gut dysfunction. Selective
decontamination of the gastrointestinal tract is a clinical
strategy commonly used that decreases commensal microflora. In theory, SDD prevents both secondary colonization and preemptively treats infection caused by either
respiratory flora or commensal gut flora. This, in turn,
should decrease the incidence of both pneumonia and
bacteremia in ICU patients, which could lead to lower
mortality.
Although the term SDD implies that it is selective for
the gut, the term is actually a misnomer since the majority
of SDD studies use a 4-day course of intravenous antibiotics (most commonly cefotaxime) in combination with
non-absorbable enteral antibiotics (most commonly
polymixin E or colistin, tobramycin, and amphotericin B).
This combination attempts to target aerobic gram-negative
bacteria, Staphylococcus aureus, and enteric fungi while
maintaining anaerobic gut flora.
In practice, SDD is controversial, with wide variance in
usage depending on geography. Advocates of SDD point
to over 40 randomized trials and 10 meta-analyses demonstrating decreased pneumonia and bacteremia in
patients randomized to receive SDD. In addition, many
of these trials demonstrate decreased mortality in patients
who receive SDD. In fact all meta-analyses studying the
effects of SDD published after the year 2000 demonstrate
decreased mortality in patients receiving SDD except for
a single meta-analysis of the use of SDD in liver transplant
patients. However, it is important to note that the majority
of benefit seen in these meta-analyses is based upon
a single prospective, randomized, unblinded study by
deJonge et al. in a med-surg intensive care unit demonstrating a decrease in intensive care unit mortality from
23% to 15% with SDD.
More recently, a study of nearly 6,000 patients in
the Netherlands (by far the largest study to date on
the topic) compared SDD to selective oropharyngeal

decontamination (SOD, no intravenous antibiotics given)
to standard care in 13 intensive care units [4]. Each of the
three regimens was given in random order over 6 months.
When accounting for confounders, SDD reduced mortality by 3.5% and SOD reduced mortality by 2.9%. Since
SDD cost 12 times more than SOD ($12/day vs. $1/day)
and they reduced mortality by a similar degree, the
authors concluded that SOD may be preferable to SDD.
Of note, neither SDD nor SOD was associated with the
emergence of resistant microorganisms or Clostridial
difficile colitis over the length of the study.
Despite the potential benefits of SDD, it is used sparingly, if at all, in the United States. Opponents of SDD
highlight the concern for the development of resistant
organisms in patients who receive this therapy. There is little
efficacy data on the use of SDD in intensive care units with
high baseline rates of multidrug-resistant organisms. Additionally, although the literature is mixed, there are some
studies demonstrating increased selection of resistant
organisms in intensive care units where they are endemic.
Enhancement of intestinal perfusion. Hypoperfusion of
the gut is common in critically ill patients. The intestinal
mucosa has a high metabolic demand and a unique
microvascular anatomy that leads to heterogeneous blood
distribution. Unfortunately, the gut is therefore particularly
susceptible to inadequate perfusion, and attempts to
enhance gut perfusion may have variable effects within the
different layers of the intestinal wall.
The first treatment for intestinal hypoperfusion is
simply to make sure the patient has adequate intravascular
volume. While intravascular volume repletion does not
guarantee that intestinal blood flow will be adequate,
inadequate intravascular volume repletion guarantees
that intestinal blood flow will be inadequate.
Once intravascular volume is repleted, attention must be
paid to the cause of inadequate perfusion. This can be related
to a refractory vasodilatory state (as might be seen in septic
shock or the systemic inflammatory response syndrome),
inadequate cardiac output (as might be seen in cardiogenic
shock), or a combination. While the physiology of shock is
beyond the scope of this chapter, shock should be treated by
attempting to reverse the underlying cause and by pharmacologically supporting the patient with pressor agents. While
the specific type of agent needed varies depending upon the
underlying clinical condition, pressors do not have the
same effects on splanchnic blood flow. There is significant
conflicting data on the effects of various pressor agents on
splanchnic perfusion. Norepinephrine increases systemic
blood flow with increasing cardiac output; however, these
effects are not seen in parallel in the splanchnic beds where
norepinephrine has either minimal effect on mesenteric
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blood flow or may actually decrease it. However, the combination of norepinephrine and dobutamine increases
splanchnic blood flow in septic shock. Dopamine may
also cause a small increase in splanchnic blood flow,
although this may be associated with negative hepatic
energy balance at higher doses, and the effect is minor
compared to its systemic effects. Phenylephrine appears
to have minimal effects on mesenteric blood flow. In
contrast, both vasopressin and epinephrine have negative
effects on splanchnic blood flow. The newer inodilator
levosimendan is less well studied, but appears to preferentially improve mesenteric blood flow.
Clostridial difficile colitis. C. difficile is a gram-positive
spore-forming anaerobic bacterium. Although many
people in the community are asymptomatic carriers of
C. difficile, the incidence of disease arising from the bacteria has greatly increased over the past decade. Importantly, both disease severity and mortality have increased
recently due to the emergence of a new strain of C. difficile
with increased toxin formation. Although commonly
thought of as antibiotic-associated diarrhea, the development of C. difficile colitis does not require previous
antibiotic exposure and can occur either in the healthcare
setting or in the community.
Treatment for C. difficile colitis is dependent on its
severity. Risk factors should be minimized. While both
oral vancomycin and metronidazole have been used as
first line agents, there is increasing evidence to suggest
that oral vancomycin is superior and should be the first
drug started for C. difficile colitis. Combination therapy is
appropriate in more severe cases. Fulminant C. difficile
colitis can be rapidly lethal, and total abdominal
colectomy can be lifesaving in the most severe cases.
Stress gastritis. Critically ill patients are at increased
risk for stress gastritis and subsequent gastrointestinal
bleeding. Commonly used agents to prevent stress ulceration include H2 blockers and proton pump inhibitors.
Common risk factors for the development of stress ulceration include respiratory failure requiring mechanical
ventilation for greater than 2 days, coagulopathy, major
burns, acute renal failure, head injury, acute liver
failure, and administration of high-dose corticosteroids.
Patients with these risk factors may benefit from stress
ulcer prophylaxis, and no class of drugs has been demonstrated to be superior in preventing bleeding from stress
ulcers. Simply being in an intensive care unit is not an
indication for stress ulcer prophylaxis. The role of enteral
feeding to prevent stress ulceration is evolving, and
some experts suggest that enteral nutrition represents an
alternative to pharmacologic therapy for prevention of
stress ulceration.
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Evaluation and Assessment
There is no single method to assess for gut dysfunction.
Methods used in preclinical studies (permeability, blood
flow, tight junction proteins, immunohistochemistry,
proliferation, apoptosis, etc.) are not measurable at the
bedside. In patients, a commonly used surrogate is tolerance to enteral feeding; however, like all other bedside
measures of gut function, this is not necessarily reflective
of specific abnormalities in the gut on a microscopic level.
Tonometry has been performed in multiple locations in
the gut, with gastric tonometry being the most common.
In theory, tonometry provides some reflection of the
adequacy of splanchnic perfusion. However, it is not
typically used outside of the research setting since it does
not measure gut function directly. In addition, the
methodology is susceptible to technical and operator
variability and it has not been shown to be a useful tool
for directing clinical therapy.

Prognosis
The prognosis of patients with gut dysfunction is dependent on the underlying etiology of their critical illness,
as well as the presence and number of comorbidities.
Global improvements in systemic perfusion are generally
accompanied by improvements in gut barrier function
and restoration of gut homeostasis.
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GVHD
Graft versus host disease. Complication of bone marrow
transplants in which T cells in the donor bone
marrow graft attack the host’s tissues. It is seen most
often in cases where the blood marrow donor is unrelated
to the patient or when the donor is related to the patient
but not a perfect match. There are two forms of GVHD: an
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early form called acute GVHD that occurs within the first
3 months after the transplant when the white cells are on
the rise and a late form called chronic GVHD. Acute
GVHD typically can affect the skin, liver, stomach,
and/or intestines and chronic GVHD causes symptoms
similar to those of autoimmune disorders.

Gynecological Infections
RICHARD H. BEIGI
Department of Obstetrics, Gynecology and Reproductive
Sciences, Magee-Womens Hospital of the University of
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Definition
Severe gynecologic infections requiring critical care are
relatively uncommon but carry significant morbidity and

occasional mortality. Most practitioners will encounter
sporadic cases of critically ill gynecologic patients
secondary to infectious morbidity in their career, and
familiarity with the diseases and their treatment is paramount. See also ▶ Tubo-Ovarian Abscess, ▶ Necrotizing
Fasciitis and Group A Streptococcal Sepsis, and ▶ Toxic
Shock Syndrome for details.

H
Hamman’s Crunch
Distinct, audible crunching, clicking, or popping sound
heard in the chest which is synchronous with systole.
Heard loudest near the apex of the heart. Can be appreciated in patients with pneumomediastinum.

Hand Hygiene
A term that applies to any one of the following:
(1) handwashing with plain (nonantimicrobial) soap and
water; (2) antiseptic handwash (soap containing antiseptic
agents and water); (3) antiseptic handrub (antiseptic
product, most often alcohol based, rubbed on all surfaces
of hands); or (4) surgical hand antisepsis (antiseptic
handwash or antiseptic handrub performed preoperatively by surgical personnel to eliminate transient hand
flora and reduce resident hand flora).

Hangman’s Fracture
JEFFREY N. HARR1, PHILIP F. STAHEL2
1
Department of Surgery, Denver Health Medical Center,
University of Colorado School of Medicine, Denver,
CO, USA
2
Department of Orthopaedic Surgery and Department of
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of Colorado School of Medicine, Denver, CO, USA

Synonyms
C2/C3 traumatic spondylolisthesis; Traumatic spondylolisthesis of C2; Traumatic spondylolisthesis of the axis

Definition
A “Hangman’s fracture” represents a traumatic spondylolisthesis of the axis, and is defined as bilateral fractures

through the C2 pars interarticularis along with
a disruption of the C2/C3 intervertebral disc. Traumatic
spondylolisthesis of C2 is not an accurate designation,
since the displacement occurs at the level of the disc
below C2, and therefore should be properly termed
a “C2/C3 traumatic spondylolisthesis.” These fracture
dislocations are usually the result of various combinations
of extension, flexion, and axial compression from
a traumatic event. This fracture was first described in
1866 in subjects who underwent judicial hangings with
the proposed mechanism of hyperextension and distraction at the level of C2/C3 [1]. Almost a century later, the
first radiographic findings of a C2 posterior arch fracture
sustained from a motor vehicle collision were published,
and since then, were identified from other traumatic
mechanisms. Consequently, the term “traumatic
spondylolisthesis” was used to describe this fracture with
its multiple etiologies [2].
There are multiple classifications available to define the
severity and mechanism of injury of Hangman’s fractures,
and to mandate an appropriate treatment concept. The
prevalent classification systems, which date back to the
1980s, include the classification published by Levine and
Edwards and the widely used Effendi classification [3].
These systems characterize fractures based on anterior
displacement as well as angulation (Fig. 1). Figure 2
shows the prevalent classification based on these two
classification systems:
Type I injuries are considered “stable fractures” with
minimal displacement (<3 mm displacement at
the C2/C3 segment). These injuries are caused by
axial loading and hyperextension, and are best
treated nonoperatively, in a rigid cervical collar for
10–12 weeks.
Type II are characterized by a disruption of the C2/C3 disc
with >3 mm displacement. The subgroup of Type IIa
injuries are characterized by a lack of translation
(i.e., displacement <3 mm), but a significant angulation (>11 ), related to a disruption of the disc and the
posterior longitudinal ligament (PLL). The main
trauma mechanism leading to Type II injuries is
represented by hyperextension followed by rebound
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flexion. Type II injuries can be treated in a Halo vest
for 10–12 weeks or by surgical fusion in case of severe
residual displacement/angulation after application of
Halo traction.
Type III fractures are unstable injuries, with severe translation (>3 mm) and angulation (>11 ), and an associated C2/C3 facet dislocation. These are by definition
rotational C-type injuries, as defined by the AO/OTA
and Magerl classification [2]. The underlying mechanism is primary flexion with rebound hyperextension.
Type III injuries require surgical fusion in all cases.
Hangman’s Fracture. Figure 1 Panel A demonstrates
anterior displacement of the C2 vertebral body on C3. Panel B
demonstrates angulation of C2 secondary to C2/C3 disc injury
and ligamentous disruption

An “atypical” traumatic spondylolisthesis of C2/C3
was furthermore described as a fracture pattern that
involves the posterior aspect of the C2 vertebral body,
and has a greater propensity to compromise the spinal
canal with posterior displacement (Fig. 3).

Epidemiology
Type I

Type II

Traumatic spondylolisthesis of C2/C3 is a rare injury that
accounts for approximately 4% of cervical spine injuries.
These fractures are usually the result of blunt, high-energy
mechanisms such as motor vehicle collisions, diving and
pedestrian trauma, or falls. Of the four subtypes of
Hangman’s fractures, type II are the most common,
followed by type I fractures.

Treatment

Type IIa

Type III

Type I injuries are best treated non-operatively in a rigid
cervical collar for 10-12 weeks. In contrast, all type III
injuries are inherently unstable and require surgical
fusion. The ideal management of type II injuries (including type IIa) remains somewhat controversial. While some
authors advocate treatment in a Halo vest for 10-12 weeks,
others support the more proactive concept of a C2/C3
fusion, particularly if there are signs of progressive

Atypical
hangman’s fracture

Typical hangman’s fracture

Hangman’s Fracture. Figure 2 Classification of Hangman’s
fractures, as modified from the classifications systems
published by Effendi et al., and by Levine and Edwards.
See text for details and explanations

Hangman’s Fracture. Figure 3 The “atypical” hangman’s
fracture pattern puts the spinal cord at particular risk in case of
fracture displacement

Hangman’s Fracture

displacement at the C2/C3 within the first 2 weeks of
external immobilization.
Current surgical techniques include posterior fixation
of C1-C3, Judet screw fixation of the posterior arch of the
axis, or an anterior C2/C3 fusion (so-called “ACDF”) with
a plate and an interbody cage or graft (Fig. 4).

Evaluation and Assessment
The initial evaluation of any patient with a suspected spinal injury occurs by the “Advance Trauma Life Support”
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(ATLS) protocol. An associated spinal injury must always
be suspected in blunt trauma, and therefore spinal
precautions must be applied, as described elsewhere [4].
In-line stabilization of the C-spine is usually preserved
with a rigid cervical collar, backboard, and log-roll precautions. Of note, patients with severe traumatic brain
injury (as defined by a Glasgow Coma Scale score of 8 or
less) have an increased likelihood of an associated cervical
spine injury. These patients need acute airway management, and care must be taken with the cervical spine

H
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Hangman’s Fracture. Figure 4 Case example of a 19-year-old girl who sustained a type 3 Hangman’s fracture after a roll-over
trauma in an all-terrain vehicle. Panels A and B show the translational displacement and angulation at the C2/C3 segment in
CT scan and lateral X-ray (arrows). A closed reduction was performed on the day of injury, and the patient was placed in a Halo
vest (panels C, D). A postreduction MRI shows the injury at the C2/C3 disc and disruption of the anterior longitudinal ligament
(arrow in panel E). This unstable fracture was treated by a C2/C3 anterior discectomy and interbody fusion (panel F)
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during intubation. If possible, a concise neurological exam
should be obtained prior to giving paralytics and sedatives. Subsequently, hemodynamic instability should be
addressed, and other life-threatening injuries ruled out
before definitive imaging is obtained.
If a Hangman’s fracture is identified by radiological
imaging (plain films and/or CT scan), screening for a blunt
carotid or vertebral arterial injury (BCVI) is recommended
[5]. Cervical hyperextension or hyperflexion with rotation
may lead to a stretching injury to the internal carotid
artery over the lateral articular processes of the C1–C3
vertebral bodies. The vertebral artery is commonly injured
from cervical spine trauma, with a higher incidence
noted in subluxations and fractures of the foramen
transversarium. While the incidence of BCVI in blunt
trauma is fairly rare (around 1%), mortality rates have
been reported around 23%, with 48% of survivors
suffering permanent severe neurologic sequelae [5]. Early
identification and management of these injuries is
therefore crucial in reducing morbidity and mortality.
Plain arteriography or CT angiography of the neck is
recommended in any patient presenting with a Hangman’s
fracture. Any Hangman’s fracture must be further assessed
by MRI to determine the extent of C2/C3 disc injury,
integrity of anterior and posterior longitudinal ligaments
(ALL and PLL), and a concomitant injury within the
spinal canal (epidural hematoma, disc bulge, spinal contusion, etc.).
A spine surgeon should be consulted early for
assessment of the severity of injury and initiating the
appropriate treatment.

incidence of neurologic deficits with traumatic spondylolisthesis of C2/C3 is that the spinal cord at the C2 vertebrae
level is narrower leaving sufficient room within the vertebral foramen. In addition, the bilateral fractures of the
pars interarticularis open the neural arch, which creates
a larger space, and decreases the risk for a cord injury. On
the other hand, atypical Hangman’s fractures have an
increased risk for a spinal cord injury since the neural
arch may remain intact and have posterior displacement
of the vertebral body. Overall, neurologic sequelae associated with Hangman’s fractures are most likely the result
from concomitant cervical fractures and injuries, and not
an isolated axis fracture-dislocation.
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Hantavirus
▶ Biological Terrorism, Hemorrhagic Fever

After-care
Independent of the treatment modality (fusion versus
nonoperative management), patients will be placed in
a rigid cervical collar for 10–12 weeks, with follow-up
X-rays at 6 and 12 weeks to determine maintenance of
reduction and extent of fracture healing. For type II
injuries managed nonoperatively, shorter intervals of
X-ray evaluation (lateral C-spine plain films) are
recommended, to screen for a secondary displacement at
the C2/C3 interbody segment within the first 2 weeks,
which may mandate a delayed change in treatment plan
by surgical fusion.

Prognosis
The prognosis for traumatic spondylolisthesis of C2/C3 is
good for those patients who survive the initial injury. The
incidence of neurological deficits associated with any axis
fracture is less than 10%, and the mortality of Hangman’s
fractures is around 7% [1]. The reason for the lower

HAP
Hospital-acquired pneumonia: HAP is defined as pneumonia that occurs 48 h or more after admission, which
was not incubating at the time of admission.

Hare Fever
▶ Tularemia

HBO
▶ Hyperbaric Therapy

Heart Failure

HBO2T
This is the approved abbreviation used for referring to
hyperbaric oxygen therapy.

HC
Heated ventilator circuit. It is a humidifier system developed to prevent the collection of condensation and to give
a more stable conditioning.
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Healthcare Personnel Exposures
▶ Blood and Body Fluid Exposures and Postexposure
Prophylaxis

Health-Care-Acquired Pneumonia
▶ Pneumonia, Healthcare-Acquired

H
HCAP
Health-care-associated pneumonia: Pneumonia occurring
in any patient who was hospitalized in an acute care
hospital for 2 or more days within 90 days of the infection;
resided in a nursing home or long-term care facility;
received recent intravenous antibiotic therapy, chemotherapy, or wound care within the past 30 days of the
current infection; or attended a hospital or hemodialysis
clinic.

Head Injury
▶ Traumatic Brain Injury

Health-Care-Associated Infection
(HAI)
An infection that develops in a patient who is cared for in
any setting where health care is delivered (e.g., acute care
hospital, chronic care facility, ambulatory clinic, dialysis
unit) and is related to receiving health care (i.e., was not
incubating or present at the time health care was provided). In ambulatory and home settings, HAI would
apply to any infection that is associated with a medical
or surgical intervention.

Health-Care-Associated
Pneumonia (HCAP)
▶ Pneumonia, Empiric Management

Head Trauma
▶ Traumatic Brain Injury

Heart Disease
▶ Congenital Heart Disease in children

Health-Care Personnel
All paid or unpaid hospital workers that have potential for
exposure to infectious materials (blood, tissue, body fluid,
equipment, or surfaces that have become contaminated
with these substances).

Heart Failure
▶ Acute Heart Failure: Risk Stratification
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Heart Failure Syndromes,
Treatment
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Synonyms
Acute cardiogenic pulmonary edema (ACPE); Acute myocardial dysfunction; Congestive heart failure

Definition
Acute heart failure syndromes (AHFS) represent the confluence of a number of different, heterogeneous etiologies
that culminate in a clinical picture that is dominated by
a single, homogenous symptom – dyspnea [1]. Associated
features such as fatigue, weakness, and chest pain as
well as signs of systemic venous congestion and/or
hypoperfusion may accompany breathlessness, but
the degree to which they are present can vary greatly.
Consequently, general therapy is typically directed
toward alleviation of pulmonary symptoms with
attention to other aspects dependent on additional clinical
findings [2].
While most instances (80%) of AHFS occur in
patients with a history of chronic heart failure, presentation with de novo disease is not uncommon. Acute heart
failure syndromes, therefore, are often more than simple
exacerbations of underlying chronic disease and effective
management requires an approach that reflects the inherent complexity of this disorder. Though commonly presumed to be a direct consequence of volume overload,
AHFS are better thought of as the superimposition of an
immediate or subacute precipitant (Table 1) on underlying systolic, diastolic, or mixed cardiac dysfunction, which
leads to the decompensated state [1, 3]. Optimal treatment is thus dependent on an understanding of the interplay between basal cardiovascular pathophysiology and
those factors that specifically contribute to the acute
event [1–3].

General Approach
Treatment of AHFS can be broadly divided into two
phases [1]: A stabilization phase, where initial intervention
directed toward immediate life-threatening conditions is
followed by subsequent efforts to alleviate symptoms
through targeted management of acute precipitants; and
an in-hospital phase that involves continued remediation
of residual signs and symptoms, ongoing surveillance for

interval development of renal or cardiac injury, and perhaps most importantly, initiation (or up-titration) of
chronic therapy that is in accordance with existing, evidence-based guidelines such as those put forth by the
Heart Failure Society of America [2] and the American
College of Cardiology/American Heart Association [4].
The in-hospital phase also involves pre-discharge planning, which ideally incorporates a transition plan for the
early post-discharge period – the point at which an AHFS
patient is most vulnerable to relapse and consequent
recidivism.
For purposes of this discussion, the focus will be on the
stabilization phase of AHFS treatment, which generally
occurs within the first 24–48 h of care. Initiation of this
phase usually takes place in the emergency department
(80%) and continues for most, depending on severity, in
an in-patient (85%) or observation unit setting. As with
many other disease states, early therapeutic decisionmaking can have a profound impact on initial response
and the ensuing course of management. In addition to
symptom reduction, the primary goals of treatment
during this early phase include achievement of hemodynamic balance and euvolemia (if fluid overload or overdiuresis are present), and avoidance of myocardial or renal
injury [1]. Prevention of myocardial or renal injury in
particular has gained increasing prominence with evolving
data that show worse outcomes when these develop inhospital. Moreover, it appears that, in some cases, such
myocardial and renal injury may be iatrogenically mediated through inappropriate or excessive medication
administration (especially diuretics), underscoring the
need to deliver the right medication to the right patient
at the right time.
An emerging concept in the treatment of AHFS is that
of clinical profiles [1, 3, 5] that are patient subgroupings
(Table 2) based on the presence (or absence) of relatively
consistent features within several important variable categories including acute precipitant, presenting signs and
symptoms (pulmonary congestion with or without systemic edema and evidence of hypoperfusion), hemodynamic parameters (primarily blood pressure and heart
rate), and rapidly available diagnostic test results (electrocardiographic changes consistent with ischemia or infarct,
biomarker indicators of acute renal and myocardial stress
or injury, and findings consistent with heart failure on
chest radiography). This approach differs from prior conceptual models of AHFS that incorporated pulmonary
capillary wedge pressure and cardiac index, resulting in
a framework that is more broadly applicable and user
friendly, without the need for invasive hemodynamic
assessment (which, with the exception of patients with
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Heart Failure Syndromes, Treatment. Table 1 Common precipitants of acute heart failure syndromes
Precipitant
category

Mechanism

Acute hypertension

Abrupt rise in afterload (most often in a patient with chronic hypertension), which causes impedance to
forward flow by a structurally and/or functionally compromised left ventricle; net effect is a mismatch
between necessary and achievable stroke volume, which results in a shift of fluid from systemic to
pulmonary vasculature (“vascular failure”)

Excess fluid
accumulation

Neurohormonal activation, worsening renal function, high dietary sodium consumption, excess fluid
intake (or intravenous administration if AHFS develops in-hospital), or medication noncompliance, either
singularly or in combination leads to intravascular fluid retention and increased preload; net effect is the
presentation of excess volume to a left ventricle that is incapable of responding by the Frank–Starling
mechanism and consequent development of pulmonary congestion (“congestive failure”)

Acute or subacute
myocardial
dysfunction

Onset of ischemic, inflammatory (from infectious and noninfectious causes) or idiopathic myocardial
damage results in rapid development of dysfunction (either regionally or globally); net effect is to limit
the heart’s pumping ability which produces a precipitous decline in cardiac output (“pump failure”)

Dysrhythmia

Development of tachycardic (often atrial fibrillation) or bradycardic (may be ischemic or medication
related) rhythm, which reduces the time spent in systole and/or diastole; net effect is to limit cardiac
output through a decrease in ventricular filling and stroke volume

Aortic or mitral
valve dysfunction

Stenotic, regurgitant, or mechanical valve abnormality which develops acutely (often from infection or,
in the case of mitral regurgitation, from ischemic complications such as left ventricular dilation with
leaflet tethering or papillary muscle rupture) or subacutely (typically from worsening of underlying
chronic valve disease); net effect is an increase in end-diastolic volume with consequent backflow into
the pulmonary vasculature

Deterioration of
advanced chronic
heart failure

Overexertion, medication related (under, over or inappropriate use), worsening renal function, or
indolent (i.e., “smoldering”) myocardial necrosis; net effect is a progression of underlying advanced
disease and an intolerable acute or subacute increase in baseline symptoms

advanced chronic heart failure or refractory cardiogenic
shock, is associated with an unacceptable risk/benefit
ratio).
Once established, treatment can be tailored to a given
clinical profile, with nuanced management as needed
(Fig. 1). As can be seen within this model, blood pressure
serves as a critical, decision-making factor [1, 3, 5].
Reasons for this relate to its clear importance as a precipitating factor (more than 50% of all AHFS episodes are
associated with a systolic blood pressure >140 mmHg)
and its role as the principal determinant of in-hospital
morbidity and mortality [1, 3, 5].
Interpretation of these profiles within the context of
echocardiographically determined cardiac function may
provide added value during the stabilization phase (particularly for de novo cases where the physiologic meaning
of acute vital sign derangements may be difficult to interpret or patients with refractory cardiogenic shock), but for
most patients, such information is probably best applied
to the transition period from in-hospital to ongoing, postdischarge care. Moreover, for some patients with

decompensated chronic disease, the presenting clinical
profile may be more dependent on acute, precipitating
factors than previously established echocardiographic
abnormalities or underlying etiology (i.e., ischemic or
non-ischemic) and overreliance on the latter information
may preclude application of situation appropriate therapeutic intervention. An example of this would be the
administration of dobutamine to an AHFS patient
because they have a known ejection fraction of 5–10%
when in fact their current episode was more directly
attributable to acute hypertension.

Pharmacologic Management
As shown in the Fig. 1, pharmacologic management serves
as the mainstay of AHFS treatment. Though a more
detailed discussion of specific pharmacology is beyond
the scope of this chapter, existing therapy can be broadly
divided into four classes: diuretics, vasodilators,
inotropes, and vasopressors. An overview of agents used
to treat AHFS within these classes is provided in Table 3.
Other than nitroglycerin, which can initially be
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Heart Failure Syndromes, Treatment. Table 2 Clinical profiles of acute heart failure syndromes (Adapted from [1])
Hemodynamic
parameters

Diagnostic test features

Rapid onset of dyspnea
(“flash pulmonary
edema”); systemic
edema may be absent;
diaphoresis with
adequate perfusion

Systolic BP >160 mmHg
(often much higher);
sinus tachycardia and
hypoxia

Vascular congestion on CXR
with or without
cardiomegaly; moderate
BNP elevation

Progressive fluid
accumulation

Gradual or subacute
worsening of dyspnea;
moderate to severe
systemic edema;
minimal distress with
adequate perfusion

Systolic BP >100 mmHg
but <160 mmHg;
tachycardia and hypoxia
uncommon

Cardiomegaly on CXR
without vascular congestion;
moderate to marked BNP
elevations; mild
deterioration of baseline
renal dysfunction

Hypotensive

Deterioration of
advanced disease
overmedication

Mild dyspnea; often
with cool, edematous
extremities

Systolic BP <90 mmHg;
HR often normal but
may be <60 bpm if on
baseline medications
with rate-control effects

Profound cardiomegaly on
CXR with minimal vascular
congestion; marked BNP
elevations often with lowlevel troponin rise;
substantial worsening of
renal function

Cardiogenic
Shock

Acute myocardial injury Rapid onset of dyspnea
Valve disorder
with evidence of
profound
hypoperfusion (altered
mentation, mottled
extremities; cool/
clammy skin)

Systolic BP <90 mmHg;
tachycardia common
(unless on rate-control
agents) – may be
ventricular in origin

Vascular congestion with or
without cardiomegaly; BNP
variable; moderate to
marked troponin elevations
and renal dysfunction
common

Arrhythmogenic

Dysrhythmia

Systolic BP variable; HR
“Palpitations” and
<60 or >120 bpm;
“dizziness” common;
hypoxia
mild to moderate
dyspnea (often
secondary feature);
systemic edema may be
present or absent

Acute coronary
syndrome

Acute myocardial
ischemia or infarct

Chest pain with
dyspnea

Systolic BP 100 mmHg;
HR >variable; hypoxia
less common

Right-heart
failure

Acute myocardial
ischemia or infarct (right
coronary or left
circumflex) artery
Acute pulmonary artery
obstruction (embolism)
Tricuspid or pulmonic
valve disorder
Worsening pulmonary
hypertension (primary
or secondary)
Worsening left-sided
heart failure

Dyspnea without rales;
systemic edema if
subacute or longstanding

BP variable; tachycardia Right-heart strain on ECG
and hypoxia often
(right ventricular
present
hypertrophy if subacute or
long-standing); interstitial
edema or pleural effusions
uncommon on CXR; mild to
moderate BNP elevations

Profile

Common precipitants

Signs and symptoms

Profoundly
hypertensive

Abrupt rise in BP

Normal to
moderately
hypertensive

Atrial fibrillation or sinus
bradycardia on ECG
common; BNP mild to
moderately elevated;
troponin variable

ECG evidence of infarct or
ischemia; troponin (initial or
repeat) and BNP elevated

BP = Blood pressure; CXR = Chest X-ray; BNP = b-type natriuretic peptide; HR = heart rate; bpm = beats per minute; ECG = electrocardiogram
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Acute heart failure syndrome identified

Life-threatening conditions addressed
ST-segment elevation myocardial infarction, unstable arrhythmia,
impending respiratory failure

AHFS phenotype defined
(approximate incidence)

Profoundly
hypertensive
(∼25%)

Normal to
moderately
hypertensive

Hypotensive
(5–10%)

Cardiogenic
shock
(∼1%)

Acute
coronary
syndromea

Arrhythmogenica
(?)

(?)

(∼50%)

Right
heart
failurea
(?)

Primary:

Primary:

Primary:

Primary:

Primary:

Primary:

Primary:

Afterload
reduction
with
vasodilator
therapy

Volume
reduction
with diuretic
therapy with
possible
ultrafiltration

Output and
perfusion
increase with
inotropes and
vasopressors;
fluids if
overdiuresed

Improve
cardiac
function with
inotropes and
possibly
mechanical
ventricular
assist devices

Coronary
artery
reperfusion

Rate or
rhythm
control with
medications
as per ACLS
guidelines;
cardioversion
or pacing if
unstable

Reperfusion if
RV infarct;
anticoagulation
(and possibly
lytics) if
pulmonary
embolism;
pulmonary
artery
pressure
reduction;
diuresis

Secondary:
Diuresis if
associated
volume
overload

aA

Secondary:
Blood
pressure
reduction

Secondary:
Mechanical
ventricular
assist devices

Secondary:

Secondary:
Anti-platelet
and anticoagulation
medications;
nitrates

Vasopressors or
vasodilators
(if increased
vascular
resistance) to
enhance
perfusion

Secondary:
Diuresis and
blood
pressure
reduction as
needed

Secondary:
Albuterol and
ipratroprium
nebulizers;
surgical
intervention

more detailed description of specific treatments for these conditions can be found in their respective chapters

Heart Failure Syndromes, Treatment. Figure 1 Management based on clinical profile

administered sublingually by tablet or spray (0.4 mg
q 5 min3 doses), these medications are generally delivered by the intravenous route in AHFS and dosing in
Table 3 reflects this. It is important to remember that
none of the medications routinely used to treat AHFS
(with the exception of agents related to the management
of acute coronary syndrome) have been shown to improve
mortality or recidivism and some (i.e., dobutamine and

milrinone) have actually been associated with worse outcomes. Morphine sulfate is often used as adjunct therapy
but it is unclear what, if any, benefit it provides with
recent, retrospective data suggesting an increased risk of
harm. For this reason, morphine use in AHFS is not
advocated.
While a number of other medications have been
or are being investigated for the treatment of AHFS
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Heart Failure Syndromes, Treatment. Table 3 Pharmacologic therapy for acute heart failure syndromes
Class

Medication

Intravenous dose

Comment

Furosemide

0.5–1 mg/kg bolus or
5–40 mg/h infusion

Data on optimal method of delivery are still
being compiled

Bumetanide

0.5–4 mg bolus

Dose according to severity

Torsemide

10–20 mg bolus

Metolazone

None

Add to loop diuretic to enhance response
(2.5–10 mg orally/day)

Chlorothiazide

500–2,000 mg bolus

Add to loop diuretic to enhance response
(one time administration)

Nitroglycerin

Initial: 20–40 mcg/min, titrate up to 400
mcg/min; Bolus therapy (1–2 mg q 5 min)
controversial

Venodilator at lower doses; arterial effects
increase in dose-dependent fashion

Isosorbide
dinitrate

Initial: 1 mg/h; titrate up to 10 mg/h; Bolus
therapy (3–5 mg q 5 min) controversial

Venodilation at lower doses; arterial effects
increase in dose-dependent fashion

Sodium
nitroprusside

Initial: 0.5 mcg/kg/min; titrate up to
10 mcg/kg/min

Mixed arterial and venous effects

Enalaprilat

1.25–2.5 mg bolus; can infuse at 1 mg/h

Data on effectiveness are limited

Nesiritide

2 mcg/kg bolus then infuse at 0.01
mcg/kg/min

Can repeat bolus (1 mcg/kg) and titrate
infusion by 0.005 mcg/kg/min at 3 h

Dobutamine

Initial: 2–5 mcg/kg/min; titrate up to
20 mcg/kg/min

Milrinone

Load 50 mcg/kg over 10 min then infuse at
0.375–0.75 mcg/kg/min

Has intrinsic vasodilator properties

Amrinone

Load 750 mcg/kg over 2 min then infuse at
5–10 mcg/kg/min

Has intrinsic vasodilator properties

Enoximone

Load 500 mcg/kg over 2 min then infuse at
1.25–7.5 mcg/kg/min

Digoxin

Load 0.5 mg then repeat 0.25 mg q 6 h2

Levosimendan

Load 6–24 mcg/kg over 10 min then infuse at Titrate infusion as needed (max = 0.2
0.05 mcg/kg/min
mcg/kg/min); not available in the USA

Dopamine

Initial: 2–5 mcg/kg/min; titrate up to 20
mcg/kg/min

Effects are dose dependent

Epinephrine

Initial: 1 mcg/min; titrate up to 10 mcg/min

May be preceded by 1 mg bolus q 3–5 min in
cardiac arrest

Diuretics

Vasodilators

Inotropes

Vasopressors

Norepinephrine Initial: 2–4 mcg/min; titrate up to 12 mcg/min

including arginine vasopressin antagonists (conivaptan,
tolvaptan,
lixivaptan),
endothelin
antagonists
(tezosentan), adenosine antagonists (rolofylline), mixed
neurohormonal agonists (relaxin), bioengineered natriuretic peptides (urodilatin, CD-NP), direct rennin

inhibitors (aliskerin), short-acting dihydropyridine
calcium channel blockers (clevidipine), novel inotropes
(istaroxime), and soluble guanylate cyclase activators
(cinaciguat), none have been shown to offer any advantage over current therapy and, more importantly,
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none have been approved by the Food and Drug Administration for indicated use in AHFS care.
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Evaluation/Assessment
Effectiveness

Ventilatory Support
Virtually all AHFS patients will receive supplemental oxygen therapy. For patients with profound dyspnea, early
initiation of noninvasive positive airway pressure ventilation (NIPPV; either continuous [CPAP] of bi-level
[BiPAP]) can dramatically reduce symptom severity and
decrease the need for endotracheal intubation. Though
prior studies suggested a relative increase in the rate of
myocardial infarction with use of BiPAP (versus CPAP),
several metanalyses and a recently completed large-scale
prospective randomized trial have shown equivalence with
regard to safety and efficacy. Initial CPAP pressure is
typically set at 5–7 cm H2O with BiPAP pressures starting
at 8–10 cm H2O inspiratory and 4–5 cm H2O expiratory
with up (or down) titration as needed (max = 15 cm H2O
for CPAP and 20/10 cm H2O for BiPAP). In addition to
reducing the work of breathing, NIPPV decreases preload
helping to offset pulmonary congestion.
In certain cases (4% overall), endotracheal intubation will be unavoidable. Common indications for intubation include altered mentation, severe dyspnea with an
inability to tolerate CPAP or BiPAP, significant respiratory
acidosis, and refractory hypoxia.

Mechanical Devices
Mechanical fluid removal using ultrafiltration has become
a viable option in the management of AHFS patients with
volume overload, particularly those with diuretic resistance (progressively increasing oral doses without effect)
or the cardio-renal syndrome. While more costly than
simple intravenous diuretic therapy ($19,500 for device
acquisition and $950 per filter with 1–2 filters required per
treatment), ultrafiltration is an efficient mechanism that
uses veno-venous hemoconcentration to extract up to
500 mL of isotonic fluid per hour. Prior prospective
study of ultrafiltration has shown an association with
decreased readmissions but clear indications for its use
in AHFS have yet to be defined.
Intra-aortic balloon pump (IABP) and other devices
(i.e., continuous aortic flow augmentation, Tandem
Heart, Impella Recover) can be used to provide temporary
assistance with ventricular function but they are generally
reserved for patients with inotrope and vasopressor resistant cardiogenic shock. Therefore, their use early in the
management of AHFS is rare and implementation is
typically initiated in the cardiac-care or intensive-care
unit setting.

Once the acute episode has been treated, ongoing management will be dependent on several factors. While residual symptoms may warrant continuation of ventilatory
support and/or intravenous infusions, current evidence
suggests that the vast majority of patients improve within
6–8 h of treatment initiation.

After-care
Disposition decisions based on therapy will be largely
dependent on institutional practice patterns but in general, patients with chest pain, dysrhythmias, or high-risk
features (systolic blood pressure <115 mmHg, blood urea
nitrogen >43 mg/dL, serum creatinine >2.75 mg/dL, positive troponin) should be admitted to a monitored setting.
For lower-risk patients, however, disposition (direct discharge from the emergency department versus observation versus hospital ward admission) is more challenging
and unfortunately at present, there are limited outcome
data to guide clinicians.

Prognosis
Despite a firm understanding of the disease process and
the investment of substantial resources to improve outcomes, the prognosis for AHFS patients remains grim. Inhospital mortality ranges from 4% to 9% when looking at
all-comers and climbs as high as 22% when multiple highrisk features are present. Nearly one out of every three
patients will be readmitted to the hospital for AHFS within
30 days of discharge and up to 10% will die in that interim
period.
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Synonyms

etiology remains the coronary heart disease, which is
responsible for 60–70% of cases [2].
Clinical presentation of acute heart failure ranges from
congestion to shock. It can occur in a previously normal
heart or through worsening of a preexisting cardiomyopathy. Both sides of the heart can be affected. Right ventricular (RV) dysfunction, leading to peripheral congestion or
obstructive cardiogenic shock, may be related to depressed
intrinsic contractility of the heart, as in ischemia and
sepsis, or to an acute afterload increase, as in pulmonary
embolism and acute respiratory distress syndrome. Acute
systolic left ventricular (LV) dysfunction occurs in various
scenarios as decompensation of dilated cardiomyopathy,
acute myocardial infarction, adrenergic cardiomyopathy,
but also sepsis. LV diastolic dysfunction with preserved
systolic function is also observed in close to 50% of
patients who develop cardiogenic pulmonary edema [3],
especially in those with hypertension, hypertrophied cardiomyopathy, or arrhythmia. Figure 1 summarizes these
different etiologies.

Cardiogenic pulmonary edema; Cardiogenic shock; Left
ventricular dysfunction; Right ventricular dysfunction
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Definition
Recently, a task force has redefined acute heart failure in
the adult population in order to improve management,
and thus prognosis, of the patients [1]. Acute heart failure
is defined as the rapid course of symptoms and clinical
signs related to depressed cardiac function [1]. Acute heart
failure is actually not a disease but rather a syndrome since
its causes and presentations are many. However, the main

Treatment is difficult to summarize since it strongly
depends on the clinical scenario and on the causes of the
acute heart failure. However, because acute heart failure is
usually at the crossroads of two specialties, the key points
to full understanding are, first, that the best strategy will be
defined through discussion and collaboration between
cardiologists and intensivists, and, second, that there is
little time for this discussion at the bedside and so full use
should be made of guidelines and protocols. For instance,

Acute heart failure
RV failure

LV failure

Pericardium

– Infarction
– Myocardiopathy
– Pulmonary embolism
– Sepsis
– ARDS

– Cardiac tamponade

Systolic
dysfunction
– Infarction
– Myocardiopathy
– Sepsis
– Myocarditis
– Adrenergic cardiomyopathy

Diastolic
dysfunction
– Hypertension
– LV hypertrophy
– Arrhythmias

Valvulopathy

– Mitral regurgitation
– Mitral stenosis
– Aortic regurgitation
– Aortic stenosis

Heart Failure, Acute. Figure 1 Main causes of acute heart failure. The list is nonexhaustive. ARDS: acute respiratory distress
syndrome
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severe cardiogenic shock may require procedures used in
the critically ill, as mechanical ventilation or sometimes
extracorporeal assistance, but also urgent coronary angioplasty in acute myocardial infarction.
Therapeutic procedures can be divided into two types:
specific procedures, that is, treatment of the cause, and
nonspecific or “symptomatic” procedures. Specific procedures are too numerous to be discussed in this chapter,
because there are a great many acute heart failure etiologies, but range from pericardial fluid removal in cardiac
tamponade to coronary angioplasty in myocardial
infarction.
Symptomatic treatment is designed either to decrease
(pulmonary) congestion or to improve hemodynamics,
depending on the clinical presentation – congestion or
shock. To decrease pulmonary congestion, diuretics
are proposed in combination with vasodilators. Both
decrease LV filling pressure and right atrial pressure
without significantly changing the cardiac output, since
the patient’s heart is working on the flat portion of the
Frank–Starling curve. Decrease in LV filling pressure may
limit pulmonary congestion, whereas decrease in right
atrial pressure may improve resorption of pulmonary
edema through lymphatic veins.
To improve hemodynamics, inotropic drugs, as
b1-adrenergic agonists (dobutamine) or phosphodiesterase inhibitors (milrinone, enoximone), may be indicated.
Because many studies have suggested that these drugs have
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deleterious effects when congestion rather than shock predominates [4], they are only recommended in patients
with shock combining low blood pressure and signs of
tissue hypoperfusion [1]. Recently, a new class of inotropic
drug has been proposed, the calcium sensitizers, as
levosimendan. Whereas levosimendan seems not to
improve prognosis [5], it is more effective than older
drugs at quickly improving cardiac output and decreasing
LV filling pressure. Alpha-agonists, as norepinephrine,
may sometimes be useful. First, they appear very effective
in shock-related RV dysfunction (Fig. 2). Severe RV dysfunction usually leads to a vicious circle: it induces a fall in
blood pressure, thus decreasing the RV coronary perfusion
pressure, which limits the adaptation of the right ventricle.
By restoring normal blood pressure, and thus the RV
coronary perfusion pressure, norepinephrine may help
the right ventricle to act. Second, cardiogenic shock
related to myocardial infarction may be associated with
systemic inflammatory response syndrome in close to
20% of cases, either because of a high susceptibility to
infection or as a consequence of the low perfusion state. In
this situation, norepinephrine may be useful by restoring
systemic vascular resistance.
Mechanical ventilation is also included in the therapeutic arsenal. Noninvasive ventilation, using continuous
positive airway pressure or pressure support with positive
end-expiratory pressure (PEEP), has demonstrated its
ability to decrease the rate of intubation and to improve

Long axis view

Short axis view

Long axis view

Short axis view

D1
SAP 75 mmHg

D2
NE infusion
SAP 110 mmHg

Heart Failure, Acute. Figure 2 Effect of norepinephrine infusion (NE) on right ventricular function in a mechanically ventilated
septic shock patient. At Day 1 (D1), transesophageal echocardiography demonstrated acute cor pulmonale with right
ventricular dilatation on the long-axis view and paradoxical septal motion in systole (arrow) on the short-axis view. At Day 2 (D2),
after NE infusion, right ventricular function was restored. SAP: systolic arterial pressure. RV: right ventricle. LV: left ventricle
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prognosis in patients with cardiogenic pulmonary edema
[6]. However, it is contraindicated in cardiogenic shock.
In this situation, if necessary, invasive mechanical ventilation is very useful and may act as a true cardiac pump: it
decreases the systemic venous return, thus limiting pulmonary edema, and improves LV function by decreasing
LV afterload. More, it allows sedation of the patient, thus
helping to restore a good balance between oxygen consumption and oxygen transport by reducing the work of
breathing. Whereas positive pressure ventilation is very
useful for acute LV systolic dysfunction, it is clearly deleterious for the right ventricle and should be avoided, if
possible, in acute RV dysfunction. Its direct effect on the
pulmonary circulation increases RV afterload and so alters
the coupling between the right ventricle and the pulmonary circulation. An example of poor tolerance of
mechanical ventilation is given in Fig. 3.
Finally, the intra-aortic balloon pump and LV assist
device can be useful. Extracorporeal membrane oxygenation (ECMO) is now proposed with interesting results in
fulminant myocarditis.

Evaluation/Assessment
Three procedures for the evaluation of acute heart failure
are mandatory: chest X-ray, EKG, and echocardiography.
Chest X-ray assesses pulmonary congestion, but is unable
to distinguish between cardiogenic and noncardiogenic
edema. EKG looks for arrhythmia and myocardial infarction. Echocardiography has to be done quickly to identify
the cause of the heart failure and to evaluate cardiac
function and filling pressures. But echocardiography can
also be used a few hours later to evaluate the efficacy of
treatment in terms of increased cardiac output, decreased
filling pressure, or improved contractility. Even though

H0
spontaneous ventilation

the task force has not clearly advised against use of the
pulmonary artery catheter [1], there are findings
suggesting that it is of no benefit in cardiac patients [7].
Moreover, the pulmonary artery catheter is not always
diagnostically accurate. For instance, to diagnose LV systolic dysfunction requires measurement of a low cardiac
output (or decreased LV systolic work) and a high pulmonary artery occlusion pressure (PAOP), usually above
18 mmHg. However, many situations with severely
depressed LV systolic function are not associated with
a high PAOP, leading to an underestimation of the diagnosis. Acute cardiogenic pulmonary edema occurring in
a setting of previously normal heart may be associated
a few minutes later with a low filling pressure that requires
administration of fluids because of shock. This is explained
by the abrupt leakage of plasma into the lung in a patient
with a normal plasma volume. Acute LV systolic dysfunction related to septic shock is not unusual, and is also not
associated with an elevated PAOP (Fig. 4). Dobutamine
infusion helps restore hemodynamics in this situation.
The reasons are a frequently associated failed right ventricle, which protects the pulmonary circulation, and an
increase in LV compliance due to the septic process.

Prognosis
Overall, prognosis of acute heart failure is not good
even though it depends on its etiology. And acute heart
failure usually greatly worsens the related disease. For
example, the mortality rate of pulmonary embolism is
below 3% when the right ventricle does not fail, but
more than 20% when it does. Since the development of
the cardiac intensive care unit, the prognosis of myocardial infarction has much improved, but the mortality rate
remains high, more than 30%, when heart failure occurs.

H+2
mechanical ventilation

Heart Failure, Acute. Figure 3 Transthoracic echocardiography in a spontaneously breathing patient. The right ventricle was
not dilated (dotted line). After 2 h of mechanical ventilation, transesophageal echocardiography demonstrated failure of the right
ventricle, as reflected by its dilatation (dotted line). RA: right atrium, LA: left atrium, LV: left ventricle
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b
Heart Failure, Acute. Figure 4 Assessment of left ventricular function in patients with septic shock using the pulmonary artery
catheter (panel A) and transesophageal echocardiography (panel B). The pulmonary artery catheter was accurate in detecting left
ventricular systolic dysfunction, provided two steps of fluid infusion were performed (closed circles), which unmasked the poor
relation between the systolic work of the left ventricle (LVSW) and the pulmonary capillary wedge pressure (PCWP) in five
patients. Note that at baseline (open circle) PCWP was low for all patients. Dobutamine (black squares) was able to restore a normal
relation. A short-axis view of the left ventricle by echocardiography in another patient with septic shock showed normal LV
contractility at day 1 (dotted line in diastole and in systole), depressed contractility at Day 2, and restored contractility after
dobutamine infusion
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RV dysfunction is clearly an independent prognostic factor in acute respiratory distress syndrome, despite the use
of protective mechanical ventilation.
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Synonyms
Congestive heart failure

Definition
Heart failure is a complex clinical syndrome that can result
from any structural or functional cardiac disorder that
impairs the ability of the ventricle to fill with or eject
blood. The cardinal manifestations of heart failure are
dyspnea and fatigue, which may limit exercise tolerance,
and fluid retention, which may lead to pulmonary congestion and peripheral edema. Both abnormalities can

impair the functional capacity and quality of life of
affected individuals, but they do not necessarily dominate
the clinical picture at the same time. Some patients have
exercise intolerance but little evidence of fluid retention,
whereas others complain primarily of edema and report
few symptoms of dyspnea or fatigue. Because not all
patients have volume overload at the time of initial or
subsequent evaluation, the term “heart failure” is preferred over the older term “congestive heart failure.”

Pre-existing Condition
Heart failure is a worldwide epidemic with 4.9 million
individuals with the diagnosis in the USA alone. In the
USA, there are approximately three million heart failure
admissions per year, with 35% progressing to death or
readmissions within 60 days [1]. Clinically, heart failure is
a complex disease process that can result from a variety of
conditions that prevent the left ventricle from properly
filling and ejecting blood. In spite of major improvements
in therapy, prognosis for heart failure patients remains
poor. There are still many challenges in timely diagnosis,
accurate risk stratification, and appropriate titration of
medical therapy to achieve maximal therapeutic effect.

Application
Biomarkers, with their objectivity and widespread availability, have an indispensible role in improving heart
failure management. Among the biomarkers available
today, natriuretic peptides are the most validated and
widely accepted biomarkers in heart failure treatment.
While they have become the standard of care in diagnosing
heart failure, natriuretic peptides alone are insufficient to
fully evaluate the disease process and risk profile of heart
failure patients. Heart failure is a complicated disease
process, involving dysfunctions in multiple physiological
processes. A biomarker representing a single pathophysiological process is unlikely to be sufficient for the evaluation of heart failure patients. A multi-marker approach
utilizing biomarkers representing different pathophysiological processes is required to adequately assess the risk
profile of a given heart failure patient. In recent years,
significant effort has been placed in the discovery of new
biomarkers, leading to the emergence of several promising
novel biomarkers for heart failure management.

Natriuretic Peptides
Natriuretic peptides are probably the most well-known
and well-studied biomarkers in heart failure. Clinically
significant natriuretic peptides consist of atrial natriuretic
peptide (ANP), brain (B-type) natriuretic peptide (BNP),
and N-terminal prohormone brain (B-type) natriuretic
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peptide (NT-proBNP). Among the three, BNP and NTproBNP are more commonly used in today’s clinical practice. ANP is a 28 amino acid peptide hormone first isolated
from the atrial tissue of rats. BNP was originally isolated
from the porcine brain, leading to its name “brain natriuretic peptide,” although it is made predominantly in the
cardiac ventricles in humans. BNP was later renamed
B-type natriuretic peptide to avoid confusion. BNP is
a 32 amino acid peptide hormone with an in vivo halflife of 20 min. BNP is a cleavage product of NT-proBNP,
which itself is a cleavage product of prohormone brain
natriuretic peptide (proBNP), a 134 amino acid
prohormone. NT-proBNP is a 76 amino acid peptide
with an in vivo half-life of 120 min (Table 1). All three
natriuretic peptides are produced by cardiomyocytes
during increased ventricular stretch and increased wall
stress. Natriuretic peptides are protective hormones
with physiologic effects opposing the abnormalities
of heart failure by increasing glomerular filtration
rate, stimulating sodium and water excretion by the kidneys, inhibiting sodium absorption, increasing vasodilation by relaxing the smooth muscle in arterioles and
venules, counteracting the renin-angiotensin-aldosterone
by inhibiting rennin and aldosterone secretion, and
inhibiting maladaptive cardiac hypertrophy.
Diagnosis of HF. In today’s clinical practice, natriuretic
peptides are used extensively to aid the diagnosis of acute
heart failure and to risk stratify heart failure patients [6].
Differentiating between pulmonary and cardiac causes of
acute dyspnea has traditionally been a challenge as the
physical examination, laboratory, and radiographic

H

findings have significant overlap. Natriuretic peptides
ability to improve the diagnostic accuracy of acute heart
failure was demonstrated by the landmark Breathing Not
Properly study. In the Breathing Not Properly study, 1,586
patients with acute dyspnea were evaluated for the diagnostic accuracy of acute heart failure. In this study, a BNP
cutoff of 100 pg/mL was 73% specific and 90% sensitive
for the diagnosis of acute heart failure [2] (Fig. 1). Besides
BNP, NT-proBNP has also been studied extensively for the
diagnosis of acute heart failure. In a study by Januzzi et al.,
NT-proBNP was shown to have comparable sensitivity
and slightly higher specificity (84% sensitive and 90%
specificity) than BNP for the diagnosis of acute heart
failure. Furthermore, natriuretic peptide levels are highly
reproducible and can be checked with ease in a typical
clinical laboratory. Adding natriuretic peptide levels to the
standard diagnostic evaluation of acutely dyspneic
patients can significantly reduce clinical indecision and
diagnostic lag time, leading to the widespread acceptance
of natriuretic peptides in the diagnostic evaluation of
patients with acute dyspnea. ANP, although discovered
around the same time as BNP, suffers from serious in
vitro instability, which limited its use in routine clinical
practice. Recently, biochemical assays targeting a stable
fragment of prohormone atrial natriuretic peptide
(proANP), mid-regional proANP (MR-proANP) became
available, leading to a reemergence of ANP in heart failure
evaluation. The diagnostic utility of MR-proANP was
examined in a large scale multinational study, Biomarker
in Acute Heart Failure (BACH) trial. In the BACH trial,
1,641 patients with acute dyspnea were studied for the

Heart Failure, Biomarkers. Table 1 Characteristics of BNP and NT-proBNP
BNP

NT-proBNP

Components

BNP molecule

NT fragments (1–76)

Molecular weight

4 kDa

8.5 kDa

Genesis

Cleavage from NT-proBNP

Release from ventricular myocytes

Half-life

20 min

120 min

Clearance mechanism

Neutral endopeptidase clearance receptors

Renal clearance

Increase with normal aging

+

++++

Correlation with estimated
glomerular filtration rate

0.20

0.60

Approved cutoff(s) for CHF
diagnosis

100 pg/mL

Age < 75: 125 pg/mL

NT-proBNP (1–108)

Age > 75: 450 pg/mL

Studies completed

1,370

39

Entry on US market

November, 2000

December, 2002
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Patient presenting with dyspnea
Physical examination,
chest radiography,
ECG,
BNP level
BNP < 100 pg/mL

BNP 100–400 pg/mL

BNP > 400 pg/mL

CHF very unlikely
(2%)

Baseline LV dysfunction,
underlying cor pulmonale or
acute pulmonary embolism?

CHF very likely
(95%)

Yes

No

Possible
exacerbation of CHF
(25%)

CHF likely
(75%)

BNP

NT-proBNP

100–400 <50 years 300–450
pg/mL
50–75 years 300–900
>75 years 300–1800

Heart Failure, Biomarkers. Figure 1 Algorithm using B-type natriuretic peptide (BNP) and N-terminal prohormone B-type
natriuretic peptide (NT-proBNP) levels to rule in and rule out heart failure. ECG indicates electrocardiography; LV (left ventricular)
(Reprinted with permission of MedReviews LLC and Maisel (2002) Reviews in Cardiovascular Medicine is a copyrighted
publication of MedReviews, LLC. All rights reserved)

diagnostic accuracy of acute heart failure and the prognostic utility of a variety of new mid-regional biomarkers
including MR-proANP. The primary analysis of the BACH
trial showed that MR-proANP 120 pmol/L was noninferior to BNP >100 pg/L for the diagnosis of acute
heart failure. In addition, MR-proANP added to the diagnostic accuracy of BNP and NT-proBNP in patients with
borderline or intermediate BNP and NT-proBNP values
and in patients with obesity.
Prognosis of HF: Natriuretic peptide utility is not limited to diagnostic evaluation, but also to prognostic evaluation of heart failure patients. Elevated natriuretic
peptide levels are associated with increased morbidity
and mortality in both stable outpatients and patients
admitted for acute heart failure. For example, Fonarrow
et al. examined the ADHERE registry with 77,467 hospitalization episodes for acute heart failure and found that
BNP level at the time of admission had a nearly linear
relationship with the risk for in-hospital mortality.
The adjusted odds ratio between BNP quartile 4 (BNP
>1,730 pg/mL) and BNP quartile 1 (BNP <430 pg/mL)
was 2.23 with p < 0.0001. For asymptomatic outpatients,
The Framingham Offspring Study, which evaluated 3,346
asymptomatic patients, demonstrated that elevated

natriuretic peptide levels were predictive of future adverse
cardiovascular events and mortality. In this particular
cohort, BNP values above the 80th percentile was associated with increased risk for death (hazard ratio = 1.62),
first major cardiovascular event (hazard ratio = 1.76),
atrial fibrillation (hazard ratio = 1.91), stroke or transient
ischemic attack (hazard ratio = 1.99), and heart failure
(hazard ratio = 3.07).
Guiding therapy: Besides diagnosis and risk stratification of heart failure patients, attempts have also been
made to use natriuretic peptide to guide heart failure
therapy. There have been several studies demonstrating
the validity of this approach. The first large scale natriuretic peptide guided therapy study was the STAR-BNP
study by Troughton et al. STAR BNP was a multicenter
study comparing the outcomes of BNP guided therapy
against standard clinical therapy according to current
guidelines. A total of 220 NYHA class II and III patients
optimally treated with ACE inhibitors, beta-blockers, and
diuretics were involved in the study. The patients were
randomized to receive either BNP guided therapy with
a goal BNP of <100 pg/mL or standard clinical therapy
according to clinical guidelines at the time. The patients
were followed for up to 15 months for a primary endpoint
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of heart failure related death or admission. By the end of
the study, the BNP guided arm had significantly fewer
patients reaching primary endpoint than the standard
clinical therapy arm (24% vs. 52%, p < 0.001). The
STAR-BNP study was followed by the BATTLESCARRED
study, which was a large scale study comparing NTproBNP guided therapy, intensive clinical management
(treatment by heart failure management team led by
heart failure specialists), and usual care (treatment at the
discretion of a primary care physician). A total of 366
patients were enrolled and followed for up to 3 years.
The study found that one year mortality was significantly
less in both the NT-proBNP guided therapy arm (9.1%)
and the intensive clinical management arm (9.1%) when
compared to usual care (18%; p = 0.03). In addition, the
study found that in patients less than 75 years of age, the
3 year mortality is significantly lower in the NT-proBNP
guided arm (15.5%) when compared to both the intensive
clinical management arm (30.9%, p = 0.048) and the usual
care arm (31.3% and p = 0.021), highlighting the long
term benefit of natriuretic peptide guided therapy. The
largest natriuretic peptide guided heart failure therapy
trial to date was the TIME-CHF trial, which was
a prospective randomized study evaluating the effectiveness of natriuretic peptide guided therapy with a total of
499 chronic heart failure patients enrolled and followed
for up to 18 months. This study compared outcomes of
NT-proBNP guided therapy against symptom guided
therapy. The study found similar rates of survival free of
all-cause hospitalizations between the natriuretic peptide
guided therapy arm and symptom guided therapy arm
(41% vs. 40%). Additionally, natriuretic peptide guided
heart failure therapy lead to higher rates of survival free of
all-cause hospitalizations in patients aged 60–75 years.
These studies have consistently shown the long term effectiveness of natriuretic peptide guided heart failure therapy,
highlighting the potential benefit of adding natriuretic
peptides to future heart failure treatment algorithms.
Although natriuretic peptides are widely available and
easy to use in routine clinical practice, there are some
caveats to using natriuretic peptides that must be noted.
For instance, both BNP and NT-proBNP increase with
age. In addition, multiple factors beyond ventricular stress
also influence natriuretic peptide levels and thus need to
be accounted for as potential confounders when
interpreting natriuretic peptide levels. Medically, besides
heart failure, elevated natriuretic peptide levels are also
seen in patients with acute coronary syndrome, renal
failure, and pulmonary disease. Furthermore, lower levels
of BNP and NT-proBNP have been consistently observed
in patients with elevated body mass index.
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Other Emerging Biomarkers
These new biomarkers include MR-proADM, Copeptin,
ST2, and NGAL.
Adrenomedullin (ADM), a 52-amino acid ringedstructure peptide with C-terminal amidation, was originally isolated from human pheochromocytoma cells.
ADM is a peptide hormone with natriuretic, vasodilatory,
and hypotensive effects. Its synthesis is widely distributed
in the endothelial and smooth muscle cells of the cardiovascular, pulmonary, renal, gastrointestinal, cerebral, and
endocrine systems. Elevated ADM levels have been associated with cardiorenal diseases such as hypertension and
heart failure. However, despite being consistently elevated
in patients with heart failure, ADM has not been
established as a clinically useful biomarker due to its
biological instability. In recent years, mid-regional
proadrenomedullin (MR-proADM), a stable mid-regional
fragment of proadrenomedullin, has emerged as a reliable
surrogate biomarker for ADM. Unlike ADM, MRproADM is very stable in vitro and can be easily measured
by a standard clinical laboratory. The prognostic potential
of MR-proADM was demonstrated in the recently
published BACH trial. Among the 1,641 patients enrolled
in the study, 568 patients were diagnosed with acute heart
failure. In this acute heart failure cohort, MR-proADM
was superior to both BNP and NT-proBNP in predicting
adverse events at 90 days [3]. MR-proADM also provided
significant additive incremental predictive value for 90 day
adverse events when added to natriuretic peptides.
Despite the promising results shown above, MR-proADM
is still a very nascent biomarker. Significant work is needed
to fully define its role in clinical management of heart
failure patients, especially in outpatients with stable
heart failure.
Copeptin is a mid-regional fragment of the vasopressin prohormone pre-pro-vasopression. Pre-provasopressin is cleaved into copeptin and vasopressin inside
the posterior pituitary. Post cleavage, both copeptin and
vasopressin are released in equimolar amounts into circulation. Both fragments are cleared by the kidneys. It is
well known that vasopressin is a major contributor to
hyponatremia, which is associated with increased mortality in heart failure patients. In addition, elevated vasopressin is consistently seen in patients with severe heart failure,
highlighting vasopressin’s potential as a prognostic biomarker. However, vasopressin has not been widely used in
heart failure management due to its rapid clearance and
in vitro instability. Unlike vasopressin, copeptin is very
stable in vitro making it an ideal surrogate biomarker for
vasopressin. In the BACH trial, which is the largest trial
examining copeptin in patients with acute heart failure,
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elevated copeptin levels were associated with increased
mortality, heart failure related readmissions, and heart
failure related emergency department visits. In addition,
mortality is significantly increased in patients with elevated copeptin (above median) and low sodium
(<139 mEq/L). These findings from the BACH trial
highlighted the prognostic utility of copeptin in patients
with acute heart failure and opens the door to future
copeptin guided vasopressin antagonist therapy in acute
heart failure patients, targeting specifically those high risk
patients with elevated copeptin levels.
ST2 is a member of the IL-1 receptor like protein
family that is release by cardiomyocytes in response to
cardiac stress, inflammation, and injury. ST2 levels have
been shown to increase significantly after acute myocardial infarction. ST2 levels are inversely correlated to left
ventricular ejection fraction in heart failure patients. Elevated ST levels are also associated with increased long term
mortality heart failure patients. The prognostic potential
of ST2 has been investigated in both stable outpatients and
acute heart failure patients. In a study by Daniels et al.,
which examined stable outpatients who were referred for
echocardiogram, elevated ST2 levels were associated with
increased right atrial size, right ventricular dysfunction,
and increased 1 year mortality. In this study, patients with
increased BNP and ST2 levels are at even higher risk for
mortality when compared to patients with normal BNP
and ST2 levels. Rehman et al. investigated the prognostic
utility of ST2 in acute heart failure patients and found that
ST2 levels correlated very well with the severity of heart
failure, left ventricular ejection fraction (inversely), natriuretic peptide concentrations, creatinine clearance, and Creactive protein. In this acute heart failure cohort, ST2 was
again a strong predictor of 1 year mortality [4]. As
a marker of myocardial inflammation and stretch, ST2 is
an exciting new addition to the biomarker arsenal for
heart failure patients.
Finally, troponin, a biomarker widely used for the diagnosis of myocardial infarction, is increasingly being recognized as a valuable biomarker for risk stratification of heart
failure patients. Markedly elevated troponin levels (Troponin
I >1,000 ng/L and Troponin T >100 ng/L) have long been
associated with increased in-hospital and long term mortality. The prognostic value of troponin was demonstrated by
Peacock et al. In this analysis of the ADHERE database,
patients admitted for acute heart failure were risk stratified
by admission troponin levels. Positive troponin was defined
as Troponin I >1,000 ng/L and Troponin T >100 ng/L. The
patients with positive troponin had significantly increased
risk for in-hospital mortality when compared to patients
with negative troponin, with an odds ratio of 2.55. Despite

these remarkable findings, troponin has not been used clinically for the evaluation of heart failure patients as most heart
failure patients have troponin elevations below the detection
range of traditional troponin assays. Recently, the availability
of new high sensitive troponin assays capable of measuring
troponin I in the ng/L range made it possible to measure
troponin levels in virtually all patients with acute heart
failure. In a recent study by our group, we examined 144
patients hospitalized for acute heart failure with serial measurements of troponin I. We found that patients with small
troponin elevations at discharge (troponin I >23.25 ng/L)
have significantly higher risk for 90 day mortality and
readmission than patients with troponin I <23.25 ng/L
(HR = 3.55) [5]. Patients with small troponin elevations
and BNP elevations at discharge are at even higher risk for
mortality and readmission (HR = 15.97). In addition, we
found that patients with increasing troponin I levels during hospitalization have significantly increased risk for
90 day mortality than patient with stable or decreasing
troponin levels (HR = 4.52). The significance of our
findings lies in the fact that every patient included in
the analysis had measurable troponin levels, thus
extending the prognostic value of troponin to the entire
heart failure population. Furthermore, since the trend of
troponin levels during acute heart failure treatment is
prognostic of adverse events, serial measurements of
troponin levels should be considered during hospitalization for acute heart failure. Discharge troponin measurements and the trend of troponin levels during
hospitalization can help to identify high risk patients
who need closer follow-up and more intensive therapy.
Once our results are validated by larger trials, high sensitive troponin measurements are likely to become a routine
part of the evaluation and treatment of patients with acute
heart failure.
Although it is not a cardiac biomarker, NGAL is likely
to have a significant role in guiding heart failure therapy in
the future. NGAL is a 25-kDa glycoprotein released by
renal tubular cells during renal inflammation and injury.
Renal impairment is common with therapy for acute heart
failure. Currently, the standard biomarker for detecting
renal impairment is creatinine. Although creatinine is
a reliable marker of glomerular filtration rate, its clinical
utility is limited by its slow accumulation during the acute
phase of renal injury, often delaying the diagnosis of acute
renal failure by hours to days. NGAL, on the other hand, is
released rapidly during renal injury and can lead to much
earlier diagnosis of acute renal failure. The ability to detect
acute renal failure early can lead to timely titration of heart
failure therapy and avoid unnecessary kidney impairment
as renal failure is associated with significantly increased
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mortality in heart failure patients. NGAL is very likely to
have a place in future heart failure therapy algorithms
once more studies are conducted to define its efficacy.

Conclusion
Although significant work is still needed to further define
the role of biomarkers in the overall management of heart
failure patients, what is known is that biomarkers with
their objectivity, reproducibility, and accessibility are
excellent adjuncts to physical examination and imaging
studies in heart failure diagnosis, risk stratification, and
therapy. With advances in basic science, new biomarkers
representing different physiological processes continue to
emerge, providing an ever clearer risk profile for patients
with heart failure. Along with traditional predictors of
prognosis, biomarkers can help to identify high risk
patients who need closer monitoring and more aggressive
therapy. By continually enhancing our understanding of
the underlying pathophysiology of heart failure, improving our ability to identify high risk individuals, and helping us to tailor therapies to an individual’s unique risk
profile, biomarkers will undoubtedly improve the effectiveness of heart failure therapy and lead to better patient
outcomes.
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heart/kidney disorder: A diseased heart has numerous
negative effects on kidney function, renal insufficiency
can also significantly impair cardiac function. Thus,
a large number of direct and indirect effects of each
organ dysfunction can initiate and perpetuate the combined disorder of the two organs.
▶ Cardiorenal Syndrome
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Heart–Kidney Interaction
In both chronic and acute situations, an interaction
between heart and kidney during dysfunction occurs.
Such interactions differ according to the type of combined
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Definition
Definition of the Heat Shock Response
Virtually all cells respond to stress through the activation
of primitive, evolutionarily conserved genetic programs
that maintain homeostasis and assure survival. Stress
adaptation (also known in the literature as tolerance,
desensitization, conditioning, or reprogramming) is
a common paradigm found throughout nature in which
a primary exposure of a cell to a stressful stimulus results
in an adaptive (frequently protective) response, such that
a second exposure to the same stimulus produces a minimal response. More importantly, this adaptive response is
not unique to the original stimulus, in that exposure to
a different stressful stimulus is also associated with
a minimal response. This latter phenomenon is often
called cross-tolerance or cross-adaptation. The heat shock
response, described nearly 50 years ago, is one of the more
commonly described forms of stress adaptation and is
frequently referred to simply as the stress response. The
heat shock response is generally defined as an ancient,
highly conserved, endogenous cellular defense mechanism
characterized by the rapid upregulation of a specific class
of proteins known collectively as heat shock proteins
(HSP) or stress proteins.
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Characteristics

Definition of Heat Shock Proteins
Heat shock proteins (HSPs) are defined as ancient, highly
conserved proteins whose expression is rapidly
upregulated in response to cellular stress (classically, heat
shock). The structure, mode of regulation, and function of
HSPs are phylogenetically conserved among different species, and HSPs have been isolated from virtually every class
of living organism to date, including both prokaryotes and
eukaryotes. These proteins range in molecular weight
from 7 to 110 kDa and have been found in virtually
every cellular compartment, including the nucleus, cytoplasm, and mitochondria. By convention, the HSPs are
grouped and classified into families based upon their
molecular weight (Table 1), e.g., Hsp70 (HSPA) refers to
the 70 kDa family of HSPs, though the nomenclature of
human HSPs has recently been standardized. The HSPs
are generally thought to maintain cellular homeostasis
by acting as molecular chaperones, facilitating the
proper folding and assembly of nascent polypeptides
and assisting in the refolding and stabilization of damaged
peptides. Consistent with their function as molecular
chaperones, HSPs have traditionally been considered to
be exclusively intracellular proteins. However, not long
after the HSPs were first discovered, experimental
studies suggested that HSPs could be released into the
extracellular environment. Subsequent studies have
shown that extracellular HSPs play an important role in
the host immune response by acting as endogenous danger signals. Herein, we will briefly review the current roles
that intracellular and extracellular HSPs play in both the
innate and adaptive immune responses. We will focus
primarily upon host-derived HSPs, rather than bacterialderived HSPs.

Intracellular Heat Shock Proteins
Cells respond to stressful stimuli (e.g., heat shock) by
increasing HSP gene expression at a level that is proportional to the severity of the stress. The accumulation of
mis-folded and denatured proteins in the cytosol following exposure to classic heat shock (or any other stress)
activates stress response pathways leading to increased
HSP gene expression. Stress response pathways converge
on a family of transcription factors, known as heat shock
factors (HSFs) that regulate HSP gene expression. While
mammalian cells express at least three HSFs, the weight of
evidence suggests that HSF1 is the most critical to the
regulation of HSP gene expression. In turn, HSP confer
broad cytoprotection to a variety of cell stressors (crosstolerance) both in vitro and in vivo [1, 2]. Of clinical
relevance, HSP induction appears to be protective in several preclinical models of sepsis, acute lung injury, and
ischemia-reperfusion injury. The mechanisms by which
HSPs confer such broad cytoprotection are not fully
understood, but most likely relate to their ability to serve
as molecular chaperones by binding, refolding,
transporting, and stabilizing damaged intracellular proteins. HSP also appear to modulate the host inflammatory
response. For example, the stress response has been demonstrated to inhibit the expression of a number of genes
related to inflammation, including tumor necrosis
factor-a, interleukin-1b, inducible nitric oxide synthase,
interleukin-8, RANTES, C3, macrophage chemotactic
protein-1, and intracellular adhesion molecule-1. In
addition, it has been postulated that the inhibitory
effects of the stress response are relatively selective for

Heat Shock Proteins. Table 1 Major heat shock protein families
Name

Size (kDa)

Ubiquitin
HSP 27

HSPB

Heme
oxygenase

Localization

Bacterial homolog

Some known and possible functions

8

Cytosol/nucleus

–

Nonlysosomal degradation pathways

27

Cytosol/nucleus

–

Regulator of actin cytoskeleton;
molecular chaperone; cytoprotection

32

Bound to ER, extends –
to cytoplasm

Degradation of heme to bilirubin;
resistance to oxidant stress

HSP 40

DNAJ

47

ER

–

Collagen chaperone

HSP 60

HSPD

60

Mitochondria

Gro EL

Molecular chaperone

HSP 70

HSPA

72

Cytosol/nucleus

Dna K

Highly stress inducible; involved in
cytoprotection against diverse agents

Cytosol/nucleus

htpG

Regulation of steroid hormone activity

Nucleolus/cytosol

Clp family

Protects nucleoli from stress

HSP 90

HSPC

90

HSP 110

HSPH

110
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inflammation-associated genes [3]. The mechanisms by
which the stress response inhibits proinflammatory gene
expression involve inhibition of NF-kB. Several in vitro
and in vivo studies have demonstrated that induction of
the heat shock response inhibits activation of NF-kB,
a pluripotent transcription factor that regulates the
expression of many genes associated with inflammation.
Unfortunately, attempts at augmenting the stress
response in the clinical setting have met with limited
success. The difficulty perhaps lies in the fact that most
agents that induce HSPs in the laboratory setting are to an
extent, toxic to the cell. One notable exception is the
amino acid, glutamine. Preclinical studies have consistently demonstrated that glutamine is cytoprotective and
that its main mechanism of action is through the induction of Hsp70 (HSPA). Small clinical studies in which
glutamine is used as a nutritional supplement or nutritional pharmaceutical agent (“nutraceutical”) are promising, but further studies are required.

Extracellular Heat Shock Proteins
Danger Signals, Alarmins, and DAMPs
The host immune response has evolved over time to
protect organisms from infection, injury, and subsequent
death. Danger signals [4–6] are molecules that alert and
activate the host immune response – these danger signals
may come from either the internal or the external environments and activate cells of either the innate or adaptive
immune response. External or exogenous danger signals
have traditionally been called pathogen-associated molecular patterns (PAMPs) and include pathogen-derived proteins, nucleic acids, and lipids such as lipopolysaccharide
(LPS), peptidoglycan, lipoteichoic acid, CpG DNA, and
flagellin. These PAMPs are recognized by a surprisingly
limited number of highly conserved pattern recognition
receptors (PRRs), which include the Toll-like receptors
(TLRs) and the nucleotide-binding oligomerization
domain (NOD) receptors. Perhaps it is more than just
a mere coincidence that these same PRR appear to recognize endogenous danger signals as well – hence the term
“danger-associated molecular pattern” or DAMP [7].
Endogenous danger signals may be secreted by damaged
cells or released rather nonspecifically by necrotic cells to
act in an autocrine, paracrine, or endocrine manner,
thereby alerting the host to the presence of tissue injury.
In summary then, exogenous DAMPs (LPS, CpG DNA,
etc) usually trigger an immune response to an infectious
insult (e.g., bacteremia), while endogenous DAMPs or
alarmins trigger an immune response to tissue injury,
such as that may occur with trauma, ischemia-reperfusion
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injury, oxidative stress, etc. Several candidate alarmins
have been described, including high mobility group
box 1 protein (HMGB1), uric acid, and extracellular
HSPs, among others.
Several properties would suggest that extracellular
HSPs are biologically plausible and likely candidates to
serve as alarmins [8–10]. First, collectively, the HSPs are
the most abundant intracellular proteins, representing up
to 10% of the total protein in the cell. For example, 1 g of
tissue contains approximately 2.5 mg of HSPs. The lysis of
105–106 cells (approximately 1 mg) would result in the
release of approximately 2 mg HSP, translating to a local
concentration of 1–2 mg/mL at the tissue level [11]. Second, several of the HSPs are markedly induced (up to 15%
of the total intracellular protein content) in response to
a diverse range of cellular insults. Third, HSPs are universally found in every type of organism. In comparison, LPS,
an important “exogenous” danger signal, appeared relatively late on the evolutionary timescale and is much less
ubiquitous, being unique to only Gram-negative bacteria.
It is tempting to speculate that the programmed response
to the exogenous “danger signal,” LPS, is modeled on the
more primitive programmed response to the endogenous
“danger signal” [11]. Fourth, HSPs are highly immunogenic and have the capacity to mediate the induction of
peptide-specific immunity. For example, as molecular
chaperones, HSPs bind to many peptides derived from
the cells from which they are isolated. HSP-peptide
complexes elicit potent T cell responses against the
chaperoned peptide as well as the cell type from which
the chaperoned peptide is derived, including tumors and
viruses, and vaccination with HSP-tumor peptide complexes as an immunotherapy for cancer is an active area of
investigation. Similarly, HSP-pathogen-derived peptide
complexes have the capacity to elicit a pathogen-specific
immune response [9]. Finally, HSPs themselves, especially
members of the Hsp70 (HSPA) and Hsp60 (HSPD) families, have the capacity to activate the host innate immune
response, resulting in dendritic cell activation and maturation, activation of complement, and release of
proinflammatory cytokines.

Active Release (Secretion), Passive Release
(Necrosis), or Both?
One argument that is frequently cited against the purported role for extracellular HSPs as endogenous danger
signals has been the lack of any clearly defined mechanism
to explain their release into the extracellular environment.
Collectively, the HSPs lack the classic N-terminus leader
sequence necessary for the canonical protein secretory
pathway. What many investigators fail to recognize,
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however, is that there are diverse secretory pathways utilized by both prokaryotic and eukaryotic organisms, many
of which have only recently been elucidated. While HSPs
undoubtedly are released during necrotic cell death, most
studies suggest that this is not the major mechanism of
release. For example, several studies have shown that
release of HSPs generally occurs in the absence of significant cell death. Perhaps the best evidence comes from an
experiment in which serum Hsp70 (HSPA) concentrations
were measured in Sprague–Dawley rats following exposure to a cat. Rats were physically separated from the cat
using a clear Plexi-glass shield. In this experiment, cat
exposure induced a significant increase in both corticosterone and extracellular Hsp70 (HSPA) production. This
response was not observed in adrenalectomized rats [12].
Finally, there are several studies demonstrating increased
serum Hsp70 (HSPA) levels in patients following exercise
[13, 14]. Collectively, these studies strongly suggest that
HSP are released via a specific, though as yet undefined,
secretory mechanism.
Hsp70 (HSPA) is perhaps the best and most widely
studied extracellular heat shock protein and was first
reported in cultured rat embryo cells following exposure
to increased temperature in the late 1980s [15]. The mechanism of release appeared to be specific, in that Hsp70
(HSPA) release could not be reproduced by induction of
cell lysis through exposure to nonionic detergents. However, the mechanism did not appear to involve classic
secretory pathways either, as it was not inhibited by either
colchicine or monensin, both of which inhibit this pathway. Finally, Hsp70 (HSPA) synthesized in the presence of
a lysine amino acid analogue (aminoethyl cysteine) was
not released from these cells, suggesting that the altered
protein structure prevented interaction with an as yet
unidentified, but specific secretory mechanism [15]. Several groups, including ours [15–22] have shown that viable cells release Hsp70 (HSPA) in a specific and inhibitable
manner. Monensin and brefeldin A are inhibitors of the
classic endoplasmic reticulum (ER)/Golgi protein transport and secretory pathways. We have shown that Hsp70
release from THP-1 cells is not inhibited by either
monensin or brefeldin A [22]. In this particular study,
release of extracellular Hsp70 (HSPA) was early and
sustained up to 24 h following heat shock and did not
require new protein synthesis. Others have shown that
Hsp70 (HSPA) release from peripheral blood monocytes
(PBMC) is inhibited by brefeldin A, but not monensin
[19, 21]. Hsp70 (HSPA) release has also inhibited by
methylamine and methyl-b-cyclodextrin, both of which
inhibit protein secretion via lysosomal pathways [21].

Recent studies suggest that Hsp70 (HSPA) is actively
released via an exosome-dependent, nonclassical protein
secretory pathway [23–25].

Conclusion
Several years ago, Antonio De Maio [26] summarized the
current knowledge of heat shock protein biology as it then
pertained to clinical medicine. Dr. De Maio stated that the
manipulation of the stress response in the care of critically
ill patients would be “like a dream come true.” The field of
HSP biology continues to evolve. We are closer to defining
the mechanisms by which intracellular HSP are protective.
Over the course of the past few years, there has been
a virtual explosion of literature on the role of extracellular
heat shock proteins in the host immune response. As we
come to better understand the role of this fascinating
family of proteins both inside and outside the cell, we
will hopefully one day move closer toward the realization
of our dream of manipulating the stress response for the
benefit of our critically ill patients.
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Heaviness
▶ Chest Pain: Differential Diagnosis

Hematemesis
▶ Gastrointestinal Bleeding
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Synonyms
Arteriobiliary fistula; Hemobilia

Definition
Hematobilia is bleeding that arises from the biliary tree.
This disorder has been originally called “hemobilia,”
a term coined by Dr. Phillip Sandblom [1]. These terms
are now used synonymously. Hematobilia occurs when
there is a communication between the intrahepatic or
extrahepatic biliary tract and a blood vessel, usually an
artery. Venous bleeding into the biliary tree is less common than when there is an arteriobiliary fistula as the
pressure differential between the portal or hepatic venous
systems and the biliary tree is much lower than that of the
hepatic arteries. Hematobilia is a rare condition, and most
reports are of either single cases or case series.
Hematobilia can occur due to a variety of causes [2];
however, the most common cause of this disorder is
trauma, either iatrogenic or accidental. Iatrogenic
hematobilia usually is a consequence of percutaneous
transhepatic cholangiography. This condition can also
occur after liver biopsy or instrumentation of the biliary
tree during operation or a procedure. Blunt or penetrating
trauma can result in hematobilia, and it is estimated that
between 0.1% and 1% of blunt hepatic injuries are complicated by hematobilia [3].
The pathophysiologic basis for most nontraumatic
causes of hematobilia is erosion between the biliary tree
and a hepatic artery due to an inflammatory process.
Although any portion of the biliary tree can be involved,
intrahepatic sources of bleeding occur in the majority of
cases. The presence of a coagulopathy aggravates the tendency to develop this condition.
Gallstone disease can result in bleeding into the biliary
tree when there is erosion of a large gallstone into the
cystic artery or right hepatic artery. Bleeding from
a gallbladder polyp also has been reported to result in
hematobilia.
Other causes for hematobilia include vascular disease
and neoplasms. Atheromatous or mycotic aneurysms of
a hepatic artery can erode into the adjacent biliary tree.
The most common neoplasm associated with hematobilia
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is hepatocellular carcinoma, which is likely due to the
vascularity of this tumor. Hematobilia has not been
reported to occur in association with metastatic tumors
of the liver.
Infectious and inflammatory disorders are associated
with this symptom. Infection that causes necrosis of the
liver may result in biliary bleeding. Although it is not seen
often in the Western world, ascariasis is a common cause
of hematobilia in endemic areas. Rarely, there can be
erosion between a pancreatic pseudocyst and the common
bile duct.
Cholangitis, cholecystitis, and pancreatitis can occur
as a consequence of hematobilia.

Differential Diagnosis
Hematobilia is an uncommon cause of upper gastrointestinal bleeding. The triad of cramping abdominal pain,
jaundice, and gastrointestinal bleeding is the hallmark of
hematobilia. Although there can be occult bleeding into
the biliary tree as a result of minor injury, most of these
cases go unnoticed and resolve spontaneously. More overt
cases of hematobilia become evident due to hematemesis,
melena, or hematochezia.
Since most cases of hematobilia will present with
bleeding from the upper gastrointestinal tract, esophagogastroduodenoscopy is usually done to identify the source
of bleeding. Visualization of blood emanating from the
ampulla of Vater confirms the diagnosis. Contrastenhanced abdominal computed tomography (CT), usually done for abdominal trauma, may demonstrate an
aneurysm of the hepatic arterial tree. The identification
of a true or false hepatic artery aneurysm on CT should
lead one to perform hepatic arteriography. Selective arteriography is not only diagnostic for this disorder but is
usually therapeutic (see below). Occasionally, endoscopic
or operative cholangiography will demonstrate blood clots
in the biliary tree. Sphincterotomy may relieve the symptoms of biliary obstruction; however, this should only be
done after the source of blood loss is controlled. Clots in
the biliary tree will usually lyse within 24–48 h because of
the natural inhibition of fibrin formation by bile.

Treatment
The treatment of hematobilia has two goals: stopping the
bleeding and relieving biliary obstruction [2]. Arteriographic embolization of the involved hepatic artery is the
treatment of choice for approximately 95% of patients
with hematobilia. This requires identification of the
source of bleeding and selective occlusion of the offending
vessel. It is important to remember that natural variations
in the hepatic arterial tree are common, with the right

hepatic artery arising as a branch of the superior mesenteric artery in approximately 40% of cases and an aberrant
left hepatic artery being present as part of the celiac system
10–15% of the time.
Surgery is most commonly done for patients who have
failed arteriographic embolization and involves excision of
the aneurysm or bleeding vessel. Nonselective right or left
hepatic artery ligation is reserved for patients in whom the
source of bleeding cannot be identified. Patients with
hematobilia due to gallstone disease or with acute cholecystitis as a result of hematobilia should be treated with
cholecystectomy. The presence of a hepatic abscess or
associated hepatic necrosis may require a partial liver
resection to control bleeding. The mortality of
hematobilia has decreased from 25% to approximately
5% in more recent series [2].

Cross-Reference to Disease
▶ Abdominal trauma
▶ Gastrointestinal bleeding.
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Synonyms
Bleeding; Disseminated intravascular coagulation (DIC);
Thromboembolism (TE); Thrombosis

Hematologic Complications of Children on the ICU

Definition
A variety of conditions, associated with abnormal hemostasis that occur in patients in the pediatric intensive care
unit (PICU).
Young infants are at greater risk for either bleeding
or thromboembolic events (TE) due to physiologically reduced thromboin potential, as well as altered fibrinolysis
and impaired coagulation inhibition.
A special challenge is therapy of acute bleeding, that
may complicate surgery (especially major cardiac operations) or trauma. Major bleeding is defined as overt bleeding resulting in a rapid decrease in hemoglobin level of
more than 2 g/dL and requiring immediate transfusion of
red blood cells, or bleeding that occurs at a critical site:
intracranial, intraspinal, pericardial, pulmonary, intraarticular, intramuscular with compartment syndrome,
retroperitoneal, intraocular, and thus may be potentially
life-threatening.
Thrombosis is defined as vessel occlusion, leading to
obstructed blood flow followed by local or systemic complications. Improvement in diagnostic tools, advances in
new therapy, and procedures together with an increased
index of suspicion have increased awareness of TE in
pediatric population.
Disseminated intravascular coagulation (DIC), is an
ongoing process of activation of the coagulation system
that may be potentially complicated either secondary to
bleeding or to thrombosis in conjunction with life threatening disorders. It may occur following severe trauma or
in seriously ill children, due to a combination of infection,
hypotension, acidosis, and release of activated substances,
such as tumor necrosis factor, and requires close monitoring and tailored therapy.
The conditions, risk factors, and therapeutic options
available for critically ill PICU patients will be discussed.

Characteristics
Venous thromboembolism (VTE) is a rare disease increasingly diagnosed in pediatrics. The reported incidence is
5.3 per 10,000 hospital admissions, yet 95% of cases are
non-idiopathic. Thus, in PICU patients TE usually complicates primary severe underlying medical conditions
such as sepsis, cancer, congenital heart disease, and may
be a consequence of therapeutic interventions such as
central venous lines [1, 2]. Arterial thrombosis is usually
secondary to central lines such as umbilical artery catheter,
femoral lines used during cardiac catheterization, or
peripheral arterial lines [1, 2].
Thrombosis associated with central venous lines is
currently the single most important predisposing cause
of DVT in children [1, 2]. The only prospective,
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randomized, study of treatment for thrombosis in children, the REVIVE study showed that cancer and infections
followed by congenital heart disease were the most frequently reported underlying diseases – these are followed
by trauma [2]. Pediatric VTE is a severe disease with an
overall mortality rate of 2.2% in children with venous line
associated thrombosis, postphlebitic syndrome at a rate of
12–65%, and recurrent thrombosis occurring in 3% of
neonates and 8% of children, mainly in the older ones
[1–3]. PE in children is rare and may occur without
evident DVT.
Critically ill pediatric patients, especially those with
underlying cardiac conditions, may present with cerebral
thrombosis as well. Following stroke, 10% of children
suffering stroke will die, and at least 50% of survivors are
left with significant neurological disabilities [2].
The clinical signs of pediatric and especially neonatal
thrombosis might be subtle so that diversity in occurrence
is high depending on diagnostic tools, ranging from rapid
noninvasive techniques (e.g., color- Doppler sonography)
to CT, MR studies or gold standard angiographies and
venographies, rarely used for ultimate diagnosis of arterial
or venous disease, respectively [1, 2].
Inherited prothrombotic risk factors may increase the
risk of thrombosis in neonates, infants, and children, with
PICU comorbid conditions triggering acute TE occurrence as “second hit.” It is recommended that pediatric
patients experiencing thrombosis, even while being critically ill, should be screened for thrombophilia [2, 3].
Common gene mutations, that are, the factor V G1691A;
factor II G20210A and MTHFR C677T genotypes; rare
inherited prothrombotic risk factors, that are, deficiencies
of protein C (PC), protein S (PS), and antithrombin;
plasminogen; plasmatic levels and activity (thrombin
clotting time) of fibrinogen; factor VIIIC; elevation of
lipoprotein (a); fasting homocysteine concentrations;
and presence of antiphospholipid antibodies (tested in
non-acute phase) should be looked for. Data interpretation with regard to therapy considerations is based on agedependent reference ranges or the identification of causative gene mutations/polymorphisms with respect to individual ethnic backgrounds [3].
The typical pediatric ICU population is at high risk of
bleeding complications, including rapid life threatening
hemodynamic deterioration, since it is mostly comprised
of trauma survivors, patients hospitalized following major
surgery, patients with hematologic malignancies, posttransplantation, during acute sepsis, and using ventilatory assistance as well as extra corporeal membrane oxygenators
(ECMO). Massive blood losses may result in hemorrhagic
shock and consumption coagulopathy. Furthermore,
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patients in the PICU often suffer from a variety of pathophysiologic conditions that are associated with abnormal
hemostasis. These include DIC, liver disease, massive transfusion syndromes, anticoagulant overdose, thrombocytopenia, and platelet dysfunction.
Among PICU patients, those with congenital heart
disease (CHD) comprise a unique group. The coagulopathy
associated with cardio pulmonary bypass (CPB) and the
resultant postoperative bleeding is more severe in children,
particularly neonates and infants, as compared to adults.
Factors implicated in the hemostatic failure after CPB
include hemodilution, contact activation of the hemostatic
system, and initiation of a systemic inflammatory
response [2].
The combination of infection, hypotension, acidosis,
and release of activated substances, such as tumor necrosis
factor, is common following severe trauma or in seriously
ill ICU patients, and often leads to disseminated intra
vascular coagulation (DIC) that may be potentially complicated either by bleeding or thrombosis. DIC is characterized by the widespread activation of coagulation, which
results in the intravascular formation of fibrin and ultimately thrombotic occlusion of small and midsize vessels,
leading to hypoperfusion and organ failure. At the same
time, when trying to treat such patients, bleeding may
become the predominant problem due to consumption
of platelets, coagulation factors, and enhanced fibrinolysis
[2]. DIC is generally associated with an adverse outcome
by most clinicians, regardless of prompt early diagnosis
and appropriate measurements.

Treatment
Currently, the recommendations for treatment of
DVT suggest treatment with unfractionated heparin
(UFH) or low molecular weight heparin (LMWH). For
subsequent treatment in various conditions, either
vitamin K antagonist (VKA) or LMWH treatments are
recommended. UFH is also used as a prophylactic agent
to prolong patency and prevent obstruction of the arterial
lines in PICU. LMWHs offer important benefits to children with symptomatic thromboembolic events and poor
venous access. Pharmacokinetic studies in this age group
showed that neonates and younger infants require higher
LMWH doses than older children to achieve the targeted
anti-Xa levels, due to an increased extra vascular clearance.
Recurrent symptomatic thromboses under LMWH occur
in approximately 4% of children treated for venous
thrombosis, and in 7% of children treated for stroke;
major bleed was documented in 3% of children with
therapeutic target LMWH anti-Xa levels, whereas minor
bleeding was reported in approximately 23% of children

receiving either therapeutic or prophylactic doses, respectively [1, 2].
Thrombolysis is reserved for children with arterial
occlusion, massive pulmonary embolism (PE), and in
case of life, organ, or limb threatening situations [1, 2]
albeit major contraindication should be considered before
administration. It has been suggested that thrombolysis
may reduce long-term complications of VTE, such as post
phlebitic syndrome occurrence [2]. Among children
with stroke, the benefit of thrombolysis is yet to be clarified, due to diversity of protocols, doses, and timing of
administration [1, 2].
The potential utility of new antithrombotic drugs in
pediatric patients is currently under investigation [2]. One
major limitation for the use of new antiXa or thrombin
inhibitors in critically ill children is the lack of antidote,
affecting the potential risk of bleeding complications.
Treatment of significant bleedingis replacement by
blood-borne products (see Table 1). Following trauma
and massive transfusion, some potential risks should be
considered: blood-borne infections cannot be ignored
despite the low risk, dilutional coagulopathy may evolve
due to deficiency of coagulation factors, and circulating
platelets show impaired capacity for aggregation and are
less responsive to agonists. Transfusion related acute lung
injury (TRALI) may occur, and finally, the combination of
shock, tissue injury, and massive transfusions is occasionally associated with further adult respiratory distress
syndrome (ARDS) [2, 4, 5]. Specific antidotes (e.g.,
vitamin K, Protamine-sulfate) should be administered,
when possible, for bleeding PICU patients pretreated
with anticoagulant medications.
Adjunct therapy aimed at bleeding reduction in acute
conditions may include antifibrinolitic drugs. Tranexamic
acid, as well as aprotinin proved to be efficient by
reducing blood loss in children after cardiac operations.
Desmopressin (DDAVP), applied to pediatric patients with
coagulation disorders and impaired platelet function, is
another option to control bleeding, however, it may
induce severe hyponatremia, especially in young infants
and requires meticulous fluid and electrolyte
monitoring [4].
For acute life-threatening bleeds in pediatric ICU
patients, the off-label use of recombinant-activated factor
VII (rFVIIa; NovoSeven®; Novo Nordisk A/S, Bagsvaerd,
Denmark) was reported as well. The drug, originally
developed for the treatment of bleeding episodes in
patients with hemophilia A or B with inhibitors, is currently approved by the European Medicines Evaluation
Agency for the treatment of hemorrhage associated with
congenital factor VII deficiency or platelet-refractory
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Table 1 Product-related therapy of bleeding disorders in PICU
Product

Disease

Vitamin K

VKDB, liver disease, VKA reversal

PRBC, whole blood

Anemia, acute massive hemorrhage

PLT

Thrombocytopenia, acute massive
bleeding, bleeding with
thrombocytopathy: ASA/NSAID/liver
disease/uremia

FFP

Cryoprecipitate

VKDB, acute massive bleeding, FXIII,
FXI, FX, FIX a, FVII, FV and FII
deficiencies
Massive bleeding, hemophilia Aa, VW
diseasea
A/Hypo/Dysfibrinogenemia
FXIII deficiency

References
1.

2.

3.

FII, FVII, FIX, FX deficiency VKDB

4.

Factor concentrates:
FVIII
VWF
FIX
FXI
FVII, RFVIIa
Fibrinogen
Fibrogamin

Hemophilia A
VW disease
Hemophilia B
FXI deficiency
FVII deficiency
A/Hypo/Dysfibrinogenemia
FXIII deficiency

5.

Only when factor concentrates not available
PRBC = packed red blood cells; FFP = fresh frozen plasma;
VKDB = vitamin K deficiency bleeding; VKA = vitamin K antagonists
ASA = acetyl salycilic acid; NSAID = nonsteroidal anti inflamatory drugs
PCC = prothrombin complex concentrates; VW = von Willebrand

Glanzmann’s thrombasthenia as well. It is difficult to draw
any firm conclusions concerning the potential efficacy and
safety of rFVIIa in treating uncontrollable hemorrhage in
the pediatric population, as patients have received multiple therapeutic interventions, and it is not possible to
relate clinical efficacy to a particular intervention without
conducting the necessary randomized controlled trials.
Thrombotic complications following RFVIIa administration are extremely rare in pediatric patients, yet should not
be ignored. At present, there is no laboratory test for
monitoring the effect of rFVIIa [5].
The mainstay in the management of disseminated
intravascular coagulation is aggressive treatment of the
underlying cause (e.g., antibiotics for sepsis), multiorgan support, circulatory resuscitation or inotropic
agents, ventilation, hemodialysis, replacement therapy
with blood products, or anticoagulation. Novel therapeutic strategies are aimed at restoration of physiological
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anticoagulant pathways. Among these, the impact of the
recombinant activated protein C, studied in adults with
severe sepsis, has not been shown to be beneficial for
young children and neonates [2].
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Synonyms
Blood in urine

Definition
Hematuria is the presence of red blood cells in the urine
and is a principal symptom in identifying renal and urinary tract disease or trauma. Diagnosis is generally based
upon urine color, urine test strips for occult blood, as well
as microscopic evaluation.
Gross: Visible hematuria presenting as bright red blood
in the urine, clots, or tea-colored urine. Conservatively
defined as urine that is any color other than clear or yellow.
The degree of gross hematuria often does not correlate
with the degree of injury. Patients that suffered high-grade
renal injuries or renovascular injuries may not present
with hematuria.
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Microscopic: Blood in the urine that is not visible
but detected with testing methods. Hemoglobin greater
than 0.06 mg/dL is perceived on urine tests strips as
positive (1+). Microscopic evaluation revealing greater
than five red blood cells per high-powered field (RBC/
hpf) is considered positive.

Inaccurate Urine Tests
False positives may occur in the presence of myoglobin
secondary to rhabdomyolysis. False negatives may result
from the use of Captopril, Vitamin C supplements,
increased urine specific gravity, proteinuria, or urine pH
less than 5.0∗.

Differential Diagnosis
Renal Injury
Significant renal injuries occur in 1–3% of all trauma
patients, especially in the context of deceleration injury,
blunt or penetrating abdominal or pelvic injury. Renal
injuries have been reported to be present in up to 10% of
all patients with abdominal trauma [1], although prevalence of penetrating injury and blunt trauma vary
depending on trauma center experience.
Overall, 90% of significant renal injury in the United
States is due to blunt trauma. In the injured patient with
suspected urologic involvement, the first step in evaluation is a thorough physical exam. Renal injuries can often
be detected by the presence of a palpable flank mass and/or
ecchymoses in the flank, abdomen, or back. However, the
most telling sign of renal injury is the presence of hematuria. A urine dipstick and microscopic evaluation should
be performed on all trauma patients. The relationship
between the degree of hematuria and renal injury has
been examined. The chance of renal laceration is very
unlikely with less than 50 RBC/hpf, 7% with significant
microscopic hematuria (greater than 50 RBC/hpf), and
37% of patients with gross hematuria [2]. It is not economically prudent and is potentially harmful to image every
trauma patient with hematuria in assessment for significant renal injury. With this consideration, a number of
guidelines for imaging have been proposed. Guidelines
widely used in clinical practice indicate imaging for:
1. The presence of penetrating injury and any level of
hematuria, proximity of wound, or clinical suspicion
2. Blunt trauma and the presence of gross hematuria
3. Blunt trauma with microhematuria and shock
(defined as SBP < 90)
Hematuria may be absent in penetrating trauma if
a major collecting system is lacerated resulting in

retroperitoneal collection of urine. Although rare, another
instance in which hematuria may be absent is deceleration
injury resulting in renal pedicle injury. In this scenario,
there is intimal disruption of the renal artery and renal
devascularization; hematuria will be absent in 20–33% of
these patients. Thus, an appropriate level of suspicion is
necessary in deceleration injuries.
Spiral Computerized Tomography (CT) scanning is
the gold standard imaging technique in the workup of
renal injury. In comparison to Intravenous Pyelogram
(IVP), CT allows for identification of renal contusion,
subcapsular hematoma, as well as the location and depth
of parenchymal lacerations [1, 2]. With the advent of
faster CT scanners, the proper genitourinary tract system
evaluation trauma protocol MUST include the
nephrogenic, vascular, and excretion phases. These different phases will allow the surgeon and radiologists evaluate
whether renal, ureteral, vascular, or bladder injury
occurred. The most accurate imaging study to evaluate
bladder injury (retroperitoneal versus intraperitoneal) is
the CT cystogram with the passive instillation of approximately 250 cc of radiological contrast into the bladder via
a urethral catheter.
One-shot IVP must be considered when patients are
unstable and cannot afford any delay to go to the operating room for an exploratory laparotomy. Under these
circumstances, a one-shot IVP 2 mg/kg of IV contrast,
that is, for an adult male 150 cc, is given IV, and 10–15 min
later a KUB (kidney, ureter, and bladder) X-ray is taken to
evaluate the presence of two kidneys and gross urine
extravasation. Currently, the use of Fluoroscopy can substitute the fixed one-shot X-Ray.
The Urologic Injury Scale of the American Association
for the Surgery of Trauma describes classification of kidney and other urologic injury. The grade of injury is
determined by imaging, autopsy, or by laparotomy
(Table 1).

Ureter
Traumatic injuries of the ureter are present in 4% of
patients with penetrating abdominal injury and less than
1% of patients with blunt abdominal trauma. The small
size of the ureters, surrounding structures, and mobility
keep them relatively protected. It is common to have
ureter injury in the absence of hematuria; in fact, hematuria is absent in 23–45% of patients [1, 3]. Ureteral
injuries due to trauma are almost always unilateral, associated with other injuries, and are commonly caused by
gunshot wounds [3].
Suspicion of ureteral injury early in the workup of
a patient with penetrating trauma is essential even in the
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Grade

Injury description

Grade

Injury description

I

Contusion

Microscopic or gross hematuria,
urological studies normal

I

Hematoma Ureter contusion or hematoma
without devascularization

Hematoma Subcapsular, nonexpanding
without parenchymal laceration

II

Laceration

50% transection

III

Laceration

>50% transection

Hematoma Nonexpanding perirenal hematoma
confined to renal retroperitoneum

IV

Laceration

Complete transection with 2 cm
devascularization

V

Laceration

Avulsion of renal hilum that
devascularizes kidney

II

Laceration

<1 cm parenchymal depth of renal
cortex without urinary
extravasation

III

Laceration

>1 cm depth of renal cortex,
without collecting system rupture
or urinary extravasation

Source: [1]
Advance one grade for multiple injuries to same organ [2]

IV

Laceration

Parenchymal laceration extending
through the renal cortex, medulla
and collecting system

Vascular

Main renal artery or vein injury with
contained hemorrhage

Laceration

Completely shattered kidney

Vascular

Avulsion of renal hilum which
devascularizes the kidney

It is appropriate to hold a level of suspicion for ureteral
injury in postoperative patients with persistent ileus, fever,
abdominal or flank tenderness, or persistent urinary
drainage as these symptoms may represent missed ureteral
injury. Particularly, with missile blast effect the ureteral
injury may be missed during laparotomy having delay
extravasation.
Nowadays, delayed diagnosis of ureteral injury is made
by CT scanning with the excretion phase. When clinically
patients do not improve, cystoscopy with retrograde
pyelography may be warranted [1, 3]. Surgical repair
with debridement and stenting is the usual treatment
modality for most ureteral injuries.
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face of negative preoperative assessment. Specifically,
hematuria is not a sensitive indicator of ureteral trauma.
One trauma center reported that 37.5% of patients with
ureteral injury had gross hematuria, 37.5% had microscopic hematuria, and 25% had no hematuria [3].
Diagnosis of ureteral injury can be made by intravenous urography (IVU), intraoperatively by retrograde
ureteropyelogram, or by CT. One center reports only
25% of IVU on admission to be diagnostic. Other studies
report a false negative rate for IVU of 44–73%. Diagnosis
is made upon failure of the distal ureter to enhance,
dilatation or deviation of ureter, or bladder displacement.
Most patients (up to 75%) with ureteral injury are diagnosed intraoperatively [1, 3]. IV methylene blue or indigo
carmine can be helpful in making the intraoperative diagnosis. Although direct visualization of the ureter during
laparotomy is the usual diagnostic modality, CT scanning
is often warranted upon admission in the penetrating
abdominal trauma patient. CT is often diagnostic for
ureteral injury. It is important to order with contrast
enhancement and delayed excretory phase, as extravasation of contrast will allow for diagnosis.
Ureteral injuries are classified with the Urologic Injury
Scale of the American Association for the surgery of
Trauma (Table 2).

Bladder
Bladder injury is rarely a solitary injury in the trauma
patient. Blunt injury from motor vehicle accident, fall
from a height, pelvic fracture, being struck with a heavy
object resulting in sudden compression of a full bladder
and shear forces are the most common etiologies of bladder injury. Motor vehicle accidents are the cause in nearly
80% of these injuries, especially if the patient was wearing
a seatbelt. Although blunt injury is the cause in a majority
of cases, penetrating injury represents 14% of cases
including stab wounds, gunshot wounds, and proximal
femur fracture. Hip fracture is present in nearly 80% of
patients with bladder rupture, while 2.5% of patients with
hip fracture will have associated bladder rupture in some
centers [1, 4].
Gross hematuria is the principal sign of bladder injury
and is present in over 95% of bladder injuries. Less than
5% of patients will have microscopic hematuria alone.
Symptoms include suprapubic or perineal pain, difficulty
or inability to void, and shoulder pain secondary to diaphragmatic irritation if intraperitoneal urine collects
under the diaphragm. Physical exam may reveal perineal
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or suprapubic ecchymoses. Bowel sounds may be absent in
the context of intraperitoneal rupture. If blood is present
at the urethral meatus, suspect urethral injury rather than,
or in addition to, bladder injury and do not attempt to
insert bladder catheter. It is important to note that the
classic triad of bladder rupture is gross hematuria,
suprapubic or perineal tenderness, and difficulty voiding.
It has been widely accepted to perform a retrograde
cystogram in the assessment of trauma patients with gross
hematuria. This can be done either traditionally with x-ray
(voiding cystogram) or CT cystogram. Data shows equivalent ability of CT and x-ray to diagnose and stage bladder
injury. But one may request a post void film with the
traditional cystogram to proper evaluate any bladder
injury. The advantage of CT cystogram lies in its ability
to provide additional information about the perivesicular
space and adjacent structures. Although retrograde
cystogram is the imaging modality of choice with an
accuracy rate of 95.9%, it may not be feasible in all trauma
scenarios given the prevalence of multiorgan injury. Additionally, many patients will require abdominal CT for
suspicion of other intra-abdominal injuries. CT has
an accuracy rate of 60% for identifying bladder injury
[1, 5]. The improper use of the CT indirect cystogram,
that is, fill the bladder with IV contrast given during
upper tract evaluation, is not enough to evaluate bladder
injuries. The bladder has to be filled with at least 250 cc
of contrast.
Imaging may show extravasation of contrast in
patterns consistent with intraperitoneal, extraperitoneal,
or combined lacerations. Hematuria of bladder origin
without extravasation of contrast is indicative of
bladder contusion or minimal mucosal injury. Bladder
injuries are classified using the Urologic Injury Scale of
the American Association for the surgery of Trauma
(Table 3).
Bladder contusions and minimal mucosal injuries are
generally managed nonoperatively. Extraperitoneal lacerations are commonly managed nonoperatively unless
a hardware must be placed by the orthopedic surgeons
and for faster recovery. Failure is seen when there is no
good mucosa apposition during the closure, or in the
presence or infection of foreign bodies.
Intraperitoneal lacerations are traditionally managed
with operative treatment [1, 4].

Urethral Injury
Urethral injuries can be classified into two broad categories based on the anatomical site of the trauma. Posterior
urethral injuries are located in the membranous and

Hematuria. Table 3
Grade

Injury description

I

Hematoma Bladder contusion or intramural
hematoma
Laceration

Partial thickness laceration

II

Laceration

Extraperitoneal bladder wall
laceration <2 cm

III

Laceration

Extraperitoneal >2 cm or
intraperitoneal <2 cm bladder wall
lacerations

IV

Laceration

Intraperitoneal bladder wall
laceration >2 cm

V

Laceration

Intra- or extraperitoneal bladder
wall laceration extending into the
bladder neck or ureteral orifice
(trigone)

Source: [1]
Advance one grade for multiple injuries to same organ

prostatic urethra. These injuries are most commonly
related to major blunt trauma such as motor vehicle
collisions and major falls, and most of such cases are
accompanied by pelvic fractures. Injuries to the anterior
urethra are located distal to the membranous urethra.
Most anterior urethral injuries are caused by blunt trauma
to the perineum (straddle injuries), and many have
delayed manifestation, appearing years later as a urethral
stricture.
External penetrating trauma to the urethra is rare, but
iatrogenic injuries are quite common in both segments of
the urethra. Most are related to difficult urethral
catheterizations.
The risk of urethral injury varies with the type of pelvic
fracture sustained and most commonly involves the
ischiopubic rami [1].
Signs of urethral injury include inability to void, blood
at the urethral meatus, perineal, penile, or scrota hematoma, and inability to clearly palpate the prostate on rectal
exam. The patient may also complain of pelvic or
suprapubic tenderness.
If any of these symptoms are present with a history of
pelvic trauma, bladder catheter should not be inserted to
avoid augmenting the injury until imaging studies are
shown negative. Retrograde urethrogram should be
performed and injury graded according to the AAST
guidelines outlined in Table 4. If hematuria is present
following placement of suprapubic catheter when urethral
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Grade

Injury description

I

Contusion

Blood at urethral meatus with
normal urethrography

II

Stretch
injury

Elongation of urethra without
extravasation on urethrography

III

Partial
disruption

Extravasation of urethrographic
contrast at injury site with contrast
visualized in the bladder

IV

Complete
disruption

Extravasation of urethrographic
contrast at injury site without
contrast visualized in the bladder;
<2 cm of urethral separation

V

Complete
disruption

Complete transection with >2 cm
of urethral separation or extension
into the prostate or vagina

Source: [1]
Advance one grade for multiple injuries to same organ

injury is present, stress cystogram should be performed to
assess for concomitant bladder injury. Bladder injury is
present in 10–15% of patients with urethral injury and
associated pelvic fracture [1].

Pediatric Renal Injury
Management of the pediatric trauma patient in assessment
for urologic injury is largely adapted from that of the adult.
However, important differences exist as the relatively larger
kidneys and reduced perinephric fat make the pediatric
kidney more susceptible to injury. The kidney, in fact, is
the most frequent intra-abdominal organ to be injured in
the pediatric population with blunt trauma. The most
common associated injury in the pediatric population
with renal trauma is head or central nervous system trauma,
with the most common cause of trauma being pedestrian/
motor vehicle accident [1, 5]. Uretero-pelvic junction
(UPJ) disruption can be seen in children due to the fixed
position of the UPJ and hyperextension of the back of the
child requiring emergent surgical repair.
Consistent with adult workup, spiral CT with delayed
imaging is the gold standard imaging modality for the
pediatric patient. The guidelines that dictate imaging in
the adult population do not apply to the pediatric trauma
patient. One reason for this is the compensatory ability of
the pediatric patient to maintain blood pressure despite
severe injury and blood loss. In contrast to the adult
patient, only 5% of pediatric patients with significant
kidney injury will develop shock [1]. Some studies suggest
imaging with any level of hematuria; however, quantifying
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microscopic hematuria using 50 RBC/hpf as a mark for
significant microscopic hematuria and threshold for
imaging, no patients with significant renal injury would
be missed in the stable patient. Applying this threshold,
the yield of imaging then increases to 8% [5]. Similar to
the adult, data shows that significant renal injury is present in up to 32% of pediatric patients with gross hematuria [5]. It is also likely that patients with microscopic
hematuria and significant renal injury would have
incurred multisystem injury, which would have warranted
abdominal imaging. In sum, recommendations for CT
imaging in the pediatric trauma patient include:
1. A child in stable condition with gross hematuria or
significant microscopic hematuria (greater than 50
RBC/hpf)
2. Multisystem trauma with any degree of hematuria
3. Multisystem trauma without hematuria when abdominal injury is suspected
Keep in mind that CT is not appropriate in all trauma
cases. The unstable patient may necessitate immediate
laparotomy in which case one-shot IVP intraoperatively
or perioperatively may be warranted [5].
Pediatric patients post-traumatic injury with persistent microscopic hematuria should be ambulatory but
avoid contact sports. They should undergo weekly urinalysis and if hematuria persists to 1 month, they should then
have imaging studies [5].
The AAST injury scale is used in the pediatric patient
as it is in the adult and provides management guidance.
Pediatric patients are more commonly managed conservatively, and only those with grade IV and V injuries are
considered for operative management [5]. Decisions
regarding surgical intervention are generally based upon
hemodynamic status rather than imaging criteria alone.
Patients suspected of having renal contusions who do not
receive imaging should be observed by bed rest.
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Hemihepatectomy
▶ Hepatic Lobectomy

Hemi-splenectomy
Surgeons remove the upper or lower pole of a fractured
spleen usually because it is devascularized, and enables the
surgeon to gain access to the hilum and ligate with suture
bleeding vessels.

Hemobilia
Is the flow of blood into the bile ducts. It is usually due to
a fistulous connection between a bile duct and hepatic
artery.
▶ Hematobilia

Hemodialysis
The diffusive purification process by which plasma water
is dialyzed via osmotic processes.
▶ Renal Replacement

Hemodialysis in ICU
CHRISTOPHE VINSONNEAU
Mixt ICU, Marc Jacquet Hospital, Melun, France

Synonyms
Extra renal therapy; Intermittent hemodialysis; Renal
Replacement Therapy

Definition
Hemodialysis (HD) was first developed for chronic renal
failure patients under the control of nephrologists. The
implementation of HD derived from nephrology

practices, however, raised some concerns, especially as
regards hemodynamic tolerance. Since many decades, its
routine use for the treatment of ARF in critically ill has
lead to specific improvement. HD standards for ICU
patients became quite different from the ones of chronic
renal failure patients. Hemodynamic tolerance and therefore efficiency were improved by technical refinements
(i.e., synthetic membranes, bicarbonate-based buffers)
and specific settings to take into account the specificity
of critically ill patients. Meanwhile new methods have
been proposed in the early eighties, based on continuous
treatment with lower efficiency. These methods called
continuous renal replacement therapies (CRRT) were
thought to offer better tolerance and more friendly use
in ICU patients. Despite an abundant literature to compare HD and CRRT in critically ill patients, no significant
differences in terms of mortality or renal recovery have
ever been shown, even in the most recent prospective
randomized studies.
HD is a supportive care dedicated to ensure body
waste products’ removal when kidney function is failing.
It is one of the oldest method devoted to the treatment of
patients with acute renal failure (ARF) in intensive care
units (ICU).
HD is based on a diffusion of solutes across the membrane following a concentration gradient between the
vascular and the dialysate side of the membrane. This
method favors small molecule removal given their high
diffusibility and provides a high efficiency (clearance
around 200 ml/min). In a standard way, this method is
based on a high dialysate flow (500 ml/min) and needs
although a high blood flow (250–300 ml/min). To remove
excess of fluids a certain amount of convection is used
during each session. Its effect on metabolic control or
solute removal is however trifling. The high efficiency
achieved with HD is responsible for a rapid decrease of
the concentration gradient, leading to a decrease in the
removal rate that limits the amount of solute removed.
This explains why HD is used discontinuously, usually
during 4–6 h every day or every other day. This high
efficiency and the short duration of each session explain
some important characteristics of HD that may limit the
efficiency and the tolerance:

– The refilling of urea from the interstitial space to the
vascular compartment is limited during the session
and occurs soon after the end of the treatment. Given
the high extra-vascular volume of urea distribution,
we observe a significant increase of serum urea after
each session that is called urea rebound. This phenomenon limits HD efficiency.

Hemodialysis in ICU

– The rapid exchange of solute induces high and fast
osmolality variations during the treatment. These variations involve the vascular compartment and may
induce hemodynamic instability as well as cellular
edema particularly deleterious for the brain.
– The fluid balance control needs high ultrafiltrate rate
considering the short session duration which may
participate to the hemodynamic impairment.
In contrast, it can also offer some advantages compared to continuous methods: the nurse’s workload is
diminished, the patient’s mobility is preserved, and the
bleeding risk is decreased because of low exposure to
anticoagulants. On top of that, from a practical point of
view, one machine can treat several patients a day, whereas
continuous therapies require one monitor for each
patient-day.

Pre-existing Condition
The implementation of HD needs some specific equipments: a dialysis machine, a water treatment system, and
electrolyte concentrates. Some other aspects may be quite
different from CRRT: vascular access, dialysis membrane,
and anticoagulation

Dialysis Machine, Dialysate
The machine is dedicated to the production of the dialysate using the online prepared pure water and the electrolyte concentrates, to the control of the ultrafiltration and
to the monitoring of the treatment. Different safety alarms
are available especially to monitor the circuit pressure, the
presence of air or blood leakage across the membrane.
Recent improvements have been, although, implemented
in some machines like the online monitoring of the ionic
dialysance (delivered dialysis dose) or the blood volume,
for example. The machine used in ICU must be robust,
compact, and easy to use for the ICU team. The microbiological quality of the pure water is essential to achieve the
best tolerance, including the absence of endotoxins that
may pass through the membrane from the dialysate to the
vascular side. The water delivery may use three different
ways: a central distribution from a specific water treatment system like in chronic hemodialysis unit, a mobile
water treatment incorporated in the dialysis machine, or
more recently a batch delivered system. The electrolytic
composition of the dialysate is attempted to achieve
a good electrolytic equilibrium and a good uremic control
at the end of the session. The choice of the electrolytic
concentrate is of paramount importance. The standard
buffer is now bicarbonate based given the hemodynamic
effects provided by the old acetate-based buffer. For the
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electrolytic solution, a particular attention has to be paid
to the potassium concentration (from 2 to 3 mmol/l) and
the calcium concentration (from 1,25 to 1,75 mmol/l),
whose final concentrations are defined by the composition
of the solution used. The final sodium concentration
(from 140 to 150 mmol/l) and bicarbonate concentration
(from 30 to 36 mmol/l), however, may be selected on the
dialysis machine and may be modified during treatment.
The dialysate flow may be modified in almost all machines
(from 500 ml/min to 1,000 ml/min). The reduction of the
dialysate flow is one of the ways to decrease the solute
removal when hemodynamic instability is present or when
a prolongation of the dialysis session is considered.

Vascular Access
For the treatment of ARF in ICU double lumen catheter
are used. The best insertion site providing the higher
blood flow is the right jugular vein but femoral access
still remains the emergency site and is associated with
the lower rate of acute complication during insertion.
The subclavian access should be avoided considering the
high rate of venous stenosis following dialysis catheter
insertion. Usually the use of an arterio-venous fistula in
chronic renal failure patients is discouraged in ICU
considering the risk of infection, the risk of low cardiac
output, and the low experience of ICU nurses. The use of
long-term cuffed catheter may be considered after the
acute phase in a stable patient, but the occurrence of
systemic infection leads usually to catheter removal. The
diameter of the catheter is important to consider to obtain
a good blood flow with acceptable pressures. In this
setting, 12 fr seems to be the minimal inner diameter.

Dialysis Membrane
The use of cellulosic membranes in critically ill patients is
abandoned nowadays despite a lower cost, given their
ability to activate the inflammation. Indeed modified cellulosic and synthetic membranes (Polysulfone, Polyacrylonitrile, Polymethylmetacrylate, Polyamide) are
preferred. They offer a higher molecular permeability
(sieving coefficient) and a higher ultrafiltration coefficient. Several studies have shown that they were able to
improve the survival and the renal recovery of patients
treated for ARF compared to unmodified cellulosic membranes [1]. The surface of the membrane is usually
between 1.3 and 1.6 m. Higher surface seems not suitable
because of an increased risk of retrofiltration.

Anticoagulation
One of the major advantages of HD is the lower need for
anticoagulation compared to CRRT. Some authors have

H

1044

H

Hemodialysis in ICU

reported that HD may be used without any
anticoagulation, but usually for short duration sessions.
New membranes (heparin coated) can be used without
anticoagulation after a priming with heparin and may
offer a longer duration. Unfractionned heparin remains,
however, the historic anticoagulant in HD. Several other
options may be used including low molecular weight
heparin, regional citrate anticoagulation, heparinoids,
hirudin, or prostacyclin. Regional heparinization with
protamine infusion is no more recommended given the
systemic anticoagulation usually observed. Heparinoids
and hirudin may be used for heparin-induced thrombocytopenia. Regional citrate anticoagulation may also be
used when heparin is contra indicated or for patients at
high risk of bleeding.

Application
ARF is usually part of a multiple organ failure syndrome
with hemodynamic instability in ICU patients. Therefore
specific settings are needed to treat ICU patients with HD.
In this population, the main objectives are the metabolic
control and the good hemodynamic tolerance to avoid any
further damage to the kidney and other organs.

Hemodynamic Tolerance
Hypotension during HD still remains a serious problem in
ICU patients occurring for around 30% of all sessions in
case of multiple organ dysfunction syndrome. This complication is of multiple origin, mainly hypovolemia (fluid
removal during the priming and during treatment),
sodium and water loss (osmolality variation), and vascular
vasodilation. Most of the studies published in ICU
patients reporting a high incidence of hypotension used
settings directly derived from chronic renal failure
patients. Taking into account specificity of ICU patients,
particular settings may dramatically improve the hemodynamic tolerance of HD. It has been reported that high
dialysate sodium concentration may reduce sodium loss at
the initiation and osmolality variation during treatment.
Mild dialysate hypothermia may also contribute to the
better tolerance by the preservation of vascular tone.
These positive effects have been reported to decrease significantly the hypotension rate during treatment and the
rate of any intervention to maintain arterial pressure [2].
These aforementioned settings were: saline priming with
isovolemic connection, application of a high dialysate
sodium concentration (10 mmol/l above the serum
sodium concentration), mild hypothermic dialysate, and
low ultrafiltration rate. Recent prospective randomized
studies using optimized settings in HD illustrate the tolerance improvement [3]. No difference of hypotension

rates were found between HD and CRRT groups, whereas
CRRT is usually advocated to provide better hemodynamic tolerance. New technological developments are
available to monitor blood volume with online hematocrit
or hemoglobin measurement. These could be useful in
ICU patients but remain still unevaluated in this
population.

Metabolic Control and Dialysis Dose
There is nowadays accumulating evidence to support the
link between the dialysis efficacy and the outcome for the
treatment of ARF in ICU. One major unresolved issue is
the target dose able to provide the better outcome. The
study from Schiffl et al. [4] showed that daily dialysis (six
sessions a week, mean session duration 3 h 20 min)
improved significantly the patient’s survival compared to
alternate day sessions (three sessions a week, same mean
duration). This study presents several shortcomings, especially in the alternate day group. In this group, the fluid
balance had to be managed during 3 h 20 min every 2 days.
The net ultrafiltration was around 1 l/h during HD session
compared to around 400 ml/h in the other group. Unsurprisingly, the alternate day group experienced more frequent hypotensive episodes (25  5% vs 5  2%), more
frequent oliguria (73% vs. 21%), and a worsening of the
organ failure score. A recent prospective randomized multicenter study has challenged the role of high delivered
dialysis dose in ARF [5]. The authors randomized 1,124
patients with ARF and at least one nonrenal organ failure
or sepsis to receive intensive or less intensive renal replacement therapy. Patients were assigned to HD if hemodynamically stable and CRRT or sustained low-efficiency
dialysis (SLED) if hemodynamic impairment was present.
Intensive treatment was HD or SLED six times per week or
35 ml/kg/h for CRRT and less intensive was HD or SLED
three times per week or CRRT 20 ml/kg/h. In the less
intensive group assigned to HD, sequential dialysis could
be used to control the fluid balance (ultrafiltration alone
the other day). In HD the prescribed dose based on formal
urea kinetic modeling (Kt/V) derived from chronic hemodialysis patients was 1.2–1.4 per session, that is the target
recommended to improve outcome in chronic renal failure patients. They found no differences between the two
groups regarding 60-day survival, renal recovery, duration
of renal support, and rate of organ failure. No definitive
comparison can be drawn between this study and the
other because the control group (less intensive treatment)
received a treatment definitively more intensive than the
control group from Schiffl et al. [4]. We can however
conclude that in patients without severe hemodynamic
impairment, the most important way to improve the

Hemofiltration

outcome may be the adequacy of the treatment to avoid
hemodynamic worsening and severe electrolytic disorders,
using a high-efficiency alternate day HD (urea reduction
ratio 65%).

Different Modalities
Several modalities can be used combining diffusion, convection with different session frequency, or duration to be
able to adapt the treatment to the patients’ needs.
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despite adequate anticoagulation or insufficient metabolic
control can be good indications as well. HD is certainly the
most powerful method to easily and quickly control lifethreatening situations associated with ARF. This is the case
for severe hyperkalemia, severe metabolic acidosis, and
also for pulmonary edema with fluid overload in oliguric
patients without severe hemodynamic impairment. These
situations require rapid disorder control and are usually
associated with a non-compromised hemodynamic
situation.

Conventional HD
This modality is directly derived from the use in chronic
dialysis units. The sessions are performed on a daily or
other day basis combining diffusion and convection during the same period.
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Sustained Low-Efficiency Dialysis (SLED)
The principle of this method is to decrease the solute
clearance and to maintain the treatment over prolonged
periods of time. The dialysate and the blood flow rate are
decreased (respectively, 100 ml/min and 200 ml/min) and
the session duration is increased (8–10 h). The lower
clearance induces a lower solute removal rate and
a lower decrease of the concentration gradient. Therefore,
the refilling from the interstitium to the vascular bed is
enhanced and given the prolonged duration of the treatment, the effective solute removal (i.e., efficiency) is
increased as well as the hemodynamic tolerance.

Preferential Indication for HD
Whether or not CRRT improves outcome or renal recovery as compared to HD remained controversial until
recent publications. Nowadays six prospective randomized studies have shown that the two methods provided
similar outcome and may be used in almost all clinical
situations. Given the advantages and limit of HD we can
however propose some preferential indications. Best indications are acute metabolic or toxic situations in acutely ill
patients without uncontrolled hemodynamic instability.
The need to treat patients without anticoagulation or the
possibility for the patients to move are other good indications. Finally, inefficient CRRT for repeated filter clotting

Hemodynamic monitoring
▶ Bedside Hemodynamic Monitoring
▶ MostCare Monitor

Hemodynamic optimization
▶ Goal-Directed Therapy

Hemofiltration
The convective blood purification process by which
plasma water is ultrafiltered and simultaneously replaced
(partially or completely).
▶ Renal Replacement
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Synonyms
Continuous Arterio-Venous Hemofiltration (CAVHF);
Continuous Hemodialysis (CVVHD); Continuous Renal
Replacement Therapy (CRRT); Continuous Veno-Venous
Hemodiafiltration (CVVHDF); Continuous Veno-Venous
Hemofiltration (CVVHF)

Definition
Continuous Renal Replacement Therapies (CRRT) are
forms of extracorporeal blood purification, replacing
endogenous kidney function, which are intended to be
administered continuously. The requirement for near continuous connection to a CRRT machine generally restricts
application to hospitalized patients receiving high dependency or intensive care. In these circumstances, continuous modalities have many clinical advantages over
intermittent renal replacement therapy (IRRT) and
worldwide CRRT techniques are the most frequently
employed form of RRT in the critically ill. In the ICU,
a popular form of CRRT is continuous hemofiltration;
however, most modern CRRT devices are capable of
performing continuous hemodialysis or a mixed convective/diffusive therapy (continuous hemodiafiltration). For
further discussion of RRT terminology and the advantages
of continuous therapy see ▶ Renal Replacement Therapy
in the ICU.
CRRT was introduced to intensive care units in the late
1970s in the form of Continuous Arterio-Venous
Hemofiltration (CAVHF). Originally this modality used
arterial blood pressure as the driving force for ultrafiltration
in an un-pumped circuit. CAVHF required long-term arterial cannulation, with attendant risk of vascular injury, and,
driven by arterial blood pressure, could only achieve low
rates of solute clearance. It has been almost completely
replaced by veno-venous CRRT using dual lumen widebore venous catheters and roller-pump driven extracorporeal circuits enabling higher blood flow rates. Depending
on principal method of solute clearance veno-venous
CRRT may be described as Continuous Veno-VenousHemofiltration (CVVHF), -Hemodialfiltration (CVVHDF),
or -Hemodialysis (CVVHD).

CRRT Circuits
A CRRT circuit starts and ends with wide-bore access to
a central vein capable of delivering high blood flow rates.
Blood is pumped from the vascular access through clear
plastic tubing that connects the components of the extracorporeal circuit (Fig. 1). Roller pumps are used to pump
blood, dialysate (if used), and effluent through the circuit;
these depend on cyclical compression of the plastic tubing
as the rollers rotate, which generates peristaltic flow, which
is near continuous and relatively nontraumatic to blood.
A consequence of the need from compressible tubing is
that flow rates estimated from speed of pump rotation are
intrinsically inaccurate. Pump settings for blood flow and
ultrafiltrate are thus approximate even in the best conditions and quite inaccurate with poor venous access or
a filter in the process of clotting. However, they are sufficiently precise for dialysis or replacement fluid infusion
where there is little resistance to inflow.
Historically bespoke circuits were constructed driven
by several separate intravenous pumps; however, these
have been replaced by integrated CRRT devices comprising microprocessor controlled min-roller pumps, pressure
Dialysate
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Hemofiltration in the ICU. Figure 1 Schematic of a generic
CRRT circuit in hemodiafiltration mode using combined preand post-dilution fluid replacement. Effluent comprises spent
dialysate and ultrafiltrate. (PS – Pressure Sensor, Art – Arterial,
Ven – Venous, Pre-F – Prefilter, Post-F – Postfilter)
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sensors, ultrafiltrate measurement, and air and blood leak
detectors. Most modern machines can be set up to provide
all the common modes of CRRT.
Blood is pumped from the afferent (so-called arterial)
limb of the circuit into the hollow fiber filter or dialyzer
(see entry: ▶ Renal Replacement Therapy). In CVVHF
mode ultrafiltrate collects around the fibers within the
hemofilter and is pumped away as effluent. The combined
effect of the arterial blood pump and effluent pump flow
rates generates a trans-membrane pressure gradient
(TMP) that drives ultrafiltration. Physiologically buffered
replacement fluid is infused to replace the ultrafiltration
volume. This fluid can be infused after (post-dilution) or
prior to (pre-dilution) the hemofilter, or in some devices,
as a combination of pre- and post-dilution replacement.
Accurate estimation of fluid removal is essential to allow
the correct volume of replacement fluid to be infused and
to avoid inadvertent hypo- or hypervolemia; roller-pump
estimates are insufficiently accurate and most modern
CRRT devices use hanging scales to continuously weigh
the ultrafiltrate, although volumetric methods are occasionally encountered. The effluent pump speed is then
automatically adjusted to maintain the desired total
hemofiltration exchange rate. Desired patient fluid
removal is set by the operator and is achieved by either
increasing the exchange rate over the replacement rate or
decreasing the volume of replacement solution infused
depending on the device. Typically net fluid removal is
varied between 0 and 300 ml/h in an adult patient
depending on desired fluid balance and intake, but higher
volumes can be easily obtained if required and tolerated
hemodynamically, although this usually requires reduction in the fluid replacement rate to avoid excessive TMP
in the filter. Indeed, if small molecule removal is not an
issue, replacement fluid can be dispensed with and the
desired volume of fluid removed without additional
exchange volume for clearance (termed: Slow Continuous
Ultrafiltration or SCUF).
If diffusive clearance is utilized, dialysis fluid (again
a sterile, physiologically buffered salt solution) is infused
counter-current to the flow of blood through the dialyzer.
In CVVHDF a slow flow of dialysate is used in conjunction
with a similar exchange rate of hemofiltration, here the
effluent comprises mixed dialysate and ultrafiltrate and
exchange rate is calculated by subtracting dialysis fluid
inflow volume. As is CVVHF replacement fluid may be
infused prefilter, postfilter, or in a combination.
In CVVHD no replacement fluid is used and a slow
continuous dialysis flow rate is employed, only as much
ultrafiltration is performed as needed to meet the fluid
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balance target and this mixes with the dialysate in the effluent. Despite apparently being a virtually pure diffusive therapy, when using a high-flux membrane for CVVHD
considerable convective clearance actually occurs by
a process of back-filtration of dialysis fluid within the filter;
so practically CVVHD considerably overlaps with CVVHDF
(see entry ▶ Renal Replacement Therapy for further
discussion).
Other features of the extracorporeal circuit are
outlined in Fig. 1 and basic circuit arrangements for the
various modalities of CRRT are outlined in Fig. 2. Pressure
sensors are used to measure the resistance to pumping
blood into (negative “arterial” pressure) and out of (positive venous pressure) the circuit, monitoring performance of the vascular access. Pre- and postfilter pressure
sensors enable calculation of the TMP, which rises with
increasing ultrafiltration rate or as the filer membrane
becomes progressively occluded with plasma proteins.
Extreme TMP can cause membrane rupture; this is
detected using a spectrophotometric blood leak alarm in
the effluent limb that halts therapy should this occur.
Usually a venous bubble trap is situated after the filter to
catch small quantities of air entrained into the circuit,
post-dilution fluid is usually infused into this chamber.
An air detector is situated at the venous end of the circuit,
should any air be pumped toward the patient this automatically activates a venous clamp immediately halting
blood return to the patient. It is particularly important
that no additional infusions are placed between the air
detector and the venous access as significant volumes of air
could be accidentally entrained into the circuit and enter
the patient undetected. What most circuits also include
are connections for the prefilter infusion of anticoagulant
and blood sampling and blood or replacement fluid
warming devices.

Hemofilter Characteristics
To allow sufficient ultrafiltration volumes to obtain adequate small molecule clearance by convection during
hemofiltration, highly water-permeable high-flux synthetic membranes are required. These have effective
molecular weight cutoff of around 10–20 kDa permitting
clearance of middle molecules, which effectively exclude
plasma proteins. During post-dilution hemofiltration,
plasma protein concentration and hematocrit rise along
the filter (Fig. 3). The extent to which the blood is concentrated is dependent on blood flow rate (QB), hematocrit (Hct), and ultrafiltration rate (UF) expressed as the
Filtration Fraction (FF), so that FF ¼ UF
QP , where QP is
plasma flow rate QP ¼ QB ð1  HctÞ. High filtration
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Pre-dilution continuous hemofiltration

Post-dilution continuous hemodiafiltration

Post-dilution continous hemofiltration

Continuous hemodialysis

Hemofiltration in the ICU. Figure 2 Arrangement of CRRT circuit in commonly used therapeutic modalities

fraction results in slower flow of more viscous blood,
concentrated in platelets and clotting factors, predisposing
to filter clotting. The effect of hemoconcentration can be
minimized by balancing blood flow and ultrafiltration
rates to keep FF < 0.25 in post-dilution mode, or by
using pre-dilution. In pre-dilution hemoconcentration
in the filter is avoided (Fig. 3); this is at the expense of
reduced molecular clearances during RRT, proportional to
the degree of plasma dilution prior to the filter. These
effects are small with conventional flow rates, but limit
the ability to achieve higher clearances by increasing
exchange rates with constant blood flow rate, as increasing
UF is progressively offset by increased plasma dilution.
Thus, while small solute clearance in post-dilution
CVVHF is approximately the UF rate K = UF, in
P
, where R is replacement fluid
pre-dilution K ¼ UF QQP þR
infusion rate. Mixed pre- and post-dilution may be an
option if high rates of convective clearance are required,
balancing minimization of hemoconcentration while
achieving desired clearances.

Circuit Loss
Filter clotting is a process of progressive deposition of
plasma proteins of increasing molecular mass (the Vroman
effect) with eventual platelet adhesion, activation of the

clotting cascade, and resultant thrombosis of the fiber.
These effects are related to both bulk hemoconcentration
(in post-dilution) and the effects of laminar flow along the
fiber and TMP across the membrane increasing local concentration of proteins at the fiber wall. Even before complete fiber occlusion protein deposition can decrease
membrane permeability. As increased TMP is then
required to achieve the same ultrafiltration rate, protein
deposition is then further accelerated. Effects of
hemoconcentration can be unpredictable; even with low
baseline FF transient reductions in access blood flow are
common during nursing interventions such as patient
positioning and chest physiotherapy – often these go
unnoticed, but, by transiently slowing filter blood flow
and increasing FF, they can contribute to progressive
fiber fouling and eventual circuit loss [1]. Clotting also
commonly occurs outside the filter in the venous bubble
trap; here turbulent flow and an air–fluid interface contribute to coagulation and circuit loss.
Circuit loss is a complex process and requires a multitargeted approach to achieve acceptable filter lifespan and
to minimize downtime and cost of treatment. Adequate
vascular access to achieve consistent, high blood flow rates
is a prerequisite to successful application of CRRT. With
good blood flow anticoagulation may not even be
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transfusion requirement. However, need for and appropriateness of RRTwill be dependent on numerous patientspecific factors and the decision to commence CRRT will
always involve clinical judgment (see ▶ RRT Indications
for further discussion).
As a therapy administered 20–24 h a day, CRRT is
often managed within the ICU rather than by an outside
nephrology service, allowing therapy to be commenced
promptly when indicated and integrated with the patient’s
hour-to-hour requirements. A CRRT program requires
appropriately trained medical, technical, and nursing
staff, automated CRRT machines, disposables for vascular
access and CRRT circuits including hemofilters/dialyzers,
sterile dialysis and/or replacement fluid, point of
care facilities for monitoring patient electrolytes, and
regular laboratory measurement of biochemistry and
coagulation.

Application
Vascular Access
Hemofiltration in the ICU. Figure 3 Post- versus Pre-Dilution
Hemofiltration: Hemoconcentration versus Hemodilution
(effects exagerated for illustrative purposes)

Good quality vascular access is essential for successful
CRRT; access site, method of insertion, and catheter characteristics are discussed separately (▶ Vascular Access for
RRT).

Choice of Machine
necessary, however, in the absence of contraindications,
some anticoagulation is usually employed. In much of the
world heparin is standard, but regional citrate has many
advantages and is increasing in popularity (see:
▶ Anticoagulation in Extracorporeal Circuits). Finally
use or pre-dilution replacement fluid is of great benefit
in minimizing the need for anticoagulation and extending
filter life; not only is hemoconcentration in the distal filter
avoided, but conversely there is protective hemodilution
in the proximal filter (Fig. 3). Additionally, constant flow
of prefilter replacement fluid provides some protection
against the effects of transient blood flow reductions,
because when blood flow falls, dilution increases.

Pre-condition
CRRT treatment in the ICU requires a patient with one or
more clinical indications, and the infrastructure and
resources to deliver this complex and costly therapy.
Conventional indications include: oligo/anuria,
hyperkalemia, severe acidemia, azotemia, pulmonary
edema, uremic complications, severe dysnatremia, hyperthermia, drug overdose with a filterable/dialyzable toxin,
anasarca, diuretic-resistant cardiac failure, or massive

Typical modern CRRT machines are capable of all modalities of veno-venous CRRT and delivering high volume
exchange rates and are microprocessor controlled with
graphical user interface. Choice between a variety of relatively interchangeable devices is generally driven by local
needs, previous experience, and economic factors.

Membranes
A range of high-flux synthetic polymer, biocompatible
membranes are widely available and appropriate for all
modalities of CRRT. Low-flux membranes are too water
impermeable for effective hemofiltration; in addition bioincompatible cellulous derived membranes have been
associated with increased non-recovery of renal function
and are inappropriate for acute RRT in the ICU. Molecular
weight cutoffs of CRRT membranes are generally quoted
at around 30 kDa using test solutions. However, thanks to
the effect of protein deposition, in clinical practice around
10–20 kDa is a more realistic value. Membranes are available manufactured from a number of different polymers
including Polysulfone, Polyamide, Polyacrylonitrile, and
Polymethylmethacrylate. While there are small variations
in fiber structure and interaction with blood components,
clinically, these membranes perform similarly. Choice of
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membrane may be restricted when using certain CRRT
devices that accept only premade proprietary circuits
containing integrated hemofilters.

Blood Flow Rates

Blood flow rates of >100 ml/min and ideally >200 ml/
min, are required for successful CRRT, somewhat less than
those typically used in IHD. Higher blood flow rates are
necessary when using higher rates of convective therapy.
Vascular access is the principal determinant of adequacy of
blood flow (see: ▶ Vascular Access for RRT).

Hemofiltration Exchange and Dialysis
Flow Rates
In the absence of definitive evidence of benefit from higher
doses, effluent flow rates of around 25 ml/kg/h are considered appropriate for adult CRRT. Despite conflicting
results in single center studies, higher flow rates have not
been shown to be beneficial in a large multicentre randomized controlled trial [2]. This may be made up of pure
hemofiltration, dialysis, or a mixture in CVVHDF. At the
flow rates used during continuous hemodialysis spent
dialysate is equilibrated with plasma and is similar in
small molecule composition to ultrafiltrate, thus total
effluent flow rate can be used as an index of dose
irrespective of modality. Typical therapy is usually around
2 L/h, often divided 50:50 between filtration and dialysis if
CVVHDF is employed. Dose is further discussed in RRT in
the ICU and Intensity of RRT.

Modality
There is no evidence to favor one modality of CRRT over
any of the others. CVVHF has been traditional in many
countries; however CVVHDF and CVVHD are also common. For further discussion and comparison with IHD see
▶ RRT in the ICU.

Fluid Composition
Modern CRRT solutions are ultrapure sterile saline solutions buffered with lactate or sodium bicarbonate (requiring a more costly multi-bag formulation due to concerns
over medium-term stability of bicarbonate buffered
solutions) packaged in 5 L bags. Similar solutions are
used for continuous dialysis and hemofiltration. Calcium
and Magnesium are present in physiological concentrations. Potassium is usually added to bags according to
patient requirements while phosphate is intermittently
supplemented separately. Bicarbonate buffering is preferable in severe metabolic acidosis and particularly in the
context of impaired lactate metabolism, and in many units

is now used in all patients. Specially formulated fluids are
required for regional citrate anticoagulation (see:
▶ Anticoagulation in Extracorporeal Circuits). On-line
fluids as used in IHD may be available in some units, but
are rarely used for CRRT; if employed, higher than usual
standards of microbiological purity are required for
hemofiltration or high-flux dialysis where large volumes
of fluid are infused to the patient.
In a number of jurisdictions, no commercially prepared fluids are licensed for use as replacement in
hemofiltration. Dialysis fluid may be marketed and is
often approved as a medical device rather than an infused
drug, despite the fact that large volumes of fluid enter the
patient during high-flux dialysis. In these countries fluid
sold as dialysate may be used as a replacement solution
“off-label” or such fluid may be prepared locally by
a hospital pharmacy. These licensing requirements may
contribute to the popularity of continuous and intermittent hemodialysis in some regions.

Anticoagulation

See ▶ Anticoagulation in Extracorporeal Circuits

Electrolytes
Typical replacement and dialysis fluid contains 140 mmol/L
sodium and around 100–110 mmol/L chloride. As such
therapy will tend to normalize sodium concentrations
toward 140 at a rate proportionate to the effluent flow
rate and degree of abnormality of plasma sodium. Initially
potassium replacement may not be needed, but once
concentrations are controlled to around 4–5 mmol/L potassium should be added to replacement/dialysis fluids,
usually at a concentration of 4 mmol/L, to avoid hypokalemia. Potassium, sodium, and acid–base status should
ideally be monitored every 4–6 h during therapy with
point of care testing available in the ICU. Unlike IHD,
continuous therapies are efficient at removing phosphate,
and supplementation is often required; concentration
should be monitored at least daily and intravenous replacement given as necessary to maintain a high-normal level.
Magnesium supplementation is often also needed.

Drug Dose Adjustment
Drug clearance during CRRT is dependent on many factors including molecular weight, volume of distribution,
charge, protein binding, and fat solubility. In practice
concentrations of drugs usually cleared to a significant
degree by glomerular filtration are likely to be affected by
CRRT. In essence, drug-dosing recommendations on
CRRT are generally the same as those for patients with
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endogenous GFR of 10–50 ml/min. It is important to
review dosing when commencing CRRT and when
discontinuing RRT or transitioning to IRRT. Particular
care needs to be given to appropriate dosing of antimicrobial chemotherapy [3]. Monitoring of drug levels,
when available, may guide treatment and avoid under- or
overtreatment. Data exist to guide clinicians in prescribing
in renal impairment and during RRT [4].

correction slows and conventional therapy can be safely
reinstituted.
Depletion of electrolytes including potassium,
phosphate, and magnesium will occur during CRRT
and require appropriate monitoring and supplementation. Some clinicians also supplement water-soluble vitamins (thiamine, ascorbic acid, and B-vitamin complex),
which may become depleted during extended convective
therapy.

Complications and Special Considerations

Extended Applications

Use of modern, purpose-built, CRRT machines has minimized instances of life-threatening complications such as
massive air embolism and inadvertent excessive ultrafiltration causing acute hypovolaemia. More common complications of CRRT include vascular access related
infection and thrombosis of the extracorporeal circuit,
contributing to anemia and thrombocytopenia.
Anticoagulation helps preserve circuit life, but may contribute to risk of hemorrhage in high-risk situations. Specific anticoagulants have their own risks and benefits and
are discussed separately. As CRRT uses biocompatible
synthetic membranes, hypotension related to leukocyte
or complement activation is unlikely. Hypotension on
commencement of CRRT is usually related to loss of
blood into the extracorporeal circuit as therapy is instituted; slow initial blood flow rates, and preemptive use of
plasma expanders, or blood transfusion may be required
to combat this in certain patients.
As a slow continuous therapy conventional dose CRRT
has a low risk of precipitating uremic disequilibrium syndromes (acute cerebral edema) as historically seen during
acute hemodialysis in severely uremic patients. CRRT also
has the advantages of osmotic and hemodynamic stability
over IHD in the management of patients with raised
intracranial pressure. However, care should be taken in
applying high dose CRRT in severe uremia or those with,
or at risk of, cerebral edema. Similarly, continuous therapy
is more appropriate for the safe correction of severe
dysnatremia, particularly if chronic or subacute. In
extreme cases, reduced effluent flow rates and/or infusion
of hypertonic saline (in hypernatremia) or 5% Dextrose
(in hyponatremia) may be required to slow changes in
serum sodium and avoid precipitating cerebral edema or
demyelination syndromes, respectively. Regular point of
care monitoring of plasma sodium concentration is essential in these circumstances. Generally rate of change
should be <1 mmol/h unless there is a very strong clinical
indication to the contrary. As sodium concentrations
approach that in replacement fluid or dialysate rate of

As well as traditional indications for CRRT there are
suggestions of potential immuno-modularity effects in
systemic inflammation and severe sepsis. Convective
clearance and membrane adsorption of medium to low
molecular weight cytokines and inflammatory mediators
may be beneficial in controlling peaks of both pro- and
anti-inflammatory mediators, promoting so-called
immuno-homeostasis. Evidence of improved clinical
parameters and enhanced survival exists in animal
models. However, in general, these have been in the context of very high doses of convective therapy and/or commencement of treatment very early in the clinical course of
experimental sepsis. Conventional doses of hemofiltration
have not been shown to modify clinical outcomes in
human sepsis even when administered prior to the onset
of overt renal dysfunction. Anecdotal reports exist of
rescue from refractory septic shock with very high volume
(60–100 ml/kg/h) of hemofiltration. However, no adequately sized trial evidence as yet exists for clinical benefit
in man. Such high volume therapy is a considerable therapeutic challenge, requiring high flow vascular access,
combined pre/post-dilution fluid replacement, and assiduous monitoring of electrolytes. Alternatively, increased
clearance of inflammatory mediators may be obtained
with the use of “super-high” flux membranes (clinical
Mw cutoff 50 kDa) using conventional flow rates and
this may prove to be a more practical modality for examining the immuno-modularity effects of CRRT in the
future. As yet all such therapies remain experimental until
better evidence confirms or refutes clinical benefit [5].

Cross-References

▶ Anticoagulation in Extracorporeal Circuits
▶ Hemodialysis in ICU
▶ Renal Replacement Therapy
▶ RRT Indications
▶ RRT Intensity
▶ RRT Timing
▶ Vascular Access for RRT
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Hemolytic Anemia. Table 1 Etiologies of hemolytic anemia’s
Corpuscular
RBC membrane abnormalities
congenital
spherocytosis#, elliptocytosis
acquired
paroxysomal nocturnal hemoglubinuria#
hemoglobinopathies
sickle cell disease, thalassemias
enzyme deficiencies
Glucose 6 phosphate dehydrogenase deficiency#, pyruvate
kinase deficiency
Extracorpuscular
antibody-mediated#
autoantibodies
warm autoantibody type (primary, secondary: lymphoid
neoplasma, autoimmune diseases)

Hemolytic Anemia
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Department of Immunopathology, Sanquin Research at
CLB and Landsteiner Laboratory of the AMC,
Amsterdam, The Netherlands
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University of Amsterdam, Amsterdam, The Netherlands

cold autoantibody type (primary, secondary: lymphoid
neoplasma, M. Waldenström, infection)
paroxysomal cold hemoglobinuria (primary vs. secondary:
viral infections, syphilis)
alloantibodies
hemolytic transfusion reactions
hemolytic disease of the fetus/newborn
drug-induced
hapten-type (tenary complex formation and penicilline type)
alteration of RBC antigens (alpha-methyl-dopa)

Introduction

microangiopathic hemolytic anemias (MHA)

Acute onset of anemia associated with clinical and laboratory signs of hemolysis are a hematological emergency
since delay in diagnosis and treatment might be fatal.
Identification of the etiology of hemolysis is often puzzling
because many diseases can be associated with hemolysis.
In the following entry an overview on the clinical and
laboratory characteristics found in patients with hemolysis will be given. We will focus on the most common forms
of hemolytic anemias; rarities will not be discussed in
this entry.

TTP-HUS syndromes
Transplantation-associated microanciopathy (TAM)
malignant hypertension
HELLP syndrome
(pre-) eclampsia
infection
malaria, leishmaniasis, babesiosis, bartonellosis, dengue fever
mechanical destruction
prosthetic valves
march hemoglobinuria

Definition
Hemolytic anemia is characterized by a shortened red blood
cell (RBC) survival (i.e., less than 100 days). This can be
caused by either abnormalities in the RBC structure (corpuscular hemolytic anemia) or extrinsic to RBC (extracorpuscular hemolytic anemia). Depending on the etiology
and the pathogenetic mechanism, RBC destruction can
occur in the intra- and/or extravascular space. Table 1 gives
an overview on the etiologies of hemolytic anemia.

osmotic destruction (fresh-water drowning)
heat denaturation
chemical agents (spider and snake venoms, lead, copper)
Hypersplenism
Kaselbach Merritt syndrome
Anemia’s indicated with “#”are discussed in the present entry
Abbreviations: RBC: red blood cell; TTP-HUS: thrombotic thrombocytopenic
purpura-hemolytic uremic syndrome; HELLP: Hemolytic anemia, elevated
liver enzymes and low platelet counts

Hemolytic Anemia

Clinical and Laboratory Approach
Pallor, jaundice, and hemoglobinuria represent the typical
diagnostic symptoms of hemolytic anemia. However, in
general the clinical presentation is more subtle. Mostly, the
existence of anemia without evidence of bleeding together
with laboratory signs of hemolysis will help to establish
the diagnosis. The patient’s history is a crucial part in the
puzzle to unravel the etiology of a hemolytic anemia.
Clinical history: A positive patient or family history
for hemolysis points towards congenital corpuscular anemia just as a patient’s history of gallstones at early age.
Pain crisis are suggestive for sickle cell disease. Some
inherited hemolytic disorders are associated with particular ethnic groups (e.g., glucose-6-phosphate dehydrogenase [G6PD] deficiency in people from the
Mediterranean). A history of frequent transfusions is associated with an increased risk of developing alloantibodies.
The presence of lymphoid neoplasms or autoimmune
disease increases the risk to develop autoimmune hemolytic anemia. Detailed travel anamnesis may help to identify patients at risk for exposure to malaria,
schistosomasis, or dengue fever.
Laboratory characteristics: The main laboratory findings can be divided into features related to increased RBC
production and increased RBC breakdown, respectively.
Reticulocytosis, indirect hyperbilirubinemia, increased levels
of LDH, and decreased levels of haptoglobin are highly
suggestive for RBC destruction. Hemoglobinuria and
hemosiderinuria are typical signs of intravascular hemolysis. The presence of a positive directs Coombs points to
an antibody-mediated hemolysis, such as auto- or
alloimmune hemolytic anemia.
Reticulocytosis: Under normal conditions, a sudden
drop in hemoglobin levels due to hemolysis will be compensated by an increased production of reticulocytes by
the bone marrow. However, reticulocytosis might be inadequate or absent in case of an underlying disease
compromising bone marrow function. A decreased availability of iron and vitamins (Vit. B12, vit. B6) may hamper
adequate reticulocyte response, as well.
Peripheral blood smear: The presence of spherocytes or
elliptocytes is a common finding in congenital corpuscular
anemia. Microspherocytes as a feature of membrane of
loss may also be found in autoimmune hemolytic anemia.
Schistiocytes (fragmentocytes) indicate the presence of
microangiopathic hemolytic anemia (MAHA). RBC
inclusions can be found in malaria, leishmaniosis, and
babesiosis.
Serum chemistry: RBC destruction leads to release of
hemoglobin, which is immediately bound by haptoglobin
and eliminated in the reticuloendothelial system.
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Degradation of hemoglobin leads to an increase in plasma
bilirubin levels (indirect bilirubin, bound to albumin),
which is then conjugated in the liver (direct bilirubin)
and excreted via the intestine. Therefore, an increased
LDH, a decreased haptoglobin level and indirect
hyperbilirubinemia are strong indicators for ongoing
hemolysis. In case of fulminant intravascular hemolysis,
insufficient clearance of hemoglobin by haptoglobin leads
to free circulating hemoglobin in plasma, which is then
excreted in urine (hemoglobinuria). After a delay of several days, hemosiderin can be detected in the urine due to
shedding of hemosiderin-containing tubular cells.
Direct antiglobulin test (direct Coombs test): In auto- or
alloimmune hemolytic anemia, antibodies (IgM, IgG,
IgA) and/or complement (C3b, C3d) bound to RBC invivo can be detected (denoted as Coombs positive anemia). In case of cold autoantibodies, only C3d deposition
can be detected and autoantibodies are merely detected.
Indirect antiglobulin test (indirect Coombs): By means
of a standardized panel of RBC selected for the presence of
all relevant erythrocyte antigens, allo- and autoantibodies
present in patients’ serum can be detected and the
antigen specifity can be assessed. The indirect Coombs
test constitutes an integral part of the Typ & Screen procedure in order to detect newly developed or boosted
alloantibodies.

Management of Hemolytic Anemia
Correction of anemia due to a hemolysis by means of
transfusion is the most important goal of acute therapy.
Crossmatching of the RBC products must be performed
with care in order to avoid alloantibody formation. If
crossmatching turns out to be difficult, RBC products
being least incompatible with the patient’s serum must
be chosen. Once a matching RBC product is found, transfusion should be performed slowly and with caution.
Control of hemoglobin levels (before and after transfusion), measurement of hemolysis parameters, electrolytes,
and renal function must be performed. Folic acid should
be supplied in order to cover the increased folic acid
requirement due to reticulocytosis. High urinary output
should be maintained by administration of fluids.
A deterioration of a hemolytic anemia is always suspect
for aplastic crisis. In case of secondary hemolytic anemia,
hemolysis mostly improves after treatment of the underlying disease.

Special Clinical Entities
Only the most important forms of hemolytic anemia will
be discussed here. For further reading, a standard work of
hematology must be consulted.
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Corpuscular Anemia
Hereditary spherocytosis (HS): HS is the most common
congenital corpuscular anemia found in northern Europe
with a prevalence of 1:5,000. Its inheritance is mostly
autosomal dominant. Defects of RBC membrane proteins
(ankyrin, spectrin, band 3) involved in the vertical interactions between lipid membrane and the cytoskeleton lead
to a continuous loss of parts of the RBC membrane, which
is reflected by the presence of spherocytes in the peripheral
blood smear. These spherical RBC are characterized by an
increased osmotic fragility and are therefore quickly
removed in the spleen. The anemia can present at any
age. Jaundice can be intermitted, most of the patients do
have splenomegaly and suffer from pigment gallstones at
early age. Parvo-B19 infection can cause life-threatening
aplastic crisis.
Treatment: although HS is often asymptomatic,
patients with frequent hemolytic crisis should undergo
splenectomy. Before elective splenectomy, vaccination
against streptococcus pneumoniae, hemophilus influenzae,
neisseria meningitidis should be performed.
Hemoglobinopathies: see entry sickle cell disease
Paroxysomal nocturnal hemoglobinuria (PNH):
PNH is an acquired clonal stem cell disorder characterized
by the absence of glycosylphosphatidylinositol (GPI). PNH
is mostly associated with diseases affecting bone marrow
function, such as aplastic anemia or myelodysplastic syndrome, respectively.
Pathogenesis: GPI is a transmembrane protein through
which many proteins are attached to the cell membrane,
the most important ones being complement regulatory
proteins (CD55, CD59). CD55 (decay accelerating factor,
DAF) inhibits complement activation by interfering with
C3 convertases. CD59 inhibits insertion of the membrane
attack complex (MAC), the terminal sequence in complement activation leading to cell lysis. Lack of these complement regulatory proteins due to GPI deficiency renders
RBC, granulocytes, and platelets susceptible to spontaneous complement-mediated lysis. The clinical correlates are
either chronic low grade hemolysis or hemolytic episodes.
Hemosiderinuria is a common finding in these patients.
Diagnosis is based on the demonstration of a lack of GPIbound proteins on peripheral blood cells by flow
cytometry. Splanchnic thrombosis often complicates the
clinical picture of PNH. Although the pathogenesis of
thrombosis is not fully understood, the size of the clone
of platelets deficient for GPI seem to play a role. Moreover,
deficiency tissue factor pathway inhibitor (TFPI) and urokinase plasminogen activator receptor (uPAR), both of
them being GPI-linked to cell surfaces, might be involved
in the pathogenesis of thrombosis in PNH as well. It is

suggested that patients suffering from PNH are predisposed
to infections due to recurrent granulocytopenias due to
cell destruction or/and due to a decreased expression of
the GPI-linked CD16b (FcRIII, the low-affinity receptor
for IgG).
Treatment: PNH is a disease with significant morbidity
and mortality. Its treatment consists of supportive therapy, including administration of folic acid and of RBC
transfusions. Eculizumab, an inhibitor of the complement
system abrogating membrane attack formation by inhibition of C5 activation was demonstrated to be highly efficient in reducing the frequency of attacks, the need of
transfusions, and to significantly increase quality of life
of PNH patients [1]. Before eculizumab treatment,
vaccination to N. meningitidis must be performed. In
case of reduced erythro- and/or granulocytopoiesis, erythropoietin and G-CSF may help to increase hemoglobin
levels and granulocyte counts, respectively. In case of
thrombosis, oral anticoagulation with a vitamin
K antagonist is indicated. Patients with a higher platelet
counts and/or large PNH clones were demonstrated to
benefit from prophylactic anticoagulation. Since a PNH
is a clonal stem cells disease, allogeneic bone marrow
transplantation is finally the only option to cure the disease. Indications for allogeneic bone marrow transplantation are PNH associated with an aplastic bone marrow,
severe thrombosis, or underlying diseases such as MDS.
If transplantation is not possible, treatment with
antithymocyte globulins combined with steroids might
be an alternative.
Glucose-6-phosphate dehydrogenase deficiency
(G6PD): G6PD accounts for the most frequent inherited
RBC enzyme defect, whose inheritance is sex-linked.
Female heterozygotes are resistant to Falciparum malaria.
A decreased activity G6PD results in a decreased availability of gluthation, which renders RBC more susceptible to
oxidative stress. Mostly, affected individuals are asymptomatic, but intravascular hemolytic attacks may occur
after exposure to drugs having a high oxidative potency,
during infection or metabolic disturbances resulting in
oxidative stress. Besides the classical laboratory signs of
hemolysis, RBC inclusions (denatured hemoglobin,
denoted as Heinz-bodies) and blister cells are
pathognomic findings in the peripheral blood smear.
Treatment: Cessation of the causative drug or treatment of an underlying infection will mostly improve
hemolytic anemia. However, until resolution of hemolysis,
supportive measures, such as transfusion, and maintenance of high urinary output are frequently needed.
Drugs which can cause hemolysis in G6PD deficiency
should be avoided (Table 2).
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Hemolytic Anemia. Table 2 Drugs and chemicals that could induce hemolysis in individuals with glucose-6-phosphate
dehydrogenase deficiency
Acetanilid

Naphthalene

Primaquine

Thiazolesulfone

Furazolidone

Niridazole

Sulfacetamide

Toluidine blue

Isobutyl nitrite

Nitrofurantoin

Sulfamethoxazole

Trinitrotoluene

Methylene blue

Phenazopyridine

Sulfanilamide

Urate oxidase

Nalidixic acid

Phenylhydrazine

Sulfapyridine

Source: Adapted from [4]

Extracorpuscular Anemia
Antibody-Mediated Hemolytic Anemia’s: Red blood cell
destruction is mediated by the binding of antibodies to
proteins expressed on RBC. Autoimmune hemolytic anemia (AHA) hemolysis is mediated by autoantibodies to
RBC antigens and is characterized by a positive direct
Coombs test. Alloantibodies are the cause of hemolytic
transfusion reactions, such as acute hemolytic transfusion
reaction (AHTR) and delayed hemolytic transfusion reaction (DHTR). Mostly, screening tests for alloantibodies
(indirect Coombs test) are positive, the direct Coombs test
is rarely positive. Drug-induced hemolysis is induced by
either antibodies to a RBC antigen modified by drugs, to
the drug bound to RBC membrane or to a combined
epitope consisting of a combination of RBC antigen and
drug, respectively.
Autoimmune hemolytic anemias (AIHA): AIHA
hemolysis is characterized by an increased breakdown of
RBC due to autoantibodies with or without complement
activation. Frequently, it is associated with an underlying
disease (e.g., lymphoma) predisposing to the development
of AIHA (secondary AIHA), but can occur without evidence of an underlying disorder (idiopathic or primary
AIHA). The diagnostic features of AIHA include the clinical and laboratory signs of hemolytic anemia combined
with the detection of autoantibodies on RBC as evidenced
by a positive direct Coombs.
Pathogenesis: The biological relevance of an autoantibody is determined by its isotype and the optimal temperature to bind to RBC’s. The isotype of an autoantibody
determines its property to activate complement and its
binding affinity to receptors for gamma globulins on
phagocytes (Fc-gamma receptors). IgM are the antibodies
most efficient in activating the complement system. IgG3
and IgG1 are able to activate complement efficiently as
well, whereas other isotypes are less complement activators (IgG2, IgA) or do not activate complement at all
(IgG4). Both IgG1 and IgG3 do have strong affinity for
Fc-gamma receptor exposed on phagocytes. Autoantibodies also differ in the optimal temperature to bind to

RBC. Cold autoantibodies, mostly of IgM isotype, bind to
erythrocytes at a temperature below 30 C (Cold antibody
AIHA). Especially IgM autoantibodies with optimal binding at 30 C are potentially harmful, because antibody
binding can occur in the extremities and complement
activation above 30 C may occur resulting in lifethreatening intravascular hemolysis. In contrast, warm
autoantibodies most often being of IgG isotype show optimal binding at 37 C (warm antibody AIHA). Rarely, warm
autoantibodies are of IgM type being efficient activators of
the complement system leading to fulminant intravascular
hemolysis. Biphasic hemolysins are of IgG isotype binding
at temperatures below 30 C leading to complement activation at 37 C.
Depending on the isotype of the autoantibody and
extent of complement activation, RBC degradation can
occur intravascular or extravascular in the spleen and/or
liver, respectively. Complement activation proceeding
until MAC formation (mostly induced by IgM) results in
intravascular RBC lysis. Extravascular hemolysis is mediated by removal of either IgG coated RBC via Fc-gamma
receptors on phagocytes in the spleen and/or RBC coated
with complement degradation products (C3d) via complement receptors on phagocytes in the liver. Of course,
this dichotomy is not absolute, since RBC can be coated
with both IgG and complement degradation products,
respectively.
Warm antibody AIHA (WA-AIHA): WA-AIHA is a rare
disease with an annual incidence of 1:80,000 affecting
mostly patients above an age of 40 years. Besides clinical
and laboratory signs of hemolysis, the direct Coombs is
positive for IgG and/or C3c/C3d. If present, unbound
autoantibodies in the serum can be detected in the indirect
Coombs. In half of the cases, the autoantibodies target
a component of the rhesus system [2].
Cold antibody AIHA (CA-AIHA): CA-AIHA is an
infrequent disease mostly affecting elderly people. Frequently, no underlying disease can be found. However,
CA-AIHA can be associated with neoplastic diseases (lymphoma, Waldenström macroglobulinemia) or can be
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triggered by either viral (Epstein-Barr virus infection) or
bacterial infections (mycoplasma infection, syphilis),
respectively. Besides having the classical clinical findings
of hemolytic anemia, patients with CA-AHA may present
with signs of intravascular hemolysis as reflected by dark
urine due to hemoglobinuria or by detection of hemosiderin in the urine. If laboratory analysis shows a positive
direct Coombs for complement without evidence for IgG
and, a high-titer (>256) cold autoagglutinin (spontaneous
agglutination in the test tube at low temperature) with
a reactivity up to 30 C, CA-AIHA must be considered.
Mostly, IgM cannot be detected on RBC in CA-AIHA,
since normally upon incubation at 37 C IgM, autoantibodies detach from the RBC [3].
Paroxysmal cold hemoglobinuria (PCH): PCH is
a disease of childhood, but can affect patients at any
ages. Typically, it occurs 1–2 weeks after a viral infection
presenting as an upper respiratory illness, but basically it
can follow a wide range of viral and bacterial infections
(syphilis, H. influenzae, mycoplasma). Typically, the
Donath-Landsteiner test is positive. In that test, RBCs
are first incubated at 4 C with patients’ serum to enable
IgG to bind and then further incubation is performed at
37 C. If lysis occurs after these two incubation steps, the
test is considered to be positive [3].
Management of autoimmune hemolytic anemia: If possible avoid transfusions! The bases of AIHA therapy are
transfusion of RBC, attenuation of RBC destruction, and
inhibition of autoantibody production, respectively.
Commonly, crossmatching turns out to be difficult, since
the autoantibodies react with all potential RBC blood
donors. However, extensive crossmatching should not
unnecessarily delay transfusion, and frequently, the least
incompatible RBC product must be chosen in order to
avoid alloantibody formation. Once a matching RBC
product is found, transfusion should be performed slowly
and with caution. In case of secondary AHA, the underlying disease must be treated.
Warm antibody AHA: Steroids (dose: 1 mg/kg body
weight) in order to inhibit autoantibody formation are the
first choice of treatment. Besides attenuation of autoantibody formation, steroids seem to decrease splenic RBC
sequestration. Approximately two thirds of the patients
respond and steroids can slowly be tapered. In case of
steroid refractoriness or relapse treatment with antiCD20 antibodies (Rituximab) eliminating autoantibody
producing B-cells is a valuable option. Alternatively,
splenectomy can be considered, which is effective in
60% of patients. The beneficial effects of splenectomy
are based on reduction of both, RBC sequestration and
autoantibody formation. Other reasonable therapeutic

approaches include cytotoxic drugs (cyclofosfamide) or
immunosuppressive therapy with cyclosporine, mofetyl
mycophenolate, or azathioprine [2].
Cold antibody AHA: Effective treatment of CA-AHA is
still unsatisfactory. An underlying disease should be
treated appropriately. Avoidance of cold still constitutes
the cornerstone of the treatment. If transfusion is indicated, RBC products must be pre-warmed before administration. Only a minority of the patients respond to
steroids. The same holds for cytotoxic drugs, such as
cyclophosphamide. Promising results were achieved with
the administration of anti-CD20 antibodies (Rituximab)
showing a (transient) response in half of the patients. In
order to attenuate acute hemolysis, the effects of
acrocyanosis and/or to attenuate signs of hyperviscosity
plasmapheresis might be temporarily beneficial, since
a majority of IgM is retained in the intravascular space [3].
Paroxysmal cold hemoglobinuria: PCH does not need
specific therapy, since the disease resolves spontaneously.
Supportive therapy includes transfusions and maintenance of adequate urinary output.
Hemolytic transfusion reactions: Natural IgM antibodies to ABO blood group antigens or IgG alloantibodies
due to alloimmunization may lead to destruction of RBC
expressing an incompatible antigen. This can be due to
antibodies present in the recipient targeting incompatible
donor RBC (major reaction) or due to passively transfused
antibodies present in plasma containing blood products
targeting recipient RBC (minor reaction). An acute hemolytic transfusion reaction (AHTR) is mostly due to a major
(ABO) incompatibility leading to acute intravascular
hemolysis. Delayed hemolytic transfusion (DHTR) reaction
describes hemolysis 7–10 days after transfusion of a blood
cell product. DHTR is often based on an alloantibody
present in recipient’s serum at low titer not detectable by
antibody screening procedures and boosted after transfusion of incompatible RBC’s (e.g., anti-Kidd antibodies).
Delayed serological transfusion reaction (DSTR) is a special
form of DHTR in which alloantibodies are newly formed
after a transfusion. This occurs in about 3% of the transfused patients. The importance of DSTR is illustrated by
the fact that patients with a RBC alloantibody do have
a significantly increased risk to develop additional alloantibodies. If there is no preventive Rhesus (cE) and Kell (K)
matching between donors and recipient, one third of the
patients develop additional alloantibodies.
Laboratory findings: hemolysis following transfusion is
highly suggestive for a hemolytic transfusion reaction.
A positive Coombs and/or a positive crossmatch between
donor RBC and patient serum support the diagnosis.
Other causes of hemolysis must be excluded.

Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura

Management of hemolytic transfusion reaction: By
means of Type and Screen (T&S) the chance of
a transfusion reaction due incompatibility between
donor RBC and patient’s serum should be minimized.
Type includes typing of ABO blood group and the Rhesus
antigen in both the recipient and donor, respectively.
Screen denotes the detection of irregular (allo) antibodies
in the recipient. Before transfusion, crossmatch between
donors’ RBCs and recipient serum is performed. cEK
matching of the blood product minimizes the risk for
alloantibody formation in high responder patients. If
screening demonstrates alloantibodies, products must be
compatible with the recipient as far as possible. If
a hemolytic transfusion reaction is suspected, transfusion
must immediately be stopped and the remainder of the
blood product should be sent to the transfusion laboratory and the crossmatch between donor RBC and the
recipient serum should be repeated. A direct Coombs
test should be performed and laboratory parameters specific for hemolysis should be controlled regularly. Control
of vital signs is mandatory. Urinary output should be
tightly controlled and if needed maintained by fluid
administration.
Drug-induced hemolytic anemia: Drugs such as
alpha-methyldopa can alter the structure of RBC antigens.
Antibodies to this newly formed epitope can cross-react
with the native unaltered epitope leading to RBC lysis, also
in the absence of the drug. Other mechanisms of druginduced RBC lysis comprise antibody formation to the
drug bound to the surface of RBC (e.g., penicillin, ampicillin) or to a combined epitope of the drug and RBC
antigens (e.g., rifampicin, quinidine).
Laboratory findings: laboratory signs of hemolysis after
ingestion of the respective drug together with a positive
direct Coombs (positive for IgG, negative for C3d) are
suggestive for drug-induced hemolysis. Rarely, antibody
binding to RBC can be demonstrated in-vitro in the presence of the respective drug.
Management: Therapy of drug-induced hemolytic
anemia mainly consists of supportive measures including
transfusions and maintenance of adequate urinary output.
Drugs known to be associated with hemolysis should be
stopped. After cessation of the causing agent, hemolysis
usually stops.
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Purpura
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H
Synonyms
Atypical HUS; Pneumoccocal HUS; Shiga toxinassociated HUS; Thrombotic microangiopathy (TMA);
Typical or diarrhea-associated hemolytic uremic
syndrome (HUS)

Definition
Hemolytic uremic syndrome (HUS) is characterized by
the triad of thrombocytopenia, microangiopathic hemolytic anemia, and acute renal insufficiency. HUS and
thrombotic thrombocytopenic purpura (TTP) are related
conditions with similar clinical features of variable severity. The clinical and pathologic features of TTP and HUS
often overlap [1], leading some to recommend the term
“TTP-HUS.” New concepts of causation lead to the development of an improved diagnostic classification of HUS
and TTP, the two clinically defined syndromes with the
shared pathology of thrombotic microangiopathy (TMA)
(Table 1) [2].

Shiga Toxin-Associated HUS (Stx HUS)
Shiga toxin-associated HUS (Stx HUS) is associated with
diarrhea due to infection with a Shiga toxin-producing
Escherichia coli or Shigella dysenteriae. This form of HUS
accounts for at least 90% of all cases in children and may
cause sporadic or epidemic disease and is usually transmitted by undercooked meat. E. coli O157:H7 is the strain
most commonly associated with HUS worldwide; however, there is considerable geographic variation. Stx HUS
is characteristically a disease of young children aged
6 months to 4 year. The average annual incidence is three
cases per 100,000 population for ages 5 years and younger.
Infection with Shiga toxin-producing organisms occasionally causes HUS in adults. Also called D + HUS, but
this terminology is no longer valid as Stx HUS can occur
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Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura. Table 1 Classification of HUS, TTP, and related
disorders
Level 1 (etiology advanced)

Level 2 (etiology not fully understood)

(i) Infection induced

(i) HIV

(a) Shiga and verocytotoxin (shiga-like toxin)-producing
bacteria

(ii) Malignancy

(b) Streptococcus pneumoniae

(iii) Drugs

(ii) Disorders of complement regulation

(iv) Pregnancy

(a) Genetic disorders of complement regulation

(v) Systemic lupus erythematosus and antiphospholipid
(b) Acquired disorders of complement regulation, for example antibody syndrome
anti-FH antibody
(iii) ADAMTS13 abnormalities

(vi) Glomerulopathy

(a) ADAMTS13 deficiency secondary to mutations

(vii) Familial, not included in part 1

(b) Autoantibodies against ADAMTS13

(viii) Unclassified

(iv) Defective cobalamine metabolism
(v) Quinine induced
FH factor H; HELLP HEmolytic anemia, elevated Liver enzymes, and Low Platelets; HIV human immunodeficiency virus

without diarrhea, in association with UTI caused by Stxproducing E.coli 0103:H2. More than 95% of pts with Stx
HUS recover from the acute illness and the recurrences are
unusual.
Stx-producing E.coli infection causes colonic injury
and Stx enter circulation leading to attachment of Stx to
glycosphingolipid globotriaosylceramide (Gb3) receptor
on glomerular endothelial, mesangeal, and tubular epithelial cells. This causes inhibition of endothelial cell protein
synthesis, cell injury and death necrosis, and apoptosis
with release of lipopolysaccharide (LPS). LPS stimulates
production of cytokines, TNF-alpha and IL-1, elastase,
and free radicals. Stx, LPS, and cytokines synergistically
injure endothelial cells causing endothelial cell swelling,
injury, detachment, narrow lumen, reduced GFR, hemolysis, and thrombocytopenia.
Gastrointestinal prodrome commonly occurs a few
days to a few weeks before the onset of HUS. Hemolytic
anemia, thrombocytopenia, and renal involvement are
commonly present, acute renal failure (ARF) is detected
in 90% of patients. As with TTP, purpura and fever are
frequently present but neurologic involvement occurs less
often (40% of patients). Additional clinical findings result
from microvascular thromboses in the intestines, pancreas, skeletal muscle, and heart: acute abdomen with
occasional perforation; pancreatitis and, rarely, insulindependent diabetes mellitus; acute rhabdomyolysis; congestive heart failure and arrhythmias; retinal, choroidal, or
vitreous hemorrhage.

Pneumococcal HUS
Pneumococcal HUS is an uncommon condition accounts
for 5% of all cases of HUS in children, but 38–43% of
atypical HUS. The incidence is greatest in children younger than 2 years. Pneumococcal HUS is most commonly
seen in patients with parapneumonic empyema and also
meningitis. S. Pneumoniae produces the enzyme neuraminidase, which has been postulated to play a role in
the development of disease. Neuraminidase cleaves sialic
acid residues from the glycoproteins on the cell membrane
of erythrocytes, platelets, and glomeruli exposing the normally hidden Thomsen–Freidenreich antigen (T-antigen).
This then reacts with anti-T IgM antibodies, normally
present in plasma. It has been hypothesized that binding
of anti-T IgM to platelets and endothelial cells causes
TMA by platelet aggregation and direct endothelial cell
damage.

Atypical HUS (aHUS)
Atypical HUS is strongly associated with mutations in
patients needed either for activation or regulation of the
alternative pathway (AP) of complement [3]. Approximately 50% of aHUS patients are shown to have mutations in the genes of complement components and
regulators such as complement factor H (CFH), factor I
(CFI), membrane cofactor protein (MCP, CD46), C3, and
factor B(CFB). But 10% of childhood cases of aHUS are
shown to have CFH autoantibodies.
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The first link between complement and aHUS came
from identification of mutations in the CFH encoding
gene CFH and subsequently MCP gene. At present, over
100 distinct CFH mutations have been reported in aHUS
and nearly all mutations are heterozygous, only a few
(mostly consanguineous families) homozygous CFH deficiency or cases of total CFH deficiency have been reported.
Not every individual with the mutation develops the disease. This could explain the incomplete penetrance of the
disease and the reasons why aHUS caused by mutations in
complement regulators sometimes occurs late in life. Since
aHUS can occur in adulthood when the genetic predisposition present from infancy, leading to the possibility of
one or more trigger. So far, no general triggering event has
been identified, but infection, pregnancy, or drugs have
been suggested to act as a trigger.

Thrombotic Thrombocytopenic
Purpura (TTP)
TTP is defined as presence of microangipathic hemolytic
anemia and thrombocytopenia, without an alternative
cause such as autoimmune hemolysis, DIC, cancer,
eclampsia, drug toxicity, hemopoietic stem cell transplantation, or malignant HTN [4]. Three other features of
classic pentad – renal involvement, neurologic symptoms,
and fever – are not necessary at initial presentation for
diagnosis. TTP occurs with an estimated annual incidence
of 3.7 cases/million and is more common in females, with
a peak incidence occurring in the fourth decade. The
mortality rate of patients with TTP exceeds 90% without
therapy. Finding of severe deficiency (<5 % activity) of
a von Willebrand factor-cleaving protease, termed
“ADAMTS13” (a disintegrin and metalloprotease with
thrombospondin type 1 motif 13), in patients with
a diagnosis of thrombotic thrombocytopenic purpura
distinguishes this condition from hemolytic–uremic
syndrome. ADAMTS13 cleaves the large von Willebrand
factor multimers that are synthesized and secreted
by endothelial cells. When ADAMTS13 is not present,
the resulting abnormally large von Willebrand
factor multimers in plasma have a greater ability to
react with platelets and cause the disseminated platelet
thrombi characteristic of thrombotic thrombocytopenic
purpura.

Treatment
Stx HUS
Mainstay of treatment for Stx HUS is supportive therapy,
which generally include control of fluid and electrolyte
imbalance, use of dialysis if required, control of
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hypertension, and blood transfusion as required for correction of anemia. Platelet transfusion is indicated only if
there is active bleeding or the patient needs an invasive
procedure. A recent systematic review of randomized
controlled trials (RCTs) on interventions for HUS
and TTP have shown that for Stx HUS in young children
no intervention to be superior to supportive therapy
alone. This review showed supportive therapy plus plasma
infusion, anticoagulation therapy, steroids, or Shiga toxinbinding agent conferred no advantage over supportive
therapy alone [5]. In majority of the trials (five of seven
trials) in this systematic review, peritoneal dialysis
was used when dialysis therapy was indicated which
could be due to the age of the included trials. However,
current practice in the majority of North American centers
is to use as hemodialysis or continuous venovenous
hemodiafiltration, as the preferred mode for the management of acute renal failure.

Pneumococcal HUS
The management of pneumococcal HUS is also supportive therapy as above. In addition, early initiation of antibiotic therapy is indicated. The American Academy of
Pediatrics recommends empirical treatment of critically
ill children with possible or proven invasive pneumococcal
infections with both vancomycin and an extendedspectrum cephalosporin and antibiotic therapy should be
reviewed as soon as the quantitative susceptibility test
results are available. If resistance to penicillin, cefotaxime,
and ceftriaxone is documented, vancomycin plus
cefotaxime or ceftriaxone should be continued for the
full course of therapy and vancomycin should be
discontinued if the organism is susceptible to penicillin,
cefotaxime, or ceftriaxone [6]. However, if the patient’s
clinical condition has not improved or has worsened while
receiving this combination of antibiotics or if a follow-up
CSF examination indicates failure to reduce the number of
organisms substantially or to eradicate the organism,
some experts have recommended addition of rifampin
to the vancomycin and cefotaxime or ceftriaxone
combination or discontinue vancomycin and continue
therapy with ceftriaxone plus rifampin, provided the
organism is susceptible to rifampin. As anti-TF IgM antibodies are integral to the pathogenesis, additional
preformed antibody administration via fresh frozen
plasma or unwashed blood products should be avoided
unless there is active bleeding. If needed, washed red blood
cells or platelets should be used. Plasmapheresis has no
proven value in the management of pneumococcal HUS
or Stx HUS.
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Atypical HUS (aHUS)
Atypical HUS, which has more of a chronic course and
worse outcome, should be suspected when infants and
young children present with HUS without any prodromal
diarrhea or invasive pneumococcal infection. In such
cases, more specific therapy should be considered in addition to the supportive therapy mentioned as above. Several observational studies have shown the effectiveness of
plasma therapy for the treatment and prevention of recurrence of atypical HUS. Plasma infusion or exchange has
been used in patients with atypical HUS and CFH mutations, with the rationale to provide the patients with
normal CFH to correct the genetic deficiency. In patients
with acquired CFH deficiency, plasma exchange has the
advantage of rapidly removing the anti-CFH antibodies.
Usually between 40 and 100 mL/kg is exchanged per
session. If plasma exchange is not available, plasma infusion 30–40 mL/kg on day 1 followed by 10–20 mL/kg per
day can be tried. Platelet count and serum LDH are the
most sensitive markers for monitoring the response to
plasma therapy. Treatment should be continued until
they are persistently normalized. However, no clinical
parameter predicts the needed duration for plasma therapy. Prompt exacerbation of disease activity, principally
manifested by a falling platelet count and requiring the
resumption of daily plasma therapy, is common after
discontinuation with reported frequencies of 29–82%.
The rationale for using plasma therapy in patients with
MCP mutations is not so clear, since MCP is
a transmembrane protein, theoretically plasma infusion
or exchange would not correct the MCP defect.
Latest advance in the treatment of aHUS is the use of
eclizumab, a humanized mAb against complement protein C5, which inhibits activation of the terminal complement pathway. There have been reports of successful use of
eclizumab in few cases of aHUS. Interim results of an open
label single arm multicenter clinical trial of the use of
eculizumab in 20 adults/adolescents by Muus et al. [11],
was promising with 87% of the patients in disease
remission. Early use of eclizumab in plasma-resistant
cases of aHUS may decrease the extent of irreversible
renal damage, but optimal duration of eclizumab treatment remains to be determined. Vaccination against
Neisseria meningitidis is recommended prior to the use
of eclizumab.

for TTP is plasma exchange (PE) with fresh frozen plasma
(FFP). The current diagnostic criteria for TTP to consider
plasma therapy are presence of microangiopathic hemolytic anemia and thrombocytopenia without alternative
explanation. Results of a recent systematic review on interventions of HUS and TTP, confirmed that PE using FFP
remains the primary treatment of choice for patients with
TTP [5]. In this systematic review, there were three TTP
trials (116 patients) which compared the use of PE with
cryosupernatant plasma or cryoprecipitate poor plasma
(CPP) with PE using FFP and there was no significant
difference between PE using FFP and PE using CPP. This
review also included two TTP trials (140 patients), which
compared plasma infusion with PE using FFP and patients
in the plasma exchange group had better response and
survival rate. None of the included trials in this systematic
review compared low volume to high volume PE, two
trials used 1.5 times the plasma volume and the rest used
one plasma volume, hence difficult to know the optimal
volume of FFP needed for PE. Generally, 1–1.5 times the
plasma volume of FFP is used for PE and treatment is
generally continued for 7–14 sessions until stabilization of
platelet count for 2–3 consecutive days. Plasma infusion
may be an appropriate alternative for patients with thrombotic thrombocytopenic purpura when plasma exchange
is not available or there is a delay in initiating plasma
exchange.
Patients with idiopathic TTP related to the frequent
autoimmune etiology are also treated with glucocorticoids
in addition to plasma exchange. A standard regimen
generally used is oral prednisone, 1–2 mg/kg/day for
2–3 weeks. For more critically ill patients, intravenous
methylprednisolone in higher doses, such as 1 g/day for
3 days, may be appropriate as initial therapy. The use of
glucocorticoids may diminish the duration of required
plasma exchange and diminish the risk for subsequent
exacerbations. However, there are no RCTs that compared
the added effect of glucocorticoids to PE, of the six RCTs
included in the systematic review, three used
methylprednisone in the treatment and control arm and
three did not use glucocorticoids in either arm [5]. In
patients who require prolonged and repeated courses of
plasma exchange, more intensive immunosuppressive
therapy with rituximab (4 weekly infusions at a dose of
375 mg/m2) may need to be considered [7].

TTP

Evaluation/Assessment

Thrombotic thrombocytopenic purpura (TTP) if
untreated is associated with high mortality rate (>90%),
hence prompt recognition of this condition and initiation
of treatment is important. Currently, the standard therapy

A new HUS/TTP patient should be evaluated according to
clinical presentation. Children older than 6 months
presenting with diarrhea or bloody diarrhea require investigation to determine the cause of gastrointestinal
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infection, using methods that are relevant to the EHEC or
Shigella dysenteriae type 1 of the local region. For children
with suspected invasive pneumococcal infection bacteriological confirmation should be sought. Exposure of the
Thomsen–Friedenreich antigen on red blood cells strongly
supports the diagnosis. All other cases can be regarded as
atypical and require detailed evaluation, which includes
plasma/serum levels of C3, factor H, factor I, factor H
autoantibody and MCP (CD46) factor B; Gene mutation
analysis in factor H, factor I, MCP; Plasma vWF protease
(ADAMTS13) activity  inhibitor (plasma) [8]. If aHUS
or TTP is suspected, plasma exchange should be initiated
without delay due to the very high mortality rate for
untreated cases.

After-care
Children with HUS need long-term follow-up as with any
cases of acute renal failure due to the risk of later development of hypertension, proteinuria, and chronic kidney
disease especially in patients who needed prolonged dialysis at presentation. Recurrent episodes of Stx HUS and
pneumococcal HUS are uncommon.
The prognosis of aHUS is poor, with most patients
developing end stage renal disease (ESRD). Renal transplantation is not necessarily an option for ESRD due to
aHUS as the risk of recurrence rate in the graft is high
(80%). Live related donor renal transplantation should
also be avoided since it carries an additional risk to precipitate the disease onset in the healthy donor relative.
New knowledge from genetic studies may help to predict
more accurately the risk of recurrence. In patients with
CFH mutations the graft outcome is poor, the recurrence
rate ranges from 30% to 100% and is significantly higher
than in patients without CFH mutations. Most patients
with mutations in other plasma proteins CFI and CFB
have poor renal transplant outcome similar to those with
a CFH mutation. Combined liver and kidney transplantation was tried in three CFH deficient patients in order to
substitute defective CFH with disappointing results as
these patients developed either severe recurrence or died
within a short period following treatment. Intensive
plasma therapy was tried before and during the operative
period for combined kidney and liver transplantation in
order to substitute the defected or absent plasma CFH
with excellent outcome [9]. Patients with aHUS due to
MCP mutations have favorable outcome with isolated
renal transplantation.
Relapses are rare in patients with thrombotic thrombocytopenic purpura, except in those with a severe
deficiency of ADAMTS13 activity; 50% of patients may
have a relapse within a year. Long-term follow-up data
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suggest a diminished frequency of relapses over time,
though a relapse can occur years after the initial episode.
The value of maintenance immunosuppressive treatment
or the measurement of ADAMTS13 activity during remission is unknown. Patients may have severe ADAMTS13
deficiency for many years with no evidence of TTP.
The current recommended approach to patients in remission is only to ensure prompt medical attention, including
a complete blood count, when any acute symptom occur,
as any symptom may indicate recurrent TTP.

Prognosis
Children with Stx HUS has relatively favorable outcome,
mortality rate during the acute episode is 3–5%. 75 percent of the patients make long-term full recovery, chronic
renal insufficiency with hypertension in 4%, and end stage
renal disease in 9%. Children with pneumococcal HUS are
younger at presentation and have more severe initial hospital course than those with post-diarrheal HUS. A review
of case reports from 1987 showed, of 73 children with
pneumococcal HUS, 10.1% developed end stage renal
disease (ESRD), 12.3% died in the acute phase, and 16%
survived with chronic kidney disease or hypertension [10].
Overall, aHUS has a much poorer outcome than diarrheaassociated HUS with 50% developing ERSD and up to
25% dying in the acute phase. However, within aHUS
itself differences in outcome are also seen, with some
patients having very mild disease and others very severe
disease. Patients with mutations in CFH have more severe
disease compared with those with mutations in MCP.
Seventy percent of those with CFH-HUS develop ESRD
or die while over 80% with MCP HUS remain dialysis
independent. For TTP in adults, the long-term survival
has dramatically improved from 10% to 80% with the
advent of plasma-based therapy.
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Hemorrhagic Shock, Classification
FREDERICK A. MOORE
Department of Surgery, The Methodist Hospital,
Houston, TX, USA

Synonyms
Exsanguinate; Hemorrhagic hypoperfusion

Definition
Hemorrhagic shock occurs as a result of acute blood loss,
which decreases oxygen delivery (DO2) to a degree that is
inadequate to meet tissue oxygen demands [1].

Differential Diagnosis
Neurogenic shock, cardiogenic shock, septic shock,
tension pneumothorax, cardiac tamponade, and air
embolism.

Cross-reference to Disease
Trauma, gastrointestinal bleeding, ruptured aortic aneurysm, etc. – any condition that can cause significant acute
blood lose anemia.

Hemoperfusion
▶ Adsorption

Hemorrhage
▶ Blakemore Tube
▶ Bleeding Patient

Hemorrhagic Fever Virus
Hemorrhagic fever viruses, comprised of over 30 viruses
from four different virus families, are the etiologic agents
of viral hemorrhagic fever.

Hemorrhagic Hypoperfusion
▶ Hemorrhagic Shock, Classification

Classification
The Advanced Trauma Life Support identifies four categories of acute blood loss based on the percent loss of
blood volume [1, 2].

Class I Hemorrhage – Up to 15% Blood
Volume Loss
In a 70-kg male, volume loss with class I hemorrhage
represents up to 750 mL of blood.
The clinical symptoms are minimal tachycardia and
slight anxiety with no measurable changes in blood
pressure (BP), pulse pressure, or respiratory rate (RR =
14–20). For otherwise healthy patients, this amount of
blood loss does not require replacement. Transcapillary
refill and other compensatory mechanisms restore blood
volume within 24 h. However, in the presence of other
fluid changes, this amount of blood loss may produce
clinical symptoms, in which case replacement of the primary fluid losses corrects the circulatory state, usually
without the need for blood transfusion.

Class II Hemorrhage – 15–30% Blood Volume
Loss
In a 70-kg male, volume loss with class II hemorrhage
represents 750–1,500 mL of blood. Clinical signs include

Hemorrhagic Shock, Classification

tachycardia (heart rate [HR] above 100–120 in an adult),
tachypnea (RR = 20–30), and decreased pulse pressure;
the latter sign is related primarily to a rise in the diastolic
BP due to an increase in circulating catecholamines. These
agents produce an increase in peripheral vascular tone and
resistance. Systolic BP changes minimally in early hemorrhagic shock; therefore, it is important to evaluate pulse
pressure rather than systolic BP. Other pertinent clinical
findings with this amount of blood loss include subtle
CNS changes, such as anxiety, fright, and hostility. Despite
the significant blood loss and cardiovascular changes,
urinary output is only mildly affected. The measured
urine flow is usually 20–30 mL/h in an adult and splanchnic blood flow may be compromised. Accompanying fluid
losses can exaggerate the clinical manifestations of class II
hemorrhage. Some of these patients may eventually
require blood transfusion but may be stabilized initially
with crystalloid solutions.

Class III Hemorrhage – 30–40% Blood
Volume Loss
In a 70-kg male, volume loss with class III hemorrhage
represents 1,500–2,000 mL of blood and may be devastating. Patients almost always present with the classic signs of
decompensated hypovolemic shock where vasoconstriction is no longer able to sustain BP and vital organ perfusion, including marked tachycardia (HR 120–140) and
tachypnea (RR 30–40), significant changes in mental
status(confused and anxious), and a measurable fall in
systolic BP. In an uncomplicated case, this is the least
amount of blood loss that consistently causes a drop in
systolic BP and notable reduced UO (usually 5–15 mL/h).
Systemic vasoconstriction may be attenuated or lost in this
stage resulting in exaggerated hypotension. Patients with
this degree of blood loss almost always require transfusion.
However, the priority of management is to stop the hemorrhage, by emergency operation if necessary, to decrease
the need for transfusion. The decision to transfuse blood is
based on the patient’s response to initial fluid resuscitation
and the adequacy of end-organ perfusion and oxygenation.

Class IV Hemorrhage – More Than 40% Blood
Volume Loss
In a 70-kg male, volume loss with class IV hemorrhage
represents >2,000 mL of blood.
The degree of bleeding is immediately life-threatening.
Symptoms include marked tachycardia (HR > 140 BPM),
a significant decrease in systolic BP, and a very narrow
pulse pressure (or an unobtainable diastolic pressure).
Urinary output is negligible, and mental status is markedly
depressed. The skin is cold and pale. Patients with class IV
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hemorrhage frequently require rapid transfusion and
immediate surgical intervention.
By these classes of hemorrhage, patient can then be
divided into compensated shock (Class I and Class II Hemorrhage) and decompensated shock (Class III and Class IV
hemorrhage). Triage decisions are then based on baseline
SBP and HR, the way they response to initial ATLS
recommended volume loading, and the need for ongoing
for resuscitation. The Western Trauma Association proposed
the following score to grade hemodynamic instability [3].

Hemodynamic Instability Score

Grade 0: No significant hypotensiom (systolic BP < 90
mm Hg) or serious tachycardia (HR > 130 BPM)
Grade 1: Hypotension or tachycardia by report but none
recorded in the ED
Grade 2: Hypotension or tachycardia responsive to initial
volume loading with no ongoing fluid or PRBC
requirement
Grade 3: Hypotension or tachycardia responsive to initial
volume loading with modest ongoing fluid (<250 mL/h)
or PRBC requirement
Grade 4: Hypotension or tachycardia only responsive
to >2 L of volume loading and the need for vigorous
ongoing fluid infusion (>250 mL/h) and/or PRBC
transfusion
Grade 5: Hypotension unresponsive to fluid and/or PRBC
transfusion
It is envisioned that this score will be used for early
triage decision making in blunt trauma patients with
suspected intra-abdominal injuries. Stable patients
(grade 0–2) should be triaged to the computerized tomography (CT) scanner and unstable patients (grade 3–5)
should have a focused abdominal sonography for trauma
(FAST) exam done (if available and reliable) after the
initial airway, breathing, and circulation. Patients who
stabilize with initial volume loading and require modest
ongoing resuscitation (grade 3) may be triaged to the CT
scanner if readily available. Grade 3 patients who have
a positive FAST exam result are presumed to have
a hemoperitoneum. This information should prompt
closer monitoring and quicker processing through the
CT scanner. On the other hand, patients who have
a positive FAST exam result and require vigorous ongoing
resuscitation (grade 4 and 5 instability) should be triaged
to the operating room (OR). In some cases, patients with
grade 4 instability might be triaged to the CT scanner with
caution. This would be a reasonable option if the CT
scanner is readily available and (a) a plausible explanation
for instability exists (e.g., tension pneumothorax, pelvic
fracture, neurogenic shock) or (b) the CT scan results will
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change triage decision making (e.g., epidural hematoma
requiring craniotomy, torn thoracic aorta requiring thoracotomy, massive brain injury to declare futility, or vascular blush associated with a pelvic fracture prompting
AE). A negative FAST does not reliably exclude intraperitoneal hemorrhage and should be repeated again as part
of the secondary survey. Grade 5 instability with a negative
FASTexam is an uncomfortable scenario. It is not prudent
to triage this patient to the CT scanner, rather this patient
should stay in the trauma resuscitation room and differential diagnosis of refractory shock should be pursued. If
a missed source of hemorrhage is still a concern, despite
a second negative FAST in an unstable patient,
a diagnostic peritoneal aspirate (DPA) should be considered. A viable alternative is to go directly to the OR in
patients at risk of imminent cardiac arrest for exploratory
laparotomy.
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Hemorrhagic Shock, Fluid
Resuscitation
FREDERICK A. MOORE
Department of Surgery, The Methodist Hospital,
Houston, TX, USA

Synonyms
Restore; Revive

Definition
To revive or restore life after near death from bleeding.

Pre-existing Condition
Acute blood loss which decreases oxygen delivery to
a degree that is inadequate to meet tissue oxygen demands
leading anaerobic metabolism, tissue acidosis, and an
oxygen debt.

Application
Prehospital Resuscitation
Hypotensive Resuscitation
A 1994 prospective randomized trial (PRT) found that, for
hypotensive patients with penetrating torso injuries, survival was improved when fluid resuscitation was delayed
until surgical intervention had controlled the source of
hemorrhage. Although this clinical trial had some flaws, it
was important because it emphasizes that hemorrhage
control is an overriding priority in hemodynamically
unstable patients. The critical issue is whether it is preferable to administer fluids to restore oxygen delivery to
tissue, but potentially causing hemodilution and
disruption of early hemostatic clots, or to withhold
fluid resuscitation, prolonging cellular shock to the point
where it may be irreversible by the time hemorrhage
control is accomplished. At present, the rational compromise between these two extremes is hypotensive resuscitation with limited volume loading with the goal of
maintaining SBP > 90 mm Hg. This approach is becoming
the standard of care for the penetrating trauma, but
its application to blunt trauma is not as clear as 20%
of patients with major torso trauma have a serious
concomitant traumatic brain injury (TBI), and hypotension is a well-documented risk factor for poor outcomes
with TBI.

Hypertonic Saline
In animal models, small-volume 7.5% hypertonic saline
(HS) has been shown to be as effective as large-volume
isotonic normal saline (NS) in expanding plasma volume
and enhancing cardiac output in hemorrhagic shock [1].
Furthermore, HS increased perfusion of the microcirculation, presumably by selective arteriolar vasodilatation and
by decreasing swelling of the endothelium. This improved
microcirculation, however, could lead to increased bleeding. Consequently, HS was tested in animal models of
uncontrolled hemorrhagic shock and was shown to
increase bleeding, but mortality was model dependent,
and the best survival was obtained when HS was given
with high-volume isotonic crystalloids. Additionally, the
resuscitative effectiveness of HS was found to be enhanced
by combination with dextran (hypertonic saline dextran
[HSD]). In view of the small volume needed to achieve
these effects, there was great interest in the use of HS or
HSD in resuscitation in the field for both military and
civilian use. From the late 1980s through the early 1990s,
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13 PRTs were performed testing HS or HSD. Individually,
these trials found survival outcome to be inconsistently
improved but did document that a bolus of HS or HSD is
safe. Meta-analysis of these data suggests that HS is not
better than standard-of-care isotonic crystalloid fluids.
Subgroup analysis of the data showed that the patients
who benefited most from HSD were those who presented
with shock and concomitant severe TBI. The results of this
analysis agreed with laboratory data showing that in comparison with isotonic crystalloid, both HS and HSD raised
cerebral perfusion pressure, lowered intracranial pressure,
and reduced brain edema. However, one well-executed
trial that tested HS for field resuscitation of TBI patients
in shock did not demonstrate any benefits. Recent laboratory studies have again renewed interest in the use of HS in
early traumatic shock resuscitation. Numerous basic laboratory investigators have convincingly shown that HS
resuscitation markedly decreases the inflammatory
response (specifically neutrophil cytotoxicity) in animal
models of hemorrhagic shock, ischemia/reperfusion, and
sepsis. One very interesting clinical PRT from Toronto
showed in humans who were treated with HS had
a more balanced inflammatory response to hemorrhagic
shock. This raises the possibility that, similar to observations made in experimental models, HS might also
decrease the incidence and severity of post-shock acute
respiratory distress syndrome (ARDS) and multiple organ
failure (MOF). This hypothesis was tested in a recent
clinical PRT from Harborview Medical Center in Seattle.
The study was stopped for futility after the second
interim analysis. Intent-to treat analysis demonstrated
no significant difference in ARDS-free survival. Most
recently, the Resuscitation Outcomes Consortium
multicenter trial testing HS demonstrated similar disappointing results. This involved two parallel studies.
The first (which enrolled trauma patients in shock with
severe bleeding) was stopped in March 2009 because of
safety concerns noted in an interim analysis. Although
overall 28-day mortality was not different, most of the
patients receiving HSD were dying earlier than those
who received NS. The second study (which enrolled
TBI patients) was stopped after interim analysis of
1,073 patients who were followed for 6 months and demonstrated no differences in outcomes. In summary,
although the experimental data supporting HS resuscitation in the setting of hemorrhagic shock with or without
TBI are very compelling, HS resuscitation has been very
extensively tested in the clinical setting for these indications, and there are no conclusive data to support its
routine use.
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Traditional Crystalloid Versus Colloid
Debate
Since the early 1940s, restoration of blood volume has
been embraced as a pivotal intervention in shock resuscitation; however, considerable controversy has persisted
concerning optimal fluid to use [2]. Plasma and serum
were considered the best substitutes for whole blood and,
in some cases, better than blood itself. This was the resuscitation strategy used in World War II, and renal failure
was noted to be a major cause of late deaths in soldiers
who survived shock resuscitation. Isotonic crystalloids
became the standard of care in the late 1960s based on
the laboratory work of Shires, Moyers, Moss, as well as
others. Their basic concept was that during hemorrhagic
shock, interstitial fluid is redistributed into both the intravascular and intracellular spaces; thus, large-volume
resuscitation with isotonic crystalloids is needed to replenish losses from both the intravascular and interstitial
spaces. These investigators empirically observed that optimal resuscitation to correct this extracellular fluid deficit
required infusion of isotonic crystalloid fluid and shed
blood in a ratio of three volumes of crystalloid to one of
blood. As a result of this experimental work, isotonic
crystalloid fluids were used in the Vietnam conflict. For
various reasons, mortality and acute renal failure
decreased, but a new entity called “shock lung” emerged
as a major cause of late deaths. This complication was
soon described in civilian publications as ARDS and was
shown to be the major source of morbidity and mortality
in the ICU. The pathogenesis was not known, but controversy existed over whether Acute Respiratory Distress
Syndrome (ARDS) was an iatrogenic complication of
resuscitation with isotonic crystalloids. Beginning in the
mid-1970s, PRTs were done to compare crystalloids with
colloids in resuscitation, with pulmonary dysfunction as
the primary endpoint. The results were conflicting and in
large part were attributable to shortcomings in study
design (i.e., small numbers of patients, heterogeneous
populations, and different resuscitation endpoints and
sodium loads), as well as difficulty in defining pulmonary
dysfunction. These data have been assessed by meta-analysis, and no difference in the incidence of pulmonary
dysfunction has been found. However, when mortality is
used as the endpoint and the data are subgrouped, the use
of crystalloids in trauma patients is associated with
improved survival. The same sub group analysis was
done in the most recent SAFE trial, and again the use of
isotonic crystalloids compared to albumin in trauma
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patients was associated with improved survival. Although
these subgroup data are not definitive, they are consistent
with the early laboratory work and do support the current
use of crystalloids in US trauma centers. Additionally, it
has been difficult to justify the standard use of colloid
solutions because they are considerably more expensive
than crystalloid solutions.

Choice of Crystalloid
The selection of a crystalloid engenders less controversy
than the choice between crystalloid and colloid. NS and
lactated Ringer’s (LR) solution remain the most commonly used fluids. In theory, LR solution is preferable to
NS because it provides a better buffer for metabolic acidosis, but to date, investigators have not documented any
important differences in outcome. One laboratory study
found that NS and LR solution were equivalent in the
setting of moderate hemorrhagic shock but that, in the
setting of massive hemorrhage; NS was associated with
greater physiologic derangement (e.g., hyperchloremic
acidosis) and higher mortality. Clinical experience confirms the adverse effects of iatrogenic hyperchloremia. NS
is preferred, however, when blood is being transfused
simultaneously. There is some concern that the calcium
in LR solution could exceed the chelating capabilities of
the citrate in the stored blood, resulting in the formation
of clots that could enter the circulation and compromise
the microcirculation, although there is no objective clinical evidence to substantiate these concerns.
The traditional rationale for resuscitation has been to
reverse and prevent ongoing ischemia. However, laboratory studies starting in the mid-1980s revealed that resuscitation induces reperfusion injury and that resuscitation
fluids can modulate this response. Specifically, LR was
found to be pro-inflammatory and activates neutrophils
which are primary effector cells in reperfusion injury.
In the late 1990s, the “tale of the two isomers” emerged
from several laboratories. There are two isomers of lactate
(L & D). L lactate is part of normal human metabolism, it
is oxidized to pyruvate by L lactate dehydrogenase, and
does not activate neutrophils. In contrast, D lactate is not
part of normal human metabolism. It is not oxidized by
L lactate dehydrogenase, it therefore accumulates and
activates neutrophils. Based on this concern, the use of
LR that contains the D isomer should be avoided.

Transfusion Trigger
Banked blood has been widely available since World War
II, but the indications for administration continue to be
debated. Animals with hemorrhagic shock show improved
survival with hemoglobin concentration ([Hb]) maintained

in the range of 12–13 g/dL [4]. However, animal models of
isovolemic hemodilution demonstrated that the optimum
[Hb] for maintaining DO2 is 10 g/dL, but in healthy
human volunteers, isovolemic hemodilution is tolerated
at concentrations as low as 5 g/dL. Until recently, clinical
studies in critically ill patients concluded that 10 g/dL
hemoglobin was optimum for shock resuscitation, but
more recent consensus panels have judged that a lower
concentration is adequate. The American Society of Anesthesiologists recommends maintaining hemoglobin at
greater than 6 g/dL, whereas the NIH recommends
a concentration of greater than 7 g/dL. A PRCT has
shown that ICU patients randomized to restrictive blood
transfusions (transfuse if hemoglobin concentration is
<7 g/L and maintain between 7 and 9 g/dL) did as well
and possibly better than patients who were liberally transfused (transfuse if <10 g/dL and maintain between 10 and
12 g/dL). Additionally, transfusion of packed red blood
cells (PRBCs) has been reported by multiple investigators
to be a strong risk factor, independent of shock severity,
for bad outcomes (i.e., infections, MOF, and deaths) in
trauma patients (a patient population most likely to
benefit from PRBC transfusion). The observation that
transfusion of PRBCs is associated with adverse outcomes
has now been consistently observed across a broad
spectrum of high-risk hospitalized patients. The choice
of transfusion trigger is dependent on the clinical scenario.
During active shock resuscitation with ongoing bleeding,
shooting for a higher [Hb] is preferred. Blood is a good
volume expander and will limit isotonic crystalloid infusions, and the higher [Hb] provides a margin of safety.
Once bleeding is controlled, the lower transfusion trigger
should be used unless there is evidence of high oxygen
extraction (i.e., SaO2 minus mixed venous hemoglobin
oxygen saturation >50%).
The adverse outcomes of PRBC transfusion are
attributed to the age of stored RBCs. The concept of
transfusion-related immunosuppression dates from the
early 1970s with the observation that greater pretransplantation transfusion was associated with improved
renal allograft survival. Subsequently, perioperative
PRBC transfusion was associated with cell-mediated
immunosuppression, tumor recurrence, and postoperative infections. The capacity of banked PRBCs to provoke
neutrophil cytotoxicity is a key mechanism in MOF.
Focused clinical studies have shown that transfused critically ill patients at high risk of MOF have circulating
neutrophils that are primed for cytotoxicity, increased
expression of adhesion receptors, activation of p38
mitogen-activated protein kinase, and delayed apoptosis.
The precise mechanisms linking PRBC transfusion and
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neutrophil priming remain to be established, but it is
generally believed that passenger leukocytes accompanying RBCs in storage are important in the generation of
proinflammatory agents that progressively increase from
14 to 42 days of storage. Some investigators have implicated cytokines (tumor necrosis factor, interleukin-1,
interleukin-6, interleukin-8), while other investigators
believe that proinflammatory lipids (presumably generated from the degradation of the RBC membrane) are
more important. Although prestorage leukoreduction of
PRBCs decreases the generation of cytokines, this process
does not eliminate neutrophil priming. Another emerging
concern regarding stored cells is that substantial shape
changes and impaired deformability occur by the second
week of storage and progress during further preservation.
The effects of decreased deformability on microcirculation
have been documented experimentally and include
impaired tissue access and entrapment, resulting in microvascular obstruction. These findings might account for the
observation that blood transfusion failed to improve oxygen consumption in critically ill and injured patients and,
in one study, appeared to induce splanchnic ischemia.

issue has been effectively addressed by polymerizing the
hemoglobin tetramer. The additional benefit of these
larger moieties is that they exert less colloid osmotic activity, which means that a higher dose can be administered.
A further limitation of earlier HOBCs was that because of
the loss of 2,3-diphosphoglycerate, oxygen affinity was
greatly increased; the partial pressure of oxygen required
to produce 50% saturation (P50) decreased from the normal 26 to 12 mm Hg. This problem was addressed by
pyridoxylation of the hemoglobin tetramer, which raised
the P50 to 29 mm Hg. One such polymerized hemoglobin
solution has been tested extensively in phase I and phase II
trials in trauma patients, where it proved to be safe and
effective. A phase III prehospital trial has recently been
completed where this polymerized hemoglobin solution
appeared to provide equivalent outcomes to stored
PRBCs. Unfortunately, the US Food and Drug Administration did not agree with the investigators’ conclusions,
thus apparently ending another chapter in the history of
blood substitutes. A next generation of HOBCs is being
developed, but, unfortunately, these will unlikely be
available for clinical use in the next decade.

Blood Substitutes

Massive Transfusion

As a consequence of the limited supply of stored blood and
the recognition that transfusions contribute to adverse
patient outcomes, there has been a resurgence of interest
in blood substitutes. Hemoglobin-based oxygen carriers
(HBOCs) date back to 1933, when it was shown that
hemolysates could transport oxygen in mammals. Unfortunately, when these solutions were infused into humans,
they had excessively toxic effects (i.e., vasoconstriction,
acute renal failure, and abdominal pain), which were
attributed to stromal contamination. Although the next
generation of HBOCs were stroma-free, toxic effects
persisted and were attributed to the instability of the
hemoglobin tetramer, which spontaneously dissociates
into dimers and monomers. The third generation of
HBOC formulations focused on stabilizing the hemoglobin tetramer. One of these products, diaspirin cross-linked
hemoglobin, was authorized for a phase III study in
trauma patients. However, the trial was prematurely
stopped because of the unexpectedly high mortality in
the treatment group (24 of 52 [46%] compared with 8 of
46 [17%] in the control group). Although this event was
judged as a major setback for clinical implementation of
HOBCs, the product used had already been shown to
increase pulmonary and systemic vascular resistance in
animals. Tetrameric hemoglobin extravasates from the
vascular space, binds nitric oxide within the vessel wall,
and thereby results in unopposed vasoconstriction. This

Standard of care Advanced Trauma Life Support (ATLS)
resuscitation (where blood pressure is normalized with
large-volume isotonic crystalloid infusion) appears to be
hazardous in the patients who require a massive transfusion (>10 units PRBCs within 6 h) because it promotes
bleeding, worsens preexisting coagulopathy, activates
inflammation, and creates problematic tissue edema [3].
Additionally, recent studies challenge the conventional
wisdom that postinjury coagulopathy occurs because of
worsening hemodilution and consumption of clotting
factors with ongoing bleeding and resuscitation. These
studies documented that severely injured patients arrive
soon after injury with an established coagulopathy
before substantial resuscitation has occurred, and that
this is associated with increased mortality. This
coagulopathy of trauma develops very early postinjury,
it is principally driven by thrombin binding to endothelial
thrombomodulin, resulting in activated protein Cmediated anticoagulation and appears to be related mechanistically to tissue ischemia from pronounced shock.
Such a process may be teleologically protective by inducing an auto-anticoagulation state that prevents thrombosis in critical tissue beds during prolonged periods of low
flow while exposed tissue factor is promoting clot formation at the injury site. An alternative hypothesis is that
early clotting derangement is due to disseminated intravascular coagulation and fibrinolysis. The importance of
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this debate is the determination of whether the early
coagulopathy following injury is attributable to clotting
factor deficiency requiring immediate blood component
replacement. Although there is a general consensus that
clotting factors should be administered concurrently with
PRBCs in patients anticipated to require a MT, the optimal
composition of these components remains unclear. For
effective hemostasis, the conversion of prothrombin to
thrombin requires factors XII, XI, IX, and VIII as well as
activated factors X and V. Fresh frozen plasma (FFP) provides these factors and up to 400 mg of fibrinogen. Traditionally, FFP was prepared by isolating the plasma from
the cellular components via centrifugation of whole blood
within 8 h of collection. With the advent of apheresis
methods, most FFP is now platelet-rich plasma, which is
then frozen. The hemostatic activity of most coagulation
factors is maintained for long periods, although factors
V and VIII decrease with thawing. For nearly 30 years,
empiric transfusion of FFP has been recommended, but
the ratio of FFP to RBC remains controversial. Early
experimental work and subsequent clinical observations
indicated that ratios of FFP to RBC <1:4 were warranted
to avoid factor deficiency, but platelets were not justified
for initial RBC resuscitation. Recently, the US military
has promulgated a preemptive platelet to FFP to RBC
ratio of 1:1:1 based on the argument that this represents
the composition of shed whole blood. A retrospective
review of this policy appears to demonstrate a survival
benefit in critically injured soldiers requiring massive
transfusion. However, a more recent subanalysis suggests
that this benefit may be primary in those with extensive
blast injury. Furthermore, concurrent civilian data
suggest that an FFP to RBC ratio of 1:2 to 1:3 may
be adequate. The rationale for preemptive platelet
transfusion is similarly controversial. Clinical studies to
date do not substantiate initial platelet repletion. The
resolution of these ongoing debates requires a better
understanding of the scientific basis for achieving
postinjury hemostasis.

Crystalloid Versus Colloid Debate Revisited
Unfortunately, the above described PRTs comparing crystalloid and colloid resuscitation were done long before the
abdominal compartment syndrome (ACS) had become an
important clinical entity. ACS emerged as an epidemic in
the mid-1990s in US Level I trauma centers as a result of
changes in a number processes of care that started in the
1980s including: (1) trauma system development which
triaged badly injured patients into high volume centers,
(2) ATLS endorsed high-volume isotonic crystalloids to
achieve a normal blood pressure as a standard of care for

initial resuscitation, and (3) damage control surgery with
early triage to the ICU for goal oriented resuscitation to
supernormal oxygen delivery allowed patients to survive
who previously exsanguinated on the operating room
table [5]. This morbid entity was initially thought to be
due on overly aggressive ICU resuscitation, but as its
epidemiology was clarified it became apparent that ACS
starts in the ED in patients arriving with severe bleeding.
Using multiple logistic regression models, ACS can be
accurately predicted within 3 h after ED arrival and the
amount of isotonic crystalloids in the initial resuscitation
is a strong independent risk factor. Thus, early overzealous
crystalloid resuscitation in the setting of severe bleeding
sets the stage for ACS. ACS occurs in a small subgroup
patients (<1%) who arrive with severe bleeding. Early
prediction models can identify these high risk patients
and an alternative resuscitation strategy which limits isotonic crystalloids and utilizes MT protocols which emphasize early FFP will be beneficial in this subgroup of
patients. While colloids might reduce the incidence of
ACS, this possible benefit must be weighed against the
potentially detrimental effects of colloids already reported.
In severe hemorrhagic shock the permeability of capillary
membranes increases, which may allow colloids to enter
the interstitial space, which could then worsen edema and
impair tissue oxygenation. The theory that these high
molecular-weight agents plug capillary leaks that occur
during neutrophil-mediated organ injury while enticing
has not been established. Furthermore, resuscitation with
albumin induces renal failure and even impairs pulmonary function. Similarly, hetastarch has been shown to
induce renal dysfunction in patients with septic shock
and in recipients of kidneys from brain-dead donors.
Hetastarch (Hespan) also has a limited role in massive
resuscitation because it causes a coagulopathy and
hyperchloremic acidosis due to its high chloride content.
Newer hydroxyethyl starch preparations purportedly do
not cause these adverse effects, but has not been studied in
MT. Finally, alternative crystalloid solutions are being
developed that not only expand the intravascular space
and replete the extracellular fluid, but also have antiinflammatory properties.

References
1.
2.

Moore FA, McKinley BA, Moore EE (2004) The next generation in
shock resuscitation. Lancet 363:1988–1996
Moore FA, McKinley BA, Moore EE, Nathens AB, West M, Shapiro
MB, Bankey P, Freeman B, Harbrecht BG, Johnson JL, Minei JP,
Maier RV (2006) Inflammation and the Host Response to Injury,
a Large-Scale Collaborative Project: Patient-Oriented Research Core
– Standard Operating Procedures for Clinical Care. III. Guidelines
for Shock Resuscitation. J Trauma 61:82–89

Hemothorax
3.

4.

5.

Moore FA, Nelson T, McKinley BA, Moore EE, Nathens AB, Rhee P,
Puyana JC, Beilman GJ, Cohn SM (2008) StO2 Study Group. Is there
a role for aggressive use of fresh frozen plasma in massive transfusion
of civilian trauma patients? Am J Surg 196:948–960
Moore FA, Moore EE (2010) Initial management of life-threatening
trauma. In Souba WW et al (eds), ACS surgery: principles and
practice. BC Decker, WebMD Professional Publishing, New York, NY
Balogh Z, McKinley BA, Cox CS et al (2003) Abdominal compartment syndrome: the cause or effect of postinjury multiple organ
failure. Shock 20(6):483–492

Hemorrhagic Stroke
▶ Intracerebral Hemorrhage
▶ Intraparenchymal Cerebral Hematoma

HemoSonic 100
▶ Esophageal Doppler

Hemothorax
HUNTER B. MOORE1, ERNEST E. MOORE2
1
University of Vermont College of Medicine,
Burlington, VT, USA
2
Department of Surgery, Denver Health Medical Center
and the University of Colorado Denver, Denver, CO, USA

Synonyms
Chest bleeding; Intrapleural blood; Intrathoracic bleeding;
Pleural blood

Definition
A hemothorax is an accumulation of blood within the
pleural cavity of the chest. The body’s two pleural cavities,
which usually do not communicate, come in contact
behind the upper half of the sternal body. The left pleural
space is smaller than the right due to the volume occupied
by the heart. The bases of the pleural cavities have two
prominent recesses that accumulate fluid in an upright
position. The deeper recess, costodiaphragmatic, can
extend 5 cm below the lower lung fields during inspiration, while the anterior recess, costomediastinal, is variable in its depth between individuals and tends be less
prominent.
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Pathophysiology
The pleural space in the normal adult is filled with
15–25 ml of serous fluid, with no gas, and has a slightly
negative pressure (3 to 5 cmH2O) during spontaneous
breathing. These potential spaces, however, can accommodate in excess of 2 l of fluid in an adult. Blood in the
pleural cavity can also compress cardiopulmonary structures resulting in hypoxia and exacerbating an already
compromised cardiac function from hypovolemia. Thus,
a massive hemothorax (greater than 1,500 cc) is life
threatening.

Etiology
The most common cause of a hemothorax is blunt or
penetrating trauma to the chest. The prevalence of
hemothorax in blunt injured patients requiring hospitalization has been reported to be as high as 20%. Blood can
accumulate from injury to the chest wall (intercostal or
internal mammary artery), lung, heart, or intrathoracic
great vessels (aorta, pulmonary artery/vein, innominate
artery/vein, subclavian artery/vein, superior vena cava, or
azygous vein). Bleeding can also descend into the chest
from vascular injuries at the base of the neck. Central line
placement and tube thoracostomy are additional iatrogenic causes of hemothorax. Finally, a hemothorax can
result from abdominal injuries in which the diaphragm is
violated; the liver or spleen is the usual source of bleeding
in this scenario.

Diagnosis
The diagnosis of a hemothorax in the trauma patient is
usually established with a supine chest film in the emergency department. However, patients in extremis with
chest trauma should be managed with tube thoracostomy
prior to imaging studies if the initial assessment is suggestive of a hemothorax. Thoracic ultrasound is an alternative imaging modality for rapidly detecting hemothoraces
and, in fact, has a higher sensitivity than a plain film when
preformed by an experienced physician. Supine chest films
may have poor sensitivity for detecting blood in the thorax
as fluid is displaced over a larger area in the dependent
pleural gutters. In some cases, up to a liter of blood can be
undetected in the thoracic space with a supine film. To
increase the sensitivity of detecting a postinjury
hemothorax, after the spine has been evaluated, patients
can be placed in upright or decubital positions for their
chest x-ray. At least 200 cc of fluid in the pleural space is
required to be visualized by plain film. Computer tomography, however, is the most sensitive imaging modality for
detecting a hemothorax. An abdominal CT scan is also
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adequate to detect a hemothorax in trauma patients if the
cephalad portion of the scan includes the diaphragms and
inferior lungs fields.

Treatment
The management of a hemothorax is dictated by its size
and the physiologic status of the patient; more than 85%
of patients requiring hospitalization can be treated with
simple tube thoracostomy [1, 2]. In general, hemothoraces
are considered minimal if they are smaller than 350 ml,
moderate at 350–1,500 ml, and massive when exceeding
1,500 ml. The liberal use of CTscanning in trauma care has
created a potential clinical dilemma of identifying small
hemothoraces which may not require evacuation. When
blood enters the pleural cavity, it is subjected to mechanical disruption resulting in defibrination and early clot
dissolution. Pleural enzymes can lyse clot formation to
a certain degree, but if the volume of blood in the pleural
cavity surpasses the enzymatic kinetic threshold, thrombus can become adherent to the visceral and parietal
pleura. Ultimately, this leads to a fibrothorax, which can
become infected and evolve into an empyema. Inadequately treated hemothoraces are associated with
increased hospital time, increased morbidity, and can
result in long-term pulmonary disability. Conversely,
tube thoracostomy can inoculate the pleural space with
microbes and can result in the same complication. The
volume of blood that can be endogenously cleared from
the pleura without risk of sequela is not completely understood. Earlier experimental work demonstrated that these
dogs were able to eliminate substantial clotted blood from
their pleural cavity without complications [3]. On the
other hand, in the emergent setting, an additional rationale for urgent tube thoracostomy for substantial
hemothoraces is to permit full expansion of the lung to
provide tamponade for chest wall bleeding. While no
prospective randomized trials have evaluated the threshold for mandating a chest tube for a traumatic
hemothorax, several retrospective reviews have evaluated
the outcomes of patients who were managed without tube
thoracostomy. The UC Davis group [4] stratified
hemothoraces based on fluid levels from CT scans with
a model extrapolated from decubital plain films. A fluid
level of less than 1.5 cm was considered small, 1.5–4.5
moderate, and greater than 4.5 large. The approximate
fluid volumes of small, moderate, and large hemothoraces
were estimated to be less than 250 ml, less than 1,000 ml,
and greater than 1,000 ml, respectively. This study demonstrated that the majority of small hemothoraces managed expectantly (>92) did not require an intervention,
compared to nearly half of all larger hemothoraces

(greater than 1.5 cm) undergoing tube thoracostomy.
None of the expectantly managed patients developed an
empyema. These data support that small hemothoraces
can be treated expectantly, but do not address the
need for drainage of larger hemothoraces. While the
argument for initial chest tube placement in isolated
hemothoraces remains unresolved, a concomitant pneumothorax warrants a chest tube because of the risk for
infection.
Optimally, tube thoracostomy should be perfumed
under sterile conditions with the patient prepped widely
and the operator wearing a gown, mask, and gloves. After
generous local anesthesia, a short incision is usually made
at the midclavicular line in the fifth intercostal space. In
the setting of trauma, the site for tube insertion should be
relatively high on the chest wall to avoid injuring the liver
or spleen due to an elevated diaphragm. A gloved finger
should be inserted into the pleural space to confirm the
appropriate location and the lack of pleural adhesions.
When a safe pathway is confirmed, the tube should be
directed superiorly with a blunt clamp. A plain film of the
chest is important following chest tube placement to confirm location of the tube and to identify residual blood.
The chest film, however, may be difficult to interpret with
associated pulmonary contusions, hematomas, aspiration,
or atelectasis. But overt residual blood is an indication for
an immediate second chest tube. Failure to drain the
pleural cavity with two chest tubes is termed a caked
hemothorax and, in the patient with any evidence of
hemodynamic compromise, is an indication for urgent
thoracotomy. In the hemodynamically stable patient,
computer tomography (CT) is the definitive evaluation
for a retained hemothorax.
The decision for exigent thoracotomy for a
hemothorax is largely determined by the patient’s
response to tube thoracostomy and the magnitude of
ongoing chest tube output. In general, initial return of
greater than 1,500 ml or the inability to clear the chest
with a second tube warrants prompt thoracotomy. There
is also a consensus that chest tube output exceeding 250 ml
for 3 consecutive hours requires thoracic exploration,
although video-assisted thoracoscopy (VATS) is
a reasonable alternative in the hemodynamically stable
patient. Furthermore, angioembolization may be definitive for intercostal bleeding from rib fractures. Finally,
a retained hemothorax persisting for greater than 72 h is
best managed by VATS [5].

Cross Reference

▶ Pleural Disease and Pneumothorax

Heparin

References
1.

2.

3.
4.
5.

Mansour MA, Moore EE, Moore FA et al (1992) Exigent postinjury
thoracotomy analysis of blunt versus penetrating trauma. Surg
Gynecol Obstet 175:97–101
Karmy-Jones R, Nathens A, Jurkovivh GJ et al (2004) Uegent and
emergant thoracotomy for penetrating chest trauma. J Trauma
56:664–669
Condon RE (1968) Spontaneous resolution of experimental clotted
hemothorax. Surg Gynecol Obstet 126:505–515
Bilello JF, Davis JW, Lemaster DM (2005) Occult traumatic
hemothorax – when can sleeping dogs lie. Am J Surg 190:841–844
Morrison CA, Lee TC, Wall MJ et al (2009) Use of a trauma service
clinical pathway to improve patient outcomes for retained traumatic
hemothorax. World J Surg 33:1851–1856

Heparin

H

to suggest that priming is of importance. Centers that
prime with UFH typically use 1,000–5,000 IU heparin in
a liter of normal saline, which recirculates through the
extracorporeal circuit for 10–30 min, and is then rinsed
out before the patient is connected to the circuit. At the
start of treatment an initial bolus of UFH is typically
followed by an infusion. For intermittent RRT an appropriate regime for a patient without an increased risk
of hemorrhage would include both a loading dose of
10–15 U/kg, followed by a maintenance infusion of
10–15 U/kg/h, which is then stopped some 30 min
prior to the end of treatment. The dosage schedule for
CRRT is similar with a loading dose of heparin (10–15
U/kg) at the start of CRRT, followed by a maintenance
in fusion of 5–10 U/kg/h.

Regional Heparinization

Patients requiring renal replacement therapy, who either
require systemic anticoagulation for an underlying cause,
for example, pulmonary embolus, or those who are not at
increased risk of hemorrhage.

One method of reducing the risk of hemorrhage with
systemic UFH is to neutralize the effect of UFH by adding
protamine, a small basic protein that binds to UFH, in the
venous return line, so that only the extracorporeal circuit
is anticoagulated. The protamine-heparin complex is then
cleared by the reticuloendothelial system, and protamine
released, which can result in an increase in the protamine
half-life with dose and duration of therapy with CRRT.
As regional heparinization is designed for patients at
risk of hemorrhage, loading doses of UFHare reduced
(e.g., 5–10 IU/kg), followed by a maintenance dose of
3–12 IU/kg/h. Protamine is then infused post-dialyzer
starting on the basis of 1 mg of protamine neutralizing
100 IU of UFH. Monitoring is more complex than UFH
alone, as the aPTTr must be measured both pre- and postUFH infusion and then also post protamine. Based on
these aPTTr results the dose of UFH and/or protamine
adjusted appropriately [1]. Too little protamine and the
patient is at risk of hemorrhage, and conversely too much
protamine and the RRT circuit may clot or the patient
adversely react to protamine, including bronchospasm.
In clinical practice in the intensive-care setting, the
amount of protamine required to neutralize 100 IU
heparin can range by more than threefold, making it
difficult to successfully establish regional heparinization
with simple standardized protocols. As such most reports
have not found regional anticoagulation to be superior to
systemic UFH.

Dosage

Recombinant Antithrombin III

There is marked variation in the clinical use of UFH for
extracorporeal anticoagulation in the intensive-care setting. For example, some centers prime with the CRRT
circuit with UFH, others do not, and there is no evidence

Many patients with sepsis-induced AKI have reduced
antithrombin III (AT3) levels, and the risk of CRRT circuit
clotting with UFH has been reported to increase when AT3
activity is <60%. Recombinant AT3 is now available, and

ANDREW DAVENPORT
Department of Nephrology & Transplantation,
Royal Free Hospital, London, UK

Synonyms
Bovine heparin; Calcium heparin; Multiparin; Porcine;
Sodium heparin; Unfractionated heparin

Trade Names
Heparin is off license and therefore made by companies
throughout the world – so there are too many trade names
to list here.

Class and Category
Unfractionated heparin (UFH) is a systemic anticoagulant
comprising a series of naturally occurring glycosaminoglycans, (molecular weight range 5–100 kDa), made up
of repeating units of sulfated D-glucosamine and
D-glucuronic acid, which are either derived from porcie
intestine or bovine lung.

Indications
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several studies have looked at the effect of administering
AT3 with UFH.
For intermittent dialysis, a loading dose of 3,000 IU
AT3 provides normal levels for at least 4 h. In CRRT,
a loading dose of 50 IU/kg, with a continuous infusion
of 250–500 IU/h, has been proposed, aiming to maintain
AT3 levels at >60%. These latter studies have shown
a significant increase in CRRT circuit life for patients
with low levels of AT3, but at a major financial cost.

Heparin Coated Dialyzers
As UFH is negatively charged, UFH can adhere to dialyzer
surfaces. As such several groups have used 20,000 IU of
heparin in the priming solution, rinsing through the
extracorporeal circuit for 0.5–1.0 h, and then rinsing
with normal saline, to then provide intermittent hemodialysis in patients at risk of bleeding, without any additional anticoagulant. Subsequently several manufacturers
have developed heparin-bonded dialyzers (Duraflo®, Baxter, Deerborne, Illinois, USA, AN69®, Hospal, Lyon,
France), which have allowed successful intermittent
hemodialysis without additional anticoagulation, but
these dialyzers have not been as successful for CRRT.

Preparation/Composition
UFH is very negatively charged and typically is supplied as
sodium or calcium heparin. In blood gas syringes, other
preparations may be used, such as lithium- or electrolytebalanced heparin preparations, to prevent an effect on
ionized calcium measurements.
UFH is a series of large charged molecules, which can
adhere to the surfaces of the extracorporeal circuit, and as
such to improve drug delivery and mixing with blood,
UFH is diluted with isotonic saline and higher volume
lower concentration infusions are to be preferred.

Contraindications
As UFH is a systemic anticoagulant it should not be
administered to patients with active hemorrhage or
those with increased risk of hemorrhage (recent surgery,
known peptic ulceration, thrombocytopenia) and
uncontrolled hypertension. Similarly UFH should be
avoided in patients with known hypersensitivity reactions.
Heparin is the commonest drug to cause an autoimmune thrombocytopenia [2]. The peripheral platelet
count falls due to platelet activation with increased extracorporeal clotting (dialyzer and access), venous and even
arterial thrombosis. The risk of heparin-induced thrombocytopenia (HIT) is greater for bovine than porcine
UFH, and UFH > LWMHs. Once suspected all exposure
to heparin must cease, including avoiding heparin locks,

flushes, and heparin-bonded circuits. An alternative systemic anticoagulation should be substituted until laboratory tests (HIT ELISA and platelet aggregation tests) are
available.

Adverse Reactions
In clinical practice, bleeding particularly is the commonest
complication with UFH. Fortunately the half-life of UFH
is relatively short, and bleeding may cease following withdrawal of UFH, although protamine can be used to reverse
bleeding due to excess UFH (1 mg/100 IU UFH).
Patients may suffer anaphylactic or other allergic reactions to porcine heparins, if they have pork allergies. As
such patients may tolerate a different UFH formulation.
Heparins are negatively charged and when they pass
through the dialyzer can generate bradykinin and the
complement anaphylaxins (C3a and C5a). Typically heparins usually do not have sufficient negative charge for this
reaction to be clinically significant, although the reaction
may be greater and clinically significant when the dialyzer
membrane surface is strongly negatively charged, and also
if heparin is contaminated with over sulfated chondroitin
sulfate, potentially causing hypotension and cardiovascular collapse.
UFH may occasionally cause abnormalities of biochemical liver function tests.

Drug Interactions
Drug interactions with UFH fall into three categories,
other drugs which may increase the risk of bleeding
(antiplatelet drugs – aspirin, clopidogrel, ticlopidine,
dipyridamole, ketorolec and other NSAIDs, platelet
surface receptor antagonists/inhibitors; anticoagulants –
coumarins, direct thrombin inhibitors, thrombolyticstreptokinase, recombinant tissue plasminogen activators;
and dextrans). The biological half-life of UFH can be
affected by a number of drugs including intravenous
nitroglycerin, tetracyclines, antihistamines, digoxin, nicotine, and mefipristine. Thirdly, heparin being very
negatively charged should not be infused with the following drugs: doxorubicin, ciprofloxacin, mitoxantrone, and
droperidol.

Mechanisms of Action
Unfractionated heparin (UFH) is a series of naturally
occurring glycosaminoglycans (molecular weight range
5–100 kDa), and acts as an anticoagulant by activating
antithrombin, through a unique pentasaccharide
sequence. Antithrombin (AT) is a natural anticoagulant
that binds the noncomplexed FIIa (thrombin), FXa, FIXa,
and FXIa, but predominantly works by binding IIa and Xa
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Heparin. Figure 1 The effect of heparin on the coagulation cascade. Tissue factor inhibitor (TPFI), antithrombin III (AT3). Effects
of inhibitors in dotted lines, and line width reflects size of effect. Unfractionated heparin (UFH)

(Fig. 1). Even if UFH molecule does not contain the key
pentasaccharide motif, UFH can also bind electrostatically
to AT if there are 18 polysaccharide units. At high concentrations UFH can also inactivate thrombin by binding to
another natural anticoagulant, heparin cofactor II. In
addition both UFH and LMWH cause release of natural
inhibitory regulator of tissue factor [3].
UFH is a systemic anticoagulant, with a short activity
time of 3–5 min. It is not cleared by RRT, but is eliminated
in a dose dependent manner, predominantly by hepatic,
but also endothelial heparinase, with around 35% renally
excreted. Thus the half-life is increased in AKI to around
40–120 min.
There is marked variation in the clinical use of UFH
for extracorporeal anticoagulation in the intensive-care
setting. For example, some centers prime with the CRRT
circuit with UFH, others do not, and there is no evidence
to suggest that priming is of importance. Centers that
prime with UFH typically use 1,000–5,000 IU heparin in
a liter of normal saline, which recirculates through the
extracorporeal circuit for 10–30 min, and is then rinsed
out before the patient is connected to the circuit.

At the start of treatment an initial bolus of UFH is
typically followed by an infusion. For intermittent RRT an
appropriate regime for a patient without an increased
risk of hemorrhage would include both a loading dose
of 10–15 U/kg, followed by a maintenance infusion of
10–15 U/kg/h, which is then stopped some 30 min prior
to the end of treatment. The dosage schedule for CRRT is
similar with a loading dose of heparin (10–15 U/kg) at
the start of CRRT, followed by a maintenance infusion of
5–10 U/kg/h. As UFH is a series of negatively charged
molecules that can adhere to foreign surfaces, UFH infusions should be relatively dilute to promote adequate
mixing with blood.

Monitoring Unfractionated Heparin
As individual patients differ in their response to UFH, it is
important that the anticoagulant effect of UFH is monitored, either by bedside testing using the activated coagulation time (ACT), with cuvettes containing an activator
of the intrinsic coagulation system, or the laboratoryactivated partial thromboplastin ratio (aPTTr), and
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adjusting the infusion rate to maintain a systemic ACT of
140–180 s, or an aPPTr of 1.5–2.0. Studies have shown that
when the aPTTr is close to normal then risk of CRRT
circuit clotting is increased, but hemorrhage lowered,
whereas at values >1.5, the risk of hemorrhage is
increased, but circuit clotting reduced [4].
In the intensive-care setting many patients are at
increased risk of hemorrhage, and as such the dose of
UFH for intermittent RRT should be reduced, to provide
minimal heparinization. Most centers give a single loading
dose, and then if thrombus forms in the dialyzer or venous
air detector, give an additional second small bolus, 50%
original load, aiming for a predialyzer whole blood ACTof
120 s, and/or aPTTr of 1.5. An alternative approach has
been to prime with UFH, then omit the bolus dose, and
simply administer an infusion of 10 U/kg/h. Even using
low-dose heparin (500 U/h) for CRRT in patients at risk of
hemorrhage has not been proven to reduce the risk of
bleeding complications.

Clotting in the Extracorporeal Circuit
Increased Risk of Circuit Clotting in Patients
with Acute Kidney Injury
Compared to regular dialysis patients, those patients who
develop acute kidney injury (AKI) requiring renal support
in the intensive-care setting typically have activation of the
coagulation cascades, due to the interaction between the
complement system and the coagulation cascade, as both
are a series of circulating serine proteases. Thus the typical
patient developing AKI has both activation of the tissue
factor-intrinsic pathway (Fig. 2) and also fibrinolysis, with
increased fibrin degradation products. In addition intensive-care patients typically have evidence of platelet activation, with reduced peripheral platelet counts, and
reduced levels of the natural anticoagulants, antithrombin
(formally termed antithrombin III), proteins S and C.
Thus these patients have activation of both the
procoagulant and anticoagulant cascades.
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Heparin. Figure 2 The coagulation cascades. Intrinsic system or contact system starts with activation of Factor XII (FXII) and
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Thus the circuit life of continuous renal replacement
therapies (CRRT) in patients with systemic sepsis and AKI
is reduced compared to those with AKI secondary to drug
nephrotoxicity, and simple pre-renal intravascular volume
depletion.

The Effect of the Extracorporeal Circuit
Factor XII and large molecular weight kallikreins (Fig. 2)
are deposited on the surface of the dialyzer/hemofilter
membrane, as blood passes over the membrane surface,
due to the Vroman effect. Although these proteins are
important in initiating clotting by activation of the extrinsic coagulation pathway, clotting in the CRRT circuit is
predominantly due to activation of the intrinsic system
due to the release of tissue factor by activation of poly
morphonuclear leukocytes and monocytes (Fig. 3). The
release of small blebs of cell surface membrane act as
a potent source of tissue factor (TF), so initiating thrombin generation by binding FVIIa (1–2% of circulating
FVII), which then activates factor X to form the Xase
complex of tissue factor-VIIa-Xa, leading to the conversion of prothrombin to thrombin (Fig. 3). This small
amount of prothrombin generated, in micromolar concentrations, then leads to activation of the proenzymes X,
IX; cofactors factor V, VII; and platelets to amplify thrombin generation.
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Heparin-Induced
Thrombocytopenia
J. P. J. WESTER
Department of Intensive Care Medicine, Onze Lieve
Vrouwe Gasthuis, HM, Amsterdam, The Netherlands

Synonyms
Heparin-induced thrombocytopenia type II; Heparinassociated thrombocytopenia

Definition
Heparin-induced thrombocytopenia (HIT) is an immunemediated adverse drug reaction due to treatment with
unfractionated heparin (UFH) or low-molecular-weightheparin (LMWH) and is the most common form of druginduced immune-mediated thrombocytopenia [1].

Clinical Presentation
HIT typically develops in the second week of heparin
therapy and usually presents as an asymptomatic thrombocytopenia with a fall in platelet count of at least 30%
from the highest value after day 4 of heparin treatment,
and may be aggravated by the development of lifethreatening venous and arterial thromboembolic complications and to a lesser extent hemorrhagic diathesis [2].
Rare complications concern skin necrosis at heparin
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injection sites and a systemic inflammatory response syndrome following an intravenous heparin bolus. Earlyonset HIT is defined as HIT occurring by day 1 of heparin
treatment in case of reexposure to heparin within 1–3
months when HIT antibodies are still present in the plasma.
Late-onset HIT is defined as HIT occurring days to weeks
after heparin exposure and is caused by an autoimmunelike response by antibodies that activate platelets independently of heparin. Spontaneous HIT is defined as HIT
occurring without preceding exposure to heparin.

Pathogenesis
The antigens responsible for the development of HIT are
located on the platelet factor 4 (PF4)/heparin complexes.
The binding to heparin results in conformational changes
in PF4 and the complex becomes antigenic (so-called neoantigens) and induces anti-PF4/heparin antibody formation. The pathogenic immunoglobulin isotype in clinical
HIT is IgG. The formation of large immune complexes
between antigens and antibodies will result in platelet
aggregation through platelet FcgIIa receptor cross-linking.
The activation of platelets will lead to the release of platelet-derived microparticles resulting in a catalytic surface
for enhanced thrombin generation. The combination of
intravascular platelet aggregation and enhanced thrombin
generation will result in a strong procoagulant state.
PF4 can also bind to sulfated glycosaminoglycans
such as heparan sulfate on the endothelial glycocalyx and
the formation of endothelial immune complexes will
result in changes of the endothelial cells with release of
subendothelial tissue factor into the plasma, thereby
further promoting intravascular thrombin generation
and contributing to the strong procoagulant nature of HIT.

Diagnosis
Critically ill patients frequently develop thrombocytopenia due to multiple causes and are virtually all treated with
heparins. As a consequence, the suspicion on heparininduced thrombocytopenia (HIT) will be frequently
raised. However, the diagnosis of HIT can be difficult in
complex critically ill patients with a high incidence of
thrombocytopenia up to 45%. At the turn of the millennium, the incidence of HIT in the critically ill was still
unknown. We know now that the incidence of HIT in
a general population of critically ill patients is around
0.4%. Thus, the chance that HIT is the cause for
a thrombocytopenia in the critically ill is very low and
makes HIT a rare disease in this population [3].
The Scientific and Standardization Committee (SSC)
of the International Society on Thrombosis and
Haemostasis (ISTH) has put tremendous effort in the

development of an internationally accepted consensus
diagnostic classification system. Between 2000 and 2006,
the SSC Scientific Subcommittee on Platelet Immunology
has developed a pretest probability scoring system and
defined criteria for the diagnosis of HIT. The diagnosis
of HIT should be based upon the combination of both the
clinical features and the presence of pathogenic HIT
antibodies.
The SSC Scientific Subcommittee on Platelet Immunology stated in Oslo in June 2006 that the diagnosis of
HIT can be made if the following three criteria are met:
(1) intermediate or high pretest probability; (2) presence
of anti-PF4/heparin antibodies (positive antibody assay);
and (3) presence of platelet aggregation (positive functional assay).

ISTH Pretest Probability Scoring System
The four-item scoring system (“4 Ts”) is used for the
estimation of pretest probability of HIT (Table 1). It
consists of four clinical criteria: (1) thrombocytopenia
(acute); (2) timing of onset of thrombocytopenia;
(3) thrombosis (or other sequelae of HIT); and (4) other
cause for thrombocytopenia apparent. Each item can
score 0, 1, or 2 points; a total score of 6–8 points classifies
as a high pretest probability for HIT, 4–5 points as an
intermediate pretest probability for HIT, and 0–3 points
as a low pretest probability for HIT.
The first calendar day of immunizing heparin exposure is considered as day 0. The day the platelet count
begins to fall is considered as the day of onset of thrombocytopenia (it generally takes 1–3 days more until an
arbitrary threshold that defines thrombocytopenia is
passed). The scoring system has been modified for diagnosis in the critically ill. The differential diagnosis of
thrombocytopenia in the critically ill is shown in Table 2.

Laboratory Assays
Assays either demonstrate anti-PF4/heparin antibodies in
plasma or heparin-dependent platelet aggregation by
patient plasma [4]. The polyspecific antigen assays (IgG/
A/M EIA) and the IgG-specific enzyme-immuno-assay
(EIA) demonstrate a high sensitivity of around 99%, but
a specificity ranging from 50% to 90%. Washed platelet
activation assays (serotonin-release assay (SRA) and heparin-induced platelet activation (HIPA) test) demonstrate
a sensitivity of 99% as well, but a substantially better
specificity ranging from 95% to 99%. Standard platelet
aggregometry (platelet aggregation test (PAT)) is inferior
to washed platelet activation assays. Washed platelet activation assays demonstrate the most favorable diagnostic
accuracy.

Heparin-Induced Thrombocytopenia
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Heparin-Induced Thrombocytopenia. Table 1 Four-item scoring system (“4 Ts”) to estimate the pretest probability of HIT in
acute thrombocytopenia according to ISTH (modified for the critically ill)
2

1

0

Thrombocytopenia (acute)

Nadir 20–100 G/L (at least
>30% fall)
or
Any >50% fall in platelet
count (nadir 20 G/L)

Nadir 10–19 G/L
or
Any 30–50% fall in platelet
count
or
>50% fall associated with
heart surgery

Nadir <10 G/L
or
Any <30% fall in platelet
count
or
Chronic thrombocytopenia

Timing of onset of
thrombocytopeniab

Clear onset between days
5–10 after start heparina
or
1 day (if heparin exposure
within past 30 days)

Consistent with day 5–10 fall,
but not clear (e.g., missing
platelet counts)
or
1 day (if heparin exposure
within past 31–100 days)
or
Platelet fall after day 10

Platelet count fall 4 days
(without exposure to heparin
within the last 3 months)
or
Platelet count fall >1 day (with
heparin exposure in the last
3 months)
or
Other situation not met by
criteria

Thrombosis (or other
sequelae of HIT)

New thrombosis, late DIC, skin Progressive or recurrent
necrosis, acute systemic
thrombosis, erythematous
reaction after iv heparin bolus skin lesions, suspected
thrombosis (not yet proven),
asymptomatic upper limb
DVT

None

Other cause for
thrombocytopenia apparent

No explanation (besides HIT)
for platelet count fall is
evident

Definite other cause is present
(Sepsis, early DIC, massive
hemorrhage, hematological
disease, polychemotherapy)

Possible other cause is
evident
(Pulmonary artery catheter,
IABP, CVVH, CPB)

a

The first calendar day of immunizing heparin exposure is considered day 0
The day the platelet count begins to fall is considered the day of onset of thrombocytopenia (it generally takes 1–3 days more until an arbitrary
threshold that defines thrombocytopenia is passed)
Classification pretest probability HIT
Low probability 0–3
Intermediate probability 4–5
High probability 6–8

b

Clinical HIT is caused by pathogenic plateletactivating HIT-antibodies, but not all anti-PF4/heparin
antibodies cause HIT. Laboratory tests are characterized
by a high negative predictive value, but their positive
predictive value is only moderate. So, laboratory testing
is excellent for ruling out HIT.

Treatment
In the recent past, when the diagnostic criteria for HIT
were not as clear as they are now, many critically ill
patients have been treated for suspected HIT because
HIT was regarded as a preventable cause of thrombocytopenia with potentially life-threatening thromboembolic

complications. Due to the strong procoagulant character
of HIT, heparin-like drugs were stopped promptly and
preemptive treatment with alternative non-heparin
anticoagulation was started awaiting the laboratory test
results for the final diagnosis of HIT (bridging therapy).
However, bleeding complications were often the drawback
of this alternative anticoagulant strategy.
The possible benefit of early treatment with nonheparin anticoagulants must be weighed against the possible harm due to bleeding complications in critically ill
patients who are already prone to bleeding complications
due to thrombocytopenia, other coagulopathies, recent
surgery, and the necessity of frequent invasive procedures.

H
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The anticoagulant activity of the non-heparin anticoagulants cannot be specifically neutralized. No randomized
controlled trials have been performed in the critically ill
concerning timing of treatment, nor concerning the benefit–harm ratio of treatment.

anti-PF4/heparin antibodies can be demonstrated, but it
appears to be clinically irrelevant. Excretion of danaparoid
is mainly renal which may lead to accumulation of anticoagulant activity in case of renal impairment.

Fondaparinux
Non-heparin Anticoagulants
For treatment of HIT, non-heparin anticoagulants with
anti-Xa activity (danaparoid, fondaparinux) and anti-IIa
activity (direct thrombin inhibitors: lepirudin, bivalirudin,
and argatroban) are the most widely used drugs.
Danaparoid, lepirudin, and argatroban are approved for
anticoagulation in HIT. Fondaparinux and bivalirudin are
rational therapies for HIT. All drugs have their advantages
and disadvantages (Table 3). Benefit–harm ratios are not
available for all drugs.

Fondaparinux is a synthetic pentasaccharide and inhibits
thrombin generation by antithrombin-mediated factor Xa
inhibition. Excretion is mainly renal in unmetabolized
form and renal failure can lead to accumulation of
anticoagulant activity. Fondaparinux exerts very low
cross-reactivity with HIT-antibodies. In vivo, antifondaparinux/PF4 antibodies can be generated, but clinical HIT is extremely rare. The anticoagulant activity of
fondaparinux can be monitored by anti-Xa (fondaparinux
calibrated), but is not necessary with the use of low-dose
fondaparinux.

Danaparoid
Danaparoid, an antithrombin-dependent heparinoid with
an anti-Xa: anti-IIa ratio of 28:1, is the only drug investigated in a randomized controlled trial in the treatment of
HIT. In non-ICU patients, it was demonstrated that
danaparoid was superior to dextran in patients with HIT
complicated by thrombosis [5]. Danaparoid exerts the
capacity to neutralize HIT-antibodies, which is a unique
feature. In 5–10% of cases in vitro, cross-reactivity with

Heparin-Induced Thrombocytopenia. Table 2 Differential
diagnosis of thrombocytopenia in the critically ill
Loss (surgery, bleeding, transfusion deficit)
Consumption (DIC, APC, IABP, CPB, CVVH, ECLA, ECMO)
Hemodilution (volume-expansion)
Decreased generation (hematological and hematooncological diseases, bone marrow depression, blunted
thrombopoietin response)
Increased degeneration (immune-mediated antibodies,
hemofagocytose)
Distribution (hypersplenism, storage pool disease)
Drugs (drug-induced thrombocytopenia)

Lepirudin
Lepirudin can induce anti-lepirudin antibodies which
may lead to a strong increase of lepirudin activity and
anaphylaxis at reexposure. Excretion of lepirudin is mainly
renal, which may lead to accumulation of anticoagulant
activity in case of renal impairment.

Argatroban
Argatroban has a short half-life and is metabolized
hepatically. In case of renal insufficiency, argatroban will
be used. In critically ill patients with the multiple-organ
dysfunction syndrome, the dose has to be adjusted to
prevent anticoagulant accumulation due to an apparent
degree of hepatic dysfunction. The anticoagulant activity
of argatroban can be monitored by APTT (target range
45–55 s).

Evaluation/Assessment
Diagnostic and Therapeutic Management
The diagnostic and therapeutic management is depicted in
Table 4 and summarized in Table 5. When suspicion on
HIT is raised, the clinical probability should be assessed by

Heparin-Induced Thrombocytopenia. Table 3 Non-heparin anticoagulants
HIT

HITT

CVVH (citrate)

Danaparoid

2 dd 750 U sc

2–3 dd 750 U sc

2 dd 750 U sc

Fondaparinux

1 dd 2,5 mg sc

1 dd 2,5–7,5 mg sc

1 dd 2,5 mg sc

Argatroban

0,5 mg/kg/min

0,5–2,0 mg/kg/min

0,5 mg/kg/min

Lepirudine

0,005–0,01 mg/kg/h

0,005–0,01 mg/kg/h

0,005–0,01 mg/kg/h

Heparin-Induced Thrombocytopenia

Heparin-Induced Thrombocytopenia. Table 4 Diagnostic
and therapeutic management of HIT in the critically ill
Pretest
probability

Laboratory
testing

Low (0–3)

No

Management
Continue heparin
anticoagulant

Intermediate (4–5) Yes (antibody test Continue heparin
+ functional test) anticoagulant
High (6–8)

Yes (antibody test Stop heparin
+ functional test) anticoagulant and
start alternative
non-heparin
anticoagulant
awaiting the test
results (bridging
therapy)

means of a HIT plot and the ISTH pretest probability
score. If the pretest probability is low, the differential
diagnosis of HIT can be refuted and patients need no
further testing and heparin can be continued. If the pretest
probability is intermediate or high, laboratory testing
should be performed.
If the IgG EIA is negative, HIT is unlikely and heparin
can be continued. If the IgG EIA is weakly positive (optical
density (OD) <1.0), a confirmatory step using high
heparin concentrations should be performed. If reactivity
is not inhibited, HIT is unlikely and heparin can be
continued. If the IgG EIA is strongly positive (optical
density (OD) >1.0), a washed platelet activation assay
should be performed. If negative, HIT is unlikely and
heparin can be continued or restarted. If positive, HIT
can be concluded.
Based upon our own experience and expert opinion,
we advocate prudency in the start of treatment with alternative non-heparin anticoagulants in the vulnerable population of critically ill patients. If the pretest probability is
intermediate, heparin can be continued safely. If the pretest probability is high, treatment with alternative nonheparin anticoagulants should be started awaiting the test
results. When the diagnosis of HIT is refuted, the alternative non-heparin anticoagulants should be stopped and
heparin restarted. When the diagnosis of HIT is confirmed, then the non-heparin anticoagulants should be
continued. When the platelet count has been restored
above 100 G/l, then Coumadin should be started with an
overlap of 3–5 days with the non-heparin anticoagulants;
long-term Coumadin treatment will take 3–6 months.

H
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Heparin-Induced Thrombocytopenia. Table 5 Summary;
how to diagnose and treat HIT?
1. When acute thrombocytopenia develops, determine if the
patient has been treated with unfractionated heparin,
LMWH, danaparoid, or fondaparinux during the last
3 months
2. Make a “HIT plot” by plotting platelet counts, the use of
any kind of heparin, thromboembolic complications, and
bleeding complications against time. The HIT plot should
contain the complete time span of the disease period of
the patient including the period before admission to the
ICU; in case of referral from another hospital, data
concerning use of heparin or LMWH and platelet counts
have to be retrieved
3. Determine the pretest probability of HIT
4. Have a HIT-test performed (antibody assay) if pretest
probability is intermediate or high.
5. Stop heparin-anticoagulants if the pretest probability is
high
6. Start alternative non-heparin anticoagulation
(fondaparinux or argatroban) if the pretest probability is
high
7. If the diagnosis of HIT is refuted, then continue heparin
anticoagulants
If the diagnosis of HIT is confirmed, then continue nonheparin anticoagulants; when the platelet count >100 G/l,
then start Coumadin with an overlap 3–5 days with the
non-heparin anticoagulants; long-term treatment is 3–6
months
8. Be aware that
– Thrombocytopenia in a critically ill patient treated
with heparin is no HIT unless adequately diagnosed
– HIT is a clinical disease, laboratory testing supports the
presence or absence of disease; HIT should be
diagnosed based upon the combination of clinical and
laboratory criteria; a test result is not the same as the
presence or absence of a disease!
– Diagnosing HIT is a dynamic process; resolution of
thrombocytopenia after discontinuation of heparins
and the occurrence of thromboembolic complications
and bleeding complications increase the probability of
HIT; in each situation the probability of HIT needs to be
reassessed
– A HIT-antibody test can be negative when performed
too early (<5 days after start of heparin treatment);
repeat HIT-antibody testing may reveal a positive result
after an initial negative result
– An adequate functional test is not operational in all
countries for the moment
– Rechallenge of patients with any kind of heparin should
not be used for the diagnosis of HIT

H
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Effectiveness
Data on benefit–harm ratios of treatment with alternative
non-heparin anticoagulants are scarce in the critically ill.
Studies on danaparoid reveal a benefit (no thromboembolic complication) of 87.7–100%.

Tolerance
Studies on danaparoid reveal a harm (bleeding complication) of 6.5–14.5%.

prophylactic and therapeutic indications for anticoagulation. In cardiovascular surgery, it can be reasonable
to use UFH or LMWH under special circumstances.

Prognosis
Mortality in untreated HIT patients is 30%. In treated
patients, mortality varies from 15% in HIT to 20% in
HITT.
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After-care
It is uncertain if long-term treatment of isolated HIT is
necessary beyond the period of platelet count recovery.
If there are no concurrent risk factors for thrombosis,
prolonged anticoagulation is usually not given. Longterm Coumadin treatment for patients with HITT will
take 3–6 months depending on the nature of the thromboembolic complication.
HIT antibodies are usually not detectable anymore 3
months after an episode of HIT. Reexposure to heparin in
patients with a remote history of HIT does not necessarily
lead to a reactivation of HIT. However, in general it is
advised to avoid the use of UFH and LMWH for new
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Synonyms
Heparinoid

Heparinoids and Synthetic Heparinoids

Trade Names
Danaparoid

Orgaran

Fonaparinux

Arixtra

Idraparinux

Idraparinux
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sufficient systemic anticoagulation for intermittent
hemodialysis [3]. Idraparinux has even a longer half-life
and as such is not recommended for patients with renal
failure.

Monitoring of Heparinoids

Class and Category
The heparinoids are systemic anticoagulants, which are
either recovered from porcine intestine – danaparoid, or
synthesised to contain the key pentasaccharide motif.

Indications
In cases of HIT, then heparinoids and synthetic
heparinoids are alternative systemic anticoagulants, that
can be used whilst awaiting confirmation of HIT.
Systemic anticoagulation in patients with heparin
induced thrombocytopenia, or contraindication to UFH
or LMWHs. Danaparoid is more potent in preventing
thrombosis in cases of HIT compared to fonaparinux,
argatroban and hirudin. As such danaparoid is the treatment of choice in cases of HIT in the UK and some other
European countries, whereas in the USA the direct thrombin inhibitors are preferred.

Dosage
Dermatan sulfate was the first heparinoid to be used as an
extracorporeal anticoagulant. For standard intermittent
hemodialysis a bolus of 6 mg/kg is advised, and for
CRRT a bolus of 150 mg followed by an infusion of
15 mg/h, adjusted to maintain the aPTTr  1.5 [1].
In adult practice, providing there is no risk of hemorrhagic risk, then an initial bolus of 3,750 U of danaparoid is
recommended for intermittent therapies (reduced to 2,500
U in patients <55 kg). The bolus dose is then reduced to
2,500 U prior to the subsequent dialysis session (2,000 U if
<55 kg), and thereafter adjusted according anticoagulant
activity [2]. In pediatric practice lower doses are required,
with a bolus of 1,000 IU plus 30 IU/kg for children under
10 years, and 1,500 IU plus 30 IU/kg for older children,
and then according to monitoring.
For CRRT an initial bolus dose is required, or an
alternative approach has been to prime the CRRT circuit
with 1,500 IU of danaparoid, followed by an infusion of
around 140 IU/h, and then adjusted according to anticoagulant activity.
The synthetic heparinoids, fonaparinux, and
idraparinux have significantly prolonged half-lives in
patients with renal failure, for example, alternate day
2.5 mg of fonaparinux has been reported to provide

Heparinoids have predominantly anti-Xa activity, and
therefore as with LMWHs require monitoring with antiXa activity. Danaparoid has a prolonged half-life of
around 30 h in renal failure, and therefore if the same
loading dose is repeatedly used, the anticoagulant effect
will increase with time due to the prolonged half-life.
Thus, subsequent bolus doses are adjusted on the basis
of the following predialysis anti-Xa activity (<0.3 – same
bolus, 0.3–0.4 – reduce bolus by 2,500 IU, and if >0.4
omit bolus dose), and/or the presence of fibrin threads in
the dialysis chamber, aiming for intradialytic anti-Xa
activity of 0.5–0.8 U/ml.
For CRRT, to reduce the risk of hemorrhage then
a target anti-Xa activity of activity <0.4 is desired.

Preparation/Composition
Danaparoid is a mixture of glycosaminoglycans: 84%
heparan sulfate, 12% dermatan sulfate, and 4% chondroitin sulfate, derived from porcine intestinal mucosa.
Fonaparinux and idraparinux are synthetic heparinoids,
which just contain the key active pentasaccharide motif,
which binds antithrombin III.

Contraindications
As danaparoid is a systemic anticoagulant it should
not be administered to patients with active hemorrhage
or those with increased risk of hemorrhage. Similarly it
should be avoided in patients with known hypersensitivity
reactions.
Danaparoid, may potentially cross react with HIT
ELISA testing in vitro in <10% of cases, although this
very rarely has any clinical significance, but in cases of
HIT, it is advisable to monitor the peripheral platelet
response after starting danaparoid, and if there is no
improvement perform laboratory testing ELISA-HIT
testing.

Adverse Reactions
The major risk with danaparoid is hemorrhage due to over
anticoagulation due to the prolonged half-life in renal
failure. If bleeding occurs, there is no simple antidote,
and patients may require fresh frozen plasma and/or activated factor VII concentrates. Allergic reactions, such as
rashes and urticaria have been rarely reported with
danaparoid.
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Drug Interactions
As with heparins, care should be taken when treating
patients prescribed other anticoagulants, antiplatelet
agents, including NSAIDs.

Mechanisms of Action
Dermatan sulfate a proteoglycan acts as a direct thrombin
inhibitor by binding to heparin cofactor II, and was subsequently superseded by danaparoid, which exerts its
anticoagulant effect predominantly by activating antithrombin, primarily against FXa but also against
thrombin.
Synthetic heparinoids, fonaparinux, and idraparinux
that just contain the key active pentasaccharide motif,
which binds antithrombin III, are now available.

Economics
UFH is the cheapest extracorporeal anticoagulant,
although in Europe, the cost of LMWHs is falling and
approaching UFH. However the heparinoids are much
more expensive, as is AT3.

Summary
In cases of HIT, then heparinoids and synthetic
heparinoids are alternative systemic anticoagulants that
can be used while awaiting confirmation of HIT.
UFH remains the most common extracorporeal anticoagulant for both intermittent and continuous renal
replacement therapies in the intensive care unit, due to
cost, and ease of monitoring, but does have an increased
risk of hemorrhage. As the cost of LMHWs falls, these may
well replace UFH.
Heparin-induced thrombocytopenia is becoming
more recognized with the availability of ELISA testing
kits, and once suspected all heparin exposure must cease.
Heparinoids, such as danaparoid are an alternative systemic anticoagulant.
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Hepatic Lobectomy
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Synonyms
Anatomic resection; Hemihepatectomy

Definition
A basic understanding of hepatic anatomy is necessary for
the management of primary hepatic and biliary tract cancers, as well as the management of metastatic disease to the
liver. On the most elementary level the liver can be divided
into two parts or lobes: the right and the left lobe. In 1898,
Cantlie described the functional anatomy of the liver,
dividing the left and right lobe by an imaginary line that
can be drawn from the gallbladder bed to the vena cava.
The left lobe is further divided into a medial and lateral
segment by the falciform ligament. Most surgeons choose
to further characterize hepatic anatomy by the eight
Couinaud’s segments which have a separate pedicle
consisting of a hepatic arterial branch, a portal venous
branch, and a draining biliary branch. The caudate lobe
is segment 1 with the left lobe or the liver consisting of
segments 2, 3, 4a, and 4b with the falciform ligament
dividing segments 2 and 3 from segment 4 (segment 2 is
the most left lateral of the left segments). The right lobe
consists of segments 5, 6, 7, and 8 in a clockwise distribution [1]. Despite the widespread use of Couinaud’s segments to describe the location of primary or metastatic
lesions, an anatomic resection is generally considered
either a right or left hemihepatectomy. In terms of surgical
resection the vascular inflow and outflow must be specifically accounted for, to avoid untoward hemorrhage and
a specific understanding and plan to deal with the vascular
peculiarities of the liver is essential for a safe surgical
resection.

Hepatic Lobectomy
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Indications

Technique

Worldwide, hepatocellular carcinoma is one of the most
common solid organ malignancies. Moreover, the liver is
second only to lymph nodes in terms of harboring metastatic cancers. Although the etiology of hepatocellular
carcinoma appears to be related to chronic inflammation
due to viral hepatitis (B or C) or unique environmental
exposures such as aflatoxins, the reason why the liver
harbors metastatic disease is not completely understood.
For either primary or metastatic disease, ablative or
resective hepatic therapies continue to offer the best
hope for disease-free survival in the unfortunate patients
with malignant hepatic tumors.
In the western hemisphere, a leading indication for
hepatic resection is the metastasis of colon and rectal
adenocarcinomas to the liver. Patients may present with
synchronous lesions (Stage IV) colorectal disease or subsequently develop evidence of hepatic metastasis. In general, it is believed that subsequent metastatic disease is due
to micrometastases that become macroscopic, most often
within the first 2 years after the original diagnosis and
treatment, hence the recommendation for adjuvant therapy in patients with positive lymph nodes (Stage III)
disease. In the future, genetic analysis etc. may lead to
recommendations for adjuvant therapy in patients with
earlier stage disease.
Recent discoveries of chemotherapeutic agents with
increased biologic activity against colorectal adenocarcinoma have led to considerable excitement in the medical
oncology community. In particular, the use of CPT-11 and
Oxaliplatin and more recently Bevacizumab in combination with these drugs has led to marked tumor response in
patients with colorectal metastases. Clearly, these
responses have created a new group of patients that previously would not have been candidates for curative resection. Unfortunately, it has been discovered that there are
hepatic toxicities that can limit a patient’s ability to withstand hepatic resection. CPT-11 has been found to cause
significant steatohepatitis, making hepatic regeneration
difficult post resection (affectionately known as “yellow
liver” by the surgeon) and Oxaliplatin causes hepatic
sinusoidal obstruction (known as “blue liver” by the
surgeon). Further, Bevacizumab can cause untoward operative bleeding. Fortunately, astute observation and a true
multidisciplinary approach to caring for these patients has
allowed for appropriate treatment modification to limit
the side effects and still allow for resective therapy.
In general, this involves approximately six cycles of
chemotherapy and waiting approximately 5 weeks after
the cessation of Bevacizumab, before offering surgical
resection [2].

As opposed to other topics relevant to intensive care
medicine, hepatic resection should be considered “frontloaded” wherein a significant amount of risk for the
patient is involved in the operation. This is especially
true for patients with metastatic disease as long as they
have not received excessive chemotherapy [2]. Despite
significant literature showing the safety and effectiveness
of hepatic resection, preoperative preparation, and attention to specific intraoperative maneuvers allows hepatic
resections to be performed safely and expeditiously. Safe
performance of hepatic resection requires a consistent
team approach with explicit and clear communication
between the anesthesiologist and the surgeon. To this
end a constant team approach using the same anesthesiologist and nurses as much as possible for each hepatectomy helps to minimize errors and communication
with the anesthesiologist the night before surgery is
recommended.
In terms of the operative anesthetic “pearls” for the
procedure it is critical that a combination of patient positioning (15 Trendelenburg) and judicious fluid management (1 mL/kg/h), targeting a low central venous pressure
be maintained at the start of general anesthesia and
through the initial portions of the dissection. Maintaining
a low CVP allows for Trendelenburg position during the
parenchymal transection and can prevent venous air
embolism. Judicious management of fluid and an epidural
catheter allows for maintenance of an adequate mean
arterial pressure without compromising the low CVP.
Operative procedure-hepatic exposure may be
obtained by a variety of incisions; however, a bilateral
subcostal incision, with a vertical extension if needed, is
standard for many surgeons. The incision and retraction
must be appropriate to allow adequate exposure and
manipulation of the hepatic parenchyma as well as exposure of the hepatic veins to prevent disastrous bleeding.
Attention toward resection can begin after necessary
adhesiolysis and adequate exploration has been completed
to ensure that no extrahepatic disease is present. If no
contraindications to resection are found, the Falciform
ligament is identified and the umbilical vessels are ligated
adjacent to the hepatic parenchyma with a 0 silk tie, after
which the umbilical ligament is resected. The avascular
attachment to the anterior abdominal wall is divided and
then intraoperative ultrasonography performed to assess
the anatomic relationships of the lesion(s) and to ensure
that no previously unsuspected findings would contraindicate hepatectomy. By using a 7.5-MHz probe (small
t-probe or finger probe), the surgeon should first identify
and examine the caudate lobe. The junction of the right,
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middle, and left hepatic veins with the inferior vena cava is
identified next. After this, a thorough counterclockwise
parenchymal examination from segment 8 to segment 2 is
conducted. The probe then is brought back to the junction
of the hepatic veins and drawn inferiorly until the pars
umbicularis of the portal vein is identified. The presence
of the hepatic mass(es) is noted as well as their relationship to the branches of the right or left portal vein, and the
hepatic veins. After completing ultrasonography, the left
triangular ligament should be taken down as necessary to
prevent traction injury to the spleen. At this point the
inferior portion of the right triangular ligament should
be mobilized from the inferior portion of segment 7
around segment 6 and to the level of the inferior vena
cava to allow adequate inferior visualization of the vena
cava. At this point a finger may be passed through the
foramen of Winslow into the lesser sac. The avascular
portion of the lesser omentum is opened with electrocautery just medial to the hepatoduodenal ligament. An
umbilical tape then is passed around the porta hepatis
and a Rummell clamp is prepared in the event that
a Pringle maneuver is necessary. The mesentery over the
common bile duct is scored and the cystic duct is dissected
free. A 2-0 tie is passed around the cystic duct and left in
place with a mosquito clamp. The cystic artery is identified
and ligated with a 3-0 silk tie. The gallbladder then is taken
down from the fundus to the cystic duct. On confirmation
that the tie is on the cystic duct, this structure is ligated
and the gallbladder is removed from the field. If necessary,
hemostasis in the gallbladder fossa may be achieved with
the argon beam coagulator. After this the porta hepatis is
dissected appropriately. The cystic artery often easily is
traced to its origin on the right hepatic artery. At this point
in the case, dissection in the porta hepatic is carried out in
order to take out the “inflow” from the appropriate
hepatic artery, such that if a right hepatectomy is to be
performed the right hepatic artery is divided and if a left
hepatectomy is to be performed the left hepatic artery is
taken. We prefer to use a 4-0 Prolene suture (Ethicon
Products, Summerville, NJ, USA) and small titanium
clip proximally on the artery, distally; the artery may be
tied with a 3-0 silk that is secured further with a clip placed
distal to the tie. Because of the obliquity of the left side of
the hilar plate, it is often easier to dissect this side early in
the case to help identify both the right and left porta
hepatis structures. At this point the appropriate side of
the portal vein is dissected free. As mentioned starting to
the left to identify the portal vein bifurcation is very
helpful. Depending on the size of the portal vessel, it can
either be oversewn with a 4-0 Prolene suture or divided
with a vascular stapler. At this point a very clear

demarcation of the right lobe should appear. If demarcation does not occur, further exploration in the porta
hepatis for an accessory right hepatic artery should be
undertaken. It also is prudent to look for an accessory
posterior branch from the portal vein to the right lobe of
the liver. After this, the common hepatic duct is dissected
to the level of the right and left bifurcation. The appropriate branch of the hepatic duct then may be divided with
a 3-0 Prolene suture ligature. At this point in the case,
“inflow” to the appropriate lobe of the liver has been
achieved as evidenced by vascular demarcation of that
lobe. At this point it is much easier to achieve vascular
control of the “outflow” vessels (hepatic veins). On the
right, the posterior communicating veins from segments 6
and 7 become somewhat flaccid. At this point it generally
is easiest to proceed along the anterior surface of the
inferior vena cava from caudad to cephalad. These normally small branches, which we refer to as the short
hepatics, can be double ligated with titanium clips and
transected with a Metzenbaum scissors (V. Mueller,
McGraw Park, IL, USA). In the majority of cases this
dissection is performed easily and quickly to the level of
the right hepatic vein, with care taken to elevate the liver
gently and transect the right triangular ligament from
caudad to cephalad as necessary; however, in some
instances a large accessory right hepatic vein may be
encountered, which changes the plan of dissection (see
section on “Right Accessory Hepatic Vein”). Once the
right hepatic vein is reached posteriorly, attention then is
directed to complete division of the right triangular ligament anteriorly. After all avascular tissue is divided; the
ligamentous attachment between the diaphragm and the
inferior vena cava should be dissected carefully with
a right-angled clamp and electrocautery. With meticulous
dissection the extrahepatic portion of the right hepatic
vein can be encircled. The appropriate motion for dissection is straight caudad along the anterior surface of the
inferior vena cava. The thin areolar tissue between the
vena cava and the space between the right and middle
hepatic veins are divided quickly and prior posterior
mobilization prevents untoward bleeding. It cannot be
overemphasized that careful division of the fibrous structures anterior to the right hepatic vein greatly assists in
encircling the vein. Further, appropriate elevation of the
right lateral border of the liver toward the midline prevents injury to the vena cava. Once the right hepatic vein
has been encircled, gentle enlargement of this space with
the right angle clamp is performed such that an articulated
vascular stapling device can be placed around the right
hepatic vein for ligation and division. If the patient as
a large right accessory hepatic vein posterior dissection is
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considerably more difficult. In this situation, we recommend caudad to cephalad dissection as far as possible
because there often are small venous branches caudad to
this structure. Attention then is directed to dissection of
the extrahepatic portion of the right hepatic vein. The
right hepatic vein is encircled in the same method as
described earlier; however, cautious dissection and retraction of the liver is imperative because the inability to
axially rotate the right lateral portion of the liver to the
anterior midline makes the possibility of injury to the
inferior vena cava greater. Once the right hepatic vein
has been ligated, enough mobilization of the right lobe
can be obtained to allow safe dissection of the accessory
vein. It then can be encircled with a Kocher-Director
clamp (Medsys s.a. Gembloux, Belgium) or a blunt right
angle clamp. At this point we recommend staple ligation
and division of this branch with an endovascular stapling
device. If a left hepatectomy is to be performed, the avascular plane between the caudate lobe and the left lobe of
the liver can be exploited to reach the avascular plane
between the right, middle, and left hepatic veins. At this
point careful dissection in the areolar plane between the
left and middle hepatic vein will allow the use of the
endovascular stapler to formally divide the left hepatic
vein. As on the right, the left phrenic vein is a useful
landmark to help identify the left hepatic vein. The use
of vascular clamps may facilitate safer dissection in this
region and an array should be available immediately in
case emergent hemostasis is required. Clearly, dissection
on the vena cava at this point is assisted greatly by
maintaining a low CVP [3].
Despite, meticulous dissection and formal division of
all apparent inflow and outflow structures to the lobe to be
resected, parenchymal transection may still cause torrential bleeding from large crossing branches of the middle
hepatic vein. It is warranted to reconfirm a low CVP
intermittently throughout the procedure with the anesthesiologist. To achieve additional hemostatic control, we
place a Lin clamp (Tanaka Medical Instruments Co., Ltd.,
Tokyo, Japan) after the liver has been mobilized appropriately to prevent cross-flow bleeding from the middle
hepatic vein. After the Lin clamp is placed, the liver capsule is scored to a depth of approximately 4 mm This
scoring will determine the actual line of division and
prevent the parenchyma from fracturing in an
uncontrolled fashion. At this point major parenchymal
transection is to commence. With formal control of the
inflow and outflow achieved as well as the placement of
a Lin clamp, a variety of techniques can be used to formally transect the parenchyma. We agree with Clary
et al. [4] that dividing the parenchyma with multiple
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firings of an endovascular is faster and leads to less blood
loss than the clamp crush technique. We employ the
60-mm/2.5-mm vascular load Autosuture stapler (Covidien,
Norwalk, CT, USA) to accomplish this task.
It has been generally believed that at least 1 cm margin
should be made around hepatic lesions to achieve
a reasonable oncologic outcome, although there has been
no definitive evidence regarding margin width in order to
optimize survival and prevent local recurrence after
hepatic resection. Despite small series, some authors
have advocated the use of adjunctive ablation in the
form of cryoablation or radiofrequency ablation in order
to augment the surgical margin, but these adjuncts are
clearly time consuming and prevent increased risk to
patients, particularly in terms of bile duct injury and
postoperative bleeding from cryoablation. In reality,
assessing the hepatic margin around a tumor is difficult
to determine. Current techniques tend to overestimate the
true positive margin rate because friability of the liver
usually results in decrement of the margin from the time
it leaves the patient until the pathologist has a chance to
examine the specimen. A recent study from UT MD
Anderson showed that a 1-cm margin was not achieved
in almost one half of the patients and this was comparable
to other reported series. The authors note that using a
1-cm rule preoperatively could exclude a large number of
patients who would be candidates for the only therapies
with known long-term survival (surgery). Based on this,
they carefully examined the clinicopathologic features of
over 500 patients in a multicenter database and have found
that patients with negative margins of 1–4 mm, 5–9 mm,
and >1 cm all had similar overall recurrence rates. Based
on this important work it appears that a margin of 1 mm
is the minimal requirement to reduce margin-related
recurrences [5].

Pitfalls
The primary pitfall with hepatic lobectomy is
intraoperative bleeding, which in general, can be managed
with low central venous pressure techniques and careful
communication with the anesthesiology team.
Beyond this, the next most worrisome complication is
a bile leak and development of a biloma or infected biloma.
Unfortunately, this is generally delayed in terms of presentation, but the presence of fever, fullness, or general
malaise should alert the clinician to this possibility. The
diagnosis can be made with ultrasound, but in general
axial imaging with the ability to provide immediate drainage is preferred. Most often drainage will lead to complete
resolution. If this does not resolve, with temporary drainage, ERCP may be needed to provide stenting. If this is not
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effective in stopping the leak, establishment of adequate
external drainage and patience to plan for delayed intenral
(enteric) drainage at 6–12 months is necessary.
Hepatic insufficiency postoperatively is also a concern.
In general, this is less of a concern with hepatic lobectomy
as opposed to an extended resection, particularly in
patients with metastatic disease. However, patients with
hepatocellular cancers particularly due to viral hepatitis
are at increased risk. In general, Child-Pugh class
A patients with an adequate liver remnant (>30%) should
recover well. Unfortunately, significant hepatic cirrhosis
may be difficult to predict and may lead to postoperative
demise in a delayed fashion.

After-care
In the immediate postoperative period, the most significant risk to the patient is bleeding. This risk necessitates
admission to the intensive care unit or equivalent (over
night recovery) for continuous monitoring. After this
period, the patient can generally be well managed on
a regular unit. Pain is often the most pressing issue. This
can be managed with an epidural catheter, but due to
difficulties with catheter management and the potential
coagulopathy in these patients a personally controlled
anesthesia (PCA) pump is often preferable. Patients benefit from early administration of intravenous nonsteroidal
drugs if their renal function is acceptable.
Hepatic synthetic function should be followed. INR is
measured every 12 h postoperatively, until the nadir is
reached, which is usually between 36 and 48 h. The patient
is not given fresh frozen plasma unless the INR is >2.5 or if
>2.0 with a hematocrit <21%. After the INR begins to
return toward baseline, regular labs should be discontinued.
Patients are started on a regular diet on postoperative
day 2 and discharge can take place when the patients have
adequate pain control with oral medication, can care
about activities of daily living, and have normal bowel
function. This is usually on postoperative day 5–7.

Follow-Up
Patients are seen in postoperative clinic 7–10 days following surgery. A follow-up appointment should take place
approximately 3 weeks after this. If the patients are doing
well they should be referred to the medical oncologist
to consider adjuvant or additional adjuvant therapy.
Axial imaging should be pursued every 3 months for the
first 2 years and every 6 months thereafter until 5 years. If
the patients develop new disease, strong consideration for
re-resection or ablative therapy should be given, with the
constraints of the location in relation to the great vessels
and the volume of liver being primary considerations.

References
1.
2.

3.
4.

5.

Iwatsuki S, Sheahan DG, Starzl TE (1989) The changing face of
hepatic resection. Curr Probl Surg 26:281–379
Abdalla EK, Vauthey JN (2008) Chemotherapy prior to hepatic
resection for colorectal liver metastases: helpful until harmful? Dig
Surg 25(6):421–429
Gonzalez RJ, Barnett CC, Jr (2008) A technique for safely teaching
major hepatectomy to surgical residents. Am J Surg 195:521–525
Reddy SK, Barbas AS, Gan TJ, Hill SE, Roche AM, Clary BM
(2008) Hepatic parenchymal transection with vascular staplers:
a comparative analysis with the crush-clamp technique. Am J Surg
196:760–767
Pawlik TM, Scoggins CR, Zorzi D, Abdalla EK, Andres A, Eng C,
Curley SA, Loyer EM, Muratore A, Mentha G, Capussotti L, Vauthey
JN (2005) Effect of surgical margin status on survival and site of
recurrence after hepatic resection for colorectal metastases. Ann Surg
241:715–724

Hepatic Trisegmentectomy
SARAH E. JUDKINS, CARLTON C. BARNETT, JR.
Rocky Mountain Regional Trauma Center, Denver Health
Medical Center, Denver, CO, USA

Synonyms
Extended hepatectomy; Extended right/left hepatectomy

Definition
Trisegmentectomy includes removal of right lobe + medial
segment of the left lobe or left lobe + either anterior or
posterior segment of the right lobe (Fig. 1 – liver anatomy
for resection).

Indications

Extended hepatectomy (resection of 5 hepatic segments)
is increasingly used to achieve margin-negative resection
of hepatobiliary malignancies and diffuse metastatic
deposits. Up to 45% of primary and secondary liver
tumors require extended hepatectomy to achieve clear
margins; this curative resection is the only chance of
long-term survival for most patients. Advances in surgical
technique, as well as perioperative care, have resulted in
decreased morbidity and mortality following extended
hepatectomy.
Nonetheless, preoperative planning is essential for
a successful liver resection. The first step is to determine
whether the patient will have sufficient liver function after
tumor resection. Child-Turcott-Pugh (CTP) classification
is one of the assessment tools we currently employ and
most hepatic surgeons agree that extended resection is not

Hepatic Trisegmentectomy

Lot. segmentectomy

Left Lobectomy

Rt. Lobectomy

Rt. Trisegmentectomy

Left trisegmentectomy

Hepatic Trisegmentectomy. Figure 1 Anatomic
representations of extended hepatectomy

possible in the vast majority of Class B (score 7–9)
patients. CTP classification has been further augmented
with a variety of other tests including aminotransferase
levels, indocyanine green clearance, galactose elimination
capacity and urea-nitrogen synthesis with varying degrees
of acceptance and enthusiasm [1].
Postoperative liver failure is directly related to the size
of remnant functional liver volume. Multiple studies support this premise that the amount of liver resected is less
important than the volume of liver left behind. Future
liver remnant (FLR) is calculated based on computed
tomography measurements and expressed as a fraction
of the standardized total liver volume (sTLV). Patients
must also be subcategorized into those with underlying
liver disease and those without as this is an important
component in determining how much FLR is necessary.
There is no consensus on the minimum amount of
liver volume needed following resection to prevent postoperative hepatic failure. Historically, FLR/sTLV > 30% in
patients with normal liver has been a safe criterion for
major liver resection. Recent data challenges the minimum ratio, citing FLR/sTLV > 20% is sufficient for safe
hepatic resection [2].
For patients who have a marginal FLR, portal vein
embolization (PVE) is a way to preoperatively

H

hypertrophy the remaining liver. First noted 20 years
ago, it is now a well-described technique that has been
used to increase FLR prior to extended hepatectomies
for various hepatic malignancies. It has been shown that
marginal FLR can be significantly increased, achieving
equivalent postoperative results as patients who do not
require PVE [3].
There is some controversy regarding the indications
for portal vein embolization (PVE). It was felt that if an
FLR of 30% is small, but acceptable, then 40% must be
better. However, recent data has shown that PVE should
only be used to get patients to the minimum
recommended FLR. Thus, patients with FLR of 20–30%
do not do better with preoperative PVE. In more than 300
patients, outcomes were not different between patients
who underwent PVE and those who did not as long as
FLR was >20% [2].
The timing of PVE has also been a concern in regards
to hepatic colorectal metastasis and concurrent
neoadjuvant chemotherapy. It is well documented that
numerous chemotherapeutic agents cause hepatic damage
in an entity known as chemotherapy-associated
steatohepatitis (CASH). In a case-controlled trial, investigators showed that liver hypertrophy occurs after PVE
even while concurrent chemotherapy is administered.
The patients that subsequently underwent extended hepatectomies after PVE for their metastatic colorectal disease
had comparable, if not better, outcomes than their
counterparts not subjected to PVE, arguing that
a slightly larger buffer of FLR is important for patients at
risk for CASH [4].

Technique
The mortality rate for extended hepatic resection has
decreased from >20% to <5% at major centers. No single
factor is responsible for this improvement in perioperative
outcome. Operative techniques, postoperative care, and
stringent patient selection have all contributed.
Preoperative communication with the anesthesia team
as well as the operating room staff helps to facilitate an
uneventful procedure. The patient should have proper
vascular monitors placed including a central venous catheter and arterial line. A low central venous pressure (CVP)
should be assured until the liver parenchyma is transected
and hemostasis is achieved. A goal CVP of 0–4 cmH2O
reduces the back-bleeding from the hepatic veins and
their tributaries. Transient hypotension should be treated
with pressors over volume to minimize hepatic venous
distension. The operating room staff should be prepared
with the necessary equipment including intraoperative
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ultrasound, argon beam coagulator, staplers, and other
hepatic transaction devices as needed.
Hepatic exposure may be obtained by a variety of
incisions. The most common is an extended right
subcostal or bilateral subcostal with a vertical midline
extension (chevron incision). Upon entering the abdominal cavity, a thorough exploration is warranted to evaluate for extrahepatic disease. Next, a bimanual palpation of
the liver should be performed followed by intraoperative
ultrasound. The falciform ligament is ligated to facilitate
mobilization from the anterior abdominal wall. Additional attachments are released in mostly avascular planes
including the triangular ligament and the posterior diaphragm. The right lobe of the liver is mobilized from
lateral to medial until the vena cava is visualized. Short
hepatic and caudate veins from the inferior vena cava
should be clipped or individually ligated to further mobilize the liver. The gallbladder is taken down from the
fundus to the cystic duct with electrocautery. The cystic
duct and artery are ligated with 2-0 silk ties in the usual
fashion.
If no contraindication to resection is found during the
abdominal exploration and hepatic mobilization, the next
step is to obtain vascular control. Multiple studies demonstrated that intraoperative blood loss is an independent
risk factor for poor outcome after hepatic resection.
Numerous methods of controlling intraoperative hemorrhage have been described including total inflow occlusion
(the Pringle maneuver), hemihepatic occlusion, or
a combination of the two.
Dissection in the porta hepatis must be meticulous
and precise. The hepatic artery should be identified and
traced distally to the bifurcation of right and left branches.
Depending on the procedure, the appropriate side should
be ligated with a Prolene suture on the proximal end and
a silk tie on the distal stump. Following this maneuver, the
liver parenchyma should begin to demarcate. The portal
vein should similarly be followed to the bifurcation and
the appropriate side ligated. Depending on the size of the
portal vein branch, it can either be oversewn with a
4-0 Prolene suture or divided with a vascular stapler.
Before starting the parenchymal transection, the common
hepatic duct should be clearly dissected to the bifurcation
and the proper side should be ligated.
Once satisfactory vascular control is achieved, the liver
parenchyma should exhibit clear demarcation. If the short
hepatics have all been divided, the sole remaining vascular
attachment to the specimen is the hepatic vein(s). Using
both blunt dissection and electrocautery, the extrahepatic
portion of the appropriate hepatic vein is isolated. An

articulating vascular stapler is gently used to encircle,
ligate, and divide the hepatic vein. The middle hepatic
vein is taken in a similar fashion if needed for extended
hepatectomies. Care should be taken to ensure that there
are no accessory hepatic veins before transection of the
parenchyma.
Prior to beginning division of the liver tissue, a Lin
clamp can be applied to further control bleeding from
branches of the middle hepatic vein. The demarcated
liver is scored with electrocautery to facilitate controlled
and orderly division of the parenchyma. Many techniques
have been described in the literature for dividing liver
tissue; the stapler technique is preferred. In normal, noncirrhotic liver, the vascular load on the autosuture stapler
(Covidien, Norwalk, CT, USA) allows for progressive closure and ligation of the tissue along the device (Figs. 2–4).
For dense, fibrotic liver parenchyma, the standard GIA
stapler (Covidien, Norwalk, CT, USA) is more robust for
parenchymal division and the Lin clamp will allow control
of “crossflow” if hepatotomies are required to place the
standard GIA stapler. The cut surface of the liver is then
secured with electrocautery, argon beam coagulation, and
fibrillar-oxidated regenerated cellulose (Surgicel, Johnson
& Johnson, Cincinnati, OH, USA). An omental pedical
flap can be placed along the raw liver surface as well to
facilitate ease of reoperation if necessary [5] Complete
hemostasis intraoperatively is the key to preventing postoperative morbidity and mortality after liver resection.

Pitfalls
In addition to the common pitfalls of any liver resection
including perioperative hemorrhage and biloma, hepatic
insufficiency is a real concern with extended hepatectomies. Many methods have alluded to the inherent

Hepatic Trisegmentectomy. Figure 2 Placement of the Lin
clamp after appropriate hepatic mobilization
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patients, PVE enables safe and potentially curative
extended hepatectomy who would have otherwise been
marginal candidates.

After-care

Hepatic Trisegmentectomy. Figure 3 Scoring of Glisson’s
Capsule prior to parenchymal transection

Postoperative management is critical to the success of
a large hepatic resection. The patients should be followed
by a multidisciplinary team who are well-versed in the
potential complications seen after extended hepatectomy.
The most common of these include bleeding, which
should be evaluated both clinically and with trends in
laboratory values. In the event of postoperative bleeding,
the potential of compromised synthetic function should
be addressed. If the INR is above 2.0 with a significant
anemia, both FFP and PRBC should be administered. In
the absence of ongoing bleeding, the INR should be
followed until it peaks before discontinuing daily labs.
Pain control is usually obtained with a patientcontrolled analgesia pump, followed by transition to oral
narcotics once a diet is resumed. This can be augmented
with non-steroidal anti-inflamatories as indicated.
Patients are deemed stable for discharge once they are
tolerating a regular diet with acceptable pain control off
intravenous narcotics.

Follow-Up
Patients are seen in postoperative clinic 7–10 days following surgery for a wound check and to evaluate oral intake
and level of physical activity. Depending on the patient’s
individual liver pathology, they may warrant further evaluation by the oncology team. In the event of malignancy,
axial imaging should be pursued every 3 months for the
first 2 years and every 6 months thereafter until 5 years is
reached.
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Objectives
1. Define and describe the pathophysiology
hepatorenal syndrome (HRS).
2. Review the diagnostic criteria of HRS.
3. Review medical and novel therapies for HRS.

of

Synonyms
HRS

Definition
Hepatorenal syndrome (HRS) is a severe complication of
advanced cirrhosis. Its clinical manifestations are related
to changes in renal, hepatic, and systemic circulation. HRS
is a consequence of intense renal vasoconstriction leading
to a reduction in renal perfusion and glomerular filtration.
The ability of the kidney to excrete sodium and free water
is also severely impaired without histological changes
justifying renal impairment.
HRS may occur in two different clinical patterns,
according to intensity and onset of renal failure. Type 1
HRS represents the severe end of the spectrum of renal
failure in cirrhosis. It is characterized by rapidly progressive renal failure with oliguria. It is defined as a doubling
of the serum creatinine level to >2.5 mg/dl or a 50% reduction in 24-h creatinine clearance to a level <20 mL/min
in less than 2 weeks. Type II HRS progresses slowly and
represents a less severe deterioration in renal function that
may remain stable for extended periods of time. The
dominant clinical feature of a type II HRS patient is
refractory ascites. This is the result of intense sodium
retention, reduced glomerular filtration, and marked
stimulation of the renin-angiotensin system.

Hepatorenal syndrome is derived primarily from circulatory failure. According to the peripheral vasodilatation
model, in cirrhosis the decrease in splanchnic and systemic
arterial vascular resistance is likely related to increased
expression of endothelial nitric oxide synthase and the
concentration of nitric oxide and its metabolites in the
splanchnic as well as systemic circulation [1]. In contrast,
the production of nitric oxide in the intrahepatic circulation is reduced, exacerbating portal hypertension. The
resultant decreased mean arterial pressure (MAP) and
low total systemic vascular resistance is offset initially in
compensated cirrhosis by an increase in cardiac output.
In contrast to splanchnic blood flow, other vascular
beds such as the cerebral, renal, and hepatic beds demonstrate an increase in resistance. The kidneys are initially
able to compensate by increasing production renal prostaglandins, resulting in renal vasodilation and preservation of renal perfusion and function. When cardiac output
can no longer compensate, hypovolemia occurs with subsequent activation of the renin-angiotensin, vasopressin
and sympathetic nervous systems. In particular, angiotensin II plays a central role in stimulating renal vasoconstriction while increasing release of aldosterone, leading to
increased sodium retention and ascites. As hepatic failure
progresses and splanchnic vasodilation predominates,
the heightened effects of potent renal vasoconstrictors
(angiotensin II, endothelin, norepinephrine, and arginine-vasopressin) override the effect of local renal prostaglandins. This imbalance eventually results in HRS [2].
HRS may occur spontaneously with worsening liver
function, or secondary to a precipitating event, such as
spontaneous bacterial peritonitis (SBP). Approximately
one third of patients with SBP develop renal impairment
in the absence of nephrotoxic antibiotics and shock. For
some of these patients, renal impairment is reversible with
appropriate antimicrobial therapy but for the majority it
is not. The latter group of patients most often meets
criteria for type 1 HRS. Other precipitating causes include
large volume therapeutic paracentesis without albumin
replacement, diuretic use in refractory ascites, and gastrointestinal bleeding (especially with shock).
The International Ascites Club has proposed consensus criteria for the diagnosis of HRS [3]. In addition to the
presence of advanced hepatic failure with portal hypertension, major criteria include:
(a) Serum creatinine >1.5 mg/dl or creatinine clearance
<40 mL/min
(b) Absence of shock, bacterial infection, nephrotoxic
drugs, and fluid losses
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(c) No improvement in serum creatinine following
withdrawal of diuretics and fluid challenge with
albumin (1 g/kg)
(d) Proteinuria <500 mg/dL and normal renal
ultrasound
All major criteria must be present for the diagnosis of
hepatorenal syndrome. Other supportive criteria, suggestive but not diagnostic of HRS include:
●
●
●
●
●

Urine volume <500 ml/day
Urine sodium <10 mEq/L
Urine osmolality greater than plasma osmolality
Urine red blood cells <50 per high powered field
Serum sodium concentration less than 130 mEq/L

Treatment
While liver transplantation is the only definitive treatment
for HRS, it is clear that patients with renal failure at the
time of transplant have poorer outcomes than those that
do not. Furthermore, the longer the duration of renal
dysfunction pre-transplant, the poorer the post-transplant
renal recovery. The main purpose of treatments investigated for HRS is to provide a bridge to transplant. To date,
therapies that have been evaluated include albumin,
vasoconstrictor therapy, transjugular intrahepatic
portosystemic shunt (TIPS), and extracorporeal liver
support.

Albumin
Albumin was traditionally considered to improve circulatory function in cirrhosis by expanding central blood
volume and increasing cardiac output. However administration of albumin in cirrhotics also has been shown to
cause arterial vasoconstriction in patients with SBP, possibly due to the ability of albumin to bind vasodilators
such as nitric oxide [4]. This forms the basis for the use of
extracorporeal liver support in HRS (see below). Previous
studies have shown that albumin prevented type 1 HRS in
SBP patients with a typical dose of 1 g/kg (20–25%) on
day 1 then 20–60 g/day thereafter. Adding albumin to
other pharmacological therapies likely provides the most
benefit.

Vasoconstrictor Therapy: Vasopressin
Analogues
Vasoconstrictor therapies have been relatively well studied
in the treatment of HRS and in particular, vasopressin
analogues. The high prevalence of V1 receptors in the
splanchnic vasculature makes it especially sensitive to the
vasoconstrictive effect of vasopressin analogues and therefore it is an important target for HRS therapy. The net
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theoretical result would be an increase in effective circulating arterial blood volume and suppression of the reninangiotensin system and the sympathetic nervous system,
resulting in renal afferent vasodilatation.
Early trials with ornipressin (8-ornithine vasopressin)
showed improvement in renal function but were complicated by organ ischemia, possibly related to the high doses
used (up to 0.1 IU/min). Terlipressin (triglycyl lysine vasopressin) has a stronger affinity towards the V1 receptors
with a longer half-life and can be dosed intermittently. It
appears to have a lower rate of ischemic complications
compared with the early trials with ornipressin. In two
recent randomized controlled studies in patients with type
1 HRS comparing albumin versus terlipressin plus albumin, HRS reversal occurred significantly more frequently
in the terlipressin group. Furthermore, survival in patients
responding to treatment was longer than in those who did
not [5, 6] dosed progressively, starting at 0.5 mg intravenous every 4 h. If the serum creatinine does not decrease
by 30% in 3 days, the dose should be doubled. In general,
a patient not responding to 12 mg/day will not respond to
higher doses. In patients who respond to terlipressin,
treatment should be continued until normalization of
serum creatinine (<1.5 mg/dL).

Vasoconstrictor Therapy: Alpha-Adrenergic
Agonists
Norepinephrine is a potent vasoconstrictor of both the
venous and arterial vasculature through a-adrenergic
receptors. Early uncontrolled pilot data showed that titrating norepinephrine to achieve a MAP increase of
10 mmHg was associated with improved urine output,
sodium excretion, and creatinine clearance. Two controlled studies have compared the efficacy of norepinephrine versus terlipressin. In one study of 22 patients with
HRS (type I n = 9, type II n = 13), patients received
albumin plus norepinephrine 0.1–0.7 mg/kg/min intravenous infusion, or terlipressin 1–2 mg every 4 h. Reversal of
HRS occurred in 70% of patients receiving norepinephrine versus 83% of patients receiving terlipressin (P = NS)
[7]. A second study compared albumin with norepinephrine (8–50 mg/min intravenous) or terlipressin
(0.5–2.0 mg every 6 h) in 20 patients with type 1 HRS.
The number of patients that responded to therapy did
not significantly differ between the two groups (50%
to 40%, p = 0.741) and furthermore there was no significant difference in cumulative survival [8]. These results
suggest that norepinephrine may be a safe and
non-inferior alternative to vasopressin analogues in the
treatment of HRS.
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Midodrine is an orally administered alpha-adrenergic
agonist that appears to be beneficial in HRS. When used in
combination with octreotide and albumin, it may improve
survival and rates of liver transplantation, particularly in
patients with type II HRS. Its oral preparation makes it
a feasible option for patients who are not in intensive care
but require long-term vasoconstrictor therapy. In a recent
observational study, 75 patients received a mean of 8 days
of midodrine (7.5–12.5 mg orally three times daily), subcutaneous octreotide (100–200 mg subcutaneously three
times daily), and intravenous albumin (50–100 g intravenous daily). The treatment group was compared with
a historical control group of 87 patients with type 1 or 2
HRS who did not receive these therapies. Median survival
was significantly improved in both type 1 HRS (40 vs.
17 days, p = 0.007) and type 2 (>12 months vs. 22 days
p = 0.0004) with more type 2 HRS patients in the treatment group undergoing liver transplant (58 vs. 25%,
p = 0.04) [9].
Octreotide, a long-acting somatostatin analogue,
reduces portal hypertension and splanchnic hyperemia.
It may cause splanchnic vasoconstriction through inhibition of glucagon synthesis or a direct effect on vascular
smooth muscle. Current evidence suggests that octreotide
monotherapy does not appear to be effective in treating
HRS but does have benefit when given in combination
with midodrine or other vasoconstricting agents.

Other Medical Therapies
Several other medical therapies with physiological plausibility in HRS have not proven to be beneficial in small
studies. Dopamine in low doses theoretically reduces renal
vascular resistance and increases blood flow. However,
small uncontrolled studies have not borne out clinical or
biochemical benefit. Fenoldopam, a newer dopamine agonist, has been evaluated on a limited basis in critically ill
patients with acute kidney injury. To date there has been
no evidence of benefit in HRS. Uncontrolled studies of
tezosentan, an endothelin-1 receptor antagonist, have
shown that it may in fact be deleterious (hypotension,
oliguria) and not effective in the treatment of HRS.

Transjugular Intrahepatic Portosystemic
Shunt (TIPS)
In theory, the benefit of transjugular intrahepatic
portosystemic shunt (TIPS) procedures is by decreasing
portal hypertension with a subsequent decrease in concentration of vasoconstrictory mediators (vasopressin,
norepinephrine, endothelin, and angiotensin II) with subsequent improvement in renal perfusion. The role of TIPS
has been evaluated in small pilot studies. In seven

cirrhotics patients with type 1 HRS who underwent
TIPS, six of seven patients had improvement in serum
creatinine and blood urea nitrogen at day 30. Reductions
in plasma renin and norepinephrine levels were also noted
[10]. In a prospective controlled study of 41 nontransplantable cirrhotics with HRS (type 1 n = 21, type 2
n = 20), 31 patients (type 1 n = 14, type 2 n = 17) received
TIPS while 10 patients with advanced liver failure were
excluded from a shunt (type I n = 7, type 2 n = 3). TIPS
was associated with improved renal function with 2 weeks
(creatinine clearance 18–48 ml/min, p < 0.001) and stabilized thereafter. Following TIPS, at 3, 6, 12, and
18 months survival rates were 81%, 71%, 48%, and 35%,
respectively. These were significantly higher than in the
non-shunted group (log rank 18.3, p < 0.001) [11]. While
these studies are small, their results suggest that TIPS is
useful in the management of type 1 HRS and may improve
transplant-free survival.

Extracorporeal Liver Support
Renal Replacement Therapy
The role of intermittent or continuous renal replacement
therapy (RRT) in HRS is primarily as a bridge to liver
transplantation. Observational studies have shown that
RRT is not predictive of improved transplant-free survival.
The use of RRT in patients with HRS is likely only appropriate in the setting of a patient who is listed for transplantation or has another indication for RRT (i.e., uremia,
acidosis, hyperkalemia).

Extracorporeal Albumin Dialysis:
MARS and SPAD
Extracorporeal albumin dialysis technologies utilize albumin as a binding and scavenging molecule in the treatment of HRS. Albumin dialysis is based upon dialyzing
blood against an albumin containing solution across
a highly permeable high-flux membrane. The bloodbound toxins are cleared by diffusion and taken up by
the binding sites of the albumin dialysate. Using this
principle, two different albumin dialysis systems have
been developed: MARS (molecular adsorbent
recirculating system) and SPAD (single pass albumin
dialysis).
MARS consists of a blood circuit, an albumin circuit,
and a classic renal circuit. Blood is dialyzed across an
albumin impregnated high-flux dialysis membrane;
600 mL of 20% human albumin in the albumin circuit
acts as the dialysate. Albumin-bound toxins in blood are
released to the membrane. These are subsequently picked
up by albumin in the dialysate, which then undergoes
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hemodialysis/hemofiltration if required. The albumin
dialysate is subsequently cleansed via passage across
two sequential adsorbent columns containing activated
charcoal and anion exchange resin. These columns
remove most of the water-soluble and albumin-bound
toxins.
In a controlled pilot study, Mitzner et al. reported 13
patients with decompensated cirrhosis and type 1 HRS:
eight were treated with MARS and five received standard
medical therapy [12]. They showed a 37.5% absolute
survival benefit at day 7 versus 0% in controls.
A significant decrease in creatinine and bilirubin was
also noted in the MARS group. Other uncontrolled studies
in patients with HRS have shown biochemical improvements but have not documented a conclusive mortality
benefit.
SPAD differs from MARS in that it utilizes a standard
continuous venovenous hemodialysis or venovenous
hemodiafiltration system without any additional columns
or circuits. Blood is dialyzed against a standard dialysis
solution with the addition of 4.4% albumin in the dialysate. Albumin dialysate is not regenerated as no adsorbent
columns are employed. Evidence has been limited to in
vitro data and small case series with no definitive evidence.

Prometheus
Prometheus (fractionated plasma separation and adsorption) differs from the other technologies in that the
patient’s plasma is separated across a membrane and
then is run over adsorptive columns. To date, no large
controlled studies on Prometheus have been published.
An uncontrolled study reported Prometheus use in
10 patients with HRS who underwent two consecutive
Prometheus treatments [13]. A statistically significant
decrease in creatinine and blood urea nitrogen levels and
improvement in arterial blood pH was observed. This is
not unexpected since conventional dialysis is incorporated
into the circuit. Definitive conclusions on the use of extracorporeal support devices in decompensated cirrhosis and
HRS (i.e., mortality, bridge to transplant) await results of
larger randomized studies.

After-care and Prognosis
Without liver transplantation, prognosis in HRS is poor.
Expected median survival time for Type I and II HRS is
2 weeks and 6 months, respectively. Besides transplantation, no therapy has definitively altered mortality.

Economics
It is difficult to assess the incremental costs of HRS given
the complex variables of transplant listing versus
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supportive care. Albumin therapy for an average of
21 days yields an additional cost of approximately
$26,000 US. Terlipressin has been shown to be more cost
effective than octreotide in variceal bleeding but to date
there is no costing data in HRS.

Conclusions
Hepatorenal syndrome is a severe complication of
advanced cirrhosis, which is a consequence of renal vasoconstriction related to an imbalance of renal and systemic
vasoactive mediators leading to major abnormalities in
circulatory function. The diagnosis of HRS is based on
the exclusion of shock and other causes of renal failure.
Currently the only definitive therapy is liver transplantation. Vasoconstrictor therapies, such as terlipressin, norepinephrine, and midodrine, appear to improve
circulatory function and normalize renal function when
given with albumin. The use of TIPS in type 1 and 2 HRS
may furthermore improve transplant-free survival. To
date, conclusions on the use of extracorporeal albumin
dialysis await definitive trials.
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Synonyms

peritoneum. Of note, blood volume <400 cc might lead
to a false negative exam. DPL (diagnostic peritoneal
lavage) is 98% sensitive for blood in the abdomen, though
has a higher false positive rate. CT scanning, though the
most sensitive and specific diagnostic study for liver injury
should not be considered in the unstable patient [3].
If the patient maintains a systolic blood pressure above
90 mmHg, however, CT scanning is the test of choice.
American Association for the Surgery of Trauma (AAST)
liver injury grading (Table 1) evaluated on CT scanning
can inform the likelihood of success of nonoperative therapy of patients with liver trauma. Low grade injuries are
likely to have few complications and are successfully managed nonoperatively the vast majority of times. Patients
with higher-grade injuries require close follow-up in
intensive care unit settings and may require adjunctive
maneuvers such as angiography for ongoing blood loss,
percutaneous drainage of abscess or biloma, or ERCP for
the management of ductal injuries. High-grade injuries
in and of themselves do not mandate surgical therapy,
but do increase the likelihood of failure of a conservative
strategy [2, 3].

Finger fracture

Definition
Technique used in liver surgery that calls for incision into
the liver to identify intraparenchymal vessels and bile
ducts. This technique allows for direct repair or ligation
of injured vessels during surgery for liver trauma. It was
first described by Lin in 1958, and popularized for routine
use in complex liver injuries by Pachter et al. [1].

Pre-existing Conditions: Hepatic Trauma
The liver is the most frequently injured organ in the
abdomen. The majority of these injuries can be managed
nonoperatively. Even in the face of extensive, or high grade
injuries, most hemorrhage from the liver can spontaneously cease, as the liver has a remarkable capacity to
hypertrophy and heal. In addition, adjuncts to
nonoperative therapy such as angiography and endoscopic retrograde cholangio-pancreotography and biliary
tract stenting have increased the likelihood of success of
nonoperative management [2, 3].
Patients with suspected liver injury are to be evaluated
and stabilized, as are all trauma patients, by assessing for
airway and circulatory compromise. Hypotensive patients
not responding to initial fluid resuscitation with 2 liters of
crystalloid are likely to require surgical intervention for
hemorrhage. If uncertainty exists, as to the site of blood
loss, a focused abdominal ultrasound for trauma (FAST)
exam can be performed, to assess for blood in the

Application
The principles for operative management of the injured
liver are:
1. Preparation: All patients should have large bore intravenous access, preferably, above the diaphragm, as
massive transfusion from below the diaphragm can
exacerbate bleeding. Blood and blood products should
be available, and present in the operating room prior
to incision. The operating room should be kept warm,
and a forced warm air circulator should be used. If
complex injury to the liver is suspected, efforts should
be made to have experienced personnel available.
2. Incision: The patient should be prepped widely to the
neck, in case throactomy or sternal extension of laparotomy is required. A generous midline incision
should be made. The use of a Rochard type retractor
can provide excellent exposure, without the routine
need for thoracic extension.
3. Control of hemorrhage and intra-operative resuscitation: Laparotomy can precipitate worsening hypotension as the tamponading effect of the abdominal wall is
released. Rapid bimanual compression of the
exsanguinating liver in a motion to restore it to its
normal anatomic configuration can staunch much of
the bleeding. At this point, manipulation should
be paused to allow for intraoperative resuscitation,
limiting hypotension, and acidosis.

Hepatotomy
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Hepatotomy. Table 1 AAST liver injury grading
Gradea
I

Injury description

ICD-9

Hematoma Subcapsular, <10% surface area

864.01

AIS-90
2

864.11
Laceration

Capsular tear, <1 cm parenchymal depth

864.02

2

864.12
II

Hematoma Subcapsular, 10–50% surface area; intraparenchymal, <10 cm in diameter

864.01

2

864.11
Laceration

1–3 cm parenchymal depth, <10 cm in length

864.03

2

864.13
III

Hematoma Subcapsular, >50% surface area or expanding; ruptured subcapsular or
parenchymal hematoma Intraparenchymal hematoma >10 cm or expanding
Laceration

>3 cm parenchymal depth

3

864.04

3

864.14
IV

Laceration

Parenchymal disruption involving 25–75% of hepatic lobe or 1–3 Couinaud’s
segments within a single lobe

864.04

4

864.14
V

VI

Laceration

Parenchymal disruption involving >75% of hepatic lobe or >3 Couinaud’s
segments within a single lobe

5

Vascular

Juxtahepatic venous injuries; i.e., retrohepatic vena cava/central major hepatic
veins

5

Vascular

Hepatic avulsion

6

a

Advance one grade for multiple injuries, up to grade III
Reproduced from Asensio and Trunkey: Current Treatment of Trauma and Surgical Critical Care, Copy Right 2008, Mosby Elsevier.

4. Pringle maneuver: Judicious use of portal triad occlusion, can serve to limit bleeding and allow for visualization of injured structures such that they can be
repaired. The liver can generally tolerate at least an
hour of normothermic ischemia time. In our series,
we had a mean continuous ischemia time of 30 min
(10–90 min) without adverse events. If longer times
are anticipated, topical cooling can be used, with care
to avoid systemic hypothermia. Of note, ischemia/
reperfusion may exacerbate hypotension in the unstable patient [2, 4].
In the majority of cases, these steps should allow for
stabilization of the patient such that hepatotomy can be
performed, the injury visualized, and repaired (Fig. 1).
Hepatotomy is performed by using electrocautery to
incise glissons capsule in the direction of the injury. The
hepatic parenchyma is crushed between the surgeon’s fingers, a clamp, or neuro-tip suction device. This reveals the
vascular and biliary structures that course through the
parenchyma. Once identified, they can be individually
clipped or ligated with suture. Suture ligation is perhaps

more preferable as clips have a tendency to fall off. This
allows division of the parenchyma to the level of deeper
structures that may be injured. Repair or ligation of the
injured and exsanguinating vessel can now be done under
direct vision. The use of the Pringle maneuver facilitates
visualization as well as limits blood loss during this procedure. The surgeon should not fear dividing “normal” or
uninjured parenchyma in order to gain full access to the
site of injury. Deep and lengthy hepatotomy is sometimes
required to fully visualize the site of injury, with incisions
7–12 cm deep and 15–25 cm long, described in our series.
The use of deaver retractors can aid in exposing structures
deep within the parenchyma. Injured vessels can either be
ligated with suture ligatures, or be directly repaired with
finer sutures [1, 2]. More recently, the use of laparoscopic
staplers to both create hepatotomies and ligate vessels has
been described, and is an attractive option for more rapid
division of liver parenchyma [3]. In case the injury cannot
be visualized or repaired despite extensive hepatotomy,
a balloon catheter can be inserted into the hepatotomy,
and blown up until the bleeding stops. If this maneuver
controls the bleeding, it can be left in place and withdrawn
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a

b

Hepatotomy. Figure 1 Hepatotomy (Reproduced from Asensio and Trunkey: Current Treatment of Trauma and Surgical Critical
Care, Copy Right 2008, Mosby Elsevier)

once the patient has been stabilized in the postoperative
period [2].
This strategy was successful in achieving hemostasis in
93.5% of 107 patients with AAST grade II–IV injuries, at
our institution. Subsequent series, have demonstrated
similar efficacy of this method, with hepatotomy being
used in 40–70% of the cases of complex liver injuries [2, 3].
We have also described the use of the hepatotomy
technique to address retrohepatic caval injuries as well as
juxtahepatic venous injuries. This type of injury is
suspected when portal triad occlusion does not decrease
exsanguination, and dark blood is seen emanating from
behind the liver. Atriocaval shunts have been described to
address this injury, but can be cumbersome to employ,
requiring sternotomy to access the right atrium and have
a reported mortality of 50–100%. We previously reported
survival of five consecutive patients with retrohepatic
injuries using the hepatotomy technique. These patients
did require Pringle times of 20–64 min with hepatomoties
that were up to 30-cm long and 15-cm deep. The injuries
are approached from the anterior surface of the liver and
repaired under direct vision. This is an alternative to the
atriocalval shunt and provides another way to address
these deadly injuries [5].
Repair of vascular injury after hepatotomy should be
accompanied by debridement of devitalized tissue and
placement of viable omental packing that can tamponade
residual venous oozing or small bile leakage. Additionally,

we prefer to use closed suction drainage to limit the
collection of blood or bile, reducing the likelihood of
abscess formation. The use of large sutures with wide
bites through the parenchyma should be avoided, as this
technique results in large areas of ischemic liver. This can
lead to subsequent necrosis of liver and increased abscess
formation [2].
In case the patient is too unstable to undergo extensive
hepatotomy and repair of injury, a damage control strategy should be employed, by controlling hemorrhage with
perihepatic packing. Placement of packs between the
uninjured liver and the entire hemidiaphragm can diminish bleeding and allow for rapid exit from the operating
room. Once the patient is resuscitated, and hypotension
and acidosis have resolved over the course of the subsequent 36–48 h, the packs can be removed and the injury
addressed as necessary [2, 3]. The use of adjunctive
maneuvers such as angioembolization or caval stenting
during this period has also been described.
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Synonyms
Cold sore; Herpes genitalis; Herpes labialis

Definition
Human herpes simplex virus (HSV) belongs to the family
of Herpesviridae and consists of two subtypes, HSV-1 and
HSV-2. Both subtypes are highly prevalent and ubiquitously distributed [1, 2]. Due to its specific tropism for
oral mucosa, the most common clinical manifestation of
HSV-1 infection is the so-called cold sore: vesicular lesions
of the oral mucosa. Since HSV-2 prefers the genital
mucosa it causes vesicular lesions of the genital mucosa
better known as herpes genitalis in the majority of cases.
As is the case with other herpes viruses, the virus resides in
a latent state within the neurons of dorsal root ganglia
from where reactivation can occur.

H

The symptoms caused by HSV can vary in severity, but
most primary HSV infections are asymptomatic. To illustrate: approximately 20–25% of patients with antibodies
against HSV-1 show a history of clinical symptoms
contributable to HSV-1, for HSV-2 this percentage is
10–20%. However, if a patient is symptomatic, the
primary infection usually is the most severe. Symptoms
of a primary HSV infection include fever, headache, muscle ache, painful swollen lymph nodes, very sore genitals
(especially the female), painful micturation, and most
patients have a lot of vesicles and ulcers. In rare cases,
meningitis occurs.
Herpes simplex virus has been shown to cause a variety
of infections besides the well-known oral and genital herpes. Infection of the finger, better known as herpetic
whitlow develops when the virus enters through a lesion
in the skin barrier. It can occur as a complication of
primary oral or genital herpes or as an occupational hazard (for instance in dentistry). Infection of the eye occurs
in approximately 5% of patients and can be divided into
keratitis, acute retinal necrosis, conjunctivitis, blepharitis
en chorioretinitis. Especially the recurring keratitis and
acute retinal necrosis are feared since they cause significant
morbidity in the form of blindness.
Herpes simplex virus can cause a variety of neurological syndromes. Encephalitis by HSV is mainly caused by
HSV-1, and in 2–6.5% of cases it is caused by HSV-2.
Herpes simplex encephalitis should be in the differential
diagnosis in patients with a rapid onset of fever, headache,
diminished consciousness, and seizures. Meningitis
caused by HSV is usually associated with a primary genital
HSV infection and is caused by HSV-2 in the majority
of cases.
Occasionally, HSV may cause pneumonia as a result of
immunosuppression, with a high mortality. HSV was
isolated from respiratory secretions from patients with
adult respiratory distress syndrome, burns and in other
non-immunosuppressed patients without a history of
lung disease. HSV is frequently recovered from respiratory
material from critically ill patients and even though
a clinical relevance is not always clear, there have been
indications that the presence of HSV-1 in respiratory
material from intensive care patients may be correlated
to more severe illness and worse outcome.
Hepatitis can manifest itself as a complication of
both HSV-1 and HSV-2 infection and is mostly seen in
immunocompromised patients. The manifestation of a
disseminated infection is the widespread appearance of
vesicles all over the thorax and extremities, it is a rare
complication in patients with primary mucocutaneous
herpes.
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Treatment
Several antiviral drugs can be used to treat HSV-1 and
HSV-2 associated infections [2]. Routine treatment of
symptomatic HSV infections usually includes the use of
aciclovir, valaciclovir, or famciclovir. Aciclovir is an acyclic
nucleoside analogue that has shown to be beneficial if
started early since the drug has its action on replicating
viruses. Therapy with aciclovir has been shown to shorten
the duration of lesions, limit the duration of fever
and reduce virus shedding. Famciclovir has also
performed well in clinical studies investigating the clinical
effectiveness of the drug. Valaciclovir is a valyl ester of
aciclovir with a greater bioavailability compared to
aciclovir. Both famciclovir and valaciclovir have the same
mode of action as aciclovir, and aciclovir-resistant strains
are also resistant to famciclovir and valaciclovir. Fortunately, aciclovir resistance in HSV is low varying from
< 0.5% in immunocompetent patients up to 5% in
immunocompromised patients.
Alternative therapy options for aciclovir resistant serious HSV infections are either foscarnet or vidarabine.
However, both foscarnet and vidarabine are not used in
the initial therapy of HSV due to lower efficacy, administration difficulties and more severe side effects compared
to aciclovir. Foscarnet is a selective viral DNA polymerase
inhibitor with major reverse effects such as renal toxicity,
seizures, hypocalcemia and hypomagnesemia. Vidarabine
suppresses HSV DNA polymerase but is rarely used in
clinical practice to treat HSV infections due to serious
neurological side effects. There is evidence towards foscarnet as a superior therapeutic option compared to
vidarabine in HSV infections.
An additional agent which could be used as an alternative for aciclovir in resistant strains is cidofovir,
a nucleotide analogue which has shown great promise
both in vivo and in vitro. Adverse effects of cidofovir
include nephrotoxicity.

Risk Factors
The virus can be contracted by direct contact with the
lesions caused by the virus. However, most likely subclinical shedding is a key factor in the transmission of HSV
from person to person since it is very common in both
immunocompetent and immunocompromised patients [3].
In this case, the virus is contracted through contact with
secretions or mucous membranes of these asymptomatic
shedders. Besides direct contact, transmission through
inert object (towel, underwear) is also possible.
Several risk factors for HSV recurrence have been
identified. These risk factors include exposure to sunlight,
fever, menstruation, emotional stress, trauma to the area

of primary infection. Host factors severely influence rates
of reactivation; furthermore immunocompromised
patients have more frequent reactivations, and their
reactivations are more severe. Since the initial containment of the virus is achieved by the cellular immunity,
patients with an underlying immunodeficiency disorder
(e.g., malignancy, organ transplantation, elderly, HIV
infection, burn victims) have a higher risk for reactivation
and may experience more severe recurrent HSV infections.
These patients also have a higher risk for developing HSV
infections at sites normally not involved in HSV disease in
immunocompetent hosts. These sites include the lungs,
the esophagus, and the gastrointestinal tract.

Epidemiology
Acquisition of HSV-1 is more prevalent than acquisition
of HSV-2 and occurs earlier in life. Seroprevalence of
HSV-1 depends on several demographic factors. In developed countries, approximately 20% of children under the
age of 5 years are infected, after this age no significant
increase in seroconversion occurs until the age of 20–40
years when the seroprevalence increases to 40–60% [4].
More than 90% of adults have antibodies against HSV-1
by the fifth decade of life [2]. Seroprevalence for HSV-2
rises from 20–30% at the age of 15–29 to approximately
35–60% at the age of 60 years.

Evaluation and Assessment
The diagnosis of HSV infection can be confirmed by
means of different techniques, including a Tzanck smear,
viral culture, immunofluorescent staining, serology, and
polymerase chain reaction (PCR). The Tzanck smear is
a cytologic test to demonstrate cell changes in suspected
lesions; however it is not very specific and the sensitivity is
less than 60%.
A fast determination of the presence of HSV in scrapings from a vesicle is possible by means of HSV-type
specific monoclonal antibodies which can be used for
immunofluorescence microscopy. The sensitivity of this
method is poor and is highly dependent on the quality of
the scraping. Serology is possible by various serological
assays, all designed to identify antibodies against (the
specific type of) HSV circulating in the blood. Serologic
testing has limited applications since it takes several weeks
to develop antibodies after a primary infection, and after
this they persist indefinitely.
Until a few years ago, viral culture was most commonly used to diagnose a symptomatic HSV infection. It
could be used to cultivate HSV from tissue, cerebral fluid,
and sometimes even blood. The main problem with viral
culture is the fact that the sample needs to be transported
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to the laboratory as soon as possible to assure the highest
sensitivity. In recent years, PCR has gradually replaced
viral culture as the diagnostic cornerstone for HSV infection due to its increased sensitivity compared to viral
culture. It is mainly used to identify HSV DNA in samples
collected from genital ulcers, mucocutaneous ulcers, and
cerebrospinal fluid. Polymerase chain reaction is the
method of choice for the diagnosis of acute HSV infections, especially in the case of severe, life-threatening
diseases.

Pharmacoeconomics
A complete picture of the healthcare burden associated
with HSV infections is difficult to ascertain. Several studies have been performed to investigate the healthcare costs
associated with genital herpes infections. A cross-section
study performed in 2001 [5] showed that the direct costs
for genital herpes infections were $984 million, while the
indirect costs (from production losses) were an additional
$214 million. Some mathematic models even predict
a huge increase of the total costs for HSV-2 infections up
to $2.7 billion by the year 2025.
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Synonyms
Shingles

Definition

Some physicians prescribe prophylaxis (often aciclovir)
against HSV reactivation for patients with an immunodeficiency since these patients have a high reactivation
rate and often take a long time to recuperate from a
reactivation. There is some evidence which suggests that
the incidence of symptomatic HSV infection decreases
from 70% to 5–20% when using prophylaxis.

Herpes Zoster (HZ) is the reactivation of the Varicella–
Zoster virus (VZV) which has been dormant as a latent
infection within the sensory dorsal root ganglia. It is
characterized by a painful, unilateral vesicular eruption
usually in a single dermatomal distribution. Varicella–
Zoster virus is an exclusive human neurotropic alphavirus.
Primary infection causes varicella (chickenpox), and
years later VZV can reactivate, usually with a decline in
cell-mediated immunity (CMI) causing HZ.

Prognosis

Treatment

In the immunocompetent adult host HSV infection usually has a benign course and rarely results in a fatal outcome. However, there are a few exceptions. Visceral
dissemination of HSV is associated with high mortality.
HSV encephalitis is a devastating disease, and if left
untreated over 70% of patients die and the majority of
surviving patients never return to normal neurological
function. Furthermore, HSV hepatitis is a debilitating disease which is usually fatal in >80% of untreated patients.

Four goals have been defined when treating Herpes Zoster:
accelerate the resolution of cutaneous disease, limit the
severity and duration of pain, decrease viral shedding and
reduce the risk of complications [1]. Treatment options
include antiviral therapy, corticosteroids, and pain medication [2].

After-care
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Antivirals
Three antiviral drugs are used to treat HZ: acyclovir,
famciclovir, and valacyclovir. They are nucleoside analogues that inhibit replication of human herpes viruses,
including VZV [2]. Their common mechanism of action is
through phosphorylation by the viral thymidine kinase
and cellular kinases to a triphosphate which inhibits viral
replication.
Acyclovir was the first medication available and
licensed for the treatment of herpes zoster. It has
a relatively poor bioavailability; therefore the patient
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must take 800 mg five times/day. Valacyclovir is a prodrug
of acyclovir which produces a higher serum drug level
(fivefold). The recommended dose is 1 g TID for 7 days.
Randomized controlled clinical trials comparing
valacyclovir and acyclovir have shown equivalency for
healing time when initiated within 72 h of the lesion
onset; however, valacyclovir has demonstrated accelerated
resolution of zoster-associated pain (38 days vs. 51 days;
P = 0.001).
Famciclovir, a prodrug of penciclovir, is the third
antiviral approved in the USA for the treatment of Herpes
Zoster. The recommended dose is 500 mg TID for 7 days.
Studies comparing placebo and famciclovir showed that
famciclovir reduced the viral shedding and total cutaneous healing by 1–2 days. Studies comparing famciclovir
and valacyclovir as well as famciclovir and acyclovir
showed that all drugs are equivalent for cutaneous healing
and pain resolution. Valacyclovir and famciclovir are
preferred over acyclovir due to their superior pharmacokinetic profiles and dosing convenience or ease of administration (three times per day instead of five times per
day). All three antiviral drugs have been found to be safe
and well tolerated.
Antiviral therapy should be considered for all patients
with HZ; however, it is specifically recommended for
patients older than 50 years, those with moderate-tosevere pain or rash, immunocompromised patients, as
well as those with ocular involvement [2]. An arbitrary
selected time frame of 72 h to initiate antiviral treatment
has been used as inclusionary criteria in the majority of the
clinical trials; therefore, the benefit of treatment if started
later has not been studied.
Antiviral treatment, however, must be considered in
patients who present more than 72 h after rash onset, if
they present with new vesicle formation, the patient is
immunocompromised, has severe pain at consultation,
has a high risk clinical presentation (eye or tip of nose
involvement), or if complications are present [2–4].
Brivudin is an antiviral drug approved in Europe
that is contraindicated for patients treated with fluorouracil or other fluoropyrimidines due to severe drug interaction associated with potentially fatal bone marrow
suppression.
The most common side effects for any of these antivirals are nausea and headache. When giving acyclovir,
valacyclovir and famciclovir to patients with renal insufficiency, the dosage should be adjusted accordingly.
Thrombotic thrombocytopenic purpura and hemolytic
uremic syndrome have been reported in immunocompromised patients at doses of 8,000 mg/day, which is much
higher than standard therapeutic doses.

Corticosteroids
The use of corticosteroids as an adjunctive therapy for HZ
has been studied. Two large studies showed a modest but
significant acceleration in cutaneous healing (hazard ratio,
2.07; 95% CI, 1.26–3.38), and improvement of the quality
of life in older individuals (faster return to daily activities,
improved sleep, and decreased analgesic use). The dose
and duration of corticosteroid therapy to treat HZ has not
been defined. The adverse events related to the use of
corticosteroids include: osteoporosis, hypertension, gastritis, and diabetes mellitus. Corticosteroids do not have
any effect on post herpetic neuralgia.

Analgesics
The pain associated with HZ can be severe and may
increase over time. Use of antiviral drugs has shown
reduction in acute pain severity; however, patients
generally will require analgesics. For mild pain control
nonsteroidal anti-inflammatory drugs (NSAIDS) and
acetaminophen are used either alone or in combination
with a weak opioid analgesic such as codeine or tramadol.
Moderate-to-severe pain control oftentimes warrants
stronger opioid analgesics such as morphine [3].

Treatment in the Immunocompromised
Immunocompromised patients are at higher risk of developing serious complications, including disseminated
zoster, involvement of the central nervous system, pneumonia, and blindness. The key objective in the treatment
of HZ in immunocompromised patients is to reduce the
risk of dissemination [5]. Cutaneous dissemination is
defined as >20 vesicles outside the primary and adjacent
dematomes [5]. The rate of cutaneous dissemination
before antiviral therapy has been shown to be between
6% and 26% with the majority of patients developing
visceral involvement.
Three categories of immunocompromised herpes zoster patients must receive i.v. acyclovir, and these include:
disseminated zoster, ophthalmic involvement, and AIDS
patients with opportunistic infections and wasting. Some
authorities also recommend i.v. treatment for patients
who develop zoster less than 3 months after bone marrow
transplantation.
Immunocompromised zoster patients presenting
without zoster-related complications must receive
valacyclovir, famciclovir, or oral acyclovir for 7–10 days
within 1 week of development of the rash. If the rash does
not resolve with this regimen, i.v. treatment must then be
initiated. Immunocompromised patients in any of the
aforementioned categories should be started on i.v. acyclovir 10 mg/kg q 8 h for at least 7 days, if a good response
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is achieved the patient may finish the antiviral course
orally. If the desired response is not achieved, i.v. foscarnet
must be started at 90 mg/kg twice daily for at least 10 days
or until complete resolution of the lesions is observed.
Close monitoring of drug levels and electrolytes is
recommended to assess for signs of renal and hepatic
toxicity. For patients who require foscarnet therapy in
vitro acyclovir resistance must be tested. Relapse of HZ
lesions can be observed at the time of discontinuing foscarnet therapy.
Acyclovir resistance can be a major problem in immunocompromised patients, and it is due to a mutation in
thymidine kinase which activates acyclovir, valacyclovir,
and famciclovir. Foscarnet is the treatment of choice in
cases of acyclovir resistance. Cidofovir is an alternative
treatment for cases that are resistant to both acyclovir
and foscarnet.

Epidemiology
Any person who has had varicella is at risk of developing
HZ once the specific CMI declines below a threshold level.
The overall annual incidence in the USA, Canada, and
Europe is estimated to be 3–4 per 1,000 population. In
the USA, HZ occurs in nearly one million individuals
annually, and it is associated with a substantial morbidity.
The cumulative lifetime incidence is approximately
10–20% of the population.
The incidence rates after the year 2000 are very similar
to the rates before that year. The HZ vaccine trial known as
the “Shingles Prevention Study” revealed the incidence of
HZ was 11.8 cases/1,000 population/year in adults 60
years of age. However, when the results are adjusted by age,
the incidence of HZ seems to change. Studies done in
Massachusetts, Washington, and Oregon showed that the
age-adjusted incidence rates increased from 2.77 cases/
1,000 person-years in 1999 to 5.25 cases/1,000 personyears in 2003 (Massachusetts), from 3.28 cases/1,000
person-years in 1997 to 4.29 cases/1,000 person-years
in 2002 (Washington) and from 3.42 cases/1,000
person-years in 1997 to 4.05 cases/1,000 person-years in
2002 (Oregon).
In future decades the number of HZ cases is expected
to increase in most countries due to the aging population
and the immunocompromising diseases associated with
aging.

Risk Factors
The most important risk factor for the development of HZ
is patient age. A dramatic increase in disease rate as well as
postherpetic neuralgia (PHN) begins after 50 years of age.
Approximately 50% of the people who live to age 85 will
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have experienced an episode of zoster. Similarly, the risk
for PHN increases with age as much as 27-fold increase in
patients older than 50 years of age compared with those
<50 years.
Other risk factors include: chronic lung and kidney
disease, physical trauma at the involved dermatome, psychological stress, white race, underlying malignancy,
immunocompromise, and iatrogenic immunosuppression. A higher rate of HZ has been described in women;
however, this observation remains a matter of debate. In
immunocompromised patients, the incidence of herpes
zoster in solid transplant recipients is 10–100-fold higher
than in the general population. Patients with autoimmune
diseases have an increased risk for HZ, especially those
who are taking immunosuppressive therapy such as
glucocorticoids and disease-modifying therapies.
A higher incidence of HZ in HIV infected men
(29.4 cases/1,000 person-years vs. 2.0 cases/1,000 personyears) has been reported.
Familial predisposition has been described in a casecontrol study, where the odds ratio with a history of
a single affected blood relative was 4.50 (95% confidence
interval, 3.41–6.41). This increased to 13.77 (95% confidence interval, 5.85–32.39) with a history of multiple
blood relatives affected. Further studies are being
conducted to confirm this association.

Clinical Manifestations
HZ is characterized by a vesicular eruption that is exquisitely painful. The initial manifestation is a prodrome
consisting of burning, stabbing, throbbing unilateral
pain that usually affects one dermatome [3]. This is
followed by the development of erythematous papules
that quickly turn into grouped vesicles and bullae. Three
to four days later the vesicles become pustular or hemorrhagic, and crust by 7–10 days. After crusting the lesions
are no longer infectious. The occurrence of new lesions
after 1 week may indicate immunosuppression [3]. Herpes
zoster leaves hypo or hyper pigmentation that may persist
for months or years after the episode. The most commonly
affected dermatomes are the thoracic and lumbar (Fig.1).
Involvement of the ophthalmic branch of the trigeminal cranial nerve is called herpes ophthalmicus (HZO),
and it is considered a more serious infection because it can
lead to blindness. Herpes ophthalmicus begins with headache, malaise, fever, and unilateral pain or hyperesthesia in
the affected eye and forehead. It is then followed by the
typical associated rash. The patient may also present with
conjunctivitis, episcleritis, lid droop, and keratitis in
almost 66% of patients. Iritis can be seen in 40% of the
patients with HZ and can be associated with atrophy,
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Motor Neuropathy
Approximately 3% of patients will develop motor neuropathy that usually presents simultaneously with cutaneous
lesions. Muscle atrophy can be present; however, most of
the patients will have a gradual recovery of their motor
strength.

Bacterial Skin Infection

Herpes Zoster. Figure 1 Herpes zoster

chronic vasculitis, and poorly reactive pupils. Nose tip
involvement is known as Hutchinson’s sign and is associated with HZO [2].
Less than 20% of patients with HZ have systemic
symptoms, such as fever, malaise, fatigue, or headache
[3]. Herpes sine herpete is an atypical HZ presentation
characterized by pain without a rash [3].

Recurrences
Recurrence of HZ is rare and is seen in 5% of
non-immunocompromised patients. Recurrences are
more frequent in immunocompromised hosts.

Complications
Postherpetic Neuralgia
Postherpetic neuralgia (PHN) is the most common
complication of HZ. It is defined as pain more than
90 days following healing of skin. Postherpetic neuralgia
increases from 5% in those younger than 60 years to 20%
in those 80 years or older. Approximately 10–15% of
patients with HZ will develop PHN.

Superinfection with Staphylococcus aureus or Streptoccocus
pyogenes is rare.
Other complications include: aseptic meningitis, myelitis, encephalitis, stroke syndromes, and Guillan-Barre
Syndrome.
Patients of advanced age present with more complications than younger people, and patients with comorbidities
usually develop multiple complications.
Complications in immunocompromised patients
include cutaneous and visceral dissemination of HZ.
Visceral dissemination is a life-threatening condition.
Despite antiviral therapy, the highest mortality is due to
VZV pneumonitis.

Evaluation/Assessment
The diagnosis of HZ is usually clinical based on the typical
presentation. In cases with atypical manifestations,
especially in immunocompromised patients, laboratory
confirmation is indicated. The most common diagnostic
tests used are: Tzanck smear, viral culture, direct immunofluorescence, histopathology, and polymerase chain
reaction (PCR), which is the most sensitive test [2].

Prognosis
The prognosis of HZ is very good if the patient does not
develop PHN, which can be very difficult to treat, lasting
for months to years.

Herpes Zoster Ophthalmicus
Herpes Zoster Ophthalmicus is a serious condition that
can lead to blindness. The most commonly compromised
branch of the trigeminal nerve is the frontal branch (V1),
and 50–72% will have ophthalmic compromise.

Ramsay Hunt Syndrome
Ramsay Hunt Syndrome is the most important otologic
complication of VZV reactivation in the geniculate
ganglion. This syndrome is characterized by the triad of
ipsilateral facial paralysis, ear pain, and vesicles in the
auditory canal. The complete resolution of this complication is rare.

Pharmacoeconomics
The cost of antiviral therapy may also influence which
medication will be prescribed. The costs of a course of
generic acyclovir averages $45.57, valacyclovir averages
$247.01, and famciclovir averages $245.27. A hospital
stay, due to complications, is estimated to cost
$3,221–$7,206.
A population-based study conducted in Minnesota
showed that the annual medical care cost of treating incident HZ cases is estimated at $1.1 billion. The majority of
the costs were for the care of immunocompetent adults
especially among those 50 years and older.
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Vaccination
A vaccine (Zostavax, Merck) to prevent HZ was approved
by the Food and Drug Administration in 2006. This
vaccine showed a reduction in HZ incidence by 51%,
the burden of illness by 61%, and the risk of PHN by
66%. The VZV vaccine is a live attenuated vaccine that
contains the same strain of virus as the varicella vaccine
(Oka/Merck). The transmission of vaccine strain virus
from patients who received the vaccine to susceptible
contacts has not been documented. This vaccine
is contraindicated in patients with severe immunosuppression [2].

4.

5.

H

Johnson RW, Wasner G, Saddier P, Baron R (2008) Herpes zoster and
postherpetic neuralgia: optimizing management in the elderly
patient. Drugs Aging 25(12):991–1006
Ahmed AM, Brantley JS, Madkan V, Mendoza N, Tyring SK
(2007) Managing herpes zoster in immunocompromised patients.
Herpes 14(2):32–36

HH
Hot high flow humidifier. It is a humidifier able to condition the inspired gases by heating a water bath.

Effectiveness
In a double-blind, randomized controlled trial involving
approximately 38,000 healthy adults older than 60 years,
the VZV vaccine was more effective in those aged 60–69
years than in those >69 years, and the efficacy persisted for
at least 4 years after vaccination.
The most common adverse event of the VZV vaccine
is a mild injection site reaction consisting of erythema,
pain, and pruritus. Rarely, some patients may experience
systemic symptoms such as fever and headache.
The vaccine should be administrated 24 h before or
days after receiving antivirals [2]. Additionally, the
vaccine may be administrated simultaneously with
inactivated vaccines such as influenza, pneumococcal, or
tetanus [2].

Costs
The vaccine is relatively expensive at around $160, and the
actual charges to the patient are usually higher [2]. The
vaccine is covered by Medicare as a prescription drug for
people older than 65 years.
The effects of childhood varicella vaccination, adult
zoster vaccination, and the changes in the longevity and
size of the immunocompromised community will play an
important role in the impact of the HZ and PHN in the
near future.

H
HIF1a
Is a heterodimer composed of HiF1a, the alpha subunit of
the aryl hydrocarbon receptor nuclear translocator (Arnt),
the beta subunit.
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Several distinct clinical entities with different pathophysiological mechanisms, although sometimes related, are
synonymous with high altitude syndromes; and, these
have been subsumed under various monikers, including
altitude illness, altitude sickness (high altitude syndromes), high altitude illness, and mountain sickness,
among others. These clinical entities have names indicating that altitude is the key factor in their causation, but
may not be the only factor: acute mountain sickness
(AMS), chronic mountain sickness (CMS), high altitude
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cerebral edema (HACE), high altitude deterioration
(HAD), high altitude flatus expulsion (HAFE), high altitude headache (HAH), high altitude pharyngitis and bronchitis (HAPB), high altitude pulmonary edema (HAPE),
high altitude pulmonary hypertension (HAPH), high
altitude retinal hemorrhage (HARH), high altitude blindness (HAB), and high altitude syncope (HAS). There are
other acute conditions that occur at altitude, which may or
may not be altitude-only conditions, and some chronic
conditions that are significantly affected by altitude. This
chapter focuses primarily on AMS, HACE, and HAPE
(leading cause of death among high altitude syndromes)
with comments on several of the other conditions and
issues related to high altitude syndromes.

High Altitude Syndromes. Table 1 Inspired oxygen and
barometric pressure at high altitude
Altitude

Definition
High altitude is defined as 1,500 m/5,000 ft–
3,500 m/11,500 ft; very high altitude is defined as
3,500 m/11,500 ft–5,500 m/18,000 ft; and extreme
altitude is defined as above 5,500 m/18,00 ft (Equivalences
of altitudes in meters (m) and feet (ft) are not exact, unless
indicated, i.e., one or the other of the two figures is
rounded off. Meters = feet  0.3048. Feet = meters 
3.2808.) [3, 4].
Any illness at altitude is “altitude illness” until proven
otherwise. This axiom saves lives and must be ingrained in
all who ascend to altitudes above 1,400 m/4,600 ft (HAPE
reported at this altitude); otherwise, life-threatening, treatable, curable illness will be missed and someone may die
unnecessarily. “Altitude illness” here means AMS-HACE
(a continuum) and HAPE (A-H&H). It is caused by
hypobaric hypoxia. The inspired oxygen (PIO2) and barometric pressure (PB), respectively, at various exact
altitudes for reference are listed in Table 1.
It is important to understand that barometric pressure
is not a fixed constant at any altitude and will vary minuteto-minute with geography, latitude, season, and weather.
For example, Hackett and Roach [3] note that on Mount
McKinley (Denali), a low pressure trough passing over the
mountain through the night while climbers sleep can
lower the barometric pressure 10 mmHg effectively raising
the altitude physiologically by 200 m/656 ft, which could
be sufficient to precipitate A-H-&H [2–4].
The incidences of A-H&H vary with the living altitude,
altitude at which ascent begins, the rate of ascent, the
amount of exertion on ascent, amount of exertion
after arrival, sleeping altitude, weather conditions
(effects of cold temperatures and hypoxia are additive),
chronic diseases, and genetic predisposition [3, 4].
The diagnosis of A-H&H is syndromic (see Evaluation
and Assessment). There is no test to make the diagnosis.

Inspired
oxygen
(mmHg)a

Barometric
pressure
(mmHg)

(m)

(ft)

Sea level

Sea level

149.1

759.6

1,219

4,000

128.7

661.8

1,829

616.7

119.2

616.7

2,438

8,000

110.3

574.1

3,048

10,000

101.9

533.8

3,659

12,000

93.9

495.8

4,267

14,000

86.4

460.0

4,877

16,000

79.4

426.3

5,486

18,000

72.8

394.6

29,029

43.1

252.7

8,848

b

a

Millimeters of mercury
Summit of Mt. Everest

b

AMS is characterized by headache (cardinal symptom),
dizziness, fatigue, gastrointestinal disturbance, insomnia,
and lightheadedness. HACE is characterized by AMS,
ataxia (cardinal sign), mental status change (cardinal
sign), or focal neurological deficits. HAPE is characterized
by shortness of breath, particularly at rest (cardinal symptom), confusion, cough, malaise, orthopnea, or vomiting.
AMS can progress to HACE. HACE and HAPE can progress to coma and death. The principles of treatment are
early diagnosis (high index of suspicion), complete rest,
improved oxygenation (descent, supplemental oxygen,
portable hyperbaric bag), nifedipine (HAPE), and steroids
(HACE), or a combination of these. The stated treatments
and other adjunct treatments are elaborated below (see
Treatment). Treatment leads to complete recovery with
rare exceptions. A-H&H can be prevented by graded
assent, limited exertion for first 2 days at altitude, use of
acetazolamide (AMS), and use of nifedipine (prior history
of HAPE). Other medications are being developed and
tested and will become part of the stable of treatments
available over the next several years [2–4].

Epidemiology of AMS, HACE, and HAPE
Greater than 35 million people travel annually from
altitudes below 1,400 m/4,600 ft to those above. The
higher the altitude attained, the greater the risk for the
development of A-H&H (see Table 2).
The incidences listed here are a compilation from
numerous published studies [3, 4].
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High Altitude Syndromes. Table 2 Incidence of AMS, HACE,
and HAPE at altitude without prophylaxisa
Altitude range (m)/(ft) to
(m)/(ft)

HACE
AMS (%) (%)

1,400/4,600

2,400/8,000

9–25

2,400/8,000

3,000/10,000 9–25

HAPE
(%)

Not
<0.01
reported
<0.01b

0.01

3,000/10,000 4,300/14,000 13–53

1.25–5.0 0.1–15.5

>4,300/
14,000

1.25–5.0 2.5–15.5

–

37–77

a

Data from numerous published articles, see Refs. [3, 4]
Rare unless precipitated by HAPE

b

Acclimatization to High Altitude
Oxygen-dependent biological systems began about 1 billion
years ago when photosynthesis evolved. Highly efficient
oxidative phosphorylation in mitochondria evolved with
the capacity to produce large amounts of chemical energy
in the form of adenosine-50 -triphosphate (ATP) that led to
the development of complex, multicellular life forms.
Along with oxidative phosphorylation there evolved
a response to hypoxia in mammals that has become
known as the hypoxia-induced factor-1 system (HIF),
identified initially in 1992, as a factor bound to the
response element of the erythropoietin gene; but, subsequently found to regulate directly and indirectly several
hundred genes involving angiogenesis, apoptosis, cell
growth (e.g., erythropoiesis), and vasomotor regulation.
HIF is activated by numerous activators including, but not
limited to, hypoxia, angiotensin II, epidermal growth factor, inflammatory cytokines, insulin, insulin-like growth
factor-1, insulin-like growth factor-2, platelet-derived
growth factor, and thrombin. Although it may be involved
in chronic inflammatory conditions such as cancer and
rheumatoid arthritis, it does operate at cellular and organ
system levels to limit hypoxic injury and restore adequate
oxygenation [1, 6].
HIF-1 is a heterodimer consisting of HIF-1a and
HIF-1b subunits. HIF-1a is continuously synthesized
and rapidly degraded by the ubiquitin-proteasome system. HIF-1b is continuously expressed, not degraded like
HIF-1a, present in excess, part of other transcription
factor processes, and unaffected by hypoxia. Under hypoxic conditions, HIF-1a accumulates (degrading slowed)
and is translocated to the nucleus, where it forms a dimer
with HIF-1b and binds to the hypoxia-responsive
HIF-target genes to activate their transcription. HIF-1 is
also stabilized in normoxic as well as hypoxic conditions;
but, it appears to have an important role in the adaptation

H

to global hypoxia, the details of which remain to be further
elucidated [6].
The adaptation to altitude global hypoxia, i.e., acclimatization, does not restore altitude physiology to sea
level physiology, but does improve tolerance to altitude.
It is a dynamic process, ever changing, as gain in altitude
occurs above 1,500 m/4,900 ft, the lowest altitude that
changes in physiological response to altitude are readily
measured at the systemic level, up to 5,500 m/18,000 ft,
above which HAD occurs for all individuals, specifically,
acclimatization ceases, progressive weight loss occurs
(0.5 kg/1.1 lbs–1.5 kg/3.3 lbs/week), and work capacity
decreases. Although acclimatization occurs in most people, a small percentage of people never acclimatize to any
altitude. Several processes are involved in the acclimatization to hypobaric hypoxia: (1) sympathetic response,
(2) hypoxic ventilatory response (HVR), (3) oxyhemoglobin dissociation changes, (4) improved lung gas exchange,
(5) increased hemoglobin production, (6) angiogenesis,
(7) improved oxidative metabolism, and (8) improved
tissue gas exchange. HIF appears to be involved in many
of these processes. Future research should uncover the
HIF-related or other mechanisms involved, greatly
expanding our understanding and ability to treat high
altitude syndromes [3, 4, 6].
A sympathetic response occurs immediately at altitude,
manifesting as increased blood pressure, cardiac output,
heart rate, and respiratory rate. These effects are more
readily measureable above 3,000 m/10,000 ft. Vasoconstriction occurs in muscle, skin, and certain viscera. Vasodilatation occurs in coronary arteries. No vasoconstriction
occurs in the brain. In effect, blood is diverted to essential
organs. After several days (or longer) at the same altitude,
these values revert to less than sea level values. If gain in
altitude continues, the values continue to rise acutely;
however, the maximal attainable heart rate, cardiac output, and oxygen consumption decrease below sea level
values. In effect after days to weeks, sympathetic activity
is downregulated, which persists. This pattern has been
observed in natives at altitude, as well [3, 4].
HVR manifests immediately as an increased rate and
depth of ventilation. It begins in the carotid body, which
senses decreased oxygen tension in the arterial blood and
sends a signal to the medullary respiratory center (MRC),
which in turn sends a signal to increase ventilation. Hyperventilation leads to reduced alveolar PCO2 leading to
increased alveolar PO2, as defined by the alveolar gas
equation [PAO2 = PIO2 – (PACO2/R); PAO2 is the alveolar
partial pressure of oxygen; PIO2 is the inspired partial
pressure of oxygen; PACO2 is the alveolar partial pressure
of CO2; R is respiratory exchange ratio]. The intensity of
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HVR is genetically determined and explains, in part, why
some individuals are more susceptible to A-H&H, i.e., the
more robust the HVR, the better the acclimatization and
the less likely the development of A-H&H. HVR, however,
can be depressed by alcohol, sedatives, and sleep disturbance; and, it can be stimulated by almitrine, caffeine
(indirectly), and progesterone. The risk for A-H&H is
never zero. As HVR produces an increased ventilation,
a respiratory alkalosis occurs, which limits the amount
of respiratory rate increase by suppressing MRC, at least
until the kidneys excrete excess bicarbonate over 1–2 days
at which time the respiratory rate can increase further,
maximizing the response at that altitude over a period of
about 2 weeks. If there is a further gain in altitude, this
process continues [3, 4, 6].
Oxyhemoglogin dissociation responds immediately to
the hypoxia and increased ventilation occurring at altitude, as defined by the oxyhemoglobin dissociation curve
(ODC). Increased ventilation produces alkalosis in lung
capillaries (CO2 expelled), favoring oxygen uptake by
shifting the ODC to the left. At the tissue level, acidosis
(CO2 buildup) and hypoxia (2, 3-diphosphoglycerate
increases) favor oxygen release by shifting the ODC to
the right. As a result of these events, both lung oxygen
uptake and tissue oxygen delivery are maximized [4].
Improved lung gas exchange occurs with acclimatization over weeks at the same altitude, because an increased
pulmonary capillary transit time coupled with an
increased PAO2 (HVR), which increases alveolar-capillary
oxygen gradient. The increased transit time results from
a decreased cardiac output and stroke volume over days
to weeks at the same altitude. Increased hemoglobin production manifests in first 2 h at altitude with the release of
erythropoietin. Over the next 2 weeks the red blood cell
mass begins to increase, raising the oxygen-carrying
capacity of the blood. This capacity continues to expand
over weeks to months to maximize the response. Angiogenesis occurs weeks to months secondary to a tissue level
HIF-1a stimulating vascular endothelial growth factor
(VEGF) VEGF has a negative impact on the brain (see
AMS-HACE below). Improved oxidative metabolism
occurring in mitochondria and improved tissue gas
exchange, also, take weeks to months to effect [3, 4, 6].

Pathophysiology AMS, HACE, and HAPE
Cellular function deteriorates under hypoxic stress and the
rate of deterioration varies from tissue to tissue, e.g.,
seconds in the retina versus minutes in the myocardium.
The oxygen cascade describes the drop in PO2 as oxygen is
transported from the atmosphere successively to the
alveolus, artery, capillary, en route to each specific tissue,

where the biggest drop occurs, as oxygen is extracted
to maintain oxidative phosphorylation homeostasis.
Each tissue needs a minimum cellular PO2 to maintain
oxygen homeostasis, e.g., 10 mmHg myocardium,
18 mmHg brain, 28 mmHg resting muscle, and
20–30 mmHg renal cortex. For each of these tissues
oxidative stress occurs, when the PO2 drops below its
homeostatic level. Two other factors that can accentuate
hypoxia are sleep hypoxia (occurs at all altitudes, including sea level), where there is a drop in oxygen saturation of
several percentage points normally during sleep, which
can vary considerably among individuals. The other factor
is the drop in barometric pressure that can occur during
the night from a weather shift leading to a drop in oxygen
availability (see Definition). The research literature is now
supporting the concept that capillary stress failure is the
major pathologic insult in HAPE and, perhaps, HACE,
although much more work needs to be done to fully
delineate the pathophysiological mechanisms [1, 3, 4, 6].

AMS-HACE
AMS and HACE secondary to the oxidative stress of
hypobaric hypoxia with the generation of free radicals
are accepted as being on a continuum. The pieces of the
molecular puzzle that connect the two are not yet in place,
but many researchers think it is only a matter of time
before the puzzle is solved, which will lead to novel therapies for oxidative stress states such as this. The most overt
pathologic insult of HACE is vasogenic edema (on MRI),
which equates with disruption of the blood brain barrier
(BBB). VEGF and NO are increased and contribute to this
disruption by raising vascular permeability. Additionally,
microhemorrhages (on MRI), have been noted in nonfatal
HACE, which are compatible with capillary failure. In
hypobaric hypoxia and isobaric hypoxia studies, individuals developing AMS symptoms had vasogenic and
cytogenic edema (both mild) on MRI, while those individuals not developing AMS (non-AMS) had only
vasogenic edema (mild). In another AMS and non-AMS
hypobaric hypoxia study, free radicals were elevated in
both groups (somewhat more in the AMS group, but not
significantly) and there was no clear indication of BBB
disruption. Fluid shifting within the brain during
hypobaric hypoxia, i.e., decrease of inner cerebrospinal
fluid attributed to increased cerebral blood flow and
cerebral blood volume, does not correlate with AMS
symptoms versus non-AMS, but indicates a mechanism
for increased brain volume without disruption of the BBB.
Hacket and Roach point out that at an altitude of 2,400 m/
8,000 ft, AMS does occur, sometimes with debilitating
symptoms, but the oxidative stress is not severe. Clinically,
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there are treatment strategies that are highly effective
(see Treatment), but the pathophysiology is not yet
delineated; there appears, though, to be enough data to
conclude that AMS and HACE are on a continuum and
that researchers are getting closer to elaborating the
mechanisms involved [1, 3, 4, 6, 8].

HAPE
HAPE appears to be caused by pulmonary capillary stress
failure. Pulmonary artery pressure (PAP) rises with ascent
to altitude in all individuals. The stimulus is alveolar
hypoxia. Hypoxic pulmonary vasoconstrictor response
(HPVR), occurs in the precapillary arteriole and is
calcium dependent (Ca influx into smooth muscle fibers;
vasoconstriction blocked by verapamil). At sea level, this
response to alveolar hypoxia serves to divert blood away
from poorly functioning alveoli (atelectasis, infection,
interstitial fluid, alveolar fluid, scarring) to well-aerated
alveoli creating good ventilation-perfusion matches to
maximize oxygenation of hemoglobin and removal of
carbon dioxide. At altitude, the hypoxia is global leading
to diffuse vasoconstriction and what was an advantage
becomes a disadvantage. Additionally, because of the
hypobaria, the number of oxygen molecules available to
saturate hemoglobin is smaller. See Acclimatization for
how the body’s physiology adapts to these events. Normal
mean resting PAP at sea level is 14 mmHg ( several mm)
at rest and 33 mmHg with exercise ( several mm). At
3,000 m/12,000 ft it is 21 mmHg at rest. In a simulated
ascent in a hypobaric chamber over 40 days by nine
healthy males without prior A-H&H (Operation Everest
II) (One withdrawn at 5,487 m/18,000 ft due to brief
hypoxic episode) from sea level to 8,450 m/29,000 ft
(Everest summit) the PAP at rest (R) and with exercise
(Ex) and the related oxygen saturation (Sat in%) are
summarized in Table 3.
High Altitude Syndromes. Table 3 Pulmonary artery pressure and oxygen saturation at altitude while at rest and during
exercise

Altitude
(m)/(ft)

a

Rest

Exercise

Ox sat
PAP
(mmHg)a (%)b

PAP
(mmHg)

Sea level

15

97

33

96

6,100/20,000

24

76

41

61

7,625/25,000

34

68

54

59

8,450/29,000

33

58

48

49

SD ± several millimeters
SD ± several % points

b

Ox sat
(%)

H

In 16 HAPE cases at 3,700 m/12,000 (Adapted from
Hultgren, [4], page 277) the PAP ranged from expected to
considerably higher (22–117 mmHg; Sat 55–87%),
indicating that PAP is not the sole determinant of HAPE,
but typically the PAP is much higher in HAPE than
expected at the given altitude [3, 4, 7, 8].
Several factors have been associated with the development of HAPE, but individually do not account for
all cases. These factors have been identified by studying
HAPE-susceptible individuals (H-sus), i.e., experienced at
least one episode of HAPE, compared to HAPE-resistant
individuals, i.e., never had at altitude (H-resis). A low
HVR increases the risk of HAPE at altitudes of 1,400 m/
4,600 ft and higher (H-Risk). Not all individuals with
a low HVR develop HAPE. If the HVR is moderate or
high the H-Risk is markedly reduced. HVR appears to be
genetically determined and varies considerably from individual to individual, but is consistent within the same
individual. An exaggerated HPVR increases H-Risk;
coupled with a low HVR, the risk appears to be much
more than additive. During a hypoxic challenge at rest and
during exercise at sea level, there is an exaggerated increase
in PAP with H-sus. There is also an abnormal increase in
PAP during normoxic exercise. An exaggerated sympathetic response in H-sus to ascent might increase H-Risk,
although the response is attenuated somewhat by HVR,
depending on the latter’s intensity. Endothelin-1, a potent
pulmonary vasoconstrictor derived from endothelium, is
correlated with elevated PAP at altitude and also elevated
PAP in chronic hypoxic pulmonary conditions; its levels
tend to 33% higher in H-sus versus H-resis. Blockade of its
receptors (bosentan) blunts hypoxia-induced increase in
PAP. NO (vasodilatation) is produced in the lower respiratory tract and can be detected in exhaled air. It is notably
decreased (about 20%) in the exhaled air of H-sus versus
H-resis, and may play a role in HPVC. Animal models
have demonstrated that alveolar fluid clearance may be
downregulated by hypoxia or negatively affected by genetics. As a result of the above events and others to be
discovered, the pulmonary alveolar-capillary membrane
fails and fluid is extravasated into alveoli (minimal in the
interstitium; effusions are rare) in a patchy, random pattern, as seen on the chest x-ray, with a predilection for the
right middle lobe; but any area of the lung fields may be
involved. The fluid extravasated is of a high permeability
type consisting of large molecular weight proteins, cells,
and intravascular fluid [3, 4, 7, 8].
The extravasation occurs through what is called the
blood-gas barrier (BGB), which is a tripartite structure
consisting of an extracellular matrix (ECM) sandwiched
between the alveolar epithelium and the capillary
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endothelium. This has been well demonstrated on electron
microscopy. The BGB must be extremely thin and
extremely strong to accomplish its physiological mission;
thin enough to allow oxygen to diffuse rapidly from the
alveolous into the capillary lumen and red blood cells to
bind to hemoglobin and carbon dioxide to diffuse from
the capillary lumen into the alveolous to be exhaled, and
strong enough to withstand transient, prolonged, or
sometimes chronic pressure increases. This is a paradox,
but BGB does extraordinarily well at this task, owing to its
elegant structure. The ECM is the backbone and the strongest element of the BGB and the ECM’s strongest element
is type IV collagen, which has a chickenwire-type appearance, and has stress points that permit bending but not
breaking. Stressing of the BGB distorts the ECM, leading
to intracellular disruptions of the two epithelial layers. For
a more detailed discussion of the structure of the BGG
see West [8].
Capillary disruptions can occur at transmural pressures as low as 14–29 mmHg, but pressures of 40 mm
are required in an experimental rabbit model to produce
consistent disruption. Pathologic conditions in addition
to HAPE that undergo capillary stress failure producing
high permeability-type alveolar fluid are left ventricular
failure, mitral stenosis, neurogenic pulmonary edema,
and overinflation syndrome secondary to positive
end-expiratory pressure. Studies with rabbit and frog
models, using increased intracapillary pressure, demonstrate opening of intracellular channels with basement
membrane intact permitting the passage of cells,
fluid, and proteins. These channels close rapidly with
decrease in pressure. This model is compatible with
what is observed in humans with HAPE, i.e., rapid
reversal of pathology over a few days with descent and
rest [3, 4, 7, 8].
Uneven HPVR can expose areas of the pulmonary
vasculature to markedly increased pressures secondary to
overperfusion. This concept was initially propounded by
Hultgren in 1966. Overperfusion manifests as some areas
of the pulmonary vascular bed experiencing vasoconstriction, some areas experiencing vasconstriction with capillary microthrombi, which completely obstruct flow, and
some areas experiencing no vasoconstriction; therefore,
prone to receive increased flow, i.e., overperfusion, producing a marked rise in pressure locally that can
predispose to stress capillary failure. Thrombi have been
noted in terminal pulmonary arterioles and capillaries on
autopsies of individuals dying of HAPE. Pulmonary
MRI studies in H-sus demonstrate heterogenous pulmonary blood flow patterns. Ventilation-perfusion scans of

H-sus demonstrate increased perfusion in the lower lungs
versus the upper lungs; perfusion is uniform in H-resis
[4, 7, 8].

Re-ascent HAPE
Re-ascent HAPE (rHAPE), also known as reentry HAPE,
is reported in persons living at high altitude for years, e.g.,
Peru and Leadville, CO, USA, who descend below
1,600 m/5, 400 ft for at least 3–7 days and then re-ascend
rapidly to their homes. It occurs more often in children
than adults. Hackett & Roach [4] quote Hultgren as
stating that the incidence in Peruvian natives is 6.4 episodes of rHAPE/100 exposures in children (age 1–20 year)
and 0.4/100 in adults (>20 year).

Other High Altitude Conditions
Other conditions occur at high altitude that may be confused with A-H&H or contribute to its pathophysiology:
● Periodic Breathing : Periodic breathing (PB) is an acute
adaptive response to the hypoxia encountered upon
ascent to high altitude, most often occurring on the
first nights at altitude; it is characterized by alternating
periods of hyperpnea and hypopnea or apnea (no
respiratory effort, i.e., central apnea) with a varying
cycle length of 12–34 s, which shortens with increasing
altitude; this cycling results from seesawing between
the ventilatory stimulation of hypoxia (HVR) and the
ensuing ventilatory inhibition of hypocapnea; repetitive cycles of apnea and hyperpnea develop during
nonrapid eye movement (NREM) sleep; the result is
improved oxygenation during sleep; the respiratory
pattern is often improved during REM sleep – likely
due to the decreased hypoxic and hypercapnic responsiveness characteristic of REM sleep; PB is not uncommon at 8,000 ft/2,400 m and present in all individuals
at 10,000 ft/3,000 m and higher; at extreme altitude it
may persist almost indefinitely; the only known
predisposing factor for the development of high altitude PB is increased HVR; high HVR will lead to
increased hyperventilation on ascent to altitude.; it
may be more common in men than women since
men tend to have a higher chemo-responsiveness
than women (and thus a higher HVR). Since PaCO2
is the principle stimulus to respiration during NREM
sleep, hypocapnia can result in a lack of respiratory
drive, resulting in apnea or hypopnea; acclimatization
over several days to 2 weeks produces a favoring of
hypoxic drive and blunting of hypocapnic inhibition,
leading to decreased apnea and PB; a strong HVR is
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common in climbers able to climb very high, while
a poor HVR is common in individuals suffering from
A-H&H. Treatment involves graded ascent (effective,
but too often considered inconvenient), oxygen
administration (abolishes PB), and acetazolamide
(reduces PB and improves oxygen saturation);
there is no reported association of PB with and
A-H&H.
Sleep at Altitude : the normal pattern of sleep is N1 !
N2 ! N3 ! N2 ! REM ! repeat (N = NREM; N1 &
N2, stages 1 & 2, sleep or light sleep; N3, deep sleep);
sleep is disturbed at altitude; there is increased fragmentation of sleep from frequent awakenings
(arousals), which lead to reduced N3 sleep in favor of
N1 and N2 sleep; the increased arousals from sleep are
attributed to periodic breathing, as well as complaints
of dyspnea or suffocation; however, they may also be
affected by circadian rhythm and body temperature;
there does not appear to be a relationship between
disturbed sleep and susceptibility to altitude illness
or other serious problems; with increasing hypoxia,
sleep time is shortened and arousals increased; acetazolamide diminishes arousals, improves oxygenation,
and improves sleep quality.
Peripheral Edema : 10–20% incidence; women greater
than men; not typically related to AMS; responds
to furosemide or triamterene/hydrochlorthiazide; if
related to AMS, usually responds to acetazolamide.
Plasma Volume : Plasma volume decreases 10–15%,
half of this within 24 h of ascent and the remainder
over the next 30 days, probably because of a fluid shift
out of the vascular space, and persists for up to 60 days
total; there is no know adaptive advantage.
HAH : High altitude headache is the most common
altitude symptom; the incidence is 59–69% individuals overall at various altitudes above 2,400 m/8,000 ft;
in climbers in the Swiss alps, it increased with increasing altitude: 6% at 2,900 m/9,500 ft; 10% at
3,000 m/10,000 ft; 36% at 3,700 m/12,000 ft/; and
73% at 4,600 m/15,000 ft; it is lessened by gradual
ascent; it may or may not be associated with other
AMS symptoms, which would engender the diagnosis
of AMS; but often enough there are no other symptoms, as occurred with one of the authors (WHS),
when he trekked to the Everest Base Camp in
Nepal, i.e., he had a headache (diffuse, mild; did
not interfere with any activity) for one evening at
3,700 m/12,000 ft and it abated overnight with ibuprofen (already on daily acetazolamide for prophylaxis) and did not recur the remainder of the trek;
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and, he had no other symptoms of AMS; oxygen is
often immediately effective (<10 min) with or without AMS symptoms.
HAPB : In Nepal high altitude pharyngitis and bronchitis are called “Khumbu cough” and “Himalayan
hack”; high altitude cough/bronchitis/pharyngitis is
nearly universal at 18,000/5,500 m after 2 weeks;
thought to arise secondary to the combination of the
cold, dry climate and the adaptive mouth breathing
(air not moisturized) at high altitudes, particularly
with exercise, leading to a dry, irritated airway;
research suggests that hypobaric hypoxia increases
the cough receptor sensitivity; treatment includes
breathing through a face mask (e.g., balaclava over
mouth), inhaled steam, throat lozenges, oral hydration, and decongestant nasal spray, which keeps the
nose clear for nasal breathing, especially during
sleep; fractured ribs have been reported with severe
cough; any signs indicating infection should not be
ignored.
HARH : High altitude retinal hemorrhage has a
reported incidence of 4–67% at 4,300 m/14,200 ft–
8,200 m/26,900 ft; reported under 8,900 m/10,500 ft
in association with HAPE and HACE; usually asymptomatic, although there have been reports of decreased
visual acuity and paracentral scotomas; resolves over
1–8 weeks after descent.
HAB : High altitude blindness has been reported as
cortical blindness or secondary to arterial spasm
related to migraines; the cortical blindness episodes
occurred at 4,300 m/14,000 ft secondary to severe
hypoxia, were bilateral, intermittent, lasted 20 min
to 24 h, and responded dramatically to oxygen
plus 5% carbon dioxide and/or descent; the arterial
spasm episodes were linked to migraine-like headaches and were sudden and brief (Hultgren quoting
Hackett, 4).
HAS : High altitude syncope appears to be
a vasodepressor syncope reported at various altitudes
above/2,400 m/8,000 ft and as high as 6,000 m/
19,700 ft on Mt. Everest; has been reported at
7,000 m/23,000 ft simulated altitude in a hypobaric
chamber; activities immediately preceding the syncope included alcohol ingestion, eating a large meal,
standing, carrying a heavy load, and micturition/defecation; usually occurs <24 h after arrival at altitude; it
has also been reported in acclimatized individuals,
including climbers; workups afterward are typically
negative; unknown whether or not the hypoxia of
altitude and the body’s physiologic adaptations to it
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contribute; factors related to sea level syncope that
might be accentuated at altitude include decreased
ventricular volume upon ascent to high altitude secondary to decreased plasma volume, b-adrenergic
response to the sympathetic stimulation that occurs
soon after arrival at altitude, and reduced cerebral
blood flow secondary to respiratory alkalosis at altitude; impaired cerebral autoregulation during orthostatic stress may play a role; the lack of the expected
increase in systemic vascular resistance at altitude, e.g.,
3,700 m/12,000 ft, compared to sea level, where there is
an increase in resistance, may contribute to a drop in
blood pressure.
● UV Keratitis: Ultraviolet radiation increases by altitude (4% every 300 m/1,000 ft), low latitude, and
reflective surfaces (rocks, sand, snow, water); the cornea absorbs all wavelengths of UV < 300 nm, which
includes some of UVA and all of UVB; UV keratitis can
occur readily at altitude without proper eye protection; characterized by eye pain (moderate to severe),
pain with blinking, photophobia (moderate to severe),
and punctate corneal wounds that stain with
flourescein.
● CMS: Chronic mountain sickness is rare and occurs in
individuals who reside at altitudes >3,000 m/10,000
for months to years; symptoms include dyspnea,
fatigue, impairment of intellect, and progressive weakness; signs include arterial desaturation, polycythemia,
and pulmonary hypertension, all of which are marked;
decent to lower altitude reverses all of these; mechanism is not clear.
● For further discussion on these and other high altitude
conditions not directly related to A-H&H, see the
reviews included in the references [3, 4].
Conditions that may or may not increase risk for
A-H&H at high altitude (Adapted from Hackett and
Roach [3])
● Probably No Extra Risk : extremes of age, all fitness
levels, mild obesity, diabetes, surgically treated coronary artery disease (CAD) without angina, mild
chronic obstructive lung disease (COPD), asthma,
low-risk pregnancy, hypertension (controlled), seizure
disorder (controlled), psychiatric conditions, cancer,
inflammatory diseases.
● Caution: moderate COPD, compensated congestive
heart failure (CHF), morbid obesity, sleep apnea syndromes, arrhythmias (not well controlled), stable
CAD, high-risk pregnancy, sickle-cell trait, cerebrovascular diseases, restrictive pulmonary disease, seizure
disorder (not controlled), radial keratotomy.

● Contraindicated: sickle-cell anemia, severe COPD,
symptomatic pulmonary hypertension, uncompensated
CHF.
● For a more extensive discussion of this topic, see the
reviews included in the references [3, 4].

Treatment
The principles of treatment of AMS, HACE, and HAPE
apply to all altitude venues, whether climbing, trekking,
hiking, camping, skiing, driving, walking around town, or
sitting in a resort. It can happen to anyone, anytime. It is
imperative to pay attention to all the principles, all the
time, in order to avoid a disaster, because the clinical
status can change rapidly and dramatically:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Recognize early
Closely monitor
Do not ascend
Do not leave the patient alone
Improve oxygenation (>90% saturation): descend,
administer oxygen, use hyperbaric bag
Consider evacuation
Review differential diagnosis
Administer steroids, nifedipine, and acetazolamide,
as indicated
Administer symptomatic medications, as needed
Consider as a separate diagnosis

AMS, HACE, and HAPE (A-H&H) can be missed,
particularly early in the course of the illness. A high
index of suspicion is essential to making this diagnosis.
The earlier the diagnosis is established the more effective
the therapy will be and the fewer the resources that will be
required for management. Closely monitor the patient for
any change in status, which can occur abruptly. When
acute symptomology develops in anyone, further ascent
is contraindicated, because if A-H&H is the cause, ascent
can precipitously worsen the clinical condition. Assuming
that the patient will be alright and can be left alone to sleep
has led disastrous results in some instances, i.e., the patient
died in their sleep. Improving oxygenation in anyone who
has been diagnosed with advanced AMS, HACE, or HAPE,
is imperative. The goal is to maintain oxygen saturation at
90% or better. In the field there may or may not be
equipment available to measure oxygen saturation. The
best technique for improving oxygenation is to descend
until symptoms improve, which may or may not be more
than the standard recommendation of 500 m/1,500 ft. It is
best to initiate descent while the patient is able to assist in
their own descent and not have to be carried down. At
least two people should accompany the patient on
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descent. Administration of oxygen in the field is often
impractical for logistical reasons. At resorts and hotels
at altitude, there is often oxygen available that can be
administered under medical supervision. There are also
clinics and hospitals available in some of these venues,
which may permit management of some less severe
cases without necessitating descent or evacuation. The
problem is that in the field (particularly), hotels, and
resorts, there is less margin for error, which may lead to
an early decision for evacuation. This may also apply to
clinics and small hospitals at altitude. Hyperbaric bags
(http://www.high-altitude-medicine.com/hyperbaric.html;
accessed November 15, 2010) are usually used in the field
under circumstances where the patient is deteriorating
rapidly, may already be in a coma, and field conditions
do not permit or descent.
The hyperbaric bag increases the pressure in the bag by
2 PSI above the ambient barometric pressure, which translates to varying physiological descents, but large,
depending on the ambient altitude; e.g., an ambient altitude of 3,000 m/9,842 ft becomes a physiologic altitude
inside of the bag of 1,555 m/5,102 ft, which is a descent
equivalent of 1,445 m/4,740 ft; for other ambient-to-bag
calculations (see Table 4). Hyperbaric bags should not be
used as a substitute for evacuation and should not delay
evacuation. Evacuation is typically made to a lower altitude (1,500 m/5,000 ft or less) to a facility with intensive
care capability.
There are many conditions that can be confused with
A-H&H and may even be concurrent, compounding the
diagnostic dilemma. These include: acute viral syndrome,
acute bacterial infection, acute psychosis, alcohol intoxication, alcohol withdrawal, brain tumor, bronchospasm, carbon monoxide poisoning, dehydration, diabetes out of
control, exhaustion, hangover, hypoglycemia, hyponatremia,
hypothermia, migraine headache (including complex
migraine), myocardial infarction, pneumonia, pulmonary
embolism, seizures, sedatives use, subarachnoid hemorrhage, stroke, and transient ischemic attack.
High Altitude Syndromes. Table 4 Simulated descent in
portable hyperbaric chamber
Ambient altitude

Inside portable hyperbaric
chamber

(ft)

(ft)

(m)

(m)

9,843

3,000

5,102

1,555

14,765

4,500

9,144

2,787

19,686

6,000

13,042

3,975

24,608

7,500

16,776

5,113

H

Hypothermia should always be a consideration with
any acute illness at altitude. Temperature decreases
1.7 C/3.6 F per 300 m/1,000 ft gain in altitude. The
presentation may be subtle just as with A-H&H with
symptoms including: anxiety, confusion, dizziness,
fatigue, hunger, impaired judgment, moodiness, nausea,
psychosis, risk taking, poor cooperation, and suicidal
ideation/attempt. It can occur in ambient temperatures
as high as 10 C/50 F.
The Wilderness Medical Society (WMS) recently convened an international group of altitude medicine clinicians and researchers to produce a set of consensus
guidelines for prevention and treatment of acute altitude
illness ([5]: http://www.wemjournal.org/article/S1080–
6032%2810%2900114-6/abstract; accessed 11 November
15, 2010; complete article can be accessed and downloaded
at no charge).
Below is an adaptation of the WMS consensus guidelines for treatment and prevention of AMS, HACE, and
HAPE.

Treatment for AMS-HACE Includes

● Descent (see above) is the single best treatment; goal is
improved symptoms.
● Supplemental oxygen (see above); goal is oxygen saturation >90%.
● Portable hypobaric chamber (see above); goal is
improved symptoms; very effective; symptoms may
recur after removal from chamber; do not delay
descent or evacuation, when feasible.
● Acetazolamide: 250 mg BID; a lower dose may be
effective (not studied); pediatric dosage is 2.5 mg/kg
per dose BID (max 250 mg/dose); treat until symptoms resolve; may be beneficial, but dexamethasone is
the preferred medication (see Prevention AMS-HACE
for details of effects of acetaolamide).
● Dexamethasone: very effective; does not facilitate acclimatization; 8 mg IV, IM, or PO initially, then 4 mg
every 6 h until symptoms resolve; pediatric dose is
0.15 mg/kg per dose every 6 h; ascent should never
be performed while on dexamethasone (only exception is search & rescue mission).

Treatment for HAPE Includes

● Descent (see above) is the single best treatment; goal is
symptom improvement.
● Supplemental oxygen (see above); goal is oxygen saturation >90%; may obviate descent when administered
in healthcare facility at altitude under close
monitoring.
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● Portable hypobaric chamber (see above); goal is
improved symptoms; not systematically studied, but
anecdotal reports suggest benefit; do not delay descent
or evacuation, when feasible.
● Nifedipine: 30 mg SR every 12 h or 20 mg SR every 8 h;
not considered sole therapy at altitude, unless there is
no other choice.
● Phosphodiesterase inhibitors : cause pulmonary vasodilation; no systematic studies; anecdotal reports
show benefit; tadalafil 10 mg BID; sildenafil 50 mg
every 8 h.
● Continuous positive airway pressure : adjunct in hospital setting; not feasible in field; expiratory positive
airway pressure and continuous positive airway pressure have been used; no systematic studies; no studies
to suggest that it improves outcomes.

Prevention of AMS-HACE Includes

● Gradual ascent is a highly effective prevention strategy;
the sleeping altitude is considered more important
than the altitude attained during waking hours,
“climb high, sleep low;” above 3,000 m/10,000 ft
sleeping altitude should not be increased more than
500 m/1,500 ft/day and should include a rest day every
3–4 days (no further ascent on rest days).
● Acetazolamide : 125 mg BID; pediatric dose 2.5 mg/kg
with maximum of 125 mg every 12 h; alternative adult
doses of 250 mg BID and 500 mg sustained release
have been used, but may have more side discontinue
use after 2–3 days if remaining at same altitude;
restart if continue to ascend; all doses are well
established as efficacious in preventing AMS; acetazolamide is chemically related to sulfonamides and
there is a 15% cross-reactivity with regard to
allergic reactions; anaphylaxis to sulfonamides is
a contraindication to the use of acetazolamide; efficacy
is 75% at 3,000 m/10,000 ft–4,500 m/15,000 ft; produces metabolic acidosis via bicarbonate diuresis;
a decreased pH acts centrally on the MRC to stimulate
increased ventilation.
● Dexamethasone : 2 mg PO every 6 h OR 4 mg PO every
discontinue use after 2–3 days if remaining at same
altitude; restart if continue to ascend; for search and
rescue and military operations 4 mg every 4 h has been
used for the duration of the mission in very-high-risk
situations, such as airlift to 3,500 m/11,480 ft with
immediate physical exertion; if duration of use exceeds
10 days, adrenal suppression is expected; pediatric use
is not recommended.

Prevention of HAPE Includes

● Gradual ascent is a highly effective prevention strategy;
the sleeping altitude is considered more important
than the altitude attained during waking hours,
“climb high, sleep low;” above 3,000 m/10,000 ft
sleeping altitude should not be increased more than
500 m/1,500 ft/day and should include a rest day every
3–4 days (no further ascent on rest days).
● Nifedipine : 30 mg sustained release every 12 h OR
20 mg sustained release every 8 h; use in susceptible
individuals; no pediatric recommendation.
● Salmeterol: not recommended for primary prevention;
may be considered as adjunct to nifedipine; 125 mg
BID; side effects frequent.
● Tadalafil: one small study; effective in preventing
HAPE in susceptibles; more research needed.
● Dexamethasone: 16 mg/day in divided doses prevented
HAPE in susceptibles in one study; minimal clinical
experience for this use; mechanism of protection
unclear; more research needed.
● Acetazolamide: no data regarding HAPE prevention;
hastens acclimatization, which is a benefit; may prevent reentry HAPE seen in children who reside at high
altitude, travel to low altitude, and return rapidly to
home and develop HAPE (see Prevention AMS-HACE
for details of effects of acetazolamide).
For a more extensive discussion of the treatment
A-H&H, see the reviews included in the references
[1–5, 7].

Evaluation/Assessment
Any illness at altitude is altitude illness until proven otherwise. AMS, HACE, and HAPE can be missed. One of the
authors is aware of a case of seriously delayed recognition
of advanced AMS that occurred in a physician on an
altitude medical research expedition; everyone involved
was well versed and experienced in the diagnosis and
management AMS, HACE, and HAPE. It can happen to
anyone, anytime.
AMS, HACE, and HAPE (A-H&H) are diagnosed
syndromically using the 1991 Lake Louise Consensus Definition (http://www.high-altitude-medicine.com/AMSLakeLouise.html; accessed November 15, 2010). No tests
are required. AMS (acute mountain sickness) is diagnosed
when there is a headache plus one of the following:
gastrointestinal symptom (anorexia, nausea, vomiting),
fatigue or weakness, dizziness or lightheadedness, or difficulty sleeping. Diagnose AMS in preverbal children using
the Children’s Lake Louise Score (archpedi.ama-assn.org/
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cgi/reprint/152/7/683.pdf; URL for article; accessed
November 17, 2010). HACE (high altitude cerebral
edema) is diagnosed when there is one of two clinical
presentations: (1) AMS plus mental status change OR
ataxia and (2) no AMS plus mental status change and
ataxia. It is considered end stage AMS. HAPE (high altitude pulmonary edema) is diagnosed when there are two
or more respiratory symptoms plus two or more respiratory signs; respiratory symptoms are defined as dyspnea at
rest, cough, weakness, and decreased exercise performance; respiratory signs are defined as crackles or wheezing in at least one lung field, central cyanosis, tachypnea,
and tachycardia [3, 4].

AMS
AMS develops within 1–48 h (rare after 36 h) of arrival at
altitudes above 1,400 m/4,600 ft, usually within 6–12 h.
Incidence increases with increasing altitude (see Epidemiology). When it occurs in under 6 h, it is because of rapid
ascent to very high altitude or heavy exertion upon arrival.
Symptoms progress on days 2 and 3 and subside by days
5–8. They are worse during the night secondary to sleep
hypoxemia. Hultgren [4] reviewed ten studies conducted
at altitudes between 10,000 and 17,500 ft. The most common symptoms were altered thinking/memory, dizziness,
dyspnea, GI disturbance (anorexia, nausea, or vomiting),
headache, insomnia, and lassitude/fatigue. Headache was
the most predominant symptom. It was typically worse in
the morning and worsened by exercise. Dyspnea occurred
with some exertion but did not occur at rest. Signs (mild)
included tachycardia, tachypnea, and peripheral edema
(women > men). Blood gas analysis has demonstrated
decreased oxygen content during AMS compared to controls. In one study at 14,430 ft, the PO2 was 34 mm in
the presence of AMS symptoms and 40 mm in the
control group. Unless there is progression to HAPE/
HACE, AMS subsides over approximately 7 days without
treatment [3, 4].

HACE
HACE begins within 1–17 days of arrival at altitude
(as low as 2,100 m/6,900 ft). Incidence increases with
increasing altitude (see Epidemiology). Symptoms
(42 cases summarized, Hultgren, [4]) include unconscious/semiconscious (67%), ataxia (usually truncal)
(59%), headache (40%), lethargy/weakness (36%),
vomiting (33%), and irrational behavior (17%). Signs
included decreased conscious level (74%), ataxia (64%),
retinal hemorrhages (62%), papilledema (55%), bladder
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dysfunction (50%), positive Babinski (36%), and limb
weakness (14%). HAPE occurred in conjunction with
HACE in 31% of the cases. Spinal fluid cell counts, protein, and sugar are usually normal; the opening pressure
may be normal or elevated. Early identification and treatment can be life saving. If death does not occur, recovery is
complete with rare exception [3, 4].

HAPE
HAPE begins within 1–4 days of arrival at altitude (as low
as 1,400 m/4,600 ft); but can occur abruptly. Incidence
increases with increasing altitude (see Epidemiology). It is
usually associated with rapid ascent, heavy exertion, or
both. Two reported series with a total of 286 cases included
the following symptoms: dyspnea (particularly at rest)
(74%), cough (69%), headache (44%), malaise (43%),
nausea (29%), coma (24%), vomiting (17%), confusion
(12%), insomnia (12%), and orthopnea (11%). Signs
include cyanosis, lack of participation, decreasing effort,
irrational behavior, tachypnea, gurgling respirations,
tachycardia, fever, hemoptysis, rales, cool/pale extremities.
Fever may occur but when greater than 101 F, pneumonia
or other bacterial infection should be suspected. Other
associated conditions are HACE (the most commonly
associated condition), pulmonary embolus, pulmonary
infarction, aspiration pneumonia, and myocarditis. The
white blood cell count is normal or elevated. In a series of
15 cases, the PO2 was 31.7  5.5. The electrocardiogram
demonstrates sinus tachycardia and may show right ventricular strain, right bundle branch block, and P-wave
abnormalities. Chest x-ray reveals a normal sized heart
with a range of lung parenchymal findings seen in
noncardiogenic pulmonary edema including small infiltrates in the right mid lung field, patchy infiltrates, diffuse
bilateral infiltrates, or interstitial edema. Although
patients may appear very ill, aggressive management
often prevents death; however, death does occur unexpectedly in about 20% of cases [3, 4].

Differential Diagnosis
After having a high index of suspicion for A-H&H, it is
important to consider other diagnoses (see Treatment).

After-care
Depending on housing arrangements and family support,
patients can be discharged with supplemental oxygen.
Once symptoms of their condition have resolved and
they are able to maintain oxygenation at rest and with
mild exertion without supplemental oxygen, the patient
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may consider resuming ascent. When re-ascending after
experiencing AMS, HACE, or HAPE, the rate of ascent
should always be much slower than the rate associated
with the illness, there should be less exertion, and drug
prophylaxis should be strongly considered. Additionally, it
would be wise to seek the advice of a clinician with significant experience in altitude medicine [1, 3–5, 7].

Prognosis
Recovery from AMS usually takes 1–2 days with a range of
6 h to 1 month with treatment. Below 3,000 m/10,000 ft the
maximum range is more toward several days. Above
3,000 m/10,000 ft the maximum range can extend to
a month in severe conditions. Recovery from HACE averages 2.5 weeks with a range of 1–60 days; 4.5% remained
unconscious for >2 weeks in one series; persisting impairment for weeks to months, such as ataxia, emotional lability, loss of smell, memory difficulty, and weakness have
been reported; and, there have been rare reports of permanent impairment. Recovery from HAPE ranges from 2 days
to 2 weeks. Complications include cerebral thrombosis,
HACE, hemoptysis, pneumonia, myocardial infarction,
pulmonary embolism, and pulmonary infarction; comorbid conditions may be exacerbated or worsened [3, 4].
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Synonyms
High-frequency jet ventilation (HFJV); High-frequency
oscillation (HFO); High-frequency oscillatory ventilation
(HFOV); High-frequency percussive ventilation (HFPV)

Definition
High-frequency ventilation (HFV) is an umbrella term for
a family of ventilator modes, all related by employing
respiratory rates in excess of at least 60 breaths per minute.
In this entry we will briefly define high-frequency jet
ventilation and high-frequency percussive ventilation,
then focus the rest of our discussion on high-frequency
oscillation as the mode with the largest preclinical and
clinical database.

High-Frequency Jet Ventilation
During HFJV, gas is delivered through a small-bore
catheter placed within the endotracheal tube at rates of
100–150 breaths/min. Through the Coanda effect this jet

H

High-Frequency Ventilation

of gas entrains additional gas flow into the lungs in addition to the volume exiting the jet catheter. A conventional
ventilator is used as a “slave” to the jet, providing positive
end-expiratory pressure and monitoring and alarm capabilities. HFJV is generally a very efficient mode for removing CO2, but exhalation is passive, and gas-trapping or
dynamic hyperinflation can sometimes be problematic.
Potential areas of concern with the use of HFJV include
the use of very high pressures (10–50 lb per square inch)
even if these are largely attenuated at the alveolar level,
unpredictable tidal volumes, and gas-trapping, all of which
may cause or exacerbate existing lung injury. Furthermore,
issues with inadequate humidification of inspired gas have
been reported leading to tracheobronchial injury.

High-Frequency Percussive Ventilation
HFPV is the newest and least well studied of the HFV
modes. It combines a high-frequency rate of 200–900
breaths/min on top of conventional pressure-control
breathing pattern. A purported advantage of HFPV is the
ability to improve secretion clearance and as such it has
been used in the setting of burns and inhalational injury.

High-Frequency Oscillation
HFO is a mode of ventilation that maintains a relatively
constant mean airway pressure and provides pressure
oscillations around this mean, resulting in very small
tidal volumes. Very high respiratory rates are used such
that they are conventionally discussed in Hertz (cycles/s)
rather than breaths per minute; rates of 3–15 Hz are used.
During HFO a continuous bias flow of oxygenated,
humidified gas is passed in front of an oscillating membrane (Fig. 1), which pushes and pulls the gas into and out
of the patient; this active expiration is an attribute unique
to HFO among high-frequency modes. HFO provides
relative “decoupling” of oxygenation and ventilation.
Carbon dioxide elimination is dependent on the frequency
and tidal volume, but is relatively independent of lung
volume, while oxygenation is dependent on mean airway
pressure and achieved aerated lung volume.

Pre-existing Condition
ALI/ARDS and VILI
Acute respiratory distress syndrome (ARDS) is
a catastrophic form of respiratory failure. Clinically,
ARDS is defined by severe, acute hypoxemia (PaO2/FiO2
< 200 mmHg), and bilateral infiltrates on chest radiography that are not explained by left atrial hypertension.
Acute lung injury (ALI) is defined using the same criteria
with a less severe oxygenation cutoff (PaO2/FiO2
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High-Frequency Ventilation. Figure 1 Schematic outline of
the HFOV circuit showing a continuous bias flow past the
oscillating membrane, with a downstream resistance valve

< 300 mmHg). Pathologically, ALI/ARDS is characterized
by inflammatory lung injury involving both endothelial
and epithelial layers of the alveolar–capillary membrane,
with subsequent alveolar flooding, alveolar collapse, and
hyaline membrane formation. Supportive care, including
mechanical ventilation is the mainstay of treatment.
However, despite the fact that mechanical ventilation is
lifesaving for patients with ARDS, it can also cause or
worsen lung injury; a concept that has been termed
ventilator-induced lung injury (VILI).
Studies exposing animals with healthy lungs to various
injurious mechanical ventilation strategies demonstrate
the rapid development of lung injury that is clinically
and histologically indistinguishable from ARDS. There
are a number of mechanisms that can lead to the development of VILI. Oxygen toxicity, prolonged exposure to
high levels of inspired oxygen, may cause lung injury
through the formation of free radicals and superoxides;
in addition it may lead to absorption atelectasis and myocardial dysfunction. Volutrauma results from cyclic
overdistention of the lung that leads to disruption of the
alveolar–capillary barrier and activation of the inflammatory cascade. In addition, ventilation with low endexpiratory volumes can lead to repetitive alveolar collapse
and reopening that subsequently damages the lung parenchyma, termed atelectrauma. The repetitive opening and
closing of these atelectatic alveoli can cause excessive alveolar wall strain/shear injury that triggers the inflammatory
cascade. Each of these mechanisms of VILI may lead to
surfactant dysfunction, epithelial and endothelial cell
injury (necrosis/apoptosis) with increased alveolar capillary permeability, inflammatory mediator release,
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neutrophil infiltration, pulmonary macrophage activation, and bacterial translocation. Each of these mechanisms can exacerbate the local injury and initiate
a systemic inflammatory response, a process known as
biotrauma which in turn may drive the multiorgan failure
that is frequently the cause of death in ARDS patients.
An increased understanding of the clinical implications of VILI has stimulated interest in the use of lungprotective strategies to minimize further injury. Different
strategies have been developed; in order to minimize alveolar overdistention small tidal volumes and limited inspiratory pressures may be employed. To reduce atelectrauma
at least moderate levels of positive end-expiratory pressure
(PEEP) are generally recommended, while some espouse
the use of higher levels of PEEP in order to further reduce
opening-closing injury, and possibly also further reduce
volutrauma by increasing the size of the aerated lung that
must accommodate each tidal breath. These are not
merely theoretical concerns or concepts. In 2000, the
ARDS Network investigators reported a randomized controlled trial where a ventilatory strategy using low tidal
volumes (tidal volume 6 mL/kg predicted body weight and
plateau pressures below 30 cm H2O) was associated with
an absolute reduction in mortality of 9% when compared
with a control group receiving larger tidal volumes
(12 mL/kg). This trial definitively demonstrated that the
way in which the ventilator is used has a strong impact on
mortality in ALI/ARDS patients. However, the optimal
ventilation strategy for patients with ALI/ARDS, particularly those with the most severe disease, remains in question. Mortality rates for ARDS remain high at over 40% in
unselected patient populations, and imaging data suggests
that in patients with severe ARDS even small tidal volumes
of 6 mL/kg can lead to overdistention and potentially
worsen lung injury and patient outcomes.

Pressure

H

HFOV
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Time

High-Frequency Ventilation. Figure 2 Pressure - time curve
contrasting HFOV with conventional mechanical ventilation
(CMV) in pressure control mode

HFO
Volume
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High-Frequency Ventilation. Figure 3 Volume Pressure
curve of the lung showing the tidal swings along the V-P curve
with large tidal volume conventional ventilation (CMV), and
HFO

end-expiratory lung volume, preventing significant atelectasis and minimizing volutrauma and atelectrauma, as
illustrated on the static volume–pressure curve (Fig. 3).
Moreover, HFO may allow a reduction in delivered oxygen
to less toxic levels by optimizing alveolar recruitment.

Why Is HFO Theoretically Ideal for Lung
Protection Ventilation?

Application

Current goals of mechanical ventilation for patients with
ARDS are to maintain adequate gas exchange while minimizing ventilator-induced lung injury. In theory, highfrequency oscillation is ideally suited to achieve these goals
of lung protection [1]. HFO provides pressure oscillations
that are greatly attenuated by the time they reach the
alveoli (Fig. 2), resulting in small tidal volumes that may
be less than anatomical dead space. The risk of tidal
alveolar overdistention damage is therefore small. These
low tidal volumes should allow HFO to be set at a mean
airway pressure higher than during conventional ventilation, while simultaneously avoiding high peak inspiratory
pressures. This therefore facilitates the maintenance of

Laboratory Data
There are numerous animal studies demonstrating reductions in VILI using HFO compared with injurious conventional ventilation. Almost all studies reported that
HFO resulted in improvement in gas exchange, decreased
inflammatory markers (TNF, IL-1B, IL-6, IL-8, IL10,
transforming growth factor), and improved pulmonary
pathology scores. More recently and with increased relevance, there are also several studies comparing HFO with
lung-protective conventional ventilation using lower tidal
volumes (6 mL/kg) with or without increased PEEP in
animal models. Not surprisingly, these investigations do
not show such a dramatic benefit for HFO. However, of six
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studies published between 1999 and 2004, two showed
similar oxygenation, inflammation, and pathology
between the two groups, while four favored HFO in
these categories; none suggested a benefit for conventional
ventilation. Taken collectively, these animal studies provide a strong physiological rational for a potential benefit
from HFO in terms of VILI reduction compared with
optimal conventional ventilation.

Clinical Data: Neonates
Encouraging early results in animal models of lung injury
led to studies evaluating HFO in the management of
hyaline membrane disease in human neonates as
a ventilatory modality that could reduce VILI and promote adequate gas exchange. Initial studies demonstrated
sufficient efficacy and safety with HFO to warrant further
investigations in this population. The first randomized
controlled trial was conducted in 1989 where the “HIFI
study” compared HFO with conventional ventilation in
673 preterm infants with respiratory failure. Initial enthusiasm quickly waned when the investigators found no
benefits in outcomes with HFO and an increased risk of
intraventricular cerebral hemorrhage and periventricular
leukomalacia. However, like all modes of ventilation, the
efficacy and safety of HFO depends on how it is employed.
As pointed out subsequently by Bryan and Froese,
a number of problems in the HIFI study likely led to its
result, including (1) weaning mean airway pressure
(mPaw) before FiO2; (2) the lack recruitment maneuvers;
(3) the long duration of conventional mechanical ventilation before HFO in some cases; and (4) large difference in
the complication rates across centers. None of the more
than a dozen subsequent neonatal RCTs has shown similar
concerns with harm. In general, those infants treated with
a lung recruitment strategy in the HFO arm demonstrated
improvements in oxygenation, were exposed to lower
levels of supplemental oxygen, and had less chronic lung
disease at 30 days when compared with those treated with
conventional ventilation. Today HFO remains widely used
in the neonatal ICU, but is most often employed early in
the management of patients with moderate to severe preterm respiratory distress syndrome, who require alveolar
recruitment with lung-protective ventilation at high mean
airway pressures.

Clinical Data: Adults
Due to technical limitations with early versions of commercially available oscillators, HFO has only been widely
used in the adult ICU for last 12 years; earlier versions of
the device were not capable of oscillating patients
weighing more than 35 kg. The clinical database for
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adult HFO is therefore less extensive than that seen in
the neonatal or pediatric arenas. The majority of the
published experience with adult HFO consists of case
series where HFO was used as a rescue therapy in patients
with severe ARDS who were failing conventional ventilation (various definitions for failure were used, but generally these consisted of refractory hypoxemia and/or need
for very high airway pressures). There are more than 10
such papers, mostly single-center in nature, from various
research groups. Taken together they consistently demonstrate that utilization of HFO led to an improvement in
oxygenation and lung mechanics, and this use appeared
safe, as there were few reported complications. Despite the
ability to improve gas exchange, mortality rates were relatively high, often in excess of 50%; however this is not
unexpected in this population of very severe patients.
Overall based on these studies, HFO in adults appears to
be an effective and safe rescue modality for patients with
ARDS who fail to improve with conventional mechanical
ventilation.
The role of HFO as a primary modality to limit VILI
and potentially reduce mortality in ARDS patients
(i.e., use before rescue therapy is required) is another
important clinical question. Only a few randomized clinical trials have compared HFO with conventional ventilation; these are generally small studies, and in addition they
have often been confounded by crossovers between
groups, and by the use of control arms that no longer
reflect accepted “best” conventional ventilation (these
were conceived and started prior to the landmark results
of the first ARDS Network trial). The largest of these
studies randomized 148 adult patients with early ARDS,
with a primary objective of demonstrating safety; it was
underpowered to detect mortality differences. This study
observed an early improvement in PaO2/FiO2 ratio in
HFO group, and no safety concerns were identified [2].
In addition, there was a nonsignificant trend toward
a reduced mortality in the HFO arm, with 30-day mortality rates of 37% versus 52% (p = 0.06). Because of methodological limitations (small sample sizes, crossovers, and
use of dated control ventilation strategies) the collected
RCT data do not provide a definitive answer as to whether
we should be using HFO earlier than true rescue therapy.
These data should be treated as hypothesis generating, and
are suggestive that HFO may be beneficial in this setting –
a suggestion compatible with the strong physiological
rationale outlined above. More data are clearly needed.
Fortunately these appear to be forthcoming in the next few
years, as at least two large RCTs (OSCILLATE and
OSCAR) are currently underway with a planned enrolment between them in excess of 1,800 patients.
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Practical Application of HFO in Adults
As discussed above, HFO should be considered primarily
for use in patients with severe ARDS who require a high
degree of conventional ventilatory support. Based on the
data from both the neonatal literature and adult rescue
series, most experts agree that for optimal results, HFO
should be applied earlier rather than later, and should be
used in combination with a strategy to recruit the lung. In
this entry we will address the general principles to consider
when setting and adjusting HFO in adults; for more
explicit instructions readers are referred to a recent publication of an expert panel discussing protocols for HFO
use [3].
During HFO, oxygenation depends on the fraction of
inspired oxygen (FiO2) and is also largely dependent on
the mean airway pressure (mPaw) and resultant lung
volume. The mPaw is adjusted by changes in the resistance
valve at the end of the bias flow circuit (Fig. 1). In contrast,
alveolar ventilation is controlled by adjustments to the
power and resulting pressure amplitude (DP) of the oscillating membrane, and the respiratory frequency. Carbon
dioxide (CO2) clearance is enhanced by increases in power
(DP), but is inversely related to frequency (f ). Because of
a longer inspiratory time, decreasing frequency leads to
larger delivered tidal volumes with resultant increased
CO2 clearance.
On the initiation of HFO, we usually employ
a recruitment maneuver to open atelectatic alveoli and
improve gas exchange. Recruitment maneuvers can be
accomplished by raising mPaw to 40–50 cm H2O for 40 s,
usually with the oscillating membrane paused. Lung
recruitment can also occur gradually over time if the
mPaw is set above the critical opening pressure of the
lung. In practice, we usually initiate HFO with a mPaw
of 30–35 cm H2O following a recruitment maneuver. We
then adjust mPaw according to oxygenation response,
typically weaning FiO2 prior to weaning mPaw.
During spontaneous ventilation and conventional
mechanical ventilation, the main mechanisms of gas
exchange are bulk convection and molecular diffusion,
the latter accounting for gas movement in the alveoli and
alveolar ducts. During HFO, the delivered tidal volume is
often lower than the anatomic dead space volume, but
adequate ventilation can still be achieved, implying that
additional mechanisms of gas transport are involved.
These mechanisms generally involve enhanced mixing of
gas within the lung; for a more detailed discussion of these
the reader is referred to a recent review [4]. It is important
to point out that delivered tidal volumes are not measured
or displayed on the commercially available oscillator. New
data from direct measurements taken from adults with

ARDS on HFO provide two important lessons. First, in
most cases, delivered tidal volumes are indeed very small
in these patients (1–2 ml/kg PBW) [5]. However, it is also
possible, depending on the setting employed, to deliver
tidal volumes that may not be as small as desired. From
these data we have adopted a practice to use HFO to
achieve adequate gas exchange while attempting to deliver
the lowest tidal volume possible. We do this by targeting
an “acceptable” pH of above 7.25 (unless normocapnia is
otherwise indicated), and by setting a constant high power
(e.g., to achieve DP = 90 cm H2O) and simultaneously
maximizing frequency as tolerated by pH. Unless contraindications exist we also often employ a partial leak
around the endotracheal tube cuff to further enhance
CO2 clearance when we are otherwise unable to use
a frequency above 5 Hz. We believe this approach allows
us to maximize the lung-protective potential of HFO –
achieving lung recruitment while simultaneously minimizing tidal swings in alveolar pressure and size.

Summary
In this entry we provide a concise overview of the basic
physiology of high-frequency ventilation, with a focus on
high-frequency oscillation. We have explained why HFO is
theoretically ideally suited as a lung-protective mode,
summarized the available literature, and given recommendations on management strategies for treating patients
with HFO. Previous studies have suggested that the earlier
application of HFO in adult patients with ARDS is safe
and may lead to lower mortality when compared with
conventional ventilation, but this finding remains speculative. At the current time we recommend HFO in adults
be used for severe hypoxemic respiratory failure who are
not responding to conventional ventilation (rescue therapy). When it is used we suggest a strategy that combines
efforts to achieve adequate lung recruitment along with
the delivery of the lowest tidal volume possible. Results of
ongoing randomized trials should further inform the optimal place of HFO in our ventilation armamentarium in
the years to come.
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Synonyms
Darling’s disease

Definition
Histoplasmosis is a disease caused by the dimorphic fungus Histoplasma capsulatum. H. capsulatum preferentially
grows in soil contaminated by bird or bat guano. Disease is
contracted through inhalation of the spores from disturbance of the soil. Although H. capsulatum can be found
anywhere in the world, it is endemic in states bordering
the Ohio River valley and the lower Mississippi River in
the USA.
The spectrum of clinical presentation varies from
asymptomatic infection to rapidly progressive pulmonary
disease complicated by respiratory failure, according to
the extent of exposure, presence of underlying lung disease, and general immune status of the individual. Asymptomatic pulmonary histoplasmosis is the most common
manifestation following infection [1]. However, a severe,
potentially fatal acute pulmonary infection can occur with
a large inoculum. A variety of clinical syndromes have also
been described and these include acute or subacute pulmonary disease, pericarditis, rheumatologic syndromes
with erythema nodosum, progressive disseminated disease, and mediastinal complications.

Pulmonary Syndromes
Acute diffuse pulmonary histoplasmosis typically
develops within 1–2 weeks after a significant exposure.
Radiographs reveal diffuse reticulonodular infiltrates,
sometimes associated with hilar or mediastinal lymphadenopathy. The disease can progress to respiratory failure or
progressive extrapulmonary dissemination.
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Chronic pulmonary histoplasmosis is more common
in individuals with underlying chronic obstructive pulmonary disease. Patients might present with cough, lowgrade fever, night sweats, and weight loss. Radiographs
show interstitial or consolidative infiltrates occasionally
with cavitation. A progressive course usually leads to further destruction of lung tissue.

Mediastinal Syndromes
Hilar and mediastinal lymphadenopathy might lead to
adenitis or granuloma. Occasionally, patients present
with chest pain. In some cases, the mediastinal nodes
coalesce and can erode into the airways, esophagus, pericardium, or cutaneous tissues. Fibrosing mediastinitis is
a rare complication, but is often progressive with
encroachment of major vessels and central airways, and
is potentially fatal despite therapy.

Inflammatory Syndromes
Pericarditis and rheumatologic symptoms are the result
of an inflammatory or immunological response to the
infection. These findings resolve in response to antiinflammatory agents, not antifungal therapy.

Disseminated Histoplasmosis
Hematogenous dissemination is possible in acute histoplasmosis before the development of cellular immunity.
These patients might present with hepatomegaly, splenomegaly, bone marrow suppression, or hepatic enzyme
elevation. Blood cultures are rarely positive. In immunocompetent individuals, this process is usually self-limiting
and resolves without therapy.
Progressive disseminated histoplasmosis occurs in
patients with immune deficiency or at the extremes of
age [2]. Two patterns of disease have been recognized.
Infants and immunocompromised patients have
a rapidly progressive illness following acute infection.
The overwhelming infection manifests in the forms of
shock, respiratory failure, renal and hepatic failure. Alternately, a chronic slowly progressive disease course is more
common in elderly adults. These patients typically present
with nonspecific symptoms such as fever and weight loss,
in addition to pancytopenia, hepatosplenomegaly, elevated liver enzymes, and oropharyngeal or gastrointestinal
lesions. The central nervous system is involved in about
10% of cases. The most common manifestation is subacute or chronic lymphocytic meningitis. Lesions in the
brain or spinal cord may also be present. Other affected
sites include skin and adrenal glands with a risk of adrenal
insufficiency.
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Treatment
Immunocompetent Hosts
Mild forms of the disease, which do not require ICU care,
either require no therapy, or itraconazole [3]. However,
in patients presenting with severe pulmonary infection
with massive granulomatous mediastinitis, hypoxemia,
respiratory failure, and ARDS after exposure to a large
inoculum, amphotericin B deoxycholate or liposomal
amphotericin should be initiated. Once clinical improvement is obtained, itraconazole should replace amphotericin
B and is continued for 12 months. In mild and moderate
forms of acute pulmonary histoplasmosis, itraconazole for
12 months is the recommended therapy.
The use of corticosteroids in conjunction with antifungal therapy is controversial. A trial of 40–60 mg prednisone daily for 1–2 weeks in patients experiencing
hypoxic respiratory failure or massive granulomatous
mediastinitis might be given.

Immunocompromised Hosts
Amphotericin B (or liposomal amphotericin B as described
above) is the recommended therapy for patients with
progressive disseminated histoplasmosis. A 12-month
course of itraconazole should be initiated once patients
achieve clinical stability. Again, in mild and moderate
disease, oral itraconazole remains the drug of choice.
HIV-infected individuals may require prolonged
itraconazole maintenance therapy after the initial treatment course [4]. Discontinuing maintenance itraconazole
can be safely done when effective immune reconstitution
has occurred leading to a CD4 count of greater than 250.

Special Consideration
Due to frequent treatment failure, chronic pulmonary
histoplasmosis requires 12–24 months of oral itraconazole
therapy. Amphotericin B is reserved for severe disease.
Other azoles such as fluconazole and ketoconazole also
are active against H. capsulatum. However, they are considered inferior to itraconazole and are not recommended as
first-line therapy. Voriconazole and posaconazole have been
shown to be effective in salvage therapy. The echinocandins
do not provide adequate treatment for histoplasmosis.

Evaluation/Assessment
Culture, histopathology, antigen detection, and serological testing are available to aid in the diagnosis of histoplasmosis. Culture provides the strongest evidence in
establishing the diagnosis. However, it is limited by slow
growing time and a low sensitivity in mild disease. Histopathology, while less time consuming, is insensitive and is

operator-dependent. Antigen testing enables a rapid result
reporting in 24–48 h, and therefore, it is most appealing in
diagnosing severely ill patients. This EIA assay is sensitive
in detecting the galactomannan of H. capsulatum. Higher
sensitivity is seen in urine than serum, and in immunocompromised individuals compared to normal, healthy
persons [5]. Nevertheless, false positive results might
arise because of cross-reactivity with other fungal species.
Serologic testing, while of limited utility in immunocompromised and critically ill patients, encompasses two test
assays: complement fixation testing and immunodiffusion. In the complement fixation test, a titer of >1:32 is
suggestive of acute infection. A mildly elevated titer in the
ranges of 1:8 to 1:16 might also be observed in active
disease; therefore, it should not be ignored. False positives
are possible in patients with other granulomatous processes, including infections with other fungal species,
tuberculosis, and sarcoidosis. Immunodiffusion provides
a higher specificity than complement fixation testing.
Most patients will develop the M band with acute infection but it remains elevated for years, whereas the H band
is usually seen in immunocompetent patients with disseminated histoplasmosis, chronic cavitary pulmonary
disease, or acute diffuse pulmonary histoplasmosis and is
present for only 4–6 weeks after exposure.
Given the diagnostic characteristics of each test, the
results need to be interpreted in the appropriate clinical
context. In the case of acute diffuse pulmonary histoplasmosis and progressive disseminated histoplasmosis, culture, histopathology, and antigen detection are useful. In
milder disease, serological testing is a better modality.
Cultures of respiratory specimens are usually positive in
chronic pulmonary histoplasmosis.

After-care
In persons with underlying COPD, prolonged pharmacotherapy is required to halt disease progression and frequent treatment failure. Long-term follow-up is prudent
because of the possible complications from cavitary
lesions. High-risk patients for disseminated histoplasmosis also would require close monitoring. In particular, HIV
infected individuals might be considered for prolonged
maintenance therapy, depending on the CD4 count. Lifelong prophylaxis might be appropriate for those with CD4
counts <200 and not responding to HAART, or in those at
high risk of exposure.

Prognosis
In healthy individuals, asymptomatic infection is most
common. The majority of the remaining cases present
with mild and self-limiting diseases, which do not require
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active therapy. However, in untreated progressive disseminated histoplasmosis, the mortality is reported to be
greater than 90%.
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HIV
Human immunodeficiency virus – associated with deficit
in cell-mediated immunity caused by a depletion of CD4+
T-cells.

HIV Infections

understanding of the biology and treatment of the virus
have continued to evolve. HIV is a single-stranded RNA
virus. The hallmark of untreated HIV infection is progressive depletion of CD4 + helper T-lymphocytes, but almost
all facets of the immune system can be affected. Infected
hosts suffer from immune dysregulation, dysfunction, as
well as deficiency. HIV-infected persons are at risk for
a number of opportunistic infections and neoplasms,
and the risk for most of these conditions increases as the
CD4 cell count declines. Immunity may be preserved,
improved, or restored by the use of combination antiretroviral therapy (ART), thus decreasing the morbidity and
mortality seen in HIV [1]. Unfortunately, access to these
drugs is not universal and they may not be effective in all
patients.
HIV-infected patients require critical care both for
HIV-related diseases and conditions unrelated to their
underlying immunodeficiency. Physicians caring for HIVinfected persons in the intensive care unit (ICU) must
consider both processes that occur in non-HIV-infected
patients as well as HIV-related conditions, namely,
opportunistic infections, neoplasms, and HIV-associated
comorbidities or toxicities associated with antiretroviral
therapy. Treatment of acute, life-threatening conditions
requires similar strategies in HIV-infected persons as in
HIV-uninfected persons, but clinicians need to be aware of
the wider spectrum of diseases seen in HIV and the potential drug toxicities and drug interactions that can occur in
those on antiretroviral therapy.
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Synonyms
Acquired
immunodeficiency
immunodeficiency virus

H

syndrome;

Human

Definition
The human immunodeficiency virus (HIV) was first
reported as the cause of the acquired immunodeficiency
syndrome (AIDS) in 1984, 3 years after the first AIDS cases
were reported in the United States. Since that time, our

Epidemiology
Over the course of the HIV epidemic, there have been
many advances in the treatment of HIV and its associated
diseases, with arguably the most important advance being
the introduction of effective combination ART. Overall
mortality has improved significantly in patients receiving
combination ART [1]. Due in part to ART, the spectrum
of diseases seen in the ICU in HIV-infected patients has
shifted to include fewer cases of opportunistic infections
such as Pneumocystis pneumonia (PCP); however, ICU
admission rates have not changed substantially in the
ART era (5–12% of hospital admissions). ICU admission
rates may have remained relatively constant because many
HIV-infected patients continue to be admitted to the ICU
without prior known HIV infection (range 28–40%) and
about half of patients are not on ART at the time of
admission. Thus, these patients may be presenting with
critical HIV-associated illnesses because they have not
been receiving care and have not been able to benefit
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from the effects of ART. In addition, as survival in HIV
improves, both clinicians and patients with HIV infection
may be more likely to pursue aggressive care. The increasing numbers of aging HIV-infected patients may also
contribute to a larger number of ICU admissions in the
future.

Respiratory Diseases
Respiratory disease has been the most common reason for
ICU admission among HIV-infected persons throughout
the HIV/AIDS epidemic; however, the proportion of ICU
admissions due to respiratory disease has declined and the
spectrum of respiratory diseases has changed. Previously,
opportunistic infections such as PCP accounted for the
majority of respiratory diseases and ICU admissions. Currently, opportunistic pneumonias are less frequent, while
noninfectious complications are increased. Among the
opportunistic pneumonias, PCP, bacterial pneumonia,
and tuberculosis are important considerations and, in
many cases, should be the focus of diagnostic testing and
initial empiric therapy. There is a high prevalence of
cigarette smoking among HIV-infected persons and
increased risk of chronic obstructive pulmonary disease
(COPD) and lung cancer in HIV, making these diseases
important considerations in the proper context and
presentation.
PCP remains an important cause of ICU mortality,
with mortality rates exceeding 40–50% in most studies.
Patients with PCP present with fevers, cough which tends
to be dry and nonproductive, and progressive dyspnea,
typically of several weeks’ duration. Classically, the chest
radiograph reveals bilateral infiltrates (Fig. 1). Although
induced sputum can be used as an initial diagnostic step,
most ICU patients are unable to tolerate sputum induction, and bronchoscopy with bronchoalveolar lavage
(BAL) remains the gold standard diagnostic procedure.
Trimethoprim-sulfamethoxazole (15–20 mg/day of trimethoprim and 75–100 mg/day of sulfamethoxazole,
divided into 3–4 doses) for 21 days is the recommended
first-line treatment [2]. Adjunctive corticosteroids (i.e.,
prednisone starting at 40 mg orally twice daily for the
first 5 days, then 40 mg orally once daily for 5 days, then
20 mg orally daily for 11 days) should be administered to
critically ill persons with moderate or severe PCP.

Infectious Diseases
Infectious complications of HIV are numerous, and many
infections can result in ICU admission. All organ systems
are susceptible to bacterial, mycobacterial, fungal, viral,
and protozoal infection. For many infectious complications, risk depends on the CD4 cell count, and effective

HIV Infections. Figure 1 Posteroanterior chest radiograph of
an HIV-infected patient with Pneumocystis pneumonia
showing bilateral, diffuse, granular opacities (Reproduced with
permission from A. Morris)

ART, with or without accompanying opportunistic infection prophylaxis, can minimize or eliminate the risk. For
other complications such as bacterial infections and tuberculosis, even those persons with preserved CD4 cell counts
can become infected. It is important to remember that
HIV-infected patients may present with more than one
concurrent infection.
Sepsis is a common cause of ICU admission in HIVinfected patients and seems to be an increasing cause of
death in the current era of effective ART. Mortality may be
as high as 68%. Care of the septic HIV-infected patient
should follow current guidelines with attention paid to
choosing broad-spectrum antibiotics based on the
patient’s CD4 cell count, possible sources, and previous
use of prophylactic antibiotics that might increase the risk
of resistant bacteria. Empiric coverage of mycobacterial
disease and endemic fungi should also be considered in
the proper clinical context. Adjunctive therapies such as
corticosteroids or activated protein C have not been extensively evaluated in HIV-infected persons. Because adrenal
insufficiency is common in HIV, it is reasonable to evaluate the HIV-infected patient with sepsis for adrenal insufficiency and initiate therapy if indicated. Administration
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of activated protein C may be difficult in this population
that has a high prevalence of thrombocytopenia and
central nervous system (CNS) lesions.

Cardiac Disease
ICU admission for acute coronary syndromes may be
increasing in HIV-infected patients. The improved
survival with combination ART has led to increases in
age-associated medical comorbidities such as cardiovascular disease. There is also growing evidence that
HIV-infected patients are at increased risk for premature
atherosclerosis, and cardiovascular disease has become
a leading cause of death among HIV-infected persons.
Cardiac risk factors such as hypertriglyceridemia, hypercholesterolemia, and glucose intolerance or diabetes have
been associated with ARTuse. Some antiretrovirals or HIV
itself might have direct endothelial effects, and the high
prevalence of smoking in the HIV-infected population
could also contribute to cardiovascular risk. In general,
acute coronary syndromes should be managed as they are
in the non-HIV-infected population, and HIV-infected
patients should be referred for cardiac catheterization or
coronary artery bypass grafting as appropriate.
HIV-infected persons may also present to the ICU
with HIV-associated cardiomyopathy or HIV-associated
pulmonary arterial hypertension (PAH). In general, the
evaluation and management of these conditions in persons with HIV is the same as in persons without HIV.
A few studies suggest a role for ART in the long-term
management of HIV-associated pulmonary arterial hypertension, but the exact role of ART in this disease is unclear.

Neurologic Disease
Neurologic disease is another frequent cause of ICU
admission for HIV-infected persons. CNS toxoplasmosis
remains one of the most frequent CNS infections requiring ICU care for HIV-infected patients, although the
number of cases has fallen since the introduction of combination ART. Patients with CNS toxoplasmosis generally
present with fever and headache and may have altered
mental status, decreased level of consciousness, focal neurological deficits, or seizures. Since the majority of cases of
CNS toxoplasmosis result from reactivation of latent
infection, the serum Toxoplasma IgG antibody test is
almost always positive. Characteristic ring-enhancing
lesions (Fig. 2) can be seen on computed tomography
(CT) scan, and their presence (combined with a positive
serum Toxoplasma IgG) is usually sufficient to warrant an
empiric treatment course, with brain biopsy reserved
for those who either progress or fail to improve after
10–14 days. CNS toxoplasmosis can be treated with
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HIV Infections. Figure 2 Contrast-enhanced head computed
tomography scan from an AIDS patient with headache, wordfinding difficulty, and several seizures showing a left
frontoparietal ring-enhancing lesion (arrowhead) with mass
effect on the lateral ventricle and a subtler focus of
enhancement on the right at the gray–white junction (arrow)
(Reproduced with permission from C. Jay)

pyrimethamine (given as a 200 mg loading dose, followed
by 50–75 mg orally every 24 h) and sulfadiazine (at a dose
of 1–1.5 g every 6 h orally)[2]. Patients should receive folic
acid while taking pyrimethamine.
HIV-infected patients are also susceptible to other
CNS infections including bacterial and Cryptococcus
neoformans meningitis, progressive multifocal leukoencephalopathy (PML), herpes simplex virus, and cytomegalovirus (CMV). Lumbar puncture with measurement of
opening pressure should be performed in patients
presenting with a clinical picture compatible with meningitis. The serum cryptococcal antigen is positive in the
majority of patients with cryptococcal meningitis. Visualization of encapsulated yeast in cerebrospinal fluid (CSF),
a positive CSF culture, or a positive CSF cryptococcal
antigen confirms the diagnosis of cryptococcal meningitis.
Treatment consists of amphotericin B (0.7 mg/kg/day
intravenously) and flucytosine (100 mg/kg/day orally,
divided into four doses) [2]. Any HIV-associated meningitis can worsen and result in neurological immune
reconstitution inflammatory syndrome after starting
combination ART [2].
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Gastrointestinal Disease
Gastrointestinal (GI) disease may be either the primary
admission diagnosis or a complicating factor in HIVinfected patients in the ICU. Liver disease, especially hepatitis, has increased as a cause of death in HIV-infected
persons, and many people are co-infected with hepatitis
C and HIV. HIV-infected patients with hepatitis C have an
increased risk of mortality, cirrhosis, and renal failure.
Some centers now perform liver transplants in HIVinfected persons, and those patients who meet criteria
for liver transplant (e.g., fulminant hepatic failure) should
be promptly referred.
Common HIV-associated GI diagnoses include infectious esophagitis (usually due to CMV or herpes simplex
virus), colitis (often CMV), and gastrointestinal involvement from Kaposi sarcoma or lymphoma. GI bleeding is
also a common reason for ICU admission. Upper GI
bleeding is more common than lower, but lower GI
bleeding more commonly results from HIV-associated
causes such as CMV colitis. HIV-infected patients with
GI bleeding should be cared for in a similar manner to
non-HIV-infected patients with priority given to resuscitation, endoscopy for source identification and hemostasis, and reversal of any coagulopathy.
Other common GI conditions seen in HIV-infected
patients include peritonitis, bowel perforation,
cholangiopathy, and pancreatitis. CMV, Kaposi sarcoma,
lymphoma, and mycobacterial infection have been associated with bowel perforation, and these diagnoses should
be pursued in patients with acute abdominal pain. Pancreatitis can result from exposure to certain antiretrovirals
or in patients receiving intravenous pentamidine for PCP
treatment. Fulminant biliary sepsis may occur in patients
with AIDS cholangiopathy from infectious or neoplastic
processes. Endoscopic retrograde cholangiopancreatography with sphincterotomy may be helpful in patients
with common bile duct dilatation.

Renal Disease
Similar to GI disease, HIV-infected patients may be admitted to the ICU with renal failure as the primary diagnosis
or as a complicating factor. Renal dysfunction is common
in HIV infection with HIV-associated nephropathy
(HIVAN) as the most common cause of end-stage renal
disease [3]. This nephropathy is now less commonly seen
because it improves with ART. Other causes of renal
dysfunction in HIV include renal disease secondary to
medications, including antiretrovirals, pentamidine,
TMP-SMX, and amphotericin B. HIV-infected patients
with renal failure should undergo renal ultrasound, urinalysis, discontinuation of nephrotoxic medications, and

consideration should be given to renal biopsy depending
on the clinical situation. Hemodialysis should be initiated
as in the non-HIV-infected population.

Metabolic Disease
HIV-infected ICU patients can develop a range of metabolic abnormalities. Lipid and glucose abnormalities are
common in patients on certain antiretrovirals, and hyperglycemia also occurs secondary to other drugs such as
pentamidine. Hyponatremia is prevalent in HIV-infected
patients who are hospitalized. Hypovolemia, syndrome of
inappropriate antidiuretic hormone (SIADH), drugs,
adrenal insufficiency, and renal dysfunction can all contribute. As noted above, adrenal insufficiency is common
in HIV and can result from infections such as CMV, neoplasms such as Kaposi sarcoma, and drugs such as
etomidate and pentamidine.
One of the most serious metabolic abnormalities seen
in HIV-infected patients receiving ART is lactic acidosis. It
occurs in those patients taking nucleoside/nucleotide
reverse transcriptase inhibitors (NRTI), especially didanosine and stavudine. The mechanism of the acidosis is
thought to be secondary to mitochondrial toxicity
impairing synthesis of ATP-generating enzymes. Patients
may present with abdominal pain, nausea, and vomiting.
Although the lactic acidosis may be relatively mild, it can
also result in life-threatening acidemia with hepatic damage, respiratory failure, and shock. Those patients with
a creatinine clearance below 70 ml/min and a nadir CD4
cell count below 250 cells/ml are particularly at risk. In
patients with a compatible clinical picture, an arterial
lactate level should be measured. All antiretroviral medications should be immediately discontinued if the level is
greater than 5 mMol/l. Care is supportive and should
include bicarbonate therapy and hemodialysis if necessary.
Riboflavin (50 mg/day), thiamine (100 mg/day), and
L-carnitine (50 mg/kg/day) can be administered, but
data supporting the use of these therapies is largely anecdotal. Treatment should be continued at least until the
acidosis has resolved.

Antiretroviral Therapy
There are several issues associated with ART in the ICU.
First, HIV-infected patients may present with complications of ART such as lactic acidosis, pancreatitis, or hepatitis (Table 1). A hypersensitivity syndrome that can be
fatal has been associated with abacavir. Nevirapine can
cause a severe rash that can rarely progress to Stevens–
Johnson syndrome and toxic epidermal necrosis. Mental
status changes can occur with efavirenz. Complications of
ART can be difficult to recognize and may be attributed to
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HIV Infections. Table 1 Life-threatening side effects of antiretroviral medications
Hypersensitivity syndrome
Lactic acidosis
Hepatitis
Pancreatitis
Renal failure
Stevens–Johnson syndrome/toxic epidermal necrosis

other drugs or to other disease processes. If toxicities to
antiretroviral agents are suspected, the offending agent
should be stopped promptly. Another agent or agents
should be added, or the regimen discontinued.
Immune reconstitution inflammatory syndrome
(IRIS) is another condition associated with ART administration that can result in ICU admission [2]. This syndrome occurs in the days to months following ART
initiation and can be life-threatening. Patients experience
a paradoxical worsening of a preexisting infection. The
infection has usually been diagnosed and treated, but
occasionally it is subclinical and “unmasked” by the
host’s improved immune function and the resulting
inflammatory response. IRIS is most commonly seen in
Mycobacterium infections, CMV, PCP, and fungal infections, but it has also been reported in many HIV- and nonHIV-associated conditions. An ART-related improvement
in host immunity is responsible for the syndrome, but
symptoms can be seen even before the CD4 cell count
has risen. Patients with IRIS who require ICU care often
have developed respiratory failure from an underlying
pulmonary infection. Meningitis, hepatitis, and pericarditis can also result in ICU admission. This syndrome can be
difficult to distinguish from worsening of the underlying
disease due to treatment nonadherence, treatment failure,
or development of other conditions. Diagnosis of IRIS is
therefore one of exclusion and appropriate testing such as
microbiologic studies, CT scanning, echocardiography,
lumbar puncture, or bronchoscopy should be performed
to evaluate other potential causes. Care is supportive and
the ART regimen should be continued whenever possible.
Corticosteroids may be helpful, particularly in cases of
IRIS secondary to PCP.
The final aspect of ART use that is encountered by the
intensivist is deciding either to continue an ART regimen
when patients are admitted to the ICU or to initiate ART
in HIV-infected patients who have not previously been
receiving this therapy. In general, unless the patient is
experiencing a direct complication of the therapy, it is
best to continue a preexisting ART regimen in patients
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who have virologic suppression, unless contraindicated
(Fig. 3) [4]. In patients whose plasma HIV RNA is detectable despite ART, the decision about continuing current
ART that may be an ineffective regimen, switching to
a new regimen, or discontinuing ART must be made on
a case-by-case basis as the risks of ART may outweigh the
benefits. Discontinuing an ART regimen may result in
development of HIV resistance. Efavirenz and nevirapine
have longer half lives than other antiretroviral medications, and if all agents in the ART regimen are stopped
simultaneously, levels of efavirenz or nevirapine may
persist longer than levels of the other antiretroviral medications, resulting in functional monotherapy and the
selection of potentially resistant HIV [3].
Using ART in the ICU is challenging, and consultation
with a specialist is recommended. Multiple obstacles are
encountered when using these medications in critically ill
patients (Table 2). The majority of ART medications are
only available in oral form and therefore cannot be given
to patients who are unable to tolerate oral intake [3]. It is
also unclear whether antiretroviral levels are sufficient
when these medicines are crushed or opened as is necessary for administration via feeding tubes. Drug absorption
may also be impaired in critically ill patients, and insufficient antiretroviral levels can result in the selection of HIV
mutations and the development of drug resistance. Some
medications should be given after stopping tube feedings
for a period of time to allow absorption, whereas others
need to be given on a full stomach. Blocking gastric acid
secretion may also decrease effectiveness of certain antiretroviral medications. The frequent stopping and starting
of oral intake in ICU patients also poses the risk for
inconsistent ART levels, potentially resulting in the selection of resistant HIV. Dosing of many of the medications
needs to be adjusted for liver or renal impairment, and
there are multiple drug-drug interactions that can affect
drug levels or lead to side effects.
The decision to administer ART to a previously
untreated patient is a difficult one with little data to
guide clinical decision making. Starting a new ART regimen is complicated by all the issues described above for
continuing an ongoing regimen, plus there is concern that
IRIS may develop. IRIS could potentially result in clinical
worsening of an already life-threatening disease (i.e.,
respiratory failure) and could lead to additional, possibly
invasive, diagnostic testing to rule out other causes of
worsening. There may also be potential benefits to starting
ARTsuch as improving immune functioning and reducing
risk of additional HIV-associated complications. In general, ART initiation would not be recommended for
an HIV-infected patient admitted to the ICU with
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ICU admission

HIV infection known

HIV infection suspected

Review previous history of use of and
response to antiretroviral therapy

Test for HIV

HIV negative

HIV positive
Receiving combination
antiretroviral therapy

Not receiving combination
antiretroviral therapy
Refer for HIV-prevention
counseling and risk
reduction

Additional considerations before initiating or continuing
antiretroviral therapy
Drug-resistance testing
Antiretroviral drug delivery, absorption, and dosing
Drug–drug interactions
Toxic effects of antiretroviral drug
Immune reconstitution syndrome

Continue antiretroviral therapy
if HIV RNA is undetectable;
consult HIV specialist
if HIV RNA is detectable

Condition is not associated
with AIDS

AIDS-associated
condition

Defer antiretroviral therapy
if CD4 count >200 cells;
consider antiretroviral therapy
and consult HIV specialist
if CD4 count ≤200 cells and
ICU course is prolonged

Consider antiretroviral therapy
and consult HIV specialist

HIV Infections. Figure 3 Treatment strategies for antiretroviral use in HIV-infected intensive care unit patients (Reproduced with
permission from [4])

HIV Infections. Table 2 Difficulties with administration of
antiretrovirals in the ICU
Lack of intravenous and liquid preparations
Multiple drug–drug interactions
Impaired drug absorption
Need to modify dosing with liver and renal dysfunction
Development of immune reconstitution inflammatory
syndrome
Multiple side effects
Development of HIV resistance due to fluctuating
antiretroviral levels
Need to administer some medications on either full or
empty stomach
Need to administer some medications in acid environment

a non-AIDS-associated diagnosis as the short-term benefit
would not be expected to outweigh the risks and difficulties of ART initiation. ART initiation can be considered in

patients admitted with HIV-associated conditions, especially in those who worsen despite optimal ICU care [4].
The decision to initiate ART in the ICU should be made in
consultation with an HIV specialist.

Evaluation and Management
The evaluation and management of a critically ill HIVinfected patient is similar to that for any ICU patient. For
example, definitive diagnosis of suspected pneumonia
should be pursued in all critically ill patients with respiratory failure whenever possible. Sputum Gram stain and
culture and blood cultures are the initial diagnostic tests
for suspected bacterial pneumonia, but because many
HIV-associated respiratory illnesses may have similar presentation, early bronchoscopy should be strongly considered. Similarly, sputum acid-fast bacillus (AFB)
examination and mycobacterial blood cultures are the
initial diagnostic tests for suspected tuberculosis and
non-tuberculous mycobacterial pneumonia, whereas
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bronchoscopy with BAL is the gold standard diagnostic
procedure for HIV-infected persons with suspected PCP.
In all cases, empiric therapy for the most likely pathogen(s)
is recommended while the diagnostic evaluation is
ongoing.
The indications for endotracheal intubation and
mechanical ventilation in an HIV-infected patient are
identical to that for any ICU patient. HIV-infected
patients with the acute respiratory distress syndrome
(ARDS) who require mechanical ventilation should be
managed according to accepted guidelines [5].

After-care
As many as 40% of HIV-infected patients admitted to the
ICU may not be aware of their HIV status prior to presentation. Patients should be tested for HIV whenever
possible with consent according to state laws. It is not
advised to test for HIV RNA or CD4 cell counts as surrogates for HIV infection as plasma HIV RNA testing often
also may require consent, and CD4 cell counts can be
depressed during critical illness in non-HIV-infected
patients. Those patients who are diagnosed with HIV
during their ICU stay should be started on opportunistic
infection prophylaxis as indicated by their CD4 cell
counts. They should be referred to primary care with an
HIV specialist to address initiation or continuation of
ART and to address other primary care needs specific to
patients with HIV. In addition, subjects with known HIV
at the time of ICU admission should be reassessed for need
for other opportunistic infection prophylaxis or changes
in ART regimens.
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Longer-term prognosis after patients leave intensive
care has not been well-studied. If patients have access to
ART after hospital discharge, they have a good chance of
long-term survival. One study that evaluated ICU patients
found that median survival was almost a year for all
patients, but close to 3 years for those on ART at the
time of admission. Specific mortality risk depends greatly
on the specifics of the patient’s illness as well as their access
to and compliance with ART regimens and appropriate
opportunistic infection prophylaxis. Given the improved
ICU mortality as well as the possibility of long-term postICU survival, it is likely that clinicians will continue to see
HIV-infected patients admitted to the ICU for aggressive
medical care.
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Prognosis
Both ICU survival and long-term life expectancy have
improved in HIV infection over the past 25 years. Rates
of ICU admission and mortality have shifted many times
during the HIV epidemic. These changes have occurred in
response to developments in treatment of HIV and its
associated opportunistic diseases as well as in relation to
patient and provider attitudes regarding utility of intensive care. ICU mortality was high in the early days of the
epidemic with most patients admitted with PCP. Mortality
subsequently decreased in the late 1980s after studies
demonstrated that the use of adjunctive corticosteroids
increased survival for patients with PCP. Some centers
have found that ICU mortality has continued to decrease
in the combination ART era, although it is unclear if this
decrease is due to ART, improvements in general ICU care
(i.e., use of low tidal volume ventilation), changes in
admission diagnoses, or other unknown factors. ICU mortality is now reported to be around 25–40%.
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Synonyms
HIV, generalized tuberculosis; HIV, hematogenous tuberculosis; HIV, miliary tuberculosis

Definition
An infectious disease caused by Mycobacterium tuberculosis that affects two or more noncontiguous anatomic sites
occurring in a person who is also infected with the human
immunodeficiency virus (HIV).
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Treatment
The standard initial treatment for tuberculosis, including
disseminated tuberculosis, consists of isoniazid, rifampin,
pyrazinamide, and ethambutol [1]. Patients infected with
organisms that are resistant to isoniazid, rifampin, or
both require modifications in their drug regimens
(see After-care). Corticosteroids should be added when
treating disseminated tuberculosis if there is central
nervous system or pericardial involvement [1].
In general, tuberculosis treatment of HIV-infected
patients is similar to that of HIV-negative patients,
although there are several important considerations.
Because of the complex drug interactions between many
antiretroviral medications and rifamycins, it is strongly
recommended that tuberculosis treatment of patients on
such drugs be carried out in consultation with a clinical
HIV expert. Currently, the combination of efavirenz-based
antiretroviral therapy (efavirenz plus two nucleosides)
and rifampin-based tuberculosis treatment, at their
standard doses is the preferred treatment for HIV-related
tuberculosis [2]. For patients unable to take non-nucleoside
reverse transcriptase inhibitor–based antiretroviral therapy,
the combination of rifabutin (as a substitute for rifampin)
with protease inhibitor-based antiretroviral therapy is the
preferred form of treatment [2].
Temporary exacerbation of tuberculosis symptoms
and lesions can occur in patients with HIV who are taking
antiretroviral therapy. This phenomenon, known as the
immune reconstitution inflammatory syndrome, has been
attributed to recovery of the delayed hypersensitivity
response in these patients and increased exposure
to tuberculosis antigens following the initiation of bactericidal antituberculous therapy. In general, modifications
of tuberculosis therapy and antiretroviral therapy are
not necessary, and a short course of corticosteroids may
ameliorate symptoms associated with this reaction if it is
severe [1].
For antiretroviral-naı̈ve, HIV-infected persons who
are diagnosed with tuberculosis, tuberculosis treatment
must be started immediately. However, the optimal timing
of initiation of antiretroviral therapy is not clear. Options
include simultaneous tuberculosis and antiretroviral
therapy or treatment of tuberculosis first with delay of
antiretroviral therapy by several weeks to months. The
following factors must be considered when choosing
the best time to start antiretroviral therapy: possible
prevention of progressive HIV disease and reduction in
morbidity or mortality associated with tuberculosis or
other opportunistic infections (favor immediate initiation
of antiretroviral therapy) versus the possibility of
overlapping toxicities, drug interactions, a high pill

burden, and the possibility of developing the immune
reconstitution inflammatory syndrome (favor delayed
initiation). When tuberculosis occurs in patients already
on antiretroviral therapy, treatment for tuberculosis must
be started immediately, and antiretroviral therapy should
be modified to reduce the risk of drug interactions and
maintain virological suppression.

Evaluation/Assessment
To monitor response to therapy in patients with disseminated tuberculosis who have positive sputum cultures,
additional sputum cultures should be collected every
month until cultures are negative for two consecutive
months [1]. Since greater than 90% of patients have
negative sputum cultures after 3 months of treatment,
any individual with a positive sputum culture at this
point should be carefully evaluated to try to identify
the etiology of this delayed response to therapy.
A patient with a positive sputum culture after 4 months
of treatment is considered a treatment failure. Possible
reasons for treatment failure include nonadherence and
medication malabsorption. In addition to addressing the
reasons for treatment failure, repeat susceptibility testing should be performed to assess for acquired drug
resistance. If the treatment regimen is going to be modified, at least three new drugs to which the patient’s
organism would be expected to be susceptible should
be added. A fundamental precept of tuberculosis therapy
is that a single drug should never be added to a failing
regimen.
For patients who do not have positive cultures from
sputum or another easily accessible body fluid or tissue
(e.g., urine), monitoring of response to therapy generally
involves serial evaluation of symptoms (e.g., weight gain,
resolution of fever) or imaging studies.

Effectiveness
Treatment for tuberculosis in general is highly effective
with success rates of 95% or greater for drug-susceptible
tuberculosis. This is also true for patients with HIV
infection. However, tuberculosis treatment is not as
effective for disseminated tuberculosis with poor outcomes occurring in 15–30% of patients regardless of
HIV status [3, 4].

Tolerance
Although tuberculosis treatment is generally well tolerated, adverse effects, especially gastrointestinal upset, are
relatively common in the first few weeks. Relatively mild
drug reactions do not warrant stopping therapy. Specific
major adverse reactions (e.g., rifampin-induced nephritis)
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can be handled by discontinuing the suspect drug. Druginduced hepatotoxicity, the most serious common adverse
effect, is defined as a serum aspartate aminotransferase
(AST) level more than three times the upper limit of
normal in the presence of symptoms, or more than
five times the upper limit of normal in the absence of
symptoms [1]. If liver injury occurs, isoniazid, rifampin,
and pyrazinamide, all potential causes of hepatotoxicity,
should be discontinued. Serologic testing for viral
hepatitis should be performed and the patient
questioned carefully regarding exposure to other
possible hepatotoxins, especially alcohol. Two or more
antituberculosis medications without hepatotoxicity,
such as ethambutol, streptomycin, amikacin, kanamycin,
capreomycin, or a fluoroquinolone, may be used until the
specific cause of drug-induced hepatatotoxicity is identified. Once the AST level decreases to less than two times
the upper limit of normal and symptoms have significantly improved, the first-line medications should be
restarted in sequential fashion.

Pharmacoeconomics
Specific data on the cost-effectiveness of the treatment of
disseminated tuberculosis are lacking. In general, however,
tuberculosis treatment is cost-effective compared with no
treatment, even in low-resource settings, and short-course
(6 month) treatment is more cost-effective than longer
course treatment [5]. The cost of treatment is highly
variable and can range from approximately 750–2,000
US dollars (USD) in low-resource settings to 500,000
USD or more for patients with extensively drug-resistant
tuberculosis in high-resource settings [5].
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The standard continuation phase therapy for tuberculosis susceptible to isoniazid and rifampin consists of isoniazid and rifampin. Treatment may be given daily, two
times weekly (except if HIV-infected and CD4 count below
100), or three times weekly. The duration of the continuation phase is 4 months (6 months total treatment) for most
patients with drug-susceptible tuberculosis, including HIVinfected patients and patients with disseminated tuberculosis. However, patients with positive sputum cultures after
2 months of therapy and cavities on chest radiograph are
more likely to fail treatment or relapse. Therefore, such
patients should also have their continuation phase extended
to 7 months (9 months total duration). Duration of therapy
should also be extended for patients with meningitis
(9–12 months of treatment is recommended) and bone
and joint disease, for which some experts recommend
extending treatment to 9 months.
For tuberculosis that is isoniazid resistant (but rifampin
susceptible), the recommended regimen is daily rifampin,
ethambutol, and pyrazinamide for 6–9 months [1].
A fluoroquinolone may be added to strengthen this regimen in patients with extensive disease. For tuberculosis
resistant to rifampin (but isoniazid susceptible), the
recommended therapy is isoniazid, ethambutol, and
a fluoroquinolone for 12–18 months with pyrazinamide
added for the first 2 months [1]. Tuberculosis that is
resistant to at least isoniazid and rifampin is termed
multidrug resistant (MDR). Treatment of MDR tuberculosis is often complex and should be done with the consultation of a tuberculosis expert. MDR tuberculosis
should be treated with four to six medications to which
the organism is susceptible. Therapy should continue for
at least 18–24 months [1].

After-care
Patients should complete a full course of tuberculosis treatment, which is based on results of drug susceptibility testing
that are generally not available until several weeks after
treatment is started. For patients with isoniazidand rifampin-susceptible pulmonary tuberculosis,
standard treatment is divided into an initial phase of
2 months (8 weeks) followed by a continuation phase of 4
months (18 weeks) [1]. Once susceptibility results become
available, ethambutol may be discontinued (or omitted if
drug susceptibility results are known prior to beginning
treatment) if the organism is susceptible to isoniazid and
rifampin. The initial phase may be given daily throughout,
daily for 2 weeks and then twice weekly for 6 weeks, or
three times weekly throughout. Twice-weekly therapy is
never recommended for HIV-infected patients with CD4
counts less than 100 in the initial or continuation phase of
tuberculosis treatment [2].

Prognosis
As indicated previously, the success rate of treatment for
disseminated tuberculosis is substantially lower than
for most other forms of tuberculosis. Mortality can be as
high as 30% in persons with concurrent HIV infection
[3, 4]. Delays in diagnosis and initiation of treatment
appear to be associated with increased mortality [3].
In persons with HIV infection, long-term mortality,
especially due to other opportunistic infections, tends to
remain high even after successful tuberculosis treatment
because disseminated tuberculosis generally occurs in the
clinical setting of advanced HIV and low CD4 lymphocyte
counts [4]. The advent of widespread use of effective
antiretroviral therapy is likely to decrease the incidence,
severity, and long-term sequelae of disseminated tuberculosis in HIV-infected patients.
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The most frequent route of acquisition of these organisms is either inhalation via the respiratory tract for sporeproducing fungal organisms (Cryptococcus, endemic fungi
or filamentous fungi) or overgrowth of endogenous
organisms on mucosal surfaces (Candida). For example,
after Cryptococcus spores are inhaled, dissemination can
occur with or without the development of pneumonia.
AIDS patients with depressed cellular immunity are particularly at risk for developing cryptococcal meningitis
and/or central nervous system cryptococcoma. Endemic
fungi can cause both pneumonia and disseminated disease
in patients who reside in at risk geographic areas. The
filamentous fungi similarly can cause sinopulmonary
disease or disseminated infection. Pneumocystis almost
exclusively causes pneumonia; however, it can rarely lead
to extrapulmonary infection, including retinal disease in
patients failing prophylaxis with aerosolized pentamadine.
Thrush caused by Candida overgrowth in the oropharynx
or esophagitis caused by Candida is one of the most
common opportunistic infections observed in HIVinfected patients.
Many other fungi listed in Table 1 can also be observed
in patients with AIDS; however, an exhaustive discussion
of these various organisms and their treatment is too
extensive for this entry [2].

Treatment
Synonyms

Candida albicans: Thrush, Esophagitis

Mycoses; Opportunistic infection

Oral fluconazole has remained the standard first line therapy for the management of mucocutaneous candidiasis.
For thrush, treatment with fluconazole 200 mg daily
followed by 100 mg daily for 10–14 days can be used.
Topical therapies such as nystatin suspension and clotrimazole troches can also be used as initial therapy for
thrush. Candida esophagitis is usually treated with
a longer course of systemic fluconazole for 14–21 days.
For patients with thrush or esophagitis refractory to

Definition
Fungal infection most often occurs in patients infected
with human immunodeficiency virus (HIV) only when
significant immune suppression occurs in the setting of
acquired immune deficiency syndrome (AIDS) or neutropenia. AIDS develops when HIV leads to progressive
destruction of cell-mediated immunity, and the absolute
CD4+ T-cell count declines to less than 200. At this point
in the natural history of infection with HIV, opportunistic
infection can develop with fungal organisms being quite
common. The organisms which are most frequently
observed include Candida albicans, Cryptococcus
neoformans, and histoplasmosis. In Southeast Asia, infection with Penicillium marneffei can occur. Pneumocystis
jeroveci (formerly carinii) is generally not thought of as
a fungal organism; however, it has been so classified and is
known to cause pneumonia in AIDS patients. Filamentous
fungi such as Aspergillus and zygomycetes are important
but less commonly seen pathogens in this group of
patients [1].

HIV, Fungal Infection. Table 1 Fungal organisms which can
cause infection in patients with AIDS [2]
Candida spp.

Paracoccidioides brasiliensis

Cryptococcus neoformans

Sprothrix schenckii

Histoplasma capsulatum

Zygomycosis

Coccidioides immitis

Scedosporium apiospermum

Blastomyces dermatitidis

(Pseudallescheria boydii)

Aspergillus fumigatus

Scedosporium prolificans

Penicillium marneffei

Saccharomyces cerevisiae

HIV, Fungal Infection

therapy with fluconazole because of the development of
resistance, several alternatives exist. Itraconazole oral solution is effective. Posaconazole solution 400 mg bid has also
been studied and shown to be efficacious. Amphotericin
oral suspension can also be used (except in the United
States). Voriconazole is also an alternative. The
echinocandins are active against all Candida species and
have also been shown to have efficacy similar to fluconazole for esophagitis; however, their use is limited by the
fact that these drugs all must be administered via the
intravenous route, and relapses frequently occur [3].
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solution. Patients with central nervous system disease such
as meningitis require a more prolonged course of therapy
with amphotericin (usually 4–6 weeks) followed by
itraconazole. Fluconazole should not be used to treat
histoplasmosis because of limited activity. Posaconazole
has been shown to have some clinical efficacy in salvage
situations; however, experience is limited. There is even
less experience with voriconazole which also has significant drug interactions with the protease inhibitors and
efavirenz.

Pneumocystis jerovici Pneumonia (PCP)
Cryptococcus
The management of infection with Cryptococcus in HIVinfected patients depends upon the site and severity of
infection. In patients with mild to moderate pulmonary
infection, oral fluconazole at doses of 200–400 mg daily
can be used. It is recommended that patients who are
found to have pulmonary disease undergo a screening
head CT and subsequently undergo lumbar puncture to
rule out the presence of CNS infection. If meningitis is
identified, an opening pressure should be measured to
determine if communicating hydrocephalus is present
which would require drainage of CSF to decrease intracranial pressure. If meningitis is identified, treatment with
an amphotericin B product should be initiated. Liposomal
amphotericin is often used at a dose of 5 mg/kg/day since
these preparations have less nephrotoxicity associated
with their use compared with the deoxycholate form
dosed at 0.7 mg/kg/day. Amphotericin is combined with
flucytosine 25 mg/kg PO qid for 14 days. If after 2 weeks
the CSF formula has improved and the fungal culture is
negative, patients can be transitioned to oral fluconazole
at a dose of 400 mg daily for 8 weeks. Maintenance treatment with fluconazole at a dose of 200 mg daily should
be given until the patients CD4 cell count is greater than
200 cells/mL for 6 months.

Trimethoprim-sulfamethoxazole (TMP-SMX) is considered to be the preferred initial treatment for PCP. TMPSMX is typically dosed at 5 mg/kg of the trimethoprim
component every 8 h intravenously for severe pneumonia.
A key adjunctive component to treatment in patients with
hypoxemia (pO2 < 70 or a-a O2 gradient > 35 mmHg) are
corticosteroids to decrease the pulmonary inflammation
that occurs at the time treatment is initiated. Prednisone is
usually dosed at 40 mg bid for 5 days and then tapered at
40 mg daily for 5 days, then 20 mg daily for 11 days.
Intravenous TMP-SMX can be converted to an equivalent
oral dose once the patient has clinically improved. The
15 mg/kg/day dose (usually divided tid) is continued for
21 days total followed by prophylactic treatment at one
TMP-SMX DS daily. In cases of intolerance or allergy to
TMP-SMX, alternatives for severe disease include intravenous pentamadine or a combination of primaquine and
clindamycin. The use of pentamadine is limited by its
significant toxicity profile and the need for close monitoring while therapy is administered. Alternatives in mild to
moderated cases of PCP include a combination of dapsone and TMP, primaquine and clindamycin, or
atovaquone. A test to evaluate for the presence of G6PD
deficiency should be checked prior to the initiation of
dapsone or primaquine in susceptible patient populations.

Histoplasmosis

Penicillium marneffei (Penicilliosis)

The cornerstone for treatment of the HIV-infected patient
with severe disseminated disease with histoplasmosis
is intravenous liposomal amphotericin B dosed at
3–5 mg/kg daily. Treatment is typically administered for
approximately 14 days or until clinical improvement is
observed followed by oral itraconazole solution. An oral
loading dose of 200 mg tid is administered for 3 days
followed by 200 mg bid for 1 year. Itraconazole is continued in patients with AIDS until the CD4 cell count
improves to > 150 cells/mL on antiretroviral therapy.
Patients who present with isolated pneumonia or less
severe disease can be initially treated with oral itraconazole

Penicilliosis is caused by a fungus endemic to Southeast
Asia, including Thailand, Vietnam, and southern China. It
typically causes disseminated disease in immune
compromised AIDS patients with CD4 cell counts < 50
cells/mL. Initial treatment for severe disease consists of an
amphotericin B product for 2 weeks, followed by
itraconazole 400 mg/day (usually divided bid) for
10 weeks. Long-term preventative therapy typically
consists of itraconazole 200 mg/day. Such treatment can
be eventually discontinued in patients who respond to
antiretroviral therapy and have a boost in their CD4 cell
count to > 100 cells/mL over a period of 6 months.
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Evaluation/Assessment
Thrush/Candida Esophagitis
The diagnosis of thrush is most often made on simple
examination of the oropharynx. The finding of white,
plaque-like lesions that can be scraped off with a tongue
depressor are characteristic. They are typically located in
multiple areas simultaneously, including the buccal
mucosa, soft palate, and tongue. Thrush should be carefully distinguished from a white covering that can normally appear on the tongue that is not related to fungal
overgrowth. Candida esophagitis is characterized by
odynophagia and retrosternal discomfort. Upper endoscopy is required to confirm the diagnosis at which point
whitish plaques are identified in the esophagus. Culture of
the observed material is generally not required except in
cases refractory to therapy when susceptibility testing is
needed to guide further treatment.

Cryptococcosis
The cryptococcal antigen (CRAG) is an extremely sensitive and specific test for diagnosing disseminated or central nervous system disease. Fungal culture of CSF and
blood frequently yields Cryptococcus neoformans as well in
these situations. A CSF opening pressure should always be
measured (after imaging) to rule out the presence of
intracranial hypertension which often accompanies cryptococcal meningitis and can lead to early mortality if not
appropriately managed. In cases of isolated pneumonia or
pulmonary nodular disease, Cryptococcus can be isolated
from fungal sputum culture or observed on pathological
specimens. The CRAG is often negative in this instance;
however, lumbar puncture is recommended to rule out the
presence of accompanying central nervous system
infection.

Histoplasmosis
A high index of suspicion is needed to diagnose histoplasmosis since the clinical manifestations are often
nonspecific. In disseminated disease, a serum or urine
Histoplasma antigen assay is often positive. In isolated
pulmonary disease, however, antigen testing may be negative. Culture of sterile sites such as sputum, blood, and
bone marrow can be obtained for fungal culture; however,
H. capsulatum may take weeks to grow. Serological testing,
likewise, is performed at reference laboratories that often
take weeks to yield results. In cases where there is concern
for Histoplasma meningitis, CSF can be sent for antigen
testing as well as fungal culture.

PCP Pneumonia
Since Pneumocystis cannot be cultured, indirect evidence
for infection must be obtained in patients suspected to
have PCP. Chest radiography typically demonstrates bilateral diffuse alveolar infiltrates; however, this appearance is
not diagnostic. The most sensitive test is the PCR for PCP
obtained on bronchoalveolar lavage (BAL) fluid. PCR on
sputum is of low diagnostic yield. Alternatives include
immunofluorescent staining of BAL fluid, BAL cytological
examination, and identification of organisms on silver
stain of tissue specimens.

Penicilliosis
The diagnosis of penicilliosis is most often achieved via
fungal blood culture or culture of skin biopsy specimens in
patients with disseminated disease. The organism can also
be identified histopathologically from skin biopsy, bone
marrow biopsy, or lymph-node biopsy specimens. On
silver stain, the organism appears as a spherical or oval
elongated yeast-like structure. Clear central septation is
considered characteristic [2].

After-care
Close follow up with an Infectious Diseases specialist with
expertise in managing HIV infection is critical for all
patients with AIDS who have serious invasive fungal infections. Invasive infection with Cryptococcus, histoplasmosis, and Pneumocystis can be life threatening, and relapse
or persistent infection can occur in heavily immune
compromised patients. In addition, weeks or months
after antiretroviral therapy is initiated, the immune reconstitution inflammatory syndrome (IRIS) can occur. This is
a syndrome in which paradoxical inflammation occurs at
the site of infection after immune function is restored
weeks to months after the initiation of antiretroviral therapy, despite appropriate antifungal treatment [4].
Close follow-up monitoring is also needed to evaluate
for toxicity of antifungal therapy. Amphotericin
B preparations have significant risk for nephrotoxicity
and, therefore, it is imperative for patients to have weekly
to twice weekly measurement of electrolytes and creatinine while on treatment. The dosage of flucytosine
requires dose adjustment with renal insufficiency and
drug levels need to be monitored. Peak levels of flucytosine
above 80 mg/mL predict the development of bone marrow
toxicity. Patients on itraconazole need to have levels of the
drug measured to ensure appropriate absorption,
although this is less of an issue with the liquid preparations. Therapeutic drug monitoring of voriconazole and
posaconazole are of increased importance because of variable absorption and metabolism of these medications [5].

HIV, GI Infections

Hepatotoxicity can occur with any of the azoles and,
therefore, liver enzymes need to be monitored periodically
while on this class of drug.
High-dose TMP-SMX for the initial treatment of PCP
carries the risk of bone marrow toxicity with the development of leukopenia, interstitial nephritis, and drug allergy.
Furthermore, parenteral TMX-SMX is administered with a
high volume of fluid which may be poorly tolerated in
patients with heart failure. After initial therapy is completed,
it is important for patients to then immediately initiate
prophylaxis with lower dose TMP-SMX since relapse can
occur quickly in the setting of immune suppression.

Prognosis
Prior to the advent of highly active antiretroviral therapy
(HAART), the prognosis for patients with HIV/AIDS and
opportunistic infection was poor. When immune reconstitution occurs with HAART, however, patients are very
often able to successfully recover from serious invasive
fungal infections with appropriate treatment. It has now
been shown that it is important to initiate HAART relatively quickly (within 2–3 weeks) after the initial treatment
phase of opportunistic infections because of a survival
benefit [6].
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Definition
Due to the efficacy of highly active antiretroviral therapy
(HAART) fewer patients infected with the human immunodeficiency virus (HIV) infection require admission to
the ICU. HIV-infected patients with relatively preserved
immune function are unlikely to experience the gastrointestinal (GI) manifestations of opportunistic pathogens
that are primarily seen in patients with AIDS. However,
patients who either fail HAART or have difficulty with
adherence to HAART as well as those who present late in
disease may require ICU admission for gastrointestinal
manifestations of AIDS. In addition, patients remain at
risk for other gastrointestinal disease, such as coinfection
with Hepatitis B and C and for the adverse effects of
antiretroviral therapy [1].
The GI tract is an important target organ in AIDS.
Recent data suggest the GI tract is involved at the earliest
phase of HIV infection. CD4 lymphocytes, which
are primarily contained in the GI tract, are profoundly
depleted during acute infection [2]. Studies suggest that
systemic immune activation occurs related to translocation of bacteria across the intestinal mucosa [3].
This immune activation is an important factor associated
with progression to AIDS [3].
Opportunistic infections or neoplasia affecting the
GI tract may present with an array of symptoms,
depending on the target organ involved. Virtually any
organ of the GI tract can be involved by HIV, either
directly or indirectly. Reasons for ICU admission may be
varied including gut perforation leading to sepsis, gastrointestinal hemorrhage, inflammation of the pancreas,
severe dehydration due to diarrhea, and severe liver
disease. This entry will discuss the presentation of
HIV-related illness of the gastrointestinal tract that
may occur in patients admitted to the intensive care
unit (see also Table 1).
In the HAART era, severe gastrointestinal complications are less common. However, a significant minority
of patients with AIDS are not receiving antiretroviral
treatment and thus remain at risk for complications.
Knowledge of these complications will assist the critical
care physician in management.
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HIV, GI Infections. Table 1 Characteristics of HIV-related conditions affecting the GI tract
Organ system

Organism/condition

Characteristics

Oral cavity

HSV
Aphthous ulcers
CMV
Candida
Gingivitis
KS

Dysphagia, pain, decreased oral intake

Esophagus

Candida sp.

Dysphagia, odynophagia. Endoscopic evaluation is
warranted in the severely ill patient esp. without oral
thrush

CMV
HSV
HIV (e.g., aphthous or idiopathic)

Primary symptom odynophagia

Diarrhea

Protozoa Infections
Cryptosporidium parvum

Chronic voluminous, watery diarrhea
Diagnosis: demonstration of oocysts in stool or ELISA

Isospora belli

Large oocysts identified with modified Kinyoun
acid-fast stain.

Microsporidiosis:
Enterocytozoon bieneusi OR
Encephalitozoon intestinalis

Infects small intestine
Results in chronic watery diarrhea
Due to small size, diagnosis can be difficult

Cyclospora cayetanensis

Onset often abrupt
Watery diarrhea may be cyclic or relapsing
Diagnosis: identification of oocysts in stool using
modified Ziehl-Neelsen or Kinyoun stains

Entamoeba histolytica

Spectrum of illness from asymptomatic to bloody
diarrhea to liver abscess

Giardia lamblia

Symptoms may be prolonged with prominent weight
loss
Diagnosis: Identification of cysts and trophozoites on
stool examination

Bacterial Infections
Salmonella, Shigella and Campylobacter jejuni
Clostridium difficile

Diagnosis: Standard stool culture
Management: cessation of antibiotics and oral
metronidazole or vancomycin (severely ill patients)

Viruses (HIV, CMV, and HSV).

Severe CMV colitis, colonic perforation may occur
leading to an acute abdomen and peritonitis. Other
severe complications include hemorrhage,
obstruction and toxic megacolon
Definitive diagnosis is made by colonoscopy
May be due to direct HIV infection
Management consists of excluding other causes of
chronic diarrhea and controlling symptoms with
antimotility agents and adequate nutrition

HIV Enteropathy

HIV, Pneumonic Complications

H

1135

HIV, GI Infections. Table 1 (Continued)
Organ system

Organism/condition

Characteristics

Pancreatic
disease

Pancreatitis

HIV-infected patients may have more severe disease
Treatment supportive care and discontinuation of any
offending agents

1. Medication related: didanosine, stavudine,
pentamidine and trimethoprim-sulfamethoxazole,
others
2. Direct infection of pancreas with opportunistic
pathogen (e.g., CMV, MAC, M. tuberculosis, PJP,
Cryptococcus, cryptosporidium and Toxoplasma
gondii)

Biliary tract

Liver disease

Acalculous cholecystitis (CMV or Cryptosporidium)

Presents similarly to gallstone cholecystitis
Concomitant biliary disease is common

HIV cholangiopathy (Cryptosporidium, CMV MAC,
microsporidia, lymphoma and Kaposi’s sarcoma)

ERCP to confirm clinical and radiologic findings and
exclude calculi as cause of biliary disease. High serum
alkaline phosphatase characteristic
Underlying cause should be sought

Hepatitis B

HIV/HBV coinfected patients progress to advanced
liver disease, cirrhosis more rapidly, higher serum HBV
DNA levels, lower rates of spontaneous
seroconversion, higher rates of liver-related death

Hepatitis C

HIV/HCV coinfected patients progress to advanced
liver disease, cirrhosis more rapidly with increase in
morbidity and mortality
Admission to the ICU is due to complications such as
bleeding esophageal varices, hepatic
encephalopathy, spontaneous bacterial peritonitis
and hepatorenal syndrome
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Synonyms
Acquired immunodeficiency syndrome; Human immunodeficiency virus; Lung

Definition

HIV, Miliary Tuberculosis
▶ HIV, Disseminated Tuberculosis

Combination antiretroviral therapy (ART) has changed
human immunodeficiency virus (HIV) infection and the
acquired immune deficiency syndrome (AIDS) from
a uniformly fatal disease into a typically chronic disease
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that cannot currently be cured, but can successfully be
treated with medications. The effectiveness of ART and the
promise of newer antiretroviral medications have created an
optimistic long-term prognosis for persons living with HIV/
AIDS. This optimism should play a role in decisions regarding the use of intensive care and intensive care unit (ICU)
management. In general, the guiding principles of all ICU
management pertain to critically ill persons with HIV/AIDS;
however, the spectrum of ICU diseases in persons with HIV
infection differs from that in persons without HIV infection.
ART and unresolved questions regarding its use in the ICU
add an additional level of complexity to already complicated
patients. This entry provides an overview of the spectrum of
diseases in persons with HIV/AIDS that require intensive
care, with a focus on pulmonary etiologies.

Evaluation and Assessment
Indications for Intensive Care for Persons
with HIV/AIDS
The indications for intensive care in persons with HIV/
AIDS are similar to those in the overall population, but the
specific causes for these conditions may differ. Since the
beginning of the HIV/AIDS epidemic, respiratory failure
has been the most common indication for ICU admission
among persons with HIV/AIDS; however, the proportion
of ICU admissions due to respiratory failure has declined
and the underlying causes of respiratory failure have
changed significantly. Earlier in the HIV/AIDS epidemic,
respiratory failure was often due to Pneumocystis pneumonia (PCP) or another HIV-associated pneumonia.
Currently, PCP and other infectious pneumonias are less
common, and noninfections conditions (e.g., chronic
obstructive pulmonary disease [COPD], lung cancer)
appear to be more common. The decline in AIDS deaths
and resulting increased survival, the high proportion of
cigarette smoking in persons with HIV/AIDS, and emerging data that underlying HIV infection itself may be an
independent risk factor for COPD and lung cancer are
postulated explanations for these observations.

Predictors of Outcome
Mortality in the ICU is related to the reason for ICU admission. Thus, predictors of outcome depend on the specific
reason for ICU admission. The highest mortality rates
reported for persons with HIV/AIDS who require intensive
care are respiratory failure and sepsis. If respiratory failure is
due to PCP, mortality remains nearly 50% and is increased if
accompanied by PCP-associated pneumothorax, where
mortality is greater than 90%. Sepsis mortality rates from
50% to 68% have been reported. For persons with HIV/

AIDS who require intensive care for other HIV-associated
conditions, the reported mortality is generally lower, below
50%. Furthermore, persons with HIV/AIDS who are admitted to the ICU for a non-HIV-related condition may have
better outcomes than those who are admitted for a condition
related to underlying HIV. In a study from San Francisco,
patients admitted with a non-AIDS-associated diagnosis had
a significantly higher odds of surviving than patients admitted with an AIDS-associated condition (odds ratio [OR] 2.9,
95% confidence interval [CI] 1.5–5.8, p = 0.002)[1].
Mortality in the ICU is also related to the severity of
the acute illness. Predictors of increased hospital mortality
include the need for mechanical ventilation and disease
severity (as assessed by scoring systems such as the Simplified Acute Physiology Score I [SAPS I] and the Acute
Physiology and Chronic Health Evaluation II [APACHE
II] score). ICU mortality has also been related to the
preadmission health status of the patient. Patients with
a decreased serum albumin level or a history of weight loss
may have a higher mortality. In general, the CD4 cell count
and the plasma HIV RNA level are inaccurate predictors of
ICU or hospital mortality. However, long-term mortality
after ICU admission is related to the underlying severity of
HIV disease as measured by CD4 cell count and HIV RNA.
Compared to earlier eras, long-term survival following
ICU discharge is improved in the current combination
antiretroviral therapy era, and the presence of HIV infection itself should never be considered a contraindication
to critical care.

Evaluation of Pneumonic Complications
The evaluation of pneumonic complications in the ICU
begins with a thorough history and physical examination.
Although nonspecific, constellations of particular symptoms and signs can often point to a specific diagnosis. All
of the HIV-associated pneumonias may present with
cough, dyspnea, and, less frequently, pleuritic chest pain.
Particular aspects of these symptoms may be especially
useful for suggesting a specific diagnosis. For example,
most patients with bacterial pneumonia present with
a cough productive of purulent sputum, whereas most
patients with PCP note a dry, nonproductive cough. Bacterial pneumonias due to Streptococcus pneumoniae and
Haemophilus spp. characteristically present with an acute
onset and a symptom duration of 3–5 days, whereas PCP
usually presents with a subacute, more insidious onset and
a typical symptom duration of 2–4 weeks.
Patients with pneumonia are usually febrile, tachycardic,
and tachypneic. Evidence of systemic hypotension suggests
a fulminant disease process (e.g., bacterial septicemia).
Patients with bacterial pneumonia often have focal lung
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examinations suggestive of consolidation, pleural effusion,
or both, whereas patients with PCP may have bilateral inspiratory crackles. Wheezing in a patient with a history of
asthma suggests an exacerbation of that condition, whereas
diminished breath sounds in a longtime cigarette smoker
may indicate emphysema. Absent breath sounds suggest
pneumothorax in a patient complaining of pleuritic chest
pain, dyspnea, or both. Occasionally, abnormal findings on
lung examination are the result of nonpulmonary disease.
For example, rales in association with an S3 cardiac gallop
and an elevated jugular venous pressure suggest a cardiac
etiology for the respiratory complaints.
The remainder of the physical examination may also
suggest an etiology for the respiratory symptoms. For
example, in a patient whose CD4 cell count is less than
200 cells/ml, an altered mental status may be secondary to
C. neoformans meningitis, whereas a focal neurologic
examination may be secondary to T. gondii encephalitis.
Peripheral lymphadenopathy or hepatosplenomegaly suggests either disseminated mycobacterial or fungal disease
or non-Hodgkin lymphoma. New cutaneous lesions may
be manifestations of a disseminated fungal disease. The
presence of mucocutaneous Kaposi sarcoma lesions may
point toward pulmonary involvement with that disease.
However, the absence of Kaposi sarcoma lesions on visual
examination of the skin and mucous membranes does not
preclude the possibility of significant visceral disease,
including the lung. Huang and colleagues found that
15% of 168 patients with pulmonary Kaposi sarcoma
diagnosed by bronchoscopy had no evidence of concurrent or preexisting mucocutaneous Kaposi sarcoma.
The chest radiograph is the cornerstone of the evaluation
of pneumonic complications. Bacterial pneumonia is the
most common pulmonary disease among HIV-infected persons in the USA. The chest radiographic presentation is
similar to that of the overall population: focal, segmental,
or lobar consolidation, with or without an accompanying
pleural effusion. The classic PCP presentation is bilateral
interstitial-reticular or granular opacities that are usually
symmetric and are often diffuse. Tuberculosis can present
with a variety of chest radiographic findings, including upper
lung-zone infiltrates often with cavitation, middle or lower
lung-zone consolidation mimicking bacterial pneumonia,
miliary disease, nodule(s), pleural effusions, and intrathoracic adenopathy. Similarly, cryptococcal pneumonia can
present with a variety of chest radiographic findings. Pulmonary Kaposi sarcoma characteristically presents with bilateral
opacities in a central or perihilar distribution and a middle/
lower lung-zone predominance. Linear densities, nodules,
pleural effusions, and intrathoracic adenopathy are all
common.
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Bronchoscopy
Although the immediate management of respiratory failure in persons with HIV infection often focuses on establishment of an airway and provision of necessary
ventilatory support, prompt consideration for diagnostic
testing, especially the use of bronchoscopy, is crucial to
confirm a diagnosis and initiate appropriate antibiotic
therapy. Since the presentations of many HIV-associated
pneumonic complications are nonspecific and have a great
degree of overlap, definitive diagnosis with bronchoscopy
is encouraged whenever possible in ICU patients. Bronchoscopy with bronchoalveolar lavage (BAL) is the procedure of choice as it has excellent sensitivity and specificity
for many of the common infections seen in HIV, including
PCP. Pulmonary diseases such as certain fungal pneumonias and malignancies may be more difficult to determine
with BAL alone. If a diagnosis is not established with BAL
and the patient does not improve with empiric therapy,
consideration should be given to obtaining lung tissue for
definitive diagnosis.

Treatment
ICU Management of Pneumonic
Complications
As a general rule, the cardinal principles of ICU management are the same in persons with and without underlying
HIV/AIDS. The first principles involve the “ABCs”: A =
secure an airway (often by endotracheal intubation); B =
ensure adequate breathing; C = ensure adequate circulation
and delivery of oxygen to vital organs. There are, however,
unique features of intensive care for persons with HIV
infection that are important to understand.

Mechanical Ventilation
The general indications for mechanical ventilation in
persons with HIV infection are the same as for persons
without HIV infection: acute or chronic respiratory failure
and maintenance of an airway (i.e., airway protection) in
those with central nervous system, neurologic, or neuromuscular disease, those with severe systemic illness (e.g.,
sepsis and acute respiratory distress syndrome, ARDS),
and those undergoing invasive medical or surgical procedures. Mechanical ventilation should be established
early in the course of illness, but a period of close monitoring or a trial of noninvasive ventilation can be considered in select individuals provided that the appropriate
personnel and equipment are available.
Decisions regarding mode of mechanical ventilation
and levels of ventilatory support are the same in persons
with and without underlying HIV/AIDS. Persons with
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acute lung injury (ALI) or ARDS should be managed
according to institutional practices for lung protective
ventilation (i.e., low tidal volume ventilation). A study
by Davis and colleagues of HIV-infected patients admitted
to the ICU with acute lung injury requiring mechanical
ventilation found that lower tidal volume was associated
with decreased mortality (adjusted OR 0.76 per 1 ml/kg
decrease, 95% CI 0.58–0.95, p = 0.043)[2]. Use of low tidal
volumes may be especially important for persons with
PCP who require mechanical ventilation given the high
frequency of pneumothorax in this subset.

Infectious Pneumonic Complications
Bacterial Pneumonia
Bacterial pneumonia remains a common cause of
morbidity and mortality in HIV-infected patients in the
combination ART era. Bacterial pneumonia can occur in
HIV-infected persons at any CD4 cell count, and ART
decreases the risk of bacterial pneumonia. The risk is
especially great in HIV-infected persons who smoke cigarettes or use intravenous drugs. Streptococcus pneumoniae
and Haemophilus species are the most common pathogens
in community-acquired pneumonia, but HIV-infected
patients are also at increased risk for Staphylococcus aureus
(including methicillin-resistant strains) and Pseudomonas
aeruginosa. Treatment of bacterial pneumonia should follow established guidelines for community-acquired or
hospital-acquired pneumonia in the non-HIV-infected
patient [3]. The initial antimicrobial regimen should be
determined by the suspected pathogens, presence of
comorbid illnesses, and the severity of pneumonia. It is
important to begin empiric treatment quickly, then tailor
therapy as culture results become available. In general,
empiric therapy with a macrolide is not recommended in
HIV-infected persons given the increasing rates of pneumococcal resistance. Fluoroquinolone monotherapy is also
not recommended because of the possibility of treating
unrecognized tuberculosis with a single agent and producing drug resistance. Duration of therapy should be similar
to that in the non-HIV-infected population.

PCP and Fungal Pneumonia
Although its overall incidence has declined, PCP remains
the most common AIDS-defining opportunistic infection
in the USA. PCP is generally seen in those with a CD4 cell
count below 200 cells/ml. It is important to remember that
PCP may be the initial manifestation of HIV infection for
many individuals, and clinicians should consider the

diagnosis even in those patients not previously known to
be HIV-infected. For patients admitted to the ICU with
PCP, trimethoprim-sulfamethoxazole (TMP-SMX) is the
treatment of choice [3]. For ICU patients, TMP-SMX
would generally be given intravenously at doses of 15
(range, 15–20) mg/kg/day for TMP and 75 (range, 75–
100) mg/kg/day for SMX, divided into three or four daily
doses. Toxicity of TMP-SMX includes nausea, rash, bone
marrow suppression, hyponatremia, hyperkalemia, renal
dysfunction, and transaminitis. Intravenous pentamidine
isethionate is an effective alternative for patients who
cannot tolerate TMP-SMX or have failed treatment [3].
The recommended daily dose of pentamidine is 3–4 mg/kg
daily. Pentamidine has a high rate of serious toxicity that
includes nausea, hypotension, pancreatitis, hypo- and
hyperglycemia, bone marrow suppression, and nephrotoxicity. The combination of intravenous clindamycin
with oral primaquine may also be used, but may be difficult in ICU patients as oral bioavailability of primaquine
may be compromised. The standard duration of PCP
therapy is 21 days, but anecdotal experience finds that
longer therapy may be used in the most critically ill. The
majority of patients with PCP requiring ICU admission
will also meet criteria for adjunctive corticosteroids (Po2
<70 mmHg or an alveolar-arterial Po2 difference greater
than 35 mmHg). Prednisone is generally given orally at
a dose of 40 mg twice a day for 5 days, 40 mg daily for
5 days, then 20 mg daily for 11 days. For patients who cannot
tolerate oral medications, intravenous methylprednisolone
may be used. Corticosteroids should be initiated when antiPneumocystis treatment is started, even if the diagnosis is not
yet confirmed, as corticosteroids can help prevent the clinical
deterioration seen in the first several days of treatment that
results from an inflammatory response to dying organisms.
Because of the initial worsening that is often seen, PCP
treatment failure should not be diagnosed until after 4–8
days of therapy. Other infectious and noninfectious causes of
worsening respiratory status should also be evaluated if
a patient fails to improve on therapy.
Many endemic fungi can also cause pulmonary disease
in those with HIV. Organisms such as Histoplasma
capsulatum, Coccidioides immitis, and Cryptococcus
neoformans can cause pneumonia in HIV-infected persons
that can result in respiratory failure. HIV-infected patients
with moderate to severe disseminated histoplasmosis should
be treated with amphotericin B or one of its lipid formulations. Amphotericin B or a lipid formulation are also the
treatments of choice for HIV-infected patients with severe
(i.e., diffuse) pulmonary, extrapulmonary, or disseminated
coccidioidomycosis. Patients with clinically significant
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cryptococcal pneumonia should be considered at high risk
for early deterioration and offered amphotericin B (0.7 mg/
kg/day), with or without 5-flucytosine.

Tuberculosis
Tuberculosis (TB) is a frequent pulmonary complication of
HIV worldwide. TB can occur at any CD4 cell count, but it
is much less common in patients receiving ART. Respiratory failure from TB can result in ICU admission, and it is
important that the diagnosis be considered in all HIVinfected patients admitted to the ICU with an undiagnosed
pneumonia. Respiratory isolation should be instituted until
TB can be ruled out. Because of the risk of transmitting TB
within the hospital, persons with HIV and suspected tuberculosis should be started on empirical antituberculosis
treatment promptly to reduce the risk of transmission.
The initial regimen should consist of four antituberculous
drugs: isoniazid, rifampin, pyrazinamide, and ethambutol
along with pyridoxine [3]. This regimen can be tailored
once sensitivities are known. HIV-infected persons appear
to be at increased risk of multidrug-resistant and
extremely/extensively drug-resistant TB, and consultation
with a TB expert should be sought in these cases. Concurrent antiretroviral and antituberculosis treatment is also
complicated due to multiple drug interactions and effects,
and expert opinion should also be sought in these cases.

Viral Pneumonia
Viral pneumonia is a much less frequent cause of ICU
admission in those with HIV than the infections discussed
above. Pneumonia due to cytomegalovirus (CMV), herpes
simplex virus (HSV), and influenza can occasionally be
seen. Varicella-zoster virus is a rare cause of pneumonia in
adults with HIV. Data for treatment of CMV pneumonia
in HIV-infected patients is limited. Intravenous ganciclovir, foscarnet, or cidofovir and valganciclovir are the principal treatment options [3]. Length of induction therapy
for CMV pneumonia is unknown, but some authorities
recommend a 21-day course. Influenza should be treated
as in the non-HIV-infected population.

Noninfectious Complications
Obstructive Lung Disease
Noninfectious pulmonary complications such as COPD
and asthma may be increasing as more people are living
with HIV/AIDS and are living longer. A recent study
found that obstructive lung disease was the most common
cause of respiratory failure in HIV-infected patients using
ART [4]. Treatment of COPD and asthma in HIV-infected
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patients is similar to that for the non-HIV-infected population, although there are no specific studies examining
these treatments (especially corticosteroids) in those with
HIV. HIV-infected persons on protease inhibitors and
chronic nasal or inhaled steroids may have higher systemic
steroid levels that result in adrenal suppression, and caution should be exercised if the steroids are discontinued in
the ICU.

Pulmonary Arterial Hypertension
HIV-infected persons appear to have a higher risk of
pulmonary arterial hypertension (PAH) than the general
population with an approximate prevalence of 1 in 200
compared to 1 in one million. The prevalence may actually
be higher as the disease is likely underdiagnosed. Few
data exist to guide therapy of HIV-associated PAH.
Epoprostenol, bosentan, sildenafil, and iloprost may be
useful. High peripheral levels of sildenafil can be seen
when used in patients receiving ART, particularly ritonavir. There may also be a beneficial effect of ART or ART
with bosentan, but this remains controversial.

Immune Reconstitution Syndrome (IRS),
Immune Reconstitution Inflammatory
Syndrome (IRIS)
The immune reconstitution syndrome (IRS), also referred
to as the immune reconstitution inflammatory syndrome
(IRIS), is a serious, potentially life-threatening syndrome
that can develop in persons with HIV who start on combination antiretroviral therapy. The syndrome results
from an antiretroviral therapy-mediated improvement in
the person’s immune system that results in an increased
inflammatory response against infections. The improved
immune function can develop even before the CD4 cell
count has risen. IRS has been described with virtually all
HIV-associated opportunistic infections but appears to be
most common in persons with Mycobacterium tuberculosis, Mycobacterium avium complex, cytomegalovirus
(CMV), Pneumocystis, and endemic fungi. IRS can present
in one of two ways. First, IRS can “unmask” a previously
undiagnosed opportunistic infection. More commonly,
IRS paradoxically worsens a known opportunistic infection occurring in persons who are started on combination
antiretroviral therapy at the same time or soon after treatment for the opportunistic infection.
The presentation of IRS depends on the underlying
opportunistic infection. Respiratory failure secondary to
IRS is most common in tuberculosis and PCP. Paradoxical
worsening in these cases presents with fevers, cough, dyspnea, hypoxemia, and new or worsened chest radiograph
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findings. Antiretroviral regimens should be continued in
persons with IRS whenever possible, and corticosteroids
can be used in severe presentations, particularly in cases of
PCP. Because this syndrome can be difficult to distinguish
from acute opportunistic infections or other causes of
respiratory deterioration, it is imperative that other explanations of respiratory failure are sought before assigning
a diagnosis of IRS. Thus, the diagnosis of IRS is one of
exclusion.

Use of Antiretroviral Therapy in Persons with
HIV/AIDS in the ICU
There are no randomized clinical trials that address the
question of whether to use antiretroviral therapy for critically ill persons with HIV/AIDS. However, there are compelling arguments for and against using antiretroviral
therapy in the ICU. The relative risks and benefits of
using antiretroviral therapy in a critically ill individual
should be weighed carefully.

Arguments for Antiretroviral Therapy
in the ICU
Antiretroviral therapy improves immune function. With
ART, CD4 cell counts rise, and plasma HIV RNA falls.
Although the short-term impact of increasing the CD4 cell
count and decreasing the plasma HIV RNA level on ICU
mortality is unclear, improving immune function with
antiretroviral therapy could be beneficial. In persons
with HIV, improving their immune function with antiretroviral therapy reduces the risk of HIV-associated opportunistic infections and malignancies. This treatment could
contribute to reductions in additional HIV-associated
complications that increase mortality in critically ill persons. The lower toxicity associated with the newer antiretroviral medications and combinations further strengthen
the argument for their use in the ICU. In addition, a recent
study of early initiation of ART during opportunistic
infections resulted in fewer participants with AIDS
progression or death and a longer time to AIDS [5].
Since this study was not performed in the intensive care
unit setting, its generalizability to critically ill patients is
unknown. For patients already receiving antiretroviral
therapy, discontinuing therapy could result in the selection of drug-resistant virus.

Arguments against Antiretroviral Therapy
in the ICU
The considerable issues related to drug delivery, absorption, dosing, drug–drug interactions, and antiretroviralassociated toxicities combine to indicate that the use of

antiretroviral medications is associated with significant
risks for patients who are already in a life-threatening
condition and cannot afford additional complications.
Immune reconstitution syndromes could result in clinical
worsening of an already critical disease and the threat of
this syndrome may make physicians reluctant to initiate
antiretroviral therapy in the ICU.

After-care
Patients with newly diagnosed HIV during their ICU stay
should be started on opportunistic infection prophylaxis
as indicated by their CD4 cell counts. After hospital discharge, they should be referred to primary care with an
HIV specialist to address initiation or continuation of
ART and to address other primary care needs specific to
patients with HIV infection. In addition, subjects with
known HIV at the time of ICU admission should be
reassessed for need for other opportunistic infection prophylaxis or changes in ART regimens.

Prognosis
HIV/AIDS has been transformed from a uniformly fatal
disease to a chronic disease that cannot currently be cured,
but can be successfully treated with antiretroviral medications. As a result, intensive care for persons with HIV/
AIDS is appropriate for most patients. In 1996, a new class
of antiretroviral medication – HIV protease inhibitors
(PIs) – combined with NRTIs to usher in the present era
in HIV medicine. AIDS incidence and mortality decreased
dramatically in areas of the world with access to these
medications. Hospital admissions for persons with HIV/
AIDS declined in parallel. Although no national surveillance databases exist to track persons with HIV/AIDS
receiving intensive care, a series from San Francisco indicates that ICU admissions also decreased after combination ART was incorporated into routine clinical practice.
At San Francisco General Hospital, the annual number of
ICU admissions for persons with HIV/AIDS has decreased
from 111 per year (1992–1995) to 88.5 per year (1996–
1999) to 62 per year (2000–2004) [1, 4].
Over the past decade, a new clinical spectrum of
intensive care for persons with HIV/AIDS has emerged.
Respiratory failure remains the most common ICU
indication, but the proportion of ICU admissions due to
respiratory failure has declined. PCP and other
AIDS-associated illnesses are no longer the most common
indication for ICU admission. At San Francisco General
Hospital, PCP has decreased from 84% (1981–1985) to
20% (1992–1995) to 14% (2000–2004) of the ICU admissions for persons with HIV [1, 4]. The declines in PCP and
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AIDS-associated illnesses have been partially offset by
increases in HIV/AIDS patients being admitted to the
ICU with pulmonary, cardiac, gastrointestinal, renal, and
metabolic illnesses, which may or may not be related to
underlying HIV disease (see Chap. titled ▶ Human
Immunodeficiency Virus Infection).
Because there are now six distinct classes of ART
medications that dramatically improve the prognosis for
persons with HIV/AIDS – and because the future likely has
even greater promise – there likely will be an even greater
clinical spectrum of intensive care for persons with HIV/
AIDS. Increases in both cardiopulmonary diseases and
malignancies are anticipated with an aging HIV population that is living longer due to the effectiveness of these
medications. End-stage liver disease secondary to viral
hepatitis has emerged as a frequent cause of morbidity
and mortality in the HIV population; these patients may
increasingly require intensive care unless current therapies
for hepatitis improve significantly.
The overall improved prognosis of persons with HIV/
AIDS also has led to more aggressive management of other
medical conditions, including coronary artery bypass as
well as liver, renal, and heart transplantation at specialty
centers. As these procedures become more widespread in
persons with HIV infection, clinicians will face a new wave
of challenges related to the intensive care of these complex
patients. Finally, without dramatic changes in health-care
access and the stigma associated with HIV disease, HIVassociated illnesses will remain a primary cause for ICU
admission at institutions that serve vulnerable
populations and at those institutions who care for HIVinfected émigrés from parts of the world where HIV/AIDS
prevalence is high.
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HIV-Related Cholecystitis
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Synonyms
Cholangiopathy

Definition
Cholecystitis is defined as inflammation of the gallbladder. It
is usually a complication of gallbladder obstruction and
irritation. Cholecystitis is frequently associated with infection
in the gallbladder. Patients with AIDS, who have not received
HAART, are at risk for acalculous cholecystitis and HIV
cholangiopathy. Acalculous cholecystitis is usually secondary
to CMV or Cryptosporidium infection [1]. It presents similarly to gallstone cholecystitis. Patients generally have
concomitant biliary disease.
HIV cholangiopathy constitutes a spectrum of biliary
tract disorders, including papillary stenosis, sclerosing
cholangitis, and long extrahepatic bile duct strictures [1].
The diagnosis is primarily made in patients with very low
CD4 cell counts (<100 cells/mm3). Etiologic agents
include CMV (most commonly) and cryptosporidium
and occasionally MAC, microsporidia, non-Hodgkin’s
lymphoma, and Kaposi’s sarcoma [2]. Presenting signs
and symptoms may include fever, right upper quadrant
pain, weight loss, and diarrhea.

Evaluation and Assessment
Laboratory tests reveal cholestasis with markedly elevated
alkaline phosphatase levels. Sonography may reveal thickening and edema of the gallbladder wall or dilatation of
the common bile duct. ERCP can confirm clinical and
radiologic findings while excluding calculi as the cause of
biliary disease and is a means to obtain samples for culture
and histology [1].

Treatment
Treatment should be directed at the underlying cause
(if determined). Endoscopic sphincterotomy may relieve
right upper quadrant pain in patients with papillary stenosis. Biliary stents may be inserted in patients with long
strictures. Patients who have proven cholecystitis may
require surgical intervention.
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HIV-Related Diarrhea
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Synonyms
Gastroenteritis

Definition
Diarrhea is defined as the condition of having loose stools
with or without increase in stool frequency. It has been
estimated that 30–80% of individuals with AIDS have
diarrhea at some point in their illness [10]. The most
common organisms causing diarrhea in AIDS patients
are Cryptosporidium, MAI, Clostridium difficile toxinassociated diarrhea, and Isospora belli. Multiple pathogens
may be present in AIDS patients and diarrhea may not
abate until all pathogens are eradicated.

Protozoal Causes
Cryptosporidiosis
Infection by Cryptosporidium species in AIDS patients
characteristically causes chronic voluminous, watery diarrhea in patients with profound immunodeficiency (CD4
<50 cells/mm3). Patients may require ICU admission due
to severe volume depletion and electrolyte abnormalities,
most commonly hypokalemia. Fecal fluid loss up to 17 l
per day has been described in such patients [7]. Cryptosporidium may be transmitted by the fecal-oral route from
contaminated food, pets (especially cats), and water-borne
outbreaks [10]. The large volume of stools and malabsorption usually seen in HIV disease and other immunocompromised patients, together with the absence of
inflammatory cells, suggest that this may be a secretory
or toxin-related diarrhea. Cryptosporidia has been
found throughout the gastrointestinal tract (Fig. 1) but
most heavily infects the jejunum [8]. It has also been
shown to infect the biliary system [4]. The endogenous
sporulation of the oocyst may result in autoinfection. This
likely contributes to the severity of disease seen in immunocompromised patients.

HIV-Related Diarrhea. Figure 1 Cryptosporidium in the colon
(Electron micrograph; Mag 4,000) (Figure provided by Liron
Pantanowitz, M.D., Baystate Medical Center, Springfield, MA)

The diagnosis of cryptosporidiosis rests on the demonstration of oocysts in stool specimens [8]. A modified
acid-fast stain may demonstrate the organism on
a concentrated stool specimen. Commercial ELISA kits
are useful to detect antigen in stool. More recently
immunoflourescent techniques employing monoclonal
antibodies to the oocyst wall have been shown to have
a higher sensitivity than modified acid-fast stains. Fecal
leukocytes are not seen. If noninvasive methods are nondiagnostic, the diagnosis can be made by intestinal biopsy.
No effective therapy for cryptosporidium in AIDS has
been found; but many patients will respond to HAARTinduced immune reconstitution and thus HAART should
be the initial therapy in all patients. Judicious use of
antidiarrheal agents (opiates, diphenoxylate, and
loperamide), nutritional management, and administration of fluids as supportive measures is recommended.
In the immunocompromised host, parenteral nutrition
may be required. There are anectodal reports of
paromomycin efficacy; however, controlled studies are
not convincing [1]. Azithromycin and atovaquone have
also been described to be effective in small series [2].
Nitazoxanide is approved for cryptosporidium in immunocompetent hosts but studies in AIDS-related cryptosporidium are conflicting (Table 1).
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HIV-Related Diarrhea. Table 1 Treatment of HIV-related diarrhea
Cryptosporidiosis
Isosporiasis

Microsporidiosis
Cyclosporiasis

Entamoeba histolytica

HAART+Nitazoxanide 500 mg po q12h  14 days
Trimethoprim-Sulfamethoxazole DS po q6h  10 days, then q12h  3 weeks
Or Pyrimethamine 75 mg/day po þ leucovorin 10 mg/day+Folinic acid 10 mg/day po  14 days or
Ciprofloxacin 500 mg po q12h  7 days
HAART+Albendazole 400 mg po q12h  3 weeks (for E. intestinalis)
Fumagillin 20 mg po q8h (for E. bieneusi) – limited data
Trimethoprim-Sulfamethoxazole DS po q6h 10 days, If sulfa allergic: ciprofloxacin 500 mg po
q12hx 7 days and then 1 tab po 3/week
then 1 po 3/week
 2 weeks
Or Nitazoxanide 500 mg po q12h 7 days
Luminal agent: Paramomycin 500 mg po q8h  7 days Metronidazole not effective for cyst
Or iodoquinol 650 mg po q8h  20 days
passers
Or diloxanide furoate 500 mg
po q8h  10 days
+ metronidazole

Giardia lamblia

Metronidazole 500–750 mg po q8h  5 days or
Tinidazole 2 grams po  1
Or Nitazoxanide 500 mg po q12h  3 days

Mycobacterium avium
complex (MAC)

Clarithromycin 500 mg po q12h or Azithromycin 600 mg po q24+Ethambutol 15–25 mg/kg/day
+/ Rifabutin 300 mg po q24h

Salmonella or Shigella

Treatment: quinolone or trimethoprim-sulfamethoxazole

C. difficile

Oral Metronidazole (mild disease), Oral vancomycin (severe disease)

Refractory cases:
Metronidazole 750 mg po+Quinacrine
100 mg po both 3 /day  3 weeks

Isosporiasis

Microsporidiosis

Isospora belli is endemic in developing countries with poor
sanitation and is transmitted by fecal-oral spread. The
parasite is the cause of gastrointestinal infection in
approximately 1–3% of patients with AIDS [1]. It is characterized by fecal excretion of oocysts and infection of the
enterocytes of the small intestine. Pathology is caused by
invasion of the mucosa of the small intestine and destruction of the brush border. In immucompromised hosts, the
disease presents as a chronic diarrhea with severe weight
loss and malabsorption. Fever is often present, and occasionally severe dehydration can occur. Leukocytosis is
uncommon but eosinophilia may occur. The large oocysts
are identified in stool with a modified Kinyoun acidfast stain.
The recommended therapy for Isospora is
trimetophrim-sulfamethoxazole [1]. In patients intolerant to sulfa drugs, alternatives include high dose pyrimethamine (75 mg per day) plus leucovorin or
ciprofloxacin may be used. Although response to treatment is rapid, without HAART, AIDS patients suffer
a 50% recurrence after the cessation of therapy and thus
maintenance therapy to prevent recurrence is indicated
[1] (Table 1).

Microsporidia are eukaryotic, obligate intracellular protozoan parasites that are 1–2 mm in size. Disease is caused by
one of several species. Enterocytozoon bieneusi is the more
common isolate, causing 90% of cases, while
Encephalitozoon intestinalis make up majority of the
remainder [4]. The organism infects the small intestine
and causes a chronic watery diarrheal illness with malabsorption, similar to cryptosporidium, in patients with
CD4 cell counts <50 cells/mm3. Fever is usually absent.
Extraintestinal infection has been reported, especially with
involvement of the biliary tract (and occasionally the eye,
paranasal sinuses, and genitourinary tract, as well as disseminated disease) [4].
Due to its small size, diagnosis can be difficult
and definitive diagnosis is best made by electron
microscopy (EM) of small bowel biopsies [1]. However, since EM is not routinely available, examination of
stool using the modified, trichrome stain can be
performed [9]. Alternatively, the Chromotrope 2R
method and other modifications of the trichrome stain
can be used to stain the spores [4]. Another method, used
by some clinical laboratories, is the chemofluorescent
stool stain [4].
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The initial therapy of microsporidia should be
HAART, as reversal of immune suppression is effective in
clearing the organism and resolution of symptoms. For
patients unable to take HAART or in whom HAART has
failed, effective therapy is available for E. intestinalis but
not for E. bieneusi. For E. intestinalis, treatment with
albendazole 400 mg twice a day for 2–4 weeks has been
effective in small series. Chronic maintenance therapy may
be required to prevent relapses. For E. bieneusi there are
conflicting reports on the efficacy of albendazole, while
fumagillin 20 mg three times a day was effective in a few
small studies (Table 1).

Cyclosporiasis
Infection with cyclospora can result in a chronic relapsing
diarrhea. Cyclospora cayetenensis oocysts are spherical and
measure 8–10 mm in diameter [6]. Sporulation necessary
for infectivity takes from 8 to 11 days. Patients are mostly
asymptomatic carriers. For symptomatic infections, the
onset of illness is often abrupt but may be preceded
by a flu-like illness. Watery diarrhea may be cyclic or
relapsing and may result in malabpsortion and volume
depletion. Low-grade fever with fatigue, anorexia,
myalgia, abdominal cramps, flatus, and nausea occur
frequently.
The diagnosis of cyclosporiasis requires microscopic
identification of the oocysts in stool samples using modified acid-fast stains (Ziehl-Neelsen or Kinyoun). Electron
microscopy when available is the most specific way to
identify the organism and its various stages. The treatment
is trimethoprim-sulfamthoxazole for 10 days followed by
chronic suppression three times per week. For patients
with sulfa allergy or intolerance, ciprofloxacin or
nitazoxanide may be efficacious (Table 1).

Amoebiasis
Entamoeba histolytica, an ubiquitous organism estimated
to infect at least 10% of the world’s population, is relatively uncommon in developing countries [10]. Entamoeba histolytica inhabits the lumen of the large
intestine and may invade and destroy the bowel wall and
cause metastatic foci of infection, most commonly in the
liver. The infection is more common in men who have sex
with men, who may acquire amebiasis by direct ingestion
of cysts through anal/oral sexual practices.
The spectrum of Entamoeba infection ranges from
asymptomatic infection to acute self-limited diarrhea to
severe invasive colitis which can result in toxic megacolon
[10]. Acute intestinal amebiasis often is manifested by
crampy, abdominal pain; tenesmus; and bloody stools
although many patients have a cyclical illness. Stool

examination usually reveals mucus, erythrophagocytic
trophozoites, and leukocytes. High fever and marked
peripheral leukocytosis is unusual and suggests an
extraintestinal focus. Mild to severe tenderness of the
right lower quadrant is common. Liver abscess, the most
frequent extraintestinal complication of amebiasis, is
actually rare in patients with HIV. The diagnosis of amebiasis requires identifying the parasite in stool or sigmoidoscopy samples. By using concentration and staining
techniques, the probability of diagnosis in an infected
patient is up to 90% with three stool samples [10]. Serologic methods are useful, particularly in extraintestinal
disease in nonindigenous persons.
Treatment of benign cyst passers is with a luminal
agent, e.g., either oral iodoquinol, paromomycin, or
diloxanide furoate. For the treatment of invasive intestinal
amebiasis and hepatic abscess, metronidazole should be
used in addition to a luminal agent (Table 1).

Giardiasis
Giardia lamblia is a flagellated protozoan transmitted by
drinking contaminated water, or occasionally food. Person
to person transmission (especially with oral–anal contact)
has also been described [10]. Infection is initiated by
ingestion of cysts, which excyst in the stomach, giving
rise to trophozoites which divide, which in turn gives
rise to two daughter trophozoites that colonize the upper
small intestine. Symptoms include nausea, anorexia,
bloating, flatulence, abdominal cramps, and diarrhea
(often foul smelling and greasy). Symptoms may be
prolonged with prominent weight loss.
Diagnosis is made by identification of cysts and trophozoites on stool examination. More recently antigen
detection (with ELISA) has been shown to be very useful
with relatively high sensitivity and specificity. Therapy of
giardia is with tinidazole, nitazoxanide, or metronidazole.
Refractory cases can be treated with higher doses of metronidazole (750 mg) and quinacrine 100 (Table 1). There
is no evidence that infection with G. lamblia is more severe
in HIV-infected persons than in others. However, a longer
treatment course (10–14 days) may be required.

Bacterial Causes
Mycobacterium Avium Complex (MAC)
MAC includes the atypical mycobacterial species, M.
avium and M. intracellulare. Disseminated MAC is one
of the most common enteric infections in AIDS patients
with chronic undefined diarrhea, and in the pre-HAART
era it was estimated that approximately 10–24% of AIDS
patients were infected [4]. Disease is primarily seen in
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patients with low CD4 cell counts (<50 cells/mm3). The
bacteria are ubiquitous in the environment and transmission likely occurs from aerosol, water, soil, or food contamination. Disseminated MAC can involve the GI tract
(especially small bowel and less often the colon), liver,
spleen, bone marrow, and lymph nodes [3]. Symptoms
include fever, night sweats, weight loss, diarrhea with
malabsorption, and abdominal pain.
In most cases the diagnosis can be made noninvasively
by lysis centrifugation blood cultures [9]. Organisms may
take several weeks to grow. However in the critically ill
patient, if rapid diagnosis is required, MAC can be diagnosed by endoscopy with biopsy of the small bowel
(Fig. 2), colon, or bone marrow examination. Mucosal
changes seen on endoscopy include erythema, edema,
friability, and, in some cases, small erosions and fine
white nodules. Histopathology reveals foamy macrophages containing acid-fast bacilli. Granulomas, when
present, are poorly formed. Often there is elevation of
the alkaline phosphatase and anemia, reflecting liver and
bone marrow involvement, respectively. Abdominal computer tomography scans may reveal adenopathy and
hepatosplenomegaly.
Therapy is with a combination of clarithromycin (or
azithromycin) and ethambutol, with or without
a rifamycin (usually rifabutin due to less potential for
drug interactions compared to rifampin) [3]. HAART
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should also be initiated; however, the patient should be
closely monitored for the development of the immune
reconstitution syndrome (Table 1).

Common Bacterial Infections
Certain bacterial infections of the intestine may occur
more frequently or with increased severity in the setting
of AIDS including Salmonella, Shigella, and Campylobacter jejuni [9]. Severe manifestations may develop including
fever, abdominal pain, and diarrhea (which may be bloody
especially with Shigella infection). Bacteremia due to salmonella is significantly more common in AIDS patients and
may recur. Diagnosis is by standard stool culture. Therapy is
with a quinolone or trimethoprim-sulfamethoxazole.
Clostridium difficile, a Gram-positive sporulating
bacillus, is a cause of antibiotic-associated diarrhea. It
may present merely as mild diarrhea or as frank
pseudomembranous colitis. There are reports of a higher
incidence of C. difficile associated diarrhea with AIDS. The
frequent use of antibiotics in this group may account for
these observations. Diagnosis is by detection of cytotoxin
A and B on stool filtrates. Management includes cessation
of antibiotics and administration of either oral metronidazole or vancomycin. The latter is preferred in severely ill
patients. In critically ill patients in whom the gut cannot
be used, intravenous metronidazole or vancomycin
enemas can be given.

Viral Causes

HIV-Related Diarrhea. Figure 2 MAI of the GI tract
duodenum (H&E stain; Mag 200) (Figure provided by Liron
Pantanowitz, M.D., Baystate Medical Center, Springfield, MA)
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Viral agents are important in the etiology of diarrhea in
AIDS patients. HIV, CMV, and HSV have all been implicated as etiologic agents of diarrhea [9]. CMV can infect
any part of the GI tract (see ▶ HIV-related disease of oral
cavity and esophagus) and is an important cause of diarrhea in patients with CD4 cell counts <50 cells/mm3.
When implicated in diarrhea it is due to infection of the
colon and to a lesser extent the small intestine [9]. Patients
may present with fever, anorexia, weight loss, tenesmus,
diarrhea (which may be bloody), and abdominal pain.
In severe CMV colitis, colonic perforation may occur
leading to an acute abdomen and peritonitis. Other
severe complications include hemorrhage (see section on
▶ HIV-related disease of the stomach, intestines and
colon), obstruction, and toxic megacolon.
In the appropriate setting, evidence of viremia (as
measured by antigen testing or PCR on blood) in
a patient with very low CD4 count and the above symptoms may be presumed to have CMV colitis. However,
definitive diagnosis is made by colonoscopy which reveals
friable and erythematous mucosa with ulcerations and
submucosal hemorrhage with colitis (diffuse or localized).
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After-care
After determining the etiology and treating diseases of the
upper and lower gastrointestinal tract, certain prophylactic (maintenance) medication may be required depending
on the most recent CD4 count. HAART will generally
improve the immune status and overall prognosis among
these patients. Adequate nutrition, electrolyte, and fluid
balance all improve the overall status among HIV-infected
patients. Further multidisciplinary follow-up by the
patients’ primary care physician, gastroenterologist,
infectious disease specialist, and surgeon is prudent to
delineate any recurrence or worsening of the underlying
illness.
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HIV-Related Diarrhea. Figure 3 Colon biopsy showing
characteristic CMV inclusions within endothelial cells (H&E
stain; Mag 600) (Figure provided by Liron Pantanowitz, M.D.,
Baystate Medical Center, Springfield, MA)

Histopathologic examination of an ulcer will reveal the
characteristic changes of CMV, e.g., enlarged cells,
intranuclear inclusions, and owl’s eye cells (Fig. 3). Viral
culture and immunohistochemical stains can also be done
for confirmation.
HSV can cause a proctocolits especially in men who
have sex with men [9]. Primary infections lasts 2–3 weeks
is associated with pain, tenesmus, and rectal discharge.
Diarrhea may be present but is not as prominent as the
other symptoms. The diagnosis is made on clinical
grounds and can be confirmed by culture and biopsy via
sigmoidoscopy, which reveals ulcerations. The treatment
for CMV and HSV infections is similar to treatment of
CMV and HSV esophagitis (see ▶ HIV-related disease of
oral cavity and esophagus).

HIV Enteropathy
In the pre-HAART era, patients with chronic diarrhea, malabsorption, and weight loss in the absence of a definable
cause were often diagnosed with HIV enteropathy [4]. HIV
enteropathy may be due to direct HIV infection of the
intestine and may result in severe volume depletion. Management consists of excluding other causes of chronic
diarrhea, e.g., medications, pathogens, and controlling
symptoms with antimotility agents and adequate nutrition [5]. HAART may also be useful by controlling HIV
replication and may lead to improvement.

1. Chui D, Owen R (1994) AIDS and the gut. J Gastroenterol Hepatol
9:291–303
2. Giacometti A, Cirioni O, Scalise G (1996) In-vitro activity of
macrolides alone and in combination with artemisin, atovaquone,
dapsone, minocycline or pyrimethamine against Cryptosporidium
parvum. J Antimicrob Chemother 38(3):399–408
3. Horsburgh C (1991) Mycobacterium avium complex infection in the
acquired immunodeficiency syndrome. New Engl J Med 324:1332–1338
4. Lew E, Poles M, Dieterich D (1997) Diarrheal disease associated with
HIV infection, HIV infection and the gastrointestinal tract.
Gastroenterol Clin North Am 26(2):259–283
5. Lu SS (1997) Pathophysiology of HIV-associated diarrhea.
Gastroenterol Clin North Am 26(2):175–185
6. Pape JW, Verdier R (1994) Cyclospora infection in adults infected
with HIV; clinical manifestations, treatment, and prophylaxis. Ann
Intern Med 121:654–657
7. Petersen C (1992) Cryptosporidiosis in patients infected with the
human immunodeficiency virus. Clin Inf Dis 15:903–909
8. Rotterdam H, Tsang P (1994) Gastrointestinal disease in the immunocompromised patient. Hum Pathol 25(11):1123–1140
9. Smith PD (1993) Infectious diarrheas in patients with AIDS.
Gastroenterol Clin North Am 22(3):535–547
10. Tanowitz H, Simon D, Wittner M (1992) Medical management of
AIDS patients; gastrointestinal manifestations. Med Clin North Am
76(1):45–62

HIV-Related Disease of the Oral
Cavity and Esophagus
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Synonyms
Dysphagia; Esophagitis; Odynophagia; Oral pain

HIV-Related Disease of the Oral Cavity and Esophagus

Definition
Dysphagia is defined as difficulty swallowing while
odynophagia is painful swallowing. These symptoms in
addition to oral pain may result in severe dehydration and
malnutrition in the immunocompromised host. The most
common conditions involving the oral cavity are Candida
sp, herpes simplex virus (HSV), aphthous ulcers, and
periodontal lesions including necrotizing gingivitis and
less commonly cytomegalovirus (CMV). Kaposi’s
Sarcoma (KS) frequently involves the mouth but rarely
causes severe dehydration. Periodontal diseases in HIV
range from non-painful erythematous lesions to
widespread necrosis of all the supporting structures of
the mouth. Kaposi’s sarcoma is the most prevalent oral
neoplasm in HIV-infected patients [1]. The most common
site for oral KS is the palate, followed by the gingival
tissues. Gingival involvement may lead to underlying
bone destruction and tooth mobility [1].
Esophagitis is defined as inflammation of the lining
of the esophagus. Although most AIDS patients with
esophagitis do not require ICU care, severe esophagitis
can lead to severe volume depletion with resultant hypotension. The most common conditions involving the
esophagus are infection with Candida (most common)
and ulcerations due to either CMV, HSV, or HIV (e.g.,
aphthous) [2]. Occasionally other infections can involve
the esophagus including M. tuberculosis, atypical mycobacterium, and H. capsulatum. Less commonly, malignancy can involve the esophagus including KS,
lymphoma, and adenocarcinoma. Finally pill esophagitis
or severe erosive esophagitis from acid reflux may occasionally occur [2].
HSV of the oral cavity can present as primary or
recurrent (due to reactivation) lesions. The virus remains
latent in the trigeminal ganglion and subsequently
reactivates during depression of immunity. It classically
appears as small, painful vesicles or shallow ulcers, which
may affect any oral mucosal surface. Herpes simplex virus
(HSV) esophagitis is characterized by multiple ulcers that
are deep and small.
Occasionally, Cytomegalovirus (CMV) may also
cause oral ulcerations that are more shallow but
larger than HSV. CMV, which is due to reactivation
of latent virus, is the most common cause of
esophageal ulceration in AIDS and most commonly
presents with odynophagia in patients with profound immunodeficiency (CD4 <50 cells/mm3).
CMV characteristically produces one or more distal large
esophageal ulcers that may be circumferential. The virus
usually infects endothelial and epithelial cells as well as
fibroblasts.
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Candida commonly causes oral infection in AIDS
patients but rarely results in severe symptoms unless
there is concomitant esophageal involvement. Candida
sp. (usually C. albicans) are the most common organisms
to involve the esophagus in AIDS patients [3]. Most
patients have a low CD4 cell count (<200 cells/mm3).
Typical symptoms are dysphagia and odynophagia.
Aphthous ulcers can present in AIDS patients as single
or multiple, often recurrent lesions that may occur on the
buccal and labial mucosa, the floor of the mouth, or
the tongue. These ulcers, which can become quite large,
appear gray-yellow, often with a raised and erythematous
margin, and are typically exquisitely painful. Idiopathic or
aphthous esophageal ulcers can be seen in acute HIV or
chronic HIV infection and often occur in conjunction
with recurrent large, painful oral ulcerations. When
involving the esophagus these ulcers present with
odynophagia, dysphagia, and esophagospasm.

Treatment
Antimicrobials directed at the infecting organism are the
mainstay of treatment. Additional care that includes management of fluid status, nutrition, and systemic supportive
therapy increases the likelihood of survival. Treatment of
HSV is with acyclovir or another nucleoside analogue
(famciclovir or valacyclovir). Resistance to acyclovir can
rarely be seen in highly immunocompromised patients
who have received long term acyclovir. Foscarnet can be
used in such instances.
CMV esophagitis treatment consists of IV ganciclovir,
at a dose of 5 mg/kg twice daily for 2–3 weeks followed by
maintenance therapy with either ganciclovir 5 mg/kg once
daily or oral valganciclovir. For cases of resistance to
ganciclovir, foscarnet can be used. The optimal duration
of maintenance treatment is unknown and depends on the
CD4 cell count response to HAART [1].
Systemic therapy is required for Candida esophagitis.
Initial therapy is preferably fluconazole (either orally
or if the patient is unable to take oral medications, intravenously). Resistance to fluconazole is rare, but if suspected
based on lack of response, very low CD4 count (<50 cells/
mm3), and history of extensive fluconazole use, an
alternative agent should be used. Alternatives include
an intravenous amphotericin B formulation, an intravenous echinocandin (caspofungin, micafungin or anidulafungin), or a second-generation azole, e.g., posaconazole
(only available orally), voriconazole (IV or po), and
itraconazole (IV or oral solution) (see Table 1).
Treatment of idiopathic or aphthous esophageal ulcers
is with corticosteroids or thalidomide and both topical
and systemic pain medications.
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HIV-Related Disease of the Oral Cavity and Esophagus. Table 1 Treatment of common HIV-related conditions
Candida albicans

Oropharyngeal (7–14 days)
Fluconazole susceptible:
Fluconazole 100 mg po q24h (preferred)
Or Itraconazole 200 mg po q24h

Fluconazole refractory:
Itraconazole suspension >= 200 mg po
q24h
Or Posaconazole 200 mg po  1 then
100 mg po q24h  13 days

Esophagitis (14 days)
Fluconazole susceptible:
Fluconazole 200 mg po/IV q24h
Or Itraconazole solution 200 mg po q24h
Or Caspofungin 50 mg IV q24 h
Or Micafungin 150 mg IV q24 h

Fluconazole refractory:
Itraconazole solution 200 mg po q24h
Or Caspofungin 50 mg IV q24h
Or Voriconazole 200 mg po/IV q12h
Or Posaconazole 400 mg po q12h 
3 days then 400 mg po q24 h
Or Anidulafungin 100 mg IV  1 then 50 mg Or Micafungin 150 mg IV q24 h
Or Amphotericin B 0.3–0.7 mg/kg IV
IV q24 h
q 24 h
Or Amphotericin liposomal/Lipid
Complex 3–5 mg/kg IV q24h

CMV

Refractory to Ganciclovir:
Ganciclovir 5 mg/kg IV q12h  14–21 day
then Valganciclovir 900 mg po q24h
(preferred)

HSV

Mild to moderate:
Acyclovir 400 mg po q8h  7–14 days

Foscarnet 60 mg/kg IV q8h or 90 mg/kg
IV q12h then 90–120 mg/kg IV q24h Or
Cidofovir 5 mg/kg IV  2 weeks then
5 mg/kg IV q other week
Severe illness:
Acyclovir 5 mg/kg IV q8h  5–10 days,
after lesions begin to heal, switch to
Famciclovir 500 mg po q12h

Or Famciclovir 500 mg po q12h  7–14 days Or Valacyclovir 1,000 mg po q12h
Or Valacyclovir 500 mg po q12h  7–14 days Or Acyclovir 400 mg po q8h
Acyclovir Resistant:
Foscarnet 40–60 mg/kg IV q8h
Or Cidofovir 5 mg/kg IV qweek 2 then every other week
Aphthous ulcers

Prednisone 1 mg/kg/d or thalidomide 200 mg/day

Evaluation/Assessment
The diagnosis of HSV is established by a high clinical
suspicion and identification of the viral activity by viral
culture, biopsy, and cytologic identification of
intranuclear inclusions [3]. The diagnosis of CMV is
made by endoscopy with biopsy of ulcerations revealing
viral intranuclear and intracytoplasmic inclusions on routine hematoxylin and eosin stains. CMV infection can be
confirmed with immunohistochemical staining.
Esophageal symptoms in the presence of oral Candida
infection usually require no further evaluation and can be
treated empirically with therapy directed toward Candida
sp. In some cases Candida esophagitis can occur in the
absence of oral Candida infection. When thrush is not

present or when the patient is severely ill, endoscopic
evaluation is warranted. Endoscopy in Candida esophagitis shows yellow-white friable plaques, which are exudates
overlying ulcers. The entire esophagus can be involved.
Biopsy shows tissue invasion by pseudomycelia with acute
and chronic inflammation. Fungal culture is confirmative.
The diagnosis of idiopathic or aphthous esophageal
ulcers is one of exclusion and biopsy and culture is necessary to rule out CMV or HSV ulcerations.

After-care
Most of the opportunistic infections of the oral cavity and
esophagus will improve with optimization of the immune
status of the individual. Appropriate oral care, nutrition,

HIV-Related Diseases of the Stomach, Intestines, and Colon

prophylactic medications, and HAART will enhance
the host capability to resist infections and prevent
AIDS-related cancers that may develop.
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HIV-Related Diseases of the
Pancreas, Biliary Tract, and Liver
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Pancreatic insufficiency; Pancreatic necrosis; Pancreatitis

Treatment
Treatment of pancreatitis in the setting of AIDS is similar
to that of non-HIV-infected individuals and consists of
supportive care as well as discontinuation of any offending
medication. Surgery when inducted consists of débridement and necrosectomy followed by closed or open lavage.
In biliary pancreatitis, ERCP is performed early in cases of
biliary obstruction, with or without cholangitis. In these
patients cholecystectomy should be performed electively
after clinical recovery.
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Definition
Pancreatitis is defined as an inflammatory process of
the pancreas mainly due to biliary obstruction or alcohol
consumption. Pancreatitis is significantly more common
in HIV-infected individuals and the risk increases with
declining CD4 cell counts [1]. HIV-infected patients
with pancreatitis may be more likely to have severe disease
and higher mortality [2]. Pancreatitis may be due to
direct infection of the pancreas with an opportunistic
pathogen or more commonly as an adverse effect
of a medication. In addition, the same conditions causing pancreatitis in normal hosts may be seen (e.g.,
gallstones, alcohol, and hypertricglyceridemia). The
pancreatic duct may be involved in patients with HIV
cholangiopathy (see ▶ HIV-Related Cholecystitis). The
most frequent medication related causes of pancreatitis
in AIDS patients are the antiretrovirals, didanosine and
stavudine (especially when used together) and drugs used
to treat Pneumocystis jiroveci pneumonia (PJP), e.g., pentamidine and trimethoprim-sulfamethoxazole [3]. Occasionally, opportunistic infections including CMV, MAC,
M. tuberculosis, PJP, Cryptococcus, Cryptosporidium, and
Toxoplasma gondii have been reported to cause
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pancreatitis. Pancreatitis in AIDS may be complicated by
the formation of pseudocysts that may rupture and bleed
massively. A fulminant course with acute respiratory distress syndrome, multiorgan failure, and death may also
occur, necessitating ICU admission [2].
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HIV-Related Diseases of the
Stomach, Intestines, and Colon
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Synonyms
Gastrointestinal bleeding; Vascular perforation of the gut

Definition
Massive GI bleeding is defined as hemorrhage of either the
upper or lower portions of the gastrointestinal tract.
In AIDS patients this can be life threatening, necessitating
ICU care, aggressive resuscitation, and careful diagnostic
evaluation. When present, gastrointestinal bleeding can be
due to ulcerations due to HSV, CMV, or Entamoeba
histolytica, or malignancies such as KS and lymphoma [1].
Less commonly lower GI bleeding can occur due
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to infectious proctocolitis caused by N. gonorrhea or
C. trachomatis.
During a 5 year study by Bini et al., CMV colitis was
the most common cause of GI bleeding [2]. Significant
and occasionally massive lower GI hemorrhage can occur
from CMV-induced ulcerations resulting in high
short-term morbidity and mortality. CMV ulceration can
be widespread throughout the gut, although the terminal
ileum and colon most frequently are involved. Colonic
perforation, attributed to CMV ulceration, has been
reported [3]. CMV may also cause a localized vasculitis,
mainly affecting submucosal vessels, resulting in
vascular thrombosis, leading to mucosal ischemia and
ulceration [3, 4].
Kaposi’s sarcoma involving the GI tract is usually
asymptomatic in patients with AIDS, with few clinical
sequelae. However, intestinal hemorrhage and small
bowel obstruction have rarely been reported from KS
lesions with bulky intraluminal masses and mucosal
ulceration [3].

Treatment
Supportive care is the mainstay of therapy for significant
gastrointestinal hemorrhage and the problem may cease
spontaneously. The bleeding may be responsive to endoscopic interventional techniques (e.g., heater probe, laser,
or injection sclerotherapy). Occasionally, surgery may be
required. For CMV ganciclovir is the treatment of choice,
while foscarnet is reserved for patients with resistance to
ganciclovir. For KS, HAART is the optimal treatment;
however, patients with extensive tumor burden may
require chemotherapy.

HIV-Related Gastrointestinal
Obstruction
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Synonyms
Intraluminal block

Definition
Gastrointestinal obstruction is the mechanical or functional obstruction of the intestines, preventing the normal
transit of the products of digestion. Non-Hodgkin’s lymphoma (Fig. 1) or Kaposi’s Sarcoma (KS) lesions can
produce intestinal obstruction as a result of a luminal
space occupying lesion or act as a lead point for intussusception [1]. However, non-AIDS-related causes of
obstruction and perforation such as adhesions and hernias
should also be considered. Obstruction of the small intestine with extensive Mycobacterium avium intracellulare
(MAC) infection of the terminal ileum has been reported
[1, 2]. Such obstructions can lead to malnutrition,

Evaluation/Assessment
Diagnosis of gastrointestinal bleeding is made by visualization of lesions via endoscopy. This provides localization
for identifying the source of blood loss, provide means of
obtaining a biopsy to determine the etiology, and provide
an opportunity to stop the bleeding process.
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HIV-Related Gastrointestinal Obstruction. Figure 1 Lower
GI tract AIDS-associated high grade diffuse large B-cell NHL
(H&E stain; Mag 400) (Figure provided by Liron Pantanowitz,
M.D., Baystate Medical Center, Springfield, MA)

HIV-Related Hepatitis

dehydration with severe electrolyte abnormalities, and
a surgical abdomen with perforation requiring admission
into the ICU.

Evaluation/Assessment
Diagnosis of obstruction requires an imaging of the gastrointestinal tract. Computed tomography (CT) scans of
the abdomen and pelvis may be needed to further delineate the anatomy of the lesions. Further visualization via
endoscopy is then utilized to identify the source of
obstruction, provide means of obtaining a biopsy to determine the etiology and provide an opportunity to clear the
obstruction such as in the setting of intussusception.
Urgent surgical intervention may be needed in the setting
of strangulation as well as perforation.

Treatment
Treatment is dependent on the causative agent of obstruction. Chemotherapy is required for lymphomatous lesions
while antimicrobials are used for MAC (Table 1 in
“▶ HIV-Related Diarrhea”). However, the institution of
HAART remains to be an integral part of management.
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HIV-Related Hepatitis
JULIUS LARIOZA, DANIEL J. SKIEST
Division of Infectious Diseases, Baystate Medical Center,
Springfield, MA, USA

Synonyms
Drug induced hepatitis; Infectious induced hepatitis;
Toxin induced hepatitis

Definition
Hepatitis is defined as inflammation of the liver and is
a marker of either acute or chronic liver disease. Liver
disease may be due to acute or chronic viral hepatitis
(B or C), HIV-related opportunistic infections,
or noninfectious processes, such as medication toxicity,
alcohol, nonalcoholic fatty liver disease, or malignancy [1].
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Patients with fulminant or end stage liver disease may
require ICU care [2]. Various medications can cause
hepatoxicity including nevirapine, or less commonly the
protease inhibitors, and certain nucleoside analogues.
In addition, drugs used to treat complications of HIV,
e.g., isoniazid, rifamycins, and other antibiotics, may be
implicated.
The estimated prevalence of chronic hepatitis B virus
(HBV) infection in patients with HIV is between 7.6% and
11% in the United States [3]. Patients with HIV/HBV
coinfection progress to liver disease more rapidly, have
higher serum HBV DNA levels, lower rates of spontaneous
seroconversion, and higher rates of liver-related death and
other complications as compared with patients with HBV
mono-infection [3]. Patients infected with the delta agent
in addition to hepatitis B may have fulminant hepatitis. In
HIV/HBV coinfection, flares of liver disease with
transaminitis may occasionally be severe and require
supportive ICU care. Flares may be due to recent
HAART initiation and resultant immune reconstitution,
adverse reactions to antiretroviral agents, discontinuation
of antiretroviral agents with anti-HBV activity
(lamivudine, emtricitabine, tenofovir), and the emergence
of resistance to drugs with hepatitis B activity. Careful
evaluation of the critically ill, coinfected patient with
severe liver disease is important as the management differs
depending on the specific etiology.
The prevalence of hepatitis C coinfection with HIV is
high with estimates ranging from 30% to 90% (in injecting
drug users). Coinfected patients experience a significant
increase in morbidity and mortality compared to monoinfected patients. As access to HAART has decreased
HIV-related complications, hepatitis C infection has
become an increasingly important cause of morbidity
and mortality. In one study, 47% of the deaths in the
coinfected group were due to liver-related causes, such as
cirrhosis, ascites, variceal bleeding, and encephalopathy
[4]. This finding is consistent with recent observations
that the progression to liver fibrosis and cirrhosis is accelerated in coinfected patients.

Treatment
Both hepatitis B and C may progress to cirrhosis and end
stage liver disease and thus admission to the ICU is not
infrequent due to complications such as bleeding
esophageal varices, hepatic encephalopathy, spontaneous
bacterial peritonitis, and hepatorenal syndrome [5].
Management of these complications is similar as in
HIV-uninfected individuals. In addition, patients with
viral hepatitis may be more likely to experience drugrelated hepatoxicity.
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After-care
The overall care of the patients will depend on the underlying reasons for the illness. Medications and toxins that
caused the underlying illness should be avoided. This may
be improved by having the patient know of these reactions
or permanently documented in their medical records.
Follow up of their immune status measured by the
CD4 count and viral control of their HIV as well as
coinfections is mandatory. Optimal HAART will improve
the immune status and overall prognosis among these
patients. For Hepatitis B coinfected patients on HAART
that has activity against both HIV and Hepatitis B,
rapid discontinuation of such medications may lead to
hepatitis flares.

Hollow Fiber Membranes
▶ Dialysis Membranes

Hospital or Facility-Acquired
Prevalence
It is the percentage of patients who acquire a pressure ulcer
after admission to the facility that is measured at a specific
point in time.
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Hospital-Acquired Pneumonia
▶ Pneumonia, Ventilator-Associated
▶ Ventilator-Associated Pneumonia

Hospital-Acquired Pneumonia =
Nosocomial Pneumonia
▶ Pulmonary Infections in the Immunocompromised
Host

HME
Heat and moisture exchanger. It is a system that collects
the heat and moisture of the expired gases, and passively
heats and humidifies the inspired gases at the following
inspiration.

HRS
▶ Hepatorenal Syndrome

HMEF
It is a heat and moisture exchanger (HME) plus an
antimicrobiological Filter.

Holdsworth Slice Rotational
Shearing Injury
▶ Traumatic Spondylolisthesis

HSPs
▶ Heat Shock Proteins

Human Immunodeficiency Virus
▶ HIV Infections
▶ HIV, Pneumonic Complications

Humidification

Humidification
DAVIDE CHIUMELLO, ANTONELLA MARINO
U.O. Anestesia e Rianimazione, Dipartimento di
Anestesia, Rianimazione (Intensiva e Subintensiva)
e Terapia del Dolore, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinic, Milan, Italy

Introduction
When the nose and the upper airways are bypassed due
to a tracheostomy or endotracheal tube, the normal
function of heating and humidifying of the inspired
gases is lost. The goal of any heating and humidification
system is to provide inspired gases with a water content
similar to that usually provided by the nose or the upper
airways.
The water present as vapor in a gas mixture is defined
humidity. The maximal amount of water vapor that can be
present in a gas mixture directly depends on the temperature of the gas. When a gas mixture holds all the water
vapor that it can, it is defined “saturated.” The amount of
water vapor contained in a gas mixture can be estimated as
absolute humidity (▶ AH) or Relative Humidity (▶ RH)
related to that temperature [1].
AH is the mass of water vapor held in a given
volume of gas at a particular temperature while RH
is the ratio between the actual amount of water vapor
and the maximal capacity of water vapor for the same
temperature.

Physiological Background

The standard ambient air presents a temperature of 22 C,
with RH of 50%, and AH of 10 mg/L while the alveolar air
usually presents a temperature of 37 C, with RH of 100%
and AH of 44 mg/L. During inspiration, the inspired gases
are progressively heated and humidified along the nose
and the upper airways, until they are fully saturated at the
body temperature.
The point of the airways in which the inspired gases
reach the body temperature (i.e., 37 C) and 100% of RH is
called the isothermic saturation boundary (ISB) [1]. Normally, the ISB is 5–6 cm below the carina and after this
point the inspired gases do not change temperature and
humidity.
The difference between the alveolar and the ambient
air water content is called the humidity deficit [1]. Usually,
the humidity deficit above the carina (i.e., carina AH
minus airway opening AH) is around 27 mg/L while the
humidity deficit below the carina (i.e., alveoli AH minus
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carina AH) is around 7 mg/L. This suggests that the
majority of humidification during inspiration is provided
by the upper airways. During expiration, the gases leaving
the alveoli are cooled and lose heat and humidity until
they reach a temperature of 33 C, maintaining 100% of
RH (i.e., AH of 37 mg/L).
Contrary to common knowledge, the inspired medical
gases are not cold and fully dry, in fact the temperature of
the medical gases delivered by mechanical ventilation are
normally around 20–25 C. However, the AH ranges
between 3 and 10 mg/L and is inversely dependent on
the inspired oxygen concentration, thus the real problem
with the medical gases is not the temperature but the
inadequate humidification.
At the carina level, the intubated patients breathing
nonconditioned medical gases present similar levels of
temperature compared to physiological conditions but
with a marked reduction in RH.
In this condition, the ISB is markedly shifted toward
the alveoli and can even be absent. In fact in intubated
patients, there is a reverse in the humidity deficit compared to nonintubated patients. The upper carina humidity (i.e., endotracheal tube plus lower trachea) deficit is
around 5 mg/L while the lower carina humidity deficit is
around 34 mg/L. This suggests that the majority of humidification during inspiration is provided by the lower airways, which are not physiologically appropriated to
conditioning the gases.

Oxygen Therapy
In clinical practice the oxygen therapy is usually administered in pulmonary or cardiac respiratory failure
(Table 1).

Humidification. Table 1 Temperature, absolute and relative
humidity of gases from 21% to 100% oxygen
FiO2 (%)

Temperature ( C)

AH (mgH2O/L)

RH (%)

21

24.0

3.9

18

30

23.6

3.9

18

40

23.5

2.8

13

50

23.3

2.5

12

60

23.2

2.4

12

70

23.0

2.4

12

80

23.0

2.5

12

90

22.9

2.8

14

100

22.7

2.9

14

FiO2: Oxygen fraction; AH: absolute humidity; RH: relative humidity.
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Low Gases Flow (≤4 L/min)
The low gas flow during oxygen therapy is usually administered in less severe patients. The ACCP–NHLBI national
conference on oxygen therapy stated that: “the routinely
humidification of oxygen (using a flow lower than 4 L/min)
delivered by a nasal cannula, is not necessary when the
environmental humidity is adequate” [2]. Despite this
recommendation the routinely humidification using low
flow of oxygen remains a common practice. Using such
low gases flow only a minimal part of the patient’s minute
ventilation (room air) is mixed with the oxygen delivered.
In this case, the patient continues to breathe through the
nose, maintaining an adequate conditioning capability, so
the only possible consequence would be a discomfort and
not a real humidity deficit.
Campbell et al. studied, in a large prospective randomized study, the administration of humidified (using
a simple bubble humidifier) and dry oxygen in sick
patients [3]. The dry nose, dry mouth, chest discomfort
and headache were evaluated by a dedicate scale. The
complaints of dry nose and throat were mild and similar
in both the treatment groups (42.9% vs. 43.9%) and did
not change during the time study. No differences in the
frequency or in the severity for the other symptoms were
found.
These data suggest that the discomfort frequently
reported by the patients receiving low flow of oxygen is
mainly due to a direct contact on the nose and throat
epithelium and is not ameliorated by the humidification.

High Gases Flow (6–12 L/min)
Several types of humidification devices (usually employed
with gas flow less than 10/15 L/min) have been developed
with different capability of conditioning medical gases in
spontaneously breathing patients. The goal of these
devices, when delivering high flows of medical gases in
nonintubated or not trachestomyzated patients, is simply
to add water moisture to reach an AH above 10 mgH2O/L.
The most simple and common device is the bubbles
humidifier. In this device the gas flow pass through a stem
beneath the water surface to produce gas bubbles that mix
with the water, increasing the amount of AH in the gas.
The water is contained in reservoir, which is periodically
refilled. The capability of conditioning is limited by the
surface area of the gas water interface and the water temperature. Several factors can alter the performance: (1) the
gas flow affects the time of contact with the water, increasing the gas flow decreases the time contact and the AH;
(2) the bubble sizes, the lower are the sizes the higher is the
surface contact between the gas and water increasing the
AH; (3) the temperature of the gases, when gases pass

through the water the evaporation cools the water reducing the efficiency of the device; (4) the temperature of
room, the higher is the temperature the higher is the
absolute humidity.

Inadequate Conditioning
In cases of an incorrect conditioning the mainly negative
effects are the heat and moisture loss.

Heat Loss
The heat loss from the upper airways is due to the
increase of temperature and humidity of the inspired
gases passing through the airways. This heat loss can
cause a decrease of body temperature. So in all the situations in which there is an impairment of the body thermoregulation, such as prolonged surgery, in critically ill
patients, an adequate conditioning is strictly necessary to
avoid further heat loss.

Moisture Loss
The moisture loss, besides causing a substantial loss of
water from the airways, causes a dehydration of the nasal
and the tracheobronchial mucosa. The most important
damages are the impairment and destruction of the
mucociliary activity, the reduction of mucous production
with an increase in viscosity and a difficulty to cough or to
expectorate.

Excessive Conditioning
When the inspired gases are heated and humidified above
the body temperature, heat and moisture can be added to
the body, producing discomfort.

Heat Gain
Besides the heat gain due to the higher inspired gas temperature compared to the body temperature, side effects
such as thermal injury or airway burns can develop. However, this high temperature is above the standard limit
imposed on humidifier by international committee, so
only in case of malfunction or misuse it is possible to
reach this temperature.

Moisture Gain
Breathing room air approximately 6% of the subject’s
water turnover is given up by the lung during the humidification of the inspired gas. However, breathing
overhumidified gases will cause a water deposition in the
airways, and can induce cellular damage. Furthermore,
this water deposition may mechanically obstruct the
small airways leading to alveolar collapse and inactivate
the pulmonary surfactant.

Humidification

All these side effects can be due to acute or chronic
alterations in temperature and moisture delivery. The
acute alterations are rare and can be caused by technical
problems or by misuses of the clinicians.

Optimal Conditioning in Mechanically
Intubated Patients
The heat and humidity of any gas delivered to a patient
should have the same inspiratory characteristics occurring
at its point of entry into the respiratory system, to correct
the humidity deficit and to avoid the risk of an inadequate
or excessive conditioning.
There are different humidification standards both for
nonintubated and intubated patients breathing medical
gases. In nonintubated patients a minimum level of AH
of 10 mg/L has been suggested while a minimum of 30–33
mg/L [4] of AH has been proposed for intubated patients.
In order to reach the physiological AH of 37 mg/L at
the carina, around 32 mg/L of H2O should be reached at
the tip of the tube (27 mg/L directly by water of humidifier
and 5 mg/L by the medical gases).
This means that a mixture of gases with a temperature
of 31–32 C with an RH of 100% (i.e., AH of around
32 mg/L) should be given at the tip of the tube. The
amount of water given by the humidifier inversely
depends on the AH of the medical gases (i.e., if the medical
gases have AH of 3 mg/L the humidifier will provide 29
mg/L while if the medical gases have AH of 10 mg/L the
humidifier will provide 22 mg/L).
In nonintubated patients breathing medical gases, the
inspired gases should be humidified to reach at least
a minimum of 10 mg/L of AH at room temperature.

Humidifiers Equipment
Nowadays, many different humidifiers (passive and
active) are available to condition the inspired gases.

H

Type of HME
The first models of HME were purely “hydrophobic”
filters; in other words the water retention was only
a physical phenomenon. The expired gases passing
through the filter cool provoke a condensation on the
HME surface. A gradient of temperature is created
between the two sides of the filter, determined by the
temperature of the expired gases and the ambient temperature. The water retention in the filter depends on the
thermal gradient between the two sides.
The effectiveness of this type of HME is quite good to
heat the inspired gases but not to provide optimal humidification (AH between 22 and 25 mg/L).
A new version of HME “hygroscopic–hydrophobic”
was developed in which a hygroscopic unit actively binds
the water molecules present in the expired gases, increasing the water content of the inspired gases and ameliorating the humidity added to the inspired gases (AH
28–32 mg/L).
Many studies evaluated the performance of HME in
critically ill patients. The first studies reported an increase
in tracheal tube occlusions using hydrophobic HME. Subsequently several studies showed no significant differences
in tube occlusions between HME and conventional humidifier when hygroscopic–hydrophobic HME was used.

Patient Temperature
HME are not recommended in hypothermic patients (i.e.,
less than 34 C). However the hygroscopic–hydrophobic
HME can adequately humidify also at low body
temperature.

Ambient Temperature
The high ambient temperature present in ICU rooms may
decrease the difference of temperature between the two
sides of HME, thereby reducing the conditioning
performance.

Heat and Moisture Exchangers
The passive humidifiers include the heat and moisture
exchanger (▶ HME) and the HME plus an antimicrobiological filter (▶ HMEF) [1].
The heat and moisture exchangers (HME–HMEF) by
collecting the heat and moisture of the expired gases
“passively” heat and humidify the inspired gases at the
following inspiration.
Several factors may influence the gas conditioning
performance of HME–HMEF during mechanical ventilation: (1) type of HME–HMEF (hydrophobic or hygroscopic–hydrophobic); (2) patient temperature and
ambient temperature; (3) ventilatory settings (tidal volume, minute ventilation, and inspiratory flow).
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Ventilatory Setting
Many studies clearly showed that the hygroscopic–
hydrophobic HME provided better humidification compared to hydrophobic HME. Moreover, several studies
demonstrated that the hygroscopic–hydrophobic HME
maintained adequately humidify the inspired gases also
at high tidal volume and minute ventilation (up to
10 L/min).

HME and Respiratory Mechanics
Because the HME is placed between the Y piece of the
ventilator circuit and the endotracheal tube or tracheostomy, it can affect the airflow resistance and increase the
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dead space. The resistances of the HME are usually
low (i.e., range 1–3 cm H2O for a flow of 60 L/min)
and do not induce dynamic hyperinflation. However,
the airflow resistances can increase with the clinical
use and in the presence of a copious amount of
secretions. The additional dead space (i.e., range 50–100
mL) can increase the minute ventilation and the respiratory work.

HME and Antimicrobiological Activity
Besides HME, having a bacterial barrier effect (efficiency >
99.99%) keeps the ventilator circuit clean and free of
condensate and reduces the incidence of ventilator circuit
colonization. However, the HME does not reduce the
tracheal colonization and the ventilator associated
pneumonia.
The manufactures recommend that HME be changed
every 24 h, although many studies showed that the hygroscopic–hydrophobic HME could be changed every
48 h without any adverse mechanical or bacteria effects.
Moreover, a recent study demonstrated that the same
HME used by Djedaini et al. could be safely used for
seven continuous days of mechanical ventilation in all
ICU patients except for COPD.

Hot Humidifiers
Hot high flow humidifiers (▶ HH) are able to condition
the inspired gases with RH of 100% at temperatures similar to body temperature by heating a water bath [1].
Because the HH is actively heated it is important to monitor the temperature at the patient’s airways to avoid
thermal injury.
At present, the commercially available HH are the
passover, cascade, wick, and vapor phase humidifiers.
The simpler HH is the passover, in which the inspired
gases pass over a heated water bath. The cascade is
a “bubble humidifier,” in which the inspired gases pass
beneath the surface of the water reservoir and bubble
upward through a grid. The wick is similar to the cascade
humidifier, but the inspired gases pass through a cylinder
that is lined with a wick of blotter paper. The base of the
wick is inserted in the water. The moisture heated wick
increases the RH of the inspired gases. With the vapor
phase humidifier the water is heated and the water vapor
penetrates through a hydrophobic filter to humidify the
inspired gases.
With all these devices, it is very important to have
a stable and adequate level of the water in the reservoir,
to minimize the compressible gas volume and to avoid the
temperature fluctuations. To overcome these problems

and also to reduce the risk of contamination the new
HH have a closed system that maintain stable the level of
water in the reservoir.
However, the water supply can significantly increase
the ICU cost.
At the end of the inspiratory limb is usually placed
a thermistor, which measures the temperature of the
inspired gases. The thermistor has a slow response and
reflects the mean temperature of the inspired gases. So
during mechanical ventilation, the temperature of the
inspired gases reaching the patient fluctuates around the
preselected value.
Due to the higher temperature of inspired gases
leaving the HH, when passing through the ventilator
circuit, condensation can occur. This condensate in
the circuit can be a reservoir of nosocomial infection.
It is important to collect the condensate in the water
trap. The water trap must be regularly empty to
avoid the risk to wash the patient’s airways with this
contaminated water.

Heated-Ventilator Circuit
To prevent the collection of condensation and to give
a more stable conditioning, a heated ventilator circuit
(▶ HC) was developed [5]. There are two available heating
ventilator circuits. The first heats by using an internal
resistance in direct contact with the inspired gases. The
main problems are the possible electrical shocks to the
patients, the non-completely uniform heating of the gases
resulting in a minimal condense in the ventilator circuit.
The second heats the inspired gases indirectly by a wire
inserted inside the wall of the ventilator circuit without
any direct contact with the inspired gases. Both of these
systems seem not particularly affected by the ventilatory
settings. However, if the gases passing through the HC are
over heated, i.e., above the temperature of the gases leaving the HH, the RH is reduced and secretions in the
endotracheal tube and in the airways can be dried causing
dangerous gases obstruction.

Conclusion
In our opinion an adequate gas conditioning is mandatory
in the clinical management of mechanically ventilated
patients. Nowadays, different humidifiers are commercially available with different advantages and disadvantages. A correct knowledge of the basic physiological
principles, regulating the heat and moisture exchange, is
required to choose the appropriate humidifier system in
each individual patient.
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Crystalloids

Humoral Immune Response
Pertains to immunity mediated by secreted antibodies
produced by B cells.

Crystalloids are often administered with the intention to
prevent unwanted side effects of artificial colloids. However, as only 20% of infused crystalloids remain within the
intravascular compartment, 80% expand the extracellular
space and consequently contribute to a positive fluid balance. Therefore, if given in high doses, crystalloids may
not be free of adverse effects and may result in microcirculatory dysfunction and an aggravation of systemic
inflammation.

Natural Colloids

Hydatid Disease
▶ Echinococcosis
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Synonyms
Fluid therapy

Class and Category
Although crystalloids and colloids are discussed in greater
detail elsewhere in this book, this chapter provides a brief
overview necessary for a better understanding of hydration
and volume expansion.

Human albumin is widely used in different clinical conditions, including hypoalbuminemic states, the perioperative period and shock from multiple causes. Albumin
administration effectively increases serum albumin concentration as well as plasma colloid osmotic pressure;
nevertheless, studies have produced contradictory results
as to whether substitution of albumin is beneficial.

Synthetic Colloids
Synthetic colloids, including dextrans, gelatins, and
hydroxyethyl starches (HES), are used for intravascular
volume replacement.

Indications
Alterations of effective circulating blood volume commonly occur in critically ill patients and patients undergoing major surgery. Hypovolemia may be the result of
relative hypovolemia secondary to regional or systemic
vasodilatation, or absolute hypovolemia (= reduced
blood volume) due to bleeding, capillary leakage, or negative fluid balance. An absolute hypovolemia should be
corrected by volume replacement in order to ensure adequate organ perfusion, whereas a relative hypovolemia is
treated by infusion of vasopressors. The differentiation
between volume therapy (replacement of intravascular
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volume deficit) and fluid management (therapy of fluid
imbalance and fluid loss) is very important. Fluid loss
should be treated with isotonic, electrolyte-balanced crystalloids exerting no negative effects on acid base homeostasis, whereas intravascular volume depletion may be
corrected by giving colloids until the individual transfusion trigger is met. Several solutions for fluid and volume
substitution, including crystalloids, albumin, and synthetic colloids, are available.
In critically ill patients, assessment of volume status is
often very difficult and includes clinical examination (e.g.,
heart rate, blood pressure, capillary refill, and urine
output), invasive hemodynamic monitoring (e.g., stroke
volume variation or pulse pressure variation), and additional diagnostic examinations, such as pulse contour
analysis echocardiography. Based on the results of this
evaluation, fluid therapy and/or vasopressor agents are
initiated.
Fluid losses caused by major surgery, trauma, and
septic shock should be treated by administration of fluids
in order to keep circulating volume and avoid end-organ
hypoperfusion and consequently organ failure. To avoid
vasoconstrictor-masked hypovolemia, which may trigger
multiple organ failure, liberal amounts of fluids are often
infused to assure normovolemia in conjunction with
vasopressors. Until recently, artificial overhydration has
not been considered a problem. The consequences of an
excessive fluid therapy, however, have become evident
during the last years. Recent evidence demonstrates that
a positive fluid balance may not only cause pulmonary
edema, but also represents an independent risk factor for
poor outcome in a variety of clinical settings. The possible underlying mechanism behind an iatrogenic
hypervolemia might be the damage of the endothelial
glycocalix, increasing the albumin escape rate from the
intravascular to the extravascular space. Based on these
findings, it is of essential importance to avoid
hypovolemia and hypervolemia in critically ill patients
to achieve an optimal outcome. Therefore, the choice,
timing, and amount of fluid therapy are of special
importance.
Although the ideal fluid of choice remains debatable,
the prevailing opinion from experts is that in
a hypovolemic patient any fluid is better than none.
Also, the timely and sufficient administration of fluid is
at least as important as the type of fluid used.

Dosage
Conventional parameters used to assess the intravascular
volume status have critical limitations. Clinical parameters, e.g., heart rate, capillary refill, urine output, or blood

pressure, are generally very insensitive with respect to
hypovolemia. Biochemical parameters, such as BUNcreatinine ratio or fractional sodium excretion, are very
nonspecific and also depend on factors other than intravascular volume status.
In critically ill patients, fluid therapy is particularly
challenging. On the one side, hypovolemia has to be compensated to prevent hypoperfusion of the microcirculation. On the other side, fluid overload has to be avoided,
since excessive fluid application is associated with a poor
outcome. It appears prudent to replace lost fluid while
avoiding fluid overload by means of a goal-directed and
individualized fluid therapy [1].
Depending on the pathological condition, it is well
established that fluid therapy should be initiated early.
However, there is only little evidence available regarding
the amount of fluid that is required to achieve an adequate
end-organ perfusion.
A recently published multicenter trial investigated
the effect of a standard fluid regimen versus a restricted
fluid regimen on complications after abdominal surgery
[2]. This study conducted in the perioperative setting
demonstrated that postoperative complications were significantly impaired in the group receiving the restrictive
regimen [3].
A randomized study compared a conservative and
a liberal fluid therapy in 1,000 patients suffering from
acute lung injury. The study showed no significant difference in the primary outcome of 60-day mortality. However, it has to be mentioned that the conservative strategy
of fluid management ameliorated lung function and
reduced the duration of mechanical ventilation and the
length of intensive care therapy without increasing nonpulmonary organ failures. Despite the negative result in
the primary endpoint, these results suggest that the use of
a conservative fluid therapy in patients with acute lung
injury may be beneficial. In addition to this study, the
ARDS Clinical Trials Network conducted a study in
which a restrictive with a liberal fluid therapy in critically
ill patients with ALI was compared [3]. The primary
outcome of death at 60 days was not different between
the two groups. However, patients in the restricted fluid
strategy group had more ventilator-free days as well as
a reduced ICU length of stay without increasing nonpulmonary organ failures [3].
However, the major problem of studies investigating the amount of fluid therapy is that the terms
restrictive and liberal fluid therapy are not used consistently and sometimes imply the same approach.
Therefore, it is difficult to compare the results of
these studies.

Hyperbaric Therapy

Contraindications
Crystalloids
Hypervolemia
Increased intracranial pressure
Depending on composition of the solution and blood
electrolytes: hyperkalemia, hypercalcemia, and
hypernatremia
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Hydraulic Flux
Membrane flux is the volumetric rate (ultrafiltration rate;
QUF) at which ultrafiltration occurs (normalized to membrane surface area). Membranes are divided in high and
low flux. The clinical parameter used to characterize the
water permeability of a specific dialyzer is the ultrafiltration coefficient (KUF: mL/hr/mm Hg) and essentially
depends on membranes pores size.

Colloids
Decompensated heart failure
Known allergy

Adverse Reactions
Crystalloids
The administration of a large amount of normal saline
may negatively affect acid base homeostasis by inducing
hyperchloremic acidosis due to the high chloride load
rather than to dilution of bicarbonate. This negative effect
can be avoided by using Ringer’s solution.

Colloids
Unwanted side effects of synthetic colloids include anaphylactoid reactions, kidney injury, coagulopathy,
compromised hemostasis due to hemodilution, and direct
effects on coagulation factors, fibrinolytic system, and
platelet function.

Mechanisms of Action
The pharmacological properties of the different commercially available solutions are markedly different. Crystalloids have a higher volume of distribution so that
approximately 70–80% of the infused fluid leaves the intravascular compartment and enters the interstitial space.
High doses of crystalloids account for a positive fluid balance and may increase markers of inflammation and cause
microcirculatory dysfunction due to endothelial cell activation and injury. In contrast to the high volume of distribution seen for crystalloids, isooncotic colloids remain within
the vascular bed and have a volume effect of up to 100%.
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Hydrophobia (Greek, Water-Fear)
▶ Rabies

Hydrozoa
▶ Jellyfish Envenomation

Hyperbaric Oxygen
▶ Hyperbaric Therapy

Hyperbaric Therapy
CAESAR A. ANDERSON
University of Pennsylvania, Hyperbaric Medicine,
San Diego, CA, USA

Synonyms
HBO; Hyperbaric oxygen; Hyperbaricist; Hyperbarics;
Oxygen therapy

Definition
The practice of hyperbaric medicine entails the administration of 100% oxygen breathed under elevated atmospheric pressure.
The history of hyperbaric medicine predates the 1700s
with the first hyperbaric chamber built by a British
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clergyman named Henshaw in 1662. Later in 1879,
a French surgeon by the name of Fontaine built
a pressurized mobile operating room. Dr. Cunningham
then opened a hyperbaric hospital, which was later closed
due to a lack of scientific evidence. Much has changed in
the field of hyperbaric medicine since those periods of
antiquity. Substantial clinical evidence including randomized controlled studies and systematic reviews have been
generated from military and civilian sources.

Pre-existing Conditions and Applications
The Undersea and Hyperbaric Medicine Society (UHMS)
following extensive committee reviews along with CMS
have published guidelines governing the appropriate use
of hyperbaric oxygen therapy.

Carbon Monoxide and Cyanide Poisoning
There are over 40,000 cases of carbon monoxide (CO)
poisoning treated annually within the USA with severity
ranging from headache to death. The sources of carbon
monoxide are multifold and include accidental and intentional exposure. Cyanide (CN) poisoning must also be
considered when treating any case of CO, as missing cyanide poisoning can result in a fatality.
Pathophysiology. The pathology of carbon monoxide
and cyanide poisoning results from systemic hypoxic
stress mediated by abnormal exposure to the toxins. Intravascular changes mediated by erythrocyte carboxyhemoglobin (COHb), proinflammatory cascades, platelet
activation, platelet–neutrophil interactions, and neutrophil degranulation all lead to primarily cardiovascular and
neurological damage. Figure 1 illustrates the mechanism
thought to be behind this process in detail. COHb inhibits
cytochrome C oxidase and aerobic energy production [1].
CO is a colorless odorless compound that has greater
than 220 times the affinity for hemoglobin (Hb) than
oxygen. The correlation of environmental carbon monoxide ppm levels remains a poor corollary. COHb levels
should not be used independently to gauge clinical decision making. Patient presentation may vary significantly
based on duration and environmental exposure. Clinical
presentation also does not correlate well with CO blood
levels. Spectrophotometry carboxyhemoglobin (COHb)
level does not correlate well with CNS or cardiovascular
injury. Hence, it is of critical importance to ascertain both
symptoms coupled with level of exposure and neurological examination. Low threshold for early consultation and
involvement of a hyperbaricist should be maintained.
Clinical Presentation. Loss of consciousness is usually
due to an acute exposure to high concentrations.
Nonspecific early symptoms most often includes

headache, however, patients may also present with nausea,
vomiting, diarrhea, dizziness, fatigue, weakness, myalgia,
or even seizures which has a 3% incidence rate. Patients do
have a two- to threefold increase in cardiovascular related
deaths over a 10-year period and serial cardiac markers are
a necessary component to their clinical management. CO
poisoning can also result in severe renal end organ damage
and careful monitoring of BUN/Cr should be considered.
Other symptoms may include mild visual or auditory
complaints, late onset pulmonary edema, tachycardia,
tachypnea, frequent PVCs, and symptoms suggestive of
ACS. It is important to note that the often described
cherry red skin and retinal discoloration seen with cyanide
poisoning is a rare finding and should not be used to rule
out the diagnosis.
Treating the neurological consequences of CO poisoning is perhaps the most important clinical entity to consider. Patients with COHb levels >25% are at heightened
risk for neurological and cardiovascular complications.
The neurological insult is a result of CO competing with
nitric oxide (NO) binding sites. This causes free NO moieties to interact with superoxide anions activating platelet–neutrophil adhesion and degranulation that further
reinforces intravascular adhesiveness. Resulting neurological symptoms can be grouped into two categories: acute/
persistent neurological sequelae (ANS: incidence up to
12%) and delayed neurological sequelae (DNS: incidence
up to 50%). ANS patients present often with abnormal
levels of consciousness (coma, altered sensorium, confusion) or focal neurological deficits (opisthotonic posturing, extreme flaccidity or spasticity, extensor plantar
response). DNS symptoms are similar to those identified
for ANS. However, DNS is characterized by a lucid interval
from recovery of ANS symptoms that can range from
2 days to 5 weeks later. Cases of DNS presenting up to
several years later have also been described. Moreover,
permanent brain damage occurs in 14% of survivors.
Diagnosis. The diagnosis and immediate treatment of
CO and CN poisoning is key for the critical patient. Pulse
oximetry is an unreliable measure for both CO and cyanide poisoning. Baseline COHb levels can vary based on
smoking history. Nonsmokers may have baseline COHb
levels ranging from 0.2% to 0.8% whereas baseline
levels for smokers may be as high as 4.0–10.0%.
Cyanide poisoning must be ruled out by ordering
a methemoglobin level prior to starting HBO2T. It can
be clinically suspected if a patient is symptomatic despite
normoglycemia and lactic acidosis (>8 mmol/l). With
comatose patients, cerebrospinal fluid (CSF) lactate levels
have been suggested to have clinical import. Urinary thiocyanate has also been considered useful for assessing
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Hyperbaric Therapy. Figure 1 Schematic illustration of mechanism proposed for immune-mediated neurologic sequelae.
Events numbered 1 through 6 as outlined by Thom et al., Am J Respir Crit Care Med 2006. (1) CO binds to platelet hemoproteins
and the competition with intraplatelet ∙NO increases ∙NO efflux. (2) Platelet-derived ∙NO reacts with neutrophil-derived
superoxide (O2–), giving rise to reactive species that activate platelets and cause platelet–neutrophil aggregates (Step 3).
(4) Ongoing interactions involving reactive products and adhesion molecules cause firm aggregation and stimulate intravascular
neutrophil degranulation. (5) MPO is deposited along the vascular lining and some is transcytosed to the subendothelial matrix,
where it reacts with nitrite generated by N-methyl D-aspartate (NMDA) neurons. Products from MPO-mediated reactions
cause endothelial cell activation, facilitating firm neutrophil adhesion and further degranulation. (6) Neutrophil-derived proteases
react with endothelial cell xanthine dehydrogenase (XD), converting it to xanthine oxidase (XO). Reactive oxygen species (ROS)
initiate lipid peroxidation and adducts interact with brain myelin basic protein. The altered myelin basic protein triggers an
adaptive immunologic response that causes neurologic dysfunction (nNOS = neuronal nitric oxide synthase)

exposure to CN. However, blood cyanide level correlates
most closely with CN poisoning. Routine inclusion of an
arterial blood gas (ABG) or venous blood gas (VBG),
urine drug screen, high index of suspicion for suicide,
creatine phosphokinase (CPK), chest radiograph, and
12-lead electrocardiogram are necessary components to
the clinical diagnosis panel. The physical exam must be

complete with specific attention directed at thorough
neurological exam. Further attention must focus on pre/
post treatment cerebellar and cognitive function with the
clinician maintaining a low threshold to order neuropsychiatric testing immediately following treatment and at an
interval later as required by patient’s clinical neurological
trajectory.
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Treatment. The decision to treat a patient for HBO2T
can be complex. There is a high symptomatic relapse
rate unless timely HBO2T is instituted. More importantly,
it is critical to also rule out other non-carbon
monoxide related causes for altered mental status or loss
of consciousness. Key risk factors for DNS include
age >36 years, exposure <24 h, amnesia, COHb >25%,
and history of loss of consciousness. A low treatment
threshold may also pertain to a pregnant patient (COHb
>15%), patients with renal dysfunction or preexisting heart
disease, angina, or ischemic EKG changes. The clinical
findings of CO poisoning as it relates to the untreated
fetus with significant exposure include limb malformation,
hypotonia, areflexia, seizure disorders, mental or motor
disabilities, and microcephaly. Fetal mortality rates are as
high as 36–67%. Pregnancy should not preclude treatment
of a patient presenting with serious CO exposure and neurological symptoms.
Emergent management typically begins with placement of the patient on 100% non-rebreather (NRB)
while entertaining the need for HBO2T. The carboxyhemoglobin oxygen dissociation curve has a COHb
half-life of nearly 320 min for a patient on room air,
90 min on 100% NRB, and 23 min when treated with
HBO2T at three atmospheres absolute (▶ ATA). Before
initiating HBO2T, patients with elevated methemoglobin
levels should have sodium nitrite administered for cyanide
toxicity.
The optimal treatment window for CO poisoning with
HBO2T is within 6 h, but treatment can be efficacious,
even when not initiated for up to 24 h. The goals of
treatment include hastening dissociation of CO from
Hb, enhancing tissue oxygenation, inhibition of neurotoxic brain lipid peroxidation, impairing microvasculature leukocyte adhesion, enhancing mitochondrial
oxidative phosphorylation, minimizing cardiovascular
insult, improving the effectiveness of nitrite antidotes,
reducing cerebral edema and intracranial pressure (ICP),
and reducing ischemic-reperfusion injury.
Patients are compressed to a depth of 2.5–3 ATA for
30–120 min on the first treatment only with subsequent
treatments at 1.9–2.5 ATA for 90–120 min. Variations to
this protocol exist and relate assessment of stepwise symptomatic improvement. Following HBO2T, patients should
avoid any supplemental oxygen unless post HBO2T
oxygen saturation remains less than 92%. Cautious intravascular volume resuscitation is advised secondary to
associated pulmonary insult from smoke inhalation
injury. Optimal treatment protocol typically involves
only three hyperbaric oxygen treatment sessions within
24 h on a q8 h regiment.

Compromised Skin Grafts and Flaps
Supplanted skin grafts or flaps can become compromised
by irradiation, diminished perfusion status, or hypoxia.
HBO2T is efficacious to promote graft/flap survival or
support a hypoxic wound bed in preparation of
a potential graft. In a review of 105 patients with comorbid
conditions predisposing graft or flap failure, there were
90% graft and flap survival rates when HBO2T was used.
Perrins and Cantab, in a clinical trial, found that 64% of
hyperbaric oxygen-treated patients had complete take
compared to 17% of controls [2]. Minimizing graft or
flap postischemic reperfusion injury is of critical concern
for optimizing salvage potential. One of the early events
associated with postischemic tissue reperfusion is adherence of circulating neutrophils to vascular endothelium by
b2 integrins. There is temporary inhibition of circulating
neutrophils to adhere to target tissues when animals or
humans are exposed to HBO2T. The oxidative stress
response stimulated by HBO2T facilitates favorable outcomes following a variety of postischemic and inflammatory insults. Moreover, prophylactic use of HBO2T also
appears to enhance ischemic tolerance. HBO2T induces
antioxidant enzymes and anti-inflammatory proteins.
Treatment protocols usually involve a compression depth
of 2.0–2.5 ATA daily with patients breathing 100% oxygen
for up to 120 min. Repeat treatments are performed daily
until no stepwise clinical improvement with most patients
requiring approximately 20 treatments.

Crush Injury and Compartment Syndrome
Crush injury occurs from direct tissue damage whereas
compartment syndrome (CS) relates to the secondary
sequelae of ischemia-related events including venous outflow obstruction, external compression, or trauma. In
non-extremity related compartment syndrome such as
abdominal or perineal, further tissue breakdown and
necrosis can lead to ongoing sepsis and patient compromise. The etiology of these conditions stem from posttraumatic cytogenic edema resulting in inadequate tissue
perfusion and infection susceptibility.
Patients may present with edema, loss of muscle function, and muscle necrosis ensues. Five clinical signs of
compartment syndrome include pain, paralysis, paresthesia, pallor, and pulselessness. Often, conscious patients
exhibit pain out of proportion to the clinical exam with
hypoesthesia or weakness in the distal portion of the
involved extremity. Muscle compartments are often quite
tense and discomfort with passive stretching of involved
muscles. The timely use of ▶ HBO2T in the management
of crush injury and compartment syndrome has been
shown to be efficacious. In a randomized trial involving
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36 patients with crush injury, patients randomized to
receive HBO2T within 24 h of surgery had significantly
better healing results and required fewer skin grafts, flaps,
or vascular surgery than sham therapy. The benefits
achieved with instituting early HBO2Tare enhanced tissue
oxygenation, augmentation of host wound repair and
neutrophil oxygen-dependent lysis, neovascularization,
and edema reduction. Furthermore HBO2T minimizes
the deleterious effect of reperfusion injury, which
often complicates the healing phase of both crush injury
and CS [3].
For some cases, the decision to implement HBO2T can
be complex and careful coordination with a hyperbaricist
is important. Tables 1 and 2 offer some clinical guidelines
to gauge treatment indications. As compartment pressures
increase, patients transition from a suspected stage where
no signs of CS may be evident to an impending or lag stage
where signs of CS are present and evolving. It is within this
stage that immediate implementation of HBO2T can offset the clinical course. At the established stage where signs
of CS are present often requiring immediate fasciotomy,
outcomes are not as good. Diagnosis of clinical progression couples the use of both physical exam findings as well
as serial evaluation of compartment pressures. Several
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grading scales have been developed to aid in the classification of CS progression as well as host status. The
Mangled Extremity Severity Score and the Gustilo Classification are two that are more frequently used.
Treatment with HBO2T should occur within 6 h from
the time of injury. Patients must receive aggressive intravascular resuscitation in an attempt to avoid rhabdomyolysis and renal failure. Hyperbaric oxygen therapy is
adjunctive to any needed surgical decompression or
debridement. Patients receiving HBO2T for crush injury
and CS utilize similar treatment protocols with the frequency of treatments varying only slightly. Both patients
are typically treated at a depth of 2.0–2.4 ATA breathing
100% oxygen for up to 120 min. Repeat HBO2T for crush
injury are advised q8 h for 2 days, q12 h for the next 2 days,
and then q24 h until no stepwise clinical improvement for
up to 2 days. Most patients require 10 treatments. However, depending on the severity of the injury, some patients
may require as many as 20–40 treatments.
With CS, hyperbaric oxygen treatments are advised
q12 h on day 1 and then q24 h until no stepwise clinical

Hyperbaric Therapy. Table 2 Indications for HBO2T post
fasciotomy
Hyperbaric Therapy. Table 1 Indications for HBO2T for skeletal compartment syndrome

CS present for <3 days (late fasciotomy is of little benefit)
Associated findings (any one)
Elevated compartment
pressures (see host criteria)
Ischemic muscle
Unclear demarcation of
viable versus unviable tissue
Massive swelling/prolonged
ischemia
Threatened skin graft or flap
Residual neuropathy
Markedly impaired or
decompensated host

Compartment pressures
(any one finding)
Increasing serial measurements
Up to 45 mmHg in a healthy host
30–40 mmHg in an impaired host
20–30 mmHg in
a decompensated/shocky host
Clinical findings (any
three findings)
Increasing pain
Paralysis
Muscle weakness
Discomfort with passive stretch
Tense muscle compartment
Other clinical findings
Associated burns injury,
threatened grafts/flaps, frost bite
Host comorbid status (?CVD)
Prolonged ischemia time (>6 h)
Chronic steroid use
Smoking history
Age >40

Clinical findings (any three)
Increasing severe pain
Anesthesia
Paralysis
Muscle weakness
Extreme discomfort with
passive stretch
Rigid swelling of muscle
compartment
Encephalopathy,
myelopathy, and/or
traumatic neuropathy
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improvement for up to 2 days. CS patients usually require
no more than five treatments though injury severity and
patient clinical response again may dictate more. If symptoms worsen or reach a threshold of no clinical improvement for either condition, adjunctive edema control with
limb elevation along with an assessment of the adequacy of
any previously performed fasciotomy must be
entertained. Further, ensuring adequate volume resuscitation, cardiac and renal output with a low threshold for
initiating early dialysis must be adhered.

Selected Problem Wounds
The treatment of chronic wounds that have failed
to favorably progress despite the implementation of
standard wound care is an indication for adjunctive
HBO2T. Wounds that fall into this category usually
have a multifactorial etiology including arterial insufficiency, venous disease, persistent tissue infection, or
inadequately controlled comorbid states (diabetes,
dyslipidemia, neurological disease, connective tissue disease, vasculitis, etc.).
HBO2T is not indicated in the primary management
of chronic wounds. Hyperbaric oxygen treatment usually
involves taking patients to a compression depth of 2–2.5
ATA daily breathing 100% oxygen for up to 120 min.
Treatments are repeated on a daily basis 5–6 days/week
until no stepwise clinical wound improvement is
ascertained. Most treatment regiments do not exceed
40–60 hyperbaric oxygen treatments. In this arena,
HBO2T is thought to enhance tissue oxygenation while
also promoting neovascularization via bone marrow
derived stem cells mobilization. Reduced tissue edema
along with enhanced local host immune response and
antibiotic potentiation is also seen. Wound epithelialization is hastened along with the enhanced wound repair
cellular function (fibroblasts, neutrophils, macrophages,
osteoclasts) and collagen synthesis. Multiple randomized
prospective clinical trials have consistently demonstrated
hyperbaric oxygen treatment efficacy with marked reduction in the incidence of extremity amputations among
diabetic patients [4].

Decompression Illness (DCS and AGE)
Pathophysiology. Decompression Illness (DCI) encompasses the clinical states of Decompression Sickness
(DCS) and Air Gas Embolism (AGE). Both of these entities will be described here. AGE occurs when gas bubbles
enter either the venous (VGE) or arterial system (AGE)
and impede or disrupt blood flow; whereas, DCS relates to
the generation of inert gas bubbles in tissues or blood
altering organ function as a result of rapid decompression

during ascent from diving, or any significant change from
a high to low atmospheric pressure gradient. These terms
are not interchangeable and refer to distinct clinical entities. However, their treatment protocol is essentially identical with only minor variations as we shall see. The
mechanism of action proposed by the use of HBO2T for
these two entities is thought to be the enhancement of
micro-occlusive tissue oxygenation, increased inert gas
diffusion gradient out of bubble into tissue, reduced
CNS edema, and immediate reduction in bubble volume
and diameter that minimize the deleterious effect of reperfusion injury and impair microvasculature leukocyte
adhesion ultimately preventing the “no flow” state.
The etiology of AGE stems from any mechanism that
allows gas to enter vascular system. These include normal
ascent in divers with or without lung pathology (bullous
disease or asthma), blast injury or penetrating head/chest
trauma, high PEEP settings with mechanical ventilation,
hemodialysis, chest tube or central line placement, and
bronchoscopy. Venous gas embolism can also result from
these etiologies although diving-related events are the
chief causes VGE. In these patients, a high index of suspicion for septal wall defects and patent foramen ovale must
be maintained. Nondiving-related etiologies for VGE are
quite extensive and include accidental intravenous air
infusion (constant infusion volumes of air greater than
10–20 cc/min though bolus injections are more likely to
cause symptoms), accidents during coronary bypass
grafting procedures or needle lung biopsy, CPR, central
line placement or removal, hemodialysis, GI endoscopy,
hydrogen peroxide irrigation/ingestion, arthroscopy, and
during percutaneous hepatic puncture. Risk factors for
VGE also include air entry into any surgical site under
pressure such as during TURP, laparoscopy, vitrectomy,
endoscopic vein harvesting, or hysteroscopy. Passive entry
of air into surgical wounds above the level of heart may
also be a predisposing risk. Procedures such as cesarean
sections, spine surgery, hip replacement, sitting craniotomy, proctectomy using radical perineal or retropubic
approach, and liver resection or transplantation have
been reported.
Clinical Presentation. The clinical manifestation for
AGE and VGE are similar. Differences relate primarily to
the temporal response. More than 95% of patients with
AGE present within 10 min following ascent; a lucid interval may exist with up to 5% of patients manifesting with
delayed cerebral decline hours later. AGE symptoms tend
to be more severe with altered sensorium, syncope, and
focal neurological deficits. Leibermeister’s sign is a clinical
entity pathognomonic for AGE. Patients present with
sublingual pallor, aphasia, gait instability, vertigo, Bells
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palsy, and dysphagia. The symptoms that typify VGE can
also be found with AGE. These symptoms include
arrhythmias, tachypnea, hypocapnia, cardiac arrest,
cough and dyspnea, pulmonary edema, and/or hypotension. The critical point is to maintain a high index of
suspicion. Diagnostics tools are limited and clinical evaluation remains foremost. A patient stable enough for
a chest radiograph may show evidence of pulmonary
barotrauma. Postdive noninvasive ultrasound technology
is able to provide Doppler evidence of intravascular air
utilized in Spencer Scale DCS risk rating.
Classically, DCS has been classified as Type I (pain
only), Type 2, or Type 3 (associated with AGE). This
classification scheme has been largely abandoned. DCS
symptoms usually manifest within 24–36 h. Arthralgia of
the shoulders, elbows, hips, or knees are the most common finding. Neurological DCS involving the spine or
cerebrum occurs in 60–70% of the cases. Its etiology
stems primarily from uncontrolled rapid ascents. Spinal
DCS presents with abdominal or girdle pain, paralysis,
paraplegia, paresthesia, hypesthesia, bowel/bladder insufficiency, or CVA-like symptoms. Cerebral DCS presents
with hemiparesis, hemiplegia, monoparesis, vertigo, visual
disturbances, confusion, coma, and/or loss of consciousness. Patients presenting with marbled cutaneous eruptions or rashes must raise your clinical suspicion of DCS.
Livedo reticularis, also referred to as cutis marmorata is
a serious sign of DCS. Its distribution may be truncal
or limited to the extremities. Aside from cutaneous,
other forms of DCS exist that do not require HBO2T.
In fact, treatment with hyperbaric oxygen will exacerbate
and worsen these conditions. They are vestibular or
inner ear DCS and pulmonary immersion DCS.
Vestibular DCS patients present with gait instability,
dizziness, nausea and vomiting, vertigo, tinnitus, and
nystagmus. Pulmonary immersion DCS results from
fluid accumulation in lungs due to increased peripheral
vascular resistance (PVR) from blood redistribution
to thoracic cavity following immersion in water. Its symptomatology is usually a rapid onset while the patient is
submerged. Patients present with cough, hemoptysis, or
pink sputum.
Diagnosis. Diagnostics tools are limited and clinical
evaluation and history remains paramount. Neuroimaging may occasionally be useful only to rule out unrelated
causes or head trauma. Ultrasound Doppler of the
precordium, pulmonary artery, subclavian or femoral
vein, and cerebral arteries have been used to demonstrate
gas bubbles. The Spencer Scale is used to show bubble
grading and associated DCS risk. In patients with an
unimpressive history, a transthoracic echocardiogram
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may be useful in diagnosing a patent foramen ovale
(PFO) or atrial septal defect (ASD). The presence or
absence of a PFO is not predictive of DCS risk.
The indications to treat AGE or DCS with HBO2T rest
primarily on neurological manifestations and clinical suspicion. With DCI, it is often more prudent to err on the
side of treating with hyperbaric oxygen rather than obviating a needed treatment. Patients must be carefully monitored within a 24-h period despite clinical recovery.
Relapses within 24 h have been described.
Treatment. Most patients are optimally treated within
24 h though DCS patients may have a longer treatment
window (up to 72 h post event). Aside from implementation of temporary 100% NRB, any nitrous oxide usage
must be discontinued especially if patient is expected to
use anesthesia. The supine position is preferred for most
patients. The lateral decubitus position has been advocated for VGE patients. It is important to note that even
10 min in Trendelenburg for AGE can worsen cerebral
edema. DCI patients can be safely treated at a treatment
depth of 2.82 ATA (60 fsw) breathing 100% oxygen for up
to 120 min. Treatments are repeated q8 h, q12 h, or q24 h
until no stepwise clinical improvement with most patients
requiring only two treatments. If symptoms worsen or
there is no clinical improvement, the hyperbaricist may
consider extension of treatment table based on resources
available or compress the patient to a deeper therapeutic
depth. Supportive therapy with optimization of intravascular volume with lactated ringers or colloid (dehydration
often associated) should keep mean arterial pressure
(MAP) >60 mmHg. Attempts to avoid masking pain
with opiate treatment is also advised. Pain often guides
treatment progress and need for additional HBO2T.
Immobilized patients should be anticoagulated
(enoxaprin 30 mg or equivalent SQ q12 h).

Acute Thermal Burn Injury
Serious burn injury remains a formidable challenge to the
critical care community. Aside from early aggressive fluid
resuscitation and coordinated care within the confines of
a burn center, adjunctive HBO2T may promote favorable
outcomes. The principles supporting the use of HBO2T
relate to preservation of the microvascular circulation,
reduction in tissue edema, inactivation of leukocyte adhesion, and enhanced oxygen delivery. Cianci et al. showed
significant reduction in hospital length of stay and need
for surgery. His study suggested up to 36% difference in
cost savings. Two additional small randomized trials have
been performed along with a Cochrane review showing
modest clinical benefit. However, methodological flaws
limit their ability to be generalized. Hence, further studies
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are warranted. HBO2T involves a compression depth of
2.0–2.4 ATA daily with patients breathing 100% oxygen
for up to 90 min. Treatments are repeated q8 h within first
24 h, q12 h for the next 2–3 days, and then daily until no
stepwise clinical improvement.

Delayed Radiation Tissue Injury
Tissue injury occurring 6 months or more following radiation exposure characterized by avascular aseptic tissue
necrosis falls within the realm of delayed radiation pathology. The term osteoradionecrosis (ORN) is used only if
bone is involved. Otherwise the term soft tissue
radionecrosis (STRN) is applied. The latent period for
ORN and STRN may be as long as 30 years post radiation
exposure. STRN may involve any tissue aside from bone
and is dependent on field of radiation exposure. Symptoms related to persistent edema, dysgeusia, xerostomia,
and visible necrosis are seen in cases involving the head
and neck whereas hematuria, pain, and anuria are seen in
cases involving the bladder. The decision to institute
HBO2T typically involves assessment of the dose of radiation exposure. Research suggests that radiation doses
approaching 6,000 cGy place patients at considerable risk
for subsequent delayed injury. Therefore, these patients
benefit from pretreatment with HBO2T prior to any
surgical intervention or trauma. Utilization of the Marx
protocol before dental extractions or procedural manipulation (alveoloplasty, denture molding, etc.) has quickly
become part of the routine preemptive care of irradiated
patients by their oral surgeons. The protocol calls for
patients to be compressed to a treatment depth of 2.0–
2.5 ATA breathing 100% oxygen for up to 120 min. Treatments are repeated daily for 20 days prior to any planned
dental extraction or procedure. Post-extraction, ten additional hyperbaric oxygen treatments are immediately
implemented. Most patients do not require more than
30 combined treatments. For patients with established
ORN, operative debridement of involved bone is required
prior to HBO2T. Patients are then compressed to 2.0–2.5
ATA breathing 100% oxygen for up to 120 min. Treatments are repeated daily for 30 days followed by ten
postoperative treatments. The treatment protocol for
STRN is similar with the caveat necessitating operative
debridement of all devitalized tissue after initial 20 hyperbaric oxygen treatments. The number of HBO2T may be
as high as 60 treatments based on site of soft tissue
involvement. Although a Cochrane Collaboration review
reports clinical efficacy in the treatment of this clinical
entity, the scientific community awaits further randomized trials [5].

Necrotizing Soft Tissue Infection Gas
Gangrene: Clostridial Myositis and
Myonecrosis
Acute, rapidly progressive, non-pyogenic, invasive Clostridial infection of tissue is characterized by profound
exotoxemia, extensive edema, soft tissue necrosis, and
variable gas production. This discussion also applies to
non-Clostridial pyogenic soft tissue infections including
gas abscess, necrotizing fasciitis, Fournier’s gangrene, and
non-Clostridial myonecrosis. The etiology of these infections are fostered in conducive environments characterized by formation of Clostridial spores and low oxygen
tension. Such environments may include an endogenous
locus of infection in compromised host (bowel perforation, malignancy) or an exogenous locus of infection in
compromised host (related to trauma, fractures, bite
wounds, or burn injury). These fastidious spore-forming
anaerobes, Gram positive, encapsulated bacilli of genus
Clostridium and the mixed flora seen more with necrotizing soft tissue infections are ominous to the critically ill
patient.
Indication to treat with adjunctive HBO2T is based on
clinical exam and host comorbid status. Treatment within
24 h of diagnosis is strongly advised. Antibiotic therapy
along with aggressive surgical debridement remain essential to successful management of these cases. Animal studies have demonstrated 35% survival increase with
adjunctive HBO2T. Gas gangrene related amputation
rates for patients treated with HBO2T were reduced from
50–55% to 17–18%. Escobar and associates report mortality rates of 38% for surgery alone compared to 13% for
surgery and HBO2T. Moreover, Hollabaugh et al. report
mortality rates of 16–66% for surgery and antibiotic therapy alone compared to 5% mortality when HBO2T is
added to the treatment regimen. The treatment protocol
for clostridial gas gangrene and fungal infections involves
a treatment depth of three ATA breathing 100% oxygen for
up to 90 min. Treatments are repeated q8h for first 24 h,
then q12 h for 2–7 days or until no stepwise symptom
improvement. Most patients require three treatments,
however, fungal infections may take up to 30 treatments.
The treatment protocol for necrotizing soft tissue involves
a treatment depth of 2.0–2.5 ATA breathing 100% oxygen
for up to 120 min. For these cases, treatments are repeated
q12 h for first 24–72 h, then daily until infection is controlled or no stepwise clinical improvement. Most patients
require 20–30 treatments.
Hyperbaric oxygen is thought to augment the formation of oxygen-free radicals for host directed bactericidal
and bacteriostatic activity. Enhanced tissue oxygenation,
especially in areas made ischemic by angio-invasive
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organisms is also targeted. Bolstered local host immune
response against bacteria and fungi along with suppression of bacterial toxin formation (O2 tension must be
>250 mmHg) has also been described. Moreover,
HBO2T blunts the systemic inflammatory response
while considerably improving intraoperative visualization
of the demarcation line between dead and viable tissue.
This minimizes futile loss of unaffected viable tissue while
optimizing cosmetic functionality.

Intracranial Abscess
Cerebral abscess, epidural empyema, or subdural empyema resulting from infection within the brain parenchyma
can be difficult to treat. Inability to effectively drain these
sites remains the chief cause of their complexity and associated 20% mortality rate. The use of adjunctive HBO2T is
thought to help reduce perifocal brain edema and intracranial pressure. It also enhances host immune response
and potentiates antibiotic therapy while enhancing bactericidal activity and suppressing bacterial toxin formation.
Key anaerobic ICU flora is inhibited further blunting the
systemic inflammatory response. Patients are compressed
to a treatment depth of 2.0–2.5 ATA breathing 100%
oxygen for up to 90 min. Treatments are repeated until
no stepwise clinical improvement.

Critical Anemia
Profound loss of red blood cell mass due to significant
exsanguination, hemolysis, or aplasia can result in critical
anemia and compromised tissue oxygen carrying capacity.
Clinical manifestations include a wide range of hemodynamic instability markers. A reasonable rationale to institute HBO2T stems from an attempt to calculate and
maintain a patient’s oxygen debt. It is not prudent to wait
for clinical signs or symptoms of organ failure prior to
initiating treatment. Hemoglobin (Hb) levels below 6 g/dL
and up to 3.6 g/dL are inadequate to meet the metabolic
demands of most adult organ systems. Studies have shown
cerebral tissue consumption at a rate of 5–6 ml of O2/100 ml
of blood volume and myocardial tissue consumption at
a rate of 10–20 ml of O2/100 ml of blood volume. When
oxygen debt is identified and the patient refuses blood
transfusions or a contraindication to blood transfusion
exists, HBO2T can be a favorable alternative. Patients are
compressed to a treatment depth of 2.0–3.0 ATA for up to
4 h with surface interval titrated to reoccurrence of oxygen
debt. Treatments are until Hb level builds to an acceptable
baseline or no stepwise clinical improvement. Most
patients do not require more than 60 hyperbaric oxygen
treatments. Coadministration of hematinics and protein
supplementation is strongly advised.
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Refractory Osteomyelitis
Refractory osteomyelitis refers to nonresponsive acute
osteomyelitis or chronic osteomyelitis that persists or
recurs following appropriate medical and/or surgical
intervention for a period typically exceeding 4–6 weeks.
Open surgical biopsy remains the gold standard for diagnosis though a clinical probe depth to bone or radiographic evidence may also be useful.
The decision to treat with HBO2T relates to stratification by Cierny–Mader and host classification (Table 3).
Refractory osteomyelitis classified as Cierny–Mader Stage
3 or 4 in a B type host warrant HBO2T. Patients are
compressed to a treatment depth of 2.0–3.0 ATA breathing
100% oxygen for up to 120 min. Treatments are repeated
daily or until no stepwise clinical improvement. Most
patients do not require more than 60 treatments.

Hyperbaric Therapy. Table 3 Cierny–Mader osteomyelitis
classification and host factors
Stage 1

Medullary osteomyelitis

Stage 2

Superficial osteomyelitis

Stage 3

Localized osteomyelitis

Stage 4

Diffuse osteomyelitis

Host A

Normal host

Host B

Systemic compromise (Bs)
Malnutrition
Renal failure
Diabetes
Chronic hypoxia
Immune deficiency
Malignancy
Extremes of age
Immunosuppression
Tobacco abuse
Local compromise (Bl)
Chronic lymphedema
Venous stasis disease
Compromise of major vessel
Arteritis
Severe scarring
Radiation fibrosis
Small vessel disease
Complete loss of local
sensation
Both systemic and local
compromise (Bsl)

Host C

Treatment worse than
disease
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HBO2T is thought to enhance bone oxygen tension, osteogenesis, and osteoclast function. Antibiotic potentiation,
primarily aminoglycosides, and cephalosporin, along with
enhanced bactericidal and toxin suppression activity have
also been described.

Central Retinal Artery Occlusion
Central retinal artery occlusion relates to deficits resulting
from occlusion of the central retinal artery, which supplies
the ocular global tissue of the inner retinal layers. Most
patients suffer permanent vision loss within 24 h following
onset. The retina is exquisitely sensitive to ischemia and
has the highest rate of oxygen consumption of any organ
in the body (13 ml/100 g/min). Patients at risk for emboli
or thrombus formation can develop sudden painless
vision loss. Symptomatic patients should be referred to
a hyperbaricist immediately in order to optimize the
potential of vision salvage. Interim treatment options
include ocular massage, thrombolytic therapy (aspirin),
intraocular pressure lowering agents such as timolol, vasodilators, oral diuretic (acetazolamide), and anterior chamber paracentesis. Carbogen (95% oxygen, 5% CO2)
inhalation if available is recommended. If no clinical
response within 5 min, HBO2T should be implemented.
Patients are compressed to a depth of two ATA for 90 min
breathing 100% Oxygen. Adjunctive therapies can be continued intrachamber to help lower intraocular pressure
and promote retinal vasodilatation. Hyperbaric oxygen
treatments are repeated for a minimum of 3 days or until
no stepwise clinical visual improvement. Most patients do
not require more than 10 hyperbaric oxygen treatments.
HBO2T is thought to bolster choroidal circulation’s support of retinal tissue and may facilitate clot dislodgement.

Unconventional Theoretical Applications
Acute Traumatic Brain Injury
Traumatic brain injury (TBI) related disability affects
more than 2% of the US population with more than
10 million new head injury cases annually worldwide.
HBO2T utilized since 1960s have shown favorable outcomes. The proposed mechanism of action involves optimizing oxygen availability in the early period following
a TBI to help maintain neuronal ionic homeostasis and
promote long-term clinical outcomes. Moreover, HBO2T
has been shown to reduce CSF fluid pressure and ICP in
brain-injured patients. Four RCT have been performed on
closed head injured patients as identified by Cochrane
review. However significant heterogeneity between trials
makes deciphering applicability of results inconclusive.
Current trials funded by the military are underway.

Neonatal Hypoxic Encephalopathy and
Cerebral Palsy
The use of HBO2T in the treatment neonatal hypoxic
encephalopathy (NHE) has been adopted most widely in
China. It represents a clinical syndrome of abnormal central
nervous system activity detected within the first days of life
for otherwise healthy neonate. Some neonatologists assert
this clinical entity as a precursor lesion in the pathway to the
development of cerebral palsy. Review of randomized trials
performed in China by Liu and colleagues have demonstrated modest mortality difference between hyperbaric
oxygen treated and untreated neonates. With cerebral
palsy, the most substantial data has been provided by
Machado in Sao Paulo. He reported a 94.8% reduction in
spasticity in cohorts followed for 6 months. Collet’s randomized Lancet publication is considered the least methodologically flawed study. It demonstrated no significant
difference between hyperbaric oxygen-treated children and
controls. Larger RCT are required to evaluate this role.

Multiple Sclerosis (MS)
MS is an incurable disease whose etiology continues to
elude the medical scientific community. Most practitioners
agree, however, that an autoimmune or inflammatory
mediated demyelinating process is involved in genetically
susceptible hosts. HBO2T has been offered as an adjunctive
treatment that may modify disease progression or limit
relapse rates. A national registry of MS patients treated
with HBO2T along with Cochrane review do not appear
to support widespread use of HBO2T for this clinical entity.

Autism
The cause of autism remains to be elucidated though
recent evidence appears to support the idea that an individual’s genetic milieu is the most critical element. Cerebral blood flow abnormalities, specifically in the temporal
lobes, have also been reported and serve as the underline
basis for claims advocating the use of HBO2T. Moreover,
IQ corollaries have been made with the degree of
hypoperfusion identified in temporal and frontal lobes of
autistic patients. Methodologically rigorous clinical trials
remain lacking rendering routine use of HBO2T for this
clinical entity suspect.

Acute Coronary Syndrome
HBO2T following an ACS has been proposed to offset
negative outcomes and promote ischemic myocardial tissue repair. Mechanism of action involves reduction in
post-insult lipid peroxidation and increased tissue and
plasma antioxidant enzymatic expression. These factors
theoretically would contribute to the downregulation of
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ischemia-reperfusion injury. Human and animal studies,
including 6 RCT, show modest favorable outcomes that
lack statistical significance.

Acute Ischemic Stroke
HBO2T has been advocated as an adjunctive treatment for
ischemic stroke since the 1960s. Minimization of the
evolving ischemic penumbra is the theoretic benefit. The
composite of animal and human trials appear to support
the early use of HBO2T as beneficial. However routine use
of HBO2T remains to be justified for this clinical entity
and further randomized controlled studies are warranted.

Sepsis
Interruption of the systemic inflammatory response syndrome pathway to multisystem organ failure has been an
area that has received considerable attention in the field of
critical care medicine. Hans Selye’s original definition of
stress as a proinflammatory marker carries the notion that
organ compromise is directly related to a host’s ability to
downregulate the inflammatory cascade. The ability of
hyperbaric oxygen to reduce the inflammatory state has
been well described and serves as the premise for consideration in the management of sepsis. Well-documented
peripheral effects including enhanced neutrophil mediated lysis, bolstered oxygen-dependent bactericidal effects,
and antibiotic augmentation further the potential benefit
of adjunctive HBO2T for sepsis control. Recent research
appears to suggest an oxygen and treatment depth dose
dependent protective relationship. The mechanism of
HBO2T protection may also be potentially linked in part
to interleukin expression or genetically related stress signaling mediated by heat shock proteins. Further investigation remains warranted.

Contraindications
The administration of hyperbaric oxygen therapy under
the supervised care of a trained hyperbaricist is a generally
safe and viable treatment option. The only absolute contraindication is an untreated pneumothorax because it
may progress into a tension pneumothorax. The list of
relative contraindications presented in Table 4 reflects
disease, medication, and surgical risk factors that must
be considered prior to initiating hyperbaric oxygen
therapy.

Adverse Reactions
Adverse reactions attributed to hyperbaric oxygen therapy
(HBO2T) remain quite small. They relate to either direct
consequences of elevated pressure or exposure to an
enriched oxygen environment. Neurological consequences
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Hyperbaric Therapy. Table 4 Contraindications to hyperbaric oxygen therapy
Absolute contraindication
Untreated pneumothorax
Relative contraindications
Severe untreated
bronchospasms
CHF with low EF (EF <35%)
Use of Doxorubicin within
2–3 days
Use of bleomycin within
2–4 weeks
Concurrent use of disulfiram
or Sulfamylon
Presence of intraocular gas
Prior thoracic surgery or
trauma
Severe lung bullous or cystic
disease
Middle ear surgery
performed within 4–6 weeks
Acute viral infection
(especially herpetic
infection)
Poorly controlled seizure
disorder
High febrile episode (temp
>103 F)
Active malignancy

include claustrophobia (incidence 2% of general population) and seizures (incidence of 1/10,000 [0.1%]) at 2.4
ATA and (2.5%) at greater than 2.8 ATA of the normal
non-epileptic population. Risk factors and prophylactic
maneuvers to minimize risk have been described. Seizure
onset does not predispose a patient to the development of
a seizure disorder nor to the need anti-seizure medication.
Ophthalmologic effects can be classified as reversible or
irreversible. Reversible effects include progressive lenticular
hyperoxic myopia where near vision improves and distance
vision blurs. This may occur for patients receiving greater
than 20–30 HBO2T. Reversion to baseline usually occurs in
2–8 weeks following completion of hyperbaric oxygen treatments. Irreversible ophthalmologic effects relate to the
worsening of preexisting nuclear cataracts. The incidence
increases following greater than 100 HBO2T.
Auditory consequences are the most frequently
encountered. The incidence of middle ear barotraumas is
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approximately 2%. Tympanostomy tubes are provided for
patients who are unable to equalize their middle ear due to
stiffened or fibrotic middle ear secondary to radiation or
post-inflammatory injury. Sedated, intubated, or paralyzed patients may also benefit from prophylactic
tympanostomy tube placement.
Cardiovascular effects relate primarily to the consequences of increased peripheral resistance. Patients with
low ejection fraction (<30%) must be carefully monitored. HBO2T increases SVR, SBP, PAP, contractility,
and sympathetic tone. Decreased cardiac output due to
reduced stroke volume and heart rate may precipitate
intolerable consequences for the tenuous critically ill cardiac patient. Cases of benign ectopy (10% incidence) have
also been reported. Endocrine effects relate to the heightened incidence of hypoglycemia. However, it remains
unclear if it is a pressure or enriched oxygen effect. The
incidence is 0.8 events per 1,000 hyperbaric oxygen treatments and 1.6 events per 1,000 diabetic patients treated.
As with any implanted devices such as cardiac pacemakers,
defibrillators, and insulin pumps, assessing device pressure compliance is essential prior to HBO2T. Pulmonary
side effects as a result from prolonged oxygen exposure
and oxygen toxicity must be monitored. Daily HBO2T at
recommended protocols do not appear to predispose
patients to pulmonary oxygen toxicity.

Hyperinsulinemic Euglycemia
Therapy (HIET)
A novel poisoning antidote using high doses of insulin and
supplemental dextrose to prevent hypoglycemia used to
treat calcium channel blocker poisoning. The mechanism
of action is multifactorial but involves improving the
poisoned myocardial tissue’s ability to utilize carbohydrates and the direct positive inotropic effect of insulin.
Dosing recommendations, based on published clinical
experience, include an initial bolus of 25–50 g of dextrose
(0.5–1 g/kg) and 0.1 U/kg of insulin. Follow this by
infusions of dextrose at 0.25–0.5 g/kg/h and insulin at
0.5 u/kg/h. This insulin infusion rate should be increased
every 30–60 min if there is no hemodynamic improvement and serum glucose should be closely monitored.

Hypertension
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▶ Stroke, Blood Pressure Management
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Synonyms
Eclampsia; Hypertensive crisis; Hypertensive encephalopathy; Malignant hypertension

Definition
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A hypertensive emergency occurs when the patient presents with severe hypertension (systolic blood pressure
180 or a diastolic blood pressure 120 mmHg) and
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acute end organ damage of the central nervous system, the
cardiovascular system, or the kidneys. A hypertensive
emergency differs from hypertensive urgencies in two
important manners. First, the hallmark of a hypertensive
emergency is the presence of end organ damage, not the
degree of blood pressure elevation. Second, unlike patients
who present with hypertensive urgencies, patients
presenting with hypertensive emergencies require immediate therapy to reduce their blood pressure within
minutes to hours to prevent morbidity and mortality.
Accelerated hypertension is when blood pressure is
severely elevated (systolic blood pressure 180 mmHg or
diastolic blood pressure 110 mmHg) and is associated with
ocular hemorrhages, exudates, and no papilledema. Malignant hypertension refers to a more severe syndrome of
markedly elevated blood pressure with retinal changes
consisting of ocular hemorrhages and exudates with
papilledema. The use of the term malignant hypertension
to refer to hypertensive encephalopathy or nephropathy is no
longer used. The nomenclature may be best simplified
adhering to the two most common presentations, hypertensive emergencies and urgencies. Collectively, these two syndromes are known as hypertensive crises. Examples of
hypertensive crises are presented in Table 1.

Treatment
Management of hypertensive emergency should be tailored to the manifestations of disease. For all symptomatic
patients, rapid, but precisely controlled, blood pressure
reduction is the primary goal. These patients require
close monitoring in an intensive care unit or similar environment that allows continuous monitoring of blood
pressure, sometimes via an arterial line, and the frequent
and rapid adjustments of intravenous infusions. The therapeutic goal is to reduce the mean arterial pressure (MAP)
by 20–25% within the first 60 min [1]. More rapid reduction may result in cardiac or cerebral hypoperfusion. The
only exception to this guideline would be blood pressure
control in a patient with an acute aortic dissection, due to
the high morbidity and mortality if blood pressure
remains elevated.
Other therapeutic measures, in addition to the pharmacologic agents listed below and in Table 2, include
careful consideration of the patient’s fluid status before
initiating a vasodilator. In patients who are hypovolemic,
initiation of a vasodilator may lead to a precipitous drop
in blood pressure. Patients who are volume depleted
should be given isotonic sodium chloride solution even
though this may at first seem counter-intuitive, since
restoration of intravascular volume results in a downregulation of the renin-angiotensin aldosterone system.
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Hypertensive Encephalopathy
Hypertensive encephalopathy is more common in patients
with chronic, uncontrolled blood pressure but can also be
found in patients with an acute and rapid rise in blood
pressure who were previously normotensive. Patients with
renal insufficiency are also at greater risk than those with
normal renal function. The majority of patients present
with a generalized, severe headache that may be followed
by confusion, lethargy, and somnolence. During the initial
phase, patients may be restless or agitated and present with
nausea, vomiting, and visual disturbances. Physical examination is notable for fundoscopic changes and most
patients will have papilledema. Any patient who presents
with elevated blood pressure, severe headache, altered or
depressed mental status, papilledema, and focal neurologic findings should be suspected of having hypertensive
encephalopathy. Other potential causes in the differential
include cerebrovascular accident, either ischemic or hemorrhagic, intracranial mass, and uremic encephalopathy.
Appropriate imaging and laboratory testing can help
exclude these other entities.
If the diagnosis of hypertensive encephalopathy is
suspected, exacerbating factors need to be withdrawn (e.g.,
erythropoietin) and intravenous antihypertensive medications initiated. The MAP should be reduced by approximately 20% or the diastolic blood pressure no lower than
100 mmHg within the first 1–2 h. This rate of reduction
should not be exceeded and, in the elderly and in patients
with chronic, poorly controlled hypertension, a less aggressive rate of reduction is warranted to prevent cerebral
hypoperfusion and possibly stroke. As the blood pressure is
brought under control, the patient’s symptoms and neurologic status should improve. Appropriate agents include
b-blockers and angiotensin converting enzyme inhibitors
such as labetalol and enalapril, respectively, since these agents
interrupt the renin-angiotensin system at separate sites.
Vasodilators such as sodium nitroprusside and hydralazine
are less likely to be efficacious since they stimulate reactive
renin secretion [2]. The use of clonidine for blood pressure
control is not recommended since it is a central nervous
system depressant. In patients who present with concomitant seizures, intravenous anticonvulsants such as phenytoin, fosphenytonin, benzodiazepines, or barbiturates
should be used and may also help reduce blood pressure.

Cerebrovascular Syndromes
The greatest challenge with the management of a patient
with an acute cerebrovascular syndrome (ischemic or
hemorrhagic) and severe hypertension is when to initiate
therapy, if at all. As intracranial pressure rises due to an
intracerebral hemorrhage or thrombotic infarction, the
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Hypertensive Emergency. Table 1 Clinical conditions meeting diagnostic criteria for hypertensive emergencies
Type of Emergency

Presenting symptoms

Diagnostic evaluation

Hypertensive encephalopathy

Headache, altered levels of
consciousness, visual disturbance,
mental status change, seizures

Funduscopic exam: advanced
retinopathy, arteriolar changes, flameshaped retinal hemorrhages and
exudates, papilledema
Laboratory testing to exclude
a metabolic cause
CT to rule out intracranial bleed, MRI

Intracranial hemorrhage or infarct

Focal neurologic complaints, headache
(intracranial hemorrhage), depressed
sensorium

Funduscopic exam, laboratory testing
including serum glucose and
coagulation profile. CT and MRI

Acute aortic dissection

Chest and back pain

Blood pressures in both arms to screen
for aortic dissection or coarctation. Chest
radiograph to assess for widened
mediastinum. D-dimer. CT angiogram or
MRI.

Acute myocardial infarction
Unstable angina

Chest pain, dyspnea, nausea

Electrocardiogram for signs of ischemia
or infarction, serial cardiac enzymes.

Acute left ventricular failure

Dyspnea, chest pain, or pressure

Signs of heart failure on exam including
raised jugular venous pressure, crackles
on chest auscultation, third heart
sounds, or gallop. BNP
Chest radiograph to assess for
pulmonary edema

Acute renal failure

Oliguria, hematuria (late)

Urinalysis: proteinuria, microscopic
hematuria, red blood cell or hyaline
casts. Chemistry panel: elevated BUN
and creatinine, hyperkalemia or
hypokalemiaa, hyperphosphatemia,
acidosis, hypernatremia. Decreased urine
output

Eclampsia

Headache, visual disturbances, seizures,
altered level of consciousness,
congestive heart failure, right upper
quadrant pain, oliguria

Proteinuria, normal or slightly elevated
serum creatinine, thrombocytopenia,
microangiopathic hemolytic anemia,
elevated liver function tests

Hyperadrenergic states
Pheochromocytoma crisis
Sympathomimetic drugs
Autonomic dysfunction

Anxiety, palpitations, diaphoresis,
paresthesias

The results of most diagnostic testing
will not be available at time of patient
presentation. A urine drug screen is
helpful to exclude illicit substances. 24-h
urine catecholamines and
metanephrines

Central nervous system

Cardiovascular system

Microangiopathic hemolytic anemia

a

Hyperaldosteronism (a secondary cause of hypertension) promotes renal potassium wasting
Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging

Peripheral blood smear, elevated serum
lactate dehydrogenase, elevated indirect
bilirubin
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normal autoregulation of cerebral perfusion may be
disrupted. With the initiation of pharmacologic therapy,
the ensuing blood pressure reduction may further exacerbate the cerebral ischemia. In contrast, persistent,
uncontrolled blood pressure elevation may also lead to
a poor neurologic outcome.
In general, blood pressure in patients presenting with
ischemic stroke should not be reduced unless the there
is severe hypertension (systolic >220 or diastolic
>120 mmHg) or if the patient has a concomitant hypertensive emergency with high morbidity and mortality
rates such as myocardial ischemia, aortic dissection,
hypertensive encephalopathy, or preeclampsia/eclampsia.
If blood pressure control is initiated, the mean arterial
blood pressure should be lowered no more than 15% or
the diastolic blood pressure should not be lowered beyond
110 mmHg within the first 24 h. In patients with extracranial or intracranial stenoses, a slower blood pressure
reduction over 7–10 days is recommended, given the
increased risk for cerebral hypoperfusion. For all ischemic
cerebrovascular events, first-line therapy includes intravenous labetalol, nicardipine, and nitroglycerin, which are
primarily directed at blood pressure reduction in patients
who are eligible to receive recombinant tissue plasminogen activator (fibrinolysis). Sodium nitroprusside should
be avoided due to the theoretical risk of increased intracranial pressure and platelet dysfunction [3].
In patients with hemorrhagic cerebrovascular syndromes, such as intracerebral hemorrhage and subarachnoid
hemorrhage, blood pressure control is also controversial.
The potential benefit of decreased bleeding must be weighed
against the potential for further reducing cerebral blood flow
if cerebral perfusion is already hampered by elevated intracranial pressure.

H

1173

of ventricular contraction and further propagation of the
dissection. One limitation of this combination therapy
includes cyanide toxicity due to sodium nitroprusside
after 24–48 h of therapy. A second potential concern is
that sodium nitroprusside has been associated with an
increase in intracranial pressure; however this appears to
be offset by the concurrent fall in systemic vascular resistance. Nicardipine or fenoldopam are less toxic alternatives to sodium nitroprusside. Labetalol, both an a and a
b-blocker, is an excellent alternative but may be a bit more
difficult to titrate.

Myocardial Ischemia and Infarction
Reduction of elevated blood pressure in patients with
myocardial ischemia decreases myocardial work, wall tension, and oxygen demand. Intravenous nitrates improve
coronary perfusion and decrease left ventricular preload.
b-blockers reduce both the heart rate and blood pressure.
Isolated use of vasodilators such as hydralazine and
sodium nitroprusside should be avoided since they may
elicit a reflex sympathetic tachycardia, which may further
increase myocardial oxygen demand.

Pulmonary Edema
Acute left ventricular failure may be precipitated by severe
hypertension, due to increased cardiac workload. Patients
present acutely dyspneic and may be agitated. Preload and
afterload reduction as well as diuresis are the objectives of
therapy. Nitroglycerin decreases preload and sodium
nitroprusside decreases both pre- and afterload. Both
may be used in the treatment of acute pulmonary
edema. Drugs that increase cardiac work such as hydralazine (reflex tachycardia) or decrease myocardial contractility (b-blockers) should be avoided.

Aortic Dissection

End-Stage Renal Disease

Aortic dissection is considered the most emergent of all
hypertensive emergencies, as mortality can occur within
hours. The aim of therapy is to reduce stress on the aortic
wall by both a reduction in blood pressure and heart rate,
which leads to a reduction in rate of raise in pressure
(dp/dt). Systolic blood pressure should be rapidly reduced
to 100–120 mmHg. As the force of left ventricular contractions is reduced, the propagation of the aortic dissection is diminished. Classically, the combination of a
vasodilator such as sodium nitroprusside and a shortacting b-blocker such as esmolol has been used. The
addition of a b-adrenergic agent is necessary to prevent
a reflex tachycardia due to the vasodilating effects of
sodium nitroprusside. Use of a vasodilator alone is
contraindicated, as it results in an increase in the velocity

Patients on hemodialysis, particularly those receiving
erythropoietin therapy, as well as renal transplant patients
who are on corticosteroid or cyclosporin therapy, commonly present with severely elevated blood pressure. In
patients with new onset renal insufficiency, the goal is to
decrease blood pressure and avoid further renal damage.
To this end, agents that preserve renal blood flow, such as
calcium antagonists and a-adrenergic blocking agents are
preferred. If hypertension is refractory to these agents or if
a patient with end-stage renal disease presents with
a hypertensive emergency, vasodilators such as sodium
nitroprusside, fenoldopam, or hydralazine should be
used. Use of diuretics in patients with renal failure should
be avoided, given the increased risk of worsening hypertension and renal damage in a hypovolemic patient.
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Nitroglycerin

Max: 200 μg/min

5–100 μg/min Infusion
2–5 min

< 1 min

0.25–10 μg/kg/min
Infusion

Sodium Nitroprusside

Maximum dose of 10
μg/kg/min should never
be given >10 minutes

1–2 min

5–15 mg intravenous
bolus

Phentolamine

Max total dose: 300 mg
or 1–2 mg/min infusion

20–80 mg intravenous
bolus every 10 min

Labetalol

2–5 min

0.5–1 mg/kg bolus
1–2 min
injection followed by
50–100 μg/kg/min
infusion. May repeat
bolus after 5 min or
increase infusion rate to
max of 300 μg/kg/min

Esmolol

Onset

Dose

5–10 min

2–3 min

10–30 min

2–6 hrs

10–30 min

Duration of
Action

Pulmonary edema1
Cardiac ischemia ±
β-antagonist1

Aortic dissection in
combination with
β-antagonist1
Encephalopathy1
CVA2
Pulmonary edema ± ACE
inhibitor2
Cardiac ischemia ±
β-antagonist2

Nitric oxide
compound; direct
vasodilator:
venous>arterial

Headache, flushing Reflex tachycardia,
Methemoglobinemia Requires special
delivery system due to drug binding
to tubing

Thiocyanate and cyanide toxicity for
prolonged (≥48hrs) infusions and in
patients with renal failure
Methemoglobinemia Increased
intracranial pressure Contraindicated
in pregnancy

Reflex tachycardia, flushing, headache
Caution with patients with coronary
artery disease; can induce angina

α1 α2-Adrenergic
receptor
antagonist
Nitric oxide
compound, direct
arterial and venous
vasodilator

Nausea, vomiting
Bronchoconstriction
Heart block
Heart failure

α1-, β-Adrenergic
antagonist

Aortic dissection1 CVA1
Pheochromocytoma in
combination with
nitroprusside1
Cardiac ischemia1
Pre-eclampsia/eclampsia1
Encephalopathy2
Subarachnoid hemorrhage2
Hyperadrenergic crisis1,2
Cocaine2

Nausea, vomiting
Bronchoconstriction
1˚ Atrioventricular block
Heart Failure

Adverse Effects/Precautions

β1-Adrenergic
antagonist

Mechanism of
Action

Aortic dissection in
combination with
Nitroprusside1
Pheochromocytoma in
combination with
nitroprusside1
Cardiac ischemia1

Indications

H
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10–20 mg slow
intravenous bolus

Hydralazine

30 min

5–15 min

10–20 min 1–4 hours

15–30 min 12–24 hrs

2–4 min

15–30 min 1–4 hrs

30 min

2

This designates this agent as a primary agent for this condition
This designates this agent as a secondary agent for this condition
Abbreviations: ACE, angiotensin converting enzyme inhibitor; CVA, cerebrovascular accident

1

1.25–2.5 mg q 6 hrs

Max: 32 mg/hr
(Over 24 hrs, max
infusion rate is 21 mg/hr
due to lipid load)

1–2 mg/hr infusion

Max: 15 mg/hr

5 mg/hr infusion

Max: 1.6 μg/kg/min

0.1–0.3 μg/kg/min
Infusion

Enalaprilat

Clevidipine

Nicardipine

Fenoldopam

Headache, flushing, Hypotension
Tachycardia Contraindicated in
patients with glaucoma; increases
intraocular pressure and intracranial
pressure Contraindicated in patients
with a sulfa allergy
Reflex tachycardia, headache, flushing
Local phlebitis Aggravation of angina

Contraindicated in patients allergic
to soybeans or eggs Contraindicated
in patients with defective lipid
metabolism
Acute renal failure in patients with
bilateral renal artery stenosis
Hypotension in hypovolemic patients
Prolonged half-life Avoid in patients
with myocardial ischemia and bilateral
renal artery stenosis. Contraindicated
in pregnancy
Reflex tachycardia

Dopamine-I
receptor agonist

Calcium channel
Blocker

Calcium channel
Blocker Does not
cause reflex
tachycardia
Angiotensin
converting
enzyme inhibitor

Direct arteriolar
vasodilator,
minimal venous
dilation

Acute renal injury1
Encephalopathy2
Subarachnoid hemorrhage2
Cardiac ischemia2
Hyperadrenergic crisis1,2
Acute renal injury1
Cardiac ischemia2
Hyperadrenergic crisis1,2

CVA2

Pre-eclampsia, eclampsia1

Aortic dissection in
combination with
β-antagonist2
Acute renal injury2
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Acute Withdrawal of Antihypertensive
Therapy
Abrupt discontinuation of short-acting sympathetic antagonists such as clonidine or propanolol may lead to an adrenergic crisis due to up regulation of sympathetic receptors.
Patients present with anxiety, palpitations, sweating, nausea,
headache, and severe hypertension. Blood pressure is best
controlled by administering the withdrawn drug. If this is
not possible or if the patient requires additional blood pressure control, then phentolamine, sodium nitroprusside, or
labetalol should be initiated.

Hyperadrenergic States
In addition to acute withdrawal of antihypertensive therapy, three other settings can lead to a hyperadrenergic state.
Patients with a pheochromocytoma may present with
significant clinical manifestations including severe hypertension, marked diaphoresis, tachycardia, numbness,
paresthesias, and cold distal extremities. Attacks vary in
frequency, some as infrequent as once a month or less to
several times a day. Duration of attacks can last minutes to
several hours. If pheochromocytoma is suspected,
a-adrenergic blockade is achieved with intravenous phentolamine. Sodium nitroprusside may also be used, but
phentolamine is more specific. Administration of
a b-blocker alone is contraindicated; b-receptor induced
vasodilation results in unopposed a-adrenergic vasoconstriction, which causes further blood pressure elevation.
Sympathomimetic drugs such as cocaine, amphetamines, phencyclidine, or ingestion of tyramine containing
foods while undergoing monoamine oxidase inhibitor
therapy may also result in a hyperadrenergic state.
In patients who are undergoing monoamine oxidase inhibitor therapy and have consumed tyramine containing
foods, the rise in blood pressure is due to a decrease in
intestinal tyramine metabolism and an increase in tyramine absorption. This leads to a release of endogenous
catecholamines, which results in elevated blood pressure.
Autonomic dysfunction due to spinal cord injury or
Guillain–Barré syndrome may also occur and, like the
above states, is best controlled with phentolamine or
sodium nitroprusside.

Preeclampsia and Eclampsia
To prevent progression of preeclampsia to eclampsia, the
definitive therapy is delivery of the infant and placenta.
Delaying definitive therapy places in the mother at risk for
complications including seizures, encephalopathy, abruption, thrombocytopenia, and acute liver and renal injury.
These risks must be balanced with the potential risk to the
fetus. If preterm delivery is not feasible due to fetal

immaturity, conservative management may be considered
to allow further maturation. Even with conservative therapy, the fetus is still at increased risk of decreased intrauterine growth and stillbirth. This is thought to be in part
due to a reduction in placental perfusion.
The primary objective for treatment of preeclampsia is
the prevention of stroke, with initiation of blood pressure
therapy at a systolic blood pressure of 150 mmHg and
a diastolic of 100–110 mmHg. Intravenous magnesium
should be used to control seizure activity and treat hypertensive encephalopathy in eclamptic patients. Both
labetalol and hydralazine are acceptable agents. Hydralazine is preferred due to its long-standing safety record,
but its use may be accompanied by a reflex tachycardia.
Labetalol may be used as a first-line agent or to control the
reflex tachycardia that accompanies hydralazine use. The
safety profile of labetalol is not as well-established as
that of hydralazine. Second-line agents include calcium
channel blockers such as intravenous nicardipine.
Several agents should be avoided or are
contraindicated in pregnancy. Sodium nitroprusside
should be avoided at later stages of pregnancy due to
possible fetal cyanide toxicity if used for more than
4 h, but may be considered as agent of last resort.
Trimethaphan, a ganglion-blocking agent, increases the
risk of meconium ileus. Angiotensin converting enzyme
inhibitors, angiotensin II receptor antagonists, and direct
renin inhibitors are contraindicated in pregnancy, due to
increased risk of fetal cardiac abnormalities (after first
trimester exposure) and renal abnormalities in later stages
of pregnancy. Diuretics should be avoided since
hypovolemia may be present in patients with pregnancyinduced hypertension.
There is limited data to suggest what the target blood
pressure should be in these patients. Ideally, mean arterial
blood pressure should not be reduced more than 25% over
2 h. Blood pressure goal ranges between 130–150 mmHg
systolic and 80–100 mmHg diastolic.

Evaluation/Assessment
Epidemiology
Hypertensive crisis affects up to 1% of hypertensive adults.
Over 3% of patients presenting to the emergency department will have a hypertensive crisis and of those, approximately one fourth will have a hypertensive emergency [4].
Patients who are at risk for hypertensive crisis include
those with renal impairment, the elderly and nonHispanic blacks. The risk in men is twofold that of
women and patients with secondary hypertension are at
greater risk for a hypertensive crisis than normotensive
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patients. Socioeconomic factors may also play a role, as
lack of a primary care physician, lack of medical insurance,
lack of resources, and cigarette smoking have also been
associated with the development of hypertensive crisis.

Pathophysiology
Any condition that causes hypertension may lead to
a hypertensive emergency. Although hypertensive patients
are at greater risk, patients with chronic hypertension are
somewhat protected due to adaptive vascular changes that
protect end organs from acute blood pressure escalations.
Conversely, patients without preexisting chronic hypertension, such as those with hypertension due to acute
glomerulonephritis or preeclampsia, do not have these
protective vascular changes. These patients typically experience hypertensive emergencies at relatively lower blood
pressures when compared to chronic hypertensive
patients. For the development of a hypertensive emergency, one of the most important factors leading to this
condition is the acute rate of rise in blood pressure.
The pathophysiology of hypertensive emergency is not
completely understood, but the initial inciting step
appears to be an abrupt rise in vascular resistance. This
can be due to the release of vasoconstricting substances
such as angiotensin II or norepinephrine. A state of relative hypovolemia can also be a causative factor, which
underscores the need for volume assessments and replacement in patients presenting with a hypertensive emergency. In response to the initial rise in blood pressure,
the endothelium compensates for the increased vascular
resistance by releasing vasodilators such as nitric oxide
and prostacyclin. With ongoing or severe hypertension,
these vasodilator stores may become exhausted, leading to
increased blood pressure and further endothelial damage.
It is postulated that the mechanical stretch and damage to
the endothelium leads to a proinflammatory response,
with the release of cytokines and increased expression of
endothelial adhesion molecules. The latter promotes local
inflammation and leads to further endothelial damage and
increased endothelial permeability and platelet and fibrin
deposition. The end result is markedly reduced blood flow
to vital organs, resulting in end organ hypoperfusion and
dysfunction.
Microangiopathic hemolytic anemia occurs when red
blood cells are damaged as they flow through vessels
obstructed by fibrin deposition. Hypertensive encephalopathy ensues when the normal autoregulation of cerebral blood flow is disrupted. When the blood pressure
is raised above the upper limit of autoregulation in
hypertensive patients, arterioles dilate, resulting in
hypoperfusion and cerebral edema.
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Evaluation of the Patient
The biggest challenge in the management of patients with
markedly elevated blood pressure is the differentiation
between hypertensive urgencies from hypertensive emergencies. To this end, patients should be asked about
existing hypertension and previous end organ damage,
such as cerebrovascular syndromes, myocardial ischemia
or infarction, and renal damage. Patients should also
be questioned about the abrupt withdrawal from blood
pressure medications, the use of over-the-counter sympathomimetic agents (e.g., pseudoephedrine), the use of
monoamine oxidase inhibitors, and the use of stimulant
recreational drugs such as cocaine, phencyclidine, and
amphetamines. Symptoms suggestive of end organ damage should be elicited as well and a comprehensive listing
is presented in Table 1. A thorough physical examination is
needed, with measurement of blood pressure in both the
supine and sitting positions, to determine whether there
are orthostatic changes, suggestive of volume depletion.
Measurements should also be conducted in both arms,
and a difference 20 mmHg is suggestive of aortic dissection. All patients with blood pressure 180/120 mmHg
or who are suspected hypertensive emergencies must
undergo a funduscopic examination to assess for retinal
hemorrhages, cotton wool spots, and papilledema.
Cardiovascular examination should assess for new murmurs and gallops. Acute aortic insufficiency may present
with an aortic dissection whereas mitral regurgitation may
result from rupture of a papillary muscle. A third heart
sound, elevated jugular venous pressure, and crackles on
auscultation of the lungs are all suggestive of heart failure.
Careful attention should always be given to the neurologic examination, with evaluation for focal neurologic findings, including visual field deficits and subtle cerebellar
disturbances. These findings are suggestive of a cerebrovascular accident or a mass lesion. Delirium or a flapping
tremor is more suggestive of hypertensive encephalopathy.
Hypertensive encephalopathy remains a diagnosis of exclusion, after other neurologic pathology has been ruled out.

Economics
Nearly one out of three USA adults has hypertension and
the estimated direct and indirect cost of hypertension for
2010 is $76.6 billion [5]. Prescription medications, inpatient visits, and outpatient visits comprise approximately
90% of overall expenditure of hypertensive treatment.

After-care
Patients with hypertensive emergency typically require
several days of hospitalization to allow for appropriate
blood pressure control and eventual transition to oral
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antihypertensive agents. Prevention of recurrent episodes
is based on the inciting event. If due to noncompliance or
abrupt withdrawal of medication, an investigation into the
reason for the cessation of antihypertensive therapy is
required. Healthcare providers need to be sensitive to
medication costs, insurance coverage (or lack thereof),
and be willing to prescribe multiple medications in lieu
of combination agents if this results in a net decrease cost
to the patient. Patients who present with hypertensive
crisis due to illicit drug use should be offered counseling.
All patients should have a follow-up appointment scheduled prior to hospital discharge. For the majority of
patients, this may involve an internist or a family practitioner. Patients who require complex antihypertensive
regimens, who have had frequent hypertensive crises or
who require additional secondary diagnostic evaluation
should be referred to a hypertension specialist.

Prognosis
Few studies exist regarding patient outcomes. At 33-month
follow-up of patients with hypertensive crisis, there was
a 60% mortality rate, with the most common causes of
death due to renal failure (40%), cerebrovascular accident
(24%), myocardial infarction (11%), and heart failure
(10%). Predictors of survival were known duration of hypertension and evaluation of the serum urea level at presentation. Blacks were more likely than whites to suffer a poor
outcome. For patients with untreated hypertensive emergencies, the 1-year mortality rate is 79%. For patients who
undergo treatment, the 5-year mortality rate is approximately 25%.

Cross Reference
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Synonyms
Thyrotoxicosis

Definition
Hyperthyroidism – A condition in which the production of
thyroid hormone is increased secondary to the over activity of tissues within the thyroid gland, usually demonstrated by the overproduction of T4 and/or T3.
Thyrotoxicosis – Any state in which thyroid hormone
levels are increased in the blood. It can be secondary to
endogenous overproduction (Graves’ disease, toxic
multinodular goiter (TMG), or Plummer’s disease, thyroid hormone release from an injured gland (thyroiditis),
or exogenous thyroid hormone.
Thyroiditis – Thyrotoxicosis caused by inflammation
of the thyroid gland.
Graves’ disease – An autoimmune disease characterized
by hyperthyroidism secondary to circulating autoantibodies. It is the most common cause of hyperthyroidism
in the developed world.
TMG – The presence of multiple, autonomous,
hyperfunctioning nodules within the thyroid that

Hyperthyroidism

represents the second most common cause of hyperthyroidism after Graves’ disease, in the developed world. In
the elderly and in iodine deficient areas, it is the most
common cause of hyperthyroidism.
Toxic adenoma – An autonomously hyperfunctioning
thyroid nodule that causes hyperthyroidism. These nodules are almost always benign.
Subacute thyroiditis – A self-limited thyroid condition
associated with a clinical course of hyperthyroidism,
hypothyroidism, and a return to normal thyroid function.
No specific therapy is necessary in most patients.

Treatment
Hyperthyroidism is primarily managed medically but,
at times, may require surgical intervention. Mild thyrotoxicosis with minor symptoms can undergo outpatient
treatment. The causes of thyrotoxicosis are as follows.

–
–
–
–
–

–

–
–

–
–

Graves’ disease
Toxic multinodular goiter
Toxic adenoma
Factitious thyrotoxicosis
Thyrotoxicosis associated with thyroiditis
Hashimoto’s thyroiditis
Subacute (de Quervain’s) thyroiditis
Postpartum thyroiditis
Sporadic thyroiditis
Amiodarone thyroiditis
Iodine-induced hyperthyroidism (areas of iodine
deficiency)
Amiodarone
Radiocontrast media
Metastatic follicular thyroid carcinoma
hCG-mediated thyrotoxicosis
Hydatidiform mole
Metastatic choriocarcinoma
Hyperemesis gravidarum
TSH-producing pituitary tumors
Struma ovarii (metastatic functioning thyroid
carcinoma)

Medical management involves symptom relief, antithyroid medications, and therapy with radioactive
iodine I131. Practitioners should be most concerned with
avoiding interventions in hyperthyroid patients that
may cause an increase in thyroid hormone levels
(e.g., iodinated contrast media, or amiodarone). In addition, medications such as aspirin or nonsteroidal antiinflammatories (NSAIDs) may interfere with the protein
binding of thyroid hormone and cause increased levels
of free T4 and T3. Pseudoephedrine, ketamine, and albuterol should also be used cautiously, as they increase
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sympathetic tone. The symptomatic hyperthyroid patient
can be treated with beta-blockers [1, 2].
Beta-blockers act to inhibit peripheral hyperadrenergic
activity during symptomatic hyperthyroidism. It’s mechanism of action involves the blockage of the peripheral conversion of T4 to T3. Other symptoms, such as restlessness,
hyperpyrexia, and tremor are improved by the use of specific
beta-blockers such as propranolol, which is often the betablocker of choice due to its nonselective effects. Most authors
suggest the use of 60–80 mg oral every 6 h, but the dosage
range may vary from 20 to 120 mg. Intravenous options are
also available for those who are unable to tolerate oral intake.
Propranolol at 0.5 mg to 1 mg intravenously over 10 min is
an adequate starting dose range and can be titrated to
effective doses over 15 min. Ultimately, 1–3 mg boluses are
often tolerated every 3 h. Other beta-blockers that can be
used, particularly in the critical care setting for those patients
who require shorter acting agents, are esmolol or metoprolol.
Esmolol can be given intravenously, as a continuous infusion, at a rate of 50–100 mcg/kg/min after a loading dose of
250–500 mcg/kg. Metoprolol can be given orally at a dose of
50 mg every 6–12 h. Both of these drugs are beta-1 selective.
Patients with contraindications to the use of beta-blockade
may be given reserpine 0.5 mg orally every 6 h. All patients
receiving beta-blockers require cardiac monitoring as hypotension is a common side effect [1].
For those patients with thyrotoxicosis who present
with congestive heart failure, beta-blockade can also be
used (at one quarter of the normal dose) in addition to
angiotensin converting enzyme inhibitors (ACEI’s),
digoxin, or diuretics such as furosemide. Atrial fibrillation
can be managed with beta-blockade for rate control, as
well as calcium channel blockers, digoxin, amiodarone, or
cardioversion. Symptoms associated with subacute thyroiditis can be alleviated with NSAIDs for the control
of inflammation and pain. If refractory to NSAIDs,
40 mg/day of oral predisone may be used temporarily [1].
Antithyroid medications such as propylthiouracil (PTU)
and methimazole are often used for the management of
hyperthyroid exacerbation or crisis, and have been available
since the 1940s. These drugs normalize thyroid function by
preventing the synthesis of T4 and T3 by the inhibition of the
formation and coupling of iodotyrosines (which are required
to synthesize thyroid hormone) in thyroglobulin. In addition, PTU inhibits the conversion of T4 to the more biologically active form of T3. PTU is the drug of choice in the
management of severe thyrotoxicosis because of its limitation of T4 to T3 conversion. Doses are titrated every 4 weeks
until a euthyroid state is achieved, which occurs over
2–8 weeks. Side effects of antithyroid medications involve
allergic reactions (fever, rash, urticaria, arthralgia) in 1–5%
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of patients and sometimes more serious complications such
as agranulocytosis (less than 1%), aplastic anemia, hepatitis,
polyarthritis, or lupus-like vasculitis [1, 2].
Radioactive therapy is also commonly used for
hyperthyroidism. It is administered as a single oral dose
(75–200 microCi/g of estimated thyroid tissue divided by
the percent of I131 uptake in 24 h) that creates a less rapid
reaction than antithyroid medications. Side effects are
minimal because only the thyroid gland is capable of
retaining the iodine. They consist of thyroid specific inflammatory responses such as fibrosis and hypothyroidism [1, 2].
Surgical management often involves subtotal or total
thyroidectomy and is the original form of therapy for
hyperthyroidism. With the improved efficacy of antithyroid medications, surgical treatment and radioactive
iodine treatment are used sparingly for situations such as
pregnancy, severe hyperthyroidism in children,
noncompliant patients, patients who are intolerant of
antithyroid medication, severe ophthalmopathy, goiters,
refractory amiodarone-induced hyperthyroidism, or
patients with unstable cardiac conditions. Patients who
are managed surgically are often preemptively given antithyroid medication, iodine treatment, and beta-blocker
therapy. Complications of surgery include recurrent
laryngeal nerve injury and hypoparathyroidism [2].

– Increased perspiration
– Increased appetite – patients still develop nutri-

●

●
●
●

Evaluation/Assessment
Critical illness predisposes patients to a number of disorders
within several different organs. The thyroid gland is particularly susceptible during injury. The normal thyroid gland is
divided into two lobules, which contain several highly
vascularized follicles that both synthesize and store thyroid
hormone. Thyroid hormone is synthesized with the aid of
iodide and an intact hypothalamic-pituitary-thyroid (HPT)
axis. Within the HPT axis, thyrotropin-releasing hormone
(TRH) is released from the hypothalamus and acts on the
anterior pituitary to secrete thyroid stimulating hormone
(TSH). Once released, TSH acts on the thyroid gland to
synthesize and release thyroid hormone. Thyroid hormone
then acts peripherally, via negative feedback on the HPTaxis,
to mediate metabolic activities. Through a series of steps that
occur within the follicular cells, thyroid hormone synthesis
subsequently occurs via the transformation of inorganic
iodide to thyroid hormones thyroxine (T4) and triiodothyronine (T3) [3].

Symptoms of Thyrotoxicosis

● Constitutional
– Weight loss, fatigue, weakness
● Hypermetabolic
– Heat intolerance

●
●

●
●

tional insufficiency because of increased protein
degradation in comparison to synthesis
– Hyperglycemia – usually occurs due to exacerbation of preexisting diabetes
Cardiovascular
– Palpitations
– Tachycardia – usually secondary to increased sympathetic and decreased vagal tone. Presents with
a widened pulse pressure and bounding pulses,
which, if chronic, may lead to dilated
cardiomyopathy
– Atrial fibrillation – frequency is age dependent
– Increased red blood cell mass secondary to
increased erythropoiesis (i.e., pernicious anemia,
decreased neutrophils and lymphocyte count,
increased factor VIII concentration)
Pulmonary
– Exertional dyspnea – due to reduced vital capacity
Nervous System
– Anxiety, emotional lability, irritability, restlessness,
confusion, insomnia
Musculoskeletal
– Hand tremors
– Weakness – prominent in proximal muscles, may
be associated with muscle wasting (myopathy of
distal muscles, trunk, and face)
– Fatigability – with minimal exertion
– Hypercalcemia – 27% with elevated total serum
levels, 47% with elevated ionized calcium levels
Ophthalmologic
– Tearing, irritation, diplopia, foreign-body sensation, eyelid proptosis
Gastrointestinal
– Vomiting
– Increased appetite
– Frequent bowel movements – leads to malabsorption of fat
– Hepatic dysfunction – hypoproteinemia, increased
alanine aminotransferase and alkaline phosphatase
levels, hepatomegaly, jaundice, symptoms may be
exacerbated by cardiac output reduction found
with beta-blocker treatment
Thyroid Gland
– Neck fullness, dysphagia, dysphonia
Dermatologic
– Thinning of skin
– Warm and moist skin – due to cutaneous vasodilation and sweating
– Hair loss and friability

Hyperthyroidism

– Pretibial edema
– Palmar erythema and telangiectasia – resemblant
of liver disease

– Plummer’s nails – onycholysis of fourth and fifth
digits

– Vitiligo
● Reproductive
– If thyrotoxicosis occurs early in life, it may cause
delayed sexual maturation
– Infertility, amenorrhea, decreased libido
– Gynecomastia and erectile dysfunction – likely due to
increased androgen to estrogen conversion [1, 3, 4].
Younger patients tend to present with the sympathetic,
or hypermetabolic symptoms of thyrotoxicosis, while
older patients tend to have predominantly cardiovascular
symptoms, as well as decreased appetite. In assessing
a patient suspected of having hyperthyroidism, evaluation
should include a history of symptom duration and severity, as well as past medical history, social and demographic
history, and physical examination. Women present with
hyperthyroidism ten times more often than men. The
presence of isolated findings such as atrial fibrillation,
osteoporosis, or hypercalcemia may be indications that
thyroid function should be evaluated in order to identify
the presence of subclinical thyrotoxicosis [1, 2].

Presentations of Hyperthyroidism
Eighty-five to ninety percent of hyperthyroid disease presents itself as diffuse toxic goiter (Graves’ disease), toxic
multinodular goiter (Plummer’s disease), toxic adenoma,
and subacute thyroiditis. Graves’ disease is the predominantly diagnosed form of thyrotoxicosis, and its presentation tends to increase with age, especially in adults older
than 55 years of age. Graves’ disease is commonly autoimmune in etiology and involves the production of thyroid
stimulating immunoglobulin (TSI) by B lymphocytes,
which go on to stimulate thyroid hormone receptors,
causing an increase in thyroid hormone release. While
the frequency and severity of symptoms may vary between
individuals, patients tend to demonstrate a strong family
history of other diseases such as rheumatoid arthritis,
vitiligo, or pernicious anemia. In addition, certain compounds (e.g., amiodarone, seaweed containing supplements, expectorants, and iodinated contrast dyes) are
known to contain large amounts of iodine, which can
induce thyrotoxicosis in susceptible patients. A physical
exam finding that is specific to Graves’ disease is proptosis.
This presentation occurs secondary to the inflammation
of ocular muscles and soft tissue, as well as from the
infiltration of these tissues with mucopolysaccharides,
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causing the resultant exophthalmos. Early on, periobital
edema, conjunctival injection, and chemosis will be
demonstrated. The definition of proptosis is dependent
on the presence of an anteroposterior to lateral orbital
ridge and anterior cornea distance of greater than
20 mm. Ultimately, the rectus muscle becomes infiltrated, causing limitations in upward gaze. Late findings
involve optic nerve compression and keratitis (leading
to the inability to close the eye completely). Imaging
(ultrasound, computed tomography, or magnetic resonance imaging) will demonstrate the presence of orbital
swelling [1].
Toxic multinodular goiter is the second most common
presentation of hyperthyroidism. It is characteristically
associated with the presence of multiple nodules and
tends to develop in women older than 50 years. This
particular type of hyperthyroidism is slowly progressive
and secondary to iodine deficiency, as seen in areas such
as Central and South America, the Himalayas, Eastern
Europe, and Central Africa. As a less severe form than
Graves’ disease, symptom presentation tends to be mild.
The primary physical findings include muscle wasting and
weakness, as well as self-described feeling of apathy.
Obstructive symptoms may be present as well.
Toxic adenomas are even less common than
Plummer’s disease, but symptoms generally occur with
a similar presentation. Subacute thyroiditis (de Quervain’s
thyroiditis) often presents with a prodrome of fever, pharyngitis, myalgias, and fatigue and is thought to be of viral
etiology. This form of thyrotoxicosis occurs primarily in
women and presents approximately 2% of hyperthyroid
disease presentation. Patients often complain of radiating
anterior neck, jaw, and ear pain, which can last up to
several weeks. Although infrequent in presentation,
the occurrence of amiodarone-related thyrotoxicosis
deserves mention. This development is usually related
to amiodarone’s iodine load, which is approximately
400 times the daily requirement. In iodine deficient
areas, the use of amiodarone may lead to exacerbations
of tachycardia in patients with preexisting multinodular
goiter and subclinical Graves’ disease. Other drugs that
may induce thyroiditis include interferon, interleukin-2,
granulocyte-macrophage colony-stimulating factor, and
lithium [1–4].

Physical Examination, Laboratory Values,
and Imaging
Evaluation should include a thorough physical examination, paying particular attention to the thyroid gland.
Any form of thyrotoxicosis may display the classic stare,
which develops secondary to the retraction of upper and
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lower eyelids, which exposes the sclera beyond the limbus.
Lid lag, in which the upper lid lags behind the globe when
the patient looks down slowly, or globe lag, where the
globe lags behind the upper lid with slow, upward gaze,
may also be seen. Depending on the etiology of the hyperthyroidism, the gland exam will vary. For example, in
Graves’ disease, the thyroid, which is located in the lower
anterior neck, is often diffusely enlarged, symmetrical,
smooth, and slightly firm. A systolic, or continuous bruit
(different from easily obliterated transmitted murmur of
cardiovascular disease) may be audible upon auscultation
of the neck or a thrill may be present upon palpation with
severe disease.
With toxic multinodular goiter, the thyroid gland is
soft, enlarged 2–3 times its normal size, with easily palpable, irregular, individual nodules. It may also extend
retrosternally, have associated tracheal deviation, or present with obstructive symptoms of facial and neck
engorgement with arm elevation (Pemberton’s sign).
Toxic adenoma often does not present with physical findings unless the mass is at least 2.5 cm in diameter. Finally,
a tender and enlarged gland indicates the diagnosis of
subacute or granulomatous thyroiditis. This particular
diagnosis is time sensitive, in that it can degenerate to
hemorrhagic or suppurative thyroiditis if left untreated.
Suppurative thyroiditis is a rare disorder, often found in
immunocompromised individuals, and most distinctly
associated with anterior neck pain, swelling, induration,
erythema, and abscess formation secondary to organisms
such as parasite, mycobacteria, or fungi [1, 2, 4].
Laboratory diagnosis of thyrotoxicosis entails similar
findings, regardless of the etiology for the disease. Serum
TSH levels of less than 0.1 mU/L and an elevated serum
free T4 are usually definitive findings. Free T3 may also be
elevated but is rarely necessary for diagnosis. Hyperthyroidism and thyroiditis are differentiated based on findings obtained during the history and physical
examination, as well as the radioiodine uptake (RAIU)
evaluation, which will show low levels in the presence of
thyroiditis [4]. Graves’ disease is diagnosed with the presence of elevated levels of circulating immunoglobulin
bound to TSH receptors.
Hyperthyroidism is primarily diagnosed clinically and
biochemically. Imaging may be used to confirm or determine the cause of suspected thyroid disease. Scintigraphy
is a form of radionuclide imaging that provides information on the functionality of the thyroid, as well as anatomical information. This form of imaging is used to identify
high and uniform uptake of tracer in an enlarged thyroid
gland, such as that found with Graves’ disease. Ultrasound
provides the best anatomical analysis of the thyroid gland

and may identify diffusely hyperechoic glands or nodules
as small as 2–3 mm. Color flow Doppler functions serve to
diagnose existing hypervasculature. It should be noted
that 50% of nodules are radioresistant, resulting in abnormal scintigraphy findings after I131 treatment. Magnetic
resonance imaging and computed tomography have limited roles in thyroid disease evaluation, other than demonstrating the extent of local or recurrent disease and
detecting the extension of an enlarged gland [5].

After-care
Patients should be counseled on the nature of their disease
and the importance of follow-up, as well as continued
medical management, as appropriate. Patients with
Graves’ disease require ophthalmologic examinations as
ophthalmologic disease occurs in 50% of hyperthyroid
patients. There are no limitations in diet or activity
after the diagnosis of hyperthyroidism, provided that
patients are adequately managed with medical or surgical
therapy.

Prognosis
Hyperthyroidism secondary to toxic multinodular goiter
and toxic adenoma are often managed with antithyroid
medications or radioactive iodine ablation to normalize
thyroid function. In the long term, both conditions result
in the slow growth of the thyroid gland even during
medical treatment, of which, high-dose antithyroid medications is not recommended. After radioactive iodine
ablation, the patients usually remain euthyroid but may
develop hypothyroidism. If this occurs, supplementation
with thyroid hormone replacement is available via once
daily T4 intake. Patients with Graves’ disease also often
develop hypothyroid disease and, therefore, require expectant management. The ophthalmopathy can develop at
any time, even after treatment of the primary disease.
The prognosis of hyperthyroidism is satisfactory after
radioactive iodine treatment, although no long-term studies have been performed to determine the development of
thyroid cancers as a result of iodine therapy [2].
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Definition
Hypothyroidism is one of the most common endocrine
diseases, defined as TSH levels >4.5 mU/L (normal
0.4–4 mU/L) and free ▶ T4 levels <4 mg/dl (normal
4.5–12.5 mg/dl). This disease is characterized by a deficit
of the thyroid hormones, either by a failure of the thyroid
to produce the thyroid hormones as in primary hypothyroidism, accounting for 95% of all cases, an insufficient
production of the thyroid-stimulating hormone (TSH) by
the pituitary gland as seen in secondary hypothyroidism,
or due to a deficit in the production of thyrotropinreleasing hormone (TRH) by the hypothalamus as seen
in tertiary hypothyroidism. The most common cause of
acquired primary hypothyroidism is chronic autoimmune
thyroid disease or Hashimoto’s Thyroditis [1].

Characteristics
Susceptibility for developing autoimmune thyroid
disease has been attributed to genetic and environmental
factors; several autoantibodies have been associated
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with the thyroid dysfunction, including anti-thyroid
peroxidase (anti-TPO) antibodies and antithyroglobulin
antibodies.
The symptoms of hypothyroidism can vary from mild
in the early phases, to the most extreme form, a life threatening condition called myxedema coma. Some of the
clinical characteristics found in patients with hypothyroidism are fatigue, loss of energy, cold intolerance, inability to concentrate, hair loss, decreased appetite, weight
gain, depression, constipation, and muscle weakness.
Some metabolic abnormalities can be associated
with hypothyroidism; these include anemia, dilutional
hyponatremia, hyperlipidemia, and increased levels of
creatinine.
The National Health and Nutrition Examination
Survey (NHANES 1999–2002) reported hypothyroidism
in 3.7% of the population, and is generally most common
in females than males [2].
In the intensive care unit (ICU) endocrine emergencies are common and considered life threatening
conditions [3]. Prompt diagnosis and treatment can
significantly reduce mortality. On critically ill
patients due to severe illness, surgery, trauma, and the
use of certain drugs are associated with inhibition of the
50 -deiodinase activity in peripheral tissues causing
decreased circulating levels of ▶ T3, the active form of
thyroid hormone, with normal or low levels of T4 and
normal TSH (non-thyroidal illness syndrome). Whether
this condition is beneficial or an abnormal reaction in
response to injury or illness is still unclear, and therefore
the decision to treat remains controversial [4]. Nonthyroidal illness syndrome seems to be in correlation
with the severity of the disease and is being associated
with mortality. Serum T3 levels have been described as
an independent predictor of survival in a cross-sectional
study of 301 acutely ill older patients [5].
It is important to understand the implication of the
hypothyroidism in patients that undergo surgery, since
this stress will aggravate the already coexistent low thyroid
hormones. Delirium, prolonged ileus, infection without
fever, and myxedema coma are indicative of worsening
hypothyroidism [6]. Hypothyroidism is characterized by
increased systemic vascular resistance and decreased
cardiac output, and affects the renal perfusion.
Hyponatremia and volume depletion, as a consequence
of impaired aldosterone secretion, is also found in the
hypothyroid patients [6]. T3 administration increases
heart rate and myocardial contractility, which increases
the myocardial oxygen demand; for this reason, it
is important to have in mind the possibility of a cardiac
ischemia in patients with concomitant heart disease
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during the stay in the ICU. Therefore the use of T3
in patients with cardiac diseases requires frequent
monitoring [4].
Hypothyroidism has been associated with respiratory
failure and prolonged mechanical ventilation; impaired
ventilator response and diaphragmatic and skeletal
muscle dysfunction seem to be responsible for the pathophysiology of this condition, which tends to respond to
thyroid hormone therapy.
Severe burn injury has also been associated with low
levels of T3, T4, and their free indices, as a consequence of
the hypermetabolic response and hypercatabolic state. The
administration of anabolic agents such as oxandrolone
and recombinant human growth hormone has been
included in the repertoire of drugs comprised in clinical
trials; in an effort to counteract the muscle wasting that
characterizes the burn injury. The importance in restoring
thyroid hormone levels relies on the fact that they promote
protein synthesis, and their anabolic effect on body composition and growth, all significantly reduced after burn
injury [7]. Due to lack of strong evidence, no conclusions
can be made regarding the importance of normalizing
thyroid hormone levels after severe burn.
Another condition of common concern is the ▶ subclinical hypothyroidism, defined as elevated levels of TSH
with normal levels of total or free T4 and free T3. The
prevalence ranges from 4% to 10% and is more commonly
present in women over 50 years of age [8]. It can be
considered an early stage of hypothyroidism. Hyperlipidemia, arterial hypertension, and cardiovascular disease are
usually associated with subclinical hypothyroidism.
A slight decrease in T4 levels, even within normal range,
can be associated with the commencement of symptoms.
Since this condition frequently affects older persons, the
clinical suspicion may be delayed; symptoms such as
fatigue, dry skin, and constipation can be early manifestations of hypothyroidism and may be attributed to
aging itself.
The late stage of hypothyroidism is “mixedema coma.”
This is the most severe presentation of hypothyroidism
with high mortality rate, if not treated. Patients with
mixedema usually present with a history of long
term hypothyroidism, but it can also manifest as
a consequence of an undiagnosed hypothyroidism.
Precipitating factors include infection, heart failure, cold
weather (making it more common during winter),
trauma, burns, surgery, sepsis, or certain medications.
Mixedema coma is characterized by central nervous system dysfunction, cardiovascular decompensation,
hypothermia, reduced conscious levels, hypoventilation,
and low sodium levels concomitantly with generalized

edema [6]. It represents a major challenge in the ICU
because its diagnosis can be delayed or recognized.

Assessment
The fact that thyroid hormone concentrations are affected
by a number of non-thyroidal conditions, in addition to
the multiple medications that can also affect the thyroid
function, the interpretation of thyroid function test is
a challenge [4]. It is important to distinguish the already
known hypothyroid patient versus the non-thyroidal illness
syndrome that commonly affects the critically ill patient.
A complete thyroid panel with total and free levels of T3 and
T4 and TSH is required while in the ICU. Low levels of T3 or
T4 with low or normal levels of TSH strongly suggest nonthyroidal illness syndrome, while elevated levels of TSH,
typically over 10 mU/ml, with positive anti-TPO antibodies
suggest to primary hypothyroidism. The T3 resin
uptake is used to determine serum thyroid hormone–
binding capacity. Other findings include anemia, hypoxia,
hypercapnia, and respiratory acidosis. It is important to
find the precipitating factors. Hypothyroidism causes
deviated serum levels of triglycerides, total cholesterol,
and low-density lipoprotein cholesterol, which must be
frequently assessed. In addition a 24-h urine-free T3,
serum cholesterol, and prolactin should be obtained to
assess pituitary function.

Treatment
If during the ICU stay primary hypothyroidism is
suspected, levothyroxine therapy should be initiated, and
doses should be adjusted to maintain TSH levels on the
lower normal range. For patients undergoing surgery, they
should be rendered euthyroid before surgery. For patients
with known cardiovascular disease, it is recommended to
start with a low dose of T4 in consultation with the
cardiologist [9]. Close attention to early signs of metabolic
derangements and airway patency is imperative. Critically
ill patients may show an increased levothyroxine requirement. The overall recommendations by the Consensus
Development Conference is that in patients already on
therapy for hypothyroidism and in which TSH levels are
still over the normal range, levothyroxine doses should be
increased. If secondary hypothyroidism is the case, thyroid
hormone replacement should be given concomitantly
with steroids, until adequate adrenal function can be confirmed. The replacement dose is usually 100–150 mg in
women and 125–200 mg in men. Underlying cardiac disease should be assessed before the initiation of hormonal
treatment to avoid any ischemic event. The same consideration should be taken for the elderly, where the adequate
dose is lower when compared to young patients [9].

Hypoxic Hypoxia

Controversy whether to treat patients with subclinical
hypothyroidism has been ongoing for a long time; there
is still no consensus in the literature that establishes
treatment for this condition. Basically, treatment will be
indicated in those cases where the TSH levels are above
10 mg/ml or in the presence of symptoms associated with
the hypothyroidism.
In the case of severe hypothyroidism or mixedema
coma, urgent administration of levothyroxine is necessary,
a bolus of 200–500 mg initially followed by 50–100 mg/day,
in conjunction with supportive care. Combination of T3
(liothyronine) and T4 can be the treatment option if the
administration of T4 alone fails to normalize serum T3
levels; the recommended doses are 4 mg/kg of T4 and 10 mg
of T3, followed by the same maintenance dose for T4 and
10 mg of T3 every 8 hours. Aggressive volume resuscitation
with dextrose and normal saline may be required; administration of hydrocortisone 50 mg four times a day for
possible adrenal insufficiency, mechanical ventilation and
careful correction of hypothermia may also be needed.
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Prognosis
Generally, in the case of severe hypothyroidism, resolution
of hemodynamic parameters should be seen within
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24 hours if properly treated. Thermoregulation can take
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Synonyms
Cerebrospinal fluid pressure monitoring

Definition
Intracranial pressure (ICP) is the pressure inside the dura
mater and thus in the brain tissue and cerebrospinal fluid
(CSF). Under normal conditions, a steady volume of CSF,
blood, and brain are held inside the dura, which causes
a predictable low pressure to be applied in the compartment. ICP is measured as a supratentorial pressure, conventionally in mmHg. The normal mean ICP in adults
is 0–10 mmHg, levels over 15 mmHg being abnormal.
ICP is maintained in a tight normal range dynamically,
through the production and absorption of CSF and
pulsates approximately 1 mmHg in a normal healthy
adult. Changes in ICP are attributed to volume changes in
one or more of the constituents contained in the cranium.

Characteristics
The fundamental principles of raised intracranial pressure
are condensed in the doctrine credited to Monro

(1783) and Kellie (1824), which states, once the fontanelles and sutures are closed, that:
● The brain is enclosed in a nonexpandable case of bone.
● The brain parenchyma is nearly incompressible.
● The volume of the blood in the cranial cavity is therefore nearly constant.
● A continuous outflow of venous blood from the cranial cavity is required to make room for continuous
incoming arterial blood.
The importance of these observations is that the skull
cannot easily accommodate any additional volume.
Therefore, ICP is a reflection of the relationship between
alterations in craniospinal volume and the ability of the
craniospinal axis to accommodate added volume [1, 2].
If a new intracranial volume displaces venous blood and
CSF, for example, hematoma, tumor, edema, or hydrocephalus, initially there is little change in ICP (Fig. 1).
However, the ability to accept the cerebral blood flow
(CBF) component of the cardiac cycle is decreased and,
provided the volume of each cerebral component of the
cardiac cycle remains constant, close observation will recognize an increase in the ICP wave amplitude. This is
because intracranial compliance is reduced. Additional
exhaustion of the volumetric compensatory reserve leads
to an increase in mean ICP and a further increase in ICP
wave amplitude. At very high ICP the amplitude of the
ICP wave decreases as cerebral blood flow (CBF) is
reduced by a reduction in compliance and perfusion
pressure.
The shape of the CSF waveform is similar to the
arterial waveform (Fig. 2). Brain tissue pressure and ICP
increase with each cardiac cycle and, thus, the ICP waveform is a modified arterial pressure wave. The ICP pressure waveform has three distinct components that are
related to physiological parameters. The first peak (P1) is
the “percussive” wave and is due to arterial pressure being
transmitted from the choroid plexus to the ventricle. It is
sharply peaked and fairly consistent in amplitude. The
second wave (P2), often called the “tidal” wave, is thought
to be due to brain tissue compliance. It is variable, indicates cerebral compliance, and generally increases in
amplitude as compliance decreases; if it elevates or exceeds

Jean-Louis Vincent & Jesse B. Hall (eds.), Encyclopedia of Intensive Care Medicine, DOI 10.1007/978-3-642-00418-6,
# Springer-Verlag Berlin Heidelberg 2012

1188

I

ICP Monitoring

P1

P

P2
c

P3

b
a

V

a
P2
P1

ICP Monitoring. Figure 1 Pressure–Volume curve. The figure
illustrates that in the normal range, i.e., near the origin of the
x-axis (point a) intracranial pressure remains normal in spite of
small additions of volume until a point of decompensation
(point b), after which each subsequent increment in total
volume results in an even larger increment in intracranial
pressure (point c) (Modified from Langfitt et al. [3])

the level of the P1 waveform, there will be a marked
decrease in cerebral compliance. The third wave P3 is
due to the closure of the aortic valve and therefore represents the dicrotic notch.
Increased intracranial pressure is a major contributor to
the mortality and morbidity of patients with acquired brain
injury. Unfortunately, it cannot be estimated without
directly measuring it. Because of its dynamic nature, instant
CSF pressure measurement using the height of a fluid column via lumbar puncture may be misleading. Monitoring
of ICP requires an invasive transducer. Unsatisfactory
attempts have been made to measure it noninvasively. In
intensive care, ICP is recorded continuously during the first
days after a cerebral insult.

Historical Overview
Physiological exploration of human CSF started in the late
eighteenth century. In 1891, Quinke published his studies
on the diagnostic and therapeutic applications of lumbar
puncture. He standardized the technique and introduced
the method to measure the pressure of the CSF by
connecting the lumbar puncture needle with a fine glass
pipette in which the fluid was allowed to rise. Later, in the
first decades of the last century, repeated measurement of
lumbar cerebral spinal fluid pressure, as an assessment
of intracranial pressure (ICP), was widely used and this
was the earliest clinical method of ICP measurement.
Furthermore, reports emerged that some patients, even if

P3

b
ICP Monitoring. Figure 2 The intracranial pressure
waveforms. (a) Depicts the situation of a compliant system,
and (b) a high pressure wave recorded from a noncompliant
system in which P2 exceeds the level of the P1 waveform, due
to a marked decrease in cerebral compliance

showing clinical signs of brain compression, had normal
lumbar CSF pressures and/or died after the procedure.
Lumbar puncture fell into disuse for the diagnosis of
intracranial hypertension due to the possibility of inducing brain-stem compression through tentorial or tonsillar
herniation, and because, if the system does not communicate, the pressure was underestimated.
Different researchers moved from the lumbar
approach to direct cannulation of the ventricular system.
Early clinical research in this field was reported in 1960 by
Nils Lundberg that described the clinical importance of
ventricular fluid pressure (VFP) waveform in a series of
patients and it was concluded that the spontaneous
changes in VFP curve were of two main types: plateau
waves and rhythmic oscillations. Lundberg stated that the
former could cause both transient and persistent damage
to the brain and therefore diagnosis, utilizing a ventricular
catheter, and prevention of such pressure variations were
of paramount importance. The rhythmic fluctuations in
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VFP at the frequency of 1/min can be normal, but their
incidence increases with pathology and then may represent a cerebral dysfunction. This may also be true for the
rhythmic waves with a frequency of 6/min. The waves
described by Lundberg were of three types:
● A waves or “Plateau waves” have amplitudes of
50–100 mmHg, lasting 5–20 min (Fig. 3). These
waves are always associated with intracranial pathology. During such waves, it is common to identify early
evidences of herniations as well as bradycardia and
hypertension. It is postulated that as cerebral perfusion pressure (CPP) (i.e., the difference between mean
arterial pressure (MAP) and intracranial pressure)
becomes inadequate to meet metabolic demand, cerebral vasodilatation ensues and cerebral blood volume
(CBV) increases. This leads to a vicious circle, with
further CPP decrease, predisposing the patient to
other plateau waves and, if low CPP is not corrected,
to harmful effects.
● B waves are oscillating and up to 50 mmHg in amplitude with a frequency of 0.5–2/min and are considered
being due to a vasomotor center instability when
CPP is unstable or at the lower limits of pressure
autoregulation.
● C waves are oscillating and up to 20 mmHg in amplitude and have a frequency of 4–8/min. These waves
have been documented in healthy individuals and are

The seminal Lundberg’s work demonstrated the utility of
a continuous monitoring. Without the continuous
recording of ICP, the judgment of correct timing and
evaluation of the efficacy of the therapy will be difficult.

Systemic and Cranial Physiological
Variables and ICP
The basic principles of the ICP homeostasis and its alterations originate by the initial intuition of Monro and
Kellie. In fact the craniospinal axis can be assimilated to
a partially closed box with container properties including
both viscous and elastic elements. The elastic or, its
inverse, the compliant properties of the container will
determine what added volume can be absorbed before
ICP begins to rise. The accommodation mechanisms of
the craniospinal axis to an added volume depend initially
on reciprocal volume changes between the brain–blood
and the cerebrospinal fluid (CSF). If a new intracranial
volume displaces venous blood and CSF initially there is
a minimal change in ICP. However, the capability to accept
the cerebral blood flow component of the cardiac cycle
is decreased and, provided the volume of each cerebral
component of the cardiac cycle remains constant, close
observation will recognize an increase in the ICP wave
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thought to occur because of interaction between cardiac and respiratory cycles. Both A and B waves require
intervention to reduce ICP and preserve CPP.

90

ICP
(mmHg)
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ICP Monitoring. Figure 3 Example of plateau waves recorded at bedside. From top to bottom, MAP = mean arterial
pressure, ICP = intracranial pressure, SjO2 = continuous jugular saturation. The plateau waves are a hemodynamic
phenomenon associated with cerebrovascular vasodilation. They are observed in patients with preserved cerebral
autoregulation, but reduced pressure–volume compensatory reserve. As documented by the tracing, during plateau waves,
cerebral perfusion pressure falls below the ischemic threshold, as documented also by jugular saturation reduction
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amplitude. This is because the intracranial compliance is
reduced. Further spoiling of the volumetric compensatory
reserve leads to an increase in mean ICP and a further
increase in ICP wave amplitude. At very high ICP the
amplitude of the ICP wave decreases as cerebral blood
flow (CBF) is reduced by a reduction in compliance and
perfusion pressure due to the fact that the cerebral perfusion pressure (CPP) is the mean arterial pressure (MAP)
minus the ICP.
The intracranial compliance also known as the volume–
pressure response (VPR) to an added volume is easily
described by the pressure–volume curve as the change in
volume (DV) per unit change in pressure (DP): Compliance (C = DV/DP) = 1/Elastance = VPR.
Within the physiological range of CPP (50–150 mmHg),
due to pressure autoregulation, the cerebral blood flow
(CBF) is kept constant with cerebral blood volume (CBV)
changes in relation to a capability of the cerebral arteriolar
vessels to modify their caliber at different pressures. Measuring the ICP and arterial pressure allows extrapolating an
ICP-derived index that is the cerebrovascular pressure reactivity index (PRx)[4]. The PRx incorporates the philosophy of assessing cerebrovascular reactions by observing the
response of ICP to spontaneous changes in the arterial
blood pressure (ABP). When the cerebrovascular bed is
normally reactive, any change in ABP produces an inverse
change in cerebral blood volume and consequently ICP.
When the reactivity is affected, modifications in ABP are
passively transmitted to ICP. Abnormal values of PRx,
indicating poor autoregulation and disturbed cerebrospinal pressure reactivity, have been demonstrated to be
predictive of a poor outcome following head injury.
Other physiological variables that regulate cerebral
blood flow (CBF) are the factors that influence acute
changes in ICP. For example, arterial carbon dioxide gas
tension (PaCO2) has a near linear relationship with CBF
within the physiological range, producing a 2–6% increase
of CBF for each millimeter of mercury of PaCO2 rise.
When intracranial compliance is reduced, even a small
increase in CBF and, therefore, cerebral blood volume,
will increase ICP.

Increasing ICP and Brain Distortion
There are several different, but related, factors that have to
be taken into account when a mass lesion within the
cranial cavity starts to expand. One is the distortion of
the brain. Because of the viscoelastic properties of the
brain, the tissues adjacent to the lesion will tend to flow
away from it with axial movement of the brain. Although
this suggests that the local properties of the brain are
important, the major factor responsible for spatial

compensation is, as reported before, a reduction in the
volume of CSF. The sequence of events is, therefore, local
deformity with displacement of CSF, shift, and distortion
of the brain and eventually the appearance of internal
herniae in the intact cranium (Fig. 4). These are the
displacements of brain tissue from one intracranial compartment to another or the spinal canal: for instance,
from the sovratentorial space through the Pacchioni foramen to the infratentorial space. These herniae, in turn,
lead to the development of pressure gradients because
of obliteration of subarachnoid space and cisterns and
secondary vascular complications such as hemorrhage
and ischemic brain damage. In particular, a herniation
through the Pacchioni’s foramen determines a compression of the brainstem with affecting the consciousness of
the patient.

M1

A

B

M2
C

ICP Monitoring. Figure 4 Schematic representation of
herniation syndromes. According to the Monro-Kellie law,
increased volume and pressure in one compartment of the
brain may cause shift of brain tissue to a compartment in
which the pressure is lower. M1 is an expanding supratentorial
lesion; M2 is an expanding mass in the posterior fossa. A –
Increased pressure on one side of the brain may cause tissue
to push against and slip under the falx cerebri toward the
other side of the brain. B – Uncal (lateral transtentorial)
herniation. Increased ICP from a lateral lesion pushes tissue
downward, initially compressing third cranial nerve and,
subsequently, ascending reticular activating system, leading
to coma. C – Infratentorial herniation. Downward
displacement of cerebellar tissue through the foramen
magnum producing medullar compression and coma
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Prognostic Value of ICP in TBI and SAH
Traumatic brain injury (TBI): Almost from the time of the
first attempt to monitor ICP in acute intracranial pathology, different researchers have tried to determine whether
the prognosis of a patient can be obtained from ICP.
If randomized control studies are the benchmark for the
scientific evidence used to drive modern care, there is no
study (thus, hypothetically no clinical evidence) that supports the use of ICP monitoring in brain trauma patients.
Nonetheless, data from large prospective trials carried out
from single centers and from well-controlled multicenter
studies have provided the most convincing evidence for
a direct relationship between ICP and outcome.
J.D. Miller and others made detailed documentation of
ICP during intensive care after traumatic brain injury
(TBI). A strong relationship exists with survival and
a recent analysis of the same data set by regression tree
methodology shows a strong relationship between ICP
and functional recovery. The outcome prediction rate
has been demonstrated to be increased when the standard
clinical data such as age, Glasgow Coma Score (GCS) on
admission, and papillary response with extraocular and
motor activity were combined with ICP monitoring data.
Marmarou, reporting on a series of patients’ data from
the National Institute of Health’s Traumatic Coma Data
Bank, showed that, following the usual clinical descriptors
of age, admission motor score, and abnormal pupils, the
proportion of hourly ICP recordings greater than
20 mmHg was the next most significant predictor of
outcome. Jones studied prospectively 124 adult headinjured patients during intensive care using a computerized data collection system capable of minute-by-minute
monitoring of up to 14 clinically indicated physiological
variables. She found that ICP above 30 mmHg, arterial
pressure below 90 mmHg, and cerebral perfusion pressure
(CPP) below 50 mmHg significantly affected patient
morbidity.
If we should summarize the debate about the role of
ICP monitoring in TBI a recent review based on 881
citations coming from articles listed on pubmed, congresses abstract, and books chapters could be used [5].
The paper points out that ICP matters in traumatic brain
injury (TBI) because increased intracranial pressure seems
to play a crucial role in the acute phase. However, the
review underline that there is a frequent correlation
between the severity of the injury and the ICP monitoring,
making it difficult to extrapolate any relationship between
monitoring itself and the outcome that reasonably is
worse in severe cases.
Nevertheless, from this study rose the evidence that
ICP monitoring is not harmful due to the extremely low
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rate of complications. The authors conclude that the pessimistic view that monitoring benefits have not been
proven and cannot be demonstrated depends on the weakness of the current published evidence. However in TBI, in
the absence of alternative noninvasive monitoring systems, the clinician is authorized to use ICP monitoring
under the light of the possible catastrophic and often rapid
consequences of increased intracranial pressure. In fact,
the value of ICP in acute states such as head injury, poorgrade subarachnoid hemorrhage (SAH), and intracerebral
hematoma depends on a close link between monitoring
and therapy.
Subarachnoid hemorrhage (SAH): Following aneurysmal SAH, ICP frequently is elevated (50%), usually in
immediate response to aneurysm rupture or when
rebleeding occurs. The rise in ICP that accompanies SAH
has been attributed to hemorrhage volume, CSF outflow
obstruction, diffuse vasoparalysis, and distal cerebral arteriolar vasodilation. Elevated ICP has been associated with
several detrimental effects, including delayed cerebral
ischemic deficits, changes in cerebral metabolism, delays
in sensory conduction, and changes in cerebral blood flow.
Intracranial hypertension in patients with SAH, therefore,
can be associated with major deleterious changes in the
affected brain, which in turn could have a profound
impact on outcome. Even if the benefits of ICP monitoring in SAH patients has not been demonstrated probably
due to the complex pathophysiology of SAH that includes
reduced cerebral blood flow, impaired autoregulation,
decreased CO2 reactivity, systemic abnormalities such as
decreased intravascular volume, or biochemical abnormalities such as excitotoxicity, each of which may contribute to poor outcome, seems to be reasonable for the ICP
monitoring in poor grade SAH patients.
ICP monitoring in other brain pathologies: Other brain
pathologic conditions potentially determining an increased
ICP with a neurologic deterioration and the production of
brain compartmental herniation such as metabolic disorders (liver failure), cerebrovascular strokes, or meningitis/
encephalitis can deserve an ICP monitoring to address
with consciousness the medical and eventually the surgical
treatments.

Who Should Have ICP Monitoring and for
How Long?
The most important indication is TBI. It is important to
realize that there has never been a randomized controlled
trial showing an outcome benefit for patients with ICP
monitoring and ICP-guided treatment compared with
patients without ICP monitoring. To date, only prospective cohort trials and observational databases in patient
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groups at greatest risk of raised ICP have shown trends
toward better outcomes when ICP is treated at a lower
threshold. These data are summarized in guidelines stating
that ICP should be monitored in all salvageable patients
with a severe traumatic brain injury (TBI; GCS score of
3–8 after resuscitation) and an abnormal computed
tomography (CT) scan. An abnormal CT scan of the
head is one that reveals hematomas, contusions, swelling,
herniation, or compressed basal cisterns.
Patients at risk of neurological deterioration or
those who have severe acute brain injury are best cared
for in specialist centers where there is a concentration of
expertise to address acute brain injury and its complications. Separating the impact of the availability of these
specialists on patient outcome from the effect of ICP
monitoring and ICP-guided treatments can be difficult.
The duration of monitoring will depend on normalization of ICP and is highly dependent on individual patient
characteristics. An option is to stop monitoring after
12–48 h with no pharmacological interventions and normalization of PaCO2.
ICP monitoring has achieved widespread use in
nontraumatic neurological disorders such as subarachnoid hemorrhage and hydrocephalus, and to a lesser
extent in infarctions, intracerebral hemorrhages, brain
tumors, and infections (encephalitis, meningitis).
In Reye’s syndrome, which is characterized by brain
swelling, there is evidence that ICP monitoring and
a management protocol similar to that used for severe
head injury can reduce mortality and morbidity.

Intraparenchymal
catheter

ICP Monitoring Systems
The optimal ICP monitoring device should be accurate,
reliable, cost-effective, and cause minimal patient morbidity,
as stated by Lundberg. Accuracy and reliability are defined
according to the Association for the Advancement of Medical Instrumentation (AAMI) standards (http://www.aami.
org/standards/index.html). An ICP device should have the
following specifications: pressure range 0–100 mmHg,
accuracy 2 mmHg in the 0–20 mmHg range, and maximum error of 10% in the 20–100 mmHg range.
According to BTF guidelines [6], ICP monitoring
devices were ranked based on their accuracy, reliability,
and cost as follows:
1. Intraventricular devices – fluid-coupled catheter with
an external strain gauge
2. Intraventricular devices – microstrain gauge or
fiberoptic
3. Parenchymal pressure transducer devices
4. Subdural devices
5. Subarachnoid fluid-coupled devices
6. Epidural devices
Ventricular fluid pressure is the established reference
standard for measuring ICP [7]. Currently, the ventricular catheter (VC) connected to an external strain gauge
transducer is the most accurate, low-cost, and reliable
method of monitoring ICP [6] (Fig. 5). This method has
been proven to be reliable, permits periodic recalibration,
and allows therapeutic CSF drainage. Nevertheless,
obstruction of the system and the requirement to

Epidural
transducer

Ventriculostomy

Subdural
catheter

Subdural
bolt

ICP Monitoring. Figure 5 Sites of measurement of intracranial pressure
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consistently maintain the external transducer at a fixed
reference point, usually the external auditory meatus, can
lead to inaccuracy during clinical use. The incidence of
such problems has not been evaluated precisely. Furthermore, VC requires the implementation of quality control
mechanisms, including accuracy and reliability. A major
disadvantage is that its performance is dependent on
human interaction (calibration, choice of reference level,
etc.). The potential risks of difficulty in placement, the
need for frequent recalibration, and the risk of obstruction and infection have led to the development
of alternative intracranial sites and technologies for
ICP monitoring [2]. The most common alternative location for ICP monitoring is the cerebral parenchyma.
ICP measurements obtained with intraparenchymal
transducers correlate well with the values obtained
with intraventricular catheters. Intraparenchymal transducers may be classified as solid-state, based on pressure-sensitive resistors forming a Wheatstone bridge, or
fiberoptic design (FOD). Although both systems are very
accurate at the time of placement, they have been
reported to zero-drift over time, which can result in an
error after 5 days. Published research on this widely used
technology (>100,000 sensors sold worldwide in 2006)
and especially independent comparative tests are scarce.
The cost of these devices is higher than the conventional
ventricular system.
Subdural and epidural monitors and externally placed
anterior fontanelle monitors are less accurate than the
above-mentioned devices.
The overall safety of ICP monitoring devices is good,
with clinically significant complications (e.g., infection
and hematoma) occurring infrequently in centers with
enough expertise. Further improvement in ICP monitoring technology should focus on developing systems incorporating derived information, for example, software for
estimating autoregulation, and/or multi-parametric
devices that could also monitor parameters such as
PbrO2, temperature, CBF, and other metabolic parameters
in addition to ICP. Several techniques for noninvasive
(indirect) assessment of ICP have been proposed over
the years; at this stage none of them has reached sufficient
maturity for clinical use.

Complications
ICP monitoring complications include infection, hemorrhage, malfunction, obstruction, and malposition. These
complications generally do not produce long-term morbidity in patients, but they can cause inaccurate ICP readings and can increase costs by requiring replacement of the
monitor.
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▶ Ultrasound: Uses in ICU
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Hospitals, Geneva, Switzerland

Synonyms
Prevention and control of healthcare-associated infections; Surveillance
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Definition

▶ Intensive care unit-associated infections (ICU-HAI) are
defined as any infection acquired during ICU stay and are
among the most common medical complications affecting
critically ill patients. Although ICUs host only 5–10% of
hospital beds, infections acquired in these sectors usually
account for >20% of ▶ healthcare-associated infections
(HAI). Invasive devices and procedures compromise normal host defense mechanisms, particularly in patients
with an already impaired immune response. Together
with flaws in the existence and/or application of good
practice guidelines, impaired host defenses play a key
role for the increased risk to acquire HAI. Even if the
assessment of the attributable mortality to ICU-HAI is
not straightforward because of shared risk factors with
other causes of death, studies demonstrate the high impact
of these infections on patient outcomes.
Infection control includes the surveillance and prevention of HAI. This activity usually involves the identification and quantification of infectious threats to ICU
patients and healthcare workers, the identification of risk
factors through research, and their control through process design, technical engineering, and behavior modification. A close collaboration between infection control
specialists and ICU staff enhances the chances for success.
This entry will focus only on the prevention and control
of ICU-HAI [1]. Although their management and therapy
is of paramount importance for the ultimate patient outcome, this topic is beyond the scope of this entry.

Characteristics
Infectious Threats in the ICU Setting
It is useful to revisit the pathophysiological model for
infection to better understand the nature of the threat
and to identify opportunities for prevention. This model
includes the source and reservoir of pathogens, their
transmission mode, an intermediate colonization state,
and the overcoming of host defenses and invasion leading
to latent or overt infection.

Source, Cross-transmission, and
Colonization
Since bacteria cells colonizing humans outnumber
human cells, it is not astonishing that patients themselves
represent the source/reservoir for most infectious agents.
If the etiologic agent stems from the patient’s own
flora, the infection is defined as endogenous. Primary
▶ endogenous infections refer to situations where the
etiologic agent belongs to the patient flora. When the
patient is colonized by healthcare-acquired flora previous

to the infection, it is defined as secondary endogenous.
Intra-patient redistribution of autochthonous flora
and/or disease-mediated or iatrogenic defense breakdown
are critical pathogenic elements for these infections. Direct
infection from an external source (▶ Exogenous Infections) is the next pathogenic pathway in critically ill
patients. Sources of exogenous and secondary endogenous
infections include other patients, contaminated fomites,
water distribution systems, and colonized or infected
healthcare workers.
Potential pathogens are transported from these sources/
reservoirs to the patient and/or the infection site by different transmission routes. Typical vehicles are healthcare
workers’ hands for microorganisms that are directly or
indirectly transmitted between patients. Noncritical medical devices, such as stethoscopes, can carry pathogens
from patient to patient if not decontaminated between
each use. Tap water containing microorganisms such as
Pseudomonas sp or Legionella sp can lead to patient colonization. Patients’ body fluids may carry unknown pathogens capable of infecting healthcare workers and
contaminating environmental surfaces.
Patient colonization defines a state of microbial survival and multiplication in the absence of symptoms of
overt infection. Typical colonization sites include the
nares and perianal areas that can become colonized with
methicillin-resistant Staphylococcus aureus (MRSA), urine
and the gastrointestinal tract with Escherichia coli or
other enterobacteriae or vancomycin-resistant enterococci, and skin with Acinetobacter spp. Colonization by
common healthcare-associated microorganisms may
represent a prerequisite because of their specific potential
for later infection (e.g., Clostridium difficile) and/or
multiresistance. As the colonization state is clinically
silent, this represents a challenge for the control of
ICU-HAI and the spread of antimicrobial resistance.

Compromised Host Defense
Defense mechanisms in critically ill patients are often
impaired by underlying diseases (Table 1). Alterations in
T-cell activation and cytokine production are frequently
associated with trauma and hemorrhage. Injury and blood
loss result in the activation of CD8 T-cell populations
capable of altering bacterial, antigen-specific B-cell repertoires capable of suppressing the function of other T cells.
Patients with burns or other diseases leading to large
surface skin lesions are easily colonized and infected. Several studies suggest that poor nutritional status is
a predisposing factor for HAI. Infection control also
implies the quantification of patients’ ▶ intrinsic risk factors that represent classic confounders for the risk of

ICU, Infection Control

ICU, Infection Control. Table 1 Exemplary conditions of
impaired defense mechanism in ICU patients
Intrinsic conditions

Extrinsic conditions

Chronic underlying health
conditions

Antibiotic treatment
(compromising the
protective intrinsic flora)

Alcohol dependency

Invasive devices (central
vascular access, drainages,
central/spinal neurological
shunts/pressure monitoring
devices, etc.)

Chronic obstructive
bronchitis

Malnutrition

Diabetes mellitus

Medications (H2-blockers,
antacids, steroids, cancer
treatment,
immunosuppressive
medication, etc.)

Extremes of age

Surgery, invasive procedure

Human immunodeficiency
virus infection
Neurologic impairment
(diminished cough reflex,
diminished mobility)
Obesity
Acute health conditions
including admission diagnosis
Hypoxemia
Malignant disorders
Severe trauma

infectious complications in the critically ill. Scores developed to predict ICU mortality or organ failure correlate
with infectious risk, but are not designed to optimally
predict the intrinsic infectious risk.
Severe disease conditions act as propensity factors
for the use of invasive medical devices and multidrug
treatment. Invasive devices induce breaches in natural
defense mechanisms, such as the skin, cough reflex, urinary flow, etc. H2-blockers or antacids, steroids, and sedative drugs further increase the infection risk. Antibiotic
administration disrupts patient flora equilibrium and
favors the proliferation of pathogens that become invasive
(e.g., invasive Candida spp. infection following broadspectrum antibiotic treatment) and produces a survival
advantage for multiresistant mutants. Given the increased
risk in the critically ill, extreme care is mandatory for the
indication and handling of invasive procedures and
defense-compromising medications.
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ICU-Acquired Infections
Once colonizing microorganisms are sufficiently virulent
and/or numerous and host defenses compromised, invasion and infection occur. The most frequent endemic
ICU-HAI overlap with those acquired in the non-ICU
population and include in decreasing frequency: pneumonia, lower respiratory, urinary tract, and primary bloodstream infections (BSIs) (Table 2). Each of these major
infections is clearly linked to invasive device use as the
most significant ▶ extrinsic risk factor. Sinusitis occurs
also frequently in ventilated patients. Surgical site infections are usually attributed to the procedure, but an association with intensive care is sometimes observed. More
rarely other infection types occur.
Pathogens responsible for ICU-HAI differ from those
found in community-acquired infections and more often
originate from enteric flora including Candida spp. They
are also frequently resistant to multiple first-line antimicrobial agents. Resistance is clearly on the rise in recent
years. A typical constellation is the increasing colonization
of the mouth with enteric flora congruent with ICU stay
and the consequent infection with these same pathogens.
ICU-HAI are more often infections of mixed etiology than
HAI occurring outside the ICU.
Outbreaks are more common in the critically ill
than in other hospital populations, possibly due to the
fragility and close proximity of patients and the high
density of invasive procedures and use of new medical
devices. In this setting, small breaches in good clinical
practice can be amplified and result in many severely
affected individuals. Commonly involved pathogens
include S. aureus, Acinetobacter, Klebsiella, Serratia, and
Enterobacter spp. As a general rule, epidemic strains are
more virulent, more resistant to environmental conditions, and frequently transmitted by hand contact.

Healthcare Workers
Due to their frequent exposure to patients and the high
density of invasive procedures, ICU staff needs to be especially attentive to infectious threats to their own health.
Exposure includes injuries with blood-contaminated
syringes and other sharp devices, and transmission via
droplet and airborne routes. Vaccine and immunization
status in ICU personnel must be up to date to protect both
healthcare workers and patients.

Surveillance
According to international recommendations, active prospective surveillance of ICU-HAI is now regarded as the
cornerstone of infection control as most are endemic and
otherwise easily unrecognized. As surveillance is resource
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ICU, Infection Control. Table 2 Incidence of device-associated infection rates, according to type of ICU and infection site
Catheter-associated urinary Central venous line-associated Ventilator-associated
tract infection
bloodstream infection
pneumonia
Rates per 1,000 device days
German Nosocomial Infection Surveillance System (KISS) 2004–2008a
Interdisciplinary in < 400
bed hospitals

1.08

0.84

5.14

Interdisciplinary in  400
bed hospitals

1.86

1.34

4.80

Medical

1.99

1.13

3.93

Neurologic

3.52

1.06

4.28

Surgical

2.76

1.27

6.35

Neurosurgical

5.04

2.07

8.37

Cardiosurgical

1.07

1.26

7.05

Pediatric

1.56

1.91

2.01

2.0

3.3

United States National Healthcare Safety Network (NHSN) 2006–2007
Medical/surgical, major
teaching

3.3

b

Medical/surgical, all others

3.1

1.5

2.3

Medical

4.1

2.4

2.5

Neurologic

–

1.2

7.1

Coronary

4.4

2.1

2.5

Surgical

4.1

2.3

5.3

Neurosurgical

6.8

2.5

6.5

Surgical coronary/
cardiothoracic

3.2

1.4

4.7

Pediatric medical/surgical

5.0

2.9

2.1

Burn

7.7

5.6

10.7

Trauma

5.7

4.0

9.3

a

Source: http://www.nrz-hygiene.de
Source: Ref. [2]

b

demanding, it is mostly targeted at the most frequent
infections. The increasing degree of electronic data collection in modern ICUs represents a unique opportunity for
automated or semiautomated surveillance systems. Collaborative regional or national surveillance schemes usually include surveillance modules for urinary tract, lower
respiratory tract, and bloodstream infections. In addition,
participation in a network allows for benchmarking and
solution searching. For quality control purposes, ecological data collection of noninfected patients (number of
patient days and device days) might be sufficient. A high
incidence may then trigger a risk factor analysis based on
more sophisticated prospective surveillance protocols.
The gold standard methodology for surveillance imposes
the prospective collection of daily, individual patient data.

Monitoring of Process Indicators
Increasingly recognized and implemented, the monitoring
of process indicators, such as compliance with antibiotic
policy, hand hygiene practices, or maximal barrier precautions for central vascular catheter insertion, might be
rewarding. In contrast to surveillance of ICU-HAI and
multiresistance as end-of-chain adverse events, process
failures have the advantage of being more frequent and
more directly linked. However, process indicators must be
chosen with care and based on the scientific evidence for
their causal link to important infectious outcomes.

Prevention
Considering that prevention of pathogen crosstransmission and prevention of HAI do not necessarily

ICU, Infection Control

share the same technical and systematic approach, they are
treated in separate sections hereafter.

Source Control and Prevention of Crosstransmission
The primary objectives of source control and the prevention of cross-transmission are to keep patients free of
multiresistant microorganisms and to protect them
against exogenous infections. Four approaches to achieve
these goals have emerged as cornerstones: the rigorous
application of hand hygiene and standard precautions;
optimal cleaning, disinfection, or sterilization of medical
devices in contact with patients; control of environmental
contamination; and the limitation of antimicrobial use. In
addition, preventing possible alterations in host defense
mechanisms in the wider sense is critical, although only
some aspects are discussed in this entry.
Hand hygiene has been identified as the single most
important element to prevent cross-transmission and
HAI. Due to the complex nature of the interaction with
patients in the critical care setting, it is important to offer
healthcare workers a user-centered scheme of when and
how to perform hand hygiene. The concept “My five
moments for hand hygiene” [3], developed at the University of Geneva Hospitals, Switzerland, is now actively

promoted by the World Health Organization on a global
level (Fig. 1) [4]. The moment before patient contact prevents colonization and exogenous infection of the patient.
The moment before a clean/aseptic procedure targets the
induction of exogenous or secondary endogenous infection of the patient, and the moment after body fluid
exposure risk protects the healthcare worker. Hand
hygiene after touching the patient or his/her immediate
surroundings protects healthcare workers and reduces
spread to the environment. The patient bay is seen as
a zone with patient flora only. The use of alcohol-based
handrub, optimally placed around patient beds according
to the workflow, should be widely promoted to facilitate
hand hygiene with densities up to 30 times per hour.
Promotional material for healthcare facilities is available
free of charge at: http://www.who.int/gpsc/5may/tools/en/
index.html.
Isolation precautions are reserved for patients with
suspected or confirmed highly transmissible microorganisms. These are standardized according to the transmission route of involved pathogens as proposed by the
United States Centers for Disease Control and Prevention (http://www.cdc.gov/hicpac/2007IP/2007isolationPrecautions.html). Isolation has to be well argued for
because of the possible danger of reduced quality of care

My 5 moments for
Hand hygiene
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surroundings

ICU, Infection Control. Figure 1 My five moments for hand hygiene (Adapted with permission from reference [3])
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in isolated patients. If isolation is not feasible, cohorting
patients with the same pathogen/s might be an alternative.
The efficacy of contact isolation for MRSA involving single rooms for patients, and gloves and gowns for
healthcare workers, has recently been challenged, but its
application is still recommended while awaiting more
robust evaluation. The application of droplet and airborne
precautions and preventive measures for patients with
immune deficiencies are well established. Decolonization
with antiseptics or topical antibiotics is reserved for
MRSA control, but research is ongoing for other
multiresistant pathogens (e.g., extended spectrum betalactamase-producing enterobacteriae).
Cleaning, disinfection, and sterilization of medical
devices are applied mostly according to the invasiveness
of their use. Professional clothes, floors, and curtains must
be cleaned as a standard requirement at regular intervals.
High-touch surfaces should be cleansed daily, as well as
immediately after visible soiling, and after patient discharge. To avoid dissemination of healthcare-associated
pathogens, noncritical medical devices should be
disinfected between use in consecutive patients. Semicritical devices must be cleaned and submitted to highlevel disinfection or sterilization; critical devices are sterilized according to standard operating protocols.
Air quality is controlled by architectural and airventilation design, and maintenance protocols. At least one
class A isolation room with negative pressure should be
available for patients affected by airborne-transmitted pathogens, such as tuberculosis, varicella, and measles, as well as
at least one positive pressure room to protect highly immunocompromised patients. Incoming air should be filtered
and construction sites should be sealed off because of the risk
of Aspergillus spp infection in immune deficient patients.
Water has been involved as a source in outbreaks of
infections due to Pseudomonas sp., Legionella sp., and
other waterborne pathogens, sometimes of prolonged
duration with a low attack rate. Tap water should not be
used for semi-critical applications unless filtered and
should be avoided completely for severely immunocompromised patients.
Human body fluids represent a potential source for
infection with bloodborne viruses (hepatitis C, hepatitis
B, human immunodeficiency virus) and other bacteria to
healthcare workers and should be handled with caution.
Invasive procedures require gloving to avoid exposure of
hands to body fluids. The risk of inoculation is also reduced
in the case of puncture because of mechanical wiping of the
external surface. Gloves should be discarded immediately
after each task prone to body fluid exposure. Hand hygiene
is recommended at the time of glove removal.

Prevention of Endemic Infections
In addition to the above-mentioned measures to prevent
cross-transmission, specific procedures reduce the occurrence of infection of endogenous origin.
Pneumonia often occurs as ventilator-associated
pneumonia (VAP) due to the multiple risk factors associated with the presence of an endotracheal tube. Although
numerous studies have evaluated the performance of
bronchoscopic and non-bronchoscopic diagnostic procedures, controversy persists about the optimal diagnostic
strategy for VAP. The main infection route is by pulmonary aspiration of oral, tracheal and, less likely, gastric
flora. Avoiding nasal intubation reduces the risk for sinusitis and, possibly, secondary VAP. Several preventive strategies are supported by evidence. Mechanical ventilation
should be limited by strict indication, by preferring
noninvasive ventilation, and by early weaning techniques.
Aseptic handling during all manipulations (e.g., intubation, aspiration) is critical. Care should be given to drain
condensates away from the patient, while routine changing of breathing circuits is of no benefit. Selective decontamination of the oral cavity (SDO) and/or the digestive
tract (SDD) by the application of antiseptics and/or antibiotics has been the subject of intense research for decades
and has proven beneficial in the most recent, breakthrough study by de Smet AM et al. [5]. Oral decontamination with chlorhexidine has shown to be effective in
reducing VAP incidence. Other technical solutions include
the use of subglottic aspiration tubes, antibiotic-, antiseptic, or silver-impregnated endotracheal tubes. Patients
with enteral feeding tubes should be checked for gastric
function. Headrest elevation in ventilated patients has
shown to be effective even if 45 angles are not achievable
permanently. A combination of preventive measures has
been proposed in the form of so-called VAP bundles.
Urinary tract infection (UTI) is associated with two
major modifiable risk factors: urinary catheterization and
urethral obstruction. Evidence-based guidelines stipulate
that urinary catheters should be used only if unavoidable,
be removed as early as possible, and be inserted respecting
an aseptic procedure. The drainage system is to be
kept closed and backflow should not occur. Urine flow
obstruction should be detected and relieved. The introduction and advocacy for a relatively simple checklist and
handling procedures have been successful in reducing
UTIs and consecutive antibiotic use, but are not widely
implemented. However, considering that none has been
applied yet with proven efficacy, these will not be further
discussed here.
Primary bloodstream infections (BSIs) are mostly
due to central vascular catheters. The recommended
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preventive approach is to reduce catheter duration and
apply maximal barrier precautions (hand hygiene, sterile
gloves, gowns, mask, and large sterile drape) for catheter
insertion and aseptic handling during access and care.
Routine changing of central and arterial lines is discouraged but administration sets should be changed at regular
intervals (72–96 h) or after blood transfusions and infusion of lipids. Central lines coated with antibiotics or
antiseptics have a significant, but limited impact on catheter-associated BSI and might be indicated in highly susceptible populations after aseptic handling has been
successfully implemented. Chlorhexidine-impregnated
sponges applied to insertion sites represent another effective technical approach. Evidence on the considerable
preventive potential of multimodal behavior modification
interventions is accumulating using checklists to ensure
the application of all of the above-mentioned elements
with each central vascular line.

Outbreak Control
Outbreaks are limited by strict adherence to prevention
protocols. Prospective, regular revision of clinical microbiology results helps to detect low-case, low-density outbreaks due to Legionella sp. or Serratia sp. When an
outbreak is suspected, a state-of-the art investigation
should promptly be undertaken, including early conservation of candidate pathogens.

Antibiotic Stewardship
Policies for antibiotic use and stewardship are of paramount importance in intensive care to minimize resistance of endemic stains. Electronic gate-keeping
prescription routines and infectious disease expertise
have proven their effectiveness in this attempt.

I

risks for cross contamination without hindering patient
surveillance and care represents a topic for future research
and development.

Staffing
Understaffing and the high workload of ICUs have been
shown to increase the incidence of endemic and epidemic
ICU-HAI. Similar to many other system factors, ICU
staffing is not perceived as an infection control issue,
although this is probably erroneous.

Human Factors in Infection Control
Today, practice guidelines are based on a high degree of
scientific evidence. However, they are not always designed
to facilitate implementation, and surveys show that they
are often not applied. For example, healthcare workers’
adherence to cleaning hands before touching a patient is
often below 50%. Frequent changes in protocols, highly
complex technology, multitasking and periodic peak
workload, and emotional stress represent a challenging
environment for ICU staff, which can be compared as
close to that encountered in aviation and space travel.
Intuitive risk evaluation tends to neglect low-incidence
risks and underestimates the cumulative impact of flawed
routine gestures. Education of ICU staff should encompass training to internalize automatic tasks, such as hand
hygiene, and provide help with error communication.
Consideration should be given to human factors, i.e., the
intuitive behavior, capacities and limitations of human
functioning when designing procedures, communication,
and the work environment in the ICU. Only strong leadership and open communication can achieve and maintain a culture of safety in the ICU to protect patients
against the largely invisible infectious threat.

Architecture
Architectural design can help to reduce the infectious risk
in ICUs. Items include adequate space around beds, availability of individual cubicles or sufficient single rooms for
isolation purposes, designated sinks for cleaning equipment, one or more class A isolation room (anteroom,
positive or negative air pressure), traffic pathways with
separation of clean functions and storage from dirty functions and waste disposal. Guidelines are available for adult
(http://www.sccm.org/pdf/ICU%20Design.pdf;
http://
www.ics.ac.uk/intensive_care_professional/standards_and_
guidelines/standards_for_intensive_care_2007; http://www.
cdc.gov/ncidod/dhqp/pdf/guidelines/enviro_guide_03.pdf)
and pediatric/neonatal ICUs (http://www.nd.edu/
nicudes/). More advanced work environment design to
facilitate adherence to good practice guidelines and reduce
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ICU-Acquired Weakness
▶ Critical Illness Polyneuropathy/Myopathy

ICU-Acquired Weakness (ICU-AW)
▶ Mobility/Exercise, Early in ICU

IDSA
Infectious Disease Society of America.

IL-18
XIAOYAN WEN, JOHN A. KELLUM
Department of Critical Care Medicine, University of
Pittsburgh School of Medicine, Pittsburgh, PA, USA

Synonyms
Interferon-g (IFN-g)-inducing factor (IGIF)

Definition
IL-18 is produced by infiltrated neutrophils, resident macrophages, endothelial cells, smooth muscle cells, and
cardiomyocytes in response to injury as a biologically
inactive precursor (pro-IL-18). Pro-IL-18 is activated by
an intracellular cysteine protease called ICE or caspase 1 to
generate its mature, biologically active form of a proinflammatory cytokine. It is structurally and functionally
related to the IL-1 family. IL-18 was first recognized as an
18-KDa single peptide chain acting on mononuclear cells
inducing IFN-g and enhanced natural killer (NK) cell
cytotoxicity [1]. Through both IFN-g-dependent and
independent effects, IL-18 plays an important role in
immune, infectious, and inflammatory diseases.

Characteristics and Function
IL-18 is a member of the IL-1 family produced mainly by
monocytes/macrophages in response to stimuli of viral/
bacterial origin, its production being one of the effects of

innate immunity initiated by host–pathogen interaction.
It therefore plays an important role in immune, infectious,
and inflammatory diseases. IL-18 works together with
IL-12 to induce cell-mediated immunity natural killer
(NK) cells and certain T cells release IFN-g that plays
an important role in activating the macrophages or other
cells. Independent of IFN-g, IL-18 classified with
other pro-inflammatory cytokines as a likely contributor
to both local and systemic inflammatory pathology. Its
pro-inflammatory properties include the induction of
pro-inflammatory mediators as well as the activation of
nuclear factor-kappa B (NF-kB). Increased IL-18 expression has been associated with a variety of autoimmune
diseases, cancer, diabetes, atherosclerosis, graft-versushost disease, hepatitis, pathophysiological process of
ischemia-reperfusion, and acute kidney injury (AKI)[2].

Urinary IL-18
One of the most important potential roles of IL-18 is an
early indicator of AKI. Accurate, early diagnosis of AKI is
especially problematic in critically ill patients. Because of
the unstable kidney function in critically ill patients,
appropriate real-time estimate of kidney function is problematic. An earlier diagnosis of renal injury could lead to
more timely intervention, and potentially, to better
patient outcomes. In multiple clinical studies, elevated
urinary IL-18 was predictive of AKI before it was otherwise clinically apparent.
IL-18 appears to be more specific for ischemic AKI and
other forms of acute tubular necrosis, and it does not
appear to be affected by prerenal azotemia, chronic kidney
disease, or urinary tract infections. IL-18 also offers prognostic information regarding severity and mortality at the
time of AKI diagnosis. A cross-sectional study comparing
patients with acute tubular necrosis with other types of
kidney injury and healthy controls found the highest levels
of urinary IL-18 in patients with acute tubular necrosis
and delayed graft function, with relatively little overlap
with patients with prerenal azotemia, urinary tract infections, and CKD. The AUC-ROC for the identification of
acute tubular necrosis was 0.95, with a sensitivity of 85%
and specificity of 88% at a cutoff of 500 pg IL-18/mg
creatinine [3].
In a study of critically ill patients with acute respiratory distress syndrome (ARDS), increased urinary IL-18
predicts the occurrence of AKI 1–2 days before changes in
serum creatinine. A cut point of 100 pg/mL was associated
with increased odds of AKI of 6.5 in the ensuing 24 h and
AUC of 73% prior to AKI diagnosis [4].
In children developing AKI after cardiopulmonary
bypass urinary IL-18 increased as early as 4–6 h after the
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insult with a peak around 12 h and remained elevated up
to 48 h. The reported AUC-ROCs were 0.61 at 4 h, 0.75 at
12 h, and 0.73 at 24 h [5].
In critically ill children requiring mechanical ventilation, a cross-sectional analysis showed that peak urinary
IL-18 levels were higher in patients with worsening degrees
of AKI but had no ability to predict the subsequent development of AKI (AUC-ROC 0.54). As a pro-inflammatory
cytokine, urinary IL-18 was significantly higher in patients
with sepsis than in those without, and hence limited its
diagnostic ability for the early identification of AKI in this
cohort [6].

Serum IL-18
IL-18 has been recently recognized as one of the key
mediators in pathogenesis of acute pancreatitis and associated liver injury. Elevated of serum IL-18 in patients
admitted to hospital with acute pancreatitis positively
correlated with plasma polymorphonuclear leukocyte
elastase and serum CRP concentrations, known sensitive
markers of acute pancreatitis severity. Serum IL-18 was
significantly higher than in a group with less-severe disease and persisted at a similar level during the 10-day
observation and remained for 4 weeks after admission to
hospital. Patients who developed pancreatic necrosis and
systemic complications, such as shock, acute lung injury,
and AKI as well as multiple organ dysfunction syndrome
(MODS), exhibited significantly increased IL-18 concentrations. Elevated IL-18 preceded elevation of other cytokines such as TNF-a, FasL, and together was indicative of
hospital mortality. Elevated serum IL-18 levels have also
been observed in cardiac tissue and in the circulation after
myocardial infarction.
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Imaging for Acute Abdominal
Pain
ANGELA M. MILLS, NOVA L. PANEBIANCO
Department of Emergency Medicine, University of
Pennsylvania, Philadelphia, PA, USA

Synonyms
Abdominal pain; Computed tomography; Ultrasonography

Definition
Acute abdominal pain is the most common reason for
seeking emergency care and may be caused by disease
ranging from benign to life-threatening. Often diagnosis
is difficult, and while the history and physical examination
may narrow the differential diagnosis, clinicians often
utilize diagnostic testing to help rule in or rule out
diagnoses. Recent advances in technology have led to
improved image resolution and shorter acquisition
times, and clinicians utilize radiographic testing with
hopes to improve diagnostic accuracy and reduce
misdiagnosis rates. It is important to remember that all
diagnostic testing has significant false positive and false
negative results, and in the setting of a high pretest suspicion for disease, a negative test does not rule out disease.
In addition, radiographic imaging may carry risks such as
contrast and radiation exposure, and as such it is important to consider risks and benefits of an imaging modality
when evaluating a patient with acute abdominal pain. This
chapter will provide a brief overview of the most common
imaging modalities utilized in the emergency evaluation of
patients with non-traumatic abdominal pain and discuss
their role by location of pain.

Characteristics
Imaging by Radiographic Modality
Abdominal Plain Radiography
Plain radiography has historically been the initial imaging
modality utilized for the evaluation of abdominal pain
due to its ease of acquisition and cost. With the increased
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availability and technological advances of other imaging
modalities such as computed tomography (CT) and ultrasonography (US), the usefulness of plain radiographs has
diminished. In a study examining the utility of abdominal
radiography, of 337 subjects with plain radiographs
interpreted as normal or nonspecific, 255 (76%) had
abnormal findings on subsequent imaging and specifically
220 (65%) had major abnormal findings. Furthermore,
treatment was affected by the results of abdominal
radiography in only 4% of patients [1].
Some have indicated plain radiography be reserved for
the identification of bowel obstruction, perforation, foreign body ingestion, and localization of catheter placement. The classic findings of small bowel obstruction on
abdominal radiographs are distended small bowel, airfluid levels, and a paucity of colonic or rectal gas. In the
diagnosis of bowel obstruction, plain films do not provide
information on the cause, location, or extent (partial,
complete, intermittent) of the obstruction. Abdominal
radiographs have a low sensitivity, especially in partial
obstructions, and may appear normal in cases of closedloop or strangulated obstructions. Thus, further imaging
such as CT is often required for the evaluation of suspected
bowel obstruction. While free air visualized on an upright
chest radiograph is useful for the early diagnosis of perforated viscus, up to 50% of patients with perforation may
lack the visualization of pneumoperitoneum on the plain
film [2]. Identification and localization of a foreign body
or catheter may be the strongest indication for the use of
plain films in the evaluation of abdominal pain.

Computed Tomography
Computed tomography use has increased dramatically
over the past few decades, and it is useful in the evaluation
of acute abdominal pain, especially for conditions that
benefit from early surgical or medical intervention.
Reasons for increasing use of CT include decreased time
needed to perform CT, increased widespread CTavailability,
patient expectations, and medicolegal pressures to obtain
a definitive diagnosis. CT offers high-contrast resolution of
images, multi-planar reformatted imaging, rapid high accuracy diagnosis, and is often the test of choice when multiple
diagnoses are being considered. In addition to the benefits,
CTalso has cons including increased resource use, increased
length of stay, financial costs, risks of moving a critically ill
patient out of the resuscitation area or intensive care unit,
exposure to contrast media, and radiation exposure risks.
There are certain patient populations in whom the
risk, cost, and delay of CT may outweigh the benefits.
These include patients who require immediate surgical
intervention such as critically ill patients with obvious

peritonitis and patients in whom there is a high suspicion
for a nonsurgical etiology of pain and a low suspicion of
serious abdominal pathology. Older adults may benefit the
most from CT and sustain the least amount of risk of
malignancy from radiation exposure. They often present
with atypical symptoms, have a high rate of surgical pathology, and may have a number of potentially life-threatening
conditions on the differential diagnosis which may be evaluated by CT.
Abdominal CT may be performed with or without
intravenous (IV) contrast medium depending on the indication and the patient’s renal function, and with or without
oral and/or rectal contrast. Oral contrast has been shown to
substantially increase time to disposition and often adds
little to the accuracy of diagnosis [3]. Noncontrast (no oral
or IV contrast) CT is most commonly utilized in the
evaluation of renal colic for the presence or absence of
ureterolithiasis. Oral contrast is often most valuable in the
evaluation of bowel pathology, namely, acute colitis, diverticulitis, and appendicitis. IV contrast is often beneficial in
the assessment of vascular, soft tissue, and mesenteric
etiologies of disease. Examples would include mesenteric
thrombosis, vascular injury, intra-abdominal abscess,
infarction, and retroperitoneal pathology.

Ultrasonography
Emergency bedside ultrasonography (EMBU) of the
abdomen may be particularly useful in the management
of the critically ill patient with abdominal pain and
undifferentiated hypotension. It can offer rapid evaluation
of the abdominal aorta to assess for aneurysm (Fig. 1), of
the gallbladder to assess for gallstones or acute cholecystitis, of intraperitoneal free fluid, and of the pelvis to
confirm an intrauterine pregnancy or assess for an ectopic
pregnancy. As US has a real-time interaction between
the operator and patient, the examiner may control the
image plane, interrogate an area of tenderness, and follow
change over time. EMBU allows for rapid evaluation,
repeatability, and no known adverse biological effects.
Limitations include patient factors such as body habitus
and bowel gas which may limit the exam and examiner
factors as image acquisition and interpretation are operator-dependent. Ultrasound also has limited ability to
detect pathology of the bowel and retroperitoneum.

Other Imaging Modalities
Other imaging modalities such as magnetic resonance
imaging (MRI), nuclear imaging, and endoscopy may be
utilized in the evaluation of abdominal pain but are often
reserved for special circumstances. MRI may be useful in
the evaluation of suspected appendicitis in the pregnant

Imaging for Acute Abdominal Pain

Imaging for Acute Abdominal Pain. Figure 1 Transverse
ultrasound image of an abdominal aortic aneurysm (AAA)
(Image provided by Nova L. Panebianco, MD, University of
Pennsylvania, Philadelphia, PA, published with permission)
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Imaging for Acute Abdominal Pain. Figure 2 This
ultrasound image demonstrates a gallstone (arrow) with
posterior shadowing (arrowheads). In this case of cholecystitis,
the wall is thickened with intramural edema (calipers) and
pericholecystic fluid (Image provided by Nova L. Panebianco,
MD, University of Pennsylvania, Philadelphia, PA, published
with permission)

patient. Cholescintigraphy may be used in the evaluation
of suspected cholecystitis with a nondiagnostic US.

Imaging by Pain Location
Diffuse Abdominal Pain
Generalized abdominal pain is often difficult to diagnose
and may be due to an infectious, vascular, mechanical,
systemic, malignant, or traumatic etiology. Causes include
peritonitis, bowel obstruction, mesenteric ischemia, metabolic acidosis, opioid withdrawal, sickle cell crisis, heavy
metal poisoning, and functional causes. A focused yet
thorough history and physical examination should be
used to guide the need for diagnostic testing. High-risk
groups including older adults, patients with altered
immune function, and pregnant women warrant special
attention to avoid missing serious pathology as they may
present with atypical symptoms and exam findings.
Several studies have demonstrated an advantage of CT
over other modalities in the evaluation of diffuse
abdominal pain with improved diagnostic accuracy and
ability to alter disposition decisions [4].

Right Upper Quadrant Pain
Evaluation of the right upper quadrant (RUQ) often
focuses on diseases of the gallbladder including acute
cholecystitis and biliary colic. Other causes of RUQ pain
include renal disease such as pyelonephritis and renal
colic, hepatic disease, pulmonary disease, herpes zoster,

and disorders of the pancreas, bowel, and musculoskeletal
system. Radionuclide imaging is sensitive for acute cholecystitis, but it is expensive, takes longer to perform, and
does not evaluate structures external to the biliary tract.
Thus, US is considered the test of choice for the evaluation
of the biliary system. Acute cholecystitis is diagnosed
using US by the presence of gallstones (especially located
in the gallbladder neck), a thickened wall, pericholecystic
fluid, and the presence of a sonographic Murphy’s sign
(Fig. 2). With technology advances, CTmay also be used to
evaluate the biliary tree if US is not readily available and
offers information regarding other organs such as the liver,
kidneys, and pancreas which may also be the cause of pain.
In the setting of suspected renal colic, ultrasound or
CT may be utilized to confirm diagnosis. Unenhanced
helical CT has been shown to be superior in diagnosing
renal stones as it has a sensitivity and specificity of
98–100% in detecting ureteral stones regardless of size,
location, or chemical composition, and additionally it
identifies other causes of pain in approximately onethird of patients with acute flank pain [5]. Renal US may
also be utilized in the evaluation of acute flank pain and
may demonstrate hydronephrosis and, occasionally,
a stone visualized in the collecting system. Ultrasound
has the advantage of providing a rapid, repeatable test
without radiation exposure. In the patient with a history
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of nephrolithiasis and low suspicion for an alternative
diagnosis, US may be particularly helpful in order to
avoid CT. This is particularly true in patients with frequent visits for renal colic where repeated CT use leads to
cumulative radiation exposure. In this patient group,
symptomatic control and/or the initial use of US may be
most warranted.

Left Upper Quadrant Pain
Possible diagnoses to consider in the evaluation of left
upper quadrant (LUQ) pain include gastric causes such
as gastritis or peptic ulcer disease, splenic etiologies
such as splenomegaly, splenic infarct, or splenic abscess,
and renal causes including renal colic and pyelonephritis.
Gastroesophageal disease is often acutely diagnosed
clinically and may be further evaluated on follow-up
with endoscopy or contrast studies. Extra-abdominal etiologies of LUQ pain include herpes zoster, pulmonary
disease such as pneumonia or pleurisy, and cardiac etiologies including acute coronary syndrome and pericarditis.
Chest radiograph may demonstrate pneumonia as a cause
of pain. The evaluation of possible renal colic with CT or
US is discussed above in the discussion of right upper
quadrant pain evaluation. In patients where multiple
diagnoses are being considered, CT may also reveal splenic
etiologies, gastric malignancy, complications of pancreatitis, and inflammation of the bowel. The diagnostic study
of choice should be made on a case-by-case basis.

Right Lower Quadrant Pain
The evaluation of right lower quadrant (RLQ) pain often
centers on the assessment for acute appendicitis. CT has
been demonstrated to have high sensitivity, specificity,
negative and positive predictive values, even without the
use of enteric or intravenous contrast material (Fig. 3).
CT has also been shown to be more accurate and produce
less inconclusive examinations than ultrasound in the
diagnosis of appendicitis, especially in obese patients [6].
CT is also often able to evaluate for alternative diagnoses
when appendicitis is not present. There are certain patient
populations where CT may not be the initial test of choice.
These groups include children, adolescents, young adults,
and pregnant women. Ultrasound is often recommended
as the initial screening test, and a negative or equivocal
study may be followed by MRI, CT, or serial abdominal
exams (Fig. 4a, b). Children are also less often obese,
which is a common limitation of US, and at more risk
from the ionizing radiation of CT.
In addition to appendicitis, other causes of right lower
quadrant pain include ureteral calculi, bowel etiologies
such as right-sided diverticulitis, hernias, and ovarian

Imaging for Acute Abdominal Pain. Figure 3 This CT shows
a transverse cut of the appendix (tip of arrow) that is unfilled
with the contrast seen in the cecum. The appendix is not
particularly large, but absence of filling combined with the
heavy stranding of the surrounding peritoneal fat makes the
diagnosis of appendicitis (Image provided by Anthony J. Dean,
MD, University of Pennsylvania, Philadelphia, PA, published
with permission)

pathology such as ruptured ovarian cyst, torsion, tuboovarian abscess, and ectopic pregnancy. Ultrasound has
been shown to have high sensitivity and specificity for
the diagnosis of ovarian pathology. The evaluation of
the young female patient with acute RLQ pain may be
challenging. When there is high suspicion for ovarian
pathology and appendicitis, some have advocated having
the patient drink the enteric contrast while waiting for the
pelvic US. Thus, if the ultrasound is negative for pelvic
pathology, there will be less of a delay in obtaining CT to
further evaluate the source of pain.
While many hernias are detected by a thorough
physical examination, imaging modalities may be utilized
when the diagnosis in doubt. Ultrasound has a high degree
of accuracy and may be helpful in identifying incarceration, alternate diagnoses, and postoperative complications
such as seromas, hematomas, or abscesses. CT may be
particularly useful in the diagnosis of hernias in unusual
locations, ruling out alternative diagnoses, identifying
complications of strangulated hernias, and evaluating
patients who may be difficult to assess due to obesity.

Left Lower Quadrant Pain
Evaluation of left lower quadrant abdominal pain often
focuses on the diagnosis of acute diverticulitis. Other
etiologies may include ureteral calculi, hernias, gonadal
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Imaging for Acute Abdominal Pain. Figure 4 Transverse (a) and longitudinal (b) views of a normal appendix. The layers of the
appendix, like those of bowel demonstrate an echogenic serosal line (not well seen in this example) outside the hypoechoic
muscularis (arrows), which surrounds the echogenic mucosa and luminal contents of varying echodensity. The transverse
appearance of the appendix is likened to that of a target (Images provided by Nova L. Panebianco, MD, University of Pennsylvania,
Philadelphia, PA, published with permission)

pathology, genitourinary infections, colonic malignancy,
and colitis including infectious, inflammatory, and ischemic causes. CT has been found to have high sensitivity and
specificity for the diagnosis of sigmoid diverticulitis
and its complications, such as perforation and abscess
formation, which may allow patients to be stratified
according to severity of disease and direct treatment [7]
(Fig. 5). Patients with a prior history of uncomplicated
diverticulitis and mild symptoms may not require CT if
the clinician had reasonable confidence in compliance
with treatment and follow-up. Ultrasound has also been
utilized for the diagnosis of acute diverticulitis with lower
sensitivity, but it may be useful in pregnant patients or
young women where ovarian pathology is suspected in
order to avoid ionizing radiation.

Suprapubic
Pain in the suprapubic area is often caused by disease
of the bladder or surrounding structures such as urinary
tract infection or cystitis. Acute urinary retention may
be rapidly diagnosed by EMBU and may also provide
the etiology of the retention. Bladder stones may be
visualized by their highly reflective surface and brightly
reflective posterior. An enlarged prostate from benign
prostatic hypertrophy (BPH) may be seen using
transabdominal sonography as well as blood clots
which tend to settle and layer out into the dependent
areas of the bladder. In addition, in the anuric patient,
US may be utilized to confirm Foley catheter placement
in the bladder.

Imaging for Acute Abdominal Pain. Figure 5 This CT of the
pelvis shows a loop of bowel with markedly thickened walls
(demonstrated by location of intraluminal contrast, black
arrows), multiple diverticuli (white arrowheads) and a large
area of intensive stranding anteriorly (white arrows) (Image
provided by Anthony J. Dean, MD, University of Pennsylvania,
Philadelphia, PA, published with permission)

Conclusion
The evaluation of acute abdominal pain is often challenging,
and a thorough yet focused history and physical examination should be utilized to guide the need and use of diagnostic imaging to aid with diagnosis. With technological
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advances, there is an array of imaging modalities available
which may be extremely helpful in the assessment of these
patients. These advances in diagnostic imaging have allowed
for rapid and accurate diagnosis. It is important though to
remember that all diagnostic testing has a false negative rate,
and a negative test in the setting of a high pretest suspicion
does not rule out disease. In patients with a high suspicion
for concerning disease, reassessment and a short course of
observation or admission are recommended for further
evaluation including serial abdominal examinations to
assess for disease progression or resolution.
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Immediate Thoracotomy
▶ Thoracotomy for Trauma

Immunofluorescence Assay
A laboratory technique used to detect the presence of an
antigen or antibody by an antigen–antibody interaction
and use of a fluorescein-conjugated anti-immunoglobulin
antibody.

Immunosuppression
STUART M. FLECHNER
Glickman Urological and Kidney Institute, Cleveland
Clinic Lerner College of Medicine, Cleveland, OH, USA

The clinical practice of transplantation involves the delivery
of immunosuppression, which is intended to prevent both
acute and chronic rejection of the transplanted organ. However, our ability to interrupt the host immune response is
not precise, and is a constant struggle to deliver enough
immunosuppression to prevent rejection, but not too
much to render the patient susceptible to infections and
cancers. The delivery of immunosuppressive drugs is as
much an art as a science, since each recipient responds
differently to the drugs needed for engraftment. In addition,
immunosuppressive drugs have unique mechanisms of
action and their own specific toxicities that are variably
tolerated by each recipient. Immunosuppressive agents can
be used in one of three ways: (1) High dose or induction
therapy to prevent a primary immune response immediately after transplantation, (2) Low dose or maintenance
therapy initiated once the graft function has stabilized, or
(3) additional high dose therapy to treat acute rejection.

Chemical Immunosuppression with
Small Molecules
Corticosteroids

Immune Compromised Hosts
▶ Bone Marrow Transplant: Infectious Complications

Immunocompromised Patient =
Immunosuppressed Patient
▶ Pulmonary Infections in the Immunocompromised
Host

Synonyms: corticosteroids; glucocorticoids; methylprednisolone, prednisone
Trade Names: Deltasone
Class and Category : immunosuppressive, antiinflammatory
Indications: used as induction therapy, maintenance therapy, and to treat acute rejection episodes.
Dosage: wide dosing ranges; for induction 250–500 mg;
maintenance 0.1 mg/kg (5–7.5 mg) daily; treatment of
acute rejection 15–20 mg/kg as 500 mg daily 3. Often
used in a tapering fashion from peak dosing brought down

Immunosuppression

to maintenance dosing. Currently, many transplant recipients are treated without maintenance steroids.
Preparation/Composition: used as IV preparation for
induction and to treat acute rejection; orally for maintenance therapy
Contraindications: hypersensitivity
Adverse Reactions: systemic toxicities of steroids are myriad and dose related; including cushingoid features, hypertension, hyperlipidemia, hyperglycemia-diabetes, weight
gain, GI ulcerations, osteoporosis, poor wound healing,
myopathy, growth retardation, psychiatric disturbances,
cataracts, etc., and have resulted in intense efforts to
reduce steroid dosage.
Drug Interactions: other immunosuppressive agents, vaccines, mifepristone.
Mechanisms of Action: Corticosteroids have numerous
effects on the immune system that include sequestration
of lymphocytes in lymph nodes and the bone marrow
resulting in lymphopenia. Glucocorticoids become
bound to intracellular receptors that interfere with cytokine production. Their primary immunosuppressive
effect is inhibition of monocyte production and release
of interleukin (IL-1), with subsequent inhibition of T-cell
IL-2 and interferon gamma, thus interfering with lymphocyte activation and production of effector cells.

Antiproliferative Drugs

I

immune responses inhibits lymphocyte proliferation in
late G2 phase of the cell cycle.

Mycophenolic Acid
Synonyms: mycophenolate mofetil; mycophenolic acid
Trade Names: Cellcept, the morpholinoethyl ester of the
fungal antibiotic mycophenolic acid; and Myfortic,
mycophenolic acid
Class and Category: immunosuppressive; antiproliferative
Indications: maintenance therapy; rejection prophylaxis.
Not for treatment of acute rejection.
Dosage: Cellcept: 1–3 g daily in divided doses, usually bid;
Myfortic 360–1080 mg daily in divided doses, usually bid
Preparation/Composition: mycophenolate mofetil 250 or
500 mg pills; mycophenolic acid 180 or 360 mg pills;
both can be prepared as IV solution
Contraindications: hypersensitivity, pregnancy
Adverse Reactions: bone marrow suppression (leukopenia,
thrombocytopenia, anemia); GI toxicity (nausea, vomiting,
diarrhea), GI bleeding; increased risk of infection and
malignancy.
Drug Interactions: other immunosuppressive or antineoplastic agents; nonsteroidal anti-inflammatory drugs.
Mechanisms of Action: noncompetitive inhibitor of the
enzyme inosine monophosphate dehydrogenase. Inhibits
purine biosynthesis preventing the proliferation of activated T and B cells, thereby blocking both cellular and
humoral immune responses.

Azathioprine
Synonyms: azathioprine
Trade Names: Imuran, Azasan
Class and Category: immunosuppressive; derivative of
6-mercaptopurine
Indications: maintenance therapy, rejection prophylaxis.
Not for treatment of acute rejection. Less potent than
mycophenolate mofetil, but serves as a secondary agent
replacing MMF for intractable toxicity.
Dosage: 1–3 mg/kg daily
Preparation/Composition: 50 mg pills or prepared IV
solution
Contraindications: hypersensitivity, pregnancy, prior or
additional alkylating agent
Adverse Reactions: bone marrow suppression (leucopenia,
thrombocytopenia, anemia); GI toxicity (nausea,
vomiting, diarrhea), increased liver transaminases, alopecia; increased risk of infection and malignancy.
Drug Interactions: allopurinol-reduce dose by 50–75%;
other immunosuppressive or antineoplastic agents.
Mechanisms of Action: competitive inhibitor of purine
biosynthesis preventing the proliferation of activated
T and B cells, thereby blocking both cellular and humoral
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Antilymphocytic Drugs
Calcineurin Inhibitor (CNI) Drugs
Cyclosporine

Synonyms: cyclosporine, cyclosporine microemulsion,
cyclosporine modified
Trade Names: Neoral, Gengraf2
Class and Category: immunosuppressive, calcineurin
inhibitor
Indications: maintenance immunosuppression, rejection
prophylaxis
Dosage: often delayed until renal function recovered
posttransplant. Introduced orally at 3–6 mg/kg/day in
divided doses usually bid. Maintenance dosing based on
therapeutic drug monitoring. Target C0 range
50–200 ng/ml; Target C2 range 500–1,000 ng/ml
Preparation/Composition: 100 and 25 mg capsules; oral
suspension 100 mg/ml
Contraindications: hypersensitivity, severe liver impairment
Adverse Reactions: acute and chronic nephrotoxicity, hepatotoxicity, bone marrow suppression (leukopenia,
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thrombocytopenia, anemia), gingival hyperplasia, hirsutism (especially fair skinned), hypertension, hyperkalemia,
hyperuricemia, dyslipidemia, diabetes, and hemolytic
uremic syndrome. Avoid grapefruit juice. Increased risk
of infection and malignancy.
Drug Interactions: caution when using other agents metabolized via cytochrome P450 3A4 hepatic microsomes.
Aminoglycosides, erythromycin, nonsteroidal antiinflammatory drugs, calcium channel blockers, triazole
antifungal agents, rifampin, phenytoin, barbiturates,
ACE or ARB drugs, and platinum-based antineoplastic
drugs.
Mechanisms of Action: binds to a specific intracellular
immunophillin (cyclophilin) with subsequent engaging of
the enzyme calcineurin phosphatase; thereby preventing
the downstream gene transcription of IL-2 and other cytokines required for T-cell activation and proliferation.
Tacrolimus

Synonyms: tacrolimus, FK-506
Trade Names: Prograf
Class and Category: immunosuppressive, calcineurin
inhibitor
Indications: maintenance immunosuppression, rejection
prophylaxis
Dosage: often delayed until renal function recovered
posttransplant. Introduced orally at 0.1–0.15 mg/kg,
given in divided doses usually bid, or IV infusion
0.03–0.05 mg/kg/day. An unlicensed oral suspension of
0.5 mg/ml is often used in small children. Maintenance
dosing based on therapeutic drug monitoring. Target C0
range 6–15 ng/ml
Preparation/Composition: 0.5, 1, and 5 mg capsules; or IV
preparation
Contraindications: hypersensitivity, severe liver, or renal
impairment
Adverse Reactions: acute and chronic nephrotoxicity, neurotoxicity (tremors and seizures), hepatotoxicity, bone
marrow suppression (leukopenia, thrombocytopenia,
anemia), diabetes, hyperkalemia, hypomagnesemia, and
hemolytic uremic syndrome. Avoid grapefruit juice.
Increased risk of infection and malignancy.
Drug Interactions: caution when using other agents metabolized via cytochrome P450 3A4 hepatic microsomes.
Aminoglycosides, erythromycin, nonsteroidal antiinflammatory drugs, calcium channel blockers, triazole
antifungal agents, rifampin, phenytoin, barbiturates,
ACE or ARB drugs, and platinum-based antineoplastic
drugs.
Mechanisms of Action: binds to a specific intracellular
immunophillin (FKBP12) with subsequent engaging of

the enzyme calcineurin phosphatase; thereby preventing
the downstream gene transcription of IL-2 and other
cytokines required for T-cell activation and proliferation.

Mammalian Target of Rapamycin (Mtor)
Inhibitor Drugs
Sirolimus

Synonyms: rapamycin
Trade Names: Rapamune
Class and Category: immunosuppressive, mTOR inhibitor
Indications: maintenance immunosuppression, rejection
prophylaxis
Dosage: Introduced orally within 48 h of transplant at
2–6 mg/day in a single dose. T½ about 60 h. Maintenance
dosing based on therapeutic drug monitoring. Target C0
range 10–15 ng/ml the first 6 months if used without CNI
drugs. If combined with CNI drugs C0 range 4–8 ng/ml.
Preparation/Composition: 1 and 2 mg tablets; 1 mg/ml oral
solution
Contraindications: hypersensitivity, pregnancy; de novo
lung transplant (bronchial dehiscence).
Adverse Reactions: dyslipidemia, delayed wound healing
and lymphoceles, bone marrow suppression (leukopenia,
thrombocytopenia, anemia), angioedema, oral ulcers,
skin rash-acne, noninfectious pneumonitis, and
hypogonadism. Increased risk of infection.
Drug Interactions: caution when using other agents metabolized via cytochrome P450 3A4 hepatic microsomes.
Coadministered CNI drugs, nonsteroidal antiinflammatory drugs, calcium channel blockers, triazole
antifungal agents, rifampin, phenytoin, and barbiturates.
Mechanisms of Action: Similar molecular structure to the
calcineurin inhibitors, and binds to the same
immunophillin protein (FKBP-12) as tacrolimus. However, their mode of action appears to be distinct, as the
sirolimus complex does not inhibit calcineurin. Instead,
the sirolimus-FKBP complex appears to engage a distinct
p70 kinase called mTOR (molecular target of rapamycin).
The inhibition of mTOR blocks Il-2 signal transduction
pathways that prevent cell-cycle progression from G to S
phase in activated T cells.
Everolimus

Synonyms: rad-001
Trade Names: Zortress (transplantation); Afinitor
(oncology)
Class and Category: immunosuppressive, mTOR inhibitor
Indications: maintenance immunosuppression, rejection
prophylaxis in heart transplant recipients. Licensed for
oncology in the USA and transplant in Europe.

Immunosuppression

Dosage: Introduced orally within 48 h of transplant at 1.5–
3.0 mg/day in divided doses, usually bid. Target C 0 levels
in trials 3–8 ng/ml. with cyclosporine modified.
Preparation/Composition: 0.75 mg tablets
Contraindications: hypersensitivity, pregnancy; de novo
lung transplant (bronchial dehiscence).
Adverse Reactions: dyslipidemia, delayed wound healing
and lymphoceles, bone marrow suppression (leukopenia,
thrombocytopenia, anemia), angioedema, oral ulcers, skin
rash-acne, noninfectious pneumonitis, and hypogonadism.
May exacerbate nephrotoxicity of CNI drugs. Increased risk
of infection.
Drug Interactions: caution when using other agents metabolized via cytochrome P450 3A4 hepatic microsomes.
Coadministered CNI drugs, nonsteroidal antiinflammatory drugs, calcium channel blockers, triazole
antifungal agents, rifampin, phenytoin, and barbiturates.
Mechanisms of Action: Similar molecular structure to the
calcineurin inhibitors, and binds to the same
immunophillin protein (FKBP-12) as tacrolimus. However, their mode of action appears to be distinct, as the
everolimus complex does not inhibit calcineurin. Instead,
the everolimus-FKBP complex appears to engage
a distinct p70 kinase called mTOR (molecular target of
rapamycin). The inhibition of mTOR blocks Il-2 signal
transduction pathways that prevent cell-cycle progression
from G to S phase in activated T cells.

Antilymphocyte Antibodies
Polyclonal Antibodies
Thymoglobulin
Synonyms: anti-thymocyte globulin (rabbit)
Trade Names: Thymoglobulin
Class and Category: immunosuppressive, polyclonal
antilymphocyte antibody
Indications: induction therapy (off label); to treat higher
histological grades of acute rejection; to treat steroid resistant acute rejection
Dosage: 1.0–1.5 mg/kg/day; for induction 4–5 days; for
severe rejections 7–14 days. Target absolute peripheral
blood CD2/CD3 T-cell levels <10/mm3. Dosing is often
adjusted lower (half dose) for WBC <2,000–3,000/mm3
or platelets <50–75,000/mm3. First few doses should be
given with premedication including at least 100 mg hydrocortisone, 25 mg diphenhydramine, and 650 mg
acetaminophen
Preparation/Composition: 25 mg vials; for IV use only
Contraindications: hypersensitivity to rabbit protein; acute
infections, especially viral
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Adverse Reactions: Especially the first few doses-cytokine
release symptoms; anaphylaxis, dyspnea, fever, chills,
tremors-shakes, headache, arthralgias, tachycardia,
abdominal pains, diarrhea, edema, and severe bone marrow suppression (leukopenia, thrombocytopenia,
anemia). Increased risk of infection and malignancy.
Drug Interactions: severe bone marrow suppression when
combined with other immunosuppressant, antimetabolite, and/or nucleoside inhibitor (antiviral) drugs.
Mechanisms of Action: Binds to lymphocytes resulting in
a rapid lymphopenia or depletion due to complementmediated cell lysis, as well as masking of surface antigens
or induction of suppressor populations that block cell
function. Because of their strong immunosuppressive
effects, polyclonal antibodies are limited to short courses
of 3–14 days, but their depletion may last 6–12 months.

I
Monoclonal Antibodies
Basiliximab and Daclizumab
Synonyms: anti-CD25 blocking antibodies
Trade Names: Simulect (chimeric) and Zenapax
(humanized)
Class and Category: immunosuppressive, nondepleting
anti-IL2 receptor antibody
Indications: Induction therapy only; little to no effect on
established rejection episodes.
Dosage: basiliximab 20 mg on days 0 and 4; daclizumab
1 mg/kg day 0 and q 2 weeks for a total of five doses (many
centers use only two doses). Target CD25 T cell counts
under 10 mm3. First dose should be given with
premedication including at least 100 mg hydrocortisone,
25 mg diphenhydramine, and 650 mg acetaminophen.
Preparation/Composition: IV only
Contraindications: hypersensitivity to drug class
Adverse Reactions: Especially the first dose-cytokine release
symptoms; anaphylaxis, dyspnea, fever, chills, tremorsshakes, headache, arthralgias, tachycardia, noninfectious
pneumonitits, abdominal pains, diarrhea. Severe bone
marrow suppression (leukopenia, thrombocytopenia,
anemia). Increased risk of infection and malignancy.
Drug Interactions: caution when using other immunosuppressant drugs.
Mechanisms of Action: Binds to the high affinity alpha
chain (CD25) of the IL2 receptor thereby suppressing
T-cell activation.

Alemtuzumab
Synonyms: anti-CD52 monoclonal antibody; campath 1H
Trade Names: Campath
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Class and Category: immunosuppressive, humanized
depleting anti-T-cell antibody
Indications: Induction therapy (off label); anecdotal
reports of use during established rejection episodes.
Licensed to treat B-cell chronic lymphocytic leukemia
Dosage: given as one dose of 30 mg on day 0, or two doses
of 20 mg days 0 and 1; While targeting CD52 post-lymphocytes, causes profound depletion of all T-cell and
B-cell subsets. First dose should be given with
premedication including at least 100 mg hydrocortisone,
25 mg diphenhydramine, and 650 mg acetaminophen.
Preparation/Composition: 30 mg vials, IV only
Contraindications: hypersensitivity to drug class
Adverse Reactions: Especially the first dose-cytokine release
symptoms; anaphylaxis, dyspnea, fever, chills, tremorsshakes, headache, arthralgias, tachycardia, noninfectious
pneumonitits, abdominal pains, diarrhea. Severe bone
marrow suppression (leukopenia, thrombocytopenia,
anemia). Increased risk of infection and malignancy.
Drug Interactions: caution when using other immunosuppressant drugs.
Mechanisms of Action: Binds specifically with the 21–28-kd
lymphocyte cell surface glycoprotein CD52, which is predominantly expressed on peripheral blood lymphocytes,
monocytes, and macrophages. Once engaged with CD52
it produces a profound depletion of lymphocyte
populations (T, B, and NK) that can persist for over a year.

Muromonab-CD3
Synonyms: OKT3; anti-CD3 murine monoclonal antibody; xenoantibody
Trade Names: Orthoclone
Class and Category: immunosuppressive, depleting
murine anti-T-cell antibody
Indications: Induction therapy; treatment of established
rejection episodes. Usually reserved for severe cases of
vascular or steroid resistant rejection.
Dosage: given daily at 5 mg; 5–7 days for induction and
7–14 days to treat severe rejection. Target absolute peripheral blood CD3 T-cell levels <10/mm3. First dose should
be given with premedication including at least 100 mg
hydrocortisone, 25 mg diphenhydramine, and 650 mg
acetaminophen
Preparation/Composition: 5 mg vials, IV only
Contraindications: hypersensitivity to drug class
Adverse Reactions: Often causes a severe cytokine
release syndrome with the first doses; anaphylaxis, dyspnea, fever, chills, tremors-shakes, headache, blurry
vision, seizures, aseptic meningitis, arthralgias, tachycardia, hypotension, noninfectious pneumonitits, abdominal pains, diarrhea. Severe bone marrow suppression

(leukopenia, thrombocytopenia, anemia). Increased risk
of infection and malignancy.
Drug Interactions: caution when using other immunosuppressant drugs.
Mechanisms of Action: Binds specifically to the zeta chain
of the T-cell receptor complex resulting in profound
depletion of CD3 positive T cells. T cells will repopulate
several weeks after discontinuation. Causes a prominent
human anti-mouse antibody response that is responsible
for loss of efficacy.

Rituximab
Synonyms: anti-CD20 monoclonal antibody
Trade Names: Rituxan
Class and Category: immunosuppressive, depleting chimeric anti-B-cell antibody
Indications: treatment of established rejection episodes
with identified donor-specific antibody (off label). Has
been used to treat CD20 positive lymphomas
Dosage: given at 375 mg/m 2q week for 1–2 doses. Target
absolute peripheral blood CD20 B-cell levels <10/mm3.
First dose should be given with premedication including at
least 100 mg hydrocortisone, 25 mg diphenhydramine,
and 650 mg acetaminophen
Preparation/Composition: IV only
Contraindications: hypersensitivity to drug class
Adverse Reactions: Often causes a severe cytokine release
syndrome with the first doses; anaphylaxis, dyspnea, fever,
chills, tremors-shakes, headache, blurry vision, seizures,
arthralgias, tachycardia, hypotension, noninfectious
pneumonitits, angioedema, abdominal pains, diarrhea.
Increased risk of infection and malignancy.
Drug Interactions: caution when using other immunosuppressant drugs.
Mechanisms of Action: Binds specifically to CD20 positive
B cells. Does not directly target antibody producing
plasma cells. Precise mechanism of action is speculative,
and suggested that B-cell precursor populations may be
affected. B-cell depletion may last 6–12 months.

Bortezomib
Synonyms: proteasme inhibitor
Trade Names: Velcade
Class and Category: immunosuppressive, plasma cell
apoptosis
Indications: treatment of established antibody mediated
rejection episodes with identified donor-specific antibody
(off label). Has been FDA approved to treat multiple
myeloma.
Dosage: Given as part of a 2 week regimen including
plasmapheresis and IV immuno-globulin 2gm/kg.

Immunosuppression

IV bortezomib given as 1.3 mg/m2 after each plasmapheresis (total four treatments). Treatments were spaced to
days 1–4–8–11. No premedication required.
Preparation/Composition: IV only
Contraindications: hypersensitivity to drug class
Adverse Reactions: Include fever, chills, rigors, nausea,
vomiting, diarrhea, dehydration, edema, bone marrow
suppression, liver dysfunction, and symptoms of peripheral neuropathy. Increased risk of infection and
malignancy.
Drug Interactions: caution when using other immunosuppressant drugs.
Mechanisms of Action: Binds to and directly inhibits
the 26S proteasome, resulting in apoptosis of mature
plasma cells.
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Immunosuppression. Table 1 Common immunosuppressive protocols
A. Conventional therapy
Low-risk recipients (first transplant, unsensitized, no
donor-specific antibody)
Induction antibody (nondepleting; IL2R blocker)
Maintenance therapy CNI (tacrolimus or cyclosporine);
mycophenolic acid
Steroids (more rapid taper to 5 mg maintenance)
High-risk recipients (retransplant, HLA antibodies >20%,
ischemic graft damage)
Induction antibody (depleting; thymoglobulin or
alemtuzumab)
Maintenance therapy (tacrolimus); mycophenolic acid
Steroids (slower taper)

Baseline Immunosuppression
Current regimens vary according to center preference, and
are often subject to center experience and willingness
to participate in clinical trials. A very typical regimen
applicable to HLA mismatched deceased or live donor
recipients would include an induction agent, either
a nondepleting (basiliximab/daclizumab), or a depleting
(thymoglobulin/alemtuzumab) antibody and two or three
drug maintenance therapy (Table 1). Currently in the
USA about 80% of kidney recipients receive an induction
antibody with a frequency of thymoglobulin (42%);
basiliximab and daclizumab (30%); and alemtuzumab
10% of patients [4]. Maintenance therapy would include
an antilymphocytic agent (tacrolimus, cyclosporine, or
sirolimus), an antiproliferative agent (mycophenolate
mofetil or azathioprine), and steroids. Tacrolimus and
mycophenolic acid are the predominant agents used
today [4]. Delayed introduction of CNI drugs for about
7 days is often selected for recipients with delayed graft
function to permit early healing of the ischemic injury,
assuming an induction antibody has been administered.
Two areas of current investigative interest include CNI
sparing or avoidance (to minimize CNI nephrotoxicity)
and steroid sparing or avoidance trials (to minimize
steroid side effects). The mTOR inhibitors are frequently
used for CNI avoidance or withdrawal. These approaches
may be more appropriate for immunologically low-risk
patients such as those receiving a first transplant, who
remain unsensitized to HLA antigens, and receive kidneys
<50 years with little or no ischemic damage [5].

Treatment of Rejection
Acute rejection leads to graft injury with subsequent
scarring, and graft loss if untreated. Therefore, it requires
prompt and accurate diagnosis, which is best provided

B. CNI sparing or avoidance
Low-risk recipients (first transplant, unsensitized, no
donor-specific antibody)
Induction antibody (depleting or nondepleting)
Maintenance therapy (denovo sirolimus or conversion
from CNI to sirolimus in 1–6 months); mycophenolic acid
Steroids (more rapid taper to 5 mg maintenance)
C. Steroid withdrawal or avoidance
Low-risk recipients (first transplant, unsensitized, no
donor-specific antibody)
Induction antibody (depleting; thymoglobulin or
alemtuzumab)
Maintenance therapy CNI (tacrolimus or cyclosporine);
mycophenolic acid
Steroids (often withdrawn by 7 days)

from a transplant biopsy. One of the remarkable achievements of the last 15 years has been the universal acceptance
of the Banff Schema to diagnose and characterize allograft
rejection. The scoring system is semiquantitative, based on
light microscopy, and describes features for acute and
chronic rejection as well as features attributed to both
cellular and antibody-mediated mechanisms. For patients
with Banff I or II acute rejections, high dose IV steroid
pulses of 5–7 mg/kg/d for 3 days will reverse about 85%.
Some clinicians also prefer to add a 10–14 day recycle of
oral prednisone at 2 mg/kg tapered to baseline. If rejections are unresponsive to steroids or histology confirms
a component of Banff II or III vascular changes,
a depleting antibody such as thymoglobulin or OKT3 is
given for 7–10 days. If repeat flow crossmatching identifies
new donor-specific antibody, more extensive treatments to
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remove antibody such as plasmapheresis, blocking IV
immune globulin (2 g/kg), Bortezomib, or even antiCD20 monoclonal antibody (Rituximab) can be used [6].
It is not generally prudent to treat more than 2–3 acute
rejections in any one recipient.

Incontinence-Associated
Dermatitis (IAD)
IAD is an inflammation of the skin that occurs when urine
or stool comes in contact with perineal or perigenital skin.
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Indirect Calorimeters
Measure oxygen consumption and carbon dioxide production during respiratory gas exchange.

Indirect Calorimetry
Indirect calorimetry is a technique to evaluate energy
expenditure. Oxygen consumption, carbon dioxide production, and urea excretion are used to calculate heat
production from metabolism.

Induced Hypothermia
▶ Therapeutic Hypothermia

Impact of Renal Replacement
Therapy on Coagulation
▶ Bleeding and Hemostasis in Acute Renal Failure

Infected Pancreatic Necrosis
A serious complication of acute pancreatitis involving
infection of necrotic tissue in or adjacent to the pancreas
by bacterial or fungal organism.

Incidence
It is the percentage of patients who develop a pressure
ulcer after admission to a facility who have been observed
over a specific period of time. It is a count of the number
of new people who developed pressure ulcers over
a predetermined period of time.

Infected Pancreatic Pseudocyst =
Pancreatic Abscess
▶ Pancreatic Infections

Infected Pseudocyst
Incomplete Prone Position
▶ Prone Position Technique

Infection of a round or oval, well-circumscribed, usually
low viscosity collection of inflammatory fluid and pancreatic secretions in or around the pancreas.

Infection Control in the ICU: Gram-Negative Bacteria

Infection
The transmission of microorganisms into a host after
evasion of the host defense mechanisms, resulting in proliferation of the microorganism and invasion of host tissue. The host response to the infection may be subclinical
or clinical, characterized by the onset of fever, elevated
white cell count, or inflammation and purulent drainage
from a wound or body cavity. The clinical manifestations
may be directly related to microorganism pathogenesis
and/or host responses that result in host tissue destruction.
▶ Burns, Sepsis
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of course in addition generate hospital outbreaks, due to
cross transmission.
Thus, action is urgently needed, and intensive care
practitioners have a huge responsibility in this setting.
Indeed, intensive care units are “experimental factories”
to create and disseminate resistant bugs, in particular
because of a wide usage of broad-spectrum antibiotics
(Carlet). In most studies, 80% of ICU patients are treated
with antibiotic a given day (Epic). Cross transmission via
the hands of health care workers (HCWs) is also at very
high risk in the ICU, even if compliance to hand washing is
higher in the ICU than in ordinary wards. The environment plays also a very important role ().

Epidemiology of Multi-resistant Gram
Negatives

Infection Control in the ICU:
Gram-Negative Bacteria
JEAN CARLET
French Authority For Health, Haute Autorité de santé,
Saint-Denis, La Plaine Cedex, France

Definition
Infection control measures are of paramount importance
in order to control resistance of Gram-negative bacteria to
antibiotics, which represents a serious public health and
safety issue. It includes a proper diagnostic strategy,
a strong program to use antibiotics more wisely, and the
prevention of cross transmission of those strains.

Characteristics
Gram-negative bacteria are becoming a real threat nowadays, for at least two reasons: First, hospital strains like
Pseudomonas aeruginosa, Acinetobacter spp., and Klebsiella
spp. are more and more resistant to antibiotics and in
several countries, patients who develop nosocomial infections in the intensive care units (ICUs) have to be treated
with “old” antibiotics, like colistin IV, since the bugs are
resistant to everything else! Most of those strains are
selected in the patient flora by broad-spectrum antibiotics,
although some cross transmission can also occur. Very few
new antibiotics active against Gram negatives are in the
“pipe” and this represent a real worldwide safety issue for
the next decades. On the other hand, community Gramnegative bacteria, as Escherichia coli or Klebsiella
penumoniae harbor more and more often extended spectrum B lactamases (ESBL), in patients who have never
been in touch with the hospital world. Those strains can
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Ten years ago, every strain of Escherichia coli, a microorganism often responsible for community acquired was
usually susceptible to the combination of amoxycillin/
clavulanic acid, and always susceptible to third generation
cephalosporins. A great majority of the strains were susceptible to new quinolones. Thus, treating a young lady in
the emergency room, for a severe pyelonephritis, or an old
man with peritonitis and septic shock was easy.
Nowadays, it is far more difficult. Many strains of
Escherichia coli (up to 50%) are resistant to ciprofloxacin,
and in some countries up to 50% of the strains harbor
ESBL, and are not susceptible to cephalosporins any more
(). In many countries, the level is still below 5% (), but it
will be a real drama when carbapenems will be mandatory
for empiric therapy of severe infections, in the community, like pylonephritis or peritonitis. Carbapenens are the
last available drugs for the most severe hospital acquired
infections, and very few new drugs will be available in
the next few years. Some Klebsiella, or even E. coli species,
and many pseudomonas ones are already resistant to
carbapenems (metallo-enzymes, in particular KPC).
We have to protect carbapenems from a wide usage both
in the hospitals and in the community. Early detection for
resistance mechanisms will be a crucial tool to rule out
infections due to resistant (or susceptible) Gram negatives, both in the community and the hospitals (). Polymerase chain reaction and bio-arrays techniques could
both be used, but technical problems are still numerous
and progresses are rather slow.

We Must Slow Down Resistance Level of
Gram-Negative Bacteria
Three complementary programs must be conducted
simultaneously, and urgently, in order to reach this difficult objective.

I
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A precise strategy for bacteriological diagnosis, with less
“empiric therapies,” a wiser usage of antibiotics both in the
hospital, and the community, and lastly a strong program to
prevent cross transmission of the resistant strains between
patients, and from patients or HCW to the environment,
both in the hospitals and the long-term-care facilities. (It is
also true for the community as shown by the rapid extension of the H1N1 pandemic episode in 2009.)

Bacteriological Diagnostic Strategy
Most antibiotic guidelines, in particular in the USA (9)
have been based, upon the empiric knowledge of the
bacteria which induce a given infection. In most cases,
a precise bacteriological diagnosis is not available, since
the appropriate samples have not been made before
starting therapy. The strategy is very different in several
countries of Europe, in which the bacteriological results
(Gram stain or culture) are the basis of therapy, in particular after the 2 or 3 first days of empiric antibiotic therapy.
For implementing such a strategy, clinicians have to
“trust” bacteriological results, and feel comfortable to
modify initial empiric therapy according to those results.
This is the principle of the reevaluation and eventually
de-escalation whenever possible (). Many authors think
that an accurate and precise diagnosis, allowing the
reevaluation of initial therapy is the cornerstone of any
local or national program aimed at reducing over usage of
antibiotics (4; Calandra).

Wiser Usage of Antibiotics
We have done huge mistakes in the way we used antibiotics in the last decades, in particular in the ICU setting:
wide usage of empiric antibiotic therapy, most of the time
without efforts to assess the bacteriological diagnosis,

under dosing of many antibiotics, in part due to the strong
pressure of the companies when they want to market new
antibiotics, too long antibiotic treatment courses, absence
of reevaluation of the initial therapy with no de-escalation,
wide and prolonged usage of combination therapy. This
led to an antibiotic resistance spiral or vicious circle (see
Fig. 1). We must now try to break this vicious circle. Most
of the actions which should be implemented are known ()
and summarized in Table 1. The main difficulty is of
managerial nature: How to implement those “bundles”
and what should we do to maintain a sustained beneficial
effect (). Of course, appropriate antibiotic therapy must be
provided as soon as possible in the most severe patients
(septic shock), but still based on an appropriate diagnostic
strategy, and with a systematic reevaluation at day 2. Some
quality programs, in the USA, pushing doctors to treat
infections, in particular community acquired pneumonia
very quickly, led to paradoxical negative effect, with
a total absence of any effort to access the bacteriological
diagnosis ().
The Ten Commandments for treating severe or
resistant infections in the ICU with antibiotics:
1. Ask for the help of infectious diseases specialists.
2. Do everything to allow a precise diagnosis of the
source of infection.
3. Do everything to access the responsible microorganism (s), before starting antibiotic therapy, in order to
identify the bug, provide its susceptibility to antibiotics, and allow a further reassessment of therapy.
4. Start antibiotics as soon as possible. The first few
hours are “golden hours.”
5. Select the antibiotic according to the local resistance
pattern. Broad-spectrum antibiotics are often but not
always needed.

High prevalence of resistant strains
(local or national)
Poor hygiene practices
Cross transmission
Selection of the most
resistance strains

Excessive duration of therapy

Clinical concern
Supra- or subluminal pressures
by the pharmaceutical industry

Broad spectrum
Antibiotics used for empiric therapy

Poor pharmacokinetic performances
(low dosage, poor tissular diffusion...)

The vicious circle of antibiotic resistance in the ICU [reproduced with permission from Carlet et al. 2004]

Infection Control in the ICU: Gram-Negative Bacteria. Figure 1 The vicious circle of antibiotic resistance in the ICU (reproduced
with permission from (2))

Infection Control in the ICU: Gram-Negative Bacteria

Infection Control in the ICU: Gram-Negative Bacteria.
Table 1 Suggestions for antibiotherapy according to the
identified bacteria
Staphylococcus aureus
Nafcillin, oxacillin (penicillin if
susceptible to methicillin susceptible)
MRSA

Vancomycin or linezolid or
daptomycin or synercid or
tigecyclin?

Staphylococcus aureus of
unknown susceptibility

Nafcillin plus vancomycin or
linezolid
or daptomycin
or synercid
or tigecyclin?

Escherichia coli of
unknown susceptibility

Ceftriaxone, cefotaxime
add aminoglycosides
or use ertapenem or other
penems if ESBL suspected

Enterobacter sp.

efforts have to be sustained for many years, in order to
be effective (Denmark). Antibiotic resistance has to be
presented to consumers and politicians as the most
important safety issue in the next decades. Information
should be provided to both consumers and HCP in order
to maintain some “pressure” on prescribers of antibiotics.
Those medications have to be considered as “special”
drugs, somewhat like “species in danger” in the animal
world, and with precise rules of prescription, in order to
protect them. Under the counter usage has also to be
combated. Antibiotic prescription should be considered
as a quality indicator in the community and the hospitals.
In France, an indicator named ICATB (structures and
processes of care for antibiotic usage in the hospitals) is
mandatory and publicly reported (Ministry of Health).
Antibiotic resistance will be the third “challenge” of the
“World Alliance for Patient Safety” program of the WHO
(Pittet).

Cefepime, piperacillin
If resistant:
Imipenem/meropenem,
doripenem
ertapenem
tigecycline?

Pseudomonas aeruginosa

I

Ceftazidime or carbapenems +
aminoglycosides
Piperacillin (or Ticarcillin) plus
amikacin if TICAR S

ESBL extended spectrum b lactamases; MRSA Methicillin-resistant
Staphylococcus aureus

6. Use appropriate dosages (usually higher than ordinary indicated) for the first one or two injections.
7. Assess plasmatic levels of antibiotics after a few injections in order to be sure that they are high enough,
but not toxic.
8. Use a combination therapy for neutropenic patients
and infections due to (or suspected to be due to)
Pseudomonas aeruginosa, but only in those cases.
9. Reassess antibiotic therapy at day 2 or 3, and
de-escalate whenever possible, in particular for antibiotics with a lesser impact upon bacterial ecology.
10. Use a duration therapy adapted to each case but as
short as possible. Eight days are usually sufficient to
treat a severe infection. Biological markets as
procalcitonin could help tailoring duration of therapy (Luyt et al. 2005).
Some national programs have been effective (Carlet),
in particular in the community (Goosens, Willemot), but

Prevention of Cross Transmission of
Resistant Microorganisms
Although everybody agrees on the paramount importance
of preventing cross transmission of susceptible and resistant microorganisms, in particular using hand disinfection with hand rub alcoholic solutions (Pittet, Harbarth),
there is still an ongoing debate on whether specific isolation procedures rather than standard precautions, should
be implemented, for resistant bacteria, especially Gram
negatives. Some authors think that upgrading standard
precautions is the best strategy (). Indeed, we should try
to prevent transmission of both resistant and susceptible
microorganisms, and special isolation procedures are
costly, and time consuming. Another ongoing debate is
the usefulness of screening patients, in particular in the
ICU, with a systematic isolation until the results are available. If resistant bacteria are found, then, in this philosophy, we should try to decolonize the patient. This is the
basis of the “search and destroy” strategy, used in Scandinavian countries, and The Netherlands, in particular for
methicillin-resistant Staphylococcus aureus (MRSA), considered as “THE” public enemy. Those countries have
been very successful in maintaining very low levels of
MRSA over years. Obviously, additional data are needed
in this respect. A large European study named MOSAR is
ongoing, and should answer this question for MRSA.
The environment plays an important role for several
Gram negatives, like Acinetobacter spp. Epidemic outbreaks
can very well happen, with this very bacteria, although
precautions are acceptable in this very hospital, and can
maintain low levels of MRSA. In this case, management of
the environment must be upgraded for a while, and
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patients must be cohorted if possible. Pseudomonas can
also very well be transmitted via hospital water, if not
filtered, in particular when automatic electronic systems
are used (Francioli).
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Synonyms
MRSA infection control; MRSA prevention; MRSA
surveillance

Definition
MRSA

▶ Methicillin-resistant Staphylococcus aureus (MRSA) is
characterized by its resistance to beta-lactam antibiotics,
including methicillin, dicloxacillin, and oxacillin. MRSA
is an important nosocomial pathogen in terms of its
virulence and survival fitness. In acute care facilities,
there is selective advantage for MRSA survival as a result
of antibiotic use and selection pressure. Multidrugresistant pathogens, including MRSA, are being isolated
at increased frequency in intensive care units (ICUs).
National surveillance data has shown that MRSA is recovered in greater than 60% of S. aureus isolates from US
intensive care units (ICUs) [1] and 24% of isolates from
German ICUs.

Infection Control in the ICU: MRSA Control

MRSA Colonization

▶ Colonization involves adherence of organisms to epithelial cells, proliferation and persistence at the site of attachment. Most antimicrobial-resistant bacteria colonize the
skin and mucous membranes of the host without causing
signs and symptoms of ▶ infection. The duration of colonization is variable and can be a potential source of transmission to other patients in the healthcare setting. MRSA
colonization is a significant risk factor for the subsequent
development of an MRSA infection. There is a fourfold
increased risk of staphylococcal infection in patients colonized by MRSA versus methicillin-sensitive S. aureus
(MSSA).
MRSA colonization is a particular problem in ICUs
due to a number of factors including underlying
comorbidities, invasive devices, frequent patient contact
by healthcare workers, exposure to antibiotics, and
prolonged hospitalization. Colonization rates in ICUs
vary depending on the level of surveillance and screening.
An estimated 25% of patients who become colonized with
MRSA during their ICU stay subsequently develop
a ▶ healthcare-associated infection (HAI).

Reduce antibiotic use
⇒ Education
⇒ Restriction

Stop transmission
⇒ Hand hygiene

I

Identify carriers
⇒ Screening
⇒ Isolation

Eliminate reservoirs
⇒ Decolonization

Infection Control in the ICU: MRSA Control. Figure 1
Standard approaches to the control of endemic methicillinresistant Staphylococcus aureus (MRSA). (Reproduced with
permission from [2])

In situations where there is a breakdown in the physical
or immunological defenses of the host, colonizing bacteria
can cause infection. The high incidence of infections with
MRSA in ICUs reflects a number of factors including
reduced host defenses due to comorbidities, acute physiological stresses, and invasive devices. Many of these risk
factors overlap with those associated with colonization with
MRSA. In addition to the high incidence of MRSA infections
in the ICU, the efficacy of treatment options for these infections is limited and the administration of appropriate antibiotics is often delayed. As a result, MRSA infections may
lead to adverse outcomes including increased mortality,
length of hospital stay, and healthcare costs.

The Netherlands or Western Australia, have adopted policies for MRSA prevention and eradication while others,
with endemic MRSA, have focused on MRSA control to
reduce transmission and nosocomial infection.
It must be noted that in addition to active control
measures, the collection of prospective surveillance data
is also critical to enable early detection of increases in or
outbreaks of MRSA in ICUs. This will allow implementation of early interventions, increasing the likelihood of
success. These data are also valuable for feedback to staff
as well as for benchmarking and monitoring the success of
control strategies.
The importance of MRSA as a pathogen in healthcare
facilities is clear. However, the utility of MRSA control has
been debated due to a number of factors including the
emergence of community-associated MRSA, an increasing
reservoir of healthcare-associated MRSA, inability to
eradicate endemic MRSA, and the costs and disruption
in patient care associated with MRSA control strategies.
Some of the controversies surrounding various control
measures will be discussed in the following sections.

MRSA Control

Characteristics

MRSA Infection

Transmission of MRSA occurs mainly through patient-topatient spread, particularly via the hands of healthcare
workers. Transmission and subsequent infection with
MRSA may be preventable. This has led to interest in
strategies to control MRSA which have targeted the reservoir of MRSA carriers, routes of transmission and antibiotic pressure (Fig. 1). In practice, multiple interventions
are often employed in an attempt to effectively control
MRSA. Depending on the baseline prevalence of MRSA
and general public health policies, various strategies have
been adopted in different geographic regions. Some countries or regions with a low prevalence of MRSA, such as
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Current Practices and Outcomes of MRSA
Control in the ICU
Current MRSA Control Practices
MRSA is a problem in ICUs in most countries. Various
recommendations and guidelines have been issued by
professional organizations and national institutions or
governing bodies. In recent years, a number of national
surveys of MRSA control practices in ICUs have been
conducted both in Europe and in the United States.
These reflect the actual situation in clinical practice and
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the varying ways in which guidelines have been applied
in the real world. Three such surveys, from England,
Germany, and the United States, are summarized in Table 1
and discussed below.
The survey conducted in English ICUs in 2000 was
extensive in terms of its coverage, encompassing almost all
(96%) ICUs in England. A point prevalence survey was
also conducted at the same time and found that 16% of
ICU patients were colonized or infected with MRSA. Of
note, 35% of ICUs screened members of staff and 24% of
ICUs did not have a policy of isolating MRSA-colonized
patients. Overall, there was marked variation in practice in
terms of patient and staff screening, infection control procedures, isolation and discharge practices.
In Germany, ICUs participating in the German Nosocomial Infection Surveillance System (KISS) were sent
a structured questionnaire regarding their MRSA preventive measures in 2001. The questionnaire was completed
by 164 (77%) of ICUs. Of the surveyed ICUs, there were
screening policies for at-risk patients on admission in 58%
and for roommates of identified MRSA patients in 82%.
Isolation of MRSA carriers was practiced in 66% of ICUs.
▶ Decolonization of MRSA carriers with mupirocin
occurred in 86% of ICUs and with antiseptic baths in
73% of ICUs.
The MRSA control opinions and practices among
Infectious Disease consultants in the United States were
surveyed in 2002 through the IDSA Emerging Infections
Network (EIN). In contrast to the previous two surveys,
physicians were surveyed rather than ICUs. Their
responses reflected their own attitudes and practices
within their own institutions. Responses were received
from 477 (51%) of 930 EIN members. The survey showed
that 74% of respondents favored use of ▶ contact precautions for MRSA patients in the ICU. In terms of surveillance cultures, 35% of those surveyed favored the use of
routine surveillance cultures in the ICU but only 18% of
ICUs in which the respondents practiced were actually
using them.
The situation in surveyed ICUs in different countries
demonstrates that despite guidelines and recommendations about screening and isolation of MRSA patients,
there is wide variation in approaches in ICUs both
between and within countries. This may reflect the controversies that still exist in many aspects of MRSA control
as well as practical difficulties in implementation of some
strategies in different healthcare settings.

Outcomes of MRSA Control Practices
Not only have MRSA control measures between countries
varied, but also have the outcomes of such strategies.

Differences in baseline prevalence are likely one important
factor when assessing the success of different approaches.
Scandinavian countries have maintained MRSA at low
prevalence using ▶ active surveillance cultures and contact
precautions with or without decolonization. Other countries (such as Italy and Greece) did not implement early
MRSA surveillance and control measures and now have
hyperendemic MRSA. The marked variation in Europe in
the proportion of S. aureus isolates that are MRSA is
shown in Fig. 2.
In countries with endemic MRSA, there has been
variable success with control measures. In France, where
MRSA rates in hospitals have been high, there has been
a favorable trend in MRSA incidence, including in ICUs
(Fig. 3). This is thought, at least in part, to be attributable
to the introduction of MRSA control measures at
a national level. A comprehensive national program was
gradually set up between 1993 and 2004 (first phase of the
program). The components of the program included
strengthening of infection control activities at the local,
regional, and national levels and developing networks for
surveillance of specific infections and antibiotic resistance.
In addition, mandatory notification of outbreaks was
instituted. The second phase of the program (2005–
2008) involved the implementation of five national quality
indicators with public reporting: composite score of infection control structures and activities; use of alcohol-based
handrub; surveillance of surgical site infection; composite
score of antibiotic use policy; and incidence of MRSA
infection. These measures resulted in a decrease in
MRSA bacteremia rates during 2001–2007, while other
countries in Europe continued to experience increases in
their rates.
In contrast to the situation in France, data from ICUs
in the United States are not encouraging. A report from
hospitals participating in the National Nosocomial Infections Surveillance (NNIS) System showed that the proportion of Staphylococcus aureus isolates that were
resistant to methicillin, oxacillin, or nafcillin continues
to rise in ICUs and was 59.5% in 2003. This represents
an 11% increase from 1998 to 2002. However, a recent
study examining the trends in the incidence of MRSA
central line-associated bloodstream infections (BSIs) in
US ICUs showed favorable trends. Data reported to the
Centers for Disease Control and Prevention (CDC) from
1997 to 2007 were examined. Although the overall proportion of S. aureus central line-associated BSIs due to
MRSA increased 25.8% (P = .02), overall MRSA central
line-associated BSI incidence decreased 49.6% (P < .001)
over this period. The authors noted that these trends are
not apparent when only the proportion (%) of MRSA is

2001

2002

Gastmeier et al.
Germany
Infection Control
and Hospital
Epidemiology
2004; 25: 109–113

Sunenshine et al. United
Infection Control States
and Hospital
Epidemiology
2005; 26: 138–143

Year
2000

Country

Hails et al.
England
Intensive
care medicine
2003; 29: 481–483

Study

Emerging
Infections
Network (EIN)

German
Nosocomial
Infection
Surveillance
System (KISS)

_

Surveillance
system/
network

Questionnaire to
infectious diseases
consultants

Structured
questionnaire

Postal questionnaire
with telephone
follow-up

Survey type

Routine
screening

477
(51%)

164
(77%)

Thirty-five
percent favored
screening; 18%
ICUs actually
screening

Fifty-eight
percent at-risk
patients on
admission; 82%
roommates of
MRSA patients

217
Ninety-seven
(96% of percent any
all ICUs) routine
screening; 75%
on admission;
11% on
discharge; 86%
patients
transferred; 53%
weekly; 35%
screen staff

No. of
ICUs
(%)

_

Seventy-four
percent favored
contact
precautions

_

66% ICUs isolate 86% use
MRSA patients
mupirocin; 73%
use antiseptic
baths

_

Decolonization

Isolation
_
cubicles present
in 90% of ICUs
although these
made up less
than 25% of
total beds in half
ICUs. 24% did
not have an
isolation policy
for MRSA.

Isolation

Gloves and
aprons: 92% for
any patient; 8%
only for patients
on contact
precautions

Contact
precautions

Infection Control in the ICU: MRSA Control. Table 1 Survey of MRSA Infection Control practices in ICUs in England, Germany, and the United States
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Infection Control in the ICU: MRSA Control. Figure 2 Proportion of MRSA among S.aureus isolates in countries participating in
the European Antimicrobial Resistance Surveillance System (EARSS) in 2008. (Reproduced with permission from [3])
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Infection Control in the ICU: MRSA Control. Figure 3 Methicillin-resistant S. aureus incidence density in healthcare facilities in
the national multidrug-resistant bacteria surveillance network (BMR-Raisin) by type of unit, France, 2003–2007 (n = 227).
(Reproduced with permission from [4])

monitored, emphasizing that care is needed when
interpreting reported data.
When comparing international figures, care must be
taken to consider the differing definitions, study

populations, and duration of follow-up used in the
reports. Nevertheless, trends within countries using the
same surveillance systems provide useful information
which can be compared between countries. It is often
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difficult to identify the determinants of success or failure
when making international comparisons of MRSA control
strategies. Attribution of outcomes may not only be
related to the effectiveness of infection control programs
but also to the healthcare environment in which they are
implemented. Factors such as local compliance with programs, resources, facilities, bed occupancy, staffing, and
administrative support are all important in the successful
implementation of a program. In addition, the priority
given to infection control interventions by senior management and national authorities may explain some of the
differences seen on an international level.

Research and Controversies in MRSA Control
MRSA control strategies and their varying degree of success reflect the complex nature of these interventions on
a practical level. When reviewing research in this field,
there are a number of important issues to consider before
applying results to clinical practice. The literature often
reports the results of multiple interventions on outcome
measures and it may be difficult to assign the relative
contribution of each of the interventions. It is also important to note that studies reporting outcomes of strategies
do so in the context of varying baseline prevalence of
MRSA. Thus, the external validity of such results can be
an issue. Many studies have suboptimal design and analysis. In addition, reporting bias, where negative studies are
less likely to be published, is also a factor when looking at
the available evidence.
Research regarding MRSA control in ICUs has resulted
in ongoing debate in terms of active surveillance cultures,
decolonization, isolation, and environmental cleaning.
The importance of ▶ hand hygiene and intelligent antibiotic stewardship are less controversial. These MRSA control strategies are discussed in this section.

Active Surveillance Cultures
The majority of MRSA carriers are asymptomatic and
therefore not identified using routine clinical cultures.
The latter alone may underestimate the average monthly
prevalence of MRSA in ICUs by 18.6–63.5%. Active surveillance cultures identify this large group of patients who
serve as a reservoir for the transmission of MRSA. These
patients may then be placed on contact precautions thus
reducing the spread of MRSA. In addition, treatment may
be instituted in an attempt to eradicate MRSA carriage.
The components of an effective active surveillance program are listed in Table 2 [9].
Active surveillance cultures are thought to be most
useful in patients at high risk of MRSA infection, such as
in the ICU, and in the setting of an outbreak. Some also
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Infection Control in the ICU: MRSA Control. Table 2
Components of an effective active surveillance program
Screening test
● Must be timely, affordable, and reliable
Clinical efficacy
● Should reduce transmission rate to patients and
healthcare workers
● Should reduce infection rate by preventing acquisition
Implementation
● Hospital and administrative financial support
● Systems and staff to screen patients
● Systems and staff to monitor effectiveness and
compliance
● Education of patients, staff, and families
● Adequate physical plant and supplies (e.g., private rooms,
gloves, gowns, and antimicrobial agents)
● Plan to manage social isolation and safety of patients
under contact precautions
Reprinted from [9], with permission from Elsevier

advocate universal screening in areas of high MRSA prevalence and weekly screening for patients who are hospitalized for extended periods of time. The use of active
surveillance cultures remains controversial due to questions about the efficacy of the intervention and the costs
associated with its implementation, especially when using
rapid, PCR-based technologies.
A number of studies in the ICU setting have shown
that screening of patients on admission and use of contact
precautions pending results (“preemptive isolation”) have
resulted in successful MRSA control. Studies have also
shown that active surveillance of MRSA in ICU patients
has resulted in decreased incidence of MRSA bacteremia
not only among ICU patients but also among non-ICU
patients and all patients hospital-wide. One such study
was a quasi-experimental study over 9 years. It involved
retrospective evaluation of four sequential interventions
in eight ICUs in one institution. The interventions
included use of maximum sterile barriers during central
line insertion, introduction of alcohol-based handrub for
hand hygiene, a hand hygiene promotion campaign, and
culture-based active surveillance for MRSA. Data were
analyzed by interrupted time series analysis, which is considered to be more robust than simple before-after analysis
of aggregate data. The results showed a 75% decrease in
the incidence of hospital-associated MRSA bacteremia
in the ICUs during the period of active surveillance cultures (Fig. 4). The other interventions did not result in
a sustained effect on MRSA bacteremia incidence. In addition, there was a 40% reduction in the incidence of
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Infection Control in the ICU: MRSA Control. Figure 4 Risk of health care–associated methicillin-resistant Staphylococcus aureus
(MRSA) bacteremia. The graph shows the monthly incidence density of bacteremia in intensive care units (ICUs), areas other than
the ICU (non-ICUs), and hospital wide. The plotted lines are derived from time series models of the impact of various infection
control interventions. A statistically significant increasing secular trend is seen prior to any intervention in ICUs (p < 0.001) and
hospital wide (p = 0.001), with a trend toward statistical significance in non-ICUs (p = 0.08). Only routine surveillance cultures were
significantly associated with a decrease in health care–associated MRSA bacteremia in ICUs (p = 0.007), non-ICUs (p = 0.008), and
hospital wide (p = 0.002). CVC, central venous catheter. (Reproduced with permission from [5], University of Chicago Press,
Copyright 2006, the Infectious Diseases Society of America)

hospital-associated MRSA bacteremia in non-ICU
patients. The incidence of MSSA bacteremia, which was
used as a control, did not change during the four intervention periods.
Active surveillance for MRSA with the use of rapid
diagnostic testing with molecular assays may be a useful
strategy to reduce the number of unnecessary preemptive
isolation days in the ICU. The shorter turnaround time
associated with molecular assays compared with conventional culture has been shown to substantially reduce the
number of contact precaution days. Rapid diagnostic testing can reduce isolation needs by >90% in low-endemic
settings and by 20% in high-endemic settings. Contact
precautions are time- and resource-intensive, thus these
findings illustrate the potential financial benefits of using
rapid diagnostic tests to detect MRSA colonization.
Although many studies have evaluated active surveillance cultures, the evidence is not always of high quality.
McGinigle et al. [6] conducted a systematic review of the
literature regarding the use of active surveillance cultures

in adult ICUs and control of MRSA. No randomized,
controlled trials were identified. Sixteen observational
studies and four economic analyses were reviewed. Only
two of the observational studies had a control group and
none of the studies were of good quality. The five fairquality observational studies showed fair- to poor-quality
evidence that active surveillance cultures were associated
with a decreased incidence of hospital-acquired MRSA
infections. The available studies exhibited heterogeneity
in terms of study design and outcome measures. They
concluded that existing evidence may favor the use of
active surveillance cultures but the evidence is of poor
quality, and definitive recommendations cannot be made
at the current time. This systematic review has prompted
some criticism in terms of omission of certain important
relevant studies, incorrect referencing of some studies, and
also on its emphasis on the randomized controlled study
design. Poorly conducted randomized trials with insufficient power may not contribute accurate data while other
study designs, such as interrupted time series and
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controlled before-and-after studies, are fairly robust if well
conducted. Importantly, critics of this systematic review
emphasize the consistency of positive findings in adult
ICU studies, particularly when active surveillance cultures
are combined with patient and environmental decontamination and/or hand hygiene interventions.
To add to the debate, guidelines provided by several
governmental, public health, and professional bodies,
particularly the Society of Healthcare Epidemiology of
America (SHEA) and Centers for Disease Control and
Prevention (CDC), differ in their recommendations.
These guidelines are similar in most respects but differ
mainly with regard to routine use of active surveillance
cultures for detection of MRSA colonization. The SHEA
guideline recommends active surveillance for MRSA for
all high-risk patients [7]. The CDC guideline has a staged
approach and recommends active surveillance only if
baseline interventions fail to adequately control transmission [1]. This issue has caused division among infection
control professionals with much debate by proponents of
each strategy.
The active surveillance culture debate has prompted
much discussion concerning laboratory resources, decolonization and isolation policies. In particular, there are
concerns regarding the adverse effects of patient isolation.
Some opponents of active surveillance argue that
resources are better utilized to target all hospitalassociated infections rather than only MRSA. This may
be achieved with hand hygiene programs, “bundled”
interventions to reduce catheter-related bloodstream
infections, ventilator-associated pneumonia, surgical site
infections, and source control with chlorhexidine bathing.
Hospitals that used these types of interventions (rather
than solely MRSA-targeted interventions) have reported
reducing their MRSA infection rates by up to 70% in their
ICUs. A subsequent SHEA/IDSA practice recommendation issued in 2008 states that a specific recommendation
cannot be made on this matter due to conflicting research
results and differences among institutions. They state that
active surveillance cultures may be of use when other basic
measures fail and if implemented, should be used as part
of a multifaceted approach [8].
To further add to the controversies that surround this
issue, screening policies are not only being influenced by
the scientific and economic evidence but also by increasing public and subsequent political pressure with regards
to MRSA control. In several states in the United States and
in the United Kingdom, new laws have been passed to
make screening of hospitalized patients for MRSA mandatory. This has prompted much debate. Opponents
of these mandates argue that they lack the flexibility

I

1223

Costs

Detection
rate

HH
compliance
MRSA
infection
rates
Decolonization

Baseline
rates

Patient
population

Infection Control in the ICU: MRSA Control. Figure 5
Important issues to consider when introducing an active
surveillance program

of responding to changes in local epidemiology and
new scientific evidence. There are a number of important
issues that need to be considered when introducing
active surveillance cultures (Fig. 5). Therefore, a tailored
approach is often necessary and a blanket rule may not
allow this to occur. Mandates also strip infection control
practitioners of their autonomy and authority to act in
their local interests. Clearly, the controversies with regard
to active surveillance cultures will not be easily resolved.

Decolonization
MRSA decolonization therapy to eradicate or suppress
the carrier state is another strategy that has been used for
MRSA control, particularly in northern and western
Europe and less so in the United States. This method can
be used with active surveillance cultures to control
MRSA transmission within an institution. Decolonization
therapy is performed with topical nasal antibiotics
(e.g., mupirocin for 5–7 days) and antibacterial body
washes (e.g., chlorhexidine). Some also advocate concurrent use of systemic antibiotics for 7–14 days in selected
cases. Decolonization is often used in the setting of outbreaks, particularly if linked to transmission by one or
more healthcare workers. However, recent reviews have
concluded that there is insufficient evidence for this intervention in all MRSA carriers.
Data looking specifically at the ICU population have
provided more positive results. Intranasal mupirocin and
bathing with chlorhexidine have been shown to reduce the
incidence of both MRSA and MSSA infections in the ICU
setting. One study demonstrated a 52% reduction in the

I

1224

I

Infection Control in the ICU: MRSA Control

incidence of MRSA colonization or infection in the ICU
after introduction of this method of MRSA control.
The use of decolonization therapy for MRSA control
has raised some concerns. Resistance may emerge with the
widespread, prolonged, or uncontrolled use of mupirocin.
Treatment failure has been associated with colonization
with resistant strains at baseline or recovery of resistant
strains after treatment when baseline strains were sensitive. Some have also questioned this method of control
due to high rates of recolonization in patients (75% of
peritoneal dialysis patients at 12 months). Healthcare
workers who have been decolonized have shown rates of
recolonization of 26% at 1 month and about 50% at
6 months. Nevertheless, an aggressive decolonization
approach is suggested in all MRSA-colonized healthcare
workers who have persistent carriage.

Routine Bathing with Chlorhexidine
Recent studies have evaluated the use of routine bathing
with chlorhexidine in ICU patients as a means of reducing
MRSA transmission. This intervention is a method of
source control which acts by reducing the bacterial load
on patients’ skin and therefore subsequently decreasing
the rate of transmission between patients. A recent
multicentre study in six ICUs assessed the impact of this
intervention on the rate of acquisition of MRSA and
vancomycin-resistant enterococci (VRE) and on the incidence of bloodstream infections with these organisms. It
showed that acquisition of MRSA decreased 32% and
acquisition of VRE decreased 50% following the introduction of daily chlorhexidine bathing. There were significant
reductions in VRE bacteremia. However, with the low
number of MRSA bloodstream infections observed, they
were unable to document a significant reduction after the
intervention. In the light of these findings, routine bathing
with chlorhexidine may be considered in ICUs as a means
of control of multidrug-resistant organisms.

Contact Precautions and Isolation
In the ICU, contact precautions using gown and gloves
have been shown to delay colonization by 5 days and
reduce the rate of healthcare-associated infections by 2.2
times. However, recent studies looking specifically at the
use of gowns have challenged their utility, showing no
effect on either hand hygiene compliance or transmission
of MRSA. Masks may reduce the risk of colonization of
healthcare workers with MRSA, although they are not
included in the CDC definition of contact precautions
[7]. Masks are probably appropriate in the setting of
MRSA pulmonary colonization and infection. In addition
to the above measures, it is also recommended that

MRSA-colonized and infected patients are isolated in
single rooms or cohorted depending on the local availability of single rooms. Where facilities are limited, patients
should be isolated based on a risk assessment of likelihood
of transmission and possible impact of MRSA spread to
vulnerable patients. In order to reduce transmission, it is
also preferable to have dedicated nursing staff caring for
patients in isolation.
Observational studies have shown beneficial effects of
isolation on MRSA acquisition and infections [1]. However, the value of isolation has been questioned by some
studies. One prospective study of isolation in the ICU did
not show a difference in MRSA transmission as a result of
isolation of patients. However, this lack of difference may
have been explained by a number of factors including low
screening compliance, delays in notification of results,
poor compliance with general infection control measures
such as hand hygiene and understaffing. These factors
emphasize the importance of institutional measures
(such as architecture and staffing) required to support
interventions. The isolation debate is also influenced by
research demonstrating that isolation is associated with
adverse effects in terms of social isolation, feelings of
depression, level of care provided by healthcare workers,
and patient satisfaction. However, these adverse effects are
less likely to be relevant in the ICU setting. The ethical
considerations of isolation, which attempt to balance
patient autonomy and protection of the population,
have also been an issue of discussion.

Environmental Cleaning
MRSA can survive in the environment for extended
periods of time. Observational studies have shown that
environmental contamination plays a role in the transmission of MRSA. Increased acquisition of MRSA in patients
occupying a room previously occupied by a colonized
patient has been observed. Environmental and patient
isolates have also been linked by molecular typing. However, there is no strong evidence in the literature that
directly correlates MRSA in the environment and infection rates. Despite lack of strong evidence, cleaning of
patient care surfaces has been advocated to reduce environmental contamination with MRSA [10].

Hand Hygiene
Hand hygiene is an integral part of standard measures in
the prevention of transmission of multi-resistant organisms. The practice of hand hygiene during patient care at
the right time with the correct technique is an important
means of reducing the spread of MRSA in the healthcare
setting. Despite this, compliance with hand hygiene
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remains low among healthcare workers. In the ICU, compliance is often below 40%. The effectiveness of hand
hygiene promotion in healthcare settings has been demonstrated in terms of reductions in MRSA transmission
(from 2.16 to 0.93 episodes per 10,000 patient-days) and
rates of healthcare-associated infection (from 16.9 to
9.9%). Hand hygiene promotion with subsequent
increased compliance has also been shown to decrease
the isolation of third-generation cephalosporin-resistant
and fluoroquinolone-resistant Escherichia coli, imipenemresistant Pseudomonas aeruginosa as well as MRSA.
Alcohol-based handrubs have a number of advantages
compared with traditional soap and water. These include
increased efficacy in cleansing hands of bacteria, convenience, and tolerability. However, soap and water should
be used when hands are visibly soiled or for healthcare
workers caring for patients with Clostridium difficile.
The use of gloves during routine care in the ICU
setting has no benefit over regular hand hygiene in controlling healthcare-associated infections. In addition, the
routine use of gloves may encourage healthcare workers to
use gloves as a substitute for good hand hygiene practices
if they do not remove or change gloves between patients
and perform hand hygiene after glove removal.

Antibiotic Stewardship
Prior antibiotic use has been linked with an increased
risk of MRSA acquisition and transmission. Fluoroquinolones, in particular, have been implicated. Conversely, studies have shown that a reduction in antibiotic
use can result in a reduction in the incidence of MRSA
infection. One such study found that reducing fluoroquinolone use by 34% was associated with a decreased
incidence of MRSA infection by 54%.
Antibiotic stewardship aims to reduce the selective
pressure that promotes the emergence of MRSA and other
multi-resistant pathogens. It encompasses a number of
interventions including regulatory bodies (e.g., drug committees), restriction policies (e.g., pharmacy, computerized,
consultation-based), protocols/guidelines (e.g., antibiotic
cycling), and education.

Conclusions
Progress in the care of critically ill patients in the ICU
has been significant but brings with it an increased risk
of acquisition and infection with multi-resistant pathogens, in particular MRSA. The control of MRSA is
paramount in the ICU where the hosts are particularly
vulnerable. Infection control measures should be adapted to local epidemiology and available resources.
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A multidisciplinary approach as well as leadership and
administrative support are required to facilitate implementation of evidence-based interventions.
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Infection Control in the ICU:
Respiratory
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Synonyms
Personal protective equipment
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Definition
A multidisciplinary process targeted at reducing the transmission of respiratory infectious diseases in the intensive
care unit (ICU). This includes respiratory infectious diseases transmitted within the ICU to both patients and
health-care workers.
Personal protective equipment: Any equipment
intended for the purpose of limiting exposure to possible
transmissible infectious agents. These include, but are
not limited to, gloves, gowns, masks, eye shields, and
respirators. This includes the various levels of protection
(e.g., N-95, N-99 respirators) for infectious disease
exposure.

Characteristics
Respiratory infection control measures within the ICU
require a multidisciplinary, multilayered approach involving all providers of care from custodial to physician to
administrative roles. Because of the potential illnesses
encountered, public health department involvement may
be necessary and the greater public health as whole may
need to be considered (e.g., novel influenza or bioterrorism). Basic standard precautions and protective measures
(e.g., hand hygiene) comprise the backbone of good infection control and are implemented at all levels within the
health-care facility. Comprehensive infection control in
the ICU needs to address structural and process aspects
to ensure that infection transmission in minimized using
the available resources. Specialized infection control may
be needed for certain at risk patient groups (e.g., bone
marrow transplantation). Finally, staff vaccination and
medication prophylaxis are also included in this process.
Staff adherence to developed infection control policies and
procedures represents an essential component of an effective infection control.

Structural Considerations
From the structural point of view, the ICU and physical
plant/layout plays an important role in the transmission of
infectious disease. In general, there are two types of ICUs:
open space with numerous beds versus individual rooms
with individual beds (with or without negative or positive
pressure).
The open ICU structure facilitates critical care as
patients are less isolated, resources may be pooled, and
all critically ill patients can be observed from a single
point. However, this open structure can facilitate
the transmission of infectious agents ranging from airborne pathogens to contact pathogens. Separate patient
rooms with negative or positive pressure can prevent the
transmission of airborne diseases from an infected patient

and prevent infection of a vulnerable patient respectively.
With shared resources, many infectious agents can be
spread by contact as well, as seen with MethicillinResistant Staphylococcus aureus (MRSA), drug-resistant
gram-negative agents (e.g., Pseudomonas species), and
viral pathogens (e.g., influenza). The addition of a high
efficiency particulate air (HEPA) filter and adequate ventilation can further reduce the risk of nosocomial infections [1]. The isolation of individual patients in rooms
with HEPA filters is extremely important in high-risk
individuals such as transplantation or in areas of increased
construction.
Like all aspects of patient care, adequate and competent staffing influence the care delivered. Studies have
shown that inadequate staffing correlated with increased
rates of nosocomial infections including pneumonias [1].
Patients with highly infectious agents ideally should not
have staffing shared with noninfected individuals. Ancillary services such as respiratory therapy and radiology,
should have equipment dedicated to the patient if you
cannot cohort staff. Finally, staffing at lower risk of
contracting an infectious disease should be limited in
care of highly infectious patients in the ICU. This could
include pregnant staff along with others limited by immunosuppression (e.g., transplantation).

Process Considerations
There are a number of base processes that must be
implemented as a group in order to have the full effect of
respiratory protection in the ICU. Each item has a benefit
independently but together they have the full effect.
1. Hand hygiene: Aggressive hand hygiene may be the
best measure to prevent disease transmission in
the ICU. Hand hygiene can include soap and water
or alcohol-based hand preparations. Studies have
shown that inadequate hand washing can increase
the rates of ventilator-associated pneumonia (VAP)
and can increase transmission of drug-resistant organisms in the ICU. In addition, viral pathogens such as
influenza and Respiratory Syncytial Virus (RSV) can
be controlled with hand washing when combined
with contact and respiratory precautions. Hand
washing is the method of choice for control of Clostridium difficile (alcohol-based sanitizers do not
kill C. difficile spores). While hand washing is a relatively simple intervention, studies show that adherence to hand-washing protocols remains less than
optimal and interventions should be implemented to
increase the rates of good hand-washing practices.
Washing should occur for a minimum of 90 s with
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a non-touch faucet and the addition of antibacterial
soap (e.g., chlorhexidine).
2. Water processing: Waterborne infections such as
Legionella species and Stenotrophomonas represent
a significant problem and can be potentially targeted
with appropriate water sterilization measures. Using
sterile water for routine drinking water and bathing
can reduce these infections. A superior water purification/sterilization process has not been demonstrated,
but routine maintenance and monitoring is necessary
to ensure that the active system functions properly.
Some systems employed include UV light and copper–
silver-based ionization. With regards to Legionella, no
firm recommendations exist for routine testing in the
absence of confirmed infections [1]. Routine testing
and evaluation of the source throughout the ICU
should be performed regularly as part of plant
management.
3. Air processing: HEPA (High efficiency particulate air)
filtration can reduce the airborne concentrations of
various pathogens and the infection related to these
pathogens, especially molds. With regards to air
processing, sufficient outdoor air ventilation is necessary to refresh the air supply. Currently the recommendation from the ASHRAE (Association Society
for Heating, Refrigeration and Air Conditioning
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Engineers) is for six outdoor exchanges per hour for
an ICU room. UV light systems can also be employed
to kill Mycobacteria, Legionella, and some viruses and
bacteria [1].
4. Integrated programs: Ventilator bundles are sets
of interventions designed to reduce the rate of
ventilator-associated complications including ventilator-associated infections. Bundles include the following: semi-recumbent positioning to prevent
risk of aspiration; routine oral hygiene to decrease
VAP rates; appropriate stress ulcer prophylaxis; ventilator weaning management protocol; and prevention of thromboembolic disease. For airway
secretion management, here has been no evidence
that closed versus open suctioning makes any difference in prevention of VAP. However, closed
suctioning reduces HCW exposure to aerosolized
secretions. More frequent (e.g., regular scheduled
weekly changes) ventilator circuit changes do not
decrease VAP and should be changed when contaminated or nonfunctional. The use of a heat moisture
exchanger (HEMF) with filter appears to reduce VAP
rates when compared to a heated humidifier. Specially designed endotracheal tubes that feature
subglottic suctioning or silver have been shown to
reduce risk of VAP [2].

Infection Control in the ICU: Respiratory. Table 1 Diseases and isolation protocols [3, 4]
Pathogen

Transmission

Isolation

Protection

Tuberculosis

Airborne

Airborne

N95

Neisseria

Droplet

Droplet

Surgical mask

Multi-resistant bacteria

Contact

Contact

Gown

Aspergillus

Airborne

None

None

Consider N95 in
susceptible patients

Varicella

Droplet, contact

Airborne, contact

Gowns, N95

Disseminated patients
require airborne
isolation

Seasonal influenza

Droplet, contact

Droplet

Surgical mask

Avian influenza

Droplet, contact
airborne

Airborne and contact,
droplet

Surgical mask, gowns

SARS

Droplet/airborne,
Fecal–oral

Airborne

N 95

RSV

Droplet, contact

Droplet, contact

Surgical mask

Hantavirus

Rodent droppings

None

Ebola

Droplet/contact

Droplet

Smallpox

Airborne/contact

Gowns
N95

Comments

Gown, eye protection

N 95 for aerosolgenerating procedures
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Entrance to health
system with FRI
Droplet or airbone
isolation initiated
Admitted to ICU
Clinical findings, gram stain, culture,
epidemiological evaluation

Non-viral etiology
suspected
(i.e bacterial)

Viral etiology
suspected
Continue isolation
Further diagnostic
procedures
(i.e bronchoscopy)
Notification of public
health officials, infectious
disease, infection control,
and microbiology if
suspicious etiology
(Table 1)

Testing identifies
etiology
Targeted therapy
No isolation unless
specified by pathogen
(i.e MRSA)

Viral diagnosis
established

Specific targeted
therapy
Isolation until
improved
Public health
notification as required
(Table 1)

Public health
investigation
Sample analysis
Case definition

Viral pathogen not
detected, no etiology

Emerging Infectious
pathogen possible
Continue isolation
Involve hospital
infection control
Contact public health
officials
Refer sample to public
health laboratory

Public Health initiation

Infection Control in the ICU: Respiratory. Figure 1 Standardized approach to suspected febrile respiratory illness [4]

Isolation Protocols
A number of protective measures exist and are utilized in
the ICU depending on disease type. Table 1 listed below
includes common ICU organisms and their infection control precautions.
1. Universal/standard precautions: These are the basic
components of infection control and include hand
washing before and after examining patients, using
gloves, gown, and mask when exposure to potentially

infectious fluids is possible. Any exposure to body
fluids (e.g., dressing change) should use these
precautions.
2. Contact precautions: These are precautions used to
limit physical contact with an infected or colonized
individual or through physical contact with a contaminated object. This typically requires a single-patient
room, although cohorting is acceptable if necessary.
Measures typically employed are single use gowns,
gloves, and disposable stethoscopes. Thorough
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cleaning of the patient room after patient discharge is
necessary. Screening and decolonization may reduce
nosocomial infections.
3. Droplet precautions: These precautions are employed
to limit the exposure of oral, nasal, or conjunctival
surfaces to large (> 10 mm) droplets, which are
expelled from the respiratory tract of an infected individual. Because the large size of the droplet ensures
that they fall rapidly and prevents transmission over
distances > 1 m, patients do not necessarily need to be
placed in single rooms, as long as sufficient distance is
from patient to patient, however single patient rooms
are recommended. Health-care workers should wear
surgical mask if in close contact with patients. Additionally, infected patients should wear a surgical mask
while in transport and practice good cough/sneeze
hygiene.
4. Airborne precautions: In airborne infections, small
droplets (< 5 mm) are expelled from the respiratory
tract of an infected individual and dry and shrink
while airborne, forming droplet nuclei capable of
remaining airborne for prolonged periods and traveling large distances before being inhaled into the distal
airways of a susceptible individual. A NIOSH N95
mask is necessary. Airborne infection isolation rooms
(AIIRs) should be employed with all patients who have
a potential airborne transmitted infection. AIIR standards require negative pressure to be maintained compared to surrounding environment (0.1 inch of water).
AIIRs should feature adequate ventilation with at least
six air exchanges per hour for existing rooms and
12 for new rooms, preferably exhausted directly outside, if not the air should be HEPA filtered. UV irradiation may be added [1, 3].
5. Masks
(a) Surgical mask: This mask is designed to cover
mouth and nose. Surgical masks neither filter
particles nor are fitted in a fashion to eliminate
exposure to airborne diseases. However, these
masks are generally considered appropriate for
droplet precautions.
(b) NIOSH N 95: NIOSH (National Institute of
Occupational Safety and Health) N 95, refers
to a mask that removed 95% of the airborne
particles when used properly. In conjunction with appropriate fit testing and use, the
N 95 are recommended for airborne isolation
patients.
(c) PAPR: Powered air purifying respirators (PAPRs)
are hoods featuring an air circulator attached to
a HEPA filter which is portable. PAPRs provide
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protection from airborne diseases, however can
be cumbersome, intimidating to patients and
impair care.

Special Considerations
Avoidance of high-risk procedures in potentially infectious patients can reduce the risk of transmission. If planning a high-risk procedure, proper measures may be used
to limit exposure; for example, performing in an AIIR and
wearing the appropriate PPE. Noninvasive ventilation for
any patient with a suspected highly infectious agent
should be avoided. No studies have been done evaluating
the effectiveness of expiratory filters on ventilators or
nebulizers; however, theoretically these may reduce the
transmission of infectious particles.
The higher-risk procedures in viral respiratory tract
infections are as follows [4]:
Nebulization of medication
Endotracheal intubation
Nasotracheal suctioning
Noninvasive positive pressure ventilation
Bag-valve mask ventilation
CPR
Bronchoscopy
Humidified oxygen delivery
Nonrebreather mask without expiratory filter
To limit outbreaks of infectious diseases, specifically
viruses, a comprehensive system needs to be employed to
provide for early recognition and rapid response to isolate
and limit transmission of contagious disease. Components
of the response system are shown below in chart (Fig. 1).

Conclusion
Respiratory infection control in the ICU is a multifaceted
and multidisciplinary process that depends on vigilance
and adherence to developed procedures and protocols.
A breakdown in any one component can compromise
the entire system.
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Infection of Mediastinum

Infection of Mediastinum
▶ Mediastinitis, Postoperative

Infectious Induced Hepatitis
▶ HIV-Related Hepatitis

Infectious Mass Lesion in the
Central Nervous System
▶ Brain Abscess

Infectious Sources of Sepsis
▶ Sepsis: Etiologies

Inflammation
A complex biological response of tissues to harmful stimuli, such as pathogens, damaged cells, or irritants.

Inflammation of the Myocardium
▶ Myocarditis, Infectious

Inflammation of the Pericardium
▶ Pericarditis, Acute

Influenza
DANIEL SCHEURICH, HILARY M. BABCOCK
Department of Internal Medicine, Washington University,
School of Medicine, St. Louis, MO, USA

Synonyms
Seasonal influenza; Viral respiratory illness

Definition
Influenza is a respiratory infection caused by viruses
belonging to the orthomyxovirus family [1]. There are
four distinct genera of virus (A, B, C, and D). Influenza
A and B are responsible for the vast majority of disease in
humans; influenza A can also cause disease in birds and
other mammals. Influenza viruses are identified according
to a naming convention that involves several factors, each
separated by a slash mark. The name includes the virus
type/location of initial isolation/strain number/year of
initial isolation. Influenza A strains are further denoted
by the strain of two important surface proteins hemagglutinin (HA) and neuraminidase (NA) in parentheses; e.g.,
A/Brisbane/59/2007 (H1N1)-like. Influenza viruses are
enveloped, negative sense RNA viruses. They bind sialic
acid residues on host cells via HA, enter the cell, and use
host machinery to synthesize new viral particles. NA is
involved in viral release from the host cell. Influenza
typically presents with acute onset of fever, respiratory
symptoms, and myalgias. Symptoms typically last for
5–7 days. Influenza is more severe in the very young and
very old, and in patients with underlying comorbid
conditions, such as chronic lung or heart disease. Annual
increases in the number of cases of influenza are known as
epidemics. These epidemics are caused by small changes in
the surface proteins, HA and NA, known as antigenic drift.
Periodic pandemics also occur when major changes in the
HA and/or NA arise through genetic reassortment or
transmission of new strain from animals to humans; this
is known as antigenic shift.

Treatment
Prevention is key in combating influenza and vaccination
is the most important aspect of prevention [2]. Medical
treatment consists of antiviral medications which,
if started promptly, can be effective in shortening the
duration of illness and decreasing the risk of complications. Treatment in critically ill patients is largely supportive. Antiviral prophylaxis is recommended for exposed
individuals who are at risk for complications of influenza.

Influenza

Influenza is spread through respiratory droplets. Viral
shedding occurs the day prior to symptom onset through
the next 5–10 days from illness onset. Viral shedding may
be prolonged in children and immunocompromised
patients. The incubation period is 1–4 days. To limit
spread in care settings such as hospitals and long-term
care facilities, patients with known or suspected influenza
infection should be placed on droplet precautions
immediately. All staff entering the room should wear an
isolation mask and the patient’s door should be kept
closed. Healthcare workers should be vaccinated annually
to protect themselves and their patients.
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elderly. Studies show safety and effectiveness of the TIV
in adults with certain underlying immunodeficiencies
such as HIV and solid organ transplant. Pregnant women
can safely receive the TIV, and data exist showing passive
transfer of protective antibodies to neonates. Studies have
also shown decreased risk of influenza in infants born to
vaccinated mothers, and decreased risk of influenza and
mortality in residents of long-term care facilities with
higher rates of healthcare worker vaccination. Vaccinating
young, healthy adults can protect the more vulnerable
young and elderly populations.

Chemotherapeutics
Vaccine
The Advisory Committee for Immunization Practices
(ACIP) of the Centers for Disease Control and Prevention
(CDC) currently recommends annual influenza vaccination for everyone over 6 months of age. The ACIP publishes its recommendations for influenza vaccination
annually.
There are two currently available influenza vaccines:
the trivalent inactivated influenza vaccine (TIV) and the
live-attenuated influenza vaccine (LAIV). The TIV is
approved for any individuals without contraindications
6 months of age. Contraindications include hypersensitivity to eggs or other vaccine component, and a history of
Guillan–Barre syndrome within 6 weeks of receiving
a prior vaccine. The LAIV is approved for nonpregnant
individuals aged 2–49 without significant underlying
medical conditions such as cardiopulmonary disease,
diabetes, or immunocompromising conditions. The TIV
contains killed virus and is administered intramuscularly;
the LAIV is an attenuated live virus which is administered
intranasally, as a nose spray. Both vaccines are formulated
annually to contain strains of virus which are antigenically
equivalent to the viruses thought likely to circulate during
the epidemic season as determined through surveillance
by the World Health Organization. Both vaccines contain
one H1N1 strain, one H3N2 strain, and one influenza
B strain.
Children <9 years old may show a decreased immunologic response to a single dose of vaccine, especially if
they have not been vaccinated in previous years. In this
group of patients, those who have not been previously
vaccinated are recommended to receive two doses of the
vaccine separated by 4 weeks.
Studies show excellent effectiveness of the TIV
in younger, healthy adults, reducing influenza-related
hospitalization by 90% in a year with well-matched
vaccine. Antibody response and effectiveness may be less
in adults with underlying medical illnesses and in the

Four antiviral agents, from two drug classes, are currently
available for use against influenza. There are no parenteral
preparations. All are most effective when initiated within
48 h of symptom onset. There are few data to suggest they
are effective when started after that time period. They
generally reduce the duration of symptoms by 1 day and
may reduce symptom severity. Few data suggest that they
are effective in preventing serious complications of influenza, and there are limited data regarding their use in
critically ill patients. They are however often used in
patients at high risk for complications from influenza
even after 48 h or in patients with severe disease in an
attempt to mitigate the disease impact. They may also
reduce shedding and therefore transmission of the virus.
Both agents are also useful as chemoprophylaxis. Patients
at high risk for complications can take chemoprophylaxis
throughout the influenza season if unable to be vaccinated
and also at high risk of exposure. Postexposure prophylaxis can also be used for unvaccinated patients at high risk
of complications who are close (household) contacts of
a known case and for unvaccinated healthcare workers
who are exposed to a patient who was not appropriately
isolated for influenza.
The adamantanes (amantadine, rimantadine) are M1
inhibitors that are only active against influenza A. Rising
resistance in H3N2 strains has limited their use in recent
years. Oseltamivir and zanamivir are neuraminidase
inhibitors that prevent release of viral particles from
infected host cells. Oseltamivir is an oral drug; zanamivir
is inhaled and contraindicated in patients with reactive
airway disease. They are effective against both influenza
A and B. Resistance to this class of antivirals has also been
increasing among influenza strains. Some circulating
strains of influenza A H1N1 are resistant to osteltamivir
but not to zanamivir. Resistance to antivirals varies by
strain and changes every year. Updated resistance information can be found on the CDC and World Health
Organization Web sites.
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Influenza. Table 1 Antiviral medications for adults (13–64 years of age)a
Medication

Virus affected

Administration

Treatment dose

Prophylaxis dose

Oseltamivir

Influenza A and B

Oral

75 mg twice daily for
5 days

75 mg once daily for
7 days

Zanamivir (Relenza)

Influenza A and B

Oral inhalation (not
recommended for
people with asthma or
other airway disease)

10 mg (two inhalations) 10 mg (two inhalations)
twice daily for 5 days
once daily for 7 days

Amantadine

Influenza A

Oral

100 mg twice daily for
5 days

100 mg twice daily for
7 days

Rimantadine

Influenza A

Oral

100 mg twice daily for
5 days

100 mg twice daily for
7 days

a

Check package insert or CDC Web site for adjustments for children, elderly, renal or hepatic impairment

In severe disease or when complications arise, antiviral
use is usually suggested although efficacy data are limited.
Treatment in critically ill patients is largely supportive
(Table 1).

Evaluation
The CDC defines an influenza-like illness (ILI) as fever,
cough, and sore throat for surveillance purposes [2, 3].
Many samples tested for influenza are negative,
confirming that the ILI symptom complex is not specific
to influenza. Epidemiologically, influenza accounts for
nearly 150,000 hospitalizations and 36,000 deaths in the
United States every year. In the United States, it is the
leading cause of vaccine-preventable death annually.
Shortfalls in vaccine production or vaccine antigenic
mismatch may worsen seasonal epidemic conditions.
Epidemics can be tracked with weekly updates at the
CDC Web site.
Influenza complications are more common in young
children, the elderly, and in patients with underlying
cardiopulmonary conditions, renal or hepatic disease,
diabetes, pregnancy, and immunosuppressing conditions.
Complications [4] include primary viral pneumonia and
secondary bacterial pneumonia. Methicillin-resistant
Staphylococcus aureus (MRSA) has emerged as
a common cause of secondary bacterial pneumonia in
influenza cases. Myositis and myocarditis can both be
associated with influenza infection. Encephalitis has also
been described as a rare complication of influenza.
Children with influenza are at risk for Reye’s syndrome,
a potentially fatal acute encephalopathy and liver
dysfunction, if they are given aspirin.
Influenza can be diagnosed in a variety of ways,
including rapid antigen detection, serology, viral culture,
and reverse-transcriptase PCR. Since the symptoms of

influenza overlap with other viral and bacterial illnesses,
diagnostic testing should be employed. The sensitivity
and specificity of these tests vary; in the acute setting,
many practitioners utilize rapid antigen detection. These
tests have a high specificity, but lower sensitivity. Rapid
antigen detection kits vary in their ability to diagnose
influenza. Some kits detect only influenza A, others detect
A and B but cannot distinguish them, and some others
can both diagnose and distinguish between influenza
A and B. Given its lower sensitivity, a negative rapid
screen does not exclude the possibility of influenza.
Viral culture is the gold standard for diagnosis, but can
take several days for results. Culture may be replaced by
molecular techniques including RT-PCR, but a given
institution must possess the technology to make this
method feasible. Serology is also available, but results
take several days. The decision of how best to screen for
and treat influenza is then dependent on the pretest
probability (symptoms, vaccination history, and epidemiologic data for the region) along with the patient
characteristics.
Pandemic influenza remains a major concern.
Pandemics occur due to the mutability of the virus.
Hosts then have little or no immunity to the mutated
virus. Vaccine development is possible but slow, and is
unlikely to be completed and distributed quickly enough
to prevent spread of influenza in a pandemic. Pandemic
planning is very important to mitigate the impact of a
global outbreak.
Surveillance is an important aspect of preparedness for
pandemic influenza. The WHO monitors influenza outbreaks in a series of sentinel labs. The recently updated
guidelines for pandemic influenza preparedness are available on the WHO Web site [4]: http://www.who.int/csr/
disease/influenza/pandemic/en/index.html.

Initial Trauma Management, ABCs

Infections in humans due to H5N1 (avian) influenza
have been reported in SE Asia over the last several years.
The strain has increased virulence, leading to increased
morbidity and mortality in humans, but human-tohuman transmission of the virus is so far very limited.
The major risk factor for disease is exposure to poultry.
In the spring of 2009, a novel H1N1 virus was identified as the cause of an outbreak of respiratory disease in
Mexico. After 2 months, it had been reported in more
than 17,000 cases, causing more than 100 deaths in 60
countries [5, 6].
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Inhalation Injury
▶ Burns, Pneumonia

Inhalational Antibiotics
▶ Aerosolized Antibiotics

After-care
Care of influenza is largely supportive. Disease severity
varies widely, and care offered should be appropriate for
each given case. Since prevention of influenza by immunization is the best approach to influenza, all eligible
patients should be vaccinated the following season.

Initial Assessment
▶ Initial Trauma Management, ABCs
▶ Initial Trauma Management: Primary Survey

Prognosis
There are approximately 225,000 hospital admissions
attributed to influenza per year in the United States, and
36,000 deaths annually. Influenza is a common and serious infectious disease. Therefore, every attempt should
be made to prevent disease through vaccination, to recognize disease early and initiate treatment when indicated,
and to prevent institutional transmission. Preparedness
for pandemic influenza may attenuate its potentially
devastating effects.
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Information Bias
Information bias is the demonstration of a difference
between two groups being studied that is due to systematic
differences in the quality or quantity of the data available
for each group that is used to compare them.

Initial Trauma Management, ABCs
KATHERINE MANDELL, GREGORY J. JURKOVICH
Department of Surgery, Harborview Medical Center,
Seattle, WA, USA

Synonyms
ABCDEs; Initial assessment; Primary survey; Trauma
resuscitation

Definition
The ABCs of trauma management provide a systematic
approach to initial or early treatment of the injured
patient. This systematic approach provides a framework
for rapid assessment, triage, and performance of lifesaving
interventions. The ABCs provide the key framework of
principles by which all trauma patients should be managed, regardless of age, injury mechanism, or severity of
injury. This systematic approach is the cornerstone of the
Advanced Trauma Life Support (ATLS)® course promulgated by the American College of Surgeon’s Committee on
Trauma (ACS-COT). The “A” means airway control. The
“B” stands for breathing and the establishment of adequate oxygenation and ventilation. The “C” stands for
circulation, and means assessment of tissue perfusion,
control of bleeding, and volume resuscitation. This pneumonic continues with “D” for disability, meaning an
assessment of the neurological examination, and “E” for
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exposure and environment, which combines a rapid
inspection of the entire body with an emphasis on environmental control and the prevention of hypothermia in
the polytrauma patient. The combination of steps
A through E constitutes the “primary survey” of the
trauma patient. The primary survey (ABCs) must address
all immediately life-threatening conditions before any further diagnostic or therapeutic steps can be entertained. These
steps focus on life-threatening injuries and a global assessment of the patient’s condition while resuscitation commences. These principles are the backbone of trauma care
and are applied in the prehospital and in-hospital setting,
both at initial patient presentation and after any change in
condition. A “Secondary Survey” is a more detailed, headto-toe, complete examination that can only follow once
the “ABCs” of the primary survey have been accomplished.
It is critical to note that advancing from primary survey to
secondary survey cannot be accomplished unless all the
“ABCs” have not just been assessed, but treated.
Definitive airway is a term that means complete and
certain control of the airway, namely, a tube in the trachea,
either by intubation (oral or nasotracheal) or surgical
airway.
Surgical airway is a term that means a cricothyroidotomy or tracheotomy.

Pre-existing Condition
Any patient presenting to emergency personnel in the
prehospital environment or to the emergency department
following a traumatic or presumed traumatic event. The
ABCs should be applied to all patients, stable and unstable,
regardless of age, gender, or injury mechanism. This
applies to burns, drownings, asphyxiation, and blunt
and penetrating trauma. While the definitive management
of each step may differ, the assessment and sequence
does not.

Application
While the principles below are discussed in linear fashion,
often during trauma resuscitation multiple things may be
occurring simultaneously if personnel and resources
allow. As trauma resuscitations can be hectic there should
always be one person leading the resuscitation, preferably
the senior trauma surgeon or emergency physician.

Pre-hospital Care
Principles of prehospital care involve primary assessment
using the ABCs, with particular attention paid to airway
control, hemorrhage cessation, spinal stabilization, and
rapid packaging and transport to an appropriate medical
facility, ideally a designated and verified trauma center.

Prehospital personnel must provide critical information
regarding mechanism of injury and initial assessment and
examination. The extent to which prehospital care
addresses the full spectrum of treatment and management
of ABCs is highly variable based on trauma system designs
and experience.

Organization of Resuscitation Room
The ACS-COT has established guidelines for personnel
who should be present for trauma resuscitations. Additionally, the availability of adequate equipment, proper
setup of the resuscitation room, and access to the operating room or angiography suite allow for rapid assessment
and management of critically injured patients.
Trauma patients vary and while all patients are initially
managed using the ABC algorithm it is important to keep
in mind that patients at extremes of age and pregnant
patients may have altered physiology.

A (Airway)
All trauma resuscitations begin with an evaluation of
airway patency. This should be done while maintaining
full cervical spine precautions and immobilization if there
is any chance of a cervical spine injury. While rare, manipulation of the head and neck while attempting intubation
or even examination of a trauma patient has the potential
to convert a partial or incomplete spinal column injury
into a more serious or devastating cord injury. Airway
assessment should include inspection for injury (e.g.,
tongue, bleeding) or foreign bodies (e.g., vomit, dislodged
teeth) and assessment of the patient’s ability to adequately
protect their airway. Evidence of foreign bodies may indicate obstruction or aspiration and should be cleared.
Crepitus in the neck should raise suspicion for airway
trauma, as should the presence of any facial fractures, or
mandibular fractures. The concern for airway compromise and obstruction is most apparent in the presence of
tracheal or laryngeal injury. Patients with altered mental
status may not be able to protect their airway adequately.
Severely head-injured patients, with a GCS of 8 or less,
require definitive airway management, namely, intubation. This allows airway protection and more directed
control of ventilation (CO2) and oxygenation.
Initial airway assessment may begin by asking the
patient a question. A patient who is able to communicate
verbally is less likely to have an immediate threat to the
airway. Airway assessment should be continuous as head
injuries may evolve and cervical swelling may occur leading to progressive airway loss. The goal of airway management is to recognize these events early and establish
a definitive airway before it becomes an emergency.

Initial Trauma Management, ABCs

Airway maneuvers rang from as simple as performing
a chin lift or jaw thrust to assist with airway patency, to
placement of a nasal or oral airway, or may involve securing a definitive airway. A definitive airway means a tube in
the trachea. This may be in the form of a nasally or orally
placed endotracheal tube or a surgically placed airway
(cricothyroidotomy). Other adjuncts, such as a laryngeal
mask airway (LMA) and esophageal multi-lumen airway
devices, exist as emergency airways but are not definitive
airways. All equipment should be in place prior to patient
arrival to facilitate any of these interventions. It is necessary to have both a plan and several backup plans to assure
rapid placement of a secure airway. Once a definitive airway is placed, its location must be confirmed by end tidal
CO2 measurement, auscultation, and chest radiograph.
If there is any concern for the patient’s ability to
protect their airway, a definitive airway should be placed
immediately.

Indications for Definitive Airway
– Airway protection: unconscious, severe maxillofacial
trauma, aspiration risk, stridor, laryngeal or tracheal
injury, neck hematoma, or swelling
– Ventilation: Inadequate respiratory effort, apnea,
severe head injury, paralysis
– Oxygenation: severe lung injury, respiratory distress

B (Breathing and Ventilation)
A patent airway does not assure adequate oxygenation
and ventilation of the patient. Often injuries to the
lungs, diaphragm, and chest wall may compromise adequate gas exchange and require additional interventions.
Breathing and ventilation should be assessed by examining
the patient’s chest wall for evidence of injury, looking for
chest wall excursion with each breath, bilateral lung fields,
and percussing for air or fluid over bilateral lung fields.
There are several life-threatening injuries that impair
breathing and ventilation which should be rapidly diagnosed and treated: tension pneumothorax, open pneumothorax, massive hemothorax, flail chest, and pulmonary
contusion. The first three should be diagnosed during the
physical examination and treated by rapid chest decompression with a tube thoracostomy (or needle decompression to temporize for tension pneumothorax). If these
injuries are suspected, and the patient is unstable, intervention should be performed immediately and not
delayed for chest radiograph or other diagnostics. Simple
pneumothorax, smaller hemothorax, rib fractures, and
pulmonary contusions may be diagnosed and treated during the secondary survey, as they do not pose an immediate threat to life.
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It is important to be aware that definitive airway
management with positive pressure ventilation may
worsen a pneumothorax and create a life-threatening
problem. Not all respiratory distress is due to airway
compromise. Management of chest injuries may improve
a patient’s pulmonary status significantly.
Early adjuncts, which may be used to assist in the
evaluation of ventilation, include pulse oximetry, end
tidal CO2 monitoring, and rapid arterial blood gas.
A chest radiograph should also be obtained as soon as
possible to both assess chest injuries and confirm endotracheal tube placement.

C (Circulation and Hemorrhage Control)
There are two goals to this portion of the primary survey:
control of hemorrhage and restoration of adequate endorgan perfusion. The main cause of hypotension and
shock in the trauma patient is hemorrhage. Rapid recognition and treatment of hemorrhagic shock provides the
greatest chance to improve patient survival. The initial
management of shock in the trauma patient is to stop
the bleeding. Pressure control, including the use of tourniquet for exsanguinating extremity injury, is the mainstay
of therapy. When the hemorrhage is intracavity (chest,
abdomen, pelvis, and retroperitoneum), invasive and
technically challenging procedures may be required. Volume resuscitation is the main temporizing step that allows
more time to determine the etiology of the shock state.
The most common etiology for shock in trauma patients is
hemorrhage, and the definitive management is to stop the
bleeding.
There are several key clinical observations that assist in
the diagnosis of shock. Altered level of consciousness,
decreased capillary refill, tachycardia, elevated respiratory
rate, narrowed pulse pressure, and low blood pressure may
all be symptoms of shock. Hypotension is a late symptom.
Altered mental status, cool extremities, and tachycardia
should alert the provider to the presence of shock.
Management of patients with hypotension and shock
consists of establishing adequate IV access, resuscitation,
and rapid hemorrhage control. All trauma patients should
have a minimum of two large bore IVs placed in the
antecubital fossa. A type and cross should be sent and
Type O blood should be available for unstable patients.
Coagulation studies should be performed to assure other
blood products are not needed. Patients receiving blood
transfusions will likely need other factors (FFP, platelets,
and cryoprecipitate) and these should be ordered early.
There is ongoing debate regarding the superiority of colloid or crystalloid for initial resuscitation as well as what
the target blood pressure should be in patients with
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ongoing hemorrhage. There is no randomized data to
support any particular method. Pushing for a “normal”
blood pressure in a bleeding patient may lead to increased
blood loss if hemorrhage is not controlled giving some
physiologic support to limiting resuscitation prior to
hemorrhage control. All patients should receive an initial
crystalloid challenge of 1–2 l (20 cm3/kg) and have their
response assessed. This may be repeated. In cases of unstable patients with ongoing blood loss or patients not
responding to initial fluid boluses, resuscitation fluid
should be rapidly transitioned to blood and blood
products.
Hemorrhage may be external, in which case it may
be immediately managed by direct pressure or tourniquet, or internal, and may require further tests for diagnosis and management. The main areas of occult blood
loss include the thoracic, abdominal, pelvic, and retroperitoneal cavities, and femur fractures. As these areas
cannot be directly inspected, a high index of suspicion
must be maintained. Primary survey adjuncts including
chest XR, pelvic XR, FAST, DPL, and laboratory values
may provide added information to help locate bleeding.
Ongoing hemorrhage usually requires definitive surgical
management.
Patients are grouped by their response to initial resuscitation as nonresponders, transient responders, and
responders. Responders stabilize after initial volume challenge and remain hemodynamically stable. They have had
minimal blood loss and need no further fluid boluses.
They do still require a full evaluation. Nonresponders
show no improvement despite crystalloid and colloid
blousing usually indicating massive hemorrhage. These
patients need immediate operative/angiographic intervention. Transient responders are the trickiest group.
These patients have usually had a moderate amount of
blood loss and may have ongoing bleeding. They will
respond to initial boluses but show evidence of decreased
perfusion once resuscitation is slowed. Continued transient response to fluid may also be an indication for
operative intervention. These patients should not be lost
in the CT scanner.
Adjuncts to assist in monitoring volume resuscitation
and determining the etiology of persistent shock include
CVP monitoring, echocardiography, Swan Ganz catheters,
and serial lab measurements (lactate, base deficit).

D (Neurological Assessment or Disability)
A brief assessment of cerebral function should be part of
the initial assessment. Ideally, this should be done prior to
the patient receiving any medications or paralytics though

this is not always possible. Information from medics or
emergency personnel may provide an understanding of
the likelihood of neurological injury as well as neurological function at presentation. The Glasgow Coma Scale
(GCS) is used as a uniform way of communicating information regarding neurologic status. It includes three
sections: eye opening, verbal response, and motor
response. The purpose of this examination is to establish
a baseline. It is important to remember that there are no
rapid interventions nor an immediate threat to life from
a neurologic injury. The only interventions that can be
made are preventing secondary injury by avoiding hypoxia
and hypotension and maintaining spinal precautions.
The second component to this step of the ABCs is the
assessment of peripheral motor and sensory function,
primarily to determine the status of the spinal cord, or
occasionally, major peripheral nerves. This is done more
completely in the secondary survey.

E (Exposure and Environmental Control)
All patients should be completely exposed with clothes
removed during initial evaluation to facilitate complete
head-to-toe examination. Additionally, the patient should
be rolled with spine precautions to allow complete examination of the back, scalp, and buttocks. Blankets or
a warming device should be kept over the patient to
prevent hypothermia once exposed. Prevention of hypothermia in the polytrauma patient is essential.

Adjuncts
Several additional components of the primary survey
should be considered adjuncts to successful completion
of the ABCs of trauma resuscitation.
Monitors: Patients should have pulse oximetry, electrocardiographic monitoring, and blood pressure monitoring. There is also a role for end tidal CO2 monitoring.
Gastric tube: Any intubated patient should have a gastric
tube placed for decompression. It may be considered
in other patients with abdominal trauma. If there is
evidence of facial trauma, this should be placed
through the mouth.
Urinary catheter: A urinary catheter allows for assessment
of hematuria and monitoring of urine output.
Contraindicated if there is blood at the urethral meatus or a high-riding prostate.
Laboratory studies: An initial set of laboratory values
should be drawn on arrival. At a minimum, this
should include a type and cross and hematocrit.
Other laboratory studies include ABG, lactate, CBC,
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coagulation studies, electrolytes, amylase, pregnancy
test (if female), and blood alcohol level.
Radiology: Early AP chest radiograph (CXR) may be helpful in patients with possible chest injury. A CXR may
identify a hemothorax, pneumothorax, rib fractures,
widened mediastinum concerning for aortic injury, or
clavicle fracture, as well as demonstrating the location
of the endotracheal tube. In hemodynamically unstable patients with chest injury, a lifesaving intervention
(tube thoracostomy) may be diagnostic and therapeutic and should not be delayed waiting for a CXR.
An AP pelvic radiograph should be performed to
assess for pelvic fractures that may signal a site of ongoing
hemorrhage. Diagnosis of an open book pelvic fracture
and reduction of that fracture is a critical part of
C (hemorrhage control).

Associated Procedures
Rapid sequence intubation: Stepwise approach to endotracheal intubation done in emergency situations
designed to expedite tube placement and minimize
aspiration risk. Components include preoxygenation,
in-line spine stabilization, crycoid pressure, administration of hypnotic agents and neuromuscular blocker,
placement of endotracheal tube, and confirmation of
placement.
Cricothyroidotomy: Preferred method of surgical airway
placement if attempts at intubation via oral and nasal
routes are unsuccessful. This involves a vertical midline incision in the anterior neck over the cricothyroid
membrane that is carried down to the membrane.
The cricothyroid membrane is then incised and an
endotracheal or tracheostomy tube may be placed in
the trachea.
Tube thoracostomy: This may be a diagnostic and therapeutic intervention. Chest tubes are indicated for
treatment of tension pneumothorax, open pneumothorax, simple pneumothorax, and hemothorax.
The tube is placed preferentially in the fourth or
fifth intercostal space, midaxillary line. For fluid drainage, a large bore tube should be used (36 French). In
unstable patients with chest injury and an asymmetric
examination, placement of the tube thoracostomy
should not be delayed for chest radiograph and should
be placed on clinical suspicion alone.
FAST: Focused Assessment for the Sonographic Evaluation of the Trauma Patient. A rapid diagnostic ultrasound examination designed to look for abnormal
fluid in the pericardium and dependent areas of the
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abdomen as a marker of injury. The pericardial sac is
examined first, then three dependent abdominal
regions, Morrison’s pouch (RUQ), left upper quadrant
between spleen and kidney, and pelvis posterior to
bladder. In the unstable patient, a positive FAST may
be an indication for operation. The FAST examination
does not examine the retroperitoneum.
DPLA: (Diagnostic peritoneal lavage/aspiration) Diagnostic test designed to look for intra-abdominal injury.
Involves inserting a multihole catheter in the
periumbilical region to look evaluate gross blood.
If no gross blood is aspirated, a liter of crystalloid is
infused and subsequently drained from the abdomen.
The fluid is sent for microscopic evaluation. The test is
positive in blunt trauma if the effluent has a red blood
cell count greater than 100,000/ml, white blood cell
count greater than 500/ml, amylase greater than 20 U,
or presence of bacterial or vegetable matter. In penetrating trauma, the red cell threshold is lowered to
100,000/ml. A positive DPL in the unstable patient
may be an indication for operative intervention.
A DPL does not examine the retroperitoneum.
Glasgow Coma Scale: Standard method for evaluating
global brain dysfunction that is rapid and reproducible. It involves three parameters: eye opening, verbal
response, and motor response. Ideally done prior to
administration of any medication. Maximal score 15,
minimal score 3.

Next Steps
Secondary Survey: A rapid but more detailed examination
of the patient from head to toe to detail injuries and plan
further interventions. This should begin immediately after
the patient is stabilized. A brief AMPLE history should be
attempted followed by physical examination including
rectal examination. Secondary studies or adjuncts not
completed during the primary survey may be done here:
chest XR, pelvic XR, gastric and urinary catheters, FAST,
DPL, splinting of extremities, and CT scans (stable
patients only). Some unstable patients may be triaged to
the operating room or angiography suite for control of
ongoing hemorrhage before the secondary survey is
completed.

Disposition
Following the primary survey, patients may be triaged to the
operating room or angiography suite if unstable with ongoing hemorrhage or airway concerns or may proceed with
further evaluation in a more complete secondary survey.
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Salvage of individuals with imminent cardiac arrest or
those already undergoing cardiopulmonary resuscitation
following trauma often requires immediate thoracotomy
as an integral component of their initial resuscitation.
Although a resuscitative thoracotomy (RT) most often
occurs in the emergency department, it may also be
performed in the operating room or intensive care unit.
The primary objectives of RT are to (a) release pericardial
tamponade; (b) control cardiac hemorrhage; (c) control
intrathoracic bleeding; (d) evacuate massive air embolism;
(e) perform open cardiac massage; and (f) temporarily
occlude the descending thoracic aorta to redistribute
blood flow preferentially to the heart and brain. Together,
these objectives attempt to address the primary issue of
cardiovascular collapse from mechanical sources or
extreme hypovolemia.

experience, indicates that RT does play a significant role
in the critically injured patient undergoing prehospital
CPR [1]. Two recent prospective analyses proposed current indications as well as a decision algorithm for RT
[1, 2] (Fig. 1). Indications for RT include patients with
salvageable postinjury cardiac arrest: (1) patients sustaining witnessed penetrating thoracic trauma with 15 min
of prehospital CPR, (2) patients sustaining witnessed penetrating nonthoracic trauma with 5 min of prehospital
CPR, and (3) patients sustaining witnessed blunt trauma
with 5 min of prehospital CPR. Additionally, RT is
indicated in patients with severe postinjury hypotension
(SBP  60 mmHg) due to cardiac tamponade, air embolism, and intrathoracic, intraabdominal, extremity, and/or
cervical hemorrhage. Contraindications to RT include
patients sustaining penetrating trauma with CPR > 15 min
and no signs of life (pupillary response, respiratory effort, or
motor activity) and those sustaining blunt trauma with
CPR > 5 min and no signs of life or asystole.
The specific application of these guidelines must
include consideration of the patient’s age, preexisting disease, signs of life, and mechanism of injury, as well as
logistic issues such as the proximity of the ED to the OR,
and qualified personnel. At the scene, patients in extremis
without electrical cardiac activity are declared dead.
Patients in extremis but with electrical cardiac activity
are intubated, supported with cardiac compression, and
rapidly transported to the ED. On arrival to the ED, the
time from initiation of CPR is recorded; blunt trauma
patient with >5 min of prehospital CPR and no signs of
life are declared, while penetrating trauma patients with
>15 min of prehospital CPR and no signs of life are
pronounced. Patients within the time guidelines or those
with signs of life trigger ongoing resuscitation and RT.
Patients with “no signs of life” are defined as those with
no detectable blood pressure, respiratory or motor effort,
cardiac electrical activity, or pupillary activity (i.e., clinical
death). Patients with “no vital signs” have no palpable
blood pressure, but demonstrate electrical activity, respiratory effort, or pupillary reactivity.

Indications

Application

Although there is a clear consensus for RT in the patient
presenting in shock but with measurable vital signs, there
is disagreement about its use in the patient population
undergoing cardiopulmonary resuscitation prior to
arrival in the emergency department. Although there
have been multiple reports with low survival rates and
dismal outcomes following prehospital CPR, termination
of resuscitation in the field should not be performed in all
patients. A recent evaluation, spanning 26 years of

The optimal application of a RT requires a thorough
understanding of its physiologic objectives, technical
maneuvers, and the cardiovascular and metabolic consequences [3]. After performing a generous left anterior
thoracotomy and subsequent pericardotomy, the patient’s
intrinsic cardiac activity is evaluated. Patients in asystole
without associated cardiac injury are declared dead.
Patients with a cardiac wound, tamponade, and associated
asystole are aggressively treated; the cardiac wound is
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ECG: Any
rhythm?

Yes
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Dead

CPR ≤ 5 min

No

Yes
Penetrating
trauma

Torso

CPR ≤ 15 min

No

Non-torso

CPR ≤ 5 min

No

Yes
Emergency department thoracotomy

Cardiac
rhythm?

No

Yes

Tamponade?

No

Yes

Tamponade

Repair heart

Thoracic
hemorrhage

Control

Air emboli

Hilar X-clamp

Extrathoracic
hemorrhage

Aortic X-clamp

I
SBP > 70
mmHg?
Yes

No

OR

Initial Trauma Management, Resuscitative Thoracotomy. Figure 1 Algorithm directing the use of resuscitative thoracotomy in
the multiply injured trauma patient

repaired first followed by manual cardiac compressions
and intracardiac injection of epinephrine. Following several minutes of such treatment and volume resuscitation,
one should reassess salvageability, typically defined as the
patient’s ability to generate a systolic blood pressure
>70 mmHg. Patients with an intrinsic rhythm following
RT should be treated according to underlying pathology.
Those with tamponade should undergo cardiac repair,
either in the trauma bay or in the operating room.
Control of intrathoracic hemorrhage may entail hilar
crossclamping, digital occlusion of the direct injury, or
even packing of the apices for subclavian injuries. Treatment of bronchovenous air embolism includes
crossclamping of the hilum, putting the patient in
Trendelenberg’s position, aspirating the left ventricle and
aortic root, and massaging the coronaries. Finally, aortic
crossclamping is performed to decrease the required effective circulating volume, for either thoracic or abdominal
sources of hemorrhage, and facilitate resuscitation. In all
of these scenarios, reassessment of the patient following
intervention and aggressive resuscitation efforts is
performed, with the goal systolic pressure of 70 mmHg
used to define salvageability.

Technical Considerations
The technical skills needed to perform the procedure
include the ability to perform a rapid thoracotomy,
pericardiotomy, cardiorrhaphy, and thoracic aortic
crossclamping; familiarity with vascular repair techniques
and control of the pulmonary hilum are advantageous.
Once life-threatening intrathoracic injuries are controlled
or temporized, the major challenge is restoring the
patient’s hemodynamic integrity and minimizing vitalorgan reperfusion injury. A left anterolateral thoracotomy
incision is preferred for RT. Advantages of this incision in
the critically injured patient include: (a) rapid access with
simple instruments, (b) the ability to perform this procedure on a patient in the supine position, and (c) easy
extension into the right hemithorax, i.e., clamshell thoracotomy, for exposure of both pleural spaces as well as
anterior and posterior mediastinal structures. The key
resuscitative maneuvers of RT, namely pericardiotomy,
open cardiac massage, and thoracic aortic crossclamping
are readily accomplished via this approach. The initial
execution of a clamshell thoracotomy should be done
in moribund patients with penetrating wounds to the
right chest. This provides immediate, direct access to
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a right-sided pulmonary or vascular injury while still
allowing access to the pericardium from the left side for
open cardiac massage. Clamshell thoracotomy may also be
considered in patients with presumed air embolism, providing access to the cardiac chambers for aspiration, coronary vessels for massage, and bilateral lungs for
obliteration of the source.
Upon patient arrival and determination of the need
for RT, the patient’s left arm should be placed above the
head to provide unimpeded access to the left chest. The
anterolateral thoracotomy is initiated with an incision at
the level of the fifth intercostal space (Fig. 2). In women,
the breast should be retracted superiorly to gain access to
this interspace, and the incision is made at the
inframammary fold. The incision should start on the
right side of the sternum; if sternal transection is required,
this saves the time-consuming step of performing an

Initial Trauma Management, Resuscitative Thoracotomy.
Figure 2 The thoracotomy incision is performed through the
fourth or fifth intercostal space, starting to the right of the
sternum and curving into the axilla. The Finochiettos’ rib
retractor is placed with the handle directed inferiorly toward
the bed

additional skin incision. Intercostal muscles and the parietal pleura are then divided in one layer with either curved
Mayo scissors or sharply with a scalpel; the intercostal
muscle should be divided along the superior margin of
the rib to avoid the intercostal neurovascular bundle.
Once the incision is completed and the chest entered,
a standard Finochietto’s rib retractor is inserted, with the
handle directed inferiorly toward the axilla (Fig. 2).
If a left anterolateral thoracotomy does not provide adequate exposure, the sternum can be transected for additional exposure with a Lebsche’s knife. Alternatively, a
concomitant right anterolateral thoracotomy produces
a “clamshell” or “butterfly” incision, and achieves wide
exposure to both pleural cavities as well as anterior and
posterior mediastinal structures (Fig. 3). Once the right
pleural space is opened, the rib retractor should be moved
to a more midline position to enhance separation of the
chest wall for maximal exposure.
The pericardium is incised widely, starting at the cardiac apex and extending toward the sternal notch, anterior
and parallel to the phrenic nerve (Fig. 4). The heart should
be delivered from the pericardium by placing the right
hand through the pericardial incision, encircling the left
side of the heart and pulling it into the left chest. Prompt
hemorrhage control is paramount for a cardiac injury.
In the beating heart, cardiac bleeding sites should be
controlled immediately with digital pressure on the surface of the ventricle and partially occluding vascular
clamps on the atrium or great vessels. Efforts at definitive
cardiorrhaphy may be delayed until initial resuscitative

Initial Trauma Management, Resuscitative Thoracotomy.
Figure 3 A bilateral anterolateral (“clamshell”) thoracotomy
provides access to both thoracic cavities including the
pulmonary hila, heart, and proximal great vessels

Initial Trauma Management, Resuscitative Thoracotomy
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Initial Trauma Management, Resuscitative Thoracotomy. Figure 4 Pericardiotomy is done with toothed pick-ups and curved
mayo scissors; the incision begins at the cardiac apex, anterior to the phrenic nerve, and extends on the anterior surface of the
heart toward the great vessels

measures have been completed. In the nonbeating heart,
cardiac repair is done prior to defibrillation and cardiac
massage. Cardiac wounds in the thin-walled right ventricle are best repaired with 3–0 nonabsorbable running
or horizontal mattress sutures. Buttressing the suture
repair with Teflon pledgets is optimal for the thinner
right ventricle. When suturing a ventricular laceration,
vertical mattress sutures should be used to exclude any
coronary vessels and prevent cardiac ischemia. In the more
muscular left ventricle, particularly with a linear stab
wound, control of bleeding can often be achieved with
a skin-stapling device, although suturing is preferred.
Low-pressure venous, atrial, and atrial appendage lacerations can be repaired with simple running or pursestring
sutures.
Early defibrillation for ventricular fibrillation or
pulseless ventricular tachycardia has proven benefit; therefore, familiarity with the internal cardiac paddles and
appropriate charging dosages in joules is required
(Fig. 5). In the event of cardiac arrest, bimanual internal
massage of the heart should be instituted promptly
(Fig. 6). We prefer to do this with a hinged clapping
motion of the hands, with the wrists apposed, sequentially
closing from palms to fingers. The ventricular compression should proceed from the cardiac apex to the base of

the heart. The two-handed technique is strongly
recommended, as the one-handed massage technique
poses the risk of myocardial perforation with the thumb
as the ischemic ventricle becomes overdistended.
Following thoracotomy and pericardiotomy with evaluation of the heart, the descending thoracic aorta should
be occluded to maximize coronary and cerebral perfusion
if hypotension (SBP < 70 mmHg) persists. We prefer to
crossclamp the thoracic aorta inferior to the left pulmonary hilum (Fig. 7). Exposure of this area is best provided
by elevating the left lung anteriorly and superiorly and
opening the pleura adjacent to the aorta. Care should be
taken in dissecting the aorta, and complete encircling
should be avoided due to the risk of avulsing the intercostal vessels. Once identified and isolated, the thoracic aorta
is occluded with a large Satinsky or DeBakey’s vascular
clamp.
Control of the pulmonary hilum has two indications.
First, if bronchovenous embolism is present, further
embolism is prevented by placing a vascular clamp across
the pulmonary hilum (Fig. 8). Associated maneuvers such
as vigorous cardiac massage to move air through the
coronary arteries and needle aspiration of air from the
left ventricular apex and the aortic root are also
performed. Second, if the patient has a pulmonary hilar
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Initial Trauma Management, Resuscitative Thoracotomy.
Figure 5 Internal paddles for defibrillation are positioned on
the anterior and posterior aspects of the heart

Initial Trauma Management, Resuscitative Thoracotomy.
Figure 6 Open cardiac massage is performed with a twohanded hinged technique; the clapping motion sequentially
closes the hands from palms to fingers

injury or marked hemorrhage from the lung parenchyma,
control of the hilum may prevent exsanguination. Hilar
control can be performed by a Satinsky’s clamp, the pulmonary hilar twist, or temporarily with digital control.

Clinical Outcomes
The data summarized to date confirm that RT has the
highest survival rate following isolated cardiac injury [3].
An average of 35% of adult patients presenting in shock,
defined as a SBP < 70 mmHg, and 20% without vital signs
were salvaged after isolated penetrating injury to the heart
if RT was performed. In contrast, only 1–3% of blunt
trauma patients undergoing RT survive, regardless of clinical status on presentation. Following penetrating torso
injuries, 14% of patients requiring RT are salvaged if they
are hypotensive with detectable vital signs, whereas 8% of
those who have no vital signs but have signs of life at
presentation, and 1% of those without signs of life are
salvaged. These findings are reiterated by a recent report
incorporating all patients undergoing RT for either blunt
or penetrating mechanism from 24 separate studies [4];

Initial Trauma Management, Resuscitative Thoracotomy.
Figure 7 Aortic crossclamp is applied with the left lung
retracted superiorly, below the inferior pulmonary ligament,
just above the diaphragm
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Initial Trauma Management, Resuscitative Thoracotomy. Figure 8 A Satinsky clamp is used to clamp the pulmonary hilum for
hemorrhage control or to prevent further bronchovenous air embolism

survival rates of patients undergoing RT for penetrating
injuries were 8.8% and 1.4% for blunt mechanisms. Additionally, more patients survive RT for isolated cardiac
wounds (19.4%) followed by stab wounds (16.8%) and
gunshot wounds (4.3%). Emerging data indicate the clinical results in the pediatric population mirror that of the
adult experience. One might expect that children would
have a more favorable outcome compared to adults; however, this has not been borne out in multiple studies [5].
Outcome following RT in the pediatric population is
largely determined by injury mechanism and physiologic
status on presentation to the emergency department.
In sum, overall analysis of the available literature indicates that the success of RT approximates 35% in the
patient arriving in shock with a penetrating cardiac
wound, and 15% for all penetrating wounds. Patients
undergoing CPR upon arrival to the emergency department should be stratified based on injury and transport
time to determine the utility of RT. Conversely, patient
outcome is relatively poor when RT is done for blunt
trauma; 2% survival in patients in shock and <1% survival with no vital signs.

of aortic branches to components of the mediastinum.
Previous thoracotomy virtually assures technical problems from the presence of dense pleural adhesions and is
therefore a relative contraindication to RT. Additional
postoperative morbidity among ultimate survivors of RT
includes recurrent chest bleeding, infection of the pericardium, pleural spaces, sternum, and chest wall, and postpericardiotomy syndrome. Importantly, there is a finite
risk to the health-care providers and trauma team
performing an RT. The use of RT by necessity involves
the rapid use of sharp surgical instruments with exposure
to the patient’s blood. The overall seroprevalence rate of
human immunodeficiency virus (HIV) among patients
admitted to the ED for trauma is around 4%, but is
much higher among the subgroup of patients most likely
to require an RT, with 26% of acutely injured patients
having evidence of exposure to HIV (4%), hepatitis
B (20%), or hepatitis C virus (14%). Thus, the likelihood
of a health-care worker sustaining exposure to HIV or
hepatitis is substantial.

References
1.

Complications of RT
Technical complications of RT involve virtually every
intrathoracic structure. The list of such misadventures
includes lacerations of the heart, coronary arteries, aorta,
phrenic nerves, esophagus, and lungs, as well as avulsion

2.

Powell DW, Moore EE, Cothren CC et al (2004) Is emergency department resuscitative thoracotomy futile care for the critically injured
patient requiring prehospital cardiopulmonary resuscitation? JACS
199:211
Sheppard FR, Cothren CC, Moore EE et al (2006) Emergency department resuscitative thoracotomy for non-torso injuries. Surgery
139:574

1244

I
3.

4.

5.

Initial Trauma Management, Spine Precautions
Cothren CC, Moore EE (2008) Emergency department thoracotomy.
In: Feliciano DV, Mattox KL, Moore EE (eds) Trauma, 6th edn.
McGraw-Hill, New York
Rhee PM, Acosta J, Bridgeman A, Wang D, Jordan M, Rich N (2000)
Survival after emergency department thoracotomy: review of
published data from the past 25 years. JACS 190:288
Sheikh AA, Culbertson CB (1993) Emergency department thoracotomy in children: Rationale for selective application. J Trauma
34:323

Initial Trauma Management,
Spine Precautions
PHILIP F. STAHEL1, MICHAEL A. FLIERL2, CHRISTOPH E. HEYDE3
1
Department of Orthopaedic Surgery and Department of
Neurosurgery, Denver Health Medical Center, University
of Colorado School of Medicine, Denver, CO, USA
2
Department of Orthopaedic Surgery, Denver Health
Medical Center, University of Colorado School of
Medicine, Denver, CO, USA
3
Department of Orthopaedic Surgery, University of
Leipzig, Leipzig, Germany

Synonyms
Log-roll precautions; Spinal immobilization; Spinal
precautions

Definition
To minimize the movement of the spinal column during
rescue, transport, and initial assessment and management
of a trauma patient with suspected spinal injury.
The presence of neurological symptoms including
paraplegia and quadriplegia is presumptive evidence of
a spinal cord injury associated with spinal column
instability.
Spinal precautions are attained by in-line immobilization of the cervical, thoracic, and lumbar spine. This is
achieved by placement of a cervical collar, strict adherence
to log-rolling maneuvers whenever the patient is moved,
and by complete immobilization on a long spinal board
(backboard) for transport. Spinal precautions are aimed at
avoiding secondary damage to the spinal cord by excessive
bending or twisting in the presence of potentially unstable
injuries to the spinal column.

Application
An unstable injury to the vertebral column must be
suspected in all patients who sustained a high energy

blunt trauma mechanism, independent of the presence
of neurological impairment. In contrast, spine immobilization is not recommended in patients with penetrating
trauma [1, 2]. Pain in the back or neck is the leading
symptom of a spinal injury. Definitive diagnosis can only
be established by radiological investigations, including
plain X-rays, CT scan, and MRI. In the prehospital setting,
the adequate management of a patient with suspected
spine injuries consists of complete immobilization (as
outlined above), exact documentation and timing of the
clinical findings, and immediate evacuation to a designated trauma center [3–5].
Approximately 10–15% of trauma patients with a
severe head injury have an associated cervical spine injury.
If a patient shows numbness or tingling sensations or
paralysis to any extremity, a serious injury to the spinal
cord must be suspected. A spinal cord injury at the level of
the neck may result in quadriplegia (i.e., paralysis of all
four extremities), while an injury at lower levels of
the thoracic or lumbar cord may result in paraplegia
(i.e., paralysis to the lower extremities). Bladder and
bowel function may be impaired as well. It is important
to know, however, that most spine injuries do not present
with a neurological impairment. Pain or tenderness along
the spine or anywhere in the neck following a fall should
arouse concern about a vertebral fracture. The medical
personnel taking care of patients with suspected spine
injuries in the prehospital setting must be constantly
aware that any excessive manipulation during the assessment, particularly of the neck, may worsen the neurological injury and the long-term outcome. On the other
hand, individuals with traumatic paralysis may recover
some neurological functions in the long term. The prerequisite is a correct handling at the accident scene and the
early transport to a trauma center, using adequate measures of immobilization.
Whenever a vertebral column fracture is suspected,
the patient must remain completely immobilized, to
avoid a potential secondary neurological deterioration.
Proper immobilization is generally achieved with the
injured person in neutral position, that is, supine, without rotating or bending the spinal column, particularly
the neck (Fig. 1). The thoracic and lumbar spine must be
protected by the so-called “log-roll” maneuver, implying
that the body must not be “torqued” during the rolling
procedure for assessment of the back, or placement into
a lateral position in case of unconsciousness. At the same
time, the cervical spine must be protected by manual “inline traction,” with the aim to keep the neck in neutral
position by avoiding excessive rotation, flexion, or
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Initial Trauma Management, Spine Precautions. Figure 1 Technique for spinal immobilization in a patient with a suspected
unstable spine injury

extension. Different techniques for the adequate transportation of a spine-injured person have been described.
However, perfect log-rolling and transportation techniques are cumbersome and usually require the involvement of at least four helpers (Fig. 1). During evacuation,
a person with a confirmed or suspected vertebral fracture
must be secured so that his/her body does not roll or twist
as it is moved over rough terrain. A rigid support such as
a broad wooden board is essential. A rolled up jacket or
a similar object should be placed under the back to support the spine in that area. With injuries of the neck,
a cervical collar must be installed or padding must be
placed on both sides of the head and neck to prevent the
head from rolling side to side.
A patient with spinal cord injury and paralysis requires
special attention during evacuation, particularly when
evacuation takes more than several hours. The
immobilized person must be protected from heat loss
(“hypothermia”), which may occur very fast in the outdoor environment. Care must also be given to the areas

that support the body’s weight, such as heels, buttocks,
shoulders, and elbows. Pressure on these areas does not
allow blood to circulate through the tissues. Normally
such deprivation of the blood supply results in pain and
the person shifts his position. Patients with spinal cord
injuries may not be able to feel pain and may not be able
to shift position. This may lead to ulcers known as “bed
sores” or “pressure sores.” To avoid this complication, the
pressure points, particularly the heels and buttocks, must
be carefully padded. Patients should be taken off the hard
back boards after 2 h because of the high risk of serious
decubitus ulcers after prolonged immobilization [5].
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Initial Trauma Management:
Primary Survey
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Synonyms
“Golden hour” in trauma management; Initial assessment

Definition
The concept of initial assessment includes the following
components: (1) rapid primary survey, (2) resuscitation,
(3) detailed secondary survey (evaluation), and
(4) reevaluation. Such an assessment is the cornerstone
of the Advanced Trauma Life Support (ATLS1) program
[1]. Integrated into primary and secondary surveys are
specific adjuncts. Such adjuncts include the application
of electrocardiographic monitoring and the utilization of
other monitoring modalities such as arterial blood gas
determination, pulse oximetry, the measurement of ventilatory rate and blood pressure, and the insertion of
urinary and/or gastric catheters. Also, there is a need for
a key diagnostic tests, such as plain radiography and other
studies, when applicable, like focused abdominal sonography for trauma (FAST examination) and possible diagnostic peritoneal lavage (DPL). Determining the right
diagnostic study depends on the mechanism of injury,
the hemodynamic status of the patient, and the findings
of the diagnostic tests.
The focus of the primary survey is to both identify and
expeditiously address immediate life-threatening injuries.
Only after the primary survey is completed (including the
initiation of resuscitation) and hemodynamic stability is
addressed should the secondary survey be conducted,
which entails a head-to-toe (and back-to-front) physical
examination, along with a more detailed history.

Primary Survey
Only the emergency care disciplines of medicine
have a two-tier approach to their initial assessment of
the patient, with primary and secondary surveys being
the integral components. As highlighted above, the primary survey is designed to quickly detect life-threatening
injuries. A universal approach has been established with
the following prioritization:
● Airway maintenance (with protection of the cervical
spine)
● Breathing (ventilation)
● Circulation (including hemorrhage control)
● Disability (neurologic status)
● Exposure/environmental control
Such a systematic and methodical approach (better known
as the ABCDEs of the initial assessment) greatly assists the
surgical/medical team in the timely management of those
injuries that could result in a poor outcome.
(a) Airway assessment and management (along with
cervical spine protection)
Because loss of a secure airway can be lethal within 4 min,
airway assessment/management always has the highest
priority during the initial assessment of any injured
patient, irrespective of the mechanism of injury or the
anatomical wound. The chin lift and jaw thrust maneuvers
are occasionally helpful in attempting to secure a patient
airway. However, in the trauma setting, the airway management of choice is often a tranlaryasgeal, endotracheal
intubation. If this cannot be achieved due to an upper
airway obstruction or some technical difficulty, a surgical
airway (needle or surgical cricothyroidoctomy) should be
the alternative approach. No other management can take
precedence over obtaining optimal airway control. Until
adequate and sustained oxygenation can be documented,
administration of 100% oxygen is required.
(b) Breathing (ventilation assessment)
An airway can be adequately established and optimal
ventilation still not be achieved. For example, such is the
case when there is an associated tension pneumothorax
(other examples include a massive hemothorax, open
pneumothorax, or a large flail chest wall segment). Worsening oxygenation and an adverse outcome would ensue
unless such problems are expeditiously addressed. Therefore, assessment of breathing is imperative, even when
there is an established and secure airway. A patent airway,
but suboptimal gas exchange, will still result in a poor
outcome. Tachypnea, absent breath sounds, percussion
hyperresonance, distended neck veins, and/or tracheal
deviation are all consistent with inadequate gas exchange.

Initial Trauma Management: Primary Survey

Decompression of the pleural space with a needle/chest
tube insertion should be the initial intervention for
a pneumo/hemothorax. A large flail chest, with underlying pulmonary contusion, will likely require endotracheal
intubation and the administration of positive pressure
ventilation.
(c) Circulation assessment (adequacy of perfusion
management)
The most important initial step in determining adequacy
of circulatory perfusion is to quickly identify and control
any active source of bleeding, along with restoration of the
patient’s blood volume with crystalloid fluid resuscitation
and blood products, if necessary. Decreased levels of consciousness, pale skin color, slow (or nonexistent) capillary
refill, cool body temperature, tachycardia, or diminished
urinary output are all suggestive of inadequate tissue perfusion. Optimal resuscitation requires the insertion of two
large-bore intravenous lines and infusion of crystalloid
fluids (warmed). Adult patients who are severely
compromised will require a fluid bolus (2 L of Ringer’s
lactate or saline solution). Children should receive
a 20 mL/kg fluid bolus. Blood and blood products are
administered as required. Along with the initiation of
fluid resuscitation, emphasis needs to remain on identifying the source of active bleeding and stopping the hemorrhage. For a patient in hemorrhagic shock, the potential
sources of blood include an open wound with profuse
bleeding, intra-thoracic or intra-abdominal hemorrhage
or bleeding associated with a pelvic fracture with venous
or arterial injuries. Disposition (operating room, angiography suite, etc.) of the patient depends on the site of
bleeding. For example, a focused abdominal sonography
for trauma (FAST) assessment that documents substantial
blood loss in the abdominal cavity in a patient who is
hemodynamically labile dictates an emergency celiotomy.
However, if the quick diagnostic workup demonstrates no
blood loss in the abdomen or chest, then the source of
hemorrhage could be from a pelvic injury that would
likely necessitate angiography/embolization, if external
stabilization (e.g., a commercial wrap or binder) of the
pelvis fracture fails to stop such bleeding. Profuse bleeding
from open wounds can usually be addressed by applying of
direct pressure or occasionally ligating torn arterial vessels
that can easily be identified and isolated.
(d) Disability assessment/management
Only a baseline neurologic examination is required when
performing the primary survey in order to determine
neurologic function deterioration that might necessitate
surgical intervention. It is inappropriate to attempt a
detailed neurologic examination initially. Such a
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comprehensive examination should be done during the
secondary survey or evaluation. This baseline neurologic
assessment could be the determination of the Glaslow
Coma Scale (GCS), with an emphasis on the best motor
or verbal response, and eye opening. An alternative
approach for a rapid neurologic evaluation would be the
assessment of the pupillary size and reaction, along with
establishing the patient’s level of consciousness (alert,
responds to visual stimuli, responds only to painful stimuli, or unresponsive to all stimuli). The caveat that must be
highlighted is the fact that neurologic deterioration can
occur rapidly and that a patient with a devastating injury
can have a lucid interval (e.g., epidural hematoma).
Because the leading causes of secondary brain injury are
hypoxia and hypotension, adequate cerebral oxygenation
and perfusion are essential in the management of a patient
with neurologic injury.
(e) Exposure/environmental control
In order to perform a thorough examination of a patient,
he/she must be completely undressed. This often requires
cutting off the garments to safely expedite such exposure.
However, care must be taken to keep the patient from
becoming hypothermic. Adjusting the room temperature
and infusing warmed intravenous fluids can help establish
an optimal environment for the patient.

Secondary Survey
The secondary survey should not be done until the primary survey has been completed and resuscitation initiated, with some evidence of normalization of vital signs. It
is imperative that this head-to-toe evaluation be
performed in a detailed manner in order to detect less
obvious or occult injuries. This is particularly important
in the unevaluable (e.g., head injury or severely intoxicated) patient. The physical examination should include
a detailed assessment of every anatomical region, including the following:
●
●
●
●
●
●
●
●

Head
Maxillofacial
Neck (including cervical spine)
Chest
Abdomen
Perineum (including the rectum and genital organs)
Back (including the remaining spinal column)
Extremities (musculoskeletal)

A full neurological examination needs to be performed,
along with an estimate of the Glasgow Coma Scale (GCS)
score if one was not done during the primary survey. The
secondary survey and the utilization, when applicable, of

1247

I

1248

I

Injury

the armamentarium of diagnostic adjuncts previously
mentioned will allow detection of more occult or subtle
injuries that could, if not found, account for significant
morbidity and mortality. When possible, the secondary
survey should include a history of the mechanism of
injury, along with vital information regarding allergies,
medications, past illnesses, recent food intake, and pertinent events related to the injury.
It cannot be overemphasized that reevaluation of the
injured patient is imperitive in order to detect any deterioration in the patient’s status. This sometimes requires
frequently repeating both the primary and secondary
surveys.

The third peak of fatalities occurs later (1–2 weeks or
more) secondary to complications – sepsis, multiple
organ system failure. Early definitive treatment of the
injuries and critical care expertise are the steps of management to reduce the deaths during this period.
Motor vehicle crashes are the leading cause of injuryrelated deaths followed by firearms. The most common
cause of nonlethal injuries is related to falls. It is estimated
that there are over eight million injuries and approximately 17,000 deaths annually resulting from falls that
occur throughout all age groups. Knowing the epidemiology of all aspects of an injury is one of the most important components of any successful system approach to
trauma care.

Transport and Transfer Options
A system should exist to assist in coordinating the efforts
of prehospital personnel in the treatment of patients in the
field and the subsequent expedient transport to the closest
appropriate hospital facility. The scene time should be
kept to a minimum, with primary emphasis being placed
on airway management control of external bleeding, and
patient immobilization. The appropriate personnel at the
receiving hospital should be notified prior to the transport
of the patient to that facility.
While the initial assessment is being conducted (particularly during the primary survey/resuscitation phase),
the physician may determine that the patient needs to be
transferred to a more comprehensive medical center for
a higher level of care. If such a decision is made, the
physician should not proceed with diagnostic studies
that would delay transfer to a facility for more definitive
care. Direct communication should be established
between the referring and the receiving physician prior
to any patient transfer.

Epidemiology
Trauma is considered a true epidemic. It is the leading
cause of death of patients between 1 and 44 years of life.
Fifty-six deaths per 100,000 population were reported in
2003, with a fatal injury occurring approximately every
5 min [2]. As highlighted by Trunkey in a landmark article
in Scientific American, there is a trimodal death distribution, with approximately half of the deaths occurring
immediately in the field [3]. These fatalities are a result
of exsanguination or devastating neurologic injuries. An
emphasis on injury prevention is the only effective way to
curtail this high death rate. The second peak in mortality
accounts for approximately 30% of all deaths. These
deaths occur during the initial hours (“golden hour”)
after injury. The Advanced Trauma Life Support (ATLS)
course is specifically designed to prevent these deaths.

Economics
The estimated total cost of trauma care is staggering and
the financial burden continues to grow. Over half a trillion
dollars is attached to trauma. This includes expenses for
clinical management, property damage/loss, lost wages,
and other related costs.
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Injury Severity Score
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Synonyms

Body region

Description

1 Head or neck

Includes injuries to the brain, cervical
spine/cervical spinal cord, and skull;
and asphyxiation

2 Face

Includes injuries to the eyes, ears,
mouth, nose, and facial bones

3 Chest

Includes injuries to all organs within the
thoracic cavity including the
diaphragm, thoracic spine/thoracic
spinal cord, and rib cage; and drowning

The Injury Severity Score has no synonyms. It is
commonly known by its acronym, ISS

Definition

4 Abdominal or Includes injuries to all organs within the
pelvic contents abdominal and pelvic cavities and to
the lumbar spine/lumbar spinal cord

Injury Severity Scoring
As discussed in the entry for Abbreviated Injury Scale
(AIS), ▶ injury severity scoring enables quantification of
the impact of injury in terms of damage to the anatomy or
resulting physiologic changes such as respiratory rate or
blood pressure as measured by physiologic scores (not
addressed here). The AIS, one of the most commonly
used anatomic scoring systems, is used alone (e.g., AIS
2005 Update 2008), in one of its derivative forms (e.g.,
▶ the Maximum AIS (MAIS)), or as the basis for other
scores such as the ISS.

5 Extremities or
pelvic girdle

Includes amputations, crush, fractures,
dislocations/subluxations, sprains/
strains to the upper and lower
extremities, shoulder, and pelvic girdle

6 External

Includes all injuries to the skin
(lacerations, abrasions, contusions,
penetrating skin injuries, and burns) no
matter where they occur on the body,
as well as electrical injury, frostbite,
hypothermia, and whole body injury
due to explosion

Injury Severity Score (ISS)
The ISS was introduced in 1974 [1] as a summary measure
of injury severity that would take into account the contribution to mortality of second and subsequent injuries.
A simple summation of AIS values proved inadequate to
this purpose, for example, AIS 3 + AIS 4 = 7 (24% mortality) but AIS 5 + AIS 2 = 7 (54% mortality). Lauded as “a
monumental contribution to the scientific study of
injury,” [2] the ISS is perhaps the most ubiquitous injury
severity score, and has been described as the gold standard
of severity scoring.
The ISS assigns injury descriptions using six body
regions rather than the ten used in the AIS (Table 1) and

AIS severity
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uses an ascending scale of severity ranging from 1 (minor) to
75 (maximally injured). Any AIS 6 (maximal) injury
is automatically assigned an ISS = 75. An ISS of 75 will
also result from an AIS 5 injury in three different body
regions.
The simplicity of the ISS is one of its best features,
enabling quick calculation of injury severity from a simple
list of the patient’s injuries. It is calculated by (1) squaring
the highest AIS score in three different ISS body regions
(which do not exactly correspond to AIS body regions, as
noted above), and (2) adding the three values to obtain
a total that falls along the 1–75 scale of severity. Example
calculations are given in Table 2.

ISS severity

Use of the ISS in Risk Analysis

1–9

Since its inception, the ISS has been fairly predictive
for blunt and pediatric trauma and is relatively easy to
calculate (above). As more injury data become available,
however, the many limitations of the ISS become more
evident. In summary, the ISS carries forward and magnifies the inaccuracies of the AIS (described in the
Abbreviated Injury Scale [AIS] entry), is heterogeneous
(i.e., the same ISS can reflect different injury patterns with
different probabilities of survival) and is therefore not

1

Minor

Minor

2

Moderate

10–15

Moderate

3

Serious

16–24

Moderate/Severe

4

Severe

5

Critical

25–74

Severe/Critical

6

Maximal
(currently
untreatable)

75

Unsurvivable

I

1250

I

Injury Severity Score

Injury Severity Score. Table 2 Example ISS calculations

Description

ISS body
region

Highest AIS scores in three different
ISS body regions
AIS

Identify

Square

Total

ISS

9+4+9

22

9 + 16 + 25

50

25 + 1

26

Example 1
Two broken ribs

Chest

2

Bilateral pulmonary contusions

Chest

3

3

32 = 9

Lacerated spleen

Abdomen

2

2

22 = 4

Fractured femur

Extremities

3

3

32 = 9

Facial laceration

External

1

Cerebral contusion

Head /neck

3

3

32 = 9

Flail chest, >5 ribs flail

Chest

4

4

42 = 16

Example 2

2

5

5 = 25

1

1

12 =1

Chest

5

5

52 =25

GSW L chest with hemothorax >1,000 cc Chest

4

Rib fractures, left 3–4

Chest

3

Transection L subclavian vein

Chest

4

Hilum avulsion R kidney

Abdomen

5

Minor contusions of liver

Abdomen

2

Fractured femur

Extremities

3

Abrasions, trunk

External

Perforation atrium of heart

Example 3

recommended for triage, is a poor descriptor of penetrating (especially combat) injury, and underestimates injury
severity when multiple serious injuries are present in one
body region.

ISS Variations

● New Injury Severity Score (NISS)
To improve the ability of the ISS to predict mortality,
Osler and colleagues [3] developed a variation called
the New Injury Severity Score (NISS). The NISS is
calculated similarly to the ISS except that the three
highest AIS values are considered regardless of body
region.
● ICD-9 Injury Severity Score (ICISS)
Another variant of the ISS is one based on the International Classification of Diseases (ICD) nomenclature, which consists of a set of diagnosis codes used by
health-care providers, hospitals, and insurance companies to describe patient encounters. The ICD-9
Injury Severity Score (ICISS) [4] is a scoring system
in which every trauma ICD-9 code (i.e., within the
range of 800 to 959.9) is assigned a survival risk

ratio (SRR, based on proportion of patients with that
ICD-9 code in a state trauma database who survived),
and the ICISS is calculated as the product of
the SRRs for each of a patient’s individual injuries,
i.e., ICISS = PSurv Inj 1 X PSurv Inj 2 X . . . X PSurv
Inj last. In the original study [4], 958.0 (air embolism),
958.4 (traumatic shock), and 958.5 (traumatic anuria)
were excluded because these diagnoses are not anatomic injuries and therefore not usable in the ISS.
They were excluded to enable a more equitable comparison between the ICISS and ISS. The ICISS is not
recommended for evaluation of trauma center outcomes or performance because it is based on ICD-9
codes rather than AIS. ICD-9 codes were not developed to be correlated with injury severity.
● Trauma Injury Severity Score (TRISS)
TRISS combines physiologic measures using the
▶ Revised Trauma Score (see definitional terms), the
ISS (anatomic measure), and patient age to predict
probability of survival. After the the ISS, TRISS is
the next most widely used severity score for evaluation
of trauma center performance, patient outcome,

Inotropic Therapy

and triage and is endorsed by the American College of
Surgeons (ACS). TRISS is used in outcome evaluation
in combination with a two-step approach that identifies “unexpected” mortality and allows comparison
of trauma center performance with a baseline
population.

Characteristics

I
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Injury Severity Scoring
Injury severity scoring refers to quantitative methods of
describing, ranking, and comparing injuries. Injury severity scores may be anatomic (e.g., indicating site of injury
and extent of damage) or physiologic (e.g., reflecting
changes in blood pressure, respiratory rate, responsiveness), or a combination of both.

Characteristics of the ISS include the following:
● It is simple to use and easy to calculate.
● It is an anatomy-based score.
● It is based on the AIS (an anatomy-based severity
scale).
● It includes the most severe injury in as many as three
different body regions.
● It ranges from 1 (minor) to 75 (unsurvivable).
● It is the most widely used injury severity score.
● It can be correlated with probability of survival.
● It can be combined with a physiologic measure
(TRISS) for improved estimation of probability of
outcome.
● It is a poor descriptor of penetrating (especially
combat) injury.
● It underestimates injury severity when multiple
serious injuries are present in one body region.
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Innate Immune Response
The response by the host that comprises the cells and
mechanisms that defend the host from infection by other
organisms or is activated by endogenous molecules, in
a nonspecific manner.

Inotropes
The agents that alter the force or energy of muscular
contractions. Negatively inotropic agents weaken the
force of muscular contractions. Positively inotropic agents
increase the strength of muscular contraction.

Inotropic Therapy
RUSS HEWSON1, RUPERT M. PEARSE2
1
Barts and The London NHS Trust, Intensive Care Unit
Royal London Hospital, London, UK
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Synonyms

Injury Severity Score (ISS)
The injury severity score (ISS) is a summary measure
of injury severity when multiple injuries are present. It is
calculated by squaring the three highest abbreviated
injury scale (AIS) scores in three different body regions,
and adding the values to obtain a total that falls within
an ascending scale of severity from 1 (minor) to 75
(maximally injured).

Blood pressure support; Vasoactive therapy

Definition
An inotrope is an agent that increases or decreases the
force of cardiac contractions; for the purposes of intensive
care, the term is used to refer to positive inotropes and
often other vasoactive drugs. Vasopressors are agents that
increase arterial tone and hence arterial pressure.
Inotropes and vasopressors are primarily used in
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arterial pressure. This will affect the choice of vasoactive
drug and allows titration of the required dose. Initial
assessment of the likely cause of hypotension and/or low
cardiac output can be made from the patient’s clinical
presentation and past medical history. Clinical assessment of cardiac output may include assessment of pulse
rate and pressure, core-peripheral temperature gradient,
capillary refill time, and auscultation of the heart. However, even with experience, such assessments are often
unreliable. Measurement of serum lactate, base excess,
and central venous oxygen saturations may help to more
accurately identify patients with inadequate cardiac output. However, the most reliable approach is to make
a formal measurement of cardiac output. Various
technologies including the pulmonary artery catheter,
esophageal Doppler, and arterial waveform contour analyzing devices are available for this purpose. There is
a great deal of debate around the use of cardiac output
monitoring in critically ill patients. However, if it is
thought necessary to administer potent vasoactive
drugs to increase cardiac output, it would seem logical
to guide the dosing of such treatments with measurements of cardiac output.

a critical care setting in order to maintain tissue perfusion
in situations of low cardiac output, arterial hypotension,
or hemodynamic shock. These agents are among the most
commonly used methods of organ support and are
administered on the basis that maintenance of cardiac
output and oxygen delivery will improve tissue perfusion
and hence the patient’s chances of survival. Adequate
blood pressure is also important to ensure adequate perfusion pressure in autoregulated vascular beds, for example, cerebral and renal circulations. The actions of
inotropes and vasopressor agents are diverse. In addition
to effects on cardiac function and vascular tone, these
agents have important effects on metabolic, immune,
and neurological function (Fig. 1). In most cases,
inotropes and vasopressors are administered via a central
venous catheter, but selected agents may occasionally be
administered via a peripheral vein [1].

Characteristics
Determining Hemodynamic Parameters
In order to use vasoactive drugs effectively, it is necessary to make some assessment of cardiac output and

CNS
Cardiac
Increased heart rate
Increased force of contraction
Lower arrhythmia threshold
Increased myocardial oxygen demand

Gastro-intestinal
Relaxation of Gl smooth muscle
Localised splanchnic vascular changes
Nausea and vomiting
Increased gastic transit time

Sedation
Increased MAC
Increased peripheral pain threshold

Renal
OH
OH

Changes in renal blood flow
Changes in sodium reabsorption
Increased renin/aldosterone
Incerased bladder sphincter tone

Respiratory

Endocrine
Increased glucagon secretion
Raised plasma lactate
Inhibition of prolactin secretion
Reduced uterine blood flow

Vascular
Alteration of vascular tone
– constriction of dilatation
Platelet aggregation

Metabolic
Increased basal metabolic rate
Increased serum glucose
Increased lipolysis
Increased fatty acid oxygenation

Inotropic Therapy. Figure 1 Effects of inotropes on different organ systems

Alteration in V-Q matching
Changes in pulmonary vascular
resistance
Bronchodilation

Inotropic Therapy

Drugs in Common Use
Catecholamines
Catecholamines can be divided into the naturally occurring adrenaline, noradrenaline and dopamine, and the
synthetic agents such as dobutamine, dopexamine, and
phenylephrine. As a group, these agents have both direct
and indirect sympathetomimetic activity exerting their
effects via adrenoceptors and dopamine receptors of the
sympathetic nervous system as well as enhancing endogenous catecholamine activity.

Adrenaline (Inotrope)
Adrenaline has actions at a and b adrenoceptors with
a high affinity for a1, b1, and b2 receptors present in
cardiac and vascular smooth muscle. In general, at low
doses b effects predominate and a1 effects become more
pronounced at higher doses. b1 stimulation leads to positive cardiac inotropy and chronotropy, increasing the
myocardial oxygen demand and lowering the threshold
for arrhythmia. Actions at b2 receptors cause smooth
muscle relaxation lowering systemic vascular resistance,
causing coronary vasodilatation, bronchodilation, and
insulin release. However, b2 mediated vasodilator effects
may be abolished by a1 mediated vasoconstriction.
Adrenaline is available in 1:1,000 and 1:10,000 solutions
and, in intensive care, is most commonly made up for
continuous infusion via a central venous catheter at doses
of 0.01–0.5 mg/kg/min although higher doses may be used.
The 1:1,000 solution is used neat for i.m. injection in the
initial treatment of anaphylaxis and as a nebulizer in croup
or laryngeal edema; the 1:10,000 solution is commonly used
during advanced life support for cardiac arrest.

Noradrenaline (Vasopressor)
Noradrenaline is one of the most important neurotransmitters in the sympathetic postganglionic nervous
system. When given intravenously, it primarily activates
a1 adrenoceptors, but also has b activity. The main effect
of the a1 stimulation is to increase systemic and pulmonary vascular tone and hence increase systolic and diastolic blood pressure. Although usually administered to
increase vascular tone, noradrenaline has significant inotropic effects and will result in increased cardiac output.
As the drug has few positive chronotropic effects, it has
a useful role where tachycardia is a concern.
Noradrenaline is never used neat in an intensive care
setting and is diluted for central infusion at a similar dose
range to adrenaline (0.01–0.5 mg/kg/min). Higher doses
are often used, although this may be associated with ischemia in the digits and other extremities. Recent clinical
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trials in critically ill patients suggest that the use of noradrenaline where vasopressor therapy is required may lead
to improved survival compared to dopamine. This may
relate to a reduced incidence of tachycardia, particularly in
patients with heart disease.

Dopamine (Vasopressor)
Dopamine is also an endogenous neurotransmitter found
in interneurones of the autonomic ganglia and certain areas
of the brain such as the substantia nigra. When infused at
therapeutic concentrations dopamine acts via both adrenergic and dopaminergic receptors to bring about a range of
dose dependent effects. At doses of 0.5–5 mg/kg/min, stimulation of dopaminergic receptors in the coronary, mesenteric, renal, and cerebral beds causes vasodilatation and
increased tissue blood flow. Adrenergic effects at higher
doses of 5–10 mg/kg/min result in increased cardiac contractility, heart rate, and hence cardiac output mediated via
b1 receptors. Dopamine also has indirect activity through
decreased reuptake and increased release of endogenous
noradrenaline. a1 effects predominate at doses above
10 mg/kg/min resulting in significant vasoconstriction.
Dopamine is generally administered by infusion into
a central vein, but may be administered by peripheral
routes. The dose given is often above 10 mg/kg/min to
achieve the desired “inoconstrictor” effects. Historically,
low dose or “renal dose” dopamine was used, but studies
have failed to demonstrate either a renal protective effect
or any improvements in glomerular filtration rate. As
mentioned above, recent research suggests noradrenaline
may be a preferable vasopressor to dopamine.

Dobutamine (Inotrope)
Dobutamine is a synthetic catecholamine derived from
isoprenaline and has strong preferential affinity for b1
receptors. In addition, it has some activity at b2 receptors
(at about a 3:1 ratio). The main activity is by direct
stimulation of cardiac b1 receptors leading to increases
in both heart rate and contractility and hence cardiac
output. This leads to increased myocardial oxygen
demand. Arrhythmias and tachycardia may be problematic. b2 effects lead to modest vasodilatation although
blood pressure is generally well maintained.
Dobutamine is given by central infusion at rates of up
to 20 mg/kg/min. It is sometimes used in cardiac stress
testing in order to simulate exercise while performing an
echocardiogram.

Dopexamine (Inotrope)
Dopexamine is a synthetic derivative of dopamine with
primary actions at b2 adrenoceptors and, to a lesser extent,
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D1 dopamine receptors. Its effect on b1 and D2 receptors
are minimal and this agent has no a activity. Stimulation
of b2 receptors result in a mild positive inotropic effect as
well as vasodilator effects. Dopexamine is thought to
result in vasodilatation particularly in the mesenteric and
splanchnic beds although this remains unconfirmed.
Dopexamine is licensed for infusion at rates of up to
6 mg/kg/min, however tachycardia is a frequent problem at
high doses and recent data suggest this drug should not be
used in doses of more than 1 mg/kg/min. The principal
application is, therefore, to achieve a combination of mild
inotropy and vasodilatation – the so-called “inodilator”
effect.

Milrinone and Enoximone (Inotropes)
These agents are phosphodiesterase III inhibitors. Cyclic
AMP (cAMP) is a second messenger for b adrenoceptors
and is broken down by the intra-cellular enzyme phosphodiesterase. Inhibitors of phosphodiesterase will
increase intracellular cAMP leading to similar effects to
b-adrenoceptor stimulation. These agents have potent
inotropic and vasodilator effects and are thought to improve
myocardial relaxation during diastole. They may therefore
be of particular value in patients with primary cardiac disease where poor ventricular compliance is a cause of low
cardiac output. Once again the combination of inotropy and
vasodilatation (inodilator effect) may be important.
Milrinone is a selective phosphodiesterase III inhibitor
and is currently the most commonly used drug of this
class. PDE III inhibitors have longer half lives than adrenergic inotropes (e.g., adrenaline, dobutamine) and require
a loading dose. For milrinone a bolus of 50 mg/kg should
be followed by an infusion of 0.375–0.75 mg/kg/min. The
nonselective phosphodiesterase inhibitor aminophylline
also has significant inotropic effects and may occasionally
be used for this purpose.

Vasopressin (Vasopressor)
Vasopressin is an endogenously released peptide hormone, primarily secreted from the posterior pituitary in
response to increased plasma osmolality or hypotension.
V1 receptors are present in vascular smooth muscle, and
activation of these causes vasoconstriction, while renal V2
receptors mediate an increase in collecting duct permeability and hence an antidiuretic effect. Exogenous vasopressin is thought to result in less coronary and cerebral
vasoconstriction than catecholamines and also sensitizes
vascular smooth muscle to the effects of noradrenaline.
The pressor effects of vasopressin are relatively preserved

in hypoxia and acidosis and endogenous vasopressin levels
are reduced during septic shock.
Vasopressin is often used as an adjunct to other
pressors in intensive care via a central infusion of
0.01–0.04 IU/min and has been used as a 40 IU bolus in
cardiac arrest. High doses may cause end-organ or digital
ischemia.

Calcium-Sensitizing Agents (Inotropes)
Calcium sensitizing agents are among the newest additions to the range of synthetic inotropes. Levosimendan is
the only drug of this class in current use. The agents act by
sensitizing myocardial contractile proteins to the action of
calcium and by opening (ATP)-dependant potassium
channels. This action increases the force of cardiac contraction without impairing diastolic relaxation, while
potassium channel opening results in vasodilatation.
This combination of actions is particularly useful in
acute and chronic heart failure.
Levosimendan is administered as an infusion over
1–3 days, but the presence of a long-lasting metabolite
results in improved contractility which may last several
weeks. A bolus of 24 mg/kg is generally followed by an
infusion of 0.1 mg/kg/min, some centres are finding that
omitting the bolus does not change efficacy and avoids
hypotension and tachycardia.

Use in Specific Clinical Situations
Septic Shock
In sepsis, hypotension results from a combination of
hypovolemia, decreased systemic vascular resistance, and
myocardial depression. However, the relative contributions of these pathophysiological processes will vary over
time and with clinical interventions. In early sepsis,
aggressive fluid resuscitation may be the mainstay of
treatment, but vasopressor therapy may also be required
temporarily to stabilize tissue perfusion during this
process. For other patients, decreased vascular tone and
myocardial depression may persist despite fluid resuscitation necessitating longer periods of inotrope and vasopressor therapy. Current guidelines suggest maintaining
the blood pressure above 65 mmHg to preserve tissue
perfusion. However, patients with a history of hypertension may require a greater perfusion pressure.
There has been some debate regarding the optimal
vasopressor for treatment of septic shock. Guidelines
have previously recommended either noradrenaline or
dopamine; however as already mentioned, emerging data
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suggest that noradrenaline may be preferable as first line
vasopressor therapy because of positive chronotropic
effects of dopamine.
In those patients that are poorly responsive to first line
pressors, the suggested alternative is adrenaline, with some
caution to potentially deleterious tachycardia and effects
on splanchnic circulation. A recent study has shown that
using adrenaline use is initially associated with a lower
arterial pH and higher arterial lactate than combination
therapy with noradrenaline and dobutamine. However,
survival, intensive care stay, and duration of vasopressor
therapy are not affected. Thus adrenaline would seem to
be a safe alternative to other catecholamines in the setting
of septic shock.
Vasopressin can be considered as an addition to the
above regimen, both to improve hemodynamic stability
and to reduce catecholamine dose requirements and hence
side effects. Potential benefits of vasopressin therapy may
include fewer tachyarrhythmias, improved splanchnic
perfusion, and improved renal function. However, concerns regarding tissue ischemia remain with the use of
high doses. Findings of a recent clinical trial suggested
neither clear benefit nor any increase in ischemic events
following the addition of vasopressin at 0.03 IU/min to
first-line vasopressor therapy. Further investigations may
better define the role and perhaps potential benefits of
vasopressin.
There is no evidence to support the use of inotrope and
vasopressor therapy to achieve supra-normal values for
cardiac output and oxygen delivery in established sepsis.
Indeed, this approach may even cause harm and is not
currently recommended. However, it remains appropriate
to treat cases of low cardiac output states in septic shock.
This may arise due to sepsis related myocardial depression
or concurrent cardiac disease. Dobutamine and adrenaline
are both commonly used for this indication [2].

Cardiogenic Shock
Cardiogenic shock most commonly arises secondary
to ischemic heart disease and less frequently myocarditis.
Homeostatic mechanisms may often trigger a considerable increase in systemic vascular tone resulting in
hypertension and poor tissue perfusion despite apparently adequate arterial pressure. The approach to vasoactive drug therapy is thus not straightforward and
inotropic therapy may often be combined with vasodilator agents in order to reduce afterload and maintain
forward flow.
Although it has been suggested that some inotropes
may increase cardiac output with no additional
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myocardial energy expenditure, this does not seem
entirely plausible. Thus the use of inotropic therapy to
maintain tissue perfusion in this situation is likely to have
some adverse effects on myocardial oxygen demand with
consequences which include ventricular arrhythmias and
infarct extension. The clinician must balance this risk
against the benefits of improved perfusion of all tissues,
including the heart. Minimal doses of vasoactive drugs
should be used, and treatment end points must be both
realistic and modest. Inotropic therapy is often regarded
as a bridging therapy until definitive surgical or medical
treatment becomes possible. Patients are unlikely to survive protracted cardiogenic shock in the absence of
advanced definitive treatment options.
There is no clinical evidence to indicate a preferred
vasoactive agent for the treatment of cardiogenic shock.
In general, both tachycardia and excessive vasoconstriction should be avoided. Dobutamine, phosphodiesterase
inhibitors, levosimendan, and noradrenaline (if a vasopressor is required) are all logical options [3].

Right Ventricular Failure and Pulmonary
Hypertension
Although underrecognized, acute pulmonary hypertension and right ventricular failure are commonplace during
critical illness. Left atrial hypertension, severe pulmonary
vasoconstriction, pulmonary embolism, and right ventricular infarction are all important causes. Under these conditions, it is important to decrease pulmonary vascular
tone while maintaining systemic perfusion pressure and
right ventricular preload. Phosphodiesterase inhibitors
may have valuable pulmonary vasodilator effects in this
scenario, but it is likely that vasopressor use will be
required to maintain aortic pressure and hence coronary
perfusion. Optimal alveolar oxygenation is of particular
importance and can be achieved through mechanical
ventilation, inhaled nitric oxide, sildenafil, and other pulmonary vasodilator therapies. Acute pulmonary hypertension is one condition where pulmonary artery
catheterization is clearly indicated as direct measurement
of both pulmonary artery pressure and cardiac output
may be of value [3].

Cardiac Arrest
The use of inotropes to augment the efficacy of cardiopulmonary resuscitation is an established component of current guidelines. Adrenaline is currently recommended at
a dose of 1 mg every 3 min to increase the vascular
resistance of non-vital organs. This will direct the
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circulating blood to the brain and heart, with the hope of
improving coronary perfusion and reestablishing spontaneous cardiac activity. Harmful effects of concomitant
a and b-adrenoceptor stimulation may include increased
myocardial oxygen consumption, arrhythmias, ventilationperfusion mismatch, myocardial dysfunction, and possibly
even cerebral ischemia.
Potential alternatives have been sought and there is
some interest in the use of vasopressin for this indication.
Several randomized trials have compared vasopressin to
adrenaline, although the benefits of this approach remain
unclear. However, some guidelines have suggested a 40 IU
dose of vasopressin as an alternative to the first or second
dose of adrenaline.

Perioperative Inotropic Therapy
Excess mortality in the high-risk surgical group has
inspired a number of investigations of perioperative
hemodynamic therapies. These treatment algorithms
have often included vasoactive drugs. In Shoemaker’s
early work, there appeared to be a survival benefit associated with increased systemic oxygen delivery achieved
through the administration of fluids and inotropes. However, findings of subsequent trials have proved
inconsistent, especially in vascular surgery, and there is
some concern that treatment approach may result in an
increased incidence of myocardial ischemia. More
recently, a more judicious approach incorporating the
use of intra-venous fluids to optimize stoke volume and
low-dose inotropic therapy appears safe and effective in
small trials. This approach is associated with significant
improvements in tissue microvascular flow and oxygenation. The findings of ongoing research may have
a significant effect on clinical practice in this area.
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Insertion of Nasogastric Tube
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Definition
Nasogastric intubation is the placement of a tube into the
stomach through the nose for decompression of the
gastrointestinal tract by removing gas or gastric secretions,
diagnosis and assessment of gastric haemorrhage or
nutritional support and administration of medication.
Several types of nasogastric tubes composed of different
materials and of varying diameters are available,
depending on the purpose of the tube and the length of
time it is expected to stay in place.

Characteristics
History
The earliest description of intubation of the gastrointestinal tract can be traced to the seventeenth century, when
Aquapendant used a silver tube for nasogastric feeding.
Since that time, the placement of enteral tubes has become
part of the standard management of critically and chronically ill patients. Evolution of these tubes has been very
rapid, leading to the development of today’s most commonly used designs [1].
Nasogastric tubes have two general clinical uses –
diagnosis and gastric decompression. Enteral tubes are
used almost exclusively for feeding and drug administration in patients with insufficient oral intake but adequate
gastrointestinal function. Knowledge of the correct anatomic location for nasogastric and enteral tubes, coupled
with the ability to interpret radiographic studies for confirmation of tube placement, is crucial to ensure that the
intended result is achieved.
Here, we briefly review the indications, contraindications, and procedures of nasogastric intubation. Also, we
shed light on the relevant aspects of removal, as well as on
potential complications of improper placement of nasogastric tubes.

Indications

Inotropy
▶ Cardiac Contractility

Nasogastric tubes are frequently used in the clinical setting
for the management of patients who require: (1) decompression of the gastrointestinal tract; (2) diagnosis and
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assessment of gastric hemorrhage; and (3) nutritional support and administration of medication.

Decompression of the Gastrointestinal Tract
Nasogastric intubation and suction are required to remove
enteric secretions and swallowed air in patients with
obstructions of the small bowel or gastric outlet. Nasogastric intubation may also provide symptomatic relief for
patients with severe pancreatitis and associated ileus [2].
There is a controversial discussion on the routine postoperative use of nasogastric tubes. Prophylactic nasogastric
decompression following abdominal operations has been
undertaken with the intent of hastening return of bowel
function; by emptying the stomach, easing respiration,
and diminishing the risk of aspiration of gastric contents,
and therefore decreasing the risk of pulmonary complications; increasing patient comfort by lessening abdominal
distension; protecting intestinal anastomoses and
preventing anastomotic leakage; and shortening hospital
stay. In his review, Nelson has shown that the intervention
is ineffective in achieving any of these goals and so routine
postoperative nasogastric intubation is not justified, that
is, should not be used [3]. Nevertheless, in patients with
intractable vomiting, mechanical occlusion, or upper gastric tract surgery, placement of a nasogastric tube is still
indicated.

Diagnosis and Assessment of
Gastrointestinal Hemorrhage
The nasogastric tube may be used for the administration
of radiographic contrast material for diagnostic purposes
in patients who are unable to swallow [2]. Also, nasogastric intubation and suctioning may be performed in
patients with severe upper gastrointestinal bleeding to
provide symptomatic relief and facilitate endoscopic visualization of the gastric and duodenal mucosa. In the
absence of frank bloody return, examination of nasogastric aspirates has a suboptimal sensitivity and specificity
and cannot be relied on to confirm or rule out active
hemorrhage in patients with a history of hematemesis or
melena [2].
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requiring tube alimentation. Especially in the elderly, dysphagia with frequent aspiration is the most common
indication for the use of tube feedings. For short-term
feeding nasogastric tubes are preferred, while for longterm or permanent nutritional support a gastrostomy or
jejunostomy is indicated. However, nutritional assessment
should be done initially and on a regular basis [4]. Oral
agents (e.g., activated charcoal) may be administered
through a nasogastric tube in patients unable to tolerate
fluids delivered orally [2].

Contraindications
The need for placement of nasogastric tubes is
contraindicated in the situations listed below. Whenever
the benefits of nasogastric intubation overweigh the risks
and measures can be taken to avoid harm to the patient,
judicious use of the nasogastric tube is advised.

Maxillofacial Trauma
Nasogastric intubation should be avoided in patients with
substantial maxillofacial trauma in order to avoid passage
of the tube into the cranial vault through a potentially
disrupted cribriform plate [2].

Esophageal Abnormalities
The risk of esophageal perforation is high among patients
with a recent history of ingestion of caustic substances and
those in whom esophageal strictures or diverticula are
present. In most cases, nasogastric intubation may be
performed safely in patients with esophageal varices [2].
Attention should be paid in patients with congenital
malformations of nasal airways, hypo pharynx,
epipharynx, esophagus. Likewise in patients with clotting
disorder nasogastric intubation needs great care.

Altered Mental Status and Impaired
Defenses
Nasogastric intubation may precipitate vomiting and thus
should be avoided in patients with altered mental status or
impaired airway defense. In such patients, endotracheal
intubation should precede nasogastric intubation if the
procedure is indicated (Table 1) [2].

Nutritional Support and Administration of
Medication

Devices/Equipment

Tube feedings are utilized in patients with acute and
chronic disease. Inadequate oral intake with malnutrition, comatose state, neurologic disorders with severe
dysphagia, extensive burns, massive gastrointestinal resection, and oropharyngeal and upper gastrointestinal
malignancies are the commonly encountered conditions

For placing a nasogastric tube, preparation of the adequate
equipment is essential. Selection of the appropriate type
and size of the tube (lumen), which depends on the anticipated duration of placement of the tube, plays a pivotal
role. Different types of feeding tubes are available; therefore, selecting the appropriate tube for the individual
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Insertion of Nasogastric Tube. Table 1 Indications and contraindications for nasogastric tube placement
Indications

Contraindications

Decompression of the gastrointestinal tract

Maxillofacial trauma

To remove air, enteric secretions in patients with
obstructions; specific upper surgery

To avoid intracranial placement

No routine postoperative nasogastric intubation
Nutritional support and medication administration
In cases of inadequate oral intake (e.g., dysphagia;
neurologic disorders; upper gastrointestinal malignancies)
for short time: nasogastric intubation for long time:
gastrostomy or jejunostomy

Esophageal abnormalities
For example, malformations of nasal airways, hypopharynx,
epipharynx, esophagus to avoid esophageal perforation

Medication (e.g., activated charcoal or radiographic
contrast material)
Gastrointestinal hemorrhage
To provide symptomatic relief and to facilitate endoscopic
visualization

Altered mental status and impaired defenses
Endotracheal intubation should precede nasogastric
intubation
Great care in patients with clotting disorders

Source: Modified after Refs. [2, 3]

patient is crucial. Feeding tubes are placed either in the
stomach or the small intestine, and there are several different types within each of these categories, as suggested
by Cottrell [5] (Table 2).
To avoid potential infections the use of gloves, ward
rope, and a face mask is suggested. Pretreatment of the
nasal passageways with oxymetazoline or phenylephrine
will constrict the vessels of the nasal mucosa, allow easier
insertion of the tube, and reduce the risk of epistaxis. The
nasal mucosa can be anesthetized topically with the use of
4% lidocaine delivered with an atomizer or with viscous
lidocaine injected directly into the nasal canal. Topical
anesthesia should also be applied to the posterior oropharynx with atomized 4% lidocaine or benzocaine spray.
Alternatively, 4% lidocaine delivered with a nebulizer provides excellent anesthesia of both the nasal and the oral
mucosa [2]. If you use local anesthetics always take care of
any allergic events in the patient’s medical history. Be sure
to have a glass of water, a straw, and some lubricant
(viscous lidocaine or surgical jelly) available. The process
of deglutition will support insertion and moving of the
nasogastric tube. For securing and confirmation of the
proper placement of the tube you will need tape,
a 50 mL syringe and a stethoscope. Use some Kleenex to
absorb fluids. If the patient is sedated you should prepare
a laryngoscope, a magill forceps, and a suction unit. Since
vagal reactions a very common, always be prepared to
implement life support and to have the possibility to do
defibrillation. Estimate the proper depth that the tube

Insertion of Nasogastric Tube. Table 2 Types of nasogastric
tubes
Name

Indications

Levin
Single lumen

Decompression; obtaining
specimens, feedings (short-term);
medication administration;
intermittent suction only

Salem Sump
Double lumen

Decompression; obtaining
specimens, feedings (short-term);
medication administration
continuous suction can be used
airway lumen provided to allow
suction without high pressure
airway lumen should only be
irrigated with air and not allowed
to reside below the level of the
stomach

Ewald
Indicated for removal of poisons/
Large bore
toxic substances or aggressive
single or double lumen stomach irrigation/lavage;
Inserted orally
Sengstaken Blakemore Used for compression of bleeding
Triple lumen
esophageal varices and gastric
Large bore
lavage
Lumens used for inflation of an
esophageal balloon, inflation of an
esophageal balloon, and for gastric
lavage; physician placed
Source: Modified after Ref. [5]
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should be inserted by measuring the distance from the
xiphoid process to the angle of the mandible and then to
the nostril. Note the corresponding distance mark on the
tube. To choose the appropriate side of the nose for insertion, first assess the patency and symmetry of the nares by
asking the patient to inhale alternately through each nostril, noting which side provides superior flow. An otoscope
may be used to examine the passageway directly to identify
septal deviation or other anatomical restrictions. If your
equipment is completed, the insertion process begins.

Procedures
Explain the procedure to the patient, and obtain informed
consent. Prepare the patient for the possibility of mild
discomfort and position the patient so that he or she is
sitting upright in the “sniffing” position (neck flexed and
head extended). Be sure to have the patient remove any
oral devices, including dentures and bridges. Examine the
patient’s nose for any signs of occlusion, deformity, or
septal deviation and select the more suitable nare. Curve
the tube around your fingers to improve compliance,
apply the lubricant jelly, and carefully insert the tube
into the selected nare. Ask the patient to hold his or her
head straight up as you gently pass the tube toward the
patient’s ear and downward toward the nasopharynx.
When the tube reaches the nasopharynx, there will be
some resistance. Ask the patient to place his or her chin
down toward the chest and rotate the tube at 180 toward
the other nostril. If the patient is unable to follow commands, have a coworker help with this maneuver. As you
pass the gag reflex, the patient may experience discomfort;
ask the patient to swallow to promote passage of the tube
past this point. Once the tube is past the larynx, guide it
rapidly to the predetermined depth. As soon as the measurement marking is reached, confirm placement by
inserting air into the tube while auscultating over the
epigastric region. Once the sound of air is confirmed, the
device can be secured to the patient using the desired
method [2, 6].
Proper nasogastric tube positioning places the tube tip
into the stomach. The preferred site into the stomach is
the antral or fundic pool. This allows early detection of
gastric residual feeding volume and adequate gastric
decompression. Correct feeding tube position is anywhere
from the stomach to the proximal jejunum and depends
on the clinical indication for tube placement and clinical
status of the patient [5].
To secure the tube, cut a 7 cm length of 1 in. wide
adhesive tape and tear it halfway down its vertical length.
Apply the wide end to the patient’s nose, and wrap the two
“tails” around the tube. At this point, the tube can be
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connected to the suctioning equipment. Intermittent,
low suction should be used for the majority of patients [2].
Tubes can also be placed by ultrasound or endoscopic
assistance. Sonographic technique facilitates the insertion
of the tubes in patients who cannot be moved and in those
patients with severe impairment of the peristaltic activity
of the stomach. The use of endoscopic equipment permits
correct placement of tubes beyond the stomach either in
the duodenum or into the jejunum [6].

Control of Position/Confirmation of Tube
Placement
Confirming of tube location, especially before enteral
feeding, suction, drainage, and patency is mandatory
and should be assessed at least once per shift. The following methods are feasible to assess proper placement of
the tube.
●
●
●
●
●

Auscultation
pH
Aspiration
Other indicators of respiratory placement
Radiography

Unfortunately, clinical confirmation is sometimes inaccurate. Upper abdominal auscultatory sounds of air
insuflation might be heard in tubes placed inadvertently
in the respiratory tract or coiled in the esophagus or
pharynx. Therefore, auscultation is an unreliable method
for determining respiratory placement and identifying the
tubes within the gastrointestinal tract. It is suggested that
aspirating gastric contents and assessing the characteristics
and pH values of the gastric contents values is a more
reliable method. Gastric material is cloudy and green,
bloody, tan, or brown, whereas intestinal fluid appears as
a clear, yellow, or bile-colored fluid. pH values in gastric
fluid range from 0 to 4.0, lung pH is greater than 6.0, and
intestinal pH is 7.5–8.0. Analysis of the pH of aspirated
fluid can show acidic pH, falsely suggesting gastric placement when the tube is actually within an infected pleural
space. Patients who are receiving histamine2-receptor
antagonists or proton-pump inhibitors may demonstrate
pH ranges from 0 to 6.0. This alkaline aspirate could
falsely confirm a postpyloric tube position. For patients
whose gastric contents demonstrate a high pH, bilirubin
measurement may be beneficial, because the bilirubin level
may be elevated. Immersion of the hub of enteral tube in
water causes bubbling if the tube is in the respiratory tract.
However, the same result is occasionally seen with the tube
tip in the stomach. Detection of clinical signs of respiratory placement of an enteral tube (gagging, coughing,
choking, respiratory distress) can be difficult in patients
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with a disturbed sensorium. The ability or inability to
speak may be unaffected by small-bore feeding tubes.
Therefore, they are not recommended as primary assessment methods. Gastric tubes have radiopaque material,
and therefore radiologic verification is the standard for
assessing placement (lower chest – upper abdomen). Visualization of the descent of the tube below the diaphragm
provides such confirmation. It is important to assure that
the measurement marking located on the tube matches
the location documented at insertion [1, 4].
The type of suction needed should be assessed when
selecting gastric tubes. Some tubes, such as the Levin tube,
should only be placed for intermittent suction, whereas the
Salem Sump tube may be used with continuous suction.
When suction is used, the assessment of drainage is necessary and should include the color, amount, odor, and
pH. For patients receiving feedings, assessment of gastric
residual varies greatly as to amount, frequency of assessment, and whether the residual should be returned or
discarded. In general, it is recommended that gastric residual be assessed every 4 h for continuous feedings and
before each feeding for intermittent feedings. Acceptable
amounts of gastric residual may range from 100 to 200 mL,
and some sources indicate that an acceptable residual
should not exceed two times the hourly infusion rate.
Because individual procedures vary widely, it is important
to follow institutional procedures closely and to hold feedings as indicated. Patency of the tube also must be assessed.
After assessment of placement, it is important to disconnect
from suction, if indicated, to assess bowel sounds accurately. It is also important to assess tube patency. If patency
is not directly observed, insert 20–30 mL of normal saline
and aspirate. If resistance is noted, repositioning the patient
to the patient’s left side may assist in this assessment.
Oral care should be provided frequently for patients with
gastric tubes. Frequent assessment, cleansing, and
repositioning of the tube to other sites in the nare are
critically important to prevent necrosis, ulceration, or
abscess formation. Placing a hydrocolloid or film dressing
before taping the tube may assist in preventing skin complications. Assessment of fluid and electrolyte status may
include intake and output, skin turgor, and mucous membranes. It is also necessary to assess the patient for signs and
symptoms related to electrolyte imbalance. A thorough
nutrition assessment should take place before choosing
the tube, method of feeding, and nutritional supplementation. Some of the factors to be considered include height
and weight, body mass index, changes in weight over
the last 6 months, skin condition, history of muscle
weakness or anorexia, and review of a complete laboratory
examination [5].

Complications
In a patient who has undergone gastric intubation, several
minor and severe complications can occur either during
the initiation process or the feeding process. Especially, the
increased use of nasogastric and feeding tubes among
patients with risk factors as anatomic abnormalities,
impaired consciousness, impaired gag reflex, paralysis,
endotracheal intubation, tracheostomy, and past history
of misplaced tube or difficulty in tube placement has led to
the recognition of several potential complications. A few
of the most common complications and their interventions used to reverse or prevent them are described here.
Common and minor complications of nasogastric
intubation include local mucosal irritation with epistaxis,
sinusitis, and sore throat. To prevent and to alleviate
bleeding complications the use of nasal premedication
with vasoconstrictors showed good results. In case of
frequent sinusitis, especially for long-term duration of
tubes, the alternative of a percutaneous endoscopic
gastrostomy should be discussed [7].
More serious complications include esophageal perforation, aspiration, pneumothorax, and, rarely, intracranial
placement. If the tube is not placed properly, if the tube
has migrated, or if the head of the bed is not elevated, the
patient is at risk for aspiration pneumonia. Aspiration
pneumonia is a severe complication of enteral feeding
that can increase the patient’s length of stay and complicate the plan of care. The proposed causes of this complication are numerous and include presence of a hiatal
hernia, spontaneous gastroesophageal reflux with
impaired glottic function due to endotracheal tube or
tracheostomy, impaired gastroesophageal motility and
failure of the tube to reach past the gastroesophageal
junction. A possibility to prevent feeding moving backward and being aspirated by the patient, it is imperative
to assess the placement of the tube frequently and to
keep the head of the patient’s bed elevated at least 30 .
The clinician should interrupt feeding during routine care
that requires the head of the bed to be flat. Another
method to prevent aspiration pneumonia is to assess the
gastric residuals adequately and to follow the institution’s
guideline for the discontinuance of enteral feeding [1, 4].
Advancing a feeding or nasogastric tube into the airways
can cause penetration of the bronchi and pleura with
resulting pneumothorax, tension pneumothorax, pulmonary hemorrhage, empyema, or bronchopleural fistula.
Patients with high risk for these complications usually
have a compromised sensorium.
In patients with suspected or confirmed basal skull
fractures, it is confirmed that nasogastric tube insertion
may lead to intracranial placement which, although the
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Insertion of Nasogastric Tube. Table 3 Complications of
nasogastric intubation
Common

Uncommon

Tracheal or bronchial
placement

Supralaryngeal placement

Intrapulmonary feeding

Nasopharyngitis and
eustachitis

Transbronchial
penetration of pleural
space

Intracranial placement
through cribiform plate in
patients with facial trauma

Bronchopleural fistula

Nasopharyngeal perforation

Pneumothorax

Submucosal passage

Empyemia
Pneumonia
Lung abscess

Laryngeal placement
Laryngospasm
Laryngeal stricture
Arytenoid edema
Postcricoid edema and abscess
formation
Esophageal placement
Perforation and mediastinitis
Pneumomediastinitis
Transmediastinal pleural
penetration
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sounds; (2) absence of bleeding abnormalities; (3) absence
of abdominal distension; (4) flatus has been passed; and
(5) gastric aspirate volume < 400 mL/24 h.
For removing the nasogastric tube a few measures
must be taken. Whenever possible, patients should be in
seated position for removal. After explaining the oriented patient about the procedure, the tube is untaped
without causing injury or discomfort to the patient.
Using sterile gloves, the nasogastric tube should be disconnected from the suction machine/device. To prevent
residual contents draining into the oropharynx, air
should be injected through the tube immediately before
starting the removal. Assure that other devices, for
example, the endotracheal tube, have not been enlaced
by the nasogastric tube by gently pulling it 1–2 cm. Also,
the conscious patient should be asked to breathe deeply
and hold breath in order to avoid aspiration. The nasogastric tube shall be pulled out of the nostril under
careful and continuous motion to avoid possible knotting of the tube’s end. If other devices are moved
together, the tube cannot be easily pulled, or the patient
vomits during the procedure, stop the removal. Provide
the vomiting patient with an emesis basin or place it
under the patient’s chin. Consider removing the vomit
also with the suction device and cleaning the patient’s
face and chin with a towel or wipe.

Tracheoesophageal fistula
Tube malfunction
Angulation or kinking
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Intensive Care Unit Acquired Paresis (ICUAP)

Intensive Care Unit Acquired
Paresis (ICUAP)
▶ Weakness, Post ICU

Intensive Care Unit Acquired
Weakness (ICUAW)
▶ Weakness, Post ICU

Intensive Care Unit Discharge
▶ Transfer of Patients to Other Ward Areas

Intensive Care Unit Dismissal
▶ Transfer of Patients to Other Ward Areas

Intensive Care Unit–Treated
Community-Acquired Pneumonia
▶ Pneumonia, Community-Acquired

Intensive Care-Associated
Infection (ICU-HAI)
ICU-HAI is a HAI acquired during a stay in an intensive
care unit. See also under health-care-associated infection.

Interferon-g (IFN-g)-Inducing
Factor (IGIF)
▶ IL-18

Intermittent Hemodialysis
▶ Hemodialysis in ICU

Internal Decapitation
▶ Occipitocervical Dissociation

Interruption of Anticoagulation
▶ Reversing Anticoagulant Treatment in ICU Patients

Interstitial Nephritis, Acute
KEVIN W. FINKEL
The Division of Renal Diseases and Hypertension,
The University of Texas Medical School,
Houston, TX, USA

Synonyms
Allergic interstitial nephritis; Tubulo-interstitial nephritis

Definition

Interferon Gamma Release Assays
(IGRAs)
Blood-based immune assays that are highly specific for TB
infection. These tests do not currently differentiate
between latent and active disease. They are used as adjunct
tests in the work up of tuberculosis or in the outpatient
setting for targeting testing.

Acute interstitial nephritis (AIN) is a common cause of
acute kidney injury (AKI) accounting for 10% of cases in
hospitalized patients [1]. On renal biopsy, an interstitial
cellular infiltrate is the hallmark of AIN. The infiltrate is
predominantly mononuclear with T- and B lymphocytes,
macrophages, and natural killer cells. Scattered neutrophils, eosinophils, basophils, and plasma cells are also
present. The infiltrate results in interstitial edema, disruption of tubular basement membrane, and destruction of
the interstitial architecture. Similar to glomerulonephritis,

Interstitial Nephritis, Acute

most forms of AIN are immune mediated. Although earlier investigations concentrated on humeral mechanisms
with deposition of antibody or antigen-antibody immune
complexes in the tubular basement membrane, there is
abundant evidence now to suggest that cell-mediated
immune responses account for most cases of AIN. Experimental studies demonstrate that renal tubular epithelial
cells can process and present target antigens to T-cells, as
well as strongly express Class II MHC determinants when
stimulated by pro-inflammatory cytokines such as interferon-g and tumor necrosis factor-a.
The major causes of AIN are drugs, infections, and
systemic diseases as shown in Table 1. The clinical features
of TIN are variable and in part depend on the inciting
process [2]. In general, besides renal failure, disruption of
the normal tubulointerstitial compartment will produce
findings consistent with renal tubular dysfunction

Interstitial Nephritis, Acute. Table 1 Causes of acute interstitial nephritis
Drugs
Antimicrobial agents
Cephalosporins, Fluoroquinolones, Penicillins, Rifampin,
Sulfonamides, Vancomycin
Biological agents
Interleukin 2, a-interferon
Anti-inflammatory agents
NSAID’s, COX-2 inhibitors
Diuretics
Furosemide, Thiazide diuretics
Immunosuppressive agents
Azathioprine, OKT3
Miscellaneous
Allopurinol, Cimetidine/ranitidine/famotidine,
Omeprazole, Pamidronate
Infections
Bacteria
Brucella, Campylobacter, E. coli, Legionella, M.
tuberculosis, Rickettsia, Yersinia, Staphylococcus,
Streptococcus
Viruses
Cytomegalovirus, Epstein-Barr, hantavirus, BK (polyoma)
virus, human immunodeficiency,
hepatitis B, adenovirus, herpes virus
Fungus
Candida, histoplasmosis, zygomycosis
Systemic diseases
Sjogren’s syndrome, sarcoidosis, systemic lupus
erythematosis, vasculitis, tubulointerstitial nephritis and
uveitis syndrome, light chain deposition disease
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including urinary concentrating defect, hyperchloremic
metabolic acidosis, hypo- or hyperkalemia, and hypomagnesemia. Modest proteinuria can be present, but nephrotic
range proteinuria is distinctly unusual and associated with
use of only a few medications: NSAIDs, interferon-a, and
methacillin.

Treatment
Given the extensive potential causative agents, there is no
uniform treatment for AIN. The heterogeneity of AIN and
the lack of randomized, controlled trials make it difficult
to formulate evidence-based therapeutic strategies. It is
obvious that any inciting medication should be stopped
and any infection treated. Given the inflammatory nature
of the renal injury, there has been a great deal of interest in
treating AIN with corticosteroids. However, the use of
these agents remains controversial. Most studies with corticosteroids are small, single center, and retrospective in
nature, making it difficult to extrapolate the data to large
patient groups. Several retrospective studies suggest there
is no reduction in the incidence of chronic kidney disease
with corticosteroid use [3]. However, since only those
patients with the most severe renal disease likely received
corticosteroids, it could be argued at any beneficial
response would be blunted in these patients. Positive
observational data with corticosteroids in AIN are limited
to small case series. These studies suggest an association
with more rapid recovery from AKI with their use [4].
In rare case reports, other immunosuppression agents
have been tried. One recent retrospective series described
eight patients treated for steroid-dependent AIN with
mycophenolate mofetil. Patients had either improvement
or stabilization of renal function, but only two had druginduced AIN; the rest had various systemic diseases [5].
Given the present data, it is probably prudent to stop
any offending agents, treat any infections, and provide
disease-specific treatment for systemic disease. In patients
with worsening renal function despite such therapy,
a short course of corticosteroids is probably worthwhile.
A typically regimen is prednisone, 1 mg/kg/day for
1–3 weeks depending on the clinical response.

Evaluation/Assessment
Drug reactions are the major cause of AIN. The most
commonly implicated agents are the penicillins, cephalosporins, and nonsteroidal anti-inflammatory drugs
(NSAID). It can be difficult to establish a direct link
between a particular drug and AKI because patients
typically receive a variety of potentially nephrotoxic medications making it uncertain which is the responsible
agent. Also, comorbid conditions are usually present that
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could cause renal dysfunction. Since renal biopsy to determine the etiology of AKI is not routine, the diagnosis of
acute AIN is presumptive. Acute interstitial nephritis
occurs within days to a few weeks of exposure to a drug,
and there is no relationship between its development and
the cumulative dose. Most patients present with symptoms of edema, hypertension, diminished urine output,
and renal failure. The classical manifestations of allergic
phenomena such as skin rash, arthralgias, fever, and eosinophilia are present in only a minority of patients. Occasionally, flank pain is prominent feature of the
presentation. The presence of urinary eosinophils is of
limited utility in the evaluation of AKI. The finding of
eosinophils in the urine has a positive predictive value
(PPV) for diagnosing acute TIN of only 40% [6]. Absence
of urinary eosinophils is more helpful in excluding the
diagnosis although the negative predictive value (NPV) is
still only 70%. Hansel rather than Wright staining is the
preferred method of detecting eosinophiluria. Pyuria in
the absence of an infectious organism (sterile pyruria) can
be seen with acute AIN. Therefore, the diagnosis of AIN
requires a high index of suspicion and knowledge of the
potential causes. Clues to the presence of AIN are listed in
Table 2.
Bacterial pyelonephritis may result in AKI. This occurs
most commonly in the setting of an ascending urinary
tract infection superimposed on obstructive nephropathy.
In patients with urinary tract infection or pyelonephritis
who develop AKI, urgent imaging of the kidneys and

Interstitial Nephritis, Acute. Table 2 Clinical features of
acute interstitial nephritis
Absence of other major causes to explain renal failure
Prior implication of drug as a cause of acute TIN
Non-oliguric acute kidney injury
Microscopic or gross hematuria
Pyuria
White blood cell casts
Eosinophilia
Eosinophiluria

urinary tract is necessary to exclude the presence of
obstruction. Acute kidney injury as a result of pyelonephritis can also occur in the absence of urinary tract
obstruction. Occasionally, renal involvement results from
hematogenous spread. In such cases, blood cultures are
frequently positive and there may be evidence of overt
sepsis. Clinical distinction from AKI secondary to septicemia and septic shock may therefore be difficult. Renal
histopathologic findings reveal an acute polymorphonuclear infiltrate in the interstitium with microabscess
formation.
The incidence of AIN due to NSAIDs is unknown, but
the condition must be considered in the differential diagnosis of AKI given the widespread availability of these
over-the-counter agents. Nephrotic range proteinuria is
present in 10% of cases. Acute kidney injury is usually
non-oliguric and hematuria may be present. Typical features of hypersensitivity including urinary eosinophilia
are rare. Women are affected much more frequently than
men, and onset may be weeks to months after the start of
NSAID use.

After-care
After stopping the offending agent or treating the infection or systemic disease, AIN typically resolves. In those
patients who do not fully recover renal function, longterm follow-up with nephrology is recommended.

Prognosis
Given the various causes of AIN, there is no uniform
clinical course. In the classically described methacillininduced AIN, the overall prognosis is excellent. Renal
recovery is expected in greater than 90% of patients. In
patients with other drug-induced AIN, the prognosis may
not be as good: chronic kidney disease has been reported
to be as high as 40% [7]. The prognosis may be especially
poor for AIN associated with NSAID use and acute
bacterial infection.
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Interventional Lung Assist (iLA)
(= pECLA)
▶ Extracorporeal Lung Support
▶ Respiratory Extracorporeal Assist

Interventional Radiology
Subspecialty of radiology employing the use of image
guidance such as fluoroscopy, computed tomography, or
ultrasound in conjunction with percutaneous diagnostic
and therapeutic techniques.

Intestinal Barrier Dysfunction
▶ Gut Dysfunction

Intestinal Failure
▶ Gut Dysfunction

Intimate Partner Violence (IPV)
▶ Domestic Violence

Intoxication
▶ Toxic Alcohols
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(Intra) Bladder Pressure
▶ Intraabdominal Pressure Monitoring

Intra-abdominal Hypertension
▶ Renal Blood Flow Regulation

Intra-abdominal Infection
▶ Peritonitis: Definitions of Primary, Secondary, and
Tertiary

Intra-abdominal Infections
▶ Abdominal Cavity Infections

Intra-abdominal Pressure
▶ Intraabdominal Pressure Monitoring

Intraabdominal Pressure
Monitoring
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Synonyms

(Intra) Gastric Pressure
▶ Intraabdominal Pressure Monitoring
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Abdominal pressure; Intra-abdominal pressure; Intravesicular pressure; (Intra) bladder pressure; (Intra) gastric
pressure; Peritoneal pressure
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Definition
The World Society on Abdominal Compartment Syndrome (WSACS, www.wsacs.org) recently published the
consensus definitions and recommendations regarding
diagnosis and management of intra-abdominal hypertension (IAH) and abdominal compartment syndrome
(ACS) [1, 2]. Intra-abdominal pressure (IAP) is defined
as the steady-state pressure concealed within the abdominal
cavity. It is directly affected by the volume of the solid
organs or hollow viscera (which may be either empty or
filled with air, liquid, or fecal matter), the presence of
ascites, blood or other space-occupying lesions (such as
tumors or a gravid uterus), and the presence of conditions
that limit expansion of the abdominal wall (such as burn
eschar or third-space edema). Reflecting the dynamic interplay of these distinct but inter-related elements in a fashion
similar to that of intra-cranial pressure, the respiratory
variation identified on the IAP continuous tracing provides
an indirect assessment of abdominal wall compliance [3].
Analogous to the widely accepted and clinically utilized concept of cerebral perfusion pressure, calculated as
mean arterial pressure (MAP) minus intracranial pressure
(ICP), abdominal perfusion pressure (APP), calculated as
MAP minus IAP, has been proposed as a more accurate
predictor of visceral perfusion and a potential endpoint
for resuscitation. Although patients with IAH need to
be appropriately resuscitated there remains ongoing
debate regarding the efficiency and efficacy of crystalloid
resuscitation regimens and the genesis of secondary IAH
compared to colloid-based regimens that reduced extravascular fluid migration [2].
Normal IAP is approximately 5–7 mmHg in adults.
IAP may be increased to 10–12 mmHg in critically ill adult
patients and to 12–15 mmHg in postoperative patients.
In children, the baseline IAP values are lower around
3–5 mmHg in healthy children and 7–9 mmHg in critically
ill children [1]. Values in the clinically severely obese may
be elevated above those without such added body mass but
data are conflicting enough that a universally accepted
baseline has yet to be established.
Intra-abdominal hypertension (IAH) is defined as
a sustained or repeated pathologic elevation of IAP
above 12 mmHg [1]. IAH is graded as follows: Grade I:
IAP = 12–15 mmHg, Grade II: IAP = 16–20 mmHg, Grade
III: IAP = 21–25 mmHg, and Grade IV: IAP > 25 mmHg.
It should be noted that the IAP ranges associated with
these grades have been revised downward in recent years as
the detrimental impact of elevated IAP on end-organ
function has been recognized. The thresholds in children
for the Grades I–IV IAH are IAPs of 9, 13, 17, and
20 mmHg, respectively.

Persistent IAH may lead to a pathologic entity known
as the Abdominal Compartment Syndrome (ACS). While
the ACS may have diverse causes, it is defined as
a sustained increased IAP > 20 mmHg (with or without
an APP < 60 mmHg) that is associated with new organ
dysfunction or failure. There are a vast array of organ
failure assessment tools that may aid the clinician in identifying an attributable organ failure with the Sequential
Organ Failure Assessment (SOFA) score cited most frequently in the literature. However, unanticipated acute
respiratory failure, acute and unanticipated oliguria/AKI/
ARF, hypotension requiring unanticipated plasma volume
expansion or pressor support may all be used as individual
surrogates of attributable organ failure in the critically ill
patient with an IAP > 20 mmHg. Most commonly, the
clinician is presented with more than one organ system that
is dysfunctional. Moreover, the at-risk patient population
are patients with significant resuscitative needs, septic
shock, or trauma-associated coagulopathy/hypothermia/
acidosis – all of which have a variety of organ failures as
almost expected accompaniments. However, since the complications of an unrelieved ACS are devastating, it is in the
patient’s best interest to regularly monitor for IAH and
decompress patients with IAP > 20 mmHg and organ
failure.
Primary ACS (formerly known as surgical or acute
ACS) is a condition associated with injury or disease in
the abdomino-pelvic region that frequently requires early
surgical or interventional radiological intervention. Secondary ACS (formerly known as medical or subacute
ACS) is a condition that does not originate from the
abdomino-pelvic region, while recurrent ACS (formerly
known as tertiary ACS) is a condition in which ACS
redevelops following previous surgical or medical treatment of primary or secondary ACS. It should be noted
that according to the definitions given above IAH can also
be classified as either primary or secondary.
Further classification can be performed in relation to
the time course of events: Chronic IAH (occurring over
months to years) is seen with clinically severe obesity;
intra-abdominal tumor (large ovarian cyst, fibroma,
retroperitoneal sarcoma, etc.); chronic ascites (cirrhosis
or CAPD); or pregnancy. In these conditions, the abdominal wall progressively adapts during months or years to
the increase in IAP and allows time for physiologic
adaptation so the characteristic findings of ACS do not
occur. Acute IAH is mainly due to trauma or intraabdominal hemorrhage of any cause, and leads to ACS
within hours. Subacute IAH is seen with most medical
causes in the ICU that lead to IAH within days and results
from a combination of predisposing conditions, capillary
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leak, and aggressive fluid resuscitation as occurs with Early
Goal Directed Therapy (EGDT). Hyperacute IAH lasts
only very shortly (seconds, minutes) as with laughing,
straining, coughing, sneezing, defecation, or physical
activity and has no clinical implications other than the
clinician should ensure that when IAP is assessed, none of
the above events are occurring as artifactual elevations in
IAP will result and may result in appropriate therapy.

Pre-existing Condition
Although direct intraperitoneal pressure measurement is
theoretically possible it is not often used in clinical practice. Several routes have been proposed for indirect IAP
measurement [3]. All these methods are based on the
principle that the abdominal cavity can be considered to
be a closed box with its contents being primarily fluid in
character [1]. Therefore, the pressure measured at one
point within this cavity is supposed to reflect the pressure
throughout the cavity, as its contents behave according to
Pascal’s Law. From this it is assumed that IAP can be
measured indirectly in all cavities within the abdomen.
Transvesical IAP measurement was first described by
Kron et al. in 1984 allowing repetitive minimally invasive
IAP measurement in critically ill patients [3]. Many other
methods of IAP measurement have since been described,
most of them experimentally or in animal models [3].
Reliable IAP measurement is important for a number of
reasons. Obviously, at the individual patient level, therapeutic decisions such as the use of decompressive laparotomy are often based on absolute IAP values. But also for
scientific research purposes, and to further explore the
clinical relevance of IAH and ACS, precise measurement
of IAP is extremely important [1]. In order to study the
effect of minor changes in IAP or the effect of interventions aimed at reducing IAP, one must be able to compare
studies using different methodologies. Thus being able to
apply a reliable and reproducible IAP measurement tool is
vital [4].
The bladder has been studied and used most extensively to measure IAP. The initial technique described by
Kron et al. served as the model for commercially available
devices such as the AbViser valve (Wolfe Tory Medical,
Salt Lake City, Utah, USA – www.wolfetory.com) or
similar devices like the Bard-valve (Bard Medical division,
C.R. Bard, Covington, Georgia, USA – www.bardmedical.
com). However, there are a variety of other products that
may also fairly reliably measure intra-vesical pressure.
A simple manometric technique was first described by
Harrahill [3]. The patient’s own urine is used as
a transducing medium, and the height of the fluid column
in the catheter reflects the IAP. Based on this technique,
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a commercially available device has been developed
(FoleyManometer, Holtech Medical, Charlottenlund,
Denmark – www.holtech-medical.com and the UnoMeter
Abdo-Pressure, Unomedical, Birkersd, Denmark – www.
unomedical.com) which has been recently validated in
vitro. Using this technique, an IAP can be obtained at
regular intervals, but it remains labor intensive, especially
when hourly IAP measurements are needed or desired.
Recognizing the value of continuous instead of intermittent monitoring of vital signs, continuous IAP measurement techniques have also been developed.
Balogh et al. introduced a method for continuous IAP
measurement using a three-way Foley catheter, which
was found to perform with fidelity in ICU patients [5].
However, the placement of a three-way Foley is not always
straightforward based on anatomic constraints. Furthermore, it remains uncertain whether drainage of urine and
correct IAP measurement is possible at the same time,
since placing the level of the urine collection bag 30 cm
below the symphysis pubis will create a negative “suction”
pressure. Transgastric measurement of IAP has been
reported, but up to now, is not used frequently in clinical
practice. Collee et al. used a fluid column in the nasogastric
tube to measure IAP [3]. This technique has been replaced
by the use of a balloon tipped stomach catheter as with the
Spiegelberg (Spiegelberg, Hamburg, Germany – www.
spiegelberg.de) or CiMON device (Pulsion Medical Systems, Munich, Germany – www.pulsion.com). These techniques are fully automated once the device is properly
located, and allow a continuous IAP trend to be recorded
that is user independent. While there are a variety of
commercial devices that may be employed, utilizing an
indwelling urinary bladder catheter for intermittent IAP
assessment appears feasible and efficacious in the vast
majority of clinically relevant circumstances.
Accordingly, the WSACS reference standard for intermittent IAP measurement is via the bladder with
a maximal instillation volume of 20–25 mL of sterile saline
through an indwelling bladder catheter [1]. The IAP
should be expressed in mmHg and measured at endexpiration in the complete supine position after ensuring
that abdominal muscle contractions are absent and with
the transducer zeroed at the level of the mid-axillary
line. Figure 1 presents a cartoon of a typical “homemade” IAP measurement device.

Application
Despite an escalation of the medical literature on the
subject, there still appears to be an under-recognition of
the Abdominal Compartment Syndrome. The results of
several surveys on physician’s knowledge of IAH and ACS
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IV infusion bag

To monitor

Pressure
transducer

60 mL syringe
Normal
tubing
Pressure
tubing

C
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1

Foley
catheter

2

3

Ramp with three stopcocks

Urine
drainage

Intraabdominal Pressure Monitoring. Figure 1 A closed needle-free revised method for measurement of intra-abdominal
pressure. A closed needle-free revised method for measurement of intra-abdominal pressure. A Foley catheter is sterile placed
and the urinary drainage system connected. Using a sterile field and gloves, the drainage tubing is cut (with sterile scissors) 40 cm
after the culture aspiration port after desinfection. A ramp with three stopcocks (Manifold set, Pvb Medizintechnik Gmbh, a SIMS
Trademark, 85614 Kirchseeon, Germany, REF: 888-103-MA-11; or any other manifold set or even three stopcocks connected
together will do the job) is connected to a conical connection piece (Conical Connector with female or male lock fitting, B Braun,
Melsungen, Germany, REF: 4896629 or 4438450) at each side with a male/male adaptor (Male to Male connector piece, Vygon,
Ecouen, France, REF: 893.00 or 874.10). The ramp is then inserted in the drainage tubing. A standard intravenous (IV) infusion set is
connected to a bag of 1,000 mL of normal saline and attached to the first stopcock. A 60-mL syringe is connected to the second
stopcock and the third stopcock is connected to a pressure transducer via rigid pressure tubing. The system is flushed with
normal saline and the pressure transducer is zeroed at the symphysis pubis (or the midaxillary line when the patient is in complete
supine position). The pressure transducer is fixed at the symphysis or the thigh. At rest the three stopcocks are turned “off” to
the IV bag, the syringe and transducer giving an open way for urine to flow into the urometer or drainage bag, said otherwise the
three stopcocks are turned “on” to the patient. To measure IAP, the urinary drainage tubing is clamped distal to the ramp-device
and the third stopcock is turned “on” to the transducer and the patient and “off” to the drainage system. The third stopcock also
acting as a clamp. The first stopcock is turned “off” to the patient and “on” to the IV infusion bag, the second stopcock is turned
“on” to the IV bag and the 60-mL syringe. Hence 50 mL of normal saline can be aspirated from the IV bag into the syringe. The first
stopcock is turned “on” to the patient and “off” to the IV bag and the 50 mL of normal saline is instilled in the bladder through the
urinary catheter. The first and second stopcock are then turned “on” to the patient, and thus turned “off” to IV tubing and
the syringe. The third stopcock already being turned “on” to the transducer and patient allows then immediate IAP reading on the
monitor (Reprinted with permission from [3])

have recently been published [2]. The bottom line is that
there is still a general lack of clinical awareness and many
ICUs never measure IAP. No consensus exists on optimal
timing of measurement or decompression. ACS information appears not be expanding at a rapid rate, and may
contribute to the current lack of appreciation as the

knowledge stems from both experimental data and clinical
observation. Conceptual change with regard to staged
laparotomy to reopening of a recent laparotomy for general surgery reasons (as opposed to injury management)
may require several decades. One need only recall the
nearly three-quarters of a century after Calnes initial

Intraabdominal Pressure Monitoring

packing for hepatic injury to it’s widespread acceptance to
appreciate the relative youth of the concept of ACS despite
the efforts of the WSACS and the landmark description of
damage control laparotomy by Schwab.
While multiple causes of acute cardiopulmonary,
renal, hepatosplanchnic, or neurologic deterioration
exist in the ICU, it is important that one recognizes IAP
and the ACS as being independent risk factors for organ
function deterioration. Hence the timely recognition of
the underlying risk factors and predisposing conditions
that lead to IAH and ACS is extremely important. Indications for IAP monitoring should be based on the presence/
absence of these risk factors (Fig. 2). Many conditions are
reported in association with IAH/ACS, and they can be
classified into four categories : first, conditions that
decrease abdominal wall compliance; second, conditions
that increase intraluminal content volume; third, conditions related to intra-or retro-peritoneal collections of
fluid, air, or blood; and fourth, conditions related to
capillary leak and fluid resuscitation. Table 1 lists some
of the clinical conditions related to these four categories,
while Table 2 summarizes the current recommendations
regarding IAP monitoring. Some key questions regarding
IAP measurement are addressed below.

Does the Abdomen Behave Like an Hydraulic
Container?
Prior to 1911, the IAP was considered to be positive or
negative depending upon the method used to measure it
and there was no consensus about this discrepancy. In
other words, it was recognized that the abdomen behaved
as a hydraulic system and the pressures within were hydrostatic in nature. Is this really the case? Animal studies
reported indeed that gastric pressure swings in dogs were
not simply hydrostatic [6]. In a study by Decraemer, it was
found that the abdomen does not behave as a hydraulic
system or liquid-filled container. However, the IAP differences observed in the dog-experiments disappeared
when their abdominal cavity was filled with 2 L of saline.
Loring and coworkers measured pressures in the abdomen
next to the ventral abdominal wall and within the stomach
of anaesthetised dogs, and concluded there were three
factors affecting IAP: gravity, uniform compression, and
shear deformation. In 1996, Tzelepis re-established the
concept that the abdomen behaves as a hydraulic system.
Based on the available data, we hypothesize the impact of
the above-mentioned three factors on the measurement
of IAP is probably not significant in the fully sedated
mechanically ventilated patient with sepsis, capillary
leak, ascites, and a positive fluid balance, with or without
neuromuscular blocking agents.
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Is the Instillation Volume Important During
Intra-vesical Pressure (IVP) Measurement?
Kron et al. used 50–100 mL for transvesical IAP measurement, and similar amounts have been used in clinical
practice. By 1999, Johna et al. reported a systematic
overestimation of IAP using the transvesical route with
large volumes of intra-vesical distension fluid. The same
was reported in animal experiments by Gudmundsson,
who also found that this instillation volume effect was
more prominent when IAP was high. These findings
were confirmed in several studies in critically ill patients
that demonstrated that increasing instillation volumes
cause a progressive increase in measured transvesical pressure. In these studies, volumes as low as 10 and 25 mL of
saline respectively resulted in reliable IAP measurement.
Instillation volume should be no more than 25 mL. In
children classic instillation volume of 1 mL/kg body
weight up to a maximum of 20 mL are used.

Is the Temperature of the Priming Fluid
Important During Intra-vesical Pressure (IVP)
Measurement?
Instillate temperature is important as the lower the temperature the more intense the contraction of the detrusor
muscle. Detrusor muscle contraction will reduce the
bladder volume and create a condition similar to volume-based overdistension leading to an artifactually
high IAP measurement. As proof of concept, Chiumello
et al. found that instilling priming fluids into the bladder
at room instead of body temperature resulted in erroneously higher IAP values.

Is Intra-vesical Pressure (IVP) Always
Reliable?
Haematomas or other intra-pelvic masses (i.e., pelvic
fractures with bladder displacement) may cause erroneous elevation of IVP, in which the IVP no longer reflects
the true IAP. The transvesical route should not be used
in patients with known intra-pelvic masses, neurogenic
bladder, chronic renal failure and hemodialysis (bladder
disuse contraction), pelvic trauma with bladder displacement, and bladder rupture. Furthermore, if erroneous IAP values are obtained from a transvesical IAP
measurement method, an intra-pelvic mass effect should
be considered. Erroneous values are those that do
not match the patient’s clinical condition (i.e., an IAP
of 45 mm Hg but no organ dysfunction, no masses on
CT scan, and hemodynamic appropriateness). Such
a clinical situation has been termed as “pelvic compartment syndrome.” In such conditions gastric pressures
measurement is more ideal.
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Intra-abdominal hypertension (IAH) assessment algorithm
• Patients should be screened for IAH/ACS risk factors upon ICU admission and with new or progressive organ failure.
• If two or more risk factors are present, a baseline IAP measurement should be obtained.
• If IAH is present, serial IAP measurements should be performed throughout the patient’s critical illness.

Risk factors for IAH / ACS
Patient has two or more risk factors
for IAH/ACS upon either ICU admission
or in the presence of new or
progressive organ failure

Measure patient’s IAP to establish baseline pressure
IAP measurements should be:
1. Expressed in mmHg (1 mmHg = 1.36 cm H2O)
2. Measured at end-expiration
3. Performed in the supine position
4. Zeroed at the iliac crest in the mid-axillary line
5. Performed with an instillation volume of no greater
than 25 mL of saline [1 mL/kg for children up to 20 kg]
(for bladder technique)
6. Measured 30–60 s after instillation to allow for
bladder detrusor muscle relaxation (for bladder technique)
7. Measured in the absence of active abdominal muscle
contractions

Sustained IAP ≥
12 mmHg?
YES

NO

Patient has IAH

Patient does not
have IAH

1. Diminished abdominal wall compliance
• Acute respiratory failure, especially with
elevated intrathoracic pressure
• Abdominal surgery with primary fascial or tight
closure
• Major trauma/burns
• Prone positioning, head of bed >30⬚
• High body mass index (BMI), central obesity
2. Increased intra-luminal contents
• Gastroparesis
• Ileus
• Colonic pseudo-obstruction
3. Increased abdominal contents
• Hemoperitoneum/pneumoperitoneum
• Ascites/liver dysfunction
4. Capillary leak/fluid resuscitation
• Acidosis (pH < 7.2)
• Hypotension
• Hypothermia (core temperature <33°C)
• Polytransfusion (< 10 units of blood/24 h)
• Coagulopathy (platelets < 55,000 / mm3 OR
prothrombin time [PT] > 15 s OR partial
thromboplastin time [PTT] > 2 times normal
OR international standardised ratio [INR] > 1.5)
• Massive fluid resuscitation (>5 L/24 h)
• Pancreatitis
• Oliguria
• Sepsis
• Major trauma/burns
• Damage control laparotomy
IAH grading
Grade I
Grade II
Grade III
Grade IV

Notify patient’s doctor of
elevated IAP.
Proceed to IAH/ACS
management algorithm.

Observe patient.
Recheck IAP if patient
deteriorates clinically.

IAP 12–15 mmHg
IAP 16–20 mmHg
IAP 21–25 mmHg
IAP ≥ 25 mmHg

Abbreviations
IAH – intra-abdominal hypertension
ACS – abdominal compartment syndrome
IAP – intra-abdominal pressure

Intraabdominal Pressure Monitoring. Figure 2 World Society on Abdominal Compartment (WSACS) assessment algorithm

What Is the Best Zero Reference Position for
IAP Monitoring?
Ideally the best zero reference should be the midabdominal position. A recent multicenter study

investigated the effect of different reference transducer
positions on IAP measurement. The three reference levels
studied were the symphysis pubis, the phlebostatic axis,
and the midaxillary line at the level of the iliac crest.

Intraabdominal Pressure Monitoring

Intraabdominal Pressure Monitoring. Table 1 Risk factors
for the development of IAH and ACS

Sepsis (as defined by the American – European Consensus
Conference definitions)

Mechanical ventilation, especially fighting with the
ventilator and the use of accessory muscles

Severe sepsis or bacteraemia

Use of positive end expiratory pressure (PEEP) or the
presence of auto-PEEP

Massive fluid resuscitation (>4 L of colloid or >10 L of
crystalloid/24 h with capillary leak and positive fluid
balance)

Septic shock

Basal pleuropneumonia

Major burns

High body mass index
Abdominal (vascular) surgery, especially with tight
abdominal closures
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Intraabdominal Pressure Monitoring. Table 1 (Continued)

A. Related to diminished abdominal wall compliance

Pneumoperitoneum

I

a

The combination of acidosis, hypothermia and coagulopathy has
been forwarded in the literature as the deadly triad leading to ACS.

Pneumatic anti-shock garments
Prone and other body positioning
Abdominal wall bleeding or rectus sheath hematomas
Correction of large hernias, gastroschisis or omphalocoele
Burns with abdominal eschars
B. Related to increased intra-abdominal contents

The IAP (phlebostatic) (10  5 mmHg) and IAP (pubis)
(8.4  4.6 mmHg) were significantly lower than IAP
(midaxillary) (12.2  4.7 mmHg; p < 0.0001 for both
comparisons). Therefore, the symphysis pubis or
phlebostatic axis reference lines are not interchangeable
with the midaxillary level.

Gastroparesis
Gastric distention

Does the Head of Bed Position Influence IAP?

Ileus

Previous studies showed that putting the patient in the
upright or head of bed position at 30–45 increases IAP
when measured via the bladder. This was confirmed by
a recent large multicenter trial showing that HOB 30
increased IAP by 4 mmHg. Thus, clinicians should either
subtract 4 mmHg from the measured IAP or simply flatten
the bed for measurement as does one of the authors (LJK).
This ensures that one does not forget to adjust the
recorded IAP for the measurement position.

Volvulus
Colonic pseudo-obstruction
Abdominal tumour
Retroperitoneal/abdominal wall hematoma
Enteral feeding
Intra-abdominal or retroperitoneal tumor
Damage control laparotomy
C. Related to abdominal collections of fluid, air or blood
Liver dysfunction with ascites

How Often Should One Measure IAP?

Abdominal infection (pancreatitis, peritonitis, abscess, etc.)

When an intermittent method is used, measurements
should be obtained at least every 4–6 h, and in patients
with evolving organ dysfunction, this frequency should be
increased up to hourly measurements.

Haemoperitoneum
Pneumoperitoneum
Laparoscopy with excessive inflation pressures
Major trauma
Peritoneal dialysis
D. Related to capillary leak and fluid resuscitation
Acidosisa (pH below 7.2)
Hypothermiaa (core temperature below 33 C)
Coagulopathya (platelet count below 50,000/mm3 OR an
activated partial thromboplastin time [APTT] more than
two times normal OR a prothrombin time [PTT] below
50% OR an international standardized ratio [INR] more
than 1.5)
Polytransfusion/trauma (>10 units of packed red
cells/24 h)

When May One Stop IAP Measurement?
IAP measurement may be discontinued when the risk
factors for IAH have resolved or the patient has no signs
of acute organ dysfunction, and IAP values have been
below 10–12 mmHg for 24–48 h. In case of recurrent
organ dysfunction, IAP measurement should be
reconsidered.

Does Sedation Have an Effect on IAP (i.e., Is
IAP the Same in Awake Patients)?
IAP measurement is most often performed in sedated
patients, where muscle contractions are absent. When
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Intraabdominal Pressure Monitoring. Table 2 Recommendations regarding IAP monitoringa
Level 1
● None
Level 2
● Patients should be screened for IAH/ACS risk factors upon ICU admission and in the presence of new or progressive organ
failure during ICU stay
● If two or more risk factors for IAH/ACS are present, a baseline IAP measurement should be obtained
● If IAH is present on baseline assessment, serial IAP measurements should be performed throughout the patient’s critical
illness
● If IAH/ACS risk factors persist or new or progressive organ failure develops during ICU stay, serial IAP measurements should be
performed
● Given the significant benefit and limited risk, APP should be monitored and maintained above 50–60 mmHg in patients with
IAH/ACS
Level 3
● IVP (as estimate for IAP) should be monitored using a closed sterile technique to avoid the risk for urinary tract infection.
When properly performed IVP measurement does not increase risk for UTI
● IAP should be expressed in mmHg (1 mmHg = 1.36 cmH2O)
● IAP should be measured:
● In the supine position
● At end-expiration
● With the transducer zeroed at the mid-axillary line
● 30–60 s after instillation
● With no more than 20–25 mL of priming fluid (to allow bladder detrusor muscle relaxation)
● In children 1 mL/kg up to a maximum of 20 mL should be used
● In the absence of abdominal muscle contractions
● In case of contraindication for IVP, the gastric route can be used as well
● Clinical examination is inaccurate to estimate IAP
● The potential contribution of body position in elevating IAP should be considered in patients with moderate to severe
IAH or ACS
● The potential contribution of the zero reference level position in lowering or elevating IAP should be considered
a

Evidence Definitions
Class I: Prospective randomized controlled trial.
Class II: Prospective clinical study or retrospective analysis of reliable data. Includes observational, cohort, prevalence, or case control studies.
Class III: Retrospective study. Includes database or registry reviews, large series of case reports, expert opinion.
Technology assessment: A technology study which does not lend itself to classification in the above-mentioned format.
Devices are evaluated in terms of their accuracy, reliability, therapeutic potential, or cost effectiveness.
Level of Recommendation Definitions
Level 1: Convincingly justifiable based on available scientific information alone. Usually based on Class I data or strong Class II evidence if
randomized testing is inappropriate. Conversely, low quality or contradictory Class I data may be insufficient to support a Level I recommendation.
Level 2: Reasonably justifiable based on available scientific evidence and strongly supported by expert opinion. Usually supported by Class II data
or a preponderance of Class III evidence.
Level 3: Supported by available data, but scientific evidence is lacking. Generally supported by Class III data. Useful for educational purposes and in
guiding future clinical research.

measuring IAP in awake patients, specific attention
should be made that no muscle contractions are present, e.g., during forced expiration in a COPD patient
with auto-PEEP. Adequate analgesia should be administered, especially after abdominal surgery, as even putting the patient in supine position may induce
abdominal pain and muscle contractions, leading to

falsely elevated IAP readings. Although others reported
that the administration of fentanyl may increase IAP
related to abdominal muscle contractions. At present,
there are no published studies comparing the IAP in an
awake patient with the IAP measured in the same
patient intubated and sedated to determine a standard
pressure difference.

Intra-aortic Balloon Support

Does Mechanical Ventilation with PEEP
Increase IAP?
Several studies evaluating the effect of PEEP on IAP have
demonstrated that PEEP values below 10 cm H2O generally don’t appear to exert an important effect on IAP
measurement. On the other hand positive pressure ventilation with PEEP above 10 cmH2O generally increased IAP
with 2 mmHg.

Is IAP Higher in Obese Patients?
Recent studies show that obese patients have higher baseline IAP values. As with IAH in the critically ill, elevated
IAP in the clinically severely obese patient can have far
reaching effects on end-organ function. Disease processes
common in clinically severely obese patients such as
obesity hypoventilation syndrome, pseudotumor cerebri,
gastro-esophageal reflux, and stress urinary incontinence
are now being recognized as being caused by the increased
IAP occurring with an elevated body mass index. Furthermore, the increased incidence of poor fascial healing
and incisional hernia rates have been related to the
IAH-induced reductions in rectus sheath and abdominal
wall blood flow. IAH-related complications of clinically
severe obesity generally respond to weight loss. The clinically severely obese are at a greater risk of developing ACS
because of preexisting baseline IAH and organ dysfunction. Clinicians should have a low threshold for monitoring IAP in obese patients because of the so-called “silent
IAH” and the fact that IAH and ACS are no longer
regarded as solely a disease of the critically ill.

What About IAP in Children?
Some studies have been performed regarding IAP measurement in children. The transvesical route can be used safely in
children, but obviously, the instillation volume is important
in this population. Davis et al. found that 1 mL/kg produces
reliable IAP values when compared to higher volumes. Similar findings have been reported by Suominen et al. When
extrapolating the IAP overestimation resulting from higher
instillation volumes seen in the adult population, it can be
advised that in children up to 20–25 kg, a maximum of 1
mL/kg instillation volume is advisable. In other children, 25
mL may be safely and appropriately used as in adults.

Is IAP Increased During Pregnancy?
In the second and the third trimester of pregnancy, the
uterus occupies a major part of the abdominal cavity, and
in the supine position breathlessness and blood pressure
decline (“supine hypotension syndrome”) are reliably
identified. These symptoms are due to restriction of
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diaphragm excursion and to compression of inferior
vena cava. However, overall IAP is usually not elevated.
Furthermore, the symptoms are alleviated in the lateral,
sitting, or standing positions. Due to hormonal influences
during pregnancy (i.e., relaxin), the abdominal wall is
slowly stretched, increasing its compliance, which reduces
the potential for increase in IAP caused by the expanding
uterus. However, if IAP increases due to other reasons, for
example, pneumoperitoneum at laparoscopy, perfusion of
the uterus and the fetus might be severely compromised.
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Intra-aortic Balloon Pumping
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▶ Aortic Counterpulsation
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Intracerebral Hemorrhage
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Synonyms
Hemorrhagic stroke; Intraparenchymal hemorrhage

Definition
Intracerebral hemorrhage (ICH) results from spontaneous
bleeding directly into the brain parenchyma and is a stroke
subtype which is distinct from subarachnoid hemorrhage
(SAH) and isolated intraventricular hemorrhage (IVH).
Currently there is no treatment which has been definitively
shown to decrease mortality and improve functional
outcome after ICH. However, guidelines exist regarding
management and these address a variety of issues including blood pressure control, the role of surgery, correction
of coagulopathy, and other aspects of initial medical
therapy [1] (Fig. 1).

Primary ICH is due to rupture of small arterioles and
consequently the effects of chronic hypertension accounts
for approximately 60–70% of cases [2]. Typical locations
for hypertensive ICH include the basal ganglia, thalamus,
cerebellum, and pons. Cerebral amyloid angiopathy is an
increasingly recognized cause of primary ICH, particularly
in elderly patients. Coagulopathy is also a risk factor for
ICH occurrence as well as continued bleeding. Secondary
causes of ICH include rupture of an underyling vascular
malformation or bleeding into a tumor. The etiology of
ICH is usually ascribed from consideration of the combination of the clinical presentation, patient risk factors, and
imaging characteristics of the hemorrhage.
Primary brain injury in ICH is due to tissue destruction caused by the initial hemorrhage. However, the
importance of damage caused by mechanical effects of
the hematoma has been augmented by interest in mechanisms of secondary brain injury in ICH. It is now clear that
early hematoma growth is common and that many
patients also deteriorate clinically without hematoma
growth in the same time frame in which edema is developing and clot absorption and breakdown are occurring.
The potentially toxic effects of iron, thrombin, as well as
a range of inflammatory mediators have led to the concept
of “neurohemoinflammation” as a descriptor for a variety
of different biochemical pathways which may result in
secondary brain injury after ICH. Meanwhile, concern
for peri-hematoma ischemia has now lessened as a major
mechanism of secondary injury in ICH. Recent experimental studies using large animal models and clinical
work using advanced neuroimaging have failed to reliably
demonstrate a peri-hematoma ischemic “penumbra” in
ICH. These findings have been taken as providing indirect
evidence that blood pressure lowering in acute ICH may
be reasonably safe.

Treatment

Intracerebral Hemorrhage. Figure 1 Left basal ganglia
intracerebral hemorrhage. This location is typical for chronic
hypertension as the cause

Treatment of acute ICH focuses on limiting damage from
the primary injury and decreasing the potential for secondary brain injury. Only a small number of randomized
phase III clinical trials have been performed testing surgical or medical treatments for acute ICH and none of these
has identified an intervention of clear benefit. Even so,
there are numerous potential targets for treatment and
current guidelines provide a framework for care. Several
areas of consideration include the role of surgical hematoma evacuation, the value of aggressive lowering of blood
pressure early after ICH, and correction of coagulopathy.
Additionally, because many ICH patients are critically ill,
other aspects of general neurocritical care and critical care
may need to be considered.

Intracerebral Hemorrhage

Surgery
The International Surgical Trial in Intracranial Hemorrhage (STICH) enrolled 1,033 patients presenting within
72 h of spontaneous supratentorial ICH in which the local
neurosurgeon felt there was equipoise about whether or
not the patient would benefit from surgery. The patient
was randomized to either early surgical intervention
(within 24 h of randomization) or initial medical management. The primary outcome measure was death and
disability as measured by the extended Glasgow Outcome
Score (GOS) at 6 months. In an intention-to-treat analysis, early surgery was neither beneficial nor harmful as
there was no statistically significant difference in either
mortality or functional outcome. However, 26% of
patients in the initial medical management arm ultimately
underwent surgery for hematoma evacuation (mostly due
to neurologic deterioration). Of note, pre-specified subgroup analyses identified that subjects with hematomas
<1 cm from the cortical surface and subjects who
underwent craniotomy as the surgical procedure had
a nonsignificant trend toward benefit with early surgery.
Based upon these results, a second international multicenter trial (STICH II) is currently underway to test early
hematoma evacuation versus initial conservative management in patients with lobar hematoma 1 cm or less from
the cortical surface.
There are a number of case series which report that
patients with spontaneous cerebellar hemorrhage who
present with large cerebellar hematomas (>3 cm in diameter) or with compression of the brain stem or hydrocephalus may still have a favorable outcome with surgical
intervention. However, there has not been a prospective
randomized trial of surgery for cerebellar ICH analogous
to STICH. Thus, cerebellar ICH is generally considered as
a potentially surgical lesion, especially in patients with
obstructive hydrocephalus or clinical deterioration and
current American Heart Association (AHA) guidelines
recommend hematoma evacuation.
Ongoing efforts include early phase studies of minimally invasive surgical alternatives to open craniotomy.
Prior small case series have described techniques including
simple aspiration of the hematoma, mechanical aspiration
with a screw and suction technique, instillation of
a thrombolytic such as urokinase or recombinant tissue
plasminogen activator into the hematoma with aspiration
of contents, and endoscopic aspiration of the hematoma
with lavage of the hematoma cavity and photocoagulation
of oozing vessels. An NIH sponsored multicenter trial is
currently underway comparing catheter directed t-PA
treatment for hematoma evacuation versus conventional
medical management for patients presenting with ICH.
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Another phase III trial is evaluating the effectiveness of
catheter-directed t-PA for the treatment of intraventricular hemorrhage.

Blood Pressure
Blood pressure is usually elevated, often to extreme levels, in
acute ICH and the possibility that acute blood pressure
lowering might limit hematoma growth is clinically compelling. Despite this, there is relatively limited data to support
specific blood pressure goal recommendations and recent
AHA ICH guidelines continue to recommend individualized blood pressure goals based upon individual patient
characteristics such as presumed etiology of hemorrhage
(hypertension versus underlying vascular anomaly), history
of chronic hypertension and baseline blood pressure, and
known or suspected major vessel arterial stenosis where
a significant decline in blood pressure could cause secondary
organ damage. A commonly used current approach involves
modest reduction of BP (target MAP110 mmHg or target
BP160/90 mmHg) using continuous or intermittent IV
medications to control BP with frequent monitoring of BP
and neurologic examination. Nicardipine and labetalol are
two commonly used agents.
The results of two early phase clinical trial of blood
reduction in acute ICH have recently been published.
INTERACT was a multicenter randomized prospective
trial which demonstrated that intensive lowering of systolic blood pressure (SBP) to goal <140 as opposed to SBP
to goal <180 decreased the absolute risk of significant
hematoma growth (defined as 33% of baseline hematoma volume) by 8% without increasing the rate of
adverse events, a larger clinical trial based upon these
results is underway to test whether this lower SBP goal
can improve clinical outcomes. ATACH evaluated the
tolerability and safety of targeting three different BP
goals (SBP 170–200, SBP 140–170, SBP 110–140) using
nicardipine infusion found that patients tolerated acute
lowering of SBP to the three tiers without significant
differences in neurologic deterioration between the three
tiers. ATACH II is ongoing as a pivotal trial testing whether
BP lowering improves clinical outcome.

Coagulopathy
ICH is more frequent in patients treated with anticoagulants and fibrinolytics, and the risk of warfarin-related
ICH increases with increasing INR. The obvious goal is
to reverse the coagulopathy as soon as possible. Concern
over inadequate or slow correction when using just
vitamin K and fresh frozen plasma (FFP) have led to
guidelines recommending broader use of prothrombin
complex concentrates. Prothrombin complex concentrate
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administration generally reverses an elevated INR more
rapidly than FFP and consequently may be more advantageous in limiting hematoma growth due to ongoing
warfarin-related coagulopathy. However, in a study comparing PCC and FFP, there was no difference in hematoma
growth between FFP and PCC in patients whose INR was
corrected within 2 h. This strongly suggests that it is
timing of coagulopathy reversal, not a specific agent, that
makes the difference. Recombinant Factor VIIa is another
option, although the current AHA guidelines do not recommend its use as a sole agent for warfarin reversal.

Hemostatic Agents
Numerous studies have now demonstrated that hematoma expansion is common early after acute ICH, even
in the absence of an underlying lesion or coagulopathy. In
a single center prospective study, substantial hematoma
growth, defined as >33% enlargement of the baseline
hematoma volume, occurred during the first day in 38%
of patients who underwent CT scanning within 3 h of the
initial ictus; 26% of patients demonstrated this enlargement within 1 h after initial CT scan. This has generated
significant interest in the potential use of hemostatic
agents to limit hematoma growth. Factor VIIa (rFVIIa)
has now been investigated in a wide range of bleeding
disorders in patients with normal coagulation, including
ICH. In a phase IIa trial, 399 acute ICH patients who had
initial CT diagnosis within 3 h of symptom onset received
either placebo or one of three doses of recombinant Factor
VIIa (40, 80, or 160 mg/kg) within 1 h of CT scan. Overall,
patients who received rFVIIa had less hematoma expansion and this translated to a lower risk of mortality and
improved functional outcome, despite a small increase in
thrombotic events such as myocardial infarction. However, a larger phase III trial found decreased hematoma
expansion, but no improvement in clinical outcome.
Thus, hemostatic agents are not currently recommended
in non-coagulopathic patients. The possibility of targeting
a select subgroup who might benefit (e.g., 70 years old,
with baseline ICH volumes <60 mL, intraventricular
hemorrhage volume <5 mL, and time from onset-totreatment 2.5 h) or those with a positive “spot sign” on
contrast-enhanced CT is under investigation.

Antiplatelet Agents and ICH
There are conflicting reports as to the role of prior
antiplatelet therapy on hematoma expansion and outcome for patients presenting with ICH. Given the absence
of clinical trials in this area, there is wide heterogeneity in
clinical practice ranging from practitioners who advocate
platelet transfusion in patients with ICH while taking

antiplatelet agents such as aspirin or clopidogrel, to
those who advocate the use of laboratory tests for platelet
function, to those who choose not to treat. Further clarification of the impact of antiplatelet use and platelet
dysfunction on ICH occurrence, growth, and outcome is
an important future direction.

Intracranial Pressure
Patients with moderate or large ICH or intraventricular
hemorrhage often have increased intracranial pressure
(ICP) or hydrocephalus that warrants consideration of
treatment. A graded stepwise approach with initial routine
use of less invasive measures prior to instituting more
invasive measures is advocated analogous to that used in
severe traumatic brain injury. Less invasive measures
include elevation of the head of the bed to 30 , maintenance of the neck in a neutral position to facilitate jugular
venous drainage, and adequate analgesia and sedation.
More invasive measures include CSF drainage via an
extraventicular drain (EVD) placed directly into the ventricles. An EVD allows continuous measurement of intracranial pressure as well as drainage of CSF to treat elevated
ICP, but does carry a small risk of hemorrhage or infection. Osmotic agents such as mannitol and hypertonic
saline may be used to decrease ICP, but overuse of mannitol may cause hypovolemia, renal failure, and cerebral
vasoconstriction. Neuromuscular blockade may also be
considered in patients with refractory elevated ICP but is
likely associated with an increased risk of infection and
critical illness of neuromuscular disease. Second tier therapies include barbiturate coma, induced hypothermia,
and decompressive craniectomy, but these have not been
systematically investigated in ICH.

Fever, Glucose, Anticonvulsants, and DVT
Prophylaxis
Fever is a common occurrence in patients with intracerebral hemorrhage and increased fever duration is associated
with poor outcomes. Thus, fever should be aggressively
treated even as appropriate testing for systemic infection is
being undertaken. Hyperglycemia on admission is predictive of 14-day and 28-day mortality in patients with ICH.
Thus, it is reasonable to avoid hyperglycemia in patients
with ICH although the impact of aggressively targeting
normoglycemia is not known. Clinically, apparent seizures
occur in 4–8% of patients with ICH within the first
30 days. Additionally, non-convulsive seizures identified
on continuous EEG (cEEG) monitoring may occur in
about 20% of ICH patients. However, two studies have
found that prophylactic anticonvulsant use (especially
phenytoin) was associated with worsened outcome.
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Prophylactic phenytoin use should probably be avoided,
but clinical seizures should be treated aggressively and
continuous EEG should be considered in patients with
unexplained decreased level of consciousness. Deep
venous thrombosis (DVT) and pulmonary embolism are
frequent in patients presenting with ICH, and DVT is
diagnosed in approximately 2% of patients during their
acute hospitalization. Initiation of pneumatic compression stockings at the time of hospital admission and subcutaneous heparins or heparinoids once bleeding has
ceased (usually around days 2–3) is reasonable.

Evaluation/Assessment
The clinical presentation of ICH is characterized by the
sudden onset of focal neurologic dysfunction that is generally accompanied by severe headache. However, headache at onset does not reliably distinguish ICH since it
occurs in up to 30% of patients with ischemic strokes.
Thus, urgent neuroimaging is necessary to establish
the diagnosis of ICH. Patients with large hemispheric
ICH and mass effect or those with significant IVH
that obstructs cerebrospinal fluid drainage may have
profoundly elevated ICP and often present with nausea
and vomiting, in addition to focal neurologic deficits that
may rapidly progress to herniation and coma.
The widespread use of CT scanning has made the
diagnosis of ICH relatively straightforward, and it remains
the most widely used neuroimaging technique. Acute
stroke MRI protocols utilizing susceptibility-weighted
imaging that exploit the paramagnetic properties of
hemoglobin can also accurately identify ICH with very
high sensitivity and specificity as compared to CT. Hematoma volume can be estimated from the head CT scan
using the ABC/2 method, which approximates the volume
of a spheroid. From the axial CT slice containing the
largest hematoma area, A is the longest diameter and B is
the longest diameter perpendicular to A. C is the number
of slices on which hemorrhage is seen multiplied by the
slice thickness (note that slices containing an estimated
<25% of the largest volume are not counted, slices with
25–75% are counted as a half slice, and slices >75% are
counted as a full slice) [3]. Because hematoma volume is
a powerful predictor of clinical outcome and because
hematoma expansion is common in acute ICH, measurement of hematoma volume is an appropriate part of the
initial assessment of the ICH patient.
While non-contrast CT scanning remains the most
commonly used modality for acute ICH diagnosis, the use
of additional CT sequences such as CTA (angiography) and
CTP (perfusion) may provide more information. Intracranial vascular imaging with conventional angiography has
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a high yield in identifying vascular malformations in cases
of ICH in younger patients (age<45), atypical hemorrhage
location for hypertension, if the patient has no history of
hypertension, or in primary IVH. Multi-slice CTA is being
increasingly used as part of initial ICH evaluation and as
a substitute for diagnostic conventional angiography. Additionally, in cases of acute ICH, CTA, and CTP with early and
delayed image acquisition may show contrast extravasation
(the “spot sign”) which is a predictor of hematoma expansion and worsened outcome. “Spot sign” identification
might help target interventions toward patients most likely
to experience ongoing hematoma expansion, but this has
not yet been tested prospectively.
Several baseline clinical and neuroimaging characteristics are predictive of ICH outcome. These include hematoma volume, Glasgow Coma Scale (GCS) score, IVH,
advanced age, and infratentorial ICH location. Numerous
outcome prediction models and grading scales have been
developed using these parameters which are available at
the time of initial ICH evaluation and may be overall
predictive of short-term (30-day) mortality or long-term
functional outcome. The most commonly used validated
scale, the ICH Score [4], is calculated as the sum score of
points assigned for each of five different parameters (see
Table1). The use of an ICH grading scale during initial

Intracerebral Hemorrhage. Table 1 The ICH score
ICH score points

Component
Glasgow coma scale score (GCS)
3–4

2

5–12

1

13–15

0

ICH volume (cc)
30

1

<30

0

Intraventricular hemorrhage (IVH)
Yes

1

No

0

Infratentorial origin of ICH
Yes

1

No

0

Age (years)
Total ICH score

80

1

<80

0
0–6

GCS=GCS score at hospital admission
ICH=volume on initial CT scan calculated using ABC/2 method
IVH=presence of any intraventricular hemorrhage on initial CT
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assessment can help in standardizing communication
regarding clinical condition and general prognosis.

After-care
Rehabilitation for survivors of ICH is a high priority
and there is evidence that recovery can continue for at
least a year post-ICH in patients who do not remain
moribund. Optimal rehabilitation strategies have not
been specifically studied in ICH and likely depend on
the condition and specific neurological deficits of the
patient. Multidisciplinary inpatient stroke units for initial
care are emphasized and have been shown to increase the
proportion of long-term stroke survivors living at home
long-term. Home-based rehabilitation services may be of
use as emphasis is placed on early return to home if
possible.
ICH survivors are at increased risk for recurrent ICH
and the magnitude of this risk depends on the initial
ICH cause. Surgical or endovascular treatment of an
underlying vascular anomaly (e.g., arteriovenous malformation, cavernous malformation, dural arteriovenous fistula) may be appropriate depending on the location and
risk of treatment. Patients with hypertensive ICH have
about a 2% annual risk of recurrent ICH. All ICH patients
should have long-term blood pressure control with an
aggressive target of 130/80 or lower. Recurrent hemorrhage risk in cerebral amyloid angiopathy is tripled with
the presence of apolipoprotein E gene e2 and e4 alleles,
although there is no specific intervention to lessen this
risk at present. Because of the strong association of
lobar hemorrhage with cerebral amyloid angiopathy,
patients with warfarin-associated lobar ICH should probably not have warfarin reinitiated. However, aspirin
seems to be tolerated if the patient has an indication
for antithrombotic treatment. Reinstitution of warfarin
in deep hypertensive hemorrhage could be considered
after 2 weeks, depending on the risk of recurrent
thromboemboli (e.g., atrial fibrillation, mechanical heart
valve).

Prognosis
Only about one in five ICH patients will be functionally
independent after 6 months. The short-term mortality
of ICH in most series is approximately 40%. While this
is partly a result of the absence of any effective proven
treatments for ICH, there is also concern that heterogeneity in care and early care limitations such as donot-resuscitation orders (DNR) or withdrawal of medical
support may lead to self-fulfilling prophecies of poor
outcome [5]. Because of this concern, the current AHA

ICH guidelines recommend careful consideration of
aggressive care for the first 24 h in all ICH patients and
deferring of new DNR orders during that time, unless the
patient has a pre-existing DNR order prior to hospital
admission.
Although ICH comprises a minority of strokes that
occur in the United States, it accounts for a disproportionately large amount of the total morbidity, mortality,
and economic burden of stroke. The economic burden of
ICH is tremendous, approaching six billion dollars annually in the United States, and approximately $165,000 per
patient/year. Thus, efforts which reduce disability, even by
a modest degree, are likely to have significant financial
impact.

Cross-References

▶ Subarachnoid Hemorrhage, Aneurysmal
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Definition
Introduction
Intracranial pressure (ICP) monitoring for patients with
severe traumatic brain injury (Glasgow Coma Scale score
8) has become a standard of care in most intensive care
units (ICUs) across the United States. This trend is
a response to the rapidly growing supply of evidence
demonstrating improved morbidity and mortality rates
in patients whose intracranial pressure is controlled [1].
Severe traumatic brain injury (TBI) results in an initial
insult to the brain that can often be detected early on CT
scan in the form of a traumatic contusion, epidural or
subdural hemorrhage, intraparenchymal hemorrhage, diffuse axonal injury, diffuse cerebral edema, or some combination thereof. While these injuries are deleterious
in and of themselves they also often result in secondary
injury to the brain that in turn causes elevations in intracranial pressure, which result in neurologic decline. The
pathophysiology behind this secondary injury has been
well described and begins with loss of cerebral blood
flow autoregulation. As a result, cerebral hypoperfusion
or hyperemia follow and leads to ischemic injury and
elevated intracranial pressure respectively.

Pre-existing Condition
Indications for ICP Monitoring
The morbidity and mortality benefit of controlling ICP
occurs around 20–25 mmHg [2] and because of this
clinicians often use this as a cut-off for treatment. Knowing the importance of ICP is crucial, as excessive and
unneeded treatment of elevated ICP can be harmful to
the patient given the risks associated with ICP-lowering
interventions. For example, prolonged hyperventilation
worsens outcome and reduces cerebral blood flow.
Osmotic agents like hypertonic saline can cause a reflex
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elevation in intracranial pressure if overused. Barbiturates
can cause significant hypotension and barbiturateinduced comas are associated with increased rates of
pneumonia and longer ICU stays. While ICP can be
a reliable predictor of outcome in patients with severe
TBI, it can also be the first indicator of worsening intracranial pathology as these patients do not have
a neurologic exam to follow. And finally, in order to
calculate cerebral perfusion pressure, which is often used
to guide therapies for patients with severe TBI, the ICP
and mean arterial pressure must be known.

ICP Monitoring Guidelines
Unfortunately, ICP monitoring is not free and the benefits
must therefore be weighed against the costs. The benefits
in terms of morbidity and mortality in patients with severe
TBI are numerous and are well established in the literature. As a result, more and more intensive care units have
begun to monitor intracranial pressure with reported rates
rising from 32% in 1995 to 78% in 2005. Given this trend,
the need for uniformity of care has also risen and recently
prompted the third revision of the guidelines for the
management of severe TBI in the Journal of Neurotrauma
in 2007 in which ICP management is specifically
addressed. With respect to ICP monitoring in patients
with severe TBI the authors, who searched the literature
from 1996 to 2006, found an insufficient amount of class I
evidence to support a treatment standard. They did however site class II evidence supporting the use of intracranial
monitoring for all salvageable patients with severe TBI
(GCS 3–8) and an abnormal CT scan of the head. They
also found class III evidence for ICP monitoring in
patients with severe TBI who have a normal head CT but
have two or more of the following: age >40, unilateral or
bilateral motor posturing, or systolic blood pressure
<90 mmHg [3].

Application
Various Types of ICP Monitors
There are a variety of ICP monitors that have been and are
currently being used. These monitors have been designed
differently in an effort to measure the ICPs in every compartment of the brain including the epidural, subdural,
subarachnoid, intraparenchymal, and intraventricular
spaces (Fig. 1).
The most reliable is the ventricular catheter connected
to an external strain gauge which also has the ability to be
recalibrated if necessary. An external strain gauge transducer is coupled to the patient’s intracranial space via
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INTRAPARENCHYMAL
FIBEROPTIC CATHETER
EPIDURAL
TRANSDUCER
VENTRICULOSTOMY
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SUBDURAL
CATHETER

SUBDURAL BOLT

Intracranial Pressure. Figure 1 Intracranial pressure monitor locations

Intracranial Pressure. Table 1 Advantages and disadvantages of different intracranial pressure monitors
ICP monitor

Advantages

Disadvantages

1. Intraventricular (external strain gauge) ● Can re-zero in situ
● Most accurate
● Least expensive
● Can treat elevated ICPs by removing
CSF through the catheter

● Highest risk of infection
● Highest risk of hematoma formation
● Obstruction of fluid flow causes
inaccuracy

2. Intraventricular (micro strain gauge or ● Inexpensive
fiberoptic)

● Cannot recalibrate in situ

3. Parenchymal

● Easily transported
● Cannot recalibrate in situ
● Minimal artifact and drift
● Breakage of the fiberoptic cable
● High resolution of waveform
● Expensive
● No irrigation less risk of infection
● No need to adjust for patient position

4. Subarachnoid

● Quickly and easily placed
● Does not invade brain
● Allows sampling of CSF
● May have lower infection rate

● Blocked by edematous brain
● Catheter can be occluded by tissue or
blood
● Must be balanced and recalibrated
frequently

5. Subdural

● Least invasive
● Easily and quickly placed

● Increasing baseline drift over time
● Accuracy and reliability are
questionable
● Does not provide CSF sampling

6. Epidural

● Least invasive
● Easily and quickly placed

● Increasing baseline drift over time
● Accuracy and reliability are
questionable
● Does not provide CSF sampling

Intraparenchymal Cerebral Hematoma

fluid-filled lines while the catheter tip transducers are
placed intracranially. Parenchymal ICP monitors are also
frequently used and are generally considered less reliable
than ventricular external strain gauge monitors because
they are unable to be recalibrated. Epidural, subarachnoid,
and subdural ICP monitors are less frequently used and
are less accurate [4]. The following is a table from the
guidelines for management of patients with severe TBI
published in the Journal of Neurotrauma in 2007
(Table 1). It ranks the ICP monitors based on accuracy,
reliability, and cost. It also highlights the advantages and
disadvantages of each.

Complications of ICP Monitors
ICP monitors are not without their own set of problems
and associated complications. Hematoma formation
occurs at a rate of 1.4% across all types of ICP monitors
versus 1.1% for ventricular catheter monitors [5]. The
incidence of hematomas that require surgical evacuation
is 0.5% while the incidence of fatal hemorrhages is 5%,
4%, and 1% in subdural, intraparenchymal, and ventricular monitors respectively. A recent study in children with
TBI demonstrated a 17.6% hemorrhagic complication rate
for children who had a ventricular monitor placed versus
6.5% for those who had an intraparenchymal device
inserted. Devices that use a fluid column have an intrinsic
potential to obstruct and malfunction. Incidences of
obstruction have been reported for ventricular catheters,
subdural catheters, and subarachnoid bolts as 6.3%,
10.5%, and 16% respectively. Bacterial colonization of
ICP monitors increase with time and significant elevations
of colonization have been shown to occur 5 days after
implantation with the highest rates of colonization
(approximately 14%) occurring in intraparenchymal
monitors. Fortunately, clinically significant infections of
the brain and meninges after ICP monitor implantation
are very rare even when antibiotics are not administered
prophylactically. Finally, ventricular catheters also come
with a risk of malposition and approximately 3% must be
revised in the operating room.
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Conclusions
Elevated intracranial pressure in the setting of severe traumatic brain injury can lead to severe neurologic decline
and possibly death. In comatose patients whose neurologic examination cannot be used to reflect changes in
intracranial pressure, an ICP monitor must be implanted
to guide timely and effective treatment. The complications
associated with these monitors are small and their risks are
far outweighed by their benefits and should not prevent
their implantation.
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Definition
Intraparenchymal cerebral hematoma (IPH) is defined as
a blood clot that arises spontaneously in the brain in
the absence of trauma or surgery. This is an important
public health issue with an incidence of 10–30 per 10,0000
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Intraparenchymal Cerebral Hematoma. Table 1 Causes
of ICH
Primary
Hypertension
Cerebral amyloid angiopathy
Secondary
Aneurysm
Vascular malformation
Neoplasm
Coagulopathy
Drugs or alcohol
Hemorrhagic conversion of ischemic stroke
Dural venous sinus thrombosis
Vasculitis/vasculopathy
Moyamoya disease
Arterial dissection
Complication of pregnancy
Other/unknown

population accounting for approximately 2 million of
15 million strokes annually worldwide. While hospital
admissions have increased more than 15% over the past
10 years, mortality has not decreased. Intracerebral hemorrhage (ICH) can be divided into primary and secondary
categories (Table 1). Primary IPH comprises about 80% of
cases and is caused by small vessel rupture associated with
hypertension or atherosclerosis. Secondary IPH is associated with other congenital or acquired conditions such as
tumors, vascular malformations, or drugs. The most
common sites of occurrence are the basal ganglia, thalamus, subcortical white matter of the hemispheres, cerebellum, and brainstem.

Evaluation/Assessment
Imaging
Computed tomography (CT) scanning is clearly the imaging modality of choice for acute stroke. CT can be done
quickly at most centers and will identify (1) the nature of
the stroke (ischemic versus hemorrhagic), (2) the volume
of the hemorrhage (useful in prognosis), (3) the anatomic
structures involved, and (4) any adverse concomitant
events (i.e., midline shift, hydrocephalus, herniation,
etc.). While the anatomic definition of CT scans is often
not precise enough to identify a direct source or cause, the
location and anatomy of the hemorrhage can often suggest

an etiology (i.e. arteriovenous malformation (AVM),
aneurysm, hypertensive, etc.). CT scanning is also the
optimal study for repeat assessment to determine expansion of the hemorrhage volume. After the initial diagnosis
of hemorrhage, the CT scan is usually repeated in case of
neurologic deterioration or after a time interval to assess
progression of hemorrhage. If there is any clinical deterioration or other changes in the patient’s status, the CT
should be repeated immediately to identify any reversible
causes of decline. When AVM or aneurysm is suspected
based on clinical history, it is often useful to obtain a CT
angiogram. Newer software is often able to create reconstructions in three dimensions, which approach the sensitivity and specificity of cerebral angiography. For ischemic
strokes, CT perfusion scans can be helpful in determining
if there is more brain at risk (“penumbra”).
Magnetic resonance imaging (MRI) is quickly
approaching CT in its utility in diagnosing ICH. The
distinct disadvantage is the length of time required to
obtain the scan, which may have adverse consequences in
unstable patients. MRI is more sensitive and specific than
CT in the diagnosis of neoplasm and cavernous angioma.
MRI appearance of ICH is quite complex and highly
dependent of the relative levels of hemoglobin breakdown products. The initial hyperacute phase (0–6 h) is
characterized by intracellular oxyhemoglobin, and imaging shows iso- to decreased signal intensity on T1 and
increased signal intensity on T2. This is followed by an
acute phase (6 h to 3 days) in which imaging is characterized by intracellular deoxyhemoglobin, which shows
iso- to decreased intensity on T1 and decreased intensity
on T2. The subacute phase can be broken down into an
early subacute (3 days to 1 week), which shows increased
intensity on T1 and decreased intensity on T2. As the cells
are lysed and the methemoglobin moves into the extracellular space both T1 and T2 imaging show increased
signal intensity. As the hemoglobin products are replaced
by hemosiderin and ferritin the hemorrhage enters the
chronic phase (>1 month), which shows decreased signal
intensity on both T1 and T2 imaging. The susceptibilityweighted sequences are perhaps more sensitive at diagnosing hemoglobin than even CT. Magnetic resonance
(MR) angiography and perfusion scanning may be useful
as discussed in with CT angiography. Newer imaging
sequences are emerging constantly and as these technologies improve, it is likely that MRI will take a bigger role
in stroke imaging.
Cerebral angiography is the gold standard study in the
diagnosis of vascular abnormality. This study should be
performed in patients where aneurysm, AVM, arterial
dissection, and vasculitis are suspected unless a very clear
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diagnosis can be made by CTor MR angiography. Cerebral
angiography is an invasive imaging modality, therefore
the diagnostic yield must be weighed against the clinical
risk for each patient. Age should be considered and if
surgical intervention would not be considered, angiography generally provides no benefit. On the contrary, newer
endovascular treatment modalities have extended the age
range for therapy for aneurysms and AVMs. It has been
suggested that the best candidates for angiography are
patients with subarachnoid hemorrhage, abnormal intracranial calcifications, prominent vascular structures, and
perisylvian hemorrhage location. Repeat studies should be
considered in these patients if initial imaging is negative.

General Evaluation
Patients presenting with ICH should have emergent coagulation panels (including prothrombin time (PTT), international normalized ratio (INR), and platelets) to identify
and rapidly correct coagulopathy. In addition, baseline
complete blood count, electrolytes, hepatic panel, and
toxicology screen should be obtained. Workup in these
patients should proceed as with any other critically ill
patient. Electrolyte abnormalities should be identified
and corrected as quickly as is safe and plausible. Adjunct
coagulation studies should be obtained if there is any
reason to suspect a more nebulous etiology than hepatic
failure or iatrogenic anticoagulation. These may include
platelet function studies and genetic testing for hyper- or
hypocoagulable state.
In USA, many patients are worked up with complete
laboratory studies, electrocardiogram (EKG), and chest
X-ray as well as adjunct studies if any of these studies are
abnormal. This “shotgun approach” workup is expensive
and often provides results that are difficult to interpret.
Keeping this in consideration, much of the morbidity
from stroke comes from comorbidities such as hypertension, heart disease, respiratory dysfunction and pneumonia, and other organ system dysfunction. The literature is
not specific on some of these issues and the extent of the
critical care workup is best left to the clinical acumen of
the treating physician.
Many stroke patients require a swallow evaluation
from speech pathology prior to advancing the diet or
being given oral medications. Aspiration pneumonia
occurs with high incidence in this population and carries
a relatively high morbidity and even mortality. Bedside
swallow examination and/or fluoroscopic-assisted swallow study may be carried out at the earliest convenience.
Physical therapy and occupational therapy evaluation
should be carried out as soon as possible after admission
as early physical and occupational therapy help to reduce
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morbidity and sustained neurologic deficit after stroke.
Once the patient is stable, the initial physical and occupational therapy evaluation should be followed by evaluation
by a full physical medicine and rehabilitation evaluation.
This evaluation often helps to pick up subtle deficits and
develop an appropriate rehabilitation program for the
patient.

Treatment
Medical Management
Treatment of ICH is aimed at preventing further deterioration while providing an ample environment for recovery. Patients are generally managed in the ICU for at least
24 h as this is the most likely time for deterioration.
General critical care measures such as mechanical deep
venous thrombosis (DVT) prophylaxis, gastrointestinal
(GI) prophylaxis, and good nutrition should be observed.
Seizures have been reported to occur with an incidence of
8% to 40% in patients with ICH. The main risk factor
appears to be location adjacent to cortex and patients with
cerebellar or brainstem hemorrhage have very low incidence of seizures. Most seizures occur within the first
24 h after hemorrhage, but patients who have late seizures
(more than 2 weeks after the initial bleed) have nearly
a 50% risk of developing epilepsy. Although somewhat
controversial, there is probably enough evidence to support the use of antiepileptics in these patients and these
could likely be weaned off after a period of 1–4 weeks
[1, 2, 5].
Blood pressure management is another controversial
issue. It is often unclear if hypertension is a preexisting and
possibly causative factor in ICH or if it is secondary to
catecholamine release or the Cushing response. Therefore,
when treating patients with ICH, hypertension may be
either a pathologic entity that should be aggressively
treated or an adaptive response that increases cerebral
perfusion and protects against secondary injury. The
response of the cerebral blood vessels to different pressures
in the setting of injury is quite complex. Cerebral
autoregulation allows for the maintenance of a relatively
constant cerebral blood flow over a range of perfusion
pressure from 60 to 150 mmHg. If the cerebral perfusion
pressure (CPP) falls below these levels, the oxygen extraction fraction increases to meet the demands of the brain
until this can no longer compensate and ischemia occurs.
In patients who have preexisting hypertension, cerebral
autoregulation likely functions on a higher CPP curve.
Therefore, one must be careful not to decrease systolic
blood pressure (SBP) so far to as to decrease CPP and
thereby risk ischemia. The AHA guidelines recommend
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maintaining mean arterial pressure less than 130 mmHg
with a CPP greater than 70 mmHg. This can be accomplished by using short acting alpha and beta blocking
agents such as labetalol in bolus or drip form. Although
their effect in the cerebral circulation has not been well
defined, vasodilators should be avoided if possible as they
may worsen intracranial hypertension.
The main area of intervention in patients with ICH is
that for intracranial hypertension. Normal intracranial
pressure (ICP) is less than 20 mmHg and patients with
trauma or ICH should be aggressively treated to maintain
an ICP less than 20–25 mmHg to avoid secondary neurologic morbidity. Any patient with suspicion of elevated
intracranial pressure should have urgent neurosurgical
consultation as all neurosurgeons are well versed in the
management of elevated ICP. Immediately useful therapies include elevation of the head of bed and maximizing
cerebral venous outflow by loosening any garments that
may constrict the neck. If the patient is intubated, hyperventilation to a PCO2 of 30–35 is useful in lowering ICP
by cerebral vasoconstriction; however, this therapy loses
its effect after about the first 6 h and may come with the
cost of lowering cerebral perfusion. Routine prophylactic
hyperventilation is not recommended. Osmotic agents
can be given intravenously and have a quick onset of
action. Mannitol is the classic first line agent and can be
given in a bolus dose of 1 g/kg. More recently, there has
been interest in the use of hypertonic saline, which may
have the added benefit of volume expansion (as opposed
to contraction with mannitol). This can also be given in
bolus form depending on the concentration available.
Care should be taken when using hypertonic saline not
to raise the serum sodium too rapidly as there is risk of
central pontine myelinolysis. Agitation and fever increase
the cerebral metabolic requirement and should be minimized. Fever can be reduced with scheduled acetaminophen administration, and the patient can be actively
cooled using cold saline or a cooling catheter to
a temperature less than 37.5 C. Sedation can be administered in the form of benzodiazepines, narcotics, propofol,
and dexmedetomidine. Of these, propofol and
dexmedetomidine have the advantage of short half-life
and fast off period for neurologic exam. If these measures
are unsuccessful, chemical paralysis and barbiturate coma
are the next step in reducing cerebral metabolic rate.
Thiopental and pentobarbital are the most common
agents used and these must be given in conjunction with
continuous EEG monitoring to confirm burst-suppression. Care should be taken to avoid hypotension when
giving bolus doses of barbiturates as this may lower cerebral perfusion to unacceptable levels.

Surgical Management
Placement of an intracranial pressure monitor should be
considered for patients with signs of intracranial hypertension. A ventriculostomy or external ventricular drain (EVD)
has the advantage of being a possible therapeutic measure as
it can be used to drain and collect cerebrospinal fluid (CSF).
An EVD is the first choice of monitoring devices for patients
with intraventricular hemorrhage or hydrocephalus. In
most other patients, a fiberoptic device may be sufficient
and may be associated with a lower infection rate and easier
placement. Some neurosurgeons advocate for prophylactic
antibiotic therapy when an invasive monitoring device is in
place; however, there is not substantial evidence to support
this. Surveillance CSF analysis and cultures may be
employed to rapidly identify and treat infection [3, 4].
The indications for craniotomy or other direct
decompressive procedures in patients with ICH are not
completely clear. In theory, timely craniotomy with surgical aspiration of the clot would benefit patients by decreasing ICP, removing mass effect, and possibly providing
a better environment for recovery. Unfortunately, none
of the randomized clinical investigations have been able
to show this difference. Three, six, and twelve month
outcomes are relatively poor with both surgical evacuation
and best medical therapy. These studies have been severely
methodologically flawed however in that they included
a small number of patients per group, were heterogeneous
between groups, and often did not mandate timely surgical
intervention. Some studies have shown a slight benefit of
surgery for early 1–3 month mortality, but this effect has
equalized at the 6-month timepoint. The other large failure of many of these studies has been the tendency to lump
all supratentorial ICH into one group. Several smaller
series have shown mortality benefit to surgery in select
populations (i.e., larger hematoma volume, hemorrhage
involving the anterior and posterior limbs of the internal
capsule, and those hemorrhages extending into the thalamus and subthalamus). In practice, craniotomy or
craniectomy is reserved for patients who are relatively
young, who have salvageable neurological function,
whose clot is superficial, and who exhibit signs of
increased ICP. Endoscopic or stereotactic aspiration has
also been used to treat patients with ICH; however, the
indications for these procedures are not well defined.

After-care
The majority of patients who have suffered ICH require
extensive aftercare. Many of these patients are left with
severe neurologic deficits such as hemiplegia and aphasia
that require intensive rehabilitation and may not improve
greatly. Once stabilized medically, patients should
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undergo comprehensive evaluation by physical, occupational, and speech therapy specialists. This should be
followed by evaluation by a specialist in physical medicine
and rehabilitation. When appropriate, patients should be
discharged from the hospital to a dedicated intensive
rehabilitation facility. If patients do not meet rehabilitation admission criteria, such as the ability to participate in
several hours of intensive rehabilitation therapy per day,
then discharge to a skilled nursing facility may be appropriate. Many patients will require prolonged nursing and
general medical care.

Prognosis
Despite the advances in care for these patients mentioned
above, the overall outcomes remain distinctively poor.
Between 35% and 52% of patients with ICH die within
30 days of the initial hemorrhage, most of these within
the first 48 h. Other studies have shown 31% mortality at
7 days, 59% at 1 year, and 82% at 10 years. Only about
20% of patients are living independently at 6 months.
Prognostic indicators include hemorrhage volume,
glascow coma score (GCS), and presence of intraventricular extension. In patients with hemorrhage volume
greater than 60 cm3 and GCS 8 or less, the 30-day mortality is greater than 90%. This compares to less than 20% of
patients dead at 30 days when clot volume is less than
30 cm3 and GCS is 9 or better. Other factors that have been
shown to indicate poorer outcomes are older age, presence
of cerebellar hematoma, and greater amount of alcohol
consumed within the week prior to hemorrhage. Patients
with lobar hemorrhage have a very high risk or recurrence
(4% per patient–year), likely due to the high incidence
of cerebral amyloid angiopathy in this population. Risk of
other adverse cardiovascular events has been reported
as high as 2% per patient–year for patients with ICH.
As mentioned above, while medical and surgical interventions help to prevent secondary neurologic injury, the
primary neurologic injury at the time of hemorrhage is
often responsible for the poor functional outcomes.
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Intraparenchymal Fiberoptic
Monitor
▶ Intracranial Pressure

Intraparenchymal Hemorrhage
▶ Intracerebral Hemorrhage

Intraperitoneal Infection
▶ Peritonitis: Definitions of Primary, Secondary, and
Tertiary

Intrapleural Blood
▶ Hemothorax

Intrarenal Microcirculation
▶ Renal Blood Flow Regulation

Intrathoracic Bleeding
▶ Hemothorax

Intrathoracic Blood Volume (ITBV)
The sum of the end-diastolic volumes of all heart chambers and the pulmonary blood volume.
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Only half of the ICU patients with hemodynamic instability are able to respond to fluid loading by a significant
increase in cardiac output (CO). Nervertheless, fluid loading for the treatment of circulatory insufficiency,
irrespective of its cause, is probably the initial and most
common step with the overall goal to optimize CO and,
thereby, tissue oxygen delivery to the point where tissue
oxygen requirements are met. While the detrimental
consequences of underresuscitation in the severely
hypovolemic patients are long recognized, the negative
effects of continued fluid loading beyond optimal stroke
volume resulting in increased filling pressures, deleterious
overfilling, and pulmonary edema (PE) have been increasingly recognized over the last years. Therefore, monitoring
intra- and extravascular volumes in order to optimize
cardiac preload without provoking fluid overload is
a mainstay of therapy for the critically ill patient.

Rationale
Intravascular volume measurements can be grouped into
techniques assessing the absolute blood or plasma volume
(51Cr-red blood cell volume, radiolabeled iodinated
human serum albumin, Evans blue dye dilution, or
indocyanine green plasma volume measurement reviewed
in [1]) and techniques used to assess the functionally most
relevant aspect of intravascular volume, being cardiac
preload. This distinction is clinically relevant if the basic
physiological principles of the cardiocirculatory system
are kept in mind: Around 70% of the blood volume resides
within the so-called capacitance vessels, being highly distensible veins, while only a very minor part of the blood
volume is made up by the arterial tree. As the veins have
highly compliant vessel walls, a substantial amount of
blood can fill the capacitance vessels without causing the
transmural pressure (i.e., the pressure inside the vein
minus outside) to increase. This volume of blood is called
the unstressed volume. Only the intravascular volume
above the unstressed volume will cause the transmural
pressure in the capacitance vessels to increase, and thus
exert pressure across the vessel walls. Therefore, this
volume is called the stressed volume. The pressure exerted

by this stressed volume is called MSFP and acts as the
upstream or driving pressure for venous return to the
heart. Neither the stressed volume nor MSFP, however, is
clinically accessible, despite being the driving forces for
systemic venous return. Right atrial pressure (Pra) serves
as the downstream pressure opposing venous return.
Therefore, venous return is determined by the difference
between MSFP and Pra as well as by the resistance to
venous return (Fig. 1a). This means that venous return
determines the circuit function of the circulatory system
and – under a clinical aspect – it is the assessment of the
circuit function rather than the measurement of an
absolute intravascular volume that is important. At the
same time, Pra is the determinant of right heart filling in
Starling’s law of the heart (Fig. 1b), which is cardiac
function. As, under steady state conditions, the heart can
only pump out the amount of blood it gets back from the
periphery, the venous return curve and the cardiac
function curve can be superimposed in one graph
(Fig. 1c) [2, 3]. The point where the two curves intersect
is the operating point of the system and defines CO for
a given circuit function and a given cardiac function. Fluid
loading will expand the stressed volume and increase
MSFP, which will cause a rightward shift of the venous
return curve (Fig. 2). This rightward shift will translate
into a substantial increase in CO only if the two ventricles
operate on the steep part of the cardiac function curve,
but not, if the ventricles already work on the flat part of
the curve. In the latter situation, there will only be
a substantial increase in filling pressures, which increase
the hydrostatic pressure of the pulmonary microvessels,
resulting in fluid accumulation in the interstitial space.
Preload or fluid responsiveness usually is defined as
a 10% increase in SV after a fluid challenge consisting
of 5–10 ml/kg non-crystalloid solutions.

Intravascular Volume (Preload)
Monitoring
Measurements of absolute blood or plasma volume using
techniques employing either a radioisotope tagged to
a blood product (red blood cells or albumin) or a dye
(Evans blue or indocyanine green) [1] are cumbersome
and only of limited volume for clinical ICU practice. As
outlined above, intravascular volume monitoring should
aim at assessing the adequacy of preload and circuit function in order to optimize tissue blood flow and oxygen
delivery. Clinical examination has been shown to be of
minimal value in detecting inadequate cardiac preload.
Cardiac filling pressures (central venous pressure, CVP,
and pulmonary artery occlusion pressure, PAOP) have
been widely used, but are not always accurate preload
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Intravascular and Extravascular Volume Monitoring at the Bedside. Figure 1 The Guytonian view of the systemic circulation.
Pra represents the outflow pressure (backpressure) for venous return. The relationship between Pra and venous return is
displayed by the venous return curve (a). The pressure gradient driving blood from the periphery to the right atrium can be
defined as the difference between the pressures in the upstream peripheral reservoirs, referred to as MSFP relative to Pra. MSFP,
defined as the Pra at the point of zero flow, is a function of blood volume, peripheral vasomotor tone, and the distribution of
blood within the vasculature. As Pra increases, venous return decreases until RAP equals MSFP. As RAP decreases, VR increases
until the point of flow limitation (FL). The slope of the VR curve is a function of the resistance to venous return. Pra not only is the
backpressure for venous return, but it also represents cardiac preload. Thus, the relationship between right atrial end-diastolic
pressure (representing preload) and CO is the familiar Frank–Starling relationship (b). As, under steady state conditions, the heart
can only pump out the amount of blood it gets back from the periphery, the venous return curve and the cardiac function curve
can be superimposed in one graph (c)

indicators because of erroneous pressure tracings, problems with measuring true transmural pressures, especially
when patients are being ventilated with high levels of
PEEP, and changes in ventricular compliance. In recent
years, volumetric measurements like right ventricular enddiastolic volume (RVEDV) evaluated by fast-response
pulmonary artery catheters (PACs), left ventricular enddiastolic area (LVEDA) assessed by echocardiography and
intrathoracic blood volume (ITBV) measured by
transpulmonary indicator dilution technique, have been
proposed to monitor intravascular volume and cardiac
preload at the bedside.

Filling Pressures (CVP and PAOP)
CVP is the pressure recorded from the right atrium or the
superior vena cava. It is routinely measured throughout
the ICUs worldwide and frequently used to make decisions regarding the administration of fluids. Current
sepsis guidelines [4] recommend the use of CVP as an
end point for fluid resuscitation, reflecting the dogma that
CVP is directly linked to intravascular volume. A recent
systematic review [5] on this topic demonstrated,
however, that there is no association between CVP and
circulating blood volume and that CVP does not predict
fluid responsiveness across a wide spectrum of clinical
conditions. Therefore, the authors conclude that CVP
should not be used to make clinical decisions regarding
fluid management.
The PAOP is obtained following the inflation of the
ballon at the tip of the PAC, which, in theory, causes

a continuous column of blood from the pulmonary artery
to the left ventricle during diastole. The end of the diastole
can be identified by the a-wave of the PAOP curve that
coincides with the p-wave of the ECG. Consequently,
PAOP (in absence of mitral valve disease) is considered
an approximation of left ventricular end-diastolic pressure
(LVEDP), which is linked to left ventricular end-diastolic
volume (LVEDV) via LV-compliance. Besides other
confounding factors, however, LV compliance is extremely
variable and known to be subject to dramatic changes
during critical illness, making PAOP not a good predictor
of end-diastolic volume and hence stroke volume. As the
PAC allows for CO measurements, a dynamic approach
that examines the changes in stroke volume in response to
a particular intervention (e.g., fluid challenge) may be
more informative as a guide to resuscitation of critically
ill patients.

Arterial and Central Venous Pressure
Waveform Analysis
Respiratory variations in systolic pressure and pulse
pressure (systolic pressure variation, SPV and pulse pressure variation, PPV) can be used as markers of cardiac
preload and fluid responsiveness in sedated, mechanically
ventilated patients, as long as they show no spontaneous
respiratory efforts and are in stable sinus rhythm. This is
because, unless severe systolic dysfunction is present, the
increase in pleural pressure during mechanical ventilation
decreases venous return and cardiac preload [6]. This
phasic reduction in preload during inspiration (which
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Intravascular and Extravascular Volume Monitoring at the
Bedside. Figure 2 Fluid responsiveness is preload
dependence. A fluid challenge (black arrow) expands the
stressed volume and thereby increases MSFP. The venous
return curve is shifted to the right. An increase in preload will
induce a significant increase in SV only if both ventricles
operate on the ascending portion of the relationship. Patient
A operates on the steep, ascending part of the cardiac function
curve. Therefore, intravascular volume expansion will
substantially increase SV and CO without significantly
increasing filling pressures. The patient is “preload responsive.”
Patient B operates on the flat part of the cardiac function curve
and volume expansion will only result in further increases in
filling pressures, thereby increasing his risk for PE

can be viewed as the opposite from the fluid administration shown in Fig. 2) will cause systolic pressure to fall to
minimum levels during expiration due to the time lag
caused by the pulmonary transit time of the blood.
In one study, pulse pressure variations of more than
12 mmHg had a more than 90% sensitivity and specificity
for an increase in CO after a 500 ml fluid challenge [7].
Using this kind of “stress tests” to provoke changes in
hemodynamics is called “functional” hemodynamic monitoring and is opposed to strategies aiming at measuring
static parameters in absolute numbers (see below).
Like for arterial pressure, one small study in
spontaneously breathing patients showed that respiratory
variations in CVP were predictive of fluid responsiveness.
Thus, the CVP may in fact confer useful informations, but
its correct measurement and waveform interpretation are
not that simple [8].

Pulmonary Thermodilution Cardiac
Output and Continuous Right Ventricular
End-Diastolic Volume (cRVEDV)
Ventricular end-diastolic volumes are thought to best represent cardiac preload under clinical conditions. Especially
during mechanical ventilation using high airway

pressures, RV function may become compromised and
RVEDV monitoring may be even more important than
monitoring of the left heart. While volumetric assessment
of the left ventricle is relatively simple, the complex
geometry of the right ventricle makes echocardiographic
measurements at least challenging. Therefore, it is readily
explained why there is a renewed interest in the latest
generation of PACs allowing for continuous monitoring
of CO, right ventricular ejection fraction (cRVEF), and
right ventricular end-diastolic volume (cRVEDV). Continuous pulmonary CO is measured by thermodilution
using a modified PAC with an embedded heating filament
(Edwars Lifesciences, Irvine, Califrnia, USA), which
releases small thermal pulses every 30–60 s following
a pseudorandom binary sequence. The change in blood
temperature is detected downstream via a rapid-response
distal thermistor at the tip of this specific PAC and CO is
proportional to the area under the thermodilution curve.
cRVEDV is calculated as cRVEDV = (cardiac output/heart
rate)/cRVEF.
Numerous studies have validated this device and its
usefulness for preload assessment.

Transpulmonary Thermodilution Cardiac
Output, Global End-Diastolic Volume,
and Intrathoracic Blood Volume
The transpulmonary single-indicator thermodilution
technique (PiCCO™, Pulsion Medical Systems, Munich,
Germany) uses the dilution of a cold indicator injected
through a central venous line and the change in temperature is detected by a thermistor embedded in an arterial
catheter (Fig. 3). According to the Stewart–Hamilton
principle, the volume (V) in which a marker injected
into the circulation is diluted is proportional to the CO
and to the mean transit time (MTt) measured on the
dilution curve of the marker: V = cardiac output 
mean transit time. Cardiac output can be measured by
the transpulmonary indicator dilution technique and,
after calibration, the system also provides a continuous
pulse contour-derived CO. The volume of distribution of
the thermal indicator represents the intrathoracic thermal
volume (ITTV), where ITTV (ml) = cardiac output 
mean transit time of the thermal indicator (Fig. 4). The
MTt represents the volume traversed by the relevant
indicator, that is, the total volume between the sites of
injection and detection. The pulmonary thermal volume
(PTV) is given as PTV (ml) = cardiac output  t, where
t is the exponential decay time of the thermodilution
curve, also called downslope transit time (DSt). Global
end-diastolic volume (GEDV), the combined enddiastolic volumes of all cardiac chambers, is given as
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Intravascular and Extravascular Volume Monitoring at the Bedside. Figure 3 Summary of the PiCCO system. In the upper
panel, the mixing chambers passed by the thermal indicator from injection to detection are displayed. The resultant
thermodilution curve is shown in the right lower panel. The most important variables are given in the left lower panel. RAEDV:
right atrial end-diastolic volume; RVEDV: right ventricular end-diastolic volume; PBV: pulmonary blood volume; EVLW:
extravascular lung water; LAEDV: left atrial end-diastolic volume; LVEDV: left ventricular end-diastolic volume; MTt: mean transit
time of the thermal indicator; DSt: downslope decay time of the curve (Reproduced with permission from PULSION Medical
Systems, Munich, Germany)

GEDV = ITTV PTV (ml). This permits calculation of
intrathoracic blood volume (ITBV) from the linear relationship with GEDV: ITBV = 1.25  GEDV 28.4 (ml).
Extravascular lung water (EVLW) is the difference
between the thermal indicator distribution in the chest
(ITTV) and the blood volume in the chest (ITBV): EVLW
= ITTV ITBV (ml). The role of EVLW measurements
will be discussed in detail below.
ITBV has been suggested as a sensitive indicator of
cardiac preload as volume changes preferentially alter the
volume in the intrathoracic compartment, which serves as
the primary reservoir for the left ventricle. Over the last
years, many studies have confirmed the ability of the ITBV
to predict preload in a variety of clinical settings (reviewed
by [9]). Based on the beat-to-beat measurement of pulse
contour-derived stroke volume, the PiCCO system
provides the so-called stroke volume variation (SVV).
SVV is continuously calculated and displayed from the

mean values of four minimum and four maximum SVs
averaged during 30 s. A SVV >10% has been linked to
preload responsiveness in a number of studies. Like systolic pressure variation (SPV) and pulse pressure variation
(PPV) derived from arterial pressure tracings (see above),
SVV results from the increase in pleural pressure during
controlled mechanical ventilation. In contrast to these
dynamic variables of fluid responsiveness (functional
hemodynamic monitoring), the application of GEDV or
ITBV, as volumetric variables based on transpulmonary
thermal dilution technique, is not limited by spontaneous
breathing, making these variables especially useful in the
large number of ICU patients breathing partially or
completely on their own. In addition, GEDV and ITBV
are able to reflect both actual preload and functional
intravascular volume as well as fluid responsiveness.
The new volumetric ejection fraction monitoring system
(VolEF™, Pulsion Medical Systems, Munich, Germany)
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Intravascular and Extravascular Volume Monitoring at the Bedside. Figure 4 Calculation of GEDV, ITBV, and EVLW.
Multiplication of CO by of the indicator (MTt) gives the volume in which this thermal indicator is dissolved, that is, the ITTV.
Multiplication of CO by DSt gives the largest individual mixing volume in a series of indicator dilution mixing chambers, that is, the
PTV. Subtraction of PTV from ITTV gives GEDV, that is, the sum of diastolic volumes of right and left heart. There is known to be
a strong correlation between GEDV and intrathoracic blood volume (ITBV): ITBV = (1.25  GEDV) 28.4 ml. This allows calculation
of EVLW by subtracting ITBV from ITTV (Reproduced with permission from PULSION Medical Systems, Munich, Germany)

combined with the PiCCO™ system in addition allows
measurement of left and right heart end-diastolic volumes
along with pulmonary artery pressures, thus representing
the most comprehensive monitoring system currently
available at bedside.
The fact that the relationship between GEDV and
ITBV may be influenced by overall volume status and
CO has been argued. Furthermore, compensatory
venous/arteriolar vasoconstriction in the pulmonary,
systemic, and splanchnic circulation with consecutive
redistribution of blood from the peripheral to the central
compartments (i.e., from unstressed to stressed volumes)
may alter the numerical relationship between GEDV and
ITBV. Patients receiving vasoconstrictors may show
relatively normal ITBV due to blood volume centralization despite a relative general hypovolemic status. With
volumetric monitoring, especially with ITBV and GEDV,
a static preload index can be quantified, which, however,

can fail to identify the global hemodynamic condition,
especially in the presence of vasoconstrictor use, dilatative
cardiomyopathy, or pump failure [10]. Thus, even these
monitors display absolute numbers –and even if the monitor were to show absolute intravascular volume – the key
question always is whether the volume status or the
preload of the individual patient is adequate to translate
into an organ blood flow that meets its respective
metabolic requirements.

Left Ventricular End-Diastolic Volume
(LVEDV) Assessed by Transesophageal
Echocardiography (TEE)
With LVEDV being the ideal clinical correlate for LV
preload, echocardiographic assessment of LV dimensions
and volumes has gained increasing interest. Besides preload assessment, echocardiography offers the unique
opportunity to quantify LV systolic and diastolic function,
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which in theory makes simultaneous assessment of circuit
function (preload) and cardiac function (contractility)
feasible at the bedside. While the value of echocardiography in assessing cardiac function is undisputed, its role in
quantifying the volume status is less clear: Several studies
have shown that TEE reliably reflects changes in preload in
different experimental and clinical settings. However, it
also has been shown that left ventricular end-diastolic area
and/or left ventricular end-diastolic volume obtained by
TEE fail to predict fluid responsiveness. In addition, the
need for costly equipment and training, as well as the
unsuitability for continuous monitoring, pose severe limitations to this technique.

Extravascular Volume Measurement
Introduction
In clinical ICU practice, extravascular volume measurements usually are confined to measurement of the extravascular volume in the lungs, referred to as EVLW and
indicating PE. In physiological conditions, the hydrostatic
pressure of the pulmonary microvessels induces the transfer of a certain amount of fluid into the interstitial space,
which is consecutively drained toward the thoracic duct
by the lymphatic system, avoiding alveolar edema. This
volume of fluid, which is continuously filtered and
reabsorbed, is referred to as EVLW and is less than
7 ml/kg body weight under normal conditions [11].
When the hydrostatic pressure in the pulmonary
microvessels increases, fluid filtration and reabsorption
increase up to the point where the drainage capacity of
the lymphatic system is exceeded. At this point, an abnormal accumulation in the extravascular space occurs,
resulting in PE, first confined to the interstitial space and
subsequently also entering the alveolar space. During
cardiac failure, but also during invasive mechanical ventilation, lymphatic drainage is impeded and PE formation is
aggravated. Besides elevated hydrostatic pressure (hydrostatic or cardiogenic edema), increased permeability of the
pulmonary microvessels may also result in edema formation (permeability PE). In acute lung injury (ALI) and the
acute respiratory distress syndrome (ARDS), the injury of
the alveolar and capillary walls result in permeability PE,
which will be aggravated if the hydrostatic pressure is
increased. Resolution of PE depends on the active removal
of salt and water from the distal air spaces of the lungs
across the distal lung epithelial barrier, a mechanism
frequently impaired in case of lung injury [12].
Accumulation of EVLW impairs gas exchange and
decreases lung compliance with potentially detrimental
clinical consequences. The EVLW exceeds 10 ml/kg in
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case of hydrostatic or permeability PE, with values as
high as 40 or 50 ml/kg being reported in patients with
ALI/ARDS. PE may be detected by clinical examination
and is usually confirmed by chest radiography. Nevertheless, clinical examination, chest radiography, as well as gas
exchange measurements lack the sensitivity and specificity
to detect or even accurately quantify PE, especially in
critically ill patients. Measuring EVLW may be useful to
quantify PE and guide therapy, especially fluid administration and the level of PEEP.

Measurement of EVLW
The reference method to assess EVLW is gravimetry [13].
This method is based on the comparison between the wet
and dry weight of the lungs, which corresponds to the sum
of EVLW and the blood contained in the lungs. The blood
content is estimated from the hematocrit leaving the
EVLW. Although this is an ex vivo method, it is still
considered to be the gold standard technique for EVLW
measurements.
The method most frequently used to measure EVLW at
the bedside is based upon transpulmonary dilution
techniques (see above). Initially, the double-indicator
(thermo-dye) dilution technique was used (COLD
Z-021™, Pulsion Medical Systems, Munich, Germany),
injecting cold indocyanine green (ICG) as the double
indicator. For the thermal indicator (cold), the volume
of distribution includes not only the intravascular but also
the EVLW space (without any distinction between interstitial and alveolar water), since water – in contrast to air –
is a very good thermal conductor. ICG, in contrast, will
stay strictly intravascular. Injecting simultaneously
through a central venous catheter a thermal (cold) and
a strictly intravascular (ICG) indicator, detecting the
respective dilution curves in the femoral artery and
subtracting the distribution volumes (ITTV for the cold,
intrathoracic blood volume for the dye), yields EVLW.
While the COLD-system was widely used in research, it
had little use in clinical practice being time consuming,
cumbersome, and expensive [11].
In 2000, a single-indicator dilution method
(PiCCO™, Pulsion Medical Systems, Munich, Germany,
see above) became available to assess EVLW, using specific
analysis of the thermodilution curve (Fig. 4). Besides
EVLW measurements, the PiCCO system allows measurement of pulmonary vascular permeability: high EVLW
levels along with normal or even low pulmonary blood
volume (PBV) indicate edema due to high permeability,
while high values of both EVLW and PBV indicate hydrostatic edema (Fig. 5). The pulmonary vascular permeability index (PVPI) is calculated as the ratio of EVLW/PBV
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Intravascular and Extravascular Volume Monitoring at the Bedside. Figure 5 Differentiation between hydrostatic and
permeability pulmonary edema using the pulmonary vascular permeability index (PVPI). In normal lungs, neither PBV nor EVLW is
increased, yielding normal PVPI. In hydrostatic (cardiogenic) PE, both PBV and EVLW are increased, yielding normal values for PVPI
(1–3). In permeability PE, only EVLW is increased, yielding PVPI >3 (Reproduced with permission from PULSION Medical Systems,
Munich, Germany)

with PBV derived as GEDV/4. Normal PVPI ranges
between 1–3 in hydrostatic edema, with values above
3 indicating high permeability edema, distinguishing
between the two types of edema with a sensitivity of 85%
and a specificity of 100% [14].
Despite the limitations and potential pitfalls associated with EVLW measurements using the single-indicator
dilution technique [12], the clinical value of EVLW is
largely undisputed regarding its prognostic, diagnostic,
and therapeutic implications: The prognostic value of
EVLW measurements has been demonstrated in several
studies, the largest being the retrospective analysis of 373
critically ill patients performed by Sakka and coworkers
[15]. Nonsurvivors had significantly higher EVLW values
than survivors, the mortality rate being approximately
65% in patients with EVLW >15 ml/kg compared to
33% in patients with EVLW <10 ml/kg. In addition,
EVLW as a single parameter at ICU admission was found
to be as accurate as APACHE II score for outcome
prediction. The therapeutic value of EVLW measurement
especially rests in the opportunity to guide fluid therapy
(along with the other available parameters of intravascular
volume status, see above) in the critically ill patient, especially if ALI/ARDS are present. In addition, knowledge
of actual EVLW may guide titration of PEEP, the use of
recruitment maneuvers, high frequency oscillatory

ventilation (HFOV), or prone positioning in ALI/ARDS.
As the amount of lung edema is known to differ significantly between patients meeting traditional ALI/ARDS
criteria [16], knowing the actual EVLW may be
a prerequisite to tailor therapy for these patients.
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insertion of central venous and pulmonary artery catheters is time consuming, resource intensive, may cause
procedural complications, and provides data whose validity continues to be questioned. Sonographic techniques
for intravascular volume assessment include internal jugular vein meniscal height, assessment of cardiac filling,
and IVC assessment. This chapter will focus on the latter
because it gives more information than the internal jugular vein, and has higher interoperator agreement than
assessment of cardiac filling.

Background
For over three decades, ultrasound evaluation of inferior
vena cava diameter and collapse has been used as
a noninvasive tool to evaluate intravascular volume status.
In addition to rapid assessment and avoidance of potential
complications, ultrasonography allows the clinician
sonographer to simultaneously evaluate a wide range of
potential causes of a patient’s critical illness (e.g., cardiogenic shock, massive pulmonary embolus, pneumothorax,
cardiac tamponade, aortic catastrophe, etc.) and can be
used repeatedly to assess a patient’s response to therapeutic interventions. The skills of focused limited ultrasonography needed for IVC assessment can be learned in
a relatively brief training period and clinician sonologists
from a variety of specialties (e.g., cardiology, emergency
medicine, critical care, and surgery) have demonstrated
utility of this technique in the evaluation of intravascular
volume.

Application
IVC Physiology

Synonyms
Echography of the inferior vena cava (IVC); Sonographic
measurement of the inferior vena cava

Definition
Sonographic measurement of the inferior vena cava can be
used to determine a patient’s intravascular volume status.
The assessment consists of both static and dynamic evaluation using qualitative and quantitative parameters.

Pre-existing Condition
Optimization of intravascular volume is a primary step
in the resuscitation of all critically ill patients. Evaluation
of jugular venous pressure using the physical exam is
inaccurate [1]. Invasive techniques for monitoring central
venous pressure have traditionally been the mainstay
of evaluating intravascular volume status. However,
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Under normal physiological conditions, the diameter of
the IVC is dynamic and demonstrates cyclic changes
related to the respiratory and cardiac cycles. During inspiration, IVC diameter decreases due to negative intrathoracic pressure causing increased pulmonary vascular
capacitance and decreased resistance, which in turn leads
to increased right-sided cardiac stroke volume and cardiac
output resulting in a relatively “empty” or collapsed IVC
and superior vena cava. In expiration, these effects are
reversed. During the cardiac cycle, the IVC diameter
reaches its nadir in early diastole immediately after the
opening of the tricuspid valve; it peaks during late diastole
with atrial contraction.

Qualitative Assessment
Determining intravascular volume status by sonographic
interrogation of the IVC relies on both qualitative and
quantitative assessments. The shape of the IVC can often
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IVCDi

IVC
D1 = 1.1 mm

IVCDe

4 sec
D2 = 2.5 mm

xx

Intravascular Volume Assessment by Inferior Vena Cava Sonography. Figure 1 Slit-like IVC. In this severely dehydrated
patient, the IVC seen in longitudinal view is almost completely collapsed, and could easily be overlooked. A systematic method for
identifying the IVC (see text) is key in avoiding its misidentification

relay key information. For example, the cross section of the
IVC becomes progressively flatter with intravascular volume depletion, finally becoming slit-like throughout the
respiratory and cardiac cycles with profound hypovolemia
(Fig. 1). In contrast, the IVC of a hypervolemic patient
tends to be circular and unvarying in diameter.

Quantitative Assessment
When taking an isolated measurement of the IVC to
evaluate intravascular volume status, the absolute size is
usually recorded at its peak diameter during expiration.
It is generally agreed that if the maximum IVC diameter
during expiration (IVCDe) is less than 9 mm, the patient is
volume depleted, and if less than 5 mm, the patient is
profoundly hypovolemic. Reported ranges of “normal”
IVC diameters vary widely, reflecting the range of settings
used to investigate this topic. For example, patients with
chronically high filling pressures and/or volume overload
in heart failure clinics tend to have larger vessels than
those found in settings such as emergency departments
where intravascular volume depletion is a much more
common derangement. Despite the lack of consensus
regarding a “normal” IVCDe, there is strong evidence
that in a given patient, volume expansion causes an
increase in IVCDe and volume depletion results in
a decrease in IVCDe [2, 3].

It has been observed that the natural variation in IVC
diameter throughout the respiratory cycle seems to
increase in hypovolemic states and diminish in
hypervolemic states [2]. The metric for the degree of
respiratory variation in IVC diameter is the IVC collapse
index (IVC-CI). The IVC-CI is equal to the difference
between the IVCDe and the minimum IVC diameter in
inspiration (IVCDi) divided by the IVCDe (Fig. 2). The
IVC-CI is expressed as a percentage, which is calculated by
multiplying the IVC-CI by 100. Absolute cutoff values for
a normal IVC-CI do not exist; however, the IVC-CI in
normal healthy subjects is typically between 25% and
75%. The accuracy as well as the clinical reliability of an
isolated IVC-CI measurement increases as it approaches
the extremes of 100% and 0% (as an indicator of
hypovolemia or volume repletion/overload respectively)
[4]. When the IVC-CI is used to assess a dynamic response
to therapy, serial values can ensure progression toward
a goal (e.g., a “plump” IVC with less than 25% IVC-CI in
a patient with septic shock).
In patients with slit-like IVCs, use of the IVC-CI to
assess for intravascular depletion may be misleading. For
example, a patient with an IVC diameter of 3 mm that
collapses to 2 mm is severely hypovolemic, despite the
IVC-CI of only 33%. In this circumstance, more telling
parameters are the IVCDe and the slit-like shape.

Intravascular Volume Assessment by Inferior Vena Cava Sonography

IVC Identification
A common pitfall among inexperienced sonographers is
IVC misidentification. By far the most commonly
substituted structure is the aorta, but the gallbladder,
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hepatic veins, portal veins, and pleural effusion may also
be mistaken for the IVC. This pitfall is especially likely in
severely hypovolemic patients where it is easy to overlook
a slit-like IVC completely (Fig. 1). Identification of both
the aorta and the inferior vena cava in the transverse plane
and visualization of the IVC entering the right atrium
should ensure accurate IVC identification (Fig. 3a, b).
Vessel pulsatility cannot be used to identify the IVC
since, as discussed above, the IVC is a pulsatile vessel.

Imaging the IVC
IVC collapse

IVCDe

IVCDi

IVC-CI = (IVCDe – IVCDi)/IVCDe

Intravascular Volume Assessment by Inferior Vena Cava
Sonography. Figure 2 Conceptual representation of the IVC
collapse index (IVC-CI). IVC-CI consists of the difference
between the maximum end-expiratory (IVCDe) and minimum
inspiratory diameter (IVCDi) divided by IVCDe

The IVC is best visualized with a 2–4 MHz phased array or
curvilinear probe. Because both the longitudinal and
transverse planes each have potential flaws that can only
be identified in the other orthogonal plane, the prudent
sonographer always assesses the IVC in both. The longitudinal plane allows the rapid identification of structures
causing extrinsic compression to the IVC (most commonly the diaphragm or liver) and provides a view of
the confluence of the hepatic veins enabling measurements 1–3 cm inferior to this point. However, in the
longitudinal plane, it is easier to overlook the IVC
and/or misidentify the aorta. In the longitudinal plane, it
is also not uncommon for the IVC to slide “off plane”
during the respiratory cycle, resulting in overestimation of
the IVC-CI. Assessment in the transverse plane allows for
simultaneous identification of both the IVC and aorta. It
also allows for visualization of the maximum diameter of
the vessel throughout the respiratory cycle. However, it

Liver

Liver
HV

HV
IVC

AO
RA
IVC
VB

a

P 100% MI 0.93

Fr360 12 cm

b

Intravascular Volume Assessment by Inferior Vena Cava Sonography. Figure 3 IVC identification. (a) Visualization of the IVC in
the transverse plane allows simultaneous identification of the IVC and aorta (AO) in relationship to the vertebral body (VB).
Hepatic veins (HV) can be seen approaching the IVC near the IVC-right atrium (RA) junction. (b) A longitudinal view allows
visualization of the IVC entering the RA
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requires more skill to identify the appropriate plane inferior to the hepatic vessels and with transverse visualization, extrinsic causes of compression of the vessel may be
interpreted as “collapse.” With respect to quantitative
assessment, both planes yield similar results.
Traditionally, the sonographic window used to measure the IVC is the subxiphoid view. The alternative right
intercostal approach has demonstrated excellent concordance with the subxiphoid approach and may be the only
option in patients with interfering bowel gas, epigastric
wounds, or abdominal tenderness (Fig. 4). A theoretical
advantage to the intercostal approach is the avoidance of
artifactual compression of the IVC by the transducer during image acquisition.

Acquiring IVC Measurements
IVC-CI measurements can be made using B-mode images
obtained as stills or clips, with caliper measurement during inspiration and expiration, or by M-mode tracing with
the sampling beam placed through the middle of the vessel
throughout the respiratory cycle. A variety of methods

Long.

Long.
IC
Trans.

SX
Trans.

have attempted to standardize the negative intrathoracic
pressure of inspiration with little success, since it is impossible to standardize patient effort or patient airway factors.
Accordingly, most intensivists and emergency physicians
perform the test with the patient supine while breathing at
rest. The measurement of IVCDi occurs during inspiration. The smallest identified diameter is used. The IVCDe
is the maximum identifiable diameter during passive expiration and usually occurs at the time of atrial contraction.
The electronic calipers are placed at the inner walls across
the center of the IVC (Fig. 5a, b).
A variety of sites have been used to measure the IVC,
including the caval-right atrium (RA) junction, inferior to
the junction of the hepatic veins, and at the takeoff of the
left renal vein. A recent study compared IVC measurements at the caval-RA junction, 2 cm caudal to the hepatic
veins, and at the left renal vein in each subject [5]. IVC-CI
was significantly lower at the caval-right atrial junction
when compared to the other two sites. This difference was
thought to be a result of muscular diaphragmatic attachments decreasing vessel compliance. We recommend measurement 1–3 cm distally to the junction of the hepatic
veins. Measurement at the left renal vein is not
a compelling alternative since identification of this landmark can only be achieved in the transverse plain, is often
technically challenging due to its location beneath layers of
air-filled bowel, and frequently results in artifactual compression of the vessel by the transducer.

Special Circumstances
A number of clinical conditions can give rise to misleading
IVC findings on sonography. There are many causes of
IVC dilatation unrelated to intravascular volume. Fortunately, only a very small minority of cases of acute shock is
due to volume overload. Conditions causing the mistaken
impression of an empty IVC are much more limited and
more easily recognizable.

Mimics of Volume Overload

Intravascular Volume Assessment by Inferior Vena Cava
Sonography. Figure 4 Windows for visualizing the IVC. The
IVC can be assessed in the transverse (Trans.) and longitudinal
(Long.) planes in both the subxiphoid (SX) or intercostal (IC)
windows. The intercostal window can be particularly helpful in
patients with interfering bowel gas, upper abdominal wounds,
or abdominal tenderness

While a large IVCDe or an IVC-CI approaching 0% is
usually the result of hypervolemia, there are some other
conditions that also generate these findings, especially
those causing impaired cardiac filling or forward flow.
Examples include: positive pressure ventilation, cardiac
tamponade, tricuspid or pulmonic valvular disease, pulmonary hypertension (due to chronic cardiopulmonary
conditions, or acute pathology such as pulmonary embolism), right ventricular infarction, and left-sided heart
failure. Many patients with ventricular hypertrophy
and/or chronic heart failure require high filling pressures
that will be reflected by a plethoric IVC. In addition,
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Intravascular Volume Assessment by Inferior Vena Cava Sonography. Figure 5 Measurement of the IVC collapse index
(IVC-CI). (a) M-mode ultrasonography is used to measure the maximum IVC diameter in expiration (IVCDe: B calipers) and
minimum IVC diameter in inspiration (IVCDi: A calipers) in the longitudinal plane. The sampling beam in this image
appears to be somewhat more than the recommended 1–3 cm inferior to the entrance of the hepatic veins (HV). In this
example, the IVC-CI is (28.9–23.9 mm)/28.9 mm, or 17%. (b) IVC measurements can also be made in the transverse plane. In
this case, the IVC-CI is (20.3–10.5 mm)/20.3 mm, or 48%

measurements of the hepatic IVC in patients with liver
fibrosis or cirrhosis should be interpreted with caution
because the extensive attachments of the IVC to the stiffened hepatic parenchyma can limit the ability of the IVC
to collapse. Although many of the causes of a “false positive” sonographic exam for hypervolemia can be identified sonographically, the techniques are not a part of the
skill-set of many bedside clinical sonologists. In such situations, the clinician should be on the lookout for clinical
findings suggesting their presence, especially findings of
right-sided heart failure.

Mimics of Hypovolemia
Intra-abdominal masses that compress the IVC may give
the false impression of a hypovolemic state, especially
when imaged in the transverse plane. As mentioned,
such a mass would be best visualized in the long axis
plane. Increased intra-abdominal pressure, as seen in
abdominal compartment syndrome, can cause IVC compression and lead to misidentification of a volume
depleted state.

utility of IVC-CI assessment. Studies suggest that the
IVC-CI in ventilated patients is significantly lower than
that encountered when the patient is removed from the
ventilator, so any IVC-CI > 10–20% may be an indicator
of fluid-responsive shock. However, there is no consensus
regarding the magnitude of the effect of positive pressure
ventilation. For these reasons, a clinician should exercise
particular caution in interpretation of IVC findings in
ventilated patients.
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Synonyms
Colloids; Crystalloids; Plasma substitutes; Plasma volume
expanders (PVE); Resuscitation fluids

Trade Names
Numerous, see manuals

Class and Category
Crystalloids
Crystalloid solutions contain salt and water that can pass
freely between fluid compartments such as intracellular
volume (ICV) and extracellular volume (ECV) depending
on their osmolarity. Salt molecules exert osmotic pressure
and can draw water across semipermeable membranes
until equilibrium is reached. Tonicity is a measure of the
osmotic pressure gradient. Crystalloids can be hypo-, iso-,
or hypertonic, depending on their salt concentration. The
osmolarity of a solution is determined by the number of
osmotically active particles per liter of solvent. Because
sodium is restricted largely to the ECV, hypernatremia
causes hypertonicity as well as hyperosmolarity and leads
to osmotically mediated redistribution of water from the
ICV to the ECV.
Salt solutions have been used over 100 years. Hartog
Jacob Hamburger (1885) defined “normal saline” as 0.9%
NaCl solution to be isotonic for erythrocytes. Sydney
Ringer added potassium and calcium because frog hearts
kept beating longer in a salt solution containing these ions
(Ringer’s solution, 1883), and Alexis Hartmann further
added lactate to treat concomitant acidosis (1932). Balanced salt solutions or solvents refer to salt solutions
containing a lower chloride content, for example, Ringer’s
lactate.
Ringer’s solution has been modified by the replacement of the lactate with other compounds such as acetate
and ketones or pyruvate in order to counteract acidosis or
ameliorate the immunostimulatory effects of lactate.
Acetated Ringer’s solution is now widely used since the
1980s, but there is little clinical data to objectively assess
whether it is beneficial and safe in comparison to the
classical lactated Ringer’s solution.

Dosage: Dosage depends on clinical condition, severity
of hypovolemia and comorbidity, and different schools of
thought. In acute hypovolemia, solutions are usually
titrated to achieve and sustain hemodynamic goals.
Hypervolemia may be associated with increased edema
formation.
Preparation/Composition: Table 1.
Contraindications: Crystalloids are generally safe to use.
Adverse reactions: Large amounts of chloride containing salt solutions such as normal saline may induce
hyperchloremic acidosis which is considered to be selflimiting. Some authors therefore prefer balanced solutions, that is, Ringer’s lactate. Administration of large
crystalloid volumes has been implicated to lead to tissue
edema, in particular abdominal compartment syndrome
(ACS). In the largest ever clinical trial of intensive care
patients, resuscitation was safely achieved using only normal saline in 3,500 patients [1].

Hypertonic–Hyperoncotic Solutions
(Small Volume Resuscitation)
The combination of a hypertonic salt solution (NaCl
7.2–7.5%) and a hyperoncotic colloid (6% Dextran or
10% hydroxyethyl starch) was devised to achieve large
volume effects with small volumes by mobilizing volume
from the interstitial and the intracellular compartments.
Recommended dosage for use in hemorrhagic shock is
4 ml/kg, usually not more than 250 ml for one adult.
Repeated administration is contraindicated on account
of resulting electrolyte imbalance (hypernatremia).
A 2008 Cochrane meta-analysis found insufficient data
to show an effect on mortality in patients with trauma or
burns or undergoing surgery.

Colloids
Colloidal solutions contain macromolecules that exert
a colloid oncotic pressure. The equilibrium of colloidal
solutions such as plasma (containing a small proportion
of plasma proteins) is determined by the Starling–Landis
equation Jv/A = Kf [(Pc – Pi) – s (pc – pi)], where Jv/A
denotes microvascular fluid exchange over a certain area,
Kf capillary filtration coefficient or conductivity of water,
Pc and Pi capillary and interstitial hydrostatic pressures,
pc and pi capillary and interstitial colloid oncotic pressures, and s the reflection coefficient of the capillary
membrane to proteins. Although the Starling equation is
often called upon to explain microvascular fluid shifts,
it only serves to describe the mechanism in a very
general sense. To actually use the Starling equation clinically would require measurement of six unknowns.

Intravenous Fluids
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Intravenous Fluids. Table 1 Characteristics of various intravenous fluids
Fluid

Sodium
mmol/L

Potassium
mmol/L

Chloride
mmol/L

Plasma

134–146

3.4–5.0

98–108

Mean mol.
weight (kDa) pH
6.4–7.4

Osmolarity Others
280–300

Ca++ 2.1–2.6 mmol/L
Mg++ 0.8–1.3 mmol/L

5% albumin

144–160

2.5

66

6.4–7.4

300

5% albumin

20% albumin

144–160

2.5

66

6.4–7.4

1500

20% albumin

0.9% NaCl

154

154

4.5–7.0

308

Ringer’s lactate

131

5

5.0–7.0

278

109

Ca+ 2 mmol/L
Lactate– 29 mmol/L

Ringer’s acetate

130

5.4

112

6.0–8.0

276

Ca++ 0.9 mmol/L
Mg++ 1 mmol/L
Acetate– 27 mmol/L

Plasmalyte

140

5

98

294

4.0–8.0

294

Mg++ 3 mmol/L
Acetate– 27 mmol/L
Gluconate– 23 mmol/L

4% modified
gelatin

130

5.4

85

30

7.1–7.7

279

Ca++ 0.9 mmol/L
Mg++ 1.0 mmol/L
Acetate– 27 mmol/L
4% gelatin
polysuccinate

6% Dextran 70 in
saline

154

154

70

3.5–7.0

Ca. 320

6% dextran 70

6% hetastarch in
normal saline

154

154

600

5.5

Ca. 309

6% HES 600/0.7

6% HES 200/0.5

154

154

200

3.5–6.0

308

6% HES 200/0.5

130

5.6–6.4

296

Ca++ 2.5 mmol/L

6% HES 130/0.4 in 140
Acetate

4.0

118

Mg++ 1.0 mmol/L
Acetate– 24.0 mmol/L
Malate– 5.0 mmol/L
6% HES 130/0.4

Hypertonic
hyperoncotic HES
solution

1232

1232

200

3.5–6.0

2464

6% HES 200/0.43–0.55

Hypertonic
hyperoncotic
dextran solution

1232

1232

60

3.5–6.0

2465

6% Dextran 60

Data from various sources, intended for orientation only, formulation variable dependent on individual manufacturers

For instance, the capillary reflection coefficient s may
range from 1 (selectivity, completely impermeable) to
0 (no selectivity, i.e., permeable) depending on clinical
condition, type of tissue, magnitude of the imposed
venous pressure, and others. Capillaries in the brain or
kidney glomerulus are virtually impermeable, while liver,

gut, or lung capillaries have a higher permeability to
plasma proteins. Net filtration of water and proteins in
these tissues are removed to a considerable extent by
lymph drainage.
After Ernest Starling (1896) identified the role of plasma
proteins as colloid oncotic agents, his brother-in-law
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William Maddock Bayliss developed 6% gum acacia, the
first synthetic colloid to be used in the treatment of
hypovolemia during World War I. Bayliss also devised the
“colloid paradigm,” which states that colloid solutions do
not pass through the membranes of blood vessels, remain in
the intravascular space, and therefore retain colloid oncotic
pressure (1920). This has started the crystalloid–colloid
debate which is still ongoing today.

Albumin
Albumin is a naturally occurring colloid with a molecular
mass of 66,000 Da. Sixty percent is located in the
interstitium, 40% in blood plasma, where it constitutes
the majority of proteins. Edwin Cohn isolated albumin
from blood (1940). It is available as intravenous fluid in
a 4%, 5%, or 20% concentration for fluid therapy or
correction of hypoalbuminemia. Since it is more expensive than crystalloid or synthetic colloid solutions, its use
remains restricted (Table 2).
In 1998, a Cochrane meta-analysis found that albumin
appeared to increase mortality among the critically ill.
This finding could not be supported by an updated
meta-analysis and in 2004 a large trial in nearly 7,000
critically ill patients found that 5% albumin was as safe
and effective as fluid therapy with normal saline [1].
Albumin, however, may not be beneficial in patients with
closed head injury. Patients from the SAFE study with
traumatic head injury who received albumin had
a significantly higher 1-year mortality rate. On the other
hand, albumin may be beneficial in patients with severe
sepsis, perhaps due to pharmacological properties of the
compound. This hypothesis still needs to be verified in
adequate clinical trials.
Dose: No restriction.
Preparation/Composition: Table 1.
Contraindications: Known allergy and hypervolemia.
According to the SAFE study, albumin should not be used
in patients with closed head injury [1].
Intravenous Fluids. Table 2 Cost relation of various intravenous fluids
Fluid

Gelatins (1911), dextran (1944), and hydroxyethylated
starches (1962) are synthetic colloids. They were intended
as a safe and cheap alternative to albumin for use in acute
hypovolemia, for example, preclinical or military use,
perioperative volume therapy, and in the emergency and
intensive care setting. Synthetic colloids have become
popular because of their immediate volume effects. They
have a volume effect in the range of several hours
depending on the methodology and clinical condition.
Generally, however, their volume effect in comparison to
crystalloids seems to be greatly exaggerated. Textbook
knowledge still maintains that resuscitation with crystalloids would require fourfold or greater volumes than if
colloids were used. This may have precluded more widespread use of crystalloids. The SAFE study that compared
resuscitation with 0.9% NaCl to 5% albumin in 7,000
intensive care patients showed an overall ratio of 1.4
with the highest crystalloid–colloid volume ratio being
1.6 on the second day [1]. Likewise, a clinical study with
over 500 severe sepsis patients comparing Ringer’s lactate
to hypertonic 10% HES 200/0.5 found a crystalloid–
colloid volume ratio of 1.6 on the first day [2].
There is consistent data to show their immediate
effects: they raise the colloid oncotic pressure and the
cardiac output and lower hematocrit values more than
crystalloid solutions. However, these effects are shortlived and do not seem to be of clinical importance.
Although they have been in clinical use for several decades,
colloids have never been shown to be superior to crystalloids when important clinical outcomes are considered
[2, 3]. By systematic review, no colloid was superior to
other colloids.
Synthetic colloids have side effects that raise concerns
about their widespread use. The mechanisms of side
effects are not completely clear. Side effects concern
mainly coagulopathy, tissue storage, acute renal failure,
pruritus, and anaphylactoid reactions. Side effects are
dose-related and may be cumulative if different synthetic
colloids are used. Since synthetic colloids are excreted
through the kidney, adverse effects can be expected to be
increased in patients with renal failure.

Cost

0.9% NaCl

0.70 €

Ringer’s lactate

0.80 €

6% Gelatin solution

3.50 €

6% HES 130/0.4

6.00 €

5% Albumin

Synthetic Colloids

26.00 €

Data by courtesy of Dr. M. Hartmann, Jena University Hospital, for
orientation only. May differ in other hospitals.

Hydroxyethyl Starches (HES)
Starches are derived from maize or potato starch. They are
polydispersed solutions of glucopolysaccharides that are
hydroxyethylated to slow intravascular enzymatic breakdown. Their molecular weights range between 670 and
70 kDa (kiloDalton) and their degrees of substitution of
hydroxyethyl moieties may be 0.4 (tetrastarches), 0.5
(pentastarches), 0.6 (hexastarches), or 0.7 (hetastarches).

Intravenous Lipid Emulsion Therapy

Therefore, a HES 200/0.5 solution would have a molecular
weight of 200 kDa and five hydroxyethyl residues per 10
glucose subunits. A further variation is introduced by
balanced or unbalanced solvents.
Starches are eliminated from the bloodstream by
enzymatic cleavage and excretion via the kidney or by
lysosomal uptake. Molecules of higher weight or with
a greater degree of substitution may accumulate in plasma.
When renal function is impaired, tissue storage may be
increased.
Hypervolemic hemodilution in acute ischemic stroke
or HELLP syndrome of pregnancy was not associated with
clinical benefits. HES is therefore not indicated in these
conditions.
Dosage: Daily maximal doses range from 20 ml/kg
bodyweight for hetastarches to 50 ml/kg bodyweight for
HES 130/0.4. There is no cumulative dose limitation.
Preparation/Composition: Table 1.
Contraindications: Known allergy, hypervolemia,
coagulopathy, and renal failure. HES should not be used
in patients with severe sepsis because of an increased risk
of renal failure. Higher cumulative doses should be
avoided on account of the risk of tissue storage.
Adverse reactions: Bleeding may be prolonged, probably on account of a secondary von Willebrand syndrome
and impaired platelet function. Therefore, hetastarch may
not be used in cardiac surgery in the USA and cumulative
dose limits exist for hexastarch in France. Acute renal
failure was increased after the use of pentastarch and
hexastarch in severe sepsis patients and after pentastarch
in cardiac surgery. Tissue storage may be extensive after
high doses with manifestations similar to a lysosomal
storage disease. Storage in the skin may lead to severe
pruritus. In the absence of large-scale and well-designed
clinical studies, there is an ongoing discussion about
whether third-generation starches have a better risk profile
until results from such studies become available [4, 5].

Gelatin
Gelatins are polypeptides derived from bovine collagen
with a molecular weight between 30 and 35 kDa which
are either succinylated or linked to urea. They are excreted
renally. Gelatins are not available for clinical use in the
USA. Clinical studies with gelatin are generally underpowered or lack a noncolloid control; there is insufficient
safety data. Meta-analyses have never yet found a clinical
benefit after gelatin [3].
Dose: No restriction.
Preparation/Composition: Table 1.
Adverse reactions: Gelatins are known to impair bleeding and there are some indications of a negative effect on
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renal function. They were taken from the market in the
USA in 1978 on account of prolonged clinical bleeding.
Contraindications: Known allergy, hypervolemia,
coagulopathy, and renal failure.

Dextrans
Dextrans are fermented by Leuconostoc mesenteroides
bacteria growing in special sucrose-containing media.
Dextrans are hydrolyzed to reduce their molecular weight
to 40–70 kDa. Cross-reactivity with antibodies against
bacterial polysaccharides may account for severe anaphylactoid reactions against dextran. Therefore, administration of a monovalent dextran hapten should precede
dextran infusions to bind such circulating antibodies.
Dextrans are excreted via the kidney. In the past, dextrans
were used to improve microcirculation; however, they are
very rarely used nowadays.
Dosage: Daily dose limit is 15–20 ml kg per day.
Preparation/Composition: Table 1.
Contraindications: Anaphylactoid reactions, known
allergy, hypervolemia, coagulopathy, and renal failure.
Adverse effects: Dextran increases postoperative bleeding and reduces platelet counts in surgical patients. It can
also impair renal function.
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Intravenous Lipid Emulsion
Therapy
A novel antidotal treatment used to treat highly toxic
overdoses of drugs that are highly lipophilic. The theory
of its mechanism of action is to expand the intravascular
lipids, creating a lipid sink, in order to bind much of the
overdosed drug and limit or even reverse its toxicity.
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Examples of specific drugs in overdose that may
benefit from this treatment include local anesthetics particularly bupivacaine, verapamil, diltiazem, clomipramine, bupropion, and lamotrigine. A recommended
initial bolus infusion of a 20% lipid emulsion at 1 mL/kg
over 1 min, repeated every 3–5 min to a maximum of
3 mL/kg, should be followed by a drip of 0.25/mL/kg/min.

Intropin®
▶ Dopamine

Intubation
▶ Tracheal Intubation in Acute Procedures

Intravenous Nutrition
▶ Parenteral Nutrition

Intraventricular Catheter (IVC)

Intubation-Associated
Pneumonia
▶ Pneumonia, Ventilator-Associated

▶ Ventriculostomy

Invasive Candidiasis
Intraventricular Monitor

▶ Candidiasis

▶ Intracranial Pressure

Intra-vesicular Pressure

Ionizing Radiation Exposure
▶ Radiation Poisoning

▶ Intraabdominal Pressure Monitoring

Intrinsic Positive End-Expiratory
Pressure (PEEPi)
Pressure with an expiratory occlusion maneuver for the
duration of 3–7 s, reflecting the phenomenon of air trapping, due to the presence of either flow limitation or
dynamic hyperinflation and potentially determining alveolar overdistension and hemodynamic impairment.

Intrinsic Risk Factors for HAI
Intrinsic infectious risk is determined by patient factors
such as age, comorbidity, and medication that are not
accessible to preventive measures and quality of care during
hospital stay. Intrinsic risk factors are typical confounders in
comparative quality of care assessment studies.

IPH
▶ Intraparenchymal Cerebral Hematoma

Iron Overdose
RYAN P. MORRISSEY1,2, LEWIS S. NELSON2
1
Central Texas Poison Center, Scott & White Memorial
Hospital, Temple, TX, USA
2
New York City Poison Control Center, New York
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Synonyms
Acute iron poisoning

Iron Overdose

Definition
Iron overdose syndrome results from excess iron within
susceptible organ systems. Excess iron can accumulate
over an extended period of time (e.g., hemochromoatosis)
or acutely. Acute iron overdose can cause life-threatening
organ dysfunction and patients therefore require timely
evaluation and treatment. This entry focuses on the pathophysiology, clinical features, and management of acute
iron poisoning.
Iron is an abundant element that commonly exists in
biological systems in two oxidation states: ferrous iron
(Fe+2) and ferric iron (Fe+3). Ferrous iron is readily oxidized (i.e., donates an electron) to become ferric, whereas
ferric iron may be readily reduced (i.e., accepts an electron) to become ferrous. Because of the relatively easy
inter-conversion between those two oxidation states, iron
can generally be found as a moiety in proteins that catalyze
redox reactions (e.g., cytochromes) or that deliver oxygen
(e.g., hemoglobin).
Dietary iron is transported in the serum from duodenal enterocytes to synthetic organs such as bone marrow
or liver. At physiologic doses, absorbed iron is transported
securely via transferrin, a protein with high affinity for
ferric iron. In the setting of acute iron poisoning, transferrin becomes saturated and excess serum iron circulates
less tightly bound to low molecular weight anions such as
citrate. This so-called free iron is available to indiscriminately participate in spurious redox reactions to cause
organ dysfunction either directly (e.g., siphoning electrons
from the mitochondrial electron transport chain) or indirectly via generation of ▶ reactive oxygen species (e.g.,
membrane ▶ lipid peroxidation).
The progression of signs and symptoms, commonly
described as the stages of iron overdose, is not uniform
but does vary based on dose and proximity to ingestion.
Moderate iron ingestions of 10–20 mg/kg of elemental
iron (see below) produce caustic effects on gastrointestinal
(GI) mucosa that manifest as vomiting during the first
several hours. Iron is more systemically available after ingestions of 20–60 mg/kg elemental iron which can cause lifethreatening cardiovascular and metabolic toxicities usually
beginning within 12 h post ingestion. Hemodynamic dysfunction includes decreased inotropy of cardiac myocytes,
peripheral vasodilatation, coagulopathy, mitochondrial
dysfunction, lactic acidosis, and shock. This is related to
the delivery of free iron to the tissues, where it interferes
with cellular metabolic function. Days later, patients who
survive the initial systemic illness may develop hepatocellular toxicity that can progress to liver failure in some cases.
Weeks to months post ingestion, the initial gastrointestinal
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causticity can lead to gastric outlet obstruction or small
bowel strictures [1, 2].

Epidemiology
Iron is available in many over-the-counter (OTC) supplements and is widely prescribed to populations at risk for
iron deficiency anemia: school-aged children and pregnant women. In 2008, US poison control centers logged
24,000 reported exposures to iron supplements, 80% of
which involved children younger than 6 years. Of the 2,600
cases that were treated at health care facilities, approximately 45% resulted in minor to moderate effects, fewer
than 1% had major effects, and zero cases resulted in
death [3]. Historically death has been more common,
but stricter regulations have markedly improved the safety
of iron supplements.

Treatment
Supportive Care
Before initiating GI decontamination or specific antidote
therapy, the primary emphasis should be on stabilization
of the poisoned patient’s airway, breathing, and circulation. Initial considerations should include providing supplemental oxygen, placing an advanced airway, initiating
mechanical ventilation, securing intravenous access, and
administering isotonic saline, vasopressors, or blood
products. Frequent emesis may complicate medical resuscitation. Administration of antiemetic medications during
resuscitation limits fluid losses and can make subsequent
GI decontamination simpler and safer.

Gastrointestinal Decontamination
Particularly large ingestions are suggested by the history,
marked emesis on presentation, an elevated serum iron
concentration, or a demonstrative abdominal radiograph.
In such cases, efforts to limit absorption should, in
principle, decrease toxicity, however all modalities of GI
decontamination have limitations. Activated charcoal
does not readily bind iron salts. Syrup of ipecac causes
additional GI distress and provides no better gut clearance
than the spontaneous emesis caused by iron alone.
Significant iron ingestions typically involve tablets of
large size or formulations which can coalesce into viscous
semisolids. These characteristics limit the expected yield
of ▶ orogastric lavage in all but the largest and most recent
ingestions. Generally orogastric lavage should only be
performed on critically ill patients or those facing substantial morbidity, and who present within approximately
1 h of ingestion without substantial prior emesis [2].
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▶ Whole bowel irrigation (WBI) with polyethylene
glycol electrolyte solution may safely propel iron tablets
through the GI tract, though this has not been demonstrated to decrease morbidity. The rate of enteral infusion
is gradually increased as tolerated up to 25 mL/kg/h (maximum 2 L/h) and continued until rectal effluent is clear.
Administration of such large volumes typically requires
the use of a nasogastric tube with an infusion pump and
serial doses of antiemetic medication. WBI is appropriate
for patients with significant ingestion when history or
radiographs indicate a remaining gut burden [2, 4].

Deferoxamine

Deferoxamine mesylate is an iron ▶ chelator that complexes with free ferric iron in an equimolar ratio to form
a rust-colored pigment (ferrioxamine) that is renally
excreted. Intravenous administration of deferoxamine is
appropriate for patients either with manifestations of
end-organ damage (e.g., massive emesis, hypotension,
altered mental status, or acidosis) or who have a serum
iron concentration greater than 500 mcg/dL (90 mcmol/L)
with more minor symptoms. The most common adverse
effect of deferoxamine is hypotension that is closely
related to the rate of administration. To limit this complication, the recommended initial infusion rate is 5 mg/kg/
h. This rate should be gradually increased over the next
hour, as tolerated, to a maximum rate of 15 mg/kg/h, and
infused until the first of two endpoints is reached: either
6 g have been administered or the infusion has been
attempted for 24 h. Beyond 24 h post ingestion nearly all
free iron has been redistributed from the serum to target
organs, at which point it is less accessible to deferoxamine
[1, 2, 5].

Efficacy
Deferoxamine has a specific, high affinity for ferric
iron, but given the relatively limited dose that can be safely
tolerated in severely poisoned patients, only
relatively small amounts of iron (compared to the total
quantity ingested) are ultimately excreted in urine.
Deferoxamine decreases mortality in animal studies and
patients presumably because the quantity of iron that is
chelated constitutes a significant portion of the free iron
that would otherwise induce organ dysfunction [2, 5].

hypotension may be exacerbated because the ferrioxamine
complex is also a cardiovascular toxin. The degree of
hypotension can be curtailed by starting the infusion at
a low rate and increasing only as the patient tolerates.
ARDS has been associated with infusions administered
longer than 24 h [5].

Pharmacoeconomics
With an acquisition cost of $50–$100 per gram, a full
course of deferoxamine for a moderately ill patient represents a nominal expense compared to the typical cost of
intensive care. Overall deferoxamine has a low cost-toutility ratio because most iron-poisoned patients are
young, and survivors can be expected to have otherwise
normal life expectancies.

Evaluation and Assessment
History and Physical Exam
Iron poisoning is primarily a clinical diagnosis. The clinical impression may be augmented by supplemental diagnostic testing (e.g., laboratory studies or radiographs), but
physical findings of end-organ damage (i.e., multiple episodes of emesis, hypotension, depressed mental status, or
hyperpnea) in the setting of a suspected iron ingestion
warrants urgent treatment. When a patient is critically ill
or when test results may be delayed a number of hours,
treatment should proceed empirically.
An attempt to quantify the ingestion may be helpful
in predicting the clinical course, particularly for patients
who present shortly after ingestion or with initially mild
symptoms. The amount of elemental iron may be more
accurately estimated when the specific salt of iron
ingested is known (see the following table). If
a potentially toxic ingestion is suspected (greater than
20 mg/kg elemental iron) the patient should be observed
for signs and symptoms consistent with poisoning for
at least 6 h post ingestion. Ingestions of greater than
60 mg/kg of elemental iron correlate with severe
end-organ toxicity, and such patients should undergo
laboratory and/or radiographic testing even when
asymptomatic.
Iron salt formulation

Side Effects
Nearly all patients who receive IV deferoxamine
demonstrate hypotension and some may develop acute
respiratory distress syndrome (ARDS). In patients ill
enough to warrant deferoxamine, iron-induced

Elemental iron content (%)

Ferrous fumarate

33

Ferrous chloride

28

Ferrous sulfate

20

Ferrous gluconate

12

Isopropanol

Serum Laboratories
Serum iron concentrations peak approximately 2–6 h post
ingestion and may predict the clinical course. Values in
excess of 1,000 mcg/dL (180 mcmol/L) are associated with
significant morbidity and mortality. Patients with serum
iron concentrations above 500 mcg/dL (90 mcml/L) may
manifest moderate cardiovascular toxicity. Patients with
peak concentrations below 300 mcg/dL (55 mcmol/L)
typically have only moderate GI toxicity. Serial measurement of serum iron concentration is prudent when the
initial concentration is lower than the patient’s clinical
picture would suggest because the blood sample may
have been obtained prior to maximal absorption.
Serial routine electrolyte concentrations may guide
resuscitation in patients with significant GI losses or
hypotension. Venous blood gas determination and/or
serum lactate concentration may provide a more rapid
evaluation for the management of severely toxic patients.
Determination of complete blood count, coagulation
studies, and total iron binding capacity (TIBC) may
provide a more complete clinical picture, but is not necessary in the acute setting. Similarly, liver function tests are
not essential for immediate management. However
patients with iron ingestions who demonstrate critical
illness during the first 24 h are at risk for subsequent
hepatic failure. Such patients should undergo serial evaluation of hepatic function including coagulation studies,
1–2 days post ingestion.

Abdominal Radiographs
Not all ingested iron remains consistently radiopaque in
vivo, especially chewable or liquid formulations that constitute the majority of reported ingestions in children [3].
Although radiography may identify intraluminal iron in
some cases, the absence of radiodense abdominal contents
does not rule out significant iron ingestion.

After-care
Patients with significant GI toxicity may manifest gastric
outlet obstruction or small bowel obstruction several
months post ingestion, and are managed routinely. Overall, few iron ingestions result in intestinal strictures, so
universal screening via endoscopy or small bowel radiographic series is not economical.
Patients hospitalized for intentional overdose may
have concurrent, severe psychiatric comorbidity and
have a high risk of repeat suicide attempt. All adolescent
and adult patients with intentional overdoses should
receive psychiatric evaluation after they are medically
stabilized.
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Similarly, the hours to days following consequential
ingestions by pediatric patients are also an ideal time to
prevent future overdoses. Parental education regarding
poison prevention given concurrently with medical management leads to improved compliance with general safety
recommendations upon discharge.

Prognosis
Most patients with iron ingestions do not require critical
care. The prognosis of patients who are acutely iron poisoned depends on the degree of systemic toxicity that is
observed. Few patients hospitalized for iron toxicity succumb to cardiovascular, metabolic, or hepatic toxicity
when given appropriate supportive care, decontamination, and/or chelation. A small subset of survivors may
sustain neurological, cardiovascular, or renal damage as
a result of severe or prolonged hypoperfusion, but the vast
majority of patients recover completely.
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Irukandji Syndrome
▶ Jellyfish Envenomation

Ischemic Renal Failure
▶ Kidney Injury, Acute

Isopropanol
▶ Toxic Alcohols
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Isotherm

Isotherm
▶ Adsorption

separate body regions are identified, squared, and
summed to calculate the ISS. The ISS ranges from 1(>
99% survival) to 75 (< 1% survival).

IV
Intravenous.

ISS
The injury severity score is used to assign to an individual
a score that provides a quantitative measure of the severity
of the sum of all the injuries and thus of the individuals
risk of death. To calculate the ISS, the analyst must first
assign for each injury an abbreviated injury scale (AIS)
which is determined based upon a lexicon of all injuries.
Furthermore, the analyst assigns the injury to one of six
body regions. The highest three AIS assigned into three

IVIG
Intravenous immunoglobulins are highly purified antibodies (IgG) extracted from the plasma of several thousand blood donors. These antibodies possess opsonizing
and complement-fixing activities, and thereby confer
passive immunity.

J

Anthozoa; Box jellyfish; Carukia barnesi; Carybdeid jellyfish; Chirodropid jellyfish; Chironex fleckeri; Cnidaria;
Coelenterata; Coelenterate; Cubozoa; Hydrozoa; Irukandji
syndrome; Jellyfish; Physalia physalis; Physalia utriculus;
Portuguese man-of-war; Scyphozoa; True jellyfish

[Chirodropid]); and Anthozoa (sea anemones, soft
corals [order Alcyonaria] and stony corals). Probably the
most interesting member is the Portuguese man-of-war
(Physalia spp.) a free-swimming, colonial organism made
up of four individual groups of Cnidarians, which possesses a nearly transparent nitrogen- and carbon monoxide-filled buoyant sail that allows the colony to float,
enables its wind-driven travel and trails one to several
tentacles that may extend up to 100 ft (30 m) into
the water.
Cnidaria are simple, radially symmetrical animals.
They have a simple nervous system, or nerve net, which
consists of receptors capable of detecting odor, light, and
other stimuli and coordinating a response. They have an
outer epidermis, which covers an inner gastrodermis
lining the gut. A simple gastrovascular cavity, the coelenteron, functions for both circulation and digestion.
Cnidaria have two basic forms: sedentary, asexual
hydroids or free-swimming, sexual medusans. Cinidarians
are named for their venom-bathed cnidocytes, specialized
cells that possess stinging organelles.

Definition

Treatment

Marine creatures produce and deliver venom via enormously complex and diverse methods. Some venomous
creatures, like the Cnidaria (formerly phylum
Coelenterata), have been extensively studied, in part due
to their frequent and intense interactions with humans.
Cnidaria, commonly known as jellyfish, form one
phylum of aquatic invertebrates made up of “true jellyfish”
and other genera. These animals are responsible for more
envenomations in the marine environment than animals
of any other phylum, especially during warm summer
months when more individuals visit beaches and bays
and the oceans. At least 100 of the approximately 9,000
species of Cnidaria that have been identified pose risk to
humans. Cnidarian envenomation produces a wide spectrum of syndromes, ranging from minor local irritation to
rapid and agonizing death.
The phylum Cnidaria is taxonomically divided into
four major classes: Hydrozoa (Portuguese man-of-war,
fire corals); Scyphozoa (true jellyfish); Cubozoa
(4-tentacled [Carybdeid] and multi-tentacled box jellyfish

At the scene, witnesses may be helpful in removing the
swimmer from the water and removing tentacles from
the victim. Bystanders, water rescue providers, and
health-care providers should be careful to avoid touching
the cnidarian or its tentacles with their bare hands or skin
to avoid becoming envenomated. Lifeguards in Australia
should be immediately notified of possible box jellyfish
envenomation because rapid intravenous administration
of ▶ antivenom is indicated in cases of severe envenomation. Capture of the organism is not necessary and may
prove hazardous.
If the individual does not need immediate life support
measures, rapid appropriate local care is extremely helpful. The provider should wear gloves to avoid envenomation by active nematocysts from the remains of tentacles
on the patient’s skin. The affected area should be rinsed
initially with water of the same osmolality that the individual was exposed in. Isotonic sodium chloride solution
is utilized in the Emergency Department. Inactivation
of nematocysts is then performed and is guided by

Jellyfish
▶ Jellyfish Envenomation

Jellyfish Envenomation
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geographic location. In Southern USA, where Physalia spp.
are of significant concern, animal studies showing
increased venom release from active nematocysts with
application of vinegar suggest that vinegar should be
avoided. In other parts of the world, especially in the
Indo-Pacific area where Chironex fleckeri and Carukia
barnesi are of significant concern, nematocyst inactivation
with 5% acetic acid (vinegar) is utilized. Limited data
suggest that topical papain is not as effective as 5% acetic
acid [1]. Isopropyl alcohol use is not recommended
currently because it can cause the nematocysts of some
jellyfish to discharge. Once inactivation has occurred,
the tentacles are removed and may help identification.
Application of shaving cream, or a paste made from
baking soda and seawater, may aid tentacle removal by
scraping with the edge of a credit card or razor. In the ED
visible tentacles may be removed with forceps. Adhesive
tape may aid in the removal of unseen nematocysts.
A topical mild steroid lotion may then be applied to
soothe the skin.
The use of hot water immersion (HWI), initially
recognized in the management of fish spine injury, has
limited but increasing data to support its use in Cnidarian
envenomation. At this time, a number of case reports, two
randomized controlled trials and a crossover trial support
HWI efficacy compared with cold water in pain reduction
after envenomation by several species of jellyfish. One trial
also showed superiority of HWI to vinegar and papain, as
measured on a visual analog pain scale. Hot, but not
scalding, water immersion, (42–45 C) for 30–90 min is
recommended. Heat has been suggested to work either by
neutralization of heat-labile toxins or by modulation of
pain receptors [2].
Use of a pressure-immobilization bandage to prevent
absorption of Chironex venom is controversial. Venom in
Cnidarian envenomations may be widely distributed on
the skin, and evidence suggests introduction of venom
into the blood vessels rather than the lymphatics. At
best, unproven and, at worst, a potentially dangerous
treatment, the Australian Resuscitation Council no longer
recommends this modality [3].
The severity of envenomation directs treatment.
Complications of Cnidarian envenomation may include
respiratory failure, cardiovascular collapse, pulmonary
edema and arrhythmia, hemolysis, rhabdomyolysis,
acute renal failure, ▶ anaphylaxis, and wound infection
and dermatonecrosis. Patients with severe symptoms
may require advanced life support. The patient should
be reassured and made comfortable. Analgesics may be
administered and in severe envenomations repeated
intravenous doses of narcotics, such as fentanyl, may be

required. Anaphylaxis may require airway support,
supplemental oxygen administration, and intravascular
volume resuscitation.
After initial evaluation and management, some individuals may need further observation or inpatient management for pain relief, monitoring, and management of
blood pressure and renal dysfunction.

Pharmacologic Management
Drug management in Cnidarian envenomation is generally that normally utilized for specific clinical situations.
For example, anaphylaxis may require diphenhydramine
and epinephrine administration.
Verapamil is no longer recommended in those patients
with serious C. fleckeri envenomation based on both in
vivo and in vitro studies. Verapamil had been anecdotally
used in Chironex envenomation based on experimental
evidence that this venom produced irregular heart
rhythms, arterial constriction, and reduced coronary
blood flow. However, verapamil use was associated with
increased morbidity and mortality in an in vivo swine
model. Verapamil may also potentiate venom-induced
hypotension and cardiac arrhythmias.
An ovine-derived CSL-specific Chironex box jellyfish
antivenom (Commonwealth Serum Laboratories;
Melbourne, Australia) specific for C. fleckeri has long
formed part of the treatment of severe envenomation in
Australia. It is obtained by milking electrically stimulated
C. fleckeri tentacles. The antivenom neutralizes hemolytic,
dermatonecrotic, lethal and pain-producing venom
effects. Evidence for its use in human envenomation
remains anecdotal, with several reports of success but no
controlled clinical trials. Survival from major envenomation without antivenom use has been reported. The antivenom appears safe and is widely available in areas
endemic for C. fleckeri. Currently, antivenom is immediately administered as soon as first aid is applied.
It is currently indicated in Australia for all serious
envenomations, including individuals who exhibit intractable pain; those with difficulty breathing, speaking, or
swallowing; and those with cardiopulmonary instability
or cardiac arrest. The recommended intravenous dose is
three ampoules (diluted 1:10), each administered over
5 min. The intramuscular dose is also three ampoules.
Hypertension is almost universal in the Irukandji syndrome and may be severe. Catecholamine excess has been
proposed as a significant mechanism, as such phentolamine has been traditionally utilized in its management
[4]. More recently, many centers familiar with the propensity for cardiovascular collapse in these individuals have
moved to the use of more titratable agents with a shorter
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half-life, such as intravenous nitroglycerin or magnesium.
Although no controlled comparative trials have looked
at specific antihypertensive management, shorter-acting
agents are currently preferred.
Pulmonary edema is also reported frequently in
Irukandji syndrome. The mechanism of myocardial dysfunction remains to be elucidated. In some cases elevated
troponin levels have been documented and hypokinetic
wall motion demonstrated on echocardiography. Effective management has included the use of oxygen,
diuretics, vasodilators, inotropic support, and the use of
continuous positive airway pressure (CPAP) or mechanical ventilation.
No animal or clinical data have identified any agent
that reduces long-term scarring in Chironex envenomation. It is currently managed as a burn, with attention
to avoidance of secondary infection. Prophylactic antibiotics are not automatically indicated. Indomethacin has
been shown to reduce C. fleckeri induced capillary leakage.
Standard tetanus prophylaxis is indicated.

Epidemiology
Increasing reports of Cnidaria envenomation worldwide
have been partially attributed to increasing human interaction during business in the marine environment and
recreational water sports. In addition, it may partly be
attributed to the increase in temperature of the world’s
oceans over the last decade. As humans increasingly interact with this environment, we need to be aware of these
creatures and how to recognize symptoms and quickly act
if envenomation occurs to prevent immediate and late
complications.
Each summer approximately 10,000 Cnidarian
envenomations occur off the northeastern coast of
Australia. Most patients are treated at the beach and
never require hospital management. Most patients in
Australia seeking further care have severe pain but not
systemic symptoms. Australian waters contain three of
the most toxic Cnidaria, and among the most potent
venomous marine creatures, the chidrodropid C. fleckeri,
also known as the “Assassin’s hand”; the carybdeid
C. barnesi, which along with several other jellyfish such
as Alatina mordens, causes Irukandji syndrome; and
Chiropsalmus quadrigatus, the sea wasp [4]. The fatality
rate following C. fleckeri envenomation is estimated to be
15–20%, with more than 60 fatalities reported; however
this is probably an overestimation given the low number
of documented fatalities in the setting of a large number
of yearly stings.
In the USA, the Schyphozoa are the most common
envenoming species. Chrysaora spp. and Cyanea spp. sea
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nettles are located along the Atlantic coastline, with a high
concentration near the Chesapeake Bay. Envenomations
by Physalia spp. cause many swimmers to visit Emergency
Departments in Florida, Georgia, the Carolinas, and
Hawaii each year. Although C. barnesi does not naturally
occur in US waters, a case of Irukandji syndrome was
reported in the Gulf of Mexico in 2004. This was attributed to a carybdeid transported in the bilge water of an
international ship.
Jellyfish envenomation in the Mediterranean by
Rhopilema nomadica rarely causes serious systemic
symptoms. However, the population of these creatures,
introduced to the Mediterranean with the opening of the
Suez Canal, has steadily increased. Chirodropidae are
found off the western coast of Africa, however, no fatalities
have been reported.
Cnidaria are efficient predators that feed on fish, crustaceans, and mollusks. The upper oral end of Cnidarians
from the class Anthozoa or Hydrozoa and the body margin of Medusan jellyfish contain tentacles, which contain
batteries of living cells (cnidocytes) that the organism
utilizes to kill its prey. Cnidocytes contain nonliving
intracytoplasmic organoids called cnidae (nematocysts,
sporocysts, p-mastigophore, or ptychocysts). The cnidae
are contained within an outer capsule (cnidoblast) that is
attached to a cnidocil, or trigger. The cnidae are filled with
fluid and contain a hollow, coiled, 3–10 mm, sharply
pointed, barb-lined, threaded tube (nema) that holds
venom. Rapid firing (3 ms) of nematocysts, under pressure
(2–5 psi), occurs through a trap door (operculum) when
a cnidocil is stimulated by contact or changes in water
osmolality or chemical composition. Nemas uncoil and
penetrate the epidermis and dermis and introduce toxin
into the prey. Envenomation occurs as toxins translocate
by hydrostatic forces from the hollow barbs. Muscular
activity of the envenomated creature aids in venom
circulation.
Cnidarian toxins contain a complex mix of carbohydrates, polypeptides, and proteins. These substances
include histamines, catecholamines, hyaluronidases,
fibrolysins, kinins, phospholipases, ion-channel active
neurotoxins, agents that act to produce pores in the
cell membrane, and cardiotoxic, hemolytic, complement-activating, and dermatonecrotic agents. The
venom of the box jellyfish, C. fleckeri, contains
dermatonecrotic factors, which may involve the release
of leukotrienes and other arachidonic acid metabolites
that produce direct cell damage; a hemolytic factor,
which may produce local hemorrhagic necrosis or ulceration and permanent scarring; and lethal factors that can
induce rapid respiratory and cardiac arrest.
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After a tentacle contacts an object, other tentacles may
shorten to create loops and folds to increase the potential
surface area of envenomation. Even detached tentacles or
fragments on the beach are hazardous because they
can release venom for months if they retain moisture
and for several weeks if they are air-dried. Small children
may accidentally ingest these tentacles or those of the
multicolored, flowerlike sessile sea anemomes often
found in tidal pools.
Reactions to cnidarian envenomation may be allergic
or toxic. Intensity of envenomation is related to both the
specific cnidarian species and size, the season, the number
of nematocysts triggered, the surface area and location of
the sting, and the size, age, and general health of the
individual envenomated. Although Cnidarian toxicity is
not often correlated with tentacle size or morphology, it
is correlated with bell size in Chironex envenomation.
Cnidarian envenomation produces a burning sensation by incompletely identified mechanisms. Activation of
TRPV1, a nonselective cation channel in nociceptive
neurons, has been shown to lead to depolarization of
these neurons and the sensation of pain. A Belgian study
examined in vivo and in vitro effects of four species
(representative of all classes of Cnidaria) venom on
TRPV1 activation and reported desensitizationdependent activation similar to that produced by
▶ capsaicin. This suggests that TRPV1 is a key component
in the signal-transduction pathway of Cnidarian envenomation and may allow the design of more effective pain
management modalities [5].

Evaluation and Assessment
Specific information surrounding the envenomation
should be collected, including the time it occurred, the
nature of the incident, a description of the jellyfish
involved, and the timing and nature of symptoms experienced. Look carefully for skin lesions that might indicate
envenomation in patients with unexplained drowning or
in patients who collapse in cnidarian-containing waters.
The examiner should rapidly assess the patient’s
general status, with attention to airway, breathing, and
circulation assessment and management. Patients may
present in shock and respiratory arrest secondary to either
toxin or allergic reaction, although anaphylaxis is rare.
Mouth envenomation can produce considerable
edema and angioedema; as such the patient’s airway
should be carefully and expectantly managed.
The most common dermatologic presentation is
a painful papulo-urticarial eruption, which often outlines
the shape of the tentacles. Lesions may last minutes to
hours. Envenomations may be mild initially, with only

a slight stinging sensation and minor redness at the envenomation site, followed by the development of significant
systemic signs and symptoms. Other envenomations, such
as that of C. fleckeri, may present with severe immediate
linear and multiple purple-brown skin lesions with transverse bars and massive wheals. Local vasoconstriction may
occur. These are followed shortly by erythema and vesiculation, which can last as long as 10 days and are followed
by dermatonecrosis. Recurrent reaction may occur.
Chronic reactions include hyperpigmentation, keloid formation, fatty atrophy, contraction, and scarring.
Ocular contact may result in chemosis, conjunctivitis,
lid edema, and corneal ulceration. A thorough eye examination, including visual acuity, fluorescein staining of the
cornea, and examination of the anterior chamber should
be performed on any individual with eye envenomation.
Milder systemic reactions include headache, fever,
nausea, vomiting, abdominal cramping, malaise, muscle
spasm, and pallor. More severe systemic symptoms may
include respiratory distress, hemolysis, acute renal failure,
cardiovascular collapse, and death.
In major box jellyfish envenomations, histaminemediated tentacle prints are seen rapidly. The onset of
severe pain is rapid. Neurologic and neuromuscular deficits may include severe muscle cramping, ataxia, vertigo,
mononeuropathy, polyradiculitis, seizures, spastic or
flaccid paralysis, coma, and death. Death within minutes
has been reported, and may be due to direct introduction
of venom into the vasculature. This hypothesis is
supported by autopsy findings of nematocyst barbs that
have penetrated the vascular endothelium. Death most
commonly occurs within 20 min after release of the
venom and is attributed to hypotension, myocardial toxicity, cardiopulmonary arrest, and central respiratory
paralysis. Death may also result from secondary drowning.
Irukandji syndrome, which may occur 10–40 min after
envenomation by C. barnesi, consists of arthralgias, backache, myalgias, vomiting, sweating, pyrexia, tachycardia,
dyspnea, and moderate to severe hypertension. Patients
may develop pulmonary edema and intracranial hemorrhage. Although systemic reaction may be serious, the
sting site itself is often almost imperceptible.
No specific laboratory studies are indicated for most
envenomations. In severe envenomations, urinalysis
a complete blood count, glucose, electrolyte, blood urea
nitrogen and creatinine levels, total creatine phosphokinase, and arterial blood gas analysis may assist patient
management.
Light microscopic examination of nematocysts recovered from the patient’s skin by scalpel blade scraping or
sticky tape sampling is used to identify the Cnidarian

Jugular Thrombophlebitis

involved. These tests exhibit good sensitivity and specificity. Unfortunately, in the case of Irukandji syndrome
nematocyst recovery and identification rates are low.
In an individual with a history and signs and symptoms suggestive of the Irukandji syndrome, CT scanning
of the head is indicated to evaluate for the presence of
intracranial hemorrhage. In a patient who is found unconscious or with altered mental status in the water, plain
chest radiography is indicated to evaluate for signs of
aspiration and drowning. Plain chest radiography is also
indicated in patients with Irukandji syndrome because
pulmonary edema is a frequently reported constituent of
this envenomation.

After-care
Patients should be warned that recurrent episodes of
urticaria may occur at the site of envenomation for up
to 4 weeks after contact. This usually responds well to
a 2-week taper of steroids. Chronic skin injury may
require ongoing dermatologic or plastic surgical
management.

Prognosis
In general, the large majority of individuals envenomated
by Cnidarians experience minimal symptoms. In those
with more serious envenomations by C. barnesi, C. fleckeri,
Chrysopthalmus ssp., and Physalia spp., prompt recognition and management have shown good outcomes.
The only absolutely reliable method to prevent exposure is to stay out of the water when Cnidaria are likely to
be present. Other measures to avoid exposures include the
use of wet suits, “stinger suits,” or other nematocystimpermeable clothing and bathing inside “stinger nets.”
Stinger nets are not foolproof, as smaller Cnidarians such
as C. barnesi can easily penetrate these nets. Individuals
should be careful while walking on the beach without
protective foot covering in jellyfish infested areas.
Children should be educated not to place pieces of jellyfish
or anemone in their mouths.
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suggest that pollutants that increase nutrient concentrations in the water trigger infestations. Others suggest that
overfishing of predator species like turtles and tuna have
contributed. Rising ocean temperatures and current
changes have also been suggested to move populations to
new areas and provide optimal breeding conditions. Those
islands and countries whose economies rely heavily on
beach tourism and water sports lose significant income
when beach areas are closed due to infestation with more
toxic marine stingers.
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Joint Separation
▶ Musculoskeletal Trauma, Dislocation

Economics
Jellyfish infestations have become an increasingly frequent
and explosive occurrence worldwide. The triggers for
these are not clear but are probably multifactorial. Some
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Ketosis-Prone Diabetes
A form of diabetes characterized by the occurrence of
diabetic ketoacidosis or unprovoked ketosis in which
patients present without the characteristic phenotype
of type 1 diabetes. Subjects may not have evidence of
autoimmunity and have variable beta-cell reserve.

Ki
Net uptake of [18F]FDG computed by Patlak’s graphical
analysis.

Kidney Failure
▶ Decreased Estimated Glomerular Filtration Rate
(eGFR): Interpretation in Acute and Chronic Kidney
Disease

Kidney Function
▶ eGFR, Concept of

Kidney Injury, Acute
SUSAN GARWOOD
Department of Anesthesiology, Yale University School of
Medicine, New Haven, CT, USA

Synonyms
Acute renal failure; Acute tubular necrosis (ATN); Ischemic renal failure; Prerenal azotemia; Prerenal ischemia

Definition
Acute kidney injury (AKI) was coined by the American
Society of Nephrology Renal Research Group to unify
definitional terms of acute kidney disease and is used to
reflect the entire spectrum from minimal elevations in
serum creatinine to anuric renal failure. A consensus definition of AKI was proposed by the Acute Dialysis Quality
initiative (ADQI) Group who created the RIFLE classification (Risk, Injury, Failure, Loss, End-stage kidney
disease) based on increases in serum creatinine compared
to baseline. AKI comprises the first three classes of this
system (Risk, Injury and Failure) and is categorized as
a 1.5-fold increase (Risk), twofold increase (Injury), and
threefold increase (Failure) in serum creatinine in [1]. Less
than 20% of patients with AKI as defined by the RIFLE
classification will be identified as having acute renal failure
by ICD-9-CM code.
Prerenal azotemia (prerenal failure) is caused by an
absolute or relative reduction in renal perfusion, resulting
in a modest reduction in glomerular filtration rate (GFR)
and an increased serum creatinine and blood urea. It is
usually, but not always, accompanied by oliguria. It occurs
as a physiological response to a lowered renal perfusion
that may result from a globally or regionally reduced
blood flow to the kidney, but regardless of the cause, the
initial compensatory mechanisms correct renal blood flow
(RBF) and bring GFR toward normal. During prerenal
azotemia, renal tubules and microvasculature remain
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structurally and functionally intact. It is by definition
reversible, is frequently a precursor to acute kidney injury,
but is not included as part of the acute kidney injury
spectrum.
Acute tubular necrosis (ATN) is frequently used synonymously with acute kidney injury since the early phases
of the pathophysiology are dominated by structural and
functional changes to the proximal tubule epithelial cells.
However, the term itself comes from animal experiments
of renal ischemia where glomerular filtration rate (GFR)
falls secondary to luminal obstruction and back-leak of
filtrate by gross necrosis and sloughing of proximal
tubule epithelial cells. In the clinical situation less
than 1% of epithelial cells show signs of necrosis and
sloughing but there is partial or total loss of the apical
brush border in most of the proximal tubule epithelial
cells with consequent functional derangements including
reduced GFR.
Ischemic acute renal failure (ARF) occurs secondary to
an absolute or relative reduction in renal perfusion which
may be global or regional. The key sign of clinical ischemic
ARF is a rapidly progressive and profound reduction in
glomerular filtration rate (GFR), which continues and
even progresses after the return of renal perfusion to
baseline. This has lead to the addition of an extension
phase to the traditional model of renal injury resulting in
the new paradigm of initiation, extension, maintenance,
and recovery [2]. In ischemic ARF, there are marked
pathophysiological changes that occur in both the tubules
and the renal vasculature.
In the early phase of ischemic AKI (initiation phase),
autoregulatory mechanisms that were effective in prerenal
azotemia begin to fail and RBF declines with GFR while
adenosine triphosephate (ATP) stores become depleted.
Inappropriate and selective renal vasoconstriction occurs
in response to sympathetic nervous system and rennin
angiotensin stimulation due to heightened sensitivity of
the vascular endothelium to these and a number of other
vasoconstrictors such as thromboxane, endothelin, and
leukotrienes. Furthermore, vasorelaxation in response to
stimuli that normally generate endothelium-dependent
vasodilators is also inhibited which may be attributable
to increased cytosolic and mitochondrial calcium concentrations noted at this stage.

Treatment
Traditional treatment of AKI is predicated on the restoration of renal perfusion and GFR and the provision of
adequate cardiac output is the keystone to medical management of this problem. Currently, there is no practical

method or monitor of renal blood flow or renal perfusion
measurement and optimization relies on providing adequate filling pressures and cardiac output. Pharmacological therapy to enhance either renal perfusion or GFR
other than by increasing cardiac performance has proven
to be disappointing in the clinical setting and therapies
which functioned well in animal models such as dopaminergic agents and atrial natriuretic peptide (ANP) have
not been reproducible in the clinical arena.
The future of therapeutic agents for the treatment of
AKI has taken a different approach and relies on an
understanding of the pathophysiologicall events that
occur during AKI [3]. The concept of the different phases
of AKI and an understanding of the cellular events which
take place during these phases [4] has allowed the development of novel therapeutic agents which are now making
their way into late phase clinical trials.

Tubular Epithelial and Vascular Endothelial
Pathophysiology in Ischemic ARF
Depletion of adenosine triphosphate (ATP) is a key event
in the early stages of ischemic AKI initiating changes in the
cytoskeleton of both the tubular epithelium and vascular
endothelium and disruption of tight junctions. This
allows loss of tubular filtrate and plasma, decreasing glomerular filtration rate and renal blood flow even further.
Ischemic tubular epithelial cells express cytokines and
adhesion molecules, which attract and upregulate leukocytes. Vascular endothelial cells become activated and
express adhesion molecules, trapping red cells and leukocytes particularly in the vessels of the corticomedullary
junction. Because of this inflammatory reaction, the process of cellular hypoxia and injury may continue and even
progress in the corticomedullary region after perfusion
has been restored and repair and regeneration has begun
in other regions.
A number of cascades are set in motion by the rapid
depletion of ATP, the key events being the induction of
nitric oxide synthase, resulting in oxidant injury and activation of caspases: the key event in the apoptosis/necrosis
cascade. Nucleotide depletion culminates in the accumulation of hypoxanthine that contributes to the generation
of reactive oxygen molecules and impaired calcium
sequestration resulting in the well-documented rise in
free intracellular calcium with subsequent activation of
proteases and phospholipases. This pathophysiological
approach to AKI has lead to the development of a number
of classes of drugs which may be active in prevention and
or treatment of clinical AKI. These are anti-apoptopic
agents, anti-inflammatory, and antioxidant drugs.
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Novel Therapeutic Agents in the Treatment
of AKI
The key step in apoptosis/necrosis is activation of caspases
(cysteine aspartate-specific proteinases), which are highly
operative during programmed cell death: initiating and
executing the final stages of cell death. Activation of
caspases occurs either by an intrinsic or extrinsic pathway
involving members of the Bcl-2 superfamily of genes
and proteins that govern mitochondrial outer membrane
permeability and can be pro-apoptotic anti-apoptotic.
A number of regulatory mechanisms exist that affect the
balance of pro- and anti-apoptosis, the most important of
which during renal ischemia appears to be the pro-aptotic
transcription factor p53. Expression of p53 is triggered by
hypoxia and loss of cell–cell adhesion and is itself regulated by PARP (Poly ADP-Ribose Polymerase). Because of
their key roles in cell apoptosis and necrosis, caspases,
p53 and PARP have been targeted as novel therapeutic
intervention sites in a several disease states and are currently undergoing a number of clinical trials. Caspase
inhibitors were identified as potentially useful agents in
AKI by the Acute Kidney Injury Network (http://www.
akinet.org/) since the catalytic domain of most caspases
processes the proforms of interleukin-1b and interleukin18 and are thus active in the inflammatory process as well
as apoptosis. PARP is similarly active in the inflammatory
process so these two entities make attractive targets for
renal protection strategies. Clinical trials of these agents
in AKI registered with Clinicaltrials.gov can be found at
http://clinicaltrials.gov/.
Of greater interest are two older drugs with
anti-apoptopic and anti-inflammatory activities, which
circumvent the need for preliminary safety trial in man;
these are tetrocyclines and human recombinant erythropoietin (hr-EPO).
Tetracyclines are well known to possess a wide repertoire of anti-inflammatory and immunomodulatory
actions in rheumatologic and dermatologic diseases. In
animal studies, tetracyclines have been demonstrated to
decrease the activity of p53. In rat models of ischemic
renal injury, minocycline reduces tubular cell necrosis,
microvascular permeability and inflammation with
a salutary effect on renal function. The mechanism of
action is thought to be complex and includes inhibition
of free radical and cytokine formation, modulation of
matrix metalloproteinase activity by transcriptional
and posttranslational regulation, inhibition of caspase
expression and direct blockade of cytochrome c release
from mitochondria. Minocycline is currently undergoing
clinical trials to prevent AKI after cardiac surgery.

K

HrEPO has multiple effects on cellular energetics during kidney injury and has been demonstrated to have antiapoptotic effects, anti-inflammatory effects, growth factor
effects, and regulate kidney homing circulating stem cells
during the repair/recovery phase. Of these novel
renoprotective agents, HrEPO penetrated furthest into
clinical trials. Promising preliminary data in patients
undergoing contrast-enhanced imaging studies, kidney
transplant, and cardiac surgery have been presented at
the conference level but have not made it yet into mainstream publication.
A review of the current paradigm of AKI reveals an
important phase in the later stages: repair and differentiation. Since many cases of AKI are diagnosed late, this is an
attractive phase to target for therapy. While most therapeutic options have focused on the injury phase of AKI,
there is now a growing interest in targeting repair and
regeneration. Observations in human renal transplantation reveal that extrarenal progenitor cells participate
in the regeneration phase of injured renal tissue; male
recipients of female kidneys that went on to develop AKI
have been shown to have tubule cells which contain
Y chromosomes. The existence of renotropic progenitor
cells opens the door for a completely new therapeutic
strategy. Two possible methodologies have been envisaged.
First, progenitor cells can be engineered to deliver antiinflammatory molecules to injured renal tissue. Bone
marrow derived mesenchymal stem cells (MSCs) have
been differentiated ex vivo to express ligands for adhesion
molecules so that they can be recruited to areas of inflammation and deliver cytokines. Mesenchymal stem cells
have also been modified genetically and reintroduced to
mice prior to differentiation so that they retain the potential for self-renewal and are capable of contributing to the
formation of kidney cells, including mesangial cells, tubular epithelial cells, and podocytes. These cells home and
traffic to kidney tissue, engraft into injured tubules, and
fuse with tubular cells displaying paracrine and endocrine
activity. Furthermore, MSCs themselves possess immunomodulatory properties that make them attractive for
potential use in AKI which is dominated by inflammatory
and immune mechanisms. The potential utility of these
MSCs in the treatment of AKI is impressive. Preoperative
harvest and expansion of bone marrow derived MSCs
allows for pre-donation in surgical patients stratified as
high risk for AKI for either preemptive therapy or early
treatment within hours of injury if early biomarkers of
AKI are employed. However, of greater interest, there is an
enormous potential supply of human MSCs from
lipoaspirates and amniocentesis specimens, which can be
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induced toward kidney epithelial lineage and banked for
either autologous therapy or histocompatible recipients.
Allocure is the first company to develop viable cell therapies for the treatment of AKI and kidney transplantation
and has funded a Phase I Clinical Trial for AKI which
is currently recruiting. (http://clinicaltrials.gov/). No
preliminary data are readily available yet.

After-care

Evaluation/Assessment

Prognosis

The evaluation of ischemic AKI begins with risk profile
assessment and there are a number of well-documented
independent risk factors for ischemic AKI. Some of these
are not modifiable (age, gender, race) but there are factors which can be modified/optimized if not eradicated
(low cardiac output, hypotension, hypovolemia). Further
confounding factors should be sought and again
removed or modified (exposure to nephrotoxins, sepsis,
anemia). Traditionally, any degree of renal dysfunction is
detected by the occurrence of an increase in serum creatinine or the development of oliguria. Both of these are
late occurring events in the history of an ischemic renal
injury and are furthermore nonspecific. Hence, there has
been much research effort into finding early renal biomarkers that will tag the initiation of AKI in high-risk
patients. Current candidates that have performed well in
clinical trials are a urinary panel (neutrophil gelatinaseassociated lipocalin, NGAL; interleukin-18, IL-18) and
a blood panel (kidney injury molecule-1, KIM-1; NGAL;
cystatin C).
Regardless of whether the diagnosis is made early or
late in the injury, the initial part of patient assessment
usually involves the differentiation of prerenal, renal, and
postrenal causes. Typically, postrenal causes can be eliminated by physical findings of obstructive uropathy or by
ultrasonography. The differentiation between prerenal
and renal causes may be more difficult to make because
they often merge from one into the other and frequently
coexist. Nevertheless, an evaluation and correction of fluid
balance and cardiac output at this point may prevent
further overt injury. Therapy with diuretic agents has not
been proven to alter outcome in terms of morbidity
(requirement for renal replacement therapy) or mortality,
but is useful for fluid balance management if blood
products or intravenous nutrition is required. Management of the patient with AKI is thereafter supportive and
hinges on the prevention of other organ dysfunction and
comorbid events but may ultimately require renal replacement therapy.

The aftercare of patients with AKI continues to be supportive and will be dominated in most patients by the
treatment of other complications, which tend to develop.
In studies of AKI after cardiac surgery, significantly more
patients who develop AKI will require discharge to a
tertiary care or extended care facility than those who do
not develop AKI.

The incidence of AKI in all hospitalized patients is approximately 7% and most of these cases are ischemic AKI.
When intensive care patients are considered the event
rate can increase to 25% with an associated short-term
mortality rate of 50–80%.
In a large study of over 10,000 patients without preoperative chronic kidney disease who went on to develop
AKI after major surgery, both short-term and long-term
survival rates were significantly curtailed compared to
those who did not develop AKI [5]. The early survivors
of AKI had a yearly mortality that is tenfold higher than
the general population. Even mild forms of AKI (Risk and
Injury, by the RIFLE classification) were independently
associated with increased mortality rates. Overall, 97%
of patients with AKI had either partial or complete recovery of renal function at the time of hospital discharge.
Nevertheless, even those patients with complete renal
recovery after AKI still had an increased adjusted hazard
ratio for long-term death.
Approximately one-third of patients developing AKI
that requires renal replacement therapy will progress to
chronic kidney disease; approximately 10% will progress
to end-stage kidney disease.
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staging of some cancers (staging laparotomy). Laparotomy is also a surgical option for gaining access to the
retroperitoneum where the great vessels (aorta and vena
cava), pancreas, kidneys, and ureters reside.

Known Abdominal Pathology

L-Amb
Liposomal amphotericin B.

Laparotomy
JAMES W. DAVIS, DANA FORMAN
Department of Surgery, Community Regional Medical
Center, University of California – UCSF , Fresno, CA, USA

Many patients arrive at the surgeon’s office with
a diagnosis in hand. They have already seen their primary
care provider, and their chief complaints have been evaluated by physical exam, laboratory tests, and imaging
studies. The surgeon now has the task of reviewing all of
the collected data, perhaps ordering additional studies,
and making a surgical decision. Other patients may be
seen by the surgeon in the emergency department, as their
symptoms are acute and unrelenting. Studies performed
in the emergency department have led the surgeon to
a presumptive diagnosis, and an operation is scheduled
the same day (Table 1).

Unknown Abdominal Pathology

Synonyms
Celiotomy; Diagnostic laparotomy; Exploratory laparotomy; Ex-lap; Trauma laparotomy; Staging laparotomy

Definition
A laparotomy is a surgical procedure during which an
incision is made through the abdominal wall in order to
gain access to the abdominal organs. The word laparotomy is derived from the Greek word roots lapara, meaning
“loins” or “flank,” and tome, which means “cut.”

Pre-existing Condition
The abdominal cavity contains the organs of the gastrointestinal tract from the distal esophagus to the rectum, the
biliary organs, the female reproductive organs, the bladder, and the spleen. A laparotomy may be performed for
a variety of reasons, but the ultimate goal is examination
of the abdominal organs that may be diseased or damaged,
and repair or removal of these organs. It may also be
performed to obtain a diagnosis when laboratory tests
and imaging studies have failed to elucidate the cause of
the patient’s symptoms (diagnostic laparotomy), and for

A laparotomy may be performed to arrive at a diagnosis
not revealed by imaging tests. A patient may present with
abdominal complaints, fever, and/or leukocytosis, yet
a conclusive diagnosis cannot be obtained without physically examining the intra-abdominal contents.

Trauma
Laparotomy is often performed in the setting of trauma
(exploratory laparotomy, trauma laparotomy). Trauma to
the abdomen may be classified as “blunt” or “penetrating,”
with motor vehicle collisions comprising the majority of
blunt injuries, and firearms/stabs accounting for the majority penetrating injuries. Many blunt injuries may be managed nonoperatively. However, patients with shock,
evidence of ongoing internal bleeding, or peritonitis require
laparotomy. New nonoperative guidelines have also been
proposed for penetrating abdominal injuries [1]. In
a multicenter study, 359 patients with penetrating abdominal injuries were evaluated. Patients presenting with
shock, evisceration, or peritonitis were taken to the operating room immediately for laparotomy. The others
underwent local wound exploration (LWE). If upon

Jean-Louis Vincent & Jesse B. Hall (eds.), Encyclopedia of Intensive Care Medicine, DOI 10.1007/978-3-642-00418-6,
# Springer-Verlag Berlin Heidelberg 2012
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Laparotomy. Table 1 Common non-trauma-related abdominal
pathologies requiring operation
Stomach

Perforated or bleeding ulcer,
mass

Duodenum, jejunum, ileum

Small bowel obstruction,
mass

Large bowel

Large bowel obstruction
(usually due to mass), acute
appendicitis, diverticulitis

Liver

Mass

Gallbladder

Acute cholecystitis,
symptomatic cholelithiasis,
choledocholithiasis

Spleen

Idiopathic
thrombocytopenic purpura

Uterus and ovaries

Mass, dysfunctional uterine
bleeding, ectopic pregnancy

LWE, the peritoneal layer was not violated, the patient
could be sent home. If there was peritoneal violation on
LWE, but the patient had no signs or symptoms of significant intra-abdominal injury, he or she would be admitted
with serial abdominal exams and laboratory tests. If the
patient’s laboratory data and clinical exam remained normal after a 24-h period of observation, the patient could
be discharged. Thus, a subset of patients with penetrating
abdominal injuries can successfully avoid laparotomy.
A trauma laparotomy is unique in the sense that often
the surgeon does not know which organs are injured. If
the patient sustained a penetrating injury, such as from
a bullet or knife, the surgeon may be directed toward the
intra-abdominal injuries based upon the location of the
injury to the skin and subcutaneous tissues. However, with
blunt abdominal trauma there is often little outward evidence of what may be injured on the inside. Patients who
are in shock in the emergency department are often rushed
to the operating room with few, if any imaging studies.
When this is the case, the only images obtained may be
x-rays of the chest and pelvis, and an abdominal ultrasound demonstrating free fluid in the abdomen.
The “stable” trauma patient has usually had imaging
studies, such as an abdominal CT scan that provide evidence for intra-abdominal pathologies requiring operation. Nevertheless, injuries may occur which are not well
visualized on imaging studies, and ultimately the patient’s
injuries need to be discovered by the surgeon during the
operation. Therefore, it is extremely important to have
a systematic approach to the exploration to avoid missing
injuries.

Cancer Staging
Cancer staging is often obtained through a combination of
imaging studies and microscopic evaluation of the surgical
specimen. However, sometimes a laparotomy is performed
for the sole purpose of staging an already known cancer.
This is occasionally performed in the setting of Hodgkin’s
lymphoma, in which the treatment strategies depend upon
accurate staging (with radiation being the mainstay for
early disease and chemoradiation for later stage disease).
The laparotomy involves a thorough abdominal exploration, and includes liver biopsies and removal of the spleen
(splenectomy) and specific lymph node basins. In women,
it also entails tacking the ovaries to the abdominal sidewall
(oophoropexy), out of the field of future radiation treatments. With advances in imaging techniques such as PET
scanning, staging laparotomy is becoming increasingly
unnecessary. When operative staging is required, minimally invasive techniques, such as laparoscopy may be
employed which minimize the morbidity of the operation.
Occasionally, a known cancer may appear to be resectable on imaging studies, but upon examination of the
intra-abdominal contents during laparotomy, cancer
metastases are noted. This would preclude performing
the “cancer resection,” as it would not improve the outcome of the patient and in turn may create surgical complications. This is also an example of a staging laparotomy,
although not originally planned as such. Once the patient
has recovered from the operation, he or she will then be
referred to oncology to be evaluated for possible chemotherapy or radiation treatments.

Application
Laboratory and Imaging Studies
Patients should have basic laboratory studies, such as
a complete blood count and a basic metabolic panel
prior to surgery. Additional studies may be ordered
based upon the patient’s medical history, surgical history,
medication list, or current disease process. Women of
childbearing age should have a urine pregnancy test. Pregnancy is not an absolute contraindication to surgery.
However, it is important to identify pregnancy in order
to inform the patient of possible surgical risks to her and
the fetus, and to appropriately direct the administration of
medications and imaging studies. Patients over the age of
50 should have an EKG and a chest x-ray to identify any
cardiac or pulmonary issues that may present problems
intraoperatively or postoperatively. Coagulation studies
are important for patients who have been on
anticoagulation, and in patients with a history of liver or
heart disease.
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Informed Consent
Obtaining patient consent for the procedure is important.
During the process of consent, the risks, benefits, and
alternatives to the procedure are elaborated to the patient.
The patient must be oriented to person, place, and time,
and be capable of making an informed decision in order to
sign their own consent. If this is not the case, or if the
patient is a minor, a legal guardian must sign on behalf of
the patient. The consent form must be witnessed by
knowledgeable hospital personnel who will not be
involved in performing or assisting with the operation.

Conduct of Surgery
Laparotomy is performed with the patient under general
anesthesia. A bladder catheter may be inserted to keep the
bladder decompressed and out of the operative field. The
catheter also allows the anesthesiologist to monitor urine
output as a measure of adequate hydration and resuscitation. Sequential compression devices are placed on the
patient’s lower extremities in effort to decrease the formation of deep vein thromboses, and antibiotics are given
intravenously within 1 hour of incision to help prevent
surgical site infections. If there is significant hair on the
abdomen that could potentially interfere with wound
closure, it should be clipped, not shaved, as there is an
increased incidence of infection due to small breaks in the
skin associated with shaving. A specially prepared surgical
scrub containing antimicrobial properties, such as chlorhexidine, is used on the patient’s skin surrounding the
proposed incision site. Next, sterile drapes are placed on
the patient, exposing only the area to be operated upon.
The surgeon uses an antimicrobial scrub on the hands,
wears sterile gloves and gown, and maintains sterile technique throughout the operation. The type of incision used
depends upon the indication for laparotomy.
There are four basic principles of abdominal wall
incisions: Accessibility, extensibility, preservation of function, and security [2]. The incision should be centered
over the presumed intra-abdominal pathology or, if not
directly overlying, should provide adequate exposure to
the diseased organ system. The surgeon should then be
able to extend the incision to provide greater exposure if
necessary. The incision should be planned in a fashion
which minimizes damage or trauma to important abdominal wall structures. Finally, the incision should be repaired
in a fashion that provides security (integrity) to the intraabdominal organs, and promotes healing of the abdominal wall itself. There are several types of abdominal wall
incisions (Fig. 1).
A vertical midline incision is the most often utilized
incision for laparotomy. It may be supraumbilical if the
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1. Vertical midline
2. Kocher
3. Chevron
4. Mercedes
5. McBurney
6. Rockey-Davis
7. Paramedian
8. Transverse
9. Pfannenstiel

9

Laparotomy. Figure 1 Incisions utilized for exploratory
laparotomy

abdominal pathology resides in the upper quadrants or in
the upper midline above the umbilicus, or infraumbilical
if the area of concern is in the lower quadrants or lower
midline. Often however, it is necessary to use an incision
that encompasses the terrain above and below the umbilicus. Maximum exposure is gained by beginning the
incision just below the xyphoid process and extending it
distally to the level of the pubic symphysis. This allows
exposure to the entire abdominal cavity. This large incision is occasionally necessary in elective operations, and it
is generally required for trauma. It has the advantage of
being fast and nearly bloodless, as no muscle fibers are
divided. In addition, no major nerves are divided.
A Kocher incision, named for surgeon Emil Theodor
Kocher (1841–1917), is most often used to gain access to
the liver, gallbladder, and biliary tree. It is created approximately two fingerbreadths below the costal margin on the
right. It may be extended to the left side, and if so, is
commonly referred to as a “chevron” incision which
looks like an upside down “V.” In turn, a chevron incision
may be augmented with a vertical midline component for
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greater exposure proximally. This is often referred to as
a “Mercedes” incision, as visually it resembles the
Mercedes emblem.
A right lower quadrant incision (McBurney or
Rockey-Davis) has been historically used to perform an
appendectomy. The McBurney’s incision, named after
surgeon Charles McBurney (1845–1913), is centered over
“McBurney’s Point” which is the anatomic location on the
abdominal wall corresponding to the intra-abdominal
location of the appendix. It is oriented parallel to the
external oblique muscle fibers and is a muscle-splitting
incision, meaning that the abdominal wall muscles are
retracted for exposure rather than divided. The RockeyDavis incision is made horizontally in the right lower
quadrant, and is also a muscle-splitting incision. Neither
is commonly used today, as minimally invasive techniques
are now almost exclusively employed for removal of the
appendix.
Paramedian incisions are “general-access” incisions
that are also mostly of historical interest. When this incision is used, it is often because of extensive midline scarring from previous operations. Another general-access
incision is the transverse incision, which as its name suggests, transversely incises the abdomen in a left to right
fashion. It is most often used in infants because the transverse length of an infant’s abdomen is greater than its
vertical length, thus it provides greater exposure.
Pfannenstiel incisions are low transverse incisions
made just above the level of the pubis. This type of incision
is commonly used in gynecologic operations such as
a cesarian section or hysterectomy.

Procedure Utilizing a Midline Incision
The layers of the anterior abdominal wall from superficial
to deep are skin, subcutaneous fat, fascia, muscle and its
associated fibrous sheath (differs depending upon the
location of the incision), preperitoneal fat, and peritoneum. With a midline incision, the muscle layer is
avoided.
A scalpel is used to incise the skin. The subcutaneous
tissues are then divided using a handheld electrocautery
device. The advantage to using electrocautery is maintenance of hemostasis, as it can cauterize small vessels while
cutting through tissue. After dividing the subcutaneous
fatty layer, the next major structure encountered is the
anterior rectus sheath. This fibrous investing fascia surrounding the rectus abdominis muscles is fused in the
upper abdomen and appears to be one layer, known as
the linea alba. If the surgeon maintains position in the
anatomic midline, no muscles are divided with this incision. The next layer is the preperitoneal fat, which in thin

patients can be relatively nonexistent. The last layer before
entering the peritoneal cavity is the peritoneum, which is
thin and avascular. The intestines can often be visualized
through this almost transparent layer. The series of events
following entry into the peritoneal cavity is directed by the
intent of the operation.
The goals of a trauma laparotomy are hemostasis,
control of contamination, and repair/removal of damaged organs. The first step in a trauma laparotomy after
opening the abdominal cavity as described above is
packing each quadrant with laparotomy pads (sponges).
Several pads are placed in each quadrant in attempt to
tamponade the bleeding. The pads are then systematically
removed, and each quadrant is inspected for injury.
The spleen resides in the left upper quadrant and is
often a major source of bleeding, especially in blunt
abdominal trauma. Attempts may be made at repairing
the spleen with sutures (splenorrhaphy). However, the
spleen may be damaged beyond repair and require
removal.
The right upper quadrant contains the liver which is
also a major source of bleeding when injured. Suture
repair of the liver (hepatorrhaphy) may be successful. At
times, portions of the liver may be removed, but unlike the
spleen, it cannot be removed in its entirety. If attempts at
repair or partial resection fail, the liver may be temporarily
packed with laparotomy pads above and below the liver in
an attempt to tamponade the bleeding.
The lower quadrants contain mostly large and small
intestine, and if injured, significant bleeding may occur
from the associated mesenteric vessels.
Once the major sources of bleeding have been adequately controlled, the bowel is inspected. When a perforation is identified, it is important to resect or repair the
injured bowel to prevent continued soilage of the peritoneal cavity. Evaluating the intestines in their entirety may
require dividing ligamentous structures for adequate
exposure of the intestinal posterior walls. The anterior
and posterior walls of the stomach need to be evaluated
fully as well. The pancreas, which resides behind the stomach and is a retroperitoneal organ, can be visualized
through the thin layer of overlying peritoneum. It should
be inspected for bleeding and edema.
The remainder of the retroperitoneum also needs to be
evaluated for expanding hematomas, and for injuries to
the kidneys and ureters. Occasionally, it is necessary to
enter the retroperitoneal space in order to achieve hemostasis by temporarily compressing or clamping the great
vesssels.
If the liver initially required packing for hemostasis
and is still bleeding after the rest of the abdomen has been
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fully evaluated, it can be repacked with laparotomy pads,
and a temporary sterile abdominal dressing may be placed
with plans to reexplore the abdomen later. The patient
should then be transported to the interventional radiology
suite where embolization of segmental hepatic arteries can
be attempted [3]. If, on the other hand all bleeding has
ceased, the peritoneal cavity should be irrigated with
warm saline, and the midline abdominal fascia closed
with a continuous, absorbable suture. The subcutaneous
tissues should be irrigated once again, and the skin closed
with staples.

Complications
Surgical complications can be associated with anesthesia,
or related to the operation itself, and are often the result of
numerous factors, including patient age and medical
comorbidities. A study reviewing the United States multiple-cause-of-death data files from 1999 to 2005 found
that anesthesia related deaths were 1.1 per million population per year, and 8.2 per million hospital surgical discharges [4]. The majority of deaths were attributed to an
overdose or adverse effect of anesthetic, with the highest
risk populations being males and the elderly.
Aside from the anesthesia-related complications,
operative complications include bleeding, infection,
pain, damage to other intra-abdominal organs, wound
dehiscence, hematoma/seroma, incisional hernia, and
formation of adhesions (intra-abdominal bands) which
can lead to small bowel obstruction in the future.
A Scottish study found that the incidence of postoperative
adhesions causing small bowel obstruction is highest
in lower abdominal operations involving the colon and
rectum [5]. There is also an association between gynecologic operations and adhesions causing small bowel
obstruction.
In addition to the above-mentioned complications,
deep vein thrombosis is also a potential complication,
with incidence increasing as length of operation increases.
Complications with trauma laparotomy include all of
those listed above, but can be compounded by injury
severity, associated non-abdominal trauma, and shock.
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Synonyms
Negative exploratory laparotomy; Negative laparotomy;
Negative or non-therapeutic celiotomy

L
Definition
Laparotomy has the Greek word roots lapara, which
means “loins” or “flank,” and tome, which means “cut.”
Laparotomy is an operative procedure in which an
incision is made, with an exploration of the abdominal
contents. It is commonly done for an emergency
abdominal condition, a diagnostic surgery case or for
trauma. An exploratory laparotomy may be open or
laparoscopic.
A laparotomy is termed “negative” when there are no
findings of intra-abdominal pathology. A non-therapeutic
laparotomy is when pathologic findings require no repair
or resection. Commonly, an exploratory laparotomy is
done with a midline incision made from the xiphoid
process to the pubic symphysis. Exploration of the peritoneal cavity is done in a systematic pattern. First the
small intestine is examined throughout its entire length
from the ligament of Trietz to the cecum. The large bowel
(colon) is then examined from the right (ascending) colon
to the transverse colon and the left (descending) colon to
the rectum.
Once the intestines have been examined, the liver and
gallbladder (located in the right upper quadrant) are evaluated along with the diaphragm. Moving to the left upper
quadrant the stomach and spleen are visualized along with
the left side of diaphragm. The lesser sac (containing the
pancreas) is explored by opening the omentum between
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the stomach and transverse colon. The retroperitoneum is
located under the periotoneum. The organs located in the
retroperitoneum include the second, third and fourth
portion of the duodenum, kidneys, adrenal glands, proximal ureters, ascending and descending colon, pancreas,
the inferior vena cava and aorta.
In recent years laparoscopy has emerged as an alternative to laparotomy. With laparoscopy, small incisions are
made 1–2 cm in length. Trocars are placed into the incisions, the peritoneum is inflated with CO2. A camera and
instruments are placed through the trocars to visualize
and examine the abdomen. This allows visualization of
the abdominal contents and if needed, resection of organs.
Because it is minimally invasive surgery and the incisions
are small, the recovery time with this procedure is much
shorter than recovery from an open laparotomy.
Since the 1970s, selective treatment of trauma patients
on the basis of clinical criteria has been attempted to
decrease the number of cases of unnecessary laparotomy
[1]. With recent technology and easy access to ultrasound,
multidetector row Computerized Axial Tomography (CT)
scans and Magnetic Resonance Imaging (MRI), the
number of non-therapeutic laparotomies have decreased
even more.

Pre-existing Condition
Negative/Non-Therapeutic Laparotomy
Trauma
The incidence of non-therapeutic laparotomy for trauma
varies from 1.7% to 38%. The incidence of nontherapeutic laparotomy, for blunt abdominal trauma is
similar to that in penetrating trauma and is about 20% [2].
Patients with penetrating injuries (gunshot wounds
and stab wounds) to the abdomen are at significant risk
for intra-abdominal injury. Mandatory exploration for
penetrating abdominal injury has been advocated. The
incidence of intra-abdominal injury requiring repair
after gunshot wounds ranges from 68% to 94%. Some
academic trauma centers advocate selective management
for gunshot wounds, however, in small trauma centers
with limited exposure to penetrating trauma and no
24-h in-house coverage, the safest option is routine
laparotomy [2].
Penetrating trauma from stabbing has a lower rate of
intra-abdominal injury. The kinetic energy from stabbing
is lower and many wounds do not, in fact, penetrate the
peritoneal cavity. In one study of 330 patients with
abdominal stab wounds, 53% required no surgical

intervention and 14% had a surgical exploration and
a non-therapeutic laparotomy [3].

General Surgery Acute Abdomen
The diagnosis of an acute abdomen generally mandates
surgical exploration, even with negative advanced medical
imaging studies. Patients may present with the appearance
of an acute abdomen and have a non-therapeutic laparotomy. For example, the presumptive diagnosis of appendicitis may lead to surgical exploration. A negative
laparotomy rate of 20% was considered acceptable because
of the risk of complications from delayed exploration and
perforated appendicitis. Conditions that mimic appendicitis and can lead to non-therapeutic laparotomy include
mesenteric adenitis, mittelschmerz and ovarian cyst. Mesenteric adenitis is inflammation of the mesentery lymph
nodes and is associated with viral illness. Mittelschmerz
(“middle pain”) is pelvic pain associated with ovulation.
With the use of ultrasound and multidetector CT scan
the diagnostic accuracy of acute appendicitis is now
83–98% [4].
Other, less common conditions that may lead to nontherapeutic laparotomy include pancreatitis and spontaneous bacterial peritonitis. Patients with pancreatitis may
present with severe abdominal pain, tachycardia and leukocytosis and the physical findings can be consistent with
an acute abdomen. Patients with cirrhosis will present
with abrupt onset of fever, chills, generalized abdominal
pain and rebound abdominal tenderness due to spontaneous bacterial peritonitis, an infection of ascitic fluid [5].
A CTscan showing ascitic fluid and a diagnostic peritoneal
aspirate can make the diagnosis and usually avoid a nontherapeutic laparotomy.

Gynecology
The differential of abdominal pain for women of childbearing age is extensive and sometimes challenging to
diagnose. A ruptured ovarian cyst or pelvic inflammatory
disease are conditions which can present with similar
symptoms as appendicitis. In the past, some patients
underwent diagnostic laparoscopy or a laparotomy. An
ultrasound or CT scan will aid in the diagnosis and may
be able to eliminate a non-therapeutic laparotomy. In
a study done evaluating imaging for diagnosis of acute
appendicitis, the group that benefitted the most from
preoperative imaging was women. Without any imaging,
the negative appendectomy rate was at 28% but women
who had a preoperative CT scan or ultrasound evaluation
had significant reductions in non-therapeutic exploration
to 7% and 8% respectively [4].
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Medical Conditions
Patients sometimes get non-therapeutic laparotomy
because of systemic medical conditions. Diabetic
ketoacidosis occurs because of an insulin deficiency. An
elevated serum glucose level, a urine dipstick positive for
glucose and ketones and the presence of acidosis is diagnostic. On presentation, the fluid deficit is at least 3–5 liters
and with aggressive fluid resuscitation, the abdominal
pain improves. Abdominal pain, nausea, vomiting and
diarrhea can also be the presenting complaint with
a sickle cell crisis. The abnormal sickle shape of the red
blood cell, leads to a vaso-occlusive crisis causing ischemia
to various organs. Intravenous fluid, pain management
and oxygen are important in treatment during the sickle
cell process. Hereditary angioedema is caused by
a deficiency or decreased function of C1 esterase inhibitor.
Urticaria (hives/rash) and angioedema including edema of
the bowel wall are common. Gastrointestinal attacks can
be the principal presentation in one-quarter of the
patients and up to one-third of patients undergo laparotomy with no findings [6].
Rare medical problems which present with acute
abdominal pain include Acute Intermittent Prophyria
(AIP) or Mediterranean fever. Acute Intermittent
Prophyria is an autosomal dominant disorder that
involves a defect in heme metabolism. Most attacks
occur after puberty. Abdominal pain, peripheral neuropathy, and mental conditions are the presenting symptoms.
The abdominal pain is steady, crampy and poorly localized [5]. Nausea, vomiting, constipation and tachycardia
is also associated with AIP. Because it is inherited, a good
history may prevent a negative laparotomy, however in
many cases the diagnosis is not made until after surgery.
Mediterranean fever is also an inherited disease that
presents with episodes of fever, peritonitis and/or pleuritis.
On abdominal exam tenderness can be localized with nausea and vomiting. Abnormal laboratory findings include
leukocytosis (elevated WBC count) up to 30,000 and these
patients may also undergo negative laparotomy [5].

Psychological Conditions
There are psychological conditions in which patients have
multiple somatic complaints that cannot be explained
by a medical condition. Munchhausen syndrome,
hypochodriasis, conversion disorder, or somatization disorder can present with complaints of abdominal pain.
Many have multiple diagnostic tests and a negative exploratory laparotomy [5]. It is important for the surgeon to
obtain a complete history including psychological and
social issues in addition to a physical examination.
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Application
Complications of Negative or
Non-Therapeutic Laparotomy
With every surgical procedure there are risks and complications. Injury can occur to any structure during
surgery. An example is suturing the bowel when closing
the peritoneum. Postoperatively, complications include
wound infection, abscess, dehiscense or evisceration.
Others complications associated with decreased mobility include atelectasis, pneumonia, decubitus ulcer, deep
vein thrombosis or a pulmonary embolus. Once the
peritoneal cavity is violated, long-term or chronic problems can include pain at the incision site, incisional
hernias or bowel obstruction. In a study by Weigelt
et al. there was a late complication rate of 2.4% with
mean follow-up of 57 months in patients who had an
unnecessary laparotomy. The incidence of small bowel
obstruction was higher in patients with visceral mobilization at 5% compared to those without mobilization
at 1.5%. Those patients who had a completely negative
laparotomy and no associated injuries, the hospital
admission was 4.7 days according to Renz. With complications the mean hospital stay was 9 days, almost
double [2].

Conclusions
The rate of non-therapeutic laparotomy has decreased due
to improvements in medical imaging and evidence based
guidelines. However, there are still patients whose abdominal findings mandate exploration that may turn out to
be negative or non-therapeutic. The risks of a negative
or non-therapeutic laparotomy are less than the risk of a
missed injury or no other pathology.
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Laryngitis Supraglottica

Laryngitis Supraglottica
▶ Epiglottitis

Lassa Fever
▶ Biological Terrorism, Hemorrhagic Fever

LDH
▶ Tubular Enzymuria

Leaky Gut
▶ Gut Dysfunction

Left Ventricular Assist Device
(LVAD)
▶ Circulatory Assist Devices

Left Ventricular Assist System
(LVAS)
▶ Circulatory Assist Devices

Left Ventricular Dysfunction
▶ Acute Heart Failure: Risk Stratification
▶ Heart Failure, Acute
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Definition
Legionella, a fastidious gram-negative bacillus, is a ubiquitous inhabitant of freshwater systems, where it survives
free, within protozoan hosts and as part of biofilms. The
family Legionellaceae consists of the single genus
Legionella. The genus contains more than 50 species, of
which at least 24 have been associated with human infection. The best-characterized member of the genus,
Legionella pneumophila, is the major causative agent of
Legionnaires’ disease (LD), a severe form of acute pneumonia, and is the species responsible for  85% of
cases. Despite the description of at least 15 serogroups
L. pneumophila serogroup 1 is responsible for most of
the cases. More than 400 different Legionella pneumophila
serogroup 1 strains have been described, with a minority
of these strains causing most disease. Of these, those
reacting with a monoclonal antibody directed against an
8-O-acetylated lipopolysaccharide, the “Pontiac” group,
cause 70–95% of all culture proven cases of communityacquired Legionnaires’ disease.

Epidemiology and Pathogenesis
The incidence of legionellosis appears to be increasing,
likely due to increased use of laboratory diagnostic testing
(urinary antigen) and changes in environmental ecology.
The organisms are able to survive in moist environments for long periods of time and can withstand temperatures of 0–68ºC and a pH range of 5–8.5. They can
survive chlorination and thus enter water supply systems
and proliferate in thermal habitats, including airconditioning cooling towers, hot water systems, shower
heads, taps, whirlpool spas, and respiratory ventilators.
The organisms are present in the form of biofilms on the
surface of these systems, where they are less susceptible to
the effects of biocides and chlorine. The majority of those
exposed to L. pneumophila remain asymptomatic or suffer
only a mild self-limiting infection.
Infection with Legionella spp. is an important cause of
community-acquired pneumonia (CAP) and hospitalacquired pneumonia, occurring both sporadically and in
outbreaks. It ranks among the three most common causes
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of severe pneumonia in the community setting, and is
isolated in 1–40% of cases of hospital-acquired pneumonia.
Legionellosis is acquired by inhalation of aerosols of
legionellae from contaminated environmental sources or
by microaspiration of contaminated water. Domestic
aquatic reservoirs have been described as a source both
in nosocomial and community-acquired infections.
Community-acquired Legionnaires’ disease has dramatically increased in the Legionella urinary antigen era.
However, its incidence in each country depends on the
specific techniques used for the diagnosis and the mandatory reporting of cases to the local health surveillance
system.
Numerous observational studies of patients with CAP
requiring hospitalization have documented that the incidence of Legionnaire’s disease ranges from 2% to 9%.
Outpatients have been, in general, younger, had less
comorbidity, and had a less severe clinical course than
did patients who were hospitalized. These patients can be
easily overlooked if Legionella laboratory testing is not
performed.
L. pneumophila serogroup 1 clinical isolates can be
genotyped to determine their sporadic, epidemic, or
endemic nature. Most cases are sporadic (i.e., they occur
in epidemiologically unrelated patients) and are due to
novel strains.
The primary host defense mechanism against
Legionella is cell-mediated immunity, similar to other
intracellular pathogens. Depression of cell-mediated
immunity by glucocorticoids and immunosuppressive
drugs may predispose the host to Legionnaires’ disease.
Transplant recipients carry the highest risk. Corticosteroids and disorders associated with immunosuppression,
e.g., cancer, are independent risk factors. Hairy cell
leukemia also increases the risk of Legionella infection
because of monocyte deficiency and dysfunction.
In contrast, the incidence of Legionnaires’ disease is not
higher in neutropenia, acute leukemia, and HIV infection.

Clinical Presentation
Legionellosis classically presents as two distinct clinical
entities, Legionnaires’ disease, pneumonia with severe
multisystem disease, and Pontiac fever, a self-limited flulike illness. In addition, many persons who are infected
with Legionellae, as proven by seroconversion, will remain
asymptomatic.
The incubation time of LD is between 2 and 10 days.
The clinical features of pneumonia caused by Legionella
spp. are diverse. Early symptoms include fever, malaise,
myalgia, anorexia, and headache. Cough is only slightly
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productive. During the course of illness, fever exceeding
40ºC, stupor, and respiratory and even multiorgan failure
may develop. Elevation of creatinine kinase and diarrhea
are suggestive of legionellosis.
Risk factors associated with the occurrence of Legionnaires’ disease include older age, male sex, smoking,
chronic obstructive pulmonary disease, history of cancer
or hematologic malignancies, steroid therapy, other
immunosuppressive treatments, and diabetes mellitus.
Host genetic susceptibility to infection by L. pneumophila
has also been identified. However, no specific association
between host factors and particular strains, as observed
with Pseudomonas aeruginosa and Escherichia coli, has yet
been demonstrated. Legionella testing is often confined to
patients with severe pneumonia and less likely to be
ordered for patients with mild disease. Although
epidemics were the original presenting scenario for
Legionnaires’ disease in the early 1980s, most cases are
now known to be sporadic. Clinical differences have
been observed in sporadic and outbreak-reported cases
demonstrating that the earlier the diagnosis of Legionella
infection, the more nonspecific the clinical appearance.
Patients with sporadic community-acquired Legionnaires’
disease are more frequently male and have a higher prevalence of chronic lung disease, HIV infection, and steroid
therapy than patients infected during outbreaks;
moreover, sporadic tend to be more severe and have
a poorer outcome. In moderate climates many cases are
travel-associated.
Extrapulmonary infection caused by Legionella spp., a
very rare occurrence, is now recognized to occur in the
presence and absence of LD, especially in severely immunocompromised patients. Neurological symptoms range
from headache and lethargy to encephalopathy. Change in
mental status is the most common neurologic abnormality.
Suspicion should be raised in cases of pneumonia and
the presence of headache, confusion, hyponatremia,
and elevated creatine kinase. Also, the diagnosis becomes
more likely if an acute consolidating pneumonia fails to
respond to several days of b-lactam antimicrobial therapy,
or if the pneumonia is severe enough to require intensive
care unit hospitalization.
LD is considered a very rare cause of pneumonia in
children; most children with LD are immunosuppressed.
All cases of LD in neonates have been hospital-acquired,
and most patients had potential risk factors including
prematurity, bronchopulmonar dysplasia, and corticosteroid use.
The decline in mortality rates appears to result from
better and faster disease recognition, especially through
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use of the urinary antigen test, and more widespread use of
empiric therapy for pneumonia that includes drugs active
against L. pneumophila.
The relative risk of legionellosis when receiving treatment with a TNFa antagonist is much higher than in the
control population.

Diagnosis
Three-quarters of patients with L. pneumophila pneumonia present with an abnormal chest X-ray. Patchy pneumonic infiltrates, predominantly of the lower lobes, but
also circumscribed or even lobar consolidations are
observed. Cavitation is uncommon.
A diagnosis of Legionnaires’ disease can be made by
serology, culture of clinical specimens, polymerase chain
reaction, or urinary antigen detection. Clinical utility of
serologic diagnosis is limited, and the test is mainly useful
as an epidemiological tool. ELISA assays are preferred by
many laboratories over IFA testing because they are less
subjective, thought to be more accurate than IFA testing,
and have the potential for automated performing; in many
patients with legionellosis, the immune response is primarily IgM and therefore, IgM tests must be included for
optimal sensitivity. Seroconversion may take several
weeks, which is a major limitation of serological testing.
Approximately 25–40% of patients with LD seroconvert
within the first week after the onset of symptoms. In most
cases, a fourfold increase in antibody titer is detected
within 3–4 weeks, but in some cases, this may take more
than 10 weeks. Diagnosis by serology requires a fourfold
rise in antibody titers to at least 1:128 in acute and
convalescent sera. A single titer of 1:256 is considered
not specific enough of Legionnaires’ disease.
Isolation of Legionella spp., which has a specificity of
100%, is considered the gold standard for diagnosis of LD.
Culture diagnosis requires special media, buffered charcoal yeast extract (BCYE) agar, and adequate processing of
specimens. Several days are required to obtain visible
growth, with most Legionella spp. colonies being detected
within 7 days. Species other than L. pneumophila may need
10 days or more of incubation.
Legionellosis can be diagnosed by the detection of
Legionella DNA in sputum samples. A range of molecular
methods is described in the literature for the detection of
Legionella spp. Although there is good evidence that
molecular methods can be used to define the infecting
strain in the absence of culture data, the current technology is imperfect and is unlikely to be universally available
in most laboratories in the near future.

Legionella antigenuria can be detected as early as 1 day
after onset of symptoms and persists for days to weeks. It is
the most common laboratory test for diagnosis. This test
has revolutionized the diagnosis of legionnaires disease,
given the rapidity of the test and ease of performance,
although its sensitivity is 80% and is only effective for
L. pneumophila serogroup 1 detection.
In summary, although culture isolation from BAL
fluid has been considered the gold standard of diagnosis,
may not always be helpful for the clinician because it takes
4–10 days. Moreover, currently available selective
media are probably suboptimal for the isolation of
nonpneumophila Legionella spp. Due to the shortcomings
of culture and urinary antigen tests, PCR appears to be
a promising tool for the simultaneous, rapid, and reliable
detection of many different Legionella species. The detection of Legionella species other than L. pneumophila is
relevant for the diagnosis of legionellosis, since this disease
can be caused by species other than L. pneumophila, such
as Legionella micdadei, L. longbeachae in immunocompetent patients and Legionella bozemanii in immunocompromised patients, followed by Legionella dumoffii, and
Legionella feeleii. Legionella micdadei is the second most
common causative agent of Legionnaire’s disease in the
United States and in Europe. In Australia, L. longbeachae is
responsible for about half of all Legionella pneumonia
cases, and exposure is attributed to inhalation of aerosols
from contaminated soil and wood wastes.
Patients with nosocomial Legionnaires’ disease and
immunocompromised patients are less often infected
with Pontiac group organisms, presumably because they
can be infected with less virulent strains. Direct identification of the species is also relevant for epidemiological
studies and for the identification of sources of infection.
Patients infected with any of the Legionella species are
treated the same.

Management
Clinical manifestations of Legionnaires’ disease are
nonspecific, and in cases of severe disease, the routine
use of Legionella testing, especially the Legionella urinary
antigen test, for all patients with community-acquired
pneumonia, is recommended. This includes patients
with ambulatory pneumonia and hospitalized children.
Antimicrobial agents that achieve intracellular concentrations higher than the minimal inhibitory concentration (MIC) are more effective than antibiotics with
poor intracellular penetration. Thus, macrolides,
quinolones, and tetracyclines are most likely to be efficacious. In the absence of adequate-size human studies,

Lemierre’s Syndrome

decisions about potential antimicrobial efficacy for LD are
mostly made on the basis of experimental animal and cell
culture studies.
Azithromycin or fluoroquinolones can be considered
as first-line therapy. Other antibiotics including tetracyclines, other fluoroquinolones, and other macrolides
(especially clarithromycin) are also effective. The clinical
response of quinolones may be somewhat more favorable compared to macrolides, but the outcome is
similar.
Azithromycin showed superior results in an animal
model of that infection, and its lower likelihood of
drug interactions compared with the other macrolides.
The suggested dosage of azithromycin for this condition for adults is 500 mg orally or intravenously for
5–10 days. Coadministration of rifampicin is of questionable benefit and is not recommended. In severely ill
patients, fluoroquinolones are preferred (levofloxacin,
moxifloxacin) over macrolides by most investigators,
particularly in the immunosuppressed host, although
definitive evidence of their superiority over
azithromycin is not available.
The duration of therapy has to be decided on an
individualized basis; a 7–10-day course of therapy is usually sufficient. However, duration may be extended for
patients with lung abscesses, empyema, and in patients
with severe immunosuppression, up to 21 days or longer,
but probably unnecessary for patients who respond
rapidly to antibiotics.

References
1.
2.
3.

4.

5.

Diederen BMW (2008) Legionella spp. and Legionnaires’ disease.
J Infect 56:1–12
Pedro-Botet ML, Yu VL (2009) Treatment strategies for Legionella
infection. Expert Opin Pharmacother 10:1109–1121
Bencini MA, van den Brule JC, Claas ECJ et al (2007) Multicenter
comparison of molecular methods for detection of Legionella spp. in
sputum samples. J Clin Microbiol 45:3390–3392
von Baum H, Ewig S, Marre R et al (2008) Community-acquired
Legionella pneumonia: new insights from the German competence
network for community acquired pneumonia. Clin Infect Dis
46:1356–1364
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Lemierre’s Syndrome
DAVID N. O’DWYER
Department of Respiratory Medicine, St. Vincent’s
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Synonyms
Lemierre’s syndrome is an illness that is caused by anaerobic bacteria and generally occurs in young healthy adults
and adolescents. The disease has several synonyms including Human Necrobacillosis and Postanginal Septicemia.;
Necrobacillosis; Postanginal Septicaemia

Definition
Lemierre’s syndrome manifests as an orophayrngeal infection that is complicated by a progressive thrombophlebitis
of the tonsillar vein and internal jugular vein resulting in
metastatic infection.
The pathogen responsible is an obligate anaerobic
gram-negative rod known as Fusobacterium necrophorum.
In animals the disease often results in necrotic abscesses,
hence the term “Necrobacillosis.” This bacterium was previously recognized as a commensal organism harbored in
the upper respiratory tract of humans. However, recent
evidence suggests that Fusobacterium necrophorum is
exogenously acquired in humans [1]. The disease was
first described by Coumont and Cade in 1900 [2] but is
named after Lemierre who discussed a series of anaerobic
infections in 1936. This article described a series of
young healthy individuals presenting with an initial
upper respiratory tract infection followed by thrombophlebitis of the internal jugular vein, fever, rigors, and
metastatic infection [3].
This syndrome proved fulminant and fatal in the
pre-antibiotic era. Since the advent of antibiotics, the
incidence has declined, postulated to be secondary to
widespread antibiotic use for upper respiratory tract
infections [1]. The incidence is now estimated at one
case per million persons per year [4]. However, a recent
increase in the number of reported cases has been noted
with a peak of cases in UK surveillance data in 1999 [5].
There is some debate as to the exact definition of the
syndrome. Some authors include infection that arises
from the ear, mastoid region, and dental infection.
Authors have also included cases where other pathogens
have been isolated and cultured with no evidence of
Fusobacterium necrophorum. Most recently a formal definition has been proposed. This consists of a history of an
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anginal illness, evidence of metastatic infection, evidence
of internal jugular vein thrombosis, and/or isolation of
Fusobacterium necrophorum from a blood culture or other
normally sterile site [1].

Evaluation/Assessment
Affected individuals are generally fit and previously
healthy with an average age of 16–19 years of age. The
initial upper respiratory tract infection can vary in severity. A spectrum from mild pharyngitis to severe pharyngotonsillitis and abscess formation can occur. The
oropharyngeal infection is followed by a septicemic illness
heralded by pyrexia and rigoring. There may be cervical
lymphadenopathy, neck pain, and stiffness. Tender swelling at the angle of the jaw may signal thrombophlebitis
of the internal jugular vein [2]. This complication is
generally regarded as a major feature of the syndrome. In
published case series it has been seen in 26–45% of cases
[1]. Septic embolization to the lungs is extremely common. Symptoms associated with pulmonary emboli
include pleuritic pain, dyspnea, and hemoptysis. Joint
involvement is common. Septic arthritis has been
documented in 13–27% of cases [2]. However, osteomyelitis is a rare feature. Disseminated intravascular
coagulopathy can occur and has been reported in up to
9% of cases [2]. Several reports describe soft tissue and
skin lesions in the form of gluteal and abdominal wall
abscesses [2]. Hepatic and splenic abscesses can also
occur but are rare. Meningitis and cerebral abscesses are
reported but uncommon complications. Extension of jugular venous thrombosis to cranial sinuses can occur and
may have therapeutic implications [1]. Despite the presence of this virulent pathogen, bacteremia and metastatic
infection, multi-organ failure is generally uncommon
with fewer than 10% of cases requiring mechanical ventilation [2].
A number of measures should be taken in initial
assessment including history and full clinical examination. A neutrophil leucocytosis is common. C-reactive
protein is elevated. Abnormal liver function is seen in
a large number of cases. The most useful investigation is
the culture of Fusobacterium necrophorum from
a normally sterile site. Blood cultures should be taken
serially and pus should be cultured from any collections
amenable to drainage. Anaerobic bacteria may take several
days to culture. However, it is reported that Fusobacterium
necrophorum has its own unique morphology that differs
from other Bacteroides species. These features include
filaments, short rods, and coccoid elements [1]. Bronchoscopy and bronchoalveolar lavage may be useful in

excluding other possible pathogens. Echocardiography
should be considered for the exclusion of bacterial
endocarditis.
Imaging is a vital component of assessment. The chest
radiograph shows diffuse bilateral nodular infiltrates with
progression to cavitation. Computed tomography of the
thorax confirms the presence of a diffuse cavitating process [2]. Pleural effusions may also be present and may be
complicated by empyema formation in as many as 15% of
cases [2]. Computed tomography or ultrasonography of
the neck may reveal thrombus in the jugular veins. However, Ultrasonography is operator-dependent and may not
sample behind the mandible or clavicle. Its sensitivity for
demonstrating thrombus is therefore lower than CTexamination [3].

Treatment
Appropriate antibiotic therapy and drainage of any collections that are amenable is the mainstay of treatment.
Fusobacterium necrophorum is sensitive to clindamycin
and metronidazole and only 2% of isolates have been
found to be resistant to penicillins [2]. However,
a number of cases have been reported where penicillin
treaments were ineffective [1].
Metronidazole is the most appropriate first line agent.
This agent has excellent activity against the Fusobacterium
species. Oral bioavailability is good allowing transition to
oral therapy and outpatient management. Most authors
recommend a combination of metronidazole and penicillin. Monotherapy is inadvisable due to potential for mixed
infection [2].Clindamycin may be more effective in the
setting of lung abscess formation [2]. A protracted course
of antibiotics of 4–6 weeks is generally recommended.
The use of anti-coagulation is controversial, even
in the setting of documented jugular vein thrombus.
Current best evidence supports anticoagulation where
there is retrograde extension of jugular vein thrombosis
to the cerebral sinuses [1]. Ligation or resection of the
thrombosed vein is a therapeutic option, however, this
should only be considered in cases where there is
persistent septic embolization despite aggressive medical
therapy [1].

After-care
A protracted course of antibiotics will be required. This
may be achieved in an outpatient or inpatient setting
depending on the extent of metastatic infection and clinical response to therapy. Repeat imaging including chest
radiograph and computed tomography is useful in examining the resolution of metastatic lesions. Relapse has been

LiDCO

described in patients on monotherapy typically with penicillin-based agents [1].

Prognosis
Prognosis has generally been good in the post-antibiotic
era. In Lemierre’s discourse of 1936, 18 of his 20 cases were
ultimately to prove fatal [3]. Although a rare illness, the
mortality of established infection is approximately 5% in
current times [1].
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Lemming Fever
▶ Tularemia

Leopold Maneuver
A maneuver used to determine fetal positioning and size
by palpation of the fetus via the maternal abdominal wall.

Leptomeningitis
▶ Meningitis

Arterial pulse power analysis; Lithium dilution cardiac
output measurement; PulseCO system

Definition

LiDCO systems (the LiDCOTMplus and the
LiDCOTMrapid) are minimally invasive hemodynamic
monitoring techniques that use a pulse pressure algorithm
(PulseCOTM Algorithm) to track continuous changes in
stroke volume (SV). This algorithm is based on the
assumption that the net power change in the system in
a heartbeat is the difference of the amount of blood entering the system (stroke volume) and the amount of blood
flowing out peripherally. It uses the principle of conservation of mass (power) and assumes that following correction for compliance there is a linear relationship between
netpower and netflow. That is why LiDCO is known as
a pulse power analysis system [1, 2].
To define the beat period and the net power change
across the whole beat LiDCO systems use Autocorrelation.
This makes the method independent of the position of the
reflected wave. Autocorrelation is a time-based method
which minimizes the effects of arterial damping. The
curve is analyzed and repeated stroke volumes are
recorded, then cardiac output can be calculated (multiplying stroke volume for heart rate). In essence, the algorithm takes the pressure over time wave and transforms it
into a volume over time curve [1, 2].
There are two monitors developed by LiDCO (Cambridge, UK): the LiDCOTMplus and the LiDCOTMrapid.
LiDCOTMplus uses lithium dilution cardiac output to
calibrate the PulseCOTM algorithm. In the LiDCOTMrapid,
a scaling factor is calculated from demographic data
entered in a nomogram.

Indications

Liberation
▶ Weaning from Mechanical Ventilation

The primary indications for use include: perioperative care
of cardiac surgery and high-risk surgical patients, acute
heart failure, sepsis, drug intoxication, acute renal failure,
severe hypovolemia, fluid shifts, complex circulatory situations, and medical emergencies. Fluid administration can
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be optimized using the “preload response” measurements
of pulse pressure variation and stroke volume variation,
which are also useful in closed chest, mechanically ventilated patients. These “preload” measurements benefit from
being dynamic, measured in real-time, and available in
a minimally invasive manner [5].
Multiple organ dysfunction syndrome (MODS) is
responsible for many deaths in the intensive care unit
(ICU). Patients who develop this complication place an
enormous burden on all hospital services, especially intensive care. Alterations in systemic hemodynamics, organ
perfusion, and tissue microcirculation resulting in tissue
hypoxia play a key role in the onset and maintenance of
MODS. Pflueger stated in 1872 that “arterial oxygen content, arterial pressures, velocity of blood stream, mode of
cardiac work, mode of respiration are all incidental and
subordinate; they all combine to service the cell.” Time is
crucial for diagnosis of hemodynamic catastrophe, and
earlier therapy appears to improve outcome [3].
Hemodynamic assessment of critically ill patients can
range from invasive blood pressure measurement and central venous catheterization, including the interpretation of
blood gas analysis (lactate levels and central venous oxygenation) to the use of a PAC (Table 1). The indications for
the next step in the concept may be determined by the
patient’s response to an initial fluid trial, but may also be
based on the patient’s physical status, related cardiovascular
or respiratory comorbidities and, in the perioperative setting, by the performed intervention. Limitations of minimally invasive hemodynamic monitoring systems have to
be considered and, in selected situations, a PAC may be
indicated. Echocardiographic evaluation of an uncertain
hemodynamic situation is also very important [2]. It can
provide additional functional and structural information
that none of the currently available CO monitoring
methods can. However, echocardiography is very operator
dependent, requires years of training, and cannot be used
as a continuous monitor.

Application

it uses two connections, one to facilitate lithium introduction. The second connects to the sensor and a small pump
to remove and analyze arterial blood. The system is calibrated using transpulmonary lithium indicated dilution,
and as long as no major hemodynamic changes occur
(alterations in vascular compliance or resistance), reliable
continuous cardiac output measurements can be collected
for at least 4 h [2, 5].
A single dose of 0.075 (0.5 ml), 0.15 (1 ml), or
0.3 mmol (2 ml) lithium chloride is required per calibration. The dose chosen is the smallest that will produce an
arterial plasma lithium dilution curve with a peak of
between 0.2 and 0.8 mM. At least 5 min should be allowed
before a subsequent lithium dilution cardiac output measurement is made. For all patients a cumulative maximum
dose of 3 mmol lithium chloride (20 ml of solution) is
allowed. LiCl injection may be done through a peripheral
or a central line. Any unused portion of the Lithium
Chloride Injection should be discarded. Waste blood
should not be returned to the patient [7]. LiDCO has the
advantage of not being sensitive to blood temperature
changes, but electrolyte and haematocrit changes can
affect the collection of the data [2].
LiDCO™rapid: In order to use the technology, a monitor (LiDCO™rapid) and a disposable card are required. It
is designed to work with any arterial catheter system and
thus can be used just as easily on awake as ventilated
patients. The LiDCO system does not require calibration,
the use of special catheters, introducer trays, or x-ray
information for verification of correct positioning.

Access
As previously said, the LiDCO systems can be connected to
any arterial catheter system. If the LiDCOTMplus is used, the
lithium selective electrode can be connected to any arterial
catheter and a calibration can be performed (Fig. 1).

Parameters
In addition to arterial blood pressure parameters and
cardiac output, the LiDCO™plus and the LiDCOTMrapid

Instruments
LiDCO™plus: In order to use the technology, a monitor
(LiDCO™plus) and a disposable lithium sensor are
required. It is designed to work with any arterial catheter
system and thus can be used just as easily on awake as
ventilated patients. The LiDCO system does not require
the use of special catheters, introducer trays, or x-ray
information for verification of correct positioning.
The LiDCO™plus system can be set up in under 5 min
by a trained nurse or doctor [4]. The equipment is simple,

LiDCO. Figure 1 LiDCO sensor placed in the radial arterial line

Lightning Strike
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LiDCO. Figure 2 Screen of LiDCO system. (a) LiDCOTMplus screen. (b) LiDCOTMrapid screen during a fluid challenge

calculate a number of other parameters: Body Surface
Area, Systolic Pressure Variation, Pulse Pressure Variation,
Cardiac Index, Stroke Volume, Stroke Volume Index,
Stroke Volume Variation, Systemic Vascular Resistance,
and Systemic Vascular Resistance Index. The systems can
also calculate percentage changes following a therapeutic
intervention, such as during a fluid challenge (Fig. 2) [4].

Contraindications
If the LiDCO™plus is used, patients undergoing treatment with lithium salts, patients who are less than 40 kg
(88 lb) in weight, and patients in the first trimester of
pregnancy are contraindicated for calibration with the
lithium chloride indicator. Regarding LiDCO™plus and
LiDCO™rapid, the continuous waveform analysis
PulseCO software, this may be compromised in patients
undergoing treatment with aortic balloon pumps and in
the case of aortic valve regurgitation [5].

The only risks associated are the ones of arterial cannula placement. However, these patients would need the
arterial line placement anyway. Usual care should be taken
to avoid: patient infection, catheter or line disconnection,
arterial or venous blood loss, and air embolism.
For toxic levels of lithium to be produced, the dose
recommendations would have to be exceeded by a factor
of more than five and are therefore very unlikely to happen
in clinical practice [7].
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Life Support
▶ Tracheal Intubation in Acute Procedures

Complications
Because it is a minimally invasive technique, LiDCO systems do not have the risk of complications that usually are
associated with PAC catheter placement.

Lightning Strike
▶ Electrical Injury – High-Voltage Current
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Line Probe Assays (LiPAs)

Line Probe Assays (LiPAs)
A molecular biology product by which nucleic acid is
amplified using polymerase chain reaction. The amplified
biotin-labeled DNA product is then hybridized with specific oligonucleotide probes specific to the genetic region
of interest on a membrane strip. Detection is performed by
adding streptavidin and incubation with a chromogen. In
the case of Mtb, the gene for rifampin or INH resistance is
examined.

Line Sepsis
▶ Catheter-Related Bloodstream Infection

Lipid Peroxidation
Is a vicious catalytic cycle of fatty acid oxidation often
initiated by a reactive oxygen species.

Lipocalin-2 (LCN2)
▶ NGAL as a Biomarker of Acute Kidney Injury

Lithium Dilution Cardiac Output
Measurement

Lithobid: Tablets, slow-release 300 mg lithium carbonate
(8.12 mEq lithium)
Lithonate: Capsules 300 mg lithium carbonate (8.12 mEq
lithium)
Lithotabs: Tablets 300 mg lithium carbonate (8.12 mEq
lithium)
Apo-Lithium Carbonate (Canada)
Apo-Lithium Carbonate SR (Canada)
Carbolith (Canada)
Duralith (Canada)
PMS-Lithium Carbonate (Canada)
PMS-Lithium Citrate (Canada)

Class and Category
Antipsychotic, antimanic, antidepressant

Indications
The treatment and prevention of bipolar affective disorders. Lithium has a demonstrated antisuicidal effect and
the ability to improve both aspects, manic and depressive,
of the disease [1–3].

Dosage
Adults – Mania and Bipolar Disorder
900–1,800 mg/day orally in 2–4 divided doses. Give
regular capsules three or four times daily; slow-release
tablets two or three times daily. Maximum recommended
dose is not to exceed 2,400 mg/day.
Children (greater than 6 years of age) – Mania and
Bipolar Disorder
15–60 mg/kg/day orally in 2–4 divided doses.
Renal Dose Adjustments
For creatinine clearance less than 10 mL/min, the dose
should be reduced to 25–50% of the normal dose. For
creatinine clearances of 10–50 mL/min, the dose should be
50–75% of the normal dose.

▶ LiDCO

Preparation/Composition
Each 300 mg lithium carbonate tablet contains 8.12 mEq
of lithium.

Lithium Toxicity
HOWARD A. GRELLER
North Shore University Hospital, Manhasset, NY, USA

Trade Names
Eskalith: Capsules 300 mg lithium carbonate (8.12 mEq
lithium)

Contraindications
Because the organ of elimination for lithium is the kidney,
patients that have renal insufficiency or renal failure
should potentially be placed on alternative agents if available [4].
Lithium causes a leukocytosis and an increase in neutrophils. It is therefore relatively contraindicated in
patients with leukemia.

Lithium Toxicity

Adverse Reactions
Lithium is a drug with a narrow therapeutic index. It has
effects on multiple organs and systems and can lead to
adverse reactions and toxicity at its primary sites of activity. Adverse reactions and events associated with lithium
can be characterized by three overlapping syndromes –
acute, acute-on-chronic, and chronic. Each of these
syndromes is defined by the presence or absence of
preexisting lithium in the body and by the chronicity
of exposure. Acute toxicity is defined by the absence of
preexisting lithium; that is the patient is exposed de novo
and is not taking the drug chronically. Chronic toxicity
occurs when a patient has an already existing tissue burden
of lithium (from chronic exposure as in taking the drug
therapeutically) and something occurs to change the equilibrium of this preexisting level, such as decreased renal
function leading to decreased elimination of the drug.
Acute-on-chronic is the addition of more drug in the
setting of an already established equilibrium. Each of
these syndromes has different characteristic toxicity and
symptoms and is detailed below [4].

Acute Toxicity
The predominant early clinical manifestation of an acute
exposure to lithium is gastrointestinal distress, with nausea, vomiting, and diarrhea. Patients can lose a significant
amount of volume with these insensible losses.
Complaints of lightheadedness and near syncope can
result, and patients can present with orthostasis. Loss of
fluid can lead to decreased renal function and thus can
acutely worsen toxicity. There are numerous case reports
that associate acute lithium exposure with electrocardiographic abnormalities. The most commonly reported
effect is T-wave flattening or inversion. While this association is commonly reported, data to demonstrate causation is lacking and significant cardiovascular toxicity is
very uncommon.
Lithium is a neurotoxin. The central nervous system is
the primary therapeutic target as well as the primary organ
of toxicity. The neurologic manifestations of lithium are
a later finding in acute exposures, because it takes time for
the lithium to distribute from the serum into the central
nervous system. It is this delayed redistribution of lithium
that is of clinical concern, because the serum concentration is not always reflective of the tissue concentration.
The clinical picture of the patient and the timing of exposure are more accurate measures of toxicity [2, 4, 5].
Tremor is a very common finding in patients who use
lithium. This finding may be present in patients who
are chronically taking the drug, and may be an early
manifestation of acute toxicity. The other neurologic
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manifestations of toxicity include increased reflexes,
abnormal movements such as chorea, clonus, and ataxia.
The patient may be altered and can progress to seizure and
coma. It is important to note that there is no progression
of neurologic symptoms and that any symptom or combination of symptoms may occur in any patient at any
time.
The most concerning neurologic effect of exposure to
lithium is a syndrome known as ▶ SILENT. SILENT
stands for the Syndrome of Irreversible LithiumEffectuated Neurotoxicity. This syndrome is a description
of the irreversible neurologic and neuropsychiatric
sequelae of lithium toxicity. SILENT is defined as neurologic dysfunction associated with lithium in the absence of
prior neurologic illness that persists for at least 2 months
after cessation of the drug. Case reports in the literature
support these findings and this definition [5]. There are
a number of limitations to this description that make wide
applicability difficult. The primary difficulty is that these
are uncontrolled case reports with patients that have significant underlying psychiatric illness and very commonly
polypharmacy. It is often difficult to ascribe the primary
neurologic or neuropsychiatric findings to just lithium
when so many other medications are potentially involved.
In some case reports where there were no other agents
present and without other illnesses, the predominant findings are cerebellar. In terms of predicting which patients
will or will not go on to develop this syndrome, one
reported predictor is hyperpyrexia. Again, this is an association and direct causation and predictive power is not
clearly defined.

Acute on Chronic Toxicity
Patients undergoing chronic therapy who acutely ingest an
additional amount of lithium (either intentionally or
unintentionally) are at risk for signs and symptoms of
both acute and chronic toxicity. These patients may display prominent GI and neurologic symptoms, and can be
difficult to diagnose and manage. Serum lithium concentrations in cases of acute or chronic toxicity can be difficult
to interpret, and therapy should be guided by the patient’s
clinical status.

Chronic Toxicity
Nephrogenic diabetes insipidus (nephrogenic DI) is the
most common adverse event associated with the chronic
use of lithium. Essentially, lithium decreases the expression and membrane insertion of vasopressin-triggered
water channels known as aquaporins. This decrease in
aquaporins makes the distal tubule resistant to the action
of vasopressin and decreases the reabsorption of free
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water. The other chronic lithium therapy associated renal
finding is a chronic tubulointerstitial nephropathy, characterized by renal insufficiency without proteinuria and
a biopsy finding of tubular cysts [1, 2, 4].
Chronic lithium therapy is also associated with hypothyroidism. Lithium is thought to impair iodine uptake by
the thyroid gland, decrease the synthesis and release of T3,
and decrease the thyroid’s response to TSH. Additionally,
it decreases the release of T4 and the peripheral conversion
of T4 to T3 [2, 4].
Chronic lithium therapy in pregnant women with
bipolar disorder is associated with the development of
congenital heart disease; the most common abnormality
found being the Ebstein’s abnormaly.

Therapeutic Interventions
The initial approach to the lithium-poisoned patient
should follow the basics of resuscitation, starting with
airway, breathing, and circulation. Lithium toxicity
should not affect a patent airway, although neurologic
dysfunction such as seizures may do so. Similarly, the
prominent gastrointestinal symptoms with early acute
ingestion can possibly lead to aspiration. A detailed history, including such information (if available) as the time
of ingestion, whether or not the medication is the patient’s
own, and the presence of co-ingestants will help guide
diagnosis and management. Laboratory evaluation should
include a serum lithium level (in an appropriate, nonlithiated tube) and an assessment of electrolytes (particularly sodium) including renal function.
The most important aspect in managing a patient with
lithium exposure is safely and rapidly restoring intravascular volume. Acute exposures lead to volume loss
through gastrointestinal means, and chronic exposures
often lead to problems with renal function, further limiting elimination. If the patient is able to tolerate the therapy, an infusion of normal saline (0.9%) at a rate of one to
two times the maintenance rate should be initiated [4].
An important therapeutic caution should be made.
The use of any agent that forces diuresis such as diuretics
or osmotic agents is contraindicated. These agents lead to
salt and water loses, which makes the kidney sodium-avid.
Since the kidney handles lithium much in the same way as
sodium, it will retain lithium rather than eliminate it.
If the patient is unable to eliminate lithium through
native means, and/or is unable to tolerate the volume
expansion therapy because of poor renal function, congestive heart failure or other volume overload conditions,
an extracorporeal technique such as hemodialysis should
be considered. Additional indications for hemodialysis
include significant end organ manifestations of toxicity

(altered mental status) and potentially a “level of concern.”
This level is classically reported as an absolute concentration greater than 4 mEq/L (mmol/L) in any scenario, or
a concentration of greater than 2.5 mEq/L (mmol/L) in
a chronic exposure. These recommendations have never
been prospectively evaluated, and given the distribution
characteristics of lithium, serum concentrations may not
reliably predict toxicity. Also, it is important to note that
the effectiveness of hemodialysis to reduce the risk of
SILENT or other permanent neurologic outcomes is still
being debated [2, 4, 5].

Drug Interactions
NSAIDs, ACE inhibitors, and diuretics (loop and thiazide)
can lead to decreased excretion of lithium and increased
levels potentially leading to toxicity. Nephrotoxic medications, such as chemotherapeutics and some antibiotics can
also lead to renal damage, decreasing excretion and leading to elevated levels and potential toxicity. The use of
iodide salts may potentiate the risk for hypothyroidism.
There is an association with increased neurotoxicity with
simultaneous use of phenothiazine antipsychotics, such as
haloperidol, and other medications such as carbamazepine and methyldopa [2–4].

Mechanisms of Action
One of the most fascinating aspects of lithium is that
despite more than 50 years of therapeutic use, the exact
mechanism of action is still unknown. As our understanding of the disease process that lithium attempts to treat
grows, so does our understanding of its mechanism.
Early efforts to define lithium’s mechanism of action
focused, like most antidepressants, on neurotransmitter
dysfunction. Lithium increases serotonin release and
sensitivity to serotonin. Lithium moderates norepinephrine through interaction with the b-adrenergic receptor,
stabilizing cyclic adenosine monophosphate (cAMP) [1].
However, the clinical effects of lithium do not occur
immediately, and take time and chronic administration
before they are observed. This makes an acute interaction
between neurotransmitter and receptor unlikely.
The proposed mechanisms of action of lithium are in
constant flux and are increasingly complex. They go
beyond simple neurotransmitter systems and now are
focusing on modification of cell signaling as well as the
malleability of neurons and neurogenesis. Rather than
focus on one point of entry, research is directed at looking
at the balance between multiple complex interactive systems. Perhaps most interestingly, there is recent evidence
of a possible neuroprotective effect, and support that
lithium may be helpful in neurologic degeneration in
such diseases as Alzheimer’s [1].

Liver Injury Grading

The Inositol Depletion Hypothesis. Inositol (specifically
myoinositol) is a molecule involved in cellular signaling.
Therapeutic concentrations of lithium have been demonstrated to decrease myoinositol concentrations in the
brain through enzyme inhibition of the pathway that
regenerates this recycled signaling agent. This has been
borne out through both biochemical and functional studies [1, 2]. It is further supported by a theory that bipolar
disorder is due to excess of myoinositol and that the
mood-stabilizing effects of lithium are thought only to
be seen in patients with this disorder. While this theory
is interesting, it does not fully explain or replicate the
clinical disorder or its response to the therapeutic agent.
Glycogen Synthase Kinase-3 (GSK3) Family Inhibition.
GSK3 is an interesting family of kinases involved in the
regulation of neuronal cell fate and whose overactivity
leads to neuronal degeneration. It has been implicated in
tumor growth as well as Alzheimer’s disease. Lithium
inhibits GSK3 (specifically 3b), which is believed to convey a neuroprotective effect. This is the reason that lithium
is currently being investigated as a possible therapeutic
agent in neurodegenerative conditions such as Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease, and
amyotrophic lateral sclerosis (ALS or Lou Gehrig’s
disease) [1, 2].

Prognosis
The prognosis of lithium toxic patients is dependent upon
the complications that develop. Most patients treated early
and appropriately will do well.

After-care
After management of acute medical consequences,
patients with intentional overdoses should be referred
for counseling. Patients with chronic toxicity should be
evaluated for alternative treatment of the underlying disorders so that unintentional toxicity will be less likely to
recur.
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Liver Injury Grading
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University of Texas Health Science Center, Houston,
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Synonyms
Injury scale; Liver grade; Liver organ

Definition
The organ injury scaling for liver is a classification of liver
injury based on the anatomic disruption of the liver scaled
from 1 to 6, where a score of one would indicate the least
and 6 the most severe liver injury.
The Organ Injury Scaling Committee of the American
Association for the Surgery of Trauma (AAST) developed
injury severity scores for individual organs in 1987 to
facilitate clinical investigations and outcome research [1].
The liver injury scale was subsequently revised in 1994 and
shown in Table 1. This grading system allows the uniform
classification of liver injury, which is important in comparing the efficacy of operative and non-operative management of hepatic trauma.
A recent study by Tinkoff et al. using data from the
National Trauma Data Bank demonstrated that increasing
injury severity was associated with increasing organ injury
scale grades [2]. Additionally, organ-specific operative
rates increased with increasing grade, though grade alone
did not accurately predict the need for operation. When
patients with isolated liver injuries were analyzed, 91.5%
of Grade I and II injuries, 79% of Grade III, 72.8% of
Grade 4, and 62.6% of Grade 5 injuries were successfully
managed without operative intervention.
As nonoperative management of hepatic trauma with
hemodynamic stability is now standard of care, regardless
of injury grade, complications are not uncommon.
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Liver Injury Grading. Table 1 Liver Injury Scale (1994 Revision)
GRADE1

Injury description

I

Hematoma
Laceration

II

Hematoma

ICD-92
Subcasualr, nonexpanding

864.01

<10 cm surface area

864.11

Capsular tear, nonbleeding,

862.02

<1 cm parenchymal depth

864.12

Subcasualr, nonexpanding

864.01

10–50% surface area;

864.11

intraparenchymal nonexpanding
<10 in diameter
Laceration
III

864.03

1–3 cm parenchymal depth. <10 cm in length

864.13

Subcapsular, >50% surface area or expanding;
ruptured subcapsular hematoma with
active bleeding; intraparenchymal
hematoma >10 cm or expanding

Laceration

>3 cm parenchymal depth

2
2
2

<

Capsular tear, active bleeding;

Hematoma

AIS903

2

3
864.04

3

864.14
IV

Hematoma
Laceration

V

VI

Ruptured intraparenchymal hematoma with
active bleeding

4

Parenchymal disruption involving

864.04

25 to 75% of hepatic lobe or 1–3 Couinaud’s
segments within a single lobe

864.14

4

Laceration

Parenchymal disruption involving
>75% of hepatic lobe or >3 Couinaud’s
segments within a single lobe

5

Vascular

Juxahepatic venous injuries
(i.e., retrohepatic vena cava / central
major hepatic veins)

5

Vascular

Hepatic avulsion

6

1

Advance one grade for multiple injuries, up to grade III
International Classification of Diseases. 9th Revision
3
Abbreviated Injury Scale. 1990
2

A retrospective multicenter study that examined factors
predicting hepatic complications following nonoperative
management of liver trauma found that liver injury grade
and need for transfusion requirements predicted complications [3]. Liver-related complications developed in 5%
(13/264) of patients with grade 3 injuries, 22% (36/166) of
patients with grade 4 injuries, and 52% (12/23) of patients
with grade 5 injuries. A similar study cited not only an
elevated liver-related morbidity with high grade injury,
but also a higher mortality – 3.9% with grade 3 liver
injury, 4.4% with grade 4 liver injury, and 12.5% with
grade 5 liver injury [4]. While patients with high grade
liver injury can be safely managed nonoperatively, both
hepatic-related complications and mortality can occur.

The liver injury scale is another tool for the physician to
utilize in the care of these complex trauma patients.
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Log-Roll Precautions
▶ Initial Trauma Management, Spine Precautions

Loop Diuretics
Liver Tamponade
▶ Perihepatic Packing

LMWH
▶ Low Molecular Weight Heparin

Lobar Pneumonia
▶ Pneumonia, Aspiration
▶ Pneumonia, Empiric Management
▶ Pneumonia, Ventilator-Associated

Locked Facet Joint Dislocation
▶ Traumatic Spondylolisthesis

Lockjaw
▶ Tetanus

Log Roll
This is the method of maintaining inline stabilization of
the entire spine while rotating the patient and includes
maintenance of the neck in a cervical collar in the neutral
position.

▶ Diuretics for Management of AKI
▶ Diuretics for Treatment of Acute Kidney Injury

Loop Diuretics in Acute Kidney
Injury
JORGE CERDÁ
Division of Nephrology, Albany Medical College,
Albany, NY, USA

Characteristics
The incidence of acute kidney injury (AKI) among critically ill patients is as high as 20% [3, 4]; its diagnosis is
difficult and often late. Given the absence of effective
therapeutic ways to restore renal function, clinicians are
limited to ensuring optimization of fluid volume and
composition [7], hemodynamic and nutritional support,
and renal replacement therapy (RRT) whenever indicated
[5], while awaiting spontaneous renal recovery. In the
setting of critical illness and multiple organ failure, fluid
overload is associated with worse patient outcomes [2, 6, 11].
Oliguric AKI, commonly attributed to a more severe
degree of renal injury, portends a poorer prognosis than
the maintenance of adequate urine output [8]. Managing
clinicians often attempt to restore diuresis to control fluid
overload, often expecting that the conversion from
oliguric to non-oliguric will improve patient outcome.
Evidence does not support this belief. In the setting of
AKI, response to diuretics only indicates lesser severity of
disease; there is no evidence demonstrating that diuretics
improve functional outcomes or survival.
Use of diuretics should be limited to the goals of
optimizing fluid management whenever possible, and to
help in the management of electrolyte disorders including
hyperkalemia, hypermagnesemia, and hypercalcemia [10].
In severe AKI, loop diuretics are generally the only diuretic
medications effective, but in some cases, the association
with thiazides has been shown useful to overcome diuretic
resistance.
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This entry will focus primarily on the use of loop
diuretics in the critically ill adult patient at risk of AKI.
The indications, pharmacology, obstacles in their use and
diuretic resistance, adverse effects, and use in the
hypoalbuminemic edematous patient will be successively
reviewed. The use of diuretics in patients with congestive
heart failure will be discussed in other sections of this
encyclopedia. The implications of fluid overload in the
critically ill patient and the role of diuretics to prevent and
to treat established AKI are reviewed in other sections of
this book.

Pharmacology
The pharmacology of loop diuretics will emphasize issues
of particular relevance to the critically ill patient with AKI.
Normally, the thick ascending loop of Henle (TALH)
reabsorbs about25%, and the distal convoluted tubule
(DCT) 10% of a filtered sodium load. Loop diuretics
block the Na+K+2Cl transporter in the TALH, leading
to greater sodium delivery to the distal nephron. Thiazides
exert their effect by blocking the electro neutral Na+/Cl
transporter in the DCT. Because of the larger fraction of
sodium reabsorbed in the TALH, loop diuretic action
results in larger sodium and water loss than thiazide
diuretics. Moreover, while loop diuretics block tubuloglomerular feedback, thiazide diuretics enhance this
mechanism and therefore cause a sharper reduction of
glomerular filtration rate (GFR).

Loop diuretics must be present inside the renal tubule
to exert their effects. They reach their site of action by
filtration and active tubular secretion by organic acid
transporters (Fig. 1). Their high degree of protein binding
(>95%) limits their filterability. Half of an administered
dose of furosemide reaches the urine unchanged; the other
half is metabolized in the kidney by glucuronoconjugation.
The dose–response curve of loop diuretics is sigmoidshaped. In healthy persons, the steep portion of the curve
is at a dose of 40 mg of furosemide, and results in the
excretion of 200–250 mM of sodium and 3–4 l water in
4 h. Forty milligrams of furosemide, 1 mg of bumetanide,
and 20 mg of torsemide are dose equivalents.
The curve is shifted to the right in renal disease, and
thus higher doses are necessary to achieve effect: when
GFR = 15 ml/min, only 10–20% is secreted into the tubule.
In patients with severe renal dysfunction, maximum effective doses are 160–200 mg or equivalent doses of
bumetanide or torsemide. Higher doses should be
avoided, as they only increase toxic side effects without
much increase in efficacy.
This is especially true for furosemide: since it is predominantly metabolized in the kidney, higher doses in
renal failure patients lead to prolonged high blood levels
and increased risk of ototoxicity.
In contrast to furosemide, the advantages of torsemide
and bumetanide include greater potency (five and three
times, respectively) and longer half-life. Different loop
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Loop Diuretics in Acute Kidney Injury. Figure 1 Organic anion transport system in the proximal tubule. OA Organic anion,
aKG alpha-ketoglutarate, K Potassium ion, Na Sodium ion, OAT Organic anion transporter (Modified from Wilcox [13])
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diuretics also differ in their metabolic pathways: while
furosemide is predominantly glucuronidated in the
kidney, bumetanide and torsemide are metabolized in
the liver via the Cytochrome P450 pathway. Since 75% of
torsemide metabolism is hepatic, its half-life is prolonged
in liver failure patients.

Common Problems in the Use of Diuretics
in the Critically Ill Patient
Coadministration of Albumin and Loop
Diuretics: Does It Work?
Edematous and hypoalbuminemic patients with anasarca
due to liver cirrhosis, nephrotic syndrome, or severe
sepsis associated with multiple organ failure often demonstrate resistance to large doses of diuretics. Such resistance is due to multiple mechanisms including decreased
delivery of the diuretic due to renal insufficiency or
hypoalbuminemia, increased volume of distribution and
decreased bioavailability, binding of the diuretic to urinary albumin, decreased sensitivity of the tubule, and
increased renal glucurono-conjugation.
Several studies have suggested that the use of a
combination of furosemide and intravenous human
albumin infusion can improve diuretic efficacy in
hypoalbuminemic patients [10]. It is unclear whether
this improved effect is due to extracellular volume expansion or specific modifications in the pharmacokinetics of
the drug.
It has been posited that, in addition to inducing intravascular volume expansion and thus improving diuretic
delivery to the kidney, albumin might act as a vector
delivering furosemide to its intraluminal site of action.
Available evidence does not support this contention.
Conversely, studies in animal models of nephrotic
syndrome have suggested that binding of diuretic to urinary albumin is one of the mechanisms operative in
diuretic resistance. Evidence shows that urinary protein
binding of loop diuretics is not a major mechanism of
diuretic resistance in nephrotic syndrome patients and
that strategies aimed at displacing such binding are
unlikely to be clinically helpful.
Randomized
controlled
trials
(RCT)
of
coadministration of furosemide and albumin infusion
show conflicting results.
The efficacy of the albumin-furosemide combination
is questionable. Its effectiveness may be due primarily to
extracellular volume expansion leading to improved renal
perfusion, GFR, and tubular delivery of the drug. Given
the expense and limited efficacy of the combination, it is
doubtful whether its continued use is justified, except as
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required to restore circulating volume and blood pressure
in the severely hypovolemic, hypotensive individual.
Although recent RCT have demonstrated that colloids
offer no advantage over crystalloids for shock resuscitation [7], the addition of albumin to furosemide in
hypoproteinemic patients with acute lung injury/ARDS
significantly improves oxygenation, allows achievement of
net negative fluid balance and better maintenance of
hemodynamic stability. This finding is especially relevant
in light of recent trials demonstrating the benefits of
a conservative fluid strategy requiring aggressive use of
furosemide. Additional trials are necessary to examine the
mechanism of this action, and to determine the effect of
the albumin and furosemide combination on important
clinical outcomes.

Diuretic Resistance: A Common Problem
Diuretic resistance is due to various mechanisms:
1.

Braking phenomenon, manifested as resistance to
a second furosemide dose. The phenomenon is due
to unclear mechanisms, which could include increased
production of intrarenal renin, increased filtration
fraction, and stimulation of sympathetic nerves causing increased sodium reabsorption.
2. When loop diuretics are used long-term the DCT
hypertrophies, causing increased distal sodium
reabsorption and up-regulation of the thiazidesensitive receptor. The use of thiazides allows for prolongation of the diuretic effect and prevention of
diuretic rebound, but often at the high price of further
reduction of GFR, hypokalemia, and metabolic
alkalosis.
3. The short half-life of furosemide makes for long
periods when plasma and intratubular concentration
are subtherapeutic, causing a rebound in sodium
reabsorption in the TALH. When loop diuretics are
used chronically, the fractional excretion of sodium
(FENa) is often low, indicating that the sodiumretaining mechanisms are still intact. Patients who
don’t restrict their sodium intake are especially prone
to this situation. Sodium restriction and use of
torsemide, a diuretic with longer half-life, may resolve
the problem.
The alternative solution is to give the diuretic by
continuous infusion. Although in this case the overall
daily dose may be lower, the concentration may be
maintained at therapeutic level. Metanalysis of RCT has
shown greater diuresis with IV infusion than IV bolus
administration.
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Adverse Effects of Diuretic Therapy
Volume depletion, hypotension, decreased cardiac output,
and worsening renal function are well-known side effects.
Additionally, loop diuretics often induce electrolyte depletion, hypokalemia, hypocalcemia, and hypomagnesemia,
which can lead to cardiac arrhythmia.
Neurohormonal activation, including activation of the
renin-angiotensin system by inducing direct release of
renin from the macula densa, and reflex response to
decreased intravascular volume are especially troublesome
in patients with congestive heart failure.
Loop diuretics competitively inhibit the organic anion
transporter responsible for urate excretion (Fig. 1) and
therefore often induce hyperuricemia and gouty flares.
In the setting of impaired renal function, loop
diuretics are not without hazards [8]. Transient episodes
of tinnitus and/or vertigo and very rarely deafness may

Acute inflammatory insult
Sepsis, pneumonia
aspiration, pneumonia
transfusion, or other

develop if high doses are administered intravenously;
furosemide dosage should not exceed 1,000 mg/day and
should preferably remain within the 160–200 mg range.
Co-prescription of amino glycosides raises the risk of
ototoxicity and should be avoided.

Prevalent Use of Diuretics
In spite of the lack of supportive evidence, diuretics are
used worldwide in critically ill patients with AKI [1].
Paradoxically, when questioned, the majority of these
practitioners do not believe that diuretics reduce mortality, need, or duration of RRT or improve renal recovery.

Loop Diuretics in the Prevention of AKI
The use of loop diuretics to prevent perioperative renal
injury is theoretically based on their ability to inhibit
sodium reabsorption, promote diuresis, and induce renal

Early goaldirected
resuscitation
strategies
first 6 h

Ebb phase
Sodium and water conservation;
hypovolemia, vasodilation
myocardial suppression; increased
metabolic demands; and impaired
tissue use of oxygen

Conservative
versus
liberal
fluid strategies
36–72 h

Organ dysfunction
Acute lung injury

Established acute lung injury
Shock reversal and volume
Replete intravascular space;
Avidity for water and sodium;
Low plasma oncotic pressure’
Increased lung water

Coexisting conditions and
considerations
Unresolved shock and
inflammation
Renal failure
Myocardial dysfunction
Endocrinopathies, hypo
thyroidism, adrenal
dysfunction
Prolonged need for
mechanical ventilation
(increased Antidiuretic hormone)
Preedsting hypertension
(increased retention of
sodium and water)

Impaired fluid mobilization
and increased lung water

Flow phase
Conservation of fluids,
diuresis, or both; close
monitoring of electrolytes
and volume status

Dynamic measures
of volume
responsiveness

Identification and treatment
of coexisting conditions

Fluid mobilization and
discontinuation of
mechanical ventilation

Ultrafiltration
hemofiltration

Death

Loop Diuretics in Acute Kidney Injury. Figure 2 Strategies of fluid management in the critically ill septic patient along the time
course of disease (Modified from [12])
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cortical vasodilatation. Inhibition of sodium reabsorption
mitigates tubular oxygen consumption and thus might
enhance renal tolerance to hypoperfusion. Augmentation
of tubular flow is also considered advantageous in several
types of AKI by decreasing the tubular concentration of
toxins and preventing tubular obstruction. Moreover,
loop diuretics have been shown to reduce hypoxic outer
medullary damage in isolated perfused kidneys. Unfortunately, in contrast to several animal experiments, the clinical use of furosemide to prevent renal injury is ineffective
or detrimental [9].

Conclusions
In the critically ill patient, persistent fluid overload must
be avoided: It does not benefit the patient and there is
evidence for harm [6].
In the septic patient, early volume expansion seems to
be beneficial [9, 12]. Beyond that time, fluid overload is
associated with worse outcomes in multiple disparate
studies. One well-designed RCT showed the benefit of
a conservative fluid management strategy based on limited
fluid intake and use of furosemide (Fig. 2).
Use of diuretics should be only short term as long as it
is effective, generally at high doses of 160–200 mg, while
avoiding simultaneous utilization of nephrotoxins such as
aminoglycosides. Multiple RCT have not shown benefit in
the use of diuretics neither to prevent nor to treat
established AKI.
If fluid overload must be managed and the patient
does not respond to diuretics, persistent use of these
drugs will only lead to delay in the initiation of dialysis
or ultrafiltration and negative outcomes. In that setting,
early initiation of renal replacement therapy may be
preferable [5].
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Loss of Consciousness
▶ Syncope

Loss of Muscle Mass
▶ Muscle Wasting

Loss of Sympathetic Tone
▶ Neurogenic Shock

Low Molecular Weight Heparin
ANDREW DAVENPORT
Department of Nephrology & Transplantation,
Royal Free Hospital, London, UK

Synonyms
LMWH

Definition
Low molecular weight heparins (LMWHs) are a series of
different anticoagulants comprising a variable number of
glycosaminoglycans with a molecular weight of around
5 kDa.
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Trade Names

Contraindications
See unfractionated heparin, to be avoided in cases of
heparin-induced thrombocytopenia (HIT).

Ardeparin

Normiflo

Certoparin

Sandoparin

Dalteparin

Fragmin

Adverse Reactions

Enoxaparin

Lovenox or Clexane

Nadroparin

Fraxiparin

Paraparin

Fluxum

Reviparum

Clivarin

Tinzaparin

Innohep or Logiparin

The risk of bleeding is less with LMWHs especially when
titrated to anti-Xa activity. Protamine can be used to
reverse bleeding due to excess UFH, but is less effective
with those LMWHs that predominantly have anti-Xa
activity, such as enoxaparin, and more effective for those
LMWHs that retain antithrombin activity, such as
tinzaparin.
The risk of HIT is reduced with LWMHs compared to
UFH. As the LMWHs are a series of different drugs, then
patients with hypersensitivity reactions to one preparation
may be successfully challenged with another LMWH.

Class and Category
LMWHs are glycosaminoglycans with a molecular weight
of around 5 kDa and act as systemic anticoagulants.

Indications

See ▶ unfractionated heparin

Dosage
For intermittent hemodialysis, most centers use a single
loading dose. Tinzaparin has the shortest t1/2 of the
LMWHs, and bolus doses of 1,500 IU for dialysis sessions
lasting <4 h in the intensive care unit and 2,500 for >4 h.
Enoxaparin, with a much longer t1/2 is prescribed
according to body weight, 0.5–0.7 mg/kg for patients
dialyzing >4 h [1]. For patients treated by hybrid therapies
(slow low efficiency dialysis, extended daily dialysis,
Genius®), two boluses may be required for patients
dialysing 6–8 h [2], with the second bolus given after 3
h, or an infusion as with CRRT. For CRRT then a bolus of
enoxaparin of 0.15 mg/kg bolus followed by
a maintenance infusion of 0.05 mg/kg h, adjusting the
infusion to maintain anti-Xa activity between 0.25 and
0.30 IU/l, or dalteparin (bolus 1,000 IU infusion 400 IU/h,
and tinzaparin bolus 1,500 IU infusion 600 IU/h).

Preparation/Composition
The currently available LMWHs are obtained from porcine intestine by chemical (ardeparin – depolymerization
with hydrogen peroxide; certopain – deamination with
isoamyl nitrite; daletaprin, reviparin, and nadroparin –
deamination with nitrous acid; parnaparin – oxidative
depolymerization; enoxaparin – alkaline beta cleavage of
benzyl ester) or enzymological (tinzaparin – beta eliminative cleavage with heparinase) methods. As such the
LMWHs differ in size variation, half-life, and biological
activity.

Drug Interactions
See UFH. However, as these drugs are smaller than UFH
there is less nonspecific binding with albumin and other
plasma proteins.

Mechanisms of Action
LMWHs are smaller than UFH, and comprise fewer than
18 polysaccharide units, so they cannot bind to both
antithrombin and thrombin simultaneously, thus loosing
antithrombin activity compared to standard heparin. As
inactivation of factor Xa does not require direct heparin
binding, LMWH by activating antithrombin, retains
anti-Xa activity (Fig. 1).
The half-life of LMWHs is much greater than UFH,
with enoxaparin having the longest at 27.7 h, and
tinzaparin the shortest, as it can be metabolized by endothelium. LMWHs appear to have both a quicker onset of
action than UFH, and also less leukocyte and platelet
activation, resulting in less dialyzer membrane fouling.

Monitoring LMWHs
LMWHs by activating antithrombin retain anti-Xa activity. Thus LMWH only have a modest affect on the aPTTr,
and special assays are required to determine the inhibition
of factor Xa. To titrate the LMWH dose against anticoagulant activity, an anti-Xa assay that omits exogenous antithrombin is required, as otherwise anti-factor Xa activity
and the anticoagulant effect of LMWH may not correlate.
Typically anti-Xa activity is not measured during short
intermittent hemodialysis, but for hybrid systems and
CRRT then a target anti-factor Xa activity of 0.2–0.4
U/ml has been shown to reduce the risk of hemorrhage.
Bedside ACT tests are currently being developed using
bovine anti-Xa to help in monitoring of LMWHs.
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Low Molecular Weight Heparin. Figure 1 The effect of low molecular weight heparin (LMHW) on the coagulation cascade
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Ludwig’s Angina
▶ Soft Tissue Infections, Life-Threatening

Lund and Browder Chart
▶ Burn Injury, Rule of Nines

Low Urine Output
▶ Oliguria, Clinical Significance
▶ Oliguria, Investigation and Management

Lower Tract Infection
▶ Urinary Tract Infections

Lung
▶ HIV, Pneumonic Complications

Lung Mechanics
▶ Pulmonary Mechanics
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Lung Recruitment

Lung Recruitment
Refers to the dynamic process of reopening unstable airless
alveoli through an intentional transient increase in
transpulmonary pressure, either by a sustained inflation
maneuver or by transient increase in tidal volume or endexpiratory pressure.

Lung Sparing Pulmonary Repair
▶ Pulmonary Tractotomy

Lung Ultrasonography
▶ Pleural and Lung Ultrasound

Lung Ultrasound
▶ Pleural and Lung Ultrasound

Lung Water
▶ Extravascular Lung Water

Lyme Disease
ABHAY DHAND, GARY P. WORMSER
Division of Infectious Diseases, Department of Medicine,
New York Medical College, Valhalla, NY, USA

Definition
Lyme disease (also referred to as Lyme borreliosis) is an
infection caused by several species of Borrelia, collectively
referred to as Borrelia burgdorferi sensu lato (B. burgdorferi
s.l.), which are transmitted by the bite of certain ticks in
the genus Ixodes [1].

Background
Lyme disease is the most commonly reported vectorborne infection in North America and is also widespread
in many parts of Europe. Lyme disease is caused by three
or more pathogenic borrelia species: B. burgdorferi sensu
stricto (hereinafter referred to as B. burgdorferi), B. afzelii,
and B. garinii. In the United States, only B. burgdorferi is
known to be the causative agent, while B. afzelii and B.
garinii cause most of the infections in Europe and Asia.
Ixodes scapularis is the tick vector in Northeastern and
Midwestern United States, Ixodes pacificus is the vector
in the Western United States, Ixodes ricinus is the main
vector in Europe, and Ixodes persulcatus is the main tick
vector in Asia. Ticks acquire borrelial infection in
a complex tick-vertebrate cycle. Ixodes ticks have larval,
nymphal, and adult stages. Each of these stages requires
a blood meal. Infection with B. burgdorferi s.l. in nature is
maintained by horizontal transmission of the spirochete
between animal reservoirs and ticks. The primary focus of
this review is Lyme disease in the United States.
The white-footed mouse is the most important reservoir for B. burgdorferi in the United States, but other small
mammals and birds may also act as reservoirs. Humans
are incidental hosts. The nymphal stage of the tick is
primarily responsible for transmission of B. burgdorferi
to humans. The risk of transmission of infection to
humans depends on the density of the ticks, their feeding
habits, the other available animal hosts, the prevalence of
infection with B. burgdorferi, and the duration of attachment of the tick. The prevalence of B. burgdorferi in
nymphal I. scapularis ticks commonly ranges between
20% and 40% in endemic areas of Northeastern and
upper Midwestern United States. I. pacificus ticks have
a much lower rate of infection (0–14%). The prevalence
of infection in I. scapularis ticks in the southern United
States is extremely low. Once the tick is attached to the
host and feeding begins, the spirochetes in the midgut
increase in number and migrate to the salivary glands.
Therefore, transmission of infection to humans in the
United States is unlikely in first 36 h of attachment of
the tick, but increases markedly if the tick has been
attached to the host for more than 72 h. Ixodes ticks are
also potential carriers of Anaplasma phagocytophilum,
Babesia microti, and flavivirus(es) (the latter may cause
encephalitis) [1, 2].

Clinical Manifestations
Early Localized Disease
B. burgdorferi s.l. is deposited in the skin by the bite of an
infected Ixodes species tick. This may be followed by the
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development of a round or oval, expanding lesion at the
site of deposition. This lesion, called primary erythema
migrans (EM), typically appears 7–14 days after the tick
was removed or spontaneously detached. EM is seen in at
least 80% of the patients with Lyme disease in the United
States and may be associated with regional lymphadenopathy. About 70% of United States patients with EM also
have viral infection–like symptoms including fatigue,
myalgia, arthralgia, headache, and fever. EM lesions can
vary in appearance. EM skin lesions begin as a macule or
papule at the site of the tick bite and rapidly expand
over days or weeks. As the lesion expands, central or
paracentral clearing may appear giving a target-like
appearance. Without antibiotic treatment EM lesions in
the United States will spontaneously resolve within
a median of 4 weeks but may recur.

Early Disseminated Disease
Within days to weeks after deposition in the skin, B.
burgdorferi may disseminate hematogenously to other
skin sites, resulting in secondary EM skin lesions, and/or
to the nervous system, heart, or joints. Signs and
symptoms during early disseminated disease are typically
intermittent and changing.
Skin involvement: Secondary EM skin lesions are similar in morphology to the primary lesion, except that they
are smaller and lack an indurated center (in a primary EM
skin lesion the tick bite site is often identifiable and is
called a punctum). Secondary lesions may be fleeting and
individual lesions appear and fade at different times.
Neurologic involvement: In the 1980s, early neurologic involvement was seen in 10–15% of untreated
patients with Lyme disease in United States. Presumably
because of improved recognition and early treatment of
EM, the reported incidence of neurologic involvement has
decreased. Acute peripheral nervous system involvement
is manifested by radiculopathy, cranial neuropathy,
and mononeuropathy multiplex. CNS involvement is
manifested by meningitis and rarely encephalomyelitis.
In the United States, cranial neuropathy is the most common manifestation of early neurologic Lyme disease.
Peripheral seventh nerve palsy is the most common of
the cranial neuropathies and involvement may be bilateral.
Seventh nerve palsy can develop in patients with no prior
noticeable tick bite or EM lesion. In children with early
neurologic Lyme disease, papilledema may occur because
of increased intracranial pressure (pseudo-tumor cerebri).
Radiculoneuritis is associated with the acute onset of
severe localized radicular pain and/or motor weakness
with or without sensory loss and is more commonly seen
in Europe than in the United States. Radiculoneuritis can
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be multi-focal and asymmetrical. Lyme meningitis is
associated with mild neck stiffness and episodic headache.
Acute neurologic abnormalities typically improve or
resolve within weeks or months, even in untreated
patients.
Cardiac involvement: Cardiac disease develops weeks
to months after the initial infection. Although initially
reported in 4–10% of patients with Lyme disease, the
incidence of cardiac involvement has decreased, presumably due to early recognition and prompt treatment of
EM. Patients with symptomatic heart disease present with
varying levels of intermittent heart block. The heart block
is typically at or above the atrioventicular node but can
affect the entire conduction system. Patients may present
with palpitations, dizziness, syncope, dyspnea or chest
pain. Clinical evidence of myopericarditis is less common.
EM and/or acute neurologic symptoms may exist concomitantly with cardiac involvement. In treated patients
complete heart block resolves within 1 week, and other
conduction abnormalities resolve within 6 weeks.
Borrelial Lymphocytoma: Borrelial lymphocytoma is
a rare cutaneous manifestation of Lyme disease that is seen
in Europe and is caused by B. afzelii or B. garinii. This
lesion typically presents as a solitary bluish-red swelling
near the site of a prior tick bite and may be accompanied
by EM. The most common site is the earlobe in children
and on or near the nipple of the breast in adults. Diagnosis
often requires histological examination to exclude
a neoplasm.

Late Lyme Disease
Late manifestations include arthritis, encephalopathy,
encephalomyelitis,
peripheral
neuropathy,
and
acrodermatits chronica atrophicans. These manifestations
are seen in untreated patients months or years after the
initial infection.
Rheumatological involvement: Lyme arthritis may initially present with migratory joint pain and swelling. If
untreated with antibiotics, episodes of arthritis spontaneously resolve after a few weeks to months. While the knee
is typically involved, other large joints or the temporomandibular joints can also be affected. Large knee effusions that are out of proportion to the degree of pain are
characteristic. The prevalence of Lyme arthritis in recent
series of patients with Lyme disease is <10%. Synovial
tissue shows synovial hypertrophy, vascular proliferation,
and marked infiltration of mononuclear cells. Synovial
fluid analysis shows mild to moderate inflammation.
The median leukocyte is reported to be 24,250 leukocytes/mm3 with a predominance of granulocytes and
a normal glucose level.
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Neurologic involvement: Late neurologic Lyme disease
is a rare entity. Lyme disease–associated axonal peripheral
neuropathy may present with intermittent paresthesias or
radicular pain. The most frequent physical finding is the
loss of vibratory sensation in distal lower extremities.
Encephalomyelitis is a unifocal or multifocal inflammatory CNS disease that has been observed mainly in Europe.
It is slowly progressive and involves mainly the white
matter. Lyme disease–associated encephalopathy is
characterized by mild objective abnormalities of memory
and cognition.
Acrodermatitis Chronica Atrophicans: This is a late
skin manifestation of Lyme disease seen years after the
initial infection. It is principally caused by B. afzelii and
therefore occurs in Europe rather than the United States. It
is commonly seen in women older than 40 years, in whom
it presents as slight bluish-red discoloration and swelling
of the skin on the extensor surfaces of the hands or feet.
The lesion slowly enlarges over months to years and may
lead to skin atrophy. Acrodermatitis chronica atrophicans
may be accompanied by peripheral sensory loss in the
affected limb.

Prevention
The primary means of preventing Lyme disease is to avoid
exposure to tick-infested areas. When this is not possible
there are a number of potential strategies to reduce the
risk of Lyme disease including covering up as much as
possible, wearing light colored clothing to enable
better visualization of crawling ticks, using chemical
tick-repellents, bathing within 2 h of tick exposure, and
checking the entire skin surface for ticks within 24 h
of exposure.
Antimicrobial prophylaxis: Routine use of antimicrobial prophylaxis after a recognized tick bite is not
recommended. Antimicrobial prophylaxis with a single
dose of doxycycline, however, can be considered in the
United States if all of the following conditions are met:
1. The attached tick can be reliably identified as an adult
or nymphal I. scapularis tick. On the basis of the degree
of blood engorgement of the tick or clinical history, it
is estimated that tick has been attached for more than
36 h.
2. Prophylaxis can be started within 72 h of removal of
the tick.
3. The local rate of infection of the ticks with B.
burgdorferi is more than 20%.
4. Doxycycline is not contraindicated.
A single dose of 200 mg of doxycycline for adult patients,
and a dose of 4 mg/kg up to maximum dose of 200 mg for

children at least 8 years of age is recommended for
chemoprophylaxis. All persons who have had a tick bite
(including those who received antimicrobial prophylaxis)
should be monitored closely for signs and symptoms of
a tick-borne infection for up to 30 days. Persons who
develop a skin lesion suggestive of EM or a viral infection–
like illness within 30 days of removal of tick should be
evaluated for Lyme disease and/or other Ixodes-transmitted
infections.

Diagnosis
The presence of EM in endemic regions is the only manifestation of Lyme disease sufficiently distinctive that
a reliable diagnosis can be made clinically based on recognition of the characteristic appearance of the lesion.
Laboratory testing is not recommended. In patients with
suspected extracutaneous Lyme disease, serological diagnosis is essential. B. burgdorferi s.l. can be cultured in
Barbour-Stoenner-Kelly medium. Although the spirochete can be cultured early in the disease from the EM
skin lesion, plasma, or very rarely cerebrospinal fluid,
serologic testing is the mainstay of laboratory diagnosis
and is based on a two-step approach. Serum samples are
first tested by a polyvalent enzyme–linked immunosorbent assay (ELISA). Serum samples that are positive or
equivocal by an ELISA are then retested by separate IgM
and IgG immunoblots. According to CDC criteria (applicable only in North America), the IgG immunoblot is
considered positive if five of the following ten bands are
present: 18, 23, 28, 30, 39, 41, 45, 58, 66, and 98 kDa. An
IgM immunoblot is considered positive if two of the
following three bands are present: 23, 39, and 41 kDa.
Serologic diagnosis is insensitive during first 2 weeks of
infection when EM occurs. After 4 weeks of symptoms
a positive IgG immunoblot is required to be considered
seropositive. Untreated patients, who remain seronegative
despite persistent symptoms for 6–8 weeks, are unlikely to
have Lyme disease. Not all patients who are seropositive
have active Lyme disease. The background rate of IgG
seropositivity in areas of high endemicity in the United
States may exceed 4%. In addition, IgM immunoblot tests
can be associated with false positive results if weak bands
are incorrectly interpreted as positive, as is often the case.
Patients with rheumatoid diseases or infectious mononucleosis also may have false positive IgM reactivity. Amplification of B. burgdorferi DNA using polymerase chain
reaction (PCR) has been used productively with synovial
fluid samples in IgG seropositive patients and occasionally
with CSF samples, provided a high quality laboratory is
conducting the assay [3].
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Evaluation
Lumbar puncture and cerebrospinal fluid analysis is indicated in patients for whom there is a strong clinical
suspicion of neurologic Lyme disease. Patients with symptomatic Lyme carditis should be considered for hospitalization and monitoring. This includes patients with
syncope, chest pain, or dizziness, and those who have
advanced heart block or first-degree heart block with
a PR interval 300 ms. Temporary pacing may be required
in patients with advanced heart block. Routine electrocardiograms are usually not necessary in patients with
Lyme disease without signs or symptoms suggestive of
Lyme carditis.

Differential Diagnosis
Differential diagnosis of EM skin lesions includes
hypersensitivity reactions to a tick bite, bacterial cellulitis,
contact dermatitis, urticaria, a fixed drug eruption,
a spider bite, herpetic lesions, and tinea infections. EM
can usually be differentiated from these skin lesions by the
epidemiologic and clinical characteristics. EM lesions typically occur in late spring and summer, are occasionally
associated with recollection of a tick bite at the same skin
location (with the tick bite usually antedating the onset of
the skin lesion by 7–14 days), and are often located at
unusual locations for bacterial cellulitis such as the axilla,
groin, popliteal fossa, or trunk. EM skin lesions often have
minimal local symptoms and rapidly expand to a size
of >5 cm.
Differential diagnoses of seventh nerve palsy associated with early neurologic Lyme disease include Bell’s
palsy, Ramsey Hunt syndrome, trauma, sarcoidosis, and
multiple sclerosis. Unlike viral meningitis, Lyme meningitis patients are less likely to be febrile and more likely to
have a longer duration of illness before presentation to
a health-care provider (often >7 days). Children with
Lyme meningitis usually have one of the following associated features: EM, cranial nerve palsy, or papilledema.
The percentage of polymorphonuclear leukocytes in
cerebrospinal fluid of patients with Lyme meningitis is
typically <10%. In comparison to other causes of septic
arthritis, Lyme arthritis typically has a lower synovial fluid
white cell count (25,000 cells/mm).
Co-infection: Co infection with Babesia microti or
Anaplasma phagocytophilum or both may occur in patients
with Lyme disease in patients living in or traveling to
regions of the United States endemic for these infections.
These co-infections should be considered in patients who
have a more severe initial presentation than seen with
Lyme disease alone, who have persistent fever 48 h after
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initiating antibiotic treatment for Lyme disease, or
who have unexplained leukopenia, thrombocytopenia,
or anemia.

Treatment
The goal of antibiotic treatment is to hasten the resolution
of symptoms and to prevent disease progression.
In vitro, B. burgdorferi s.l. is sensitive to tetracyclines,
penicillin, macrolides, cefuroxime, and third generation
cephalosporins, but is resistant to most fluoroquinolones,
rifampin, aminoglycosides, and first generation cephalosporins. Doxycycline, unlike beta-lactam antibiotics, is
active against A. phagocytophilum that causes human granulocytic anaplasmosis (HGA). HGA may coexist in a small
percentage of patients with early Lyme disease. Treatment
guidelines for Lyme disease and other tick-borne infections have been developed by Infectious Diseases Society
of America and are summarized in Table 1. Most patients
can be successfully treated with oral antibiotics.

Effectiveness/Prognosis
Doxycycline, amoxicillin, and cefuroxime are highly effective in treating early Lyme disease and are well tolerated.
Amoxicillin and cephalosporins can cause drug-induced
rash. Doxycycline is relatively contraindicated in children
<8 years old, and pregnant or breast-feeding women.
Doxycycline can cause photosensitivity, and patients
should be advised to avoid sun exposure while on this
medication. Doxycyline should be taken with 8 ounces of
fluid and with food to decrease the risk of esophagitis and
gastrointestinal disturbance.
Most patients respond completely and promptly.
Objective clinical manifestations are rare after antibiotic
treatment, although some patients may experience slow or
incomplete resolution of extracutaneous manifestations.
For example, a small proportion of patients with seventh
nerve palsy will have residual weakness of facial muscles.
Inadequately diagnosed CNS Lyme disease in Lyme arthritis patients who were treated with oral antibiotics may be
associated with persistent symptoms and may require retreatment with parenteral antibiotics. Around 10% of
patients with Lyme arthritis will have residual symptomatic swelling of a single joint (usually the knee) that
persists after completion of two or more courses of oral
antibiotic therapy or after a course of IV antibiotic treatment. This is not due to persistent infection and usually
improves with anti-inflammatory drugs, DMARDS or
synovectomy.
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Lyme Disease. Table 1 Treatment of Lyme disease [2]
Lyme disease
Early Lyme disease
Adults

Children

Neurologic disease
Cranial nerve palsy alone
Lyme meningitis and other neurologic
manifestations
Adults

Children

Cardiac Disease
10 heart block
Advanced heart block

Arthritis
No evidence of neurologic disease

Treatmenta
Doxycycline 100 mg orally twice a day for 14 days (10–21 days)
Amoxicillin 500 mg orally three times a day for 14 days (14–21 days)
Cefuroxime axetil 500 mg orally twice a day for 14 days (14–21 days)
Azithromycin 500 mg orally once a day for 7–10 daysb
Amoxicillin 50 mg/kg/day in three divided doses orally for 14 days (14–21 days),
maximum 500 mg per dose
Cefuroxime axetil 30 mg/kg/day in two divided doses orally for 14 days (14–21 days),
maximum 500 mg per dose
Doxycycline 4 mg/kg/day in two divided doses for children  8 years for 14 days
(10–21 days), maximum 100 mg per dose
Oral antibiotics as above with doxycycline being preferred
Ceftriaxone 2 g intravenously once a day for 14 days (10–28 days)
Cefotaxime 2 g intravenously every 8 h for 14 days (10–28 days)
Penicillin G 18–24 million U per day given intravenously divided into doses every 4
h for 14 days (10–28 days)
Doxycycline 200–400 mg/day in two divided doses orally for 10–28 days
Ceftriaxone 50–75 mg/kg/day in single daily intravenous dose, maximum 2 g/day for
14 days (10–28 days)
Cefotaxime150–200 mg/kg per day divided into three or four intravenous doses per
day, maximum 6 g per day for 14 days (10-28d)
Penicillin G 200,000–400,000 units/kg/day divided into doses given intravenously
every 4 h, maximum 18–24 million U per day for 14 days (10–28 days)
Doxycycline 4–8 mg/kg/day for children  8 years in two divided doses, maximum
100–200 mg per dose for 10–28 days
Oral antibiotics (see above for EM) for 14 days (14–21 days)
Initial parenteral antibiotic (see above for Lyme meningitis), monitoring, temporary
pacing if indicated; switch to oral antibiotics after resolution of heart block and for
completion of therapy
Oral antibiotics (see above for EM) for 28 days

Concomitant neurologic
disease

Parenteral antibiotics (see above for Lyme meningitis) for 14–28 days

Persistent or recurrent joint swelling

Re-treatment with another 28 days of oral antibiotics (see above for EM)
or with 14–28 days of parenteral antibiotics (see above for Lyme meningitis)

Acrodermatitis chronica atrophicans

Oral or parenteral antibiotics for 21 days (14–28 days) (see above)

Borrelial lymphocytoma

Oral antibiotics (see above for EM) for 14 days (14–21 days)

a

Dosage suggested is for normal renal and hepatic function
Macrolides should only be considered if patients are allergic to or are intolerant to other options. Patients treated with macrolides should be
carefully observed for complete resolution of clinical manifestations

b

Subjective symptoms tend to resolve slowly over the
course of weeks to months. Prolonged duration of these
subjective symptoms may be seen in patients with highly
symptomatic or disseminated disease and in patients with
co-infection with Babesia.

Economic Impact
The economic impact of Lyme disease was estimated on
the basis of Lyme disease cases diagnosed on the Maryland
Eastern Shore from 1997 to 2000. The nationwide annual
economic impact of Lyme disease and related complaints

Lyssa/Lytta (Greek, Spirit of Rage)

was estimated to be 203 million dollars with a direct
medical cost of $2,970 and an indirect cost of $5,202 per
patient [4].
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to prevent tick bites and those to reduce the risk of
infection if bitten.
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Lyssa/Lytta (Greek, Spirit of Rage)
▶ Rabies
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M
Major Radiation Exposure
▶ Radiation Poisoning

Makler’s Triad
Described as the classic triad of vomiting, chest pain,
and subcutaneous emphysema seen in patients with
Boerhaave’s Syndrome.

Mangled Extremity
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Synonyms
Crushed limb; Gustilo-Anderson Type IIIB or IIIC open
fracture; Near amputation; Threatened limb

Malignant Hypertension
▶ Hypertensive Emergency

Malnutrition
▶ Metabolic Disorders, Other

Malta Fever
▶ Brucellosis

Management of Pre-transplant
Organs
▶ Organ Donation: Management of the Potential Donor

Definition
A “mangled extremity” is a severely injured limb secondary
to trauma in which there is a significant risk of amputation
as a potential outcome (Fig. 1). More specifically, a functional limb is composed of the following critical elements:
skin and subcutaneous tissue; blood vessels; muscle and
tendons; bones; joints, including cartilage and ligaments;
and peripheral nerves. Irreparable injury to one or more
elements may significantly impair the function of the limb
and lead to disability. A mangled extremity, the most
severe form of injury, encompasses significant injury to
multiple elements critical to limb function.

Epidemiology
A mangled limb results from high energy transfer or crush
injury to the affected limb. A limb-threatening injury may
follow low caliber gunshot wounds or stab wounds, with
associated neurovascular injury, but in general they do not
constitute a mangled extremity. A mangled extremity is
more often associated with shot gun wounds or open fractures with associated vascular injury due to the increased risk
of limb loss. The greatest risk of limb loss is associated with
severe crush injury, degloving, or blast injury mechanisms
due to damage to multiple elements critical to limb function.

Jean-Louis Vincent & Jesse B. Hall (eds.), Encyclopedia of Intensive Care Medicine, DOI 10.1007/978-3-642-00418-6,
# Springer-Verlag Berlin Heidelberg 2012
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Mangled Extremity. Figure 1 Case example of a 17-year old boy who sustained bilateral lower extremity crush injuries after
being pinned between two trucks. (a) Right side Gustilo-Anderson type IIIC injury with dysvascular extremity and early vascular
repair. (b) Left side complete traumatic above-knee amputation (AKA). (c) Delayed amputation of right leg due to progressive
tissue necrosis; extensive skin defect on left AKA, conditioned by a wound-VAC. (d) secondary skin graft coverage of left AKA. (e)
Gait training rehabilitation with bilateral above-knee prostheses. Note that the patient is able to walk without crutches. Skin grafts
are well tolerated in patients with traumatic amputations and allow early weight-bearing in a custom-fit prosthesis

Mangled Extremity

The frequency of extremity injury with concomitant
vascular injury is low in civilian trauma, with an estimated
incidence of 0.8–3.7%. Yet, amputation rates of up to 70%
have been reported. Rozyki found that 18% of patients
required amputation following blunt vascular injury of
the extremity: a threefold greater risk than for those with
penetrating extremity vascular injury. Ten percent of
patients who suffered delays in diagnosis or treatment;
delay in fasciotomies, with nearly all the patients developing rhabdomyolysis; and death, had significantly higher
Mangled Extremity Severity Score (MESS) relative to survivors [1]. Delays in diagnosis or treatment were primarily
due to errors in management/judgment, illustrating that
a high index of suspicion of occult vascular injury is
necessary in blunt injury to the extremity, particularly
following mechanisms like posterior knee dislocation.
Similarly, peripheral vascular injury in combat occurs in
approximately 2% of casualties. However, the frequency of
mangled extremities with or without a threat to life in
contemporary combat appears to have increased due to
the use of improvised explosive devices (IED), fragmentary munitions, and land mines. Vascular injuries are
present in 10–48% of complex extremity injuries with
fracture and amputation rates in excess of 85%.
Moreover, up to 10% of military deaths result from isolated extremity injury [2]. Early death from uncontrolled
hemorrhage is uncommon following isolated extremity
injury in urban settings accounting for less than 1% of
reported deaths.

Evaluation/Management
The mangled extremity represents a major challenge in
surgical decision making. In the early evaluation of injury,
life takes precedence over limb. The first priorities are
airway, breathing, and circulation, detailed in the
Advanced Trauma Life Support Manual by the American
College of Surgeons Committee on Trauma. Wound hemorrhage should be controlled with direct pressure or
a tourniquet. Historically, tourniquet use has been discouraged in civilian extremity trauma but recent military
experience of tourniquet use demonstrates a reduction in
death from exsanguinating hemorrhage without
a negative effect on limb salvage. Prehospital hemorrhage
control of life-threatening civilian extremity trauma is
usually attempted by direct pressure and gauze dressing.
Certainly, some of these patients may benefit from
a tourniquet if it can be applied proximal to the site of
hemorrhage. Therefore, in the setting of hemorrhage from
an injured limb, we recommend the use of a tourniquet to
permit resuscitation of the patient, and careful evaluation
of the limb for salvage, without a premature commitment
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Mangled Extremity. Table 1 Clinical signs for prediction of
an arterial extremity injury. The presence of a “hard sign” of an
arterial injury warrants an immediate surgical exploration with
the option of an on-table angiography. In contrast, the “soft
signs” are less specific in predicting a significant arterial
extremity injury. In exclusive presence of a “soft sign,” such as
an asymmetric ankle-brachial-index, the recommended
further diagnostic workup includes an angiography or
CT-angiography
“Hard signs”

“Soft signs”

Active or pulsatile
hemorrhage

Asymmetric extremity blood
pressures

Pulsatile or expanding
hematoma

Stable and non-pulsatile
hematoma

Clinical signs of limb
ischemia

Proximity of wound to
a major vessel

Diminished or absent pulses Peripheral neurological
deficit
Bruit or thrill, suggesting
AV-fistula

Presence of shock/
hypotension

to amputation. The risk of amputation does not appear to
increase with the use of tourniquets.
In the event of multiple injuries, hemorrhagic shock,
prolonged delay to definitive care, and/or risk of death;
amputation may be the preferred option: “limb for life
concept.” Once the patient responds to resuscitative
efforts, the extremity is carefully examined during the
secondary survey. Evaluation focuses on signs of arterial
injury, extent of soft tissue and bone injury, and degree of
contamination. A search for hard and soft signs (Table 1)
of arterial injury is essential since, both civilian and combat experience demonstrate that the risk of limb loss
correlates with a delay in revascularization beyond 6 h.
The risk of limb loss is further increased in the setting of
ischemia with associated major venous, soft tissue, and
muscle injury.
Suspected peripheral vascular injury following penetrating trauma warrants prompt operative intervention
with wound exploration and/or intra-operative angiography. Further delays in pursuing confirmatory imaging
prior to operative intervention are contraindicated and
potentially harmful. In contrast, following blunt lower
extremity injury there is a high rate of false positive clinical
findings suggesting arterial injury. Following blunt
trauma, arterial injury is identified in less than 15% of
cases even when hard signs are present. If CT angiography
can be obtained without delay it should be considered.
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If other injuries require immediate operative intervention
or significant delay can be expected, direct exploration
should be performed as >95% of vascular injuries occur
near the fracture or dislocation. Intraoperative angiography can also be employed in this setting with excellent
results. Major diagnostic pitfalls arise in the blunt injured
upper extremity due to the often insidious presentation of
significant arterial injury with collateral perfusion
resulting in intact pulses and normal capillary refill distal
to the injury site. These injuries are easily missed but can
culminate in amputation if unrecognized.
Conceptually, a functional limb has nearly all elements
intact, but in the mangled extremity multiple elements are
potentially compromised and frequently include many of
the following: extensive soft tissue and muscle damage,
arterial and venous injury, open fractures with
communition and periosteal stripping, segmental bone
loss, joint dislocation, peripheral nerve injury, and/or
marked contamination. Additionally, the degree of tissue
destruction has systemic implications and the potential
for organ dysfunction. Often there is significant wound
contamination with concomitant tissue necrosis following
high energy destruction of the limb. Inadequate tissue
debridement and wound care result in infection that may
induce sepsis and multiple organ failure. The “crush syndrome” follows extensive muscle injury and the release of
myoglobin into the circulation. The myoglobin is toxic to
the kidney and can culminate in acute renal failure.
Finally, the host response to extensive tissue injury is
further influenced by the degree and duration of hemorrhagic shock, severity of associated injuries, age, and
preexisting comorbid disease. The priming and activation
sequence of post injury organ dysfunction must be
interrupted with return of circulation, tissue debridement,
and wound coverage.
Restoration of blood supply; fracture stabilization;
and removal of all damaged, contaminated, and
devitalized tissue are the initially surgical priorities. If
arterial injury is present, a temporary arterial shunt can
reestablish limb perfusion and permit careful evaluation
of the mangled limb without the constraints of the critical
period of 6 h from the time of injury. Fracture stabilization
usually with external fixation follows. Definitive arterial
and venous reconstructions are then performed, preferably with autologous vein if necessary. Major veins should
be reconstructed, even though venous reconstructions
often fail due to delayed thrombosis. Nevertheless, the
restoration of early venous outflow reduces the risk of
thrombosis of an arterial reconstruction that may arise
from impaired venous outflow. Reconstruction of major
veins further reduces tissue edema and swelling of the

extremity which is inevitable with simple vein ligation.
Lastly tissue debridement is completed. If prolonged
ischemia and/or severe crush injury are present then
faciotomies should be strongly considered. Late reconstruction will focus on nerve repair and soft tissue coverage of bone with vascularized tissue component transfer.
Throughout the early phase of treatment the surgeon
must consider the probability of achieving a functional
limb following salvage. It must be remembered that in the
case of a mangled extremity, few patients will regain normal limb function. Efforts to preserve a mangled extremity
commit the patient to multiple procedures, prolonged
hospitalization, extensive rehabilitation, and the potential
risk of infectious complications. Alternatively, the impact
of primary amputation on the very young or very old can
be equally devastating. Amputation should not be viewed
as a treatment failure. At times, it will be necessary to
sacrifice the limb by amputation rather than accept ongoing morbidity due to infectious, bone, or wound complications arising from efforts at limb salvage.
Primary amputation or delayed amputation should
always be performed if the condition of the extremity
poses a risk of death to the patient. Amputation at the
most distal margin of salvageable and non-salvageable
tissue, the zone of injury, should be chosen with emphasis
on preservation of viable muscle and skin that may be used
for coverage. Following debridement, a formal amputation can be performed or if further debridement is anticipated, the wound should be left open, a bulky dressing
and protective splint applied. Planned reoperation for
further debridement, assessment of soft tissue, and bone
viability ensues. Once there are favorable conditions for
healing, formal amputation is completed. Preservation of
extremity length is critical. It is well recognized that the
level of amputation is related to potential future function.
Studies indicate that in elderly patients undergoing lower
limb amputation the level of amputation is among the
most significant health-related characteristics determining the use of a prosthetic or wheelchair. With higher levels
of amputation, those who use a prosthesis report
increased difficulty with activities of daily living, sports,
and leisure activities. Extreme amputations, hip disarticulation or hemipelvectomy, are rarely associated with successful ambulation.
Studies demonstrate that aggressive debridement of
lower extremity wounds combined with early tissue coverage within 6 days result in lower rates of infection,
nonunion, and delayed amputation. The LEAP study
investigators found that injury factors that had the
greatest impact on the decision for limb salvage were
tibial fracture pattern, presence of open foot fracture,

Mangled Extremity

muscle injury, vein injury, arterial injury, and absence of
plantar sensation. Soft tissue injury severity had the
greatest impact on the decision to proceed with limb
salvage or amputation and continued to adversely
impact physical and psychosocial scores of the Sickness
Impact Profile [3]. It is important to note, however, that
among the variables identified by the LEAP investigators,
current studies fail to validate absent plantar sensation as
a predictor of failed limb salvage.
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Mangled Extremity. Table 2 “Mangled Extremity Severity
Score” (MESS), according to Johansen and colleagues. The MESS
is calculated as the sum of the four parameters (A + B + C + D).
An ischemic time of >6 h after injury doubles the ischemia score
(*). The cut-off for a mangled extremity to be at risk for amputation has been determined at a MESS of seven points [4]
Criteria

Points Description

(A) Skeletal/soft
tissue injury

Mangled Extremity Scoring
Prognostic factors of limb salvage include duration of
ischemia, high energy versus low energy mechanism, age,
comorbid disease, shock, multiple injuries, environmental
circumstance, as well as the extent of injury to the critical
elements of a functioning limb: soft tissue, muscle, joint,
bone, blood supply, nerve. Scoring systems attempt to
objectively quantify the extent of damage to these critical
elements of limb function. Generally scores are further
assigned to time, mechanism, anatomy, associated injuries, age, comorbid disease, shock, and environmental
circumstances.
Injury severity scales are intended to help guide the
decision to preserve or amputate the mangled extremity.
As an aid to the objective initial evaluation of the mangled
extremity it was hoped that such indices could facilitate
decision making, as well as provide guidelines for treatment. Among the most recognized is the MESS (Table 2)
proposed by Johansen in1990. Bosse prospectively evaluated 556 high-energy lower-extremity injuries with 5
injury-severity scoring systems for lower-extremity
trauma (Mangled Extremity Severity Score; the Limb Salvage Index; the Predictive Salvage Index; the Nerve Injury,
Ischemia, Soft-Tissue Injury, Skeletal Injury, Shock, and
Age of Patient Score; and the Hannover Fracture
Scale-97). The analysis failed to validate the clinical utility
of any of the five lower-extremity injury-severity scoring
systems. Low scores appeared to predict limb-salvage
potential but high scores could not reliably predict the
need for amputation [5]. It is even less clear if mangled
extremity scores are sufficiently accurate or useful when
applied to upper extremity injuries or children. Furthermore, functional outcome may be entirely different
between upper and lower extremity limb salvage due
to differences in prosthetics or neurovascular reconstructive techniques. Thus, critical scores probably best
identify a high risk injury and help to clarify risk factors
for poor prognosis. Yet, to date no scoring system can
adequately predict with certainty the need for amputation and should not be relied upon for definitive management alone.

M

1

Low energy (stab wound, low
velocity gun shot, simple fracture)

2

Medium energy (open fractures,
multiple fractures, fracturedislocations)

3

High energy (high speed
deceleration, high velocity gun
shot)

4

Very high energy (high speed
trauma with gross contamination)

1

Pulse reduced or absent, normal
perfusion/capillary refill

2

Pulseless, paresthesias, diminshed
capillary refill

3

Cool, paralyzed, insensate, numb

0

Normotension

1

Transient hypotension
(<90 mmHg)

2

Persistent hypotension
(<90 mmHg)

(B) Ischemia*

(C) Shock

(D) Age
0

<30 years

1

30–50 years

2

>50 years

Outcome
A number of variables influence the outcome of limb
salvage. The mechanism of injury, duration of ischemia,
fracture pattern, location of vascular injury, nerve
injury, and condition of the hand or foot, all warrant
consideration. In addition the patient occupation,
resources, and preferences further influence the outcome of reconstructive efforts. Every attempt should
be made to salvage the injured limb if there is
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a reasonable chance that a functional limb will result. It
must be remembered that an amputation and prosthesis, particularly of the lower limb may be more useful
than a limb that remains attached but has limited or no
function. Proximal levels of amputation have a greater
probability of functional impairment and less satisfactory prosthetic alternatives. This is most evident in
upper extremity amputation.
Limb salvage is costly, particularly to the patient
who will unlikely undergo multiple operations and
extensive rehabilitation. In patients undergoing primary amputation or delayed amputation for failed
limb salvage, those that undergo primary amputation
in general have fewer surgical procedures, shorter hospitalization, and lower hospital costs relative to those
undergoing delayed amputation after failed limb salvage. Due to the need for multiple operations limb
salvage patients also tend to suffer more complications
than patients undergoing primary amputation, particularly difficult when it culminates in delayed amputation or a nonfunctional limb. Approximately 5% of
patients undergoing limb reconstruction go on to
delayed amputation. Wound infections, nonunion,
osteomyelitis, and rehospitalization affect over a third
of patients. Interestingly, the LEAP investigators found
that there was no difference in functional outcome
between patients suffering severe lower extremity
injury who underwent primary amputation or limb
salvage at 2 and 7 years post injury. One half of the
patients had continued disability. Less than a third of
patients demonstrated scores comparable to uninjured
patients of similar age and gender. Poor outcomes at
84 months were associated with extensive soft tissue
loss, through the knee amputation, older age, female
gender, nonwhite race, lower education level, poor
household, smoking, poor health status prior to
injury, and efforts to obtain disability payments [3].
Other psychological costs to the patient include financial burden, loss of work, addiction to pain medication,
and family discord all of which may adversely affect outcome. At the time of injury, patients often desire limb
salvage, but the majority of patients who suffer failed
limb salvage express regret and would have opted for
early amputation in retrospect. Finally, there appears to
be poor agreement between the patient and surgeon
regarding the cosmetic and functional outcome of the
salvaged limb. O’toole found that surgeons and patients
agreed on overall outcomes at a rate only marginally better
than expected by chance. Often affected patients described
poorer functional outcome than that reported by the
surgeon [6].

Among the most difficult decisions confronting
the surgical team evaluating a patient with a mangled
extremity is the choice between limb salvage or amputation. The mangled extremity represents a formidable
challenge to physician and patient with many uncertainties. Yet, it is certain that a functioning patient desires
a viable limb and conversely, a functional limb requires
a viable patient.

Cross-References
▶ Patterns of Injury
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Mannitol in the Critically Ill
Patient with Acute Kidney Injury
JORGE CERDÁ
Division of Nephrology, Albany Medical College,
Albany, NY, USA

Mannitol (D-mannitol, C6H14O6, MW 182 Da) is
a polysaccharide used for many years to prevent acute
kidney injury (AKI). Its purported benefits include intravascular volume expansion, promotion of osmotic diuresis inhibiting renal tubular sodium and water resorption,
and scavenging of pro-inflammatory reactive oxygen radicals. Current evidence supports the use of mannitol in
only a few specific situations [1, 2].
This chapter will discuss current evidence on the use of
mannitol in AKI and other clinical conditions including
intracranial hypertension (ICH), and detail the potential
complications of its use, particularly its harmful effects on
the kidney.

Mannitol in the Critically Ill Patient with Acute Kidney Injury

Fluid and Electrolyte Changes Induced by
Mannitol
Intravenous administration of mannitol rapidly raises the
osmolality of the extracellular compartment (ECF). The
magnitude of the increment can be calculated by measuring the osmolar gap.
Plasma osmolality can be calculated from the following formula:
Calculated P Osm ¼ 2  plasma ½Na þ ½Glucose=18
þ ½BUN=2:8 þ ½ethanol=4:6
The osmolar gap is the difference between calculated
and measured osmolality.
As mannitol is excluded from the intracellular fluid
(ICF), it creates a water concentration gradient that drives
water extracellularly until transmembrane osmolalities
equalize. Because of the water shift, the magnitude of the
peak osmolality can be calculated as follows:
Peak osmolality ¼ Initial osmolality þ M=TBW;
Where M = Dose in grams  5.5
And TBW = Total body water (approximately 60%
body weight in males and 55% in females)
Oken [3] recently summarized the effects of body size,
age, total water content, sodium concentration, and
osmolality, and the presence of edema or ascites on the
degree of extracellular fluid change and the rate of mannitol excretion. These predictions are useful to minimize
the risks of adverse results.

Use of Mannitol for the Prevention of Aki
Mannitol has been used to modify multiple clinical conditions: rhabdomyolysis, contrast-induced nephropathy
(CIN), AKI induced by cardiac surgery or post-major
vascular surgery, post-renal transplantation, and in
patients with intracranial hypertension.
In rhabdomyolysis associated with compartment
syndrome, in addition to vigorous volume expansion,
mannitol could be useful to decrease the pressure in
the affected crushed limb and to decrease the severity
of myoglobin-induced AKI. This use may be especially
relevant during massive catastrophes such as earthquakes, when renal replacement therapy availability is
limited [1].
Several small trials have investigated the effect of mannitol to prevent contrast-induced AKI. Evidence shows
absence of benefit and possible harm when compared to
dopamine, furosemide, or volume expansion. Currently,
mannitol is not used to prevent CIN [4].
During cardiovascular surgery with extracorporeal circulation, mannitol is added to the cardiopulmonary
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bypass pump prime to reduce the incidence of renal dysfunction. Studies have shown the absence of benefit from
this practice both among patients with normal or
decreased renal function. In light of the lack of effect of
mannitol in cardiac surgery patients with normal renal
function, its routine use in the bypass circuit prime seems
unnecessary.
It has been proposed that mannitol may decrease the
risk of AKI in the perioperative management of abdominal
aortic aneurysm (AAA). A recent review [5] of available
evidence including the best eight papers (319 patients)
from 1961 to 2002 reports that none of the clinical trials
to date have demonstrated clinical reduction in the incidence of AKI post-AAA repair.
Finally, in renal transplantation small trials have
shown that 250 ml of 20% mannitol given immediately
before vessel clamp removal reduces the incidence of
posttransplant AKI [6]. Although mannitol resulted in
reduction in the number of patients requiring dialysis,
there was no difference 3 months posttransplant.
Mannitol is widely administered to treat increased
intracranial pressure, cerebral edema, and tissue shifts
from space-occupying neurological lesions [7]. The
usual dose is 0.25 g/Kg–1 g/Kg body weight. There is
no data to favor intermittent over continuous infusion
[7]. Mannitol use prior to intracranial pressure (ICP)
monitoring has recently been restricted to patients
with signs of transtentorial herniation or progressive
neurological deterioration not attributable to extracranial causes [7]. High-dose mannitol may be preferable to
conventional-dose mannitol in the acute management of
comatose patients with severe head injury. Mannitol may
have an advantage over pentobarbital but a detrimental
effect on mortality when compared to hypertonic saline.
In a recent RCT comparing a single equimolar dose of
hypertonic saline and mannitol, Francony et al. [8]
showed that 20% mannitol is as effective as 7.45% hypertonic saline to decrease ICP in patients with brain injury.
Mannitol exerts additional effects on brain circulation
through a possible improvement in blood rheology.
Pretreatment factors such as serum sodium and systemic
and brain hemodynamics should be considered when
choosing between mannitol and hypertonic saline.
Although small, this well-designated RCT supports the
use of mannitol in special circumstances of brain traumatic injury.

Precautions and Complications in the Use
of Mannitol
Although usually well tolerated, high doses of mannitol
can cause major alterations in fluid and electrolyte
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physiology and is not entirely without risk. Overdosage
(doses greater than 2 g/Kg body weight) causes lethargy,
confusion, or coma with or without underlying brain
abnormalities, acute pulmonary edema, and oliguric or
anuric AKI in the absence of other recognizable
cause [3].
If water losses are not replenished, the disproportionate urinary loss of water osmotically associated
to mannitol may cause hypernatremia and volume
contraction.
When given in high dose to patients with preexisting
renal dysfunction, mannitol may induce hyperosmolality,
volume expansion, and hyperkalemia due to osmotic displacement of intracellular fluid to the extracellular compartment (solvent drag).
There is general agreement that mannitol must be
discontinued if the osmolar gap increases above
55 mOsm/kg, and whenever no diuretic response occurs.
Hyponatremia with normal or high plasma osmolality
(pseudo-hyponatremia) may develop due to transmembrane shift of water, but this effect is usually counteracted
by the osmotic diuresis discussed above.
Renal failure is one of the most common side effects of
mannitol in patients with intracranial hypertension, and
concern over this complication often limits its use [9].
Treatment guidelines for severe head injury recommend
that measured serum osmolality should not exceed
320 mOsm/Kg to avoid AKI [7].
In a recent retrospective review of 95 patients treated
with mannitol for neurosurgical indications, Gondim
et al. [9] showed that as long as normovolemia is
maintained and serum osmolality is monitored, mannitol-induced AKI is primarily associated with chronic kidney disease and history of diabetes or hypertension, rather
than mannitol dose or peak serum osmolality. Their incidence of AKI was 11.6%. Safe management of mannitol
infusion included reduction or discontinuation of mannitol and substitution of 23.4% saline whenever the osmotic
gap doubled or increased above 20, or whenever the level
of creatinine rose above 1.5 mg/dl. In all cases, if AKI
developed it rapidly resolved within 2 weeks without permanent injury.
It is now generally accepted that among patients
treated with more than 200 g of mannitol, AKI can
develop due to osmotic nephrosis (OS) [10], characterized
by vacuolization and edema of renal proximal tubular
cells. The condition may be more common than usually
thought.
The infusion rate of mannitol, the total applied dose,
and the resulting osmolal gap have important roles in the
pathogenesis of OS [10].

The main risk factors of mannitol-induced AKI
include a mannitol dose exceeding 1,100 g; preexisting
kidney disease (associated with OS at doses as low as
300 g); daily mannitol doses greater than 200 g resulting
in an osmolal gap greater than 60 mOsm/kg;
co-medication with furosemide; and kidney transplantation (including therapy with cyclosporine).
Although not well understood, proposed mechanisms for the genesis of OS include afferent arteriolar
renal vasoconstriction, tubular vacuolation, renal tubular cell swelling, increased intraluminal sodium at the
level of the macula densa, and elevation of plasma
oncotic pressure. Currently, accepted pathogenesis consists of the entry of hyperosmolar agents by pinocytosis
into the proximal tubular cells, and subsequent fusion
of the pinocytic vacuoles with lysosomes to form vacuoles, which in turn fuse to each other and enlarge
progressively [10].
Importantly, this mechanism has been confirmed not
only for mannitol, but also for hypertonic glucose, sucrose
(especially sucrose-containing complexes of intravenous
immunoglobulin, IVIG), dextran, hydroxyethyl starch
(HES), and hypertonic iodinated contrast media [2].
Simultaneous administration of furosemide and mannitol
increases risk and concomitant renal ischemia worsens
renal injury by inducing acute tubular necrosis. This
explains the higher incidence of AKI among severely ill
patients with cardiovascular disease and high APACHE
scores treated with mannitol for intracranial hypertension
[9]. Advanced age and preexisting kidney failure are also
predisposing factors.

Conclusions
Mannitol has shown beneficial effects in limited, specific
situations including postrenal transplantation and for the
management of intracranial hypertension. There is lack of
evidence of benefit for other indications. Mannitol can be
associated with significant toxicity including the induction of AKI due to osmotic nephrosis.
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any situation in which the number of casualties overwhelms available resources. For example, an automobile collision with five injured passengers may be
considered an MCI if only one EMS crew and one
ambulance are available.
▶ Disaster Management

Mass Separation
▶ Adsorption

Mass-Casualty Event (MCE)
▶ Disaster Management

Marburg
▶ Biological Terrorism, Hemorrhagic Fever

Mass-Casualty Triage
▶ Triage – Mass-Casualty Prehospital

Market Men’s Disease
▶ Tularemia

Massive Pulmonary Embolism
▶ Pulmonary Embolism

MASCC Index
Multinational Association for Supportive Care in Cancer
index comprised of seven variables and a maximum score
of 26. It is used to discriminate patients with febrile
neutropenia and a low (score ≥21) or high risk for complications and death. Patients with low risk can be treated
as outpatients.

Massive Transfusion
BABAK SARANI
Departments of Surgery, University of Pennsylvania The
Trauma Center at Penn, Philadelphia, PA, USA

Definition

Mass Casualty Incident
Although mass casualty incidents (MCIs) are generally
thought of as large catastrophic events such as terrorist
bomb attacks or natural disasters, the term refers to

There is no standardized definition of “massive transfusion” or “massive exsanguination,” but the most commonly utilized definition involves transfusion of 10 units
of packed red blood cells (PRBCs) within 24 h. This
definition, however, does not address the coagulopathy
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that also exists in these patients in that it does not take
into account or pay direct attention to the need for
concomitant transfusion of other blood components,
particularly fresh frozen plasma (FFP), to arrest ongoing
hemorrhage.

Pre-existing Condition
Exsanguinating patients require transfusion therapy to
maintain both oxygen-carrying capacity and circulating
blood volume. The relationship between oxygen-carrying
capacity and hemoglobin concentration is described by
the formula: oxygen content of blood=1.39(oxygen saturation)(hemoglobin)+0.003paO2. Although the initial intervention to support circulating blood volume and
cardiac output in bleeding patients frequently involves
administration of crystalloid salt solutions, the use of
these agents alone does not impact the oxygen content/
carrying capacity of blood, can lead to a heightened
inflammatory response or hyperchloremic acid state, and
will dilute the remaining blood components resulting
in worsened anemia and/or coagulopathy. Additionally,
approximately three times more total volume of infusate
is needed when crystalloid alone is used to maintain circulating plasma volume. Administration of large volumes
of crystalloid solutions can result in compartment syndrome, particularly abdominal compartment syndrome,
with significant resultant morbidity. Based on these concerns, many physicians who routinely deal with exsanguination espouse an aggressive resuscitation regimen
founded on transfusion therapy.
The trigger at which transfusion should be initiated
in acutely ill or bleeding patients is unknown. It is
especially important to take into account that the
hemoglobin value is not accurate in a bleeding patient.
Studies in the 1970s suggested that the ideal hemoglobin/hematocrit value in hospitalized patients is 10 g/dL
or 30%. This “rheologic” value was deemed to be the
level at which the blood had the highest oxygencarrying capacity while also having the lowest viscosity,
thus minimizing cardiac work while maintaining
peripheral oxygen. More recently, this recommendation
was supported, in part, by two large retrospective studies in Jehovah’s Witness populations that showed
a significant increase in perioperative mortality if the
preoperative hemoglobin was 6 g/dL, as opposed to
12 g/dL and an odds ratio of death of 2.5 for each
gram that the postoperative hemoglobin is less than
8 g/dL [1]. The risk of death was highest in patients
with known cardiovascular disease. Furthermore, studies

in normal volunteers have shown that cognitive function
begins to decline at hemoglobin levels less than 5 g/dL [2].
Conversely, a landmark study in 1999 showed no benefit
to transfusion therapy above a hemoglobin value of 7 g/dL
in critically ill patients [3]. However, this study does not
apply to exsanguinating patients in that the enrolled
cohort had asymptomatic anemia only and was not
bleeding.
There are no studies on optimal means to resuscitate
patients who are exsanguinating from a noninjury-related
cause, such as gastrointestinal bleeding or ruptured aneurysm. Studies in trauma patients, however, have shown
that severely injured patients are coagulopathic on arrival
to the hospital, a condition termed “the coagulopathy of
trauma” [4]. Historically, it was thought that this
coagulopathy was due to dilution from the administration
of crystalloid solutions, but more recently, it has been
shown that it is primarily the result of hemorrhage with
consumption and loss of coagulation factors and severe
tissue disruption, and is worsened by the dilutional effects
of infusion of crystalloid solutions. Reports from the military suggest that aggressive administration of PRBCs and
FFP in a 1:1 ratio in exsanguinating patients may impart
survival benefit by mitigating ongoing hemorrhage [4].
However, these studies are retrospective in nature and may
be biased by survivor selection because FFP is less readily
available for immediate transfusion than PRBCs. Additionally, it has been shown in patients with ruptured
cerebral aneurysms that each 30 min delay in the administration of the first unit of plasma decreases the odds of
correction of warfarin-induced coagulopathy by 20% [5].
There are currently no good studies that can be used to
recommend a transfusion strategy for platelet repletion,
though maintaining a level greater than 100,000 cells/mL
in exsanguinating patients appears appropriate. To facilitate this, an empiric platelet transfusion as a part of
a massive transfusion strategy should be initiated after
eight units of PRBCs have been transfused. To date,
coagulopathy due to underutilization of transfusion of
plasma remains far more common than overutilization
in exsanguinating patients.

Application
Administration of PRBCs is usually done at a slow rate
by reconstituting the packed cells with warmed crystalloid solution. FFP does not require reconstitution
but is also cold, whereas platelets do not require
reconstitution but are stored at room temperature.
Reconstitution and slow administration of PRBCs is

Massive Transfusion

not possible in the exsanguinating patient due to the
need to rapidly administer both the volume and product, and the cold blood solution is often given directly
to the patient. It is imperative that an in-line blood
warmer be used to mitigate the risk of hypothermia
in these patients because hypothermia will worsen
coagulopathy and bleeding. In addition, there are several rapid infuser systems available that both warm the
product and allow for its rapid administration (up to
1 L/min). Two of the systems available in the USA
contain a reservoir that allows for mixing of the
PRBCs and FFP prior to administration, thereby
facilitating administration of these products in a 1:1
ratio.
Centers that commonly care for patients at risk for
massive hemorrhage should develop a protocol for facilitating the rapid mobilization of blood bank resources.
Such “exsanguinations protocols” have been shown to
improve survival and decrease complications by facilitating early and ongoing administration of blood products to
critically injured patients [6]. Furthermore, they have been
shown to lessen the overall need for blood product administration by allowing the automatic and dispensing of FFP
to quickly address coagulopathy and thereby arrest
hemorrhage.
Whole blood transfusion was the norm until the 1960s
when transfusion of blood components was adopted as
a means to utilize donated blood more efficiently. More
recently, the military’s experience has renewed interest in
transfusion of whole blood based on reports that such
transfusions are safe and associated with faster resolution
of coagulopathy in hemorrhaging patients. The proposed
benefits of whole blood relative to each unit of stored
component are that it contains a higher number of platelets (200,000–350,000 cells/mL versus. 60,000 cells/mL),
a higher hematocrit after transfusion (33–43% vs. 30%),
and a better coagulation activity (86% versus 65%). In
addition, the transfused fresh red blood cells and platelets
function normally, as opposed to their stored counterparts
which require hours to become fully active. However,
civilian blood banks are not currently able to store and
dispense this product and its use outside the military
theater remains speculative.
There is no consensus regarding end points that
should be used in patients who are actively bleeding
or just stopped doing so. Commonly measured end
points for resuscitation include blood pressure, heart
rate, and urine output. However, other end points,
such as serum lactate concentration and base deficit,
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are also predictive of the need for transfusion
and survival. Over 85% of injured patients with
a significant base deficit on arrival to the hospital
will require a blood transfusion, and a base deficit
less than 6 mEq/L or lactate greater than 22 mg/dL
after 12 h is associated with mortality. These serum
markers should be tested in potentially bleeding
patients and monitored following the arrest of hemorrhage. It should be remembered that the base deficit is affected by administration of sodium, chloride,
and bicarbonate.
Recombinant factor VIIa is FDA approved for use
in hemophiliacs with antibody to Factor VIII or IX.
However, many case reports and series found that it is
also effective in arresting hemorrhage from many
other causes. Recombinant Factor VIIa works by binding to exposed tissue factor in an area of endothelial
injury, thereby activating platelets and forming
a platelet plug. It then stimulates the coagulation
cascade and inhibits fibrinolysis to allow for clot formation. Although no survivable benefit has been demonstrated following its use in patients hemorrhaging
from various causes (such as injury, postpartum uterine hemorrhage, and esophageal varices), it has been
shown to stop hemorrhage and decrease the need for
ongoing allogeneic blood transfusion. The most commonly administered dose is 90 mcg/kg and frequently
a repeat dose is needed due to the relatively short 2.5
h half-life of the drug. Uncontrolled case series and
retrospective reports suggest that Factor VIIa is most
effective when administered early in exsanguinating
patients (before eight units of PRBCs have been transfused). Furthermore, its efficacy is markedly diminished if the pH is less than 7.1, platelet count is less
than 50,000 cells/mL, prothrombin time is greater than
17.6 s, or lactate is greater than 13 mg/dL. Both
arterial and venous thromboembolic complications
have been reported from its use, especially in patients
over 55 years of age and those with known arteriosclerosis due to exposed tissue factor in the damaged
endothelium.
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Mechanical Circulatory Support
(MCS)
▶ Circulatory Assist Devices

Mechanical Function of the
Respiratory System
▶ Pulmonary Mechanics

Maximum AIS (MAIS)
The MAIS is the highest abbreviated injury scale (AIS)
severity score when multiple injuries are present. It is
a simple, reliable indicator of outcome that is used in
injury classification and analysis.

Mechanical Ventilation
A method to mechanically assist or replace spontaneous
breathing. This may involve a machine called a ventilator.
Traditionally divided into negative-pressure ventilation,
where air is essentially sucked into the lungs, or positivepressure ventilation, where air (or another gas mix) is
pushed into the trachea.

MBI
Mucosal barrier injury represents the extensive damage of
the alimentary tract by anticancer chemotherapy that is
able to induce a systemic inflammatory response.

MDR
Multidrug-resistant microorganisms. Microorganisms that
are resistant to more than two or three classes of antibiotics.
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Meat-Cutter’s Disease
▶ Tularemia

Mechanical Circulatory Assist
▶ Circulatory Assist Devices

Definition
Application of a mechanical ventilator to assist in oxygenation (inspiration of adequate oxygen) and ventilation
(removal of CO2), in the setting of patient inability. The
goals of mechanical ventilation are to assist breathing,
unload the respiratory muscles if required, and to be
synchronous with the patient’s natural respiratory
pattern.
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Characteristics

● Inspiratory resistance of the airways (Pres).
● Alveolar expansion against the elastic recoil of the lung
and the chest wall (Pel).
● Pressure at the initiation of the mechanical ventilatory
breath. This is referred to as the positive end expiratory pressure (PEEP).
PressureðPAw Þ ¼ ðPres Þ þ ðPel Þ þ PEEP

Pressures Across the Respiratory System and
Their Significance
Transairway pressure (Ptr): The pressure generated at the
airway opening minus the alveolar pressure (PAW  Palv).
This pressure represents the airway resistance and is the
pressure required for flow.
Transpulmonary pressure: The pressure gradient
between the airway and the pleural space (PAW  Ppl).
This is the distending pressure across the alveolus.
Transrespiratory system pressure: The pressure difference between the pressure at the airway opening (PAW)
and the atmosphere (Patm). This pressure is that required
to distend both the lung and the chest wall.
Peak airway pressure (Ppeak): The peak airway pressure
is the pressure recorded at the airway opening during peak
inspiratory flow.
Plateau pressure (Pplat): The pressure recorded at the
airway during an end expiratory hold. As there is no flow
at this point the component of airway resistance is eliminated and this pressure reflects the actual distending
pressure of the respiratory system.
Compliance: Compliance of the respiratory system is
the change in volume upon application of pressure to the
lung and chest wall. Static compliance of the respiratory
system is expressed as:
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Elastance: Elastance is the inverse of compliance and is
expressed as:

Principles of Gas Flow
Gas flow in positive pressure ventilators is determined by
the pressure gradient created by the ventilator across the
lungs to generate a tidal volume. Ventilator pressures are
measured in the circuitry of the ventilator and termed as
airway pressures. (PAW). In a passive mechanically ventilated patient, the driving pressure of the ventilator (PAW)
is a function of three components:
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Ers ¼ ðPplat  PEEPÞ=DV
A normal value for Crs is 100 ml/cm H2O; in patients
with severe lung injury it tends to be less than 20 ml/cm
H2O [1].

Significance and Application of Respiratory
System Pressures
Under no flow conditions, during an inspiratory pause,
the pressure at the airway opening is a reflection of the
elastance of the lung and the chest wall. This is referred to
as the plateau pressure (Pplat); under these conditions the
flow-related pressure gradients are now zero.
The plateau pressure therefore reflects the end inspiratory stretch on the respiratory system. Further separation of the respiratory system components into the
transpulmonary pressure (PTP) and the pleural pressure
(PPL) is possible by using esophageal pressure measurements (PES) as a surrogate for the pleural pressure:
PTP ¼ PAW  PES
The above equation is useful, as the relevant contribution of each component can be observed and used to
titrate ventilation to the appropriate clinical setting.

Ventilator Settings
Conventional modes of mechanical ventilation are either
volume or pressure preset. In volume preset modes the
volume delivered with each breath is constant but the
pressure applied to the lung is variable. In these modes
the pressure applied to the lung will depend on the lung
resistance and compliance. In case of pressure preset
modes the pressure applied to the lung is consistent
between breaths but the volume is variable. The volume
in this case will be dependent on lung resistance and
compliance (Table 1). In addition to these preset variables

Mechanical Ventilation, Principles of. Table 1 Volume versus pressure preset mode of ventilation
Volume preset

Pressure preset

Tidal volume

Constant

Function of airway
resistance and
lung compliance

In practice we cannot measure alveolar pressure so
airway pressures are substituted and this is expressed
as:

Airway pressure

Function of airway Constant
resistance and
lung compliance

Crs ¼ VT =ðPplat  PEEPÞ

Inspiratory flow

Constant

Crs ¼ DV=DPalv

Decelerating

M
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each breath has conditional variables. The conditional
variables are trigger and cycle.
The initiation of inspiration is triggered by one of
time, pressure, or flow reaching a preset value. Time
triggering is a function of the frequency set by the clinician. Pressure triggering is a function of a drop in pressure
from the baseline due to patient effort. Flow triggering is
the ventilator sensing inspiratory flow [2].

to expiration. During volume cycling the expiration
starts when the preset tidal volume has been delivered.
If time cycling is used the ventilator cycles to expiration
after a preset inspiratory time has passed. During flow
cycling, used during pressure support ventilation, when
the inspiratory flow drops a certain percent below
a preset flow rate, the ventilator cycles to expiration.
Typically this is set to 25% of the peak flow rate.

Characteristics of Ventilation Modes
Modes of ventilation can be classified as follows:
Mandatory: The initiation of the ventilator breath is
controlled by the ventilator.
Triggered: The initiation of the breath is by patient effort,
following which the inspiratory effort is supported by
volume or pressure by the ventilator.
In order to understand the functionality and interaction of each mode with the patient, the following should
be considered:
1. Are the breaths volume or pressure preset?
In volume preset ventilation (VCV): The tidal volume is set by the clinician. Airway pressure generated is
a function of the compliance and resistance of the respiratory system. The inspiratory flow pattern is constant,
while the airway pressure waveform gradually peaks.
In pressure preset ventilation (PCV): The pressure
is set by the clinician. Tidal volume delivered is
a function of compliance and resistance of the respiratory system. The pressure waveform is constant,
with a decelerating flow profile.
2. Does the ventilator initiate inspiration or patient
effort or is it a combination?
When the ventilator initiates triggering it is
a function of time, determined by the preset frequency.
Respiratory effort by the patient is ignored by the
ventilator.
If patient effort determines triggering it is either
through a change in flow or pressure. In pressure
triggering the ventilator detects the decrease in airway
pressure with spontaneous inspiratory effort. As the
decreasing pressure exceeds the trigger, the ventilator
will cycle to inspiration. In flow triggering, the ventilator detects a change in flow. With inspiratory effort
there is a decrease in inspiratory flow, which the ventilator uses to cycle to inspiration.
3. What determines inspiratory cycling?
Cycling refers to the changeover from inspiration to
expiration during a mechanical breath. The ventilator
can use volume, time, or flow to cycle from inspiration

Mandatory Ventilation Modes
Continuous Mandatory Ventilation (CMV)
May be either volume or pressure preset. All breaths are
mandatory and triggered by the ventilator. The ventilator
cycles when the set volume, pressure, or time variable has
been achieved. This mode is rarely used.

Assist Control Ventilation (ACV)
May be used with either the volume or pressure preset.
Ventilator-delivered breaths have a set volume or pressure,
frequency, and flow. Patient-triggered breaths are assisted
by the ventilator to the same pressure or volume as the
mandatory preset breaths and have the same cycling variables. If the patient’s respiratory rate is greater than the set
rate then the mandatory breaths are inhibited, with every
breath then being triggered by the patient. Ventilator
cycling occurs when the volume, pressure, flow, or time
variable has been achieved.

Synchronized Intermittent Mandatory
Ventilation (SIMV)
This is a volume preset mode. Mandatory, ventilatorinitiated breaths have a set tidal volume. Patient-triggered
breaths are allowed and if the patient triggers in the trigger
window, these are synchronized to patient effort. Tidal
volumes during patient-initiated breaths will therefore
reflect the patient’s effort and not the volume preset of
the ventilator. In this mode ventilator cycling occurs when
volume preset has been achieved.

Triggered Modes
Pressure Support (PSV)
This mode is dependent on a spontaneously breathing
patient. Following each patient-initiated inspiratory effort,
spontaneous breathing is assisted by an increase in inspiratory pressure to the set pressure support level. Pressure
support is the difference between the set pressure and
PEEP. The patient’s inspiratory effort will determine the

Mechanical Ventilation, Principles of

respiratory rate. Cycling to exhalation will be determined by
a change in inspiratory flow. The inspiratory flow follows
a decelerating flow profile and cycling occurs when inspiratory flow falls to 25% of peak inspiratory flow.

Volume-Targeted Pressure Support
This is a modification of pressure support ventilation,
where each breath is supported to a set tidal volume,
with appropriate airway pressure. The ventilator monitors
the tidal volume on a breath by breath basis tailoring the
inspiratory pressure to the set tidal volume. Cycling occurs
when the set tidal volume is achieved.

Proportional Assist Ventilation (PAV)
Modification of pressure support ventilation, where the
degree of pressure support is proportional to the degree of
patient effort. The larger the patient effort the more the
patient support delivered. As patient effort increases,
inspiratory flow increases, and the degree of pressure
support delivered is directly proportional to inspiratory
flow. This is done by monitoring instantaneous flow rate
and the volume of gas flow from the ventilator to the
patient. Proportional assist ventilation has been shown
to be equivalent to pressure support ventilation at
unloading respiratory muscles.
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mechanical changes in airway pressure or flow in the
patient. For optimal patient-ventilator synchrony, the
time from the electrical stimulation of the diaphragm, to
the change in flow, pressure, or volume has to be very
short. An important factor hampering ventilator triggering is intrinsic PEEP or air trapping in the lung. Intrinsic
PEEP imposes an additional inspiratory threshold which
leads to the delay of the pneumatic trigger signal. The
reason for the delay is that the additional load has to be
overcome by the patient before the ventilator triggers.

Flow Delivery
With spontaneous breathing, flow and volume are determined by a variety of influences including metabolic
demand and load. As inspiratory effort varies pressure
support has to be titrated to improve ventilation and
synchrony with the ventilator.

Ventilator Cycling
In spontaneously breathing patients, cycling from inspiration to expiration is typically due to decrease in inspiratory flow relative to peak flow. Cycling is determined by
the ratio of the time constant of the respiratory system to
patient neural inspiratory time and the ratio of pressure
support to maximal inspiratory muscle pressure.

APRV

Expiration

APRV is a mode of ventilation where relatively high airway
pressures are maintained in between brief periods of pressure release. The high pressure settings (Phigh), the duration of high pressure (Thigh), the PEEP during the low
period (Plow), as well as the duration of the lower pressure
are all set by the clinician. The advantage to this mode of
ventilation is that spontaneous ventilation is preserved,
which avoids dyssynchrony with the ventilator. In addition, the high mean airway pressure which is maintained
may promote improved lung recruitment.

The cessation of inspiratory flow has to match neural
exhalation. If neural exhalation precedes cessation of ventilator-delivered inspiratory flow, there is a recruitment of
respiratory muscles that may prevent subsequent inspiratory triggering.

Patient–Ventilator Interaction in
a Spontaneously Breathing Patient
The variables that determine ventilator interaction with the
patient are triggering, flow delivery, cycling, and expiration.

Triggering
Impaired triggering of the ventilator may lead to an
increase in the workload required for the patient to initiate
a breath and could be associated with patient discomfort.
In ventilators with a pneumatic trigger, ventilator assist
can only begin once changes in airway pressure, flow, or
volume have taken place. For this to happen, the electrical
activation of the patient’s diaphragm has to lead to
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Principles of Mechanical Ventilation in
Pathological States
Acute Hypoxemic Respiratory Failure
The derangement in acute hypoxemic respiratory failure is
typically caused by an alveolar filling process like pneumonia, pulmonary edema, or pulmonary hemorrhage.
These disease processes may have varying degrees of alveolar filling, interstitial edema, and small airway dysfunction, resulting in small noncompliant lungs. Gas exchange
abnormalities that result from an alveolar filling process
are due to the intra parenchymal shunting that takes place.
The goals of ventilatory support are to ensure adequate
gas exchange while avoiding further lung damage. The goal
of mechanical ventilation is to achieve an adequate oxygen
saturation and ventilation, with least Fio2, with plateau
pressure of less than 30 cm H2O, the plateau pressure
representing end inspiratory stretch [3]. Excessive end
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Mechanical Ventilation, Principles of. Table 2 Mechanical ventilation: Initial settings

Goals of mechanical ventilation

Tidal volume

Acute airflow obstruction

Acute hypoxic respiratory failure

Adequate oxygenation and ventilation

Adequate oxygenation and ventilation

Prevention of dynamic hyperinflation

Prevention of excessive end inspiratory
stretch and volutrauma

<7 ml/kg

6–8 ml/kg
If plateau pressure >30 cm H2O decrease
tidal volume to achieve ventilatory goals

Respiratory rate

10–14 breaths/min

20 breaths/min

Inspiratory flow

80–100 l/min

60 l/min

Plateau pressure

<30 cm H2O

<30 cm H2O

PEEP

Look for signs of development of
intrinsic PEEP, as this could be a sign of
dynamic hyperinflation. May need to
match intrinsic PEEP in spontaneous
ventilation to decrease triggering
threshold

Titrate PEEP to keep plateau pressure
<30 with nontoxic FIO2 to maintain
adequate O2 saturation

inspiratory stretch (overdistension and volutrauma) with
cyclic opening and closing of the airways as well as cyclic
collapse of the alveoli at end exhalation (atelectrauma) are
responsible for ventilator-induced lung injury (VILI). These
direct injuries to the alveoli lead to local and vascular release
of inflammatory mediators in the lung which in turn cause
both further lung injury as well as distal organ damage in
a process referred to as biotrauma. VILI is characterized by
diffuse structural and functional damage to the epithelium
and endothelium. Thus the goal for a lung protective ventilation strategy is to limit tidal end inspiratory stretch as well
as cyclic collapse at end expiration. In light of the ARDS
network trial it is now prudent to recommend a tidal volume
of <6 ml/kg of predicted body weight, keeping plateau
pressure less than 30 cm H2O. A further reduction of tidal
volume is warranted if the plateau pressure is greater than
30 cm H2O on the initial settings. A predictable consequence of this strategy is hypercapnia and minute ventilation is maintained by increasing respiratory rate as well
as tolerating higher than normal levels of PCO2 [4]. At the
present time there is no consensus in the literature regarding the optimal level of PEEP to prevent further VILI.
Common practice is to use increasing but moderate levels
of PEEP in order to allow reduction in the fraction of
inspired oxygen. An example of such a stepwise approach
is used in the ARDSnet studies. It is important to remember that all current strategies target optimization of pressures measured at the airway when the true distending
pressure of the lung is the transpulmonary pressure. At the
present time this is not commonly calculated.

Obstructive Airway Disease
The pathology in obstructive airway disease is acute airflow obstruction in the setting of increasing airway resistance. Status asthmaticus presents with increasing airway
resistance resulting in increasing ventilation/perfusion
mismatching. Acute or chronic respiratory failure with
worsening COPD is essentially respiratory pump failure
in the setting of high resistance workloads. Because of
increasing airway resistance, regions of the lung do not
return to their resting lung volume, leading to dynamic
hyperinflation.
Dynamic
hyperinflation
creates
a mechanical disadvantage for ventilation as it presents
an increase in inspiratory load.
The goals for mechanical ventilation in patients with
airflow obstruction are to decrease resistive loads, prevent
dynamic hyperinflation, and unload the acutely
overloaded respiratory muscles [5].
Ventilation strategies include low tidal volumes
and low respiratory rates with prolonged expiratory
time and pressure limitation. This strategy prevents
dynamic hyperinflation and avoids consequent hypotension and barotraumas (pnemothorax and pneumomediastinum) (Table 2).
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Mediansternotomy

Mediastinal Hematoma. Figure 1 Chest x-ray with widened
mediastinum, loss of aortic knob contour

▶ Sternotomy

Mediastinal Hematoma
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abnormalities of the mediastinum, mediastinal
lipomatosis, and masses located in the mediastinum. The
antecedent patient history is critically important in
distinguishing the etiology of a widened mediastinum. In
traumatic cases, an aortic or thoracic great vessel injury is
the cause until proven otherwise. In this chapter, we will
focus on the common traumatic reasons for a mediastinal
hematoma.

Epidemiology

Synonyms
Aortic injury; Widened mediastinum

Definition
A mediastinal hematoma is defined as presence of blood
within the mediastinum as it dissects fascial planes and
infiltrates the mediastinal fat. This is commonly referred
to as the “widened mediastinum” seen on chest x-ray after
injury (Fig. 1). Other traumatic etiologies that can contribute to a widened mediastinum, either in isolation or
associated with an aortic injury include vertebral or sternal fractures or a ruptured esophagus. Although several
different etiologies can lead to the widened mediastinum,
the most important and life-threatening is injury to the
thoracic aorta. Equally serious are injuries to the
other thoracic great vessels. Nontraumatic rupture of
the thoracic aorta does exist and could present with
a similar appearing chest x-ray. It is important to record
other nontraumatic causes of a widened mediastinum
exist, such as a retrosternal thyroid goiter, vascular

Thoracic great vessel injury is the most significant etiology
of mediastinal hematomas. Penetrating trauma is the most
frequently encountered etiology. These injuries can occur
as a result of civilian violence with either firearms or knife
wounds. Vessel injury can also occur iatrogenically during
the placement of central venous catheters and tube
thoracostomies. Blunt aortic injury (BAI) can be a devastating injury if not diagnosed and treated promptly. Injury
commonly occurs distal to the origin of the left subclavian
artery, at the ligamentum arteriosum, as it provides a fixed
point for shearing forces to the aortic wall. It is one of the
leading causes of death in blunt trauma patients. In 1958,
Parmley et al. [1] described an 85% at-the-scene death rate
from patients suffering BAI. Additionally, they described
an approximate 1% per hour mortality rate in those who
did not receive immediate operative intervention.
Although those mortality rates have been re-characterized
over the years to be closer to 40% and 70%, rupture from
BAI continues to claim approximately 8,000 lives per year
[2]. The severity of the injury ranged from a partial
thickness intimal tear to a full thickness wall rupture.
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A contained hematoma saves most from free rupture.
However, patients with free rupture die instantly. Patients
with BAI who reach the hospital have approximately
a 30% mortality rate [3]. BAI most commonly occurs as
a result of motor vehicle collisions with equal frequency
between head-on and side-impact collisions. In addition,
any high-velocity deceleration across the body, such as
auto-pedestrian collisions, equestrian accidents, blast
injuries, thoracic crush injuries, and falls from a great
height, can cause BAI. Patients with BAI tend to have
multiple injuries which can complicate treatment,
distracting one’s attention from the widened
mediastinum.

Evaluation/Assessment

● A 38-year-old helmeted male, involved in a motorcycle
crash, presented to the emergency department with
multiple extremity fractures and a palpable deformity
of his sternum. He was hemodynamically stable and
was noted to have a widened mediastinum on chest
x-ray. A subsequent CT of the chest was performed,
showing a contained pseudoaneurysm of the aortic
arch (Fig. 2).
A comprehensive history and physical examination
can increase suspicion for thoracic great vessel injury.
Although most patients with BAI have minimal outward
signs of injury, certain physical findings on exam suggest
aortic injury [3]. These findings include hypotension,
upper extremity hypertension, unequal pulse exam in

Mediastinal Hematoma. Figure 2 CT chest with contained
pseudoaneurysm of the aortic arch and periaortic hematoma

upper extremities, sternal bruising (i.e., steering wheel
imprint), intrascapular murmur, palpable sternal fracture,
palpable thoracic spine fracture, left flail chest, or
a biomechanical unstable pelvic fracture.
When concerned about penetrating injury to the thoracic great vessels, it is extremely important to identify all
external penetrating wounds and determination of the
trajectory of a gunshot wound or path of the knife.
Prompt triage and diagnosis of all penetrating injuries is
critical.
The chest x-ray is the first screening modality
performed. Different findings, in isolation or combination, can prompt further workup for aortic injury. Several
important findings include:
● Subjective widening of the mediastinum
● Measured mediastinal width >8 cm at the level of the
aortic arch
● Obscured aortic knob
● Inferior deviation of the left main stem bronchus
● Rightward deviation of the nasogastric tube
● Left apical pleural widening
● Left hemothorax
● Rib or sternal fractures
● Opacification of the aortopulmonary window
Although 8 cm has been defined as the accepted “measure” of a widened mediastinum, the physician’s judgment
that a mediastinum is “wide” or abnormal remains the
best single indicator for further workup. In 1983, a group
of radiologists and surgeons were given representative
chest x-rays to see if they felt the patient had a BAI. Subjects were able to identify 83 out of 93 patients with BAI
based upon their interpretation of the chest x-ray [4].
However, 7% of patients with blunt injury to the thoracic
great vessels can have a normal initial chest x-ray [3]. For
the non-injured patient who has a widened mediastinum
noted on x-ray, the incidental finding should be further
evaluated.
The technique of performing the chest x-ray is important. Routine supine chest x-ray will likely show a wider
mediastinum than that filmed with a standing PA chest
film performed in the radiology suite. Additionally, body
habitus and degree of inspiratory excursion of the diaphragm affect the width and shape of the mediastinum.
Regardless, any abnormal mediastinum warrants further
high-resolution imaging (CT, CTA, etc.).
The injured patient who presents in extremis with
a widened mediastinum and massive hemothorax requires
operative intervention. This patient may require an emergency department thoracotomy as the initial intervention.
Injuries to the thoracic great vessels may be immediately
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identified and temporary hemorrhage control can be
obtained. The operating room for definitive vascular control and intervention is preferred, but in any case, survivors are rare.
When an injured patient presents with a CXR showing
a widened mediastinum and is hemodynamically unstable, life-threatening hemorrhage elsewhere (abdomen,
pelvis, etc.) should be ruled out. A contained
pseudoaneurysm of the aorta may not be the primary
cause of hypotension and hypovolemic shock from
intra-abdominal or pelvic fracture bleeding are common
sources.
The hemodynamically stable patient with concern for
BAI, either a widened mediastinum on chest x-ray or
a normal chest x-ray with a high index of suspicion,
warrants further imaging of the thoracic great vessels
and structures of the mediastinum. Computed tomography has now replaced the classical aortography as the next
step in the evaluation of the thoracic vessels. Contrastenhanced CT of the thorax can help characterize other
injuries or pathology within the patient with the widened
mediastinum. A CT can usually be performed within
minutes, requires less equipment/staff than aortography,
and is available in most hospitals at all times of day and
night.
In some patients, the usage of conventional CT
may be equivocal in ruling out an aortic injury. The
use of CT aortography (CTA), a high-resolution CT
with 3D reconstruction of the aorta after a high-flow
intravenous contrast bolus provides image resolution
equal to conventional aortography. Some may choose to
forgo conventional CT chest in favor of obtaining a CTA,
especially with a high index of suspicion. Aortography
should be reserved for select patients or as part of an
endovascular repair.

Treatment
Once the diagnosis of a thoracic great vessel injury has
been made, important questions must be answered. Will
the patient require immediate operative intervention or
a delayed intervention? Is the patient a candidate for an
endovascular repair? What steps must be performed prior
to implementing an operative intervention?
The initial management of the thoracic great vessel
injury is determined by the hemodynamic stability of the
patient and the presence of other life-threatening injuries.
Delaying definitive great vessel repair is acceptable and in
many cases desirable. For example, a hemodynamically
unstable patient with intra-abdominal hemorrhage must
have the bleeding controlled before definitive repair of the
aorta or someone with a severe traumatic brain requires
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immediate stabilization and even craniotomy at times
prior to aortic repair.
The concern with delayed intervention is that a small
contained intimal tear extends and rupture occurs. Lowering blood pressure and aortic stretch (dP/dT) with
pharmacologic intervention has been shown to decrease
leak rates. Maintaining lower blood pressures decreases
not only stress on the injured aorta, but can also prevent
dislodgement of an existing hematoma overlying an aortic
perforation. A target mean arterial pressure of 60–70
mmHg has been shown to be the most beneficial.
The optimal therapeutic agent for maintenance of
normotension is a short-acting intravenous b-blocker,
such as esmolol. The drug is easily titratable and has
a short half-life. Maintenance of normotension in the
patient with a BAI has to be weighed against other potential injuries, such as traumatic brain injury.
The definitive treatment of BAI is surgical, and either
an open technique or an endovascular technique is acceptable. Each approach has its own risks and limitations.
Open repairs have up to a 13% average mortality rate
with an average paraplegia rate of 10%. The standard
approach is by left thoracotomy. The choice of anterior
or posterior thoracotomy depends on the location of the
injury, with the more common descending injury requiring a posterior approach. Proximal and distal control of
the injured vessel is required. Rapid clamping and repair
can be performed, with or without passive or pumpassisted bypasses. An important drawback to pumpassisted bypass in the injured patient is that systemic
heparinization is required. The treatment decision is
dependent upon the clinical situation and any concomitant injuries.
Endovascular repair of thoracic great vessel injury
began use in the late 1990s. Initial repairs were performed
with improvised devices that had primarily been used in
abdominal aortic cases. Over time, FDA-approved devices
have been developed and experience with endovascular
repairs has increased over the years and is now considered
a standard of care for isolated descending thoracic aortic
injuries. The potential benefits to these patients include
avoidance of thoracotomy, cardiopulmonary bypass, less
operative blood loss, lower mortality rate, and a lower
paraplegia rate. A 2007 study reported 125 patients who
had undergone endovascular stent graft repair of aortic
injuries with a 7.2% mortality rate and a <1% paraplegia
rate [5]. Of the 125, 25 patients (20%) developed 32
device-related complications. Endoleak was the most
common, occurring in 18 of the cases. Also reported
were vascular access injuries, occlusion of the origin of
the left subclavian artery, stroke, paraplegia, occlusion of
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the left common carotid artery, partial collapse of the stent
graft, and infection of the vascular access site.
Non-aortic great vessel injuries require careful planning for intervention. Surgical approaches to the left-sided
and right-sided vessels can be vastly different. The extent
of the injuries can be initially identified by the initial CT
scan. When the diagnosis is in doubt, selective angiography can better help identify the injuries.
As stated, the decision for operative intervention must
take into account any concomitant injuries. Treatment
may be delayed in those patients with severe traumatic
brain injury, severe chest and pulmonary injury, critical
hypoxia, those with significant risk factors for infection, or
those with severe comorbid injuries precluding an
extended operative repair. These patients may benefit
from prolonged medical management of their BAI.
A review published in 2002 examined 30 out of 154
patients with BAI who underwent a period of
nonoperative management [6]. Fifteen patients had operative management delayed greater than 24 h after presentation. Another fifteen patients never underwent operative
repair. The patients with nonoperative management were
older (mean age 52 vs 36), tended to be more severely
injured (mean ISS 36 vs 32), and had more premorbid
conditions than those who only had a delay in treatment.
Five of the nonoperative treatment patients died of head
injuries. The other 10 who survived were alive at a median
of 2.5 years without need for operation. Patients who had
progression of their disease (three patients with treatment
delayed >24 h) did so during the first week following
injury. Because of the potential for rapid progression during
the first week post-injury, frequent radiologic evaluation is
recommended for the nonoperatively managed patient.
Other causes of a widened mediastinum that can be
identified in the post-traumatic patient include sternal
fracture, vertebral fractures, or a ruptured esophagus.
Bony injuries are sometimes identified on the initial
chest x-ray, but the complete extent is elucidated by CT.
The hematomas associated with these injuries can be
extensive, but usually are self-limited as tamponade of
bleeding occurs. The first sign of a ruptured esophagus
would be the presence of mediastinal air on the initial
chest x-ray. Other signs of esophageal perforation would
include fever or a hemothorax that changes to strawcolored fluid over time. The esophageal injury can be
further classified with CT, showing further extent of the
pneumomediastinum or fluid surrounding the esophagus
without suggestion of acute hemorrhage. A barium or
gastrografin swallow, the gold standard for detection of
perforation, should be performed when clinically able.
Esophagoscopy can also be considered, when possible.

Nontraumatic aortic rupture usually occurs in
patients who have underlying connective tissue disorders.
The presentation of the patient will be different than the
injured patient. These patients likely will complain of
a more acute onset of chest pain with possible radiation
to their back. This can occur with the patient at rest or
during activity, not associated with any injury. However,
management of their aortic defect will be similar to the
traumatic injury, with prompt diagnosis and intervention
as the comorbid conditions allow. Endovascular repair is
considered the standard therapy when possible.
It is important to note that during the workup of a
widened mediastinum, other nontraumatic etiologies can
be identified, such as a retrosternal thyroid goiter, vascular
abnormalities of the mediastinum, mediastinal lipomatosis,
and mediastinal masses. Again, the antecedent patient history can help with the differential diagnosis of these causes.
A history of hypothyroidism can help with the diagnosis of
a goiter. A patient’s history of hypertension may be the only
clue to a patient with a vascular ectasia in the mediastinum,
such as a thoracic aortic aneurysm. Thoracic aneurysms
occur in older patients due to chronic changes in connective
tissue and weakening of the aortic wall. Thoracic aneurysms
also occur in patients with collagen disorders, such as
Marfan’s syndrome. Chronic steroid usage can lead to
mediastinal lipomatosis. A thorough oncologic history
could help differentiate masses within the mediastinum,
either primary or metastatic. Further imaging may be
necessary.

After-care
Patients managed with either an open or endovascular
repair will require intensive care monitoring postoperatively. Blood pressure control will be as critical postoperatively as it was preoperatively. In the absence of other
thoracic injuries, mechanical respiratory support should
be minimal.

Conclusion
Mediastinal hematoma is the accumulation of blood
within the mediastinum and is best diagnosed by radiographic imaging, most commonly CXR. A widened mediastinum in the injured patient is an aortic injury until
proven otherwise. Prompt high-resolution imaging (CT
scanning) is critical in determining the extent of the
injury. Medical management can be used to temporarily
limit further extension of injury, and delay definitive surgical repair to a more optimal time. The selection of the
technique for definitive repair can be either surgical or
endovascular and must consider many factors to assure
good outcomes.
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Synonyms
Ascending mediastinitis; Boerhaave’s syndrome; Deep
sternal
wound
infection;
Descending
cervical
mediastinitis; Descending necrotizing mediastinitis;
Mediastinal sepsis; Mediastinitis; Sterno-mediastinitis

Definition
Mediastinitis is an infection involving mediastinal structures. Major structures within the mediastinum include
the pericardium, heart, esophagus, and great vessels. Additionally, there are also nerves, blood vessels, adipose, and
lymph and soft tissue. The mediastinal space exists within
the intrathoracic cavity between the pleura of the right and
left lungs.
Primary infection of the mediastinum is rare. There
are three main etiologies of mediastinitis. In order of
decreasing frequency, these are:
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1. Post-procedure, most often post-sternotomy
2. Spread of infection to the mediastinum from other
sites, both contiguous and non-contiguous
3. Esophageal rupture

Characteristics
Post-procedural Mediastinitis
Mediastinitis most commonly develops post-sternotomy.
Post cardiac surgery, the incidence is in the range of
016–2.2% [1].
Although it can sometimes be difficult to diagnose
initially, the CDC guidelines suggest that a firm diagnosis
of mediastinitis can be made in the following circumstances [2]:
1. The patient has organisms cultured from mediastinal
tissue or fluid obtained during a sterile surgical operation or a sterile needle aspiration.
The clinical context and pathogenicity of the
microbe cultured need to be considered. Occasionally
determining pathogen from contaminant can be difficult and any culture must be interpreted within the
clinical and surgical context.
2. The patient has evidence of mediastinitis seen during
a surgical operation or histopathologic examination of
surgical samples.
3. The patient has at least one of the following signs or
symptoms with no other recognized cause: fever
(>38 C), chest pain, or sternal instability
and at least one of the following:
(a) Purulent discharge from mediastinal area
(b) Organisms cultured from blood or discharge
from mediastinal area
(c) Mediastinal widening on X-ray
Rarely post-procedural mediastinitis can occur secondary to other procedures, including traumatic intubations, tracheostomy, Left Ventricular Assist Device
placement, central line insertion, and biopsies of local
tissue and lymph nodes (Table 1).

Spread of Infection to the Mediastinum
Mediastinitis can originate from contiguous spread of
infection from the head and neck. Spread occurs along
the deep cervical fascial plane. This plane is continuous
between the head and neck and mediastinum. Within this
plane are three potential spaces: retropharyngeal,
prevertebral, and the space in between these two, the
danger space. Seeding of these spaces can occur from
odontogenic and peritonsillar infections, in addition to
epiglottitis, parotitis, and sinusitis. Once infection is
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Mediastinal Infections. Table 1 Risk factors for
post-sternotomy mediastinitis [1]
Patient factors

Operative factors

Obesity

Prolonged OR

Diabetes

Use of:
Bone wax
Electrocautery

Peripheral vascular disease

Utilization of bilateral
internal mammary arteries

Advanced age

Acute kidney Injury

History of smoking

Re-operations

COPD

established here, it can travel in a caudad direction to the
mediastinum. Downward spread is promoted by gravity
and negative intrathoracic pressures generated during
inspiration [3].
Mediastinitis can rarely be caused by infection originating from sites other than the head and neck. These
include the abdomen, chest wall, lungs, and lymph
nodes. Hematogenous spread is also possible.

Esophageal Rupture
Prior to the era of open thoracic surgeries and effective
antibiotic therapy, esophageal rupture was the most common cause of mediastinitis and almost uniformly fatal.
Esophageal rupture was first described by Dr. Hermann
Boerhaave in 1724. He was called to attend to a Great
Admiral of the Dutch Fleet, Baron Jan von Wassenaer,
who had ruptured his esophagus following voluntarily
induced post-prandial emesis. The admiral experienced
sudden onset of sharp chest pain. He declared himself
dying and retired to his room. Although extremely ill, he
was alive the next morning, and was seen by Dr. Boerhaave
just prior to his death.
Dr. Boerhaave performed an autopsy, which confirmed his clinical suspicion of esophageal rupture.
Boerhaave’s syndrome refers to the constellation of emesis-induced esophageal rupture with spillage of esophageal
and gastric substrate into the mediastinum leading to
mediastinitis (Fig. 1).
Esophageal foreign bodies, such as fish bones, can
cause esophageal rupture by direct puncture or delayed
rupture from impaction. Rupture can also occur from
severe valsalva maneuvers. Malignancies of the esophagus
and sites of surgical anastomoses are also known risk
factors.

Mediastinal Infections. Figure 1 Boerhaave’s Syndrome.
Forty-five year old men with chest pain and shortness of
breath. Initial CXR shows LLL consolidation and blunting of
costophrenic angle

The most common cause of esophageal rupture is
iatrogenic injury. Any procedure involving manipulation and introduction of foreign bodies into the esophagus may lead to rupture. These include procedures
such as transesophageal echocardiograms, gastroduodenoscopy, and placement of tamponade devices for
esophageal or gastric varices. Traumatic and difficult
endotracheal intubations are reported as a rare
cause [4].

Treatment
Early initiation of broad-spectrum antibiotics is the foundation of therapy. The pathogen varies depending on
etiology. Therefore, acquisition of adequate cultures is
crucial. Antibiotic therapy should be de-escalated once
these results are available. Keep in mind the caveat
that anaerobic organisms are difficult to isolate and may
yield negative results. Continuation of therapy effective
against anaerobic organisms despite negative cultures is
prudent in mediastinitis arising from esophageal perforation or descending mediastinitis from a head and neck
sources.
Patients with mediastinitis secondary to head and
neck infections tend to have polymicrobial flora with
predominantly oropharyngeal organisms. Esophageal
perforation leads to infection with similar organisms
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with a greater predominance of gram-negative bacilli.
Antibiotic coverage should include agents effective
against gram-positive cocci, gram-negative bacilli (particularly Klebsiella), and oral anaerobes (gram-positive
and gram-negative). In particular, appropriate antibiotic
coverage for anaerobic Streptococcus and Bacteroides
species is required. Depending on local prevalence, methicillin-resistant Staphylococcus aureus may play a role [5].
Appropriate antibiotic coverage for mediastinitis secondary to esophageal rupture or spread from a head and
neck source could include any of the following:
● Extended spectrum penicillin/Beta-lactamase inhibitor combination (consider as initial therapy in the
moderate to severely ill patient)
● Third generation cephalosporin with metronidazole
● Carbapenem (consider as initial therapy in severely ill
patients)
● Penicillin allergic patients (anaphylactic, anaphylactoid, or angioedema):
● In the severely ill patient strongly consider administering a Carbapenem as penicillin crossreactivity is likely low
● Tigecycline alone
● Ciprofloxacin with Clindamycin, although there is
increasing gram-negative resistance to ciprofloxacin
in the community. Alternatively aminoglycosides
(i.e., gentamicin or tobramycin)can be used in conjunction with clindamycin, although there is
a significant risk of associated renal failure and
ototoxicity
In severely ill patients it is imperative to provide
adequate initial coverage and narrow antibiotics accordingly. Extended spectrum penicillin/Beta-lactamase inhibitor (i.e., piperacillin/tazobactam or ticarcillin/clavulanic
acid) or Carbapenems (i.e., meropenem, imipenem, or
doripenem) are reasonable initial choices in these
patients. Carbapenems are a safer alternative where
there is a moderate to high prevalence of multidrugresistant gram negatives but their use should be limited,
if at all possible, to maintain the ongoing efficacy of these
agents.
Post-surgical patients tend to have a higher frequency
of infection caused by gram-positive organisms. Staphylococcus epidermis and Staphylococcus aureus, and to a lesser
degree Enterococcus species, are the predominant players.
However, gram-negative bacteria may also have a role,
especially Enterobacter species, E. coli, and Klebsiella. Initial antibiotic choice should provide coverage for both
gram-positive and gram-negative organisms. Anaerobes
do not play a major role in these infections.
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Initial regimens may include any of the following agents:
● Extended spectrum penicillin/Beta-lactamase inhibitor combination
● Carbapenem (as above, consider as first line in severely
ill patients)
● Third or fourth generation cephalosporin
● Penicillin allergy:
● In the severely ill patient strongly consider administering a Carbapenem as penicillin cross-reactivity
is likely low.
● Ciprofloxacin with clindamycin, although there is
increasing gram-negative resistance to ciprofloxacin
in the community. Alternatively aminoglycosides
can be used in conjunction with clindamycin,
although there is a significant risk of associated
renal failure and ototoxicity.
● Ciprofloxacin + Vancomycin or Vancomycin
alternative
● Tigecycline
PLUS
● An extended spectrum anti-gram–positive agent
is mandatory as initial therapy, pending culture
results, due to the high incidence of infection with
coagulase-negative Staphylococcus, i.e., Staphylococcus
epidermidis. This organism is typically resistant to
other agents. Add:
● Vancomycin or
● Vancomycin alternatives:
● Linezolid
● Daptomycin
● Tigecycline (may be used alone as it has activity
against gram negatives but would not be considered a first-line agent)
In debilitated patients or those not responding to
a reasonable duration of broad antimicrobial therapy
(i.e., 7 days), unusual pathogens such as Candida and
Aspergillus should be considered.
There are no clear studies in the literature to guide the
duration of therapy for mediastinitis. Therefore, sound
clinical judgment needs to be employed based upon the
patient’s level of illness, response to treatment, organisms
involved, ongoing presence of loculated collections, and
the ability to provide source control. Delay to diagnosis is
also an important determinant; the longer the delay,
the more likely the infection has become extensive mandating a longer course of therapy. A frequent complication of
post-sternotomy mediastinitis is sternal osteomyelitis.
As such, most post-surgical patients with mediastinitis
require 4–6 weeks of therapy.
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Mediastinal Infections. Figure 3 Chest tube is inserted.
Frank food stuff and pus is expressed from pleural space

Mediastinal Infections. Figure 2 Symptoms worsen and
repeat CXR shows left pleural effusion with air fluid level and
pneumothorax

Imaging can be used as a guide to gauge effectiveness
of therapy and therefore duration. A CT scan of the chest
can be repeated 5–7 days post-initiation of therapy and
periodically thereafter to ensure improvement, regression
of inflammation, and to ensure no new collections have
developed. Though non-specific, markers of inflammation, such as C-reactive proteins (CRP) and erythrocyte
sedimentation rate (ESR) may also be followed at weekly
intervals, particularly in the case of associated
osteomyelitis.
Surgical drainage and debridement has historically
been recommended for all cases of mediastinitis. The
relevant surgeons should be consulted and involved in
treatment decisions. These may include thoracic, cardiac,
and oromaxillofacial surgeons. Drainage of fluid collections and debridement of devitalized mediastinal tissue
and bone is performed via thoracotomy. Recently, some
have advocated conservative, non-operative approaches.
These include placement of percutaneous drains
and drainage via video-assisted thoracoscopy. In wellcontained, localized infections, antibiotics alone may be
sufficient.
If a head and neck source is suspected, strong consideration needs to be given to drainage of collections and
exploration of relevant fascial planes. Esophageal tears

should be repaired. However, there has been some success
with conservative approaches to the treatment of esophageal rupture. This has been used in patients who are stable
and not showing any signs of sepsis. The approach
includes suctioning via gastric tubes, gastric acid suppression, holding feeds, and administration of broad spectrum
antibiotics. Esophageal stents can be used to seal the site of
rupture. The length of time that stents remain in place is
not clear. Stents have been left in place from 10 days to
4 months, depending on the size of the esophageal defect.
Pleural effusions are drained via chest tube or
thoracoscopy (Figs. 2 and 3) [5].

Diagnosis
A good history exploring the various causes of
mediastinitis is crucial. Particular attention needs to be
paid to surgical and procedural history, ingestions and
emesis, presence of dysphagia, and head and neck
infections.
The clinical course of mediastinitis varies broadly
from the indolent end of the spectrum to fulminant septic
shock. Patient complaints can include chest pain, dysphagia, odynophagia, dyspnea, nausea, and occasionally
abdominal pain. Given the initial subtlety of this condition, a high index of suspicion should be maintained.
Physical examination can be normal early in the
course with rapid deterioration over a matter of hours.
Patients are often febrile, tachycardic, and may have overt
septic shock. Patients may have crepitus of the chest wall
from extension of pneumomediastinum and a Hamman’s
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Mediastinal Infections. Figure 4 Gastrograffin Esophogram
study reveals extravasation from distal esophagus, confirming
esophageal rupture

crunch may be auscultated. Hamman’s crunch is a very
distinctive crunching or clicking sound heard loudest near
the apex in patients with pneumomediastinum. It is synchronous with systole. Patients with esophageal rupture
may have Mackler’s triad; “classic” presentation of
Boerhaave’s syndrome which consists of a history of
vomiting, chest pain, and subcutaneous emphysema.
Patients with descending necrotizing mediastinitis most
often have concomitant head and neck infections.
Post-sternotomy patients may have obvious signs of
infection at the wound site, or may present with only postoperative chest pain. Wound dehiscence and sternal instability should be considered a sign of infection until proven
otherwise. If these patients are clinically septic without an
obvious source, deep mediastinal infection should be evaluated as a potential etiology.
Laboratory studies may show leukocytosis, and an
elevated CRP. Consideration may be given for checking
a Procalcitonin level, although its role in mediastinitis has
not been clearly defined. Blood and wound cultures
should be sent, ideally from deep would specimens
obtained at surgery. Superficial wound culture may not
reflect the true pathogen. Sternal puncture, done by experienced hands, is an easy-to-perform procedure and provides valuable information. Epicardial pacer wires can be
cultured, but their positive predictive value is very poor.
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Mediastinal Infections. Figure 5 CT chest reveals
pneumothorax, pneumomediastinum, and pleural effusion

Chest X-rays (CXRs) demonstrate non-specific abnormalities in a majority of cases. These include a widened
mediastinum; emphysema of subcutaneous, mediastinal,
or pericardial spaces; air-fluid levels; and pleural effusions.
Computed tomography (CT) of the chest, with contrast, has become a mainstay of diagnosis It can reveal
signs of localized infection and its sequelae; including soft
tissue edema, fat attenuation, abscesses, empyema, mediastinal lymphadenopathy, gas bubbles, and both pleural
and pericardial effusions. In descending necrotizing
mediastinitis, CT scanning should include the neck and
lower half of the skull. This may reveal the primary site of
infection and delineate its path tracking inferiorly. The
depth of infection, degree of mediastinal involvement and
spread may be seen. Post-sternotomy patients may show
all of the above, in addition to sternal erosion and osteomyelitis. However, in the first 2 weeks following an operation there is significant tissue edema making it difficult
to differentiate between physiologic edema and acute
infection.
An MRI provides greater soft tissue discrimination
and evaluation of cortical changes of the bone. Therefore,
when a CT scan is equivocal an MRI may yield a more
definitive answer.
In cases where esophageal rupture is being considered, an esophogram using gastrograffin can also
be performed (Fig. 4). A negative study should be

M

1376

M

Mediastinal Infections

Mediastinal Infections. Table 2 Mediastinitis etiology, associated pathogens, and diagnostic strategy
Etiology

Common organisms

Diagnosis

Post-procedure, most commonly
median sternotomy

Mainly Staphylococcus epidermidis,
Staphylococcus aureus, and Enterococcal spp.

Sternal puncture

Less commonly gram negatives such as
Enterobacter spp. and Escherichia coli.

Wound cultures

Spread of infection to the
mediastinum, most commonly from
the neck and oropharynx

Oral gram-positive cocci

Chest X-Ray (CXR)

Oral gram-positive and gram-negative
anaerobes

CT of neck and chest with IV contrast

Esophageal rupture

Same as above, plus gram-negative bacilli

CT of chest with IV contrast

CXR
CT of chest with IV contrast
Esophagram with gastrograffin

Any etiology

Consider MRSA if high prevalence
Consider Candida and Aspergillosis in debilitated patients or those poorly responding
to a reasonable course of broad spectrum therapy

Mediastinal Infections. Table 3 Mediastinitis etiology, treatment priority, and suggested antibiotic regimens
Etiology

Treatment

Antibiotic choice

Post-procedure

Antibiotics

*Extended spectrum penicillin/Beta-lactamase
inhibitor combination

Source control

*Carbapenem (severely ill patients) or

Primary or secondary closure of chest

*Third or fourth generation cephalosporin or
*Penicillin allergy: Carbapenem, Clindamycin +
Ciprofloxacin (or aminoglycoside) or Tigecycline
alone
PLUS
*Vancomycin or Vancomycin alternative

Contiguous or distal
spread

Antibiotics

*Extended spectrum penicillin/Beta-lactamase
inhibitor combination

Source control at site of origin and mediastinum

*Third generation cephalosporin with
metronidazole
*Carbapenem (severely ill patient)
*Penicillin allergic patients: Carbapenem,
Clindamycin + Ciprofloxacin (or aminoglycoside)
or Tigecycline alone
*Consider MRSA coverage

Esophageal rupture

Antibiotics

Same as above (contiguous or distal spread)

Source control
Esophageal repair or stenting
Length of treatment

Patient-specific
Dependent on many factors, including time to diagnosis, patient level of illness, ability to control the
source, response to treatment, virulence of invading pathogen, improvements noted on CT or serum
markers (CRP). Usual course is 4–6 weeks
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interpreted with caution as the false negative rate can
be as high as 25%. Barium should be avoided as its
presence in the mediastinum can lead to significant
inflammation.
In cases of clinical uncertainty, fine needle aspiration
of mediastinal fluid can be carried out. This can help
identify infected fluid and causative agents. Samples can
be obtained via CT or endosonographic guidance,
thoracoscopy, or sternal puncture (Fig. 5).

Prognosis
Delayed diagnosis and initiation of therapy portends the
worst prognosis. Other negative prognosticators include
advanced age, acute kidney injury, and hemodynamic
instability.
Prior to effective surgical and antibiotics therapy,
mediastinitis from esophageal rupture had a mortality
rate of essentially 100%. Today it ranges from 30% to
50%. For neck- and oropharyngeal infection–related
mediastinitis, the mortality is 15–30%. Post-sternotomy
mediastinitis has a mortality rate of 5–10%.
The most frequent complication associated with
mediastinitis is sepsis and multi-organ system failure.
Local complications include sternal osteomyelitis, pleural
effusions, empyema, pyothorax, and purulent pericarditis.
Vertebral artery, internal jugular and subclavian vein rupture have been described in association with descending
necrotizing mediastinitis (Tables 2 and 3).
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Mediastinitis
Infection of mediastinum. Anatomically, the mediastinum
extends from the posterior aspect of the sternum anteriorly
to the anterior vertebral bodies posteriorly, thoracic inlet
superiorly to the diaphragm inferiorly, and extends laterally
to the parietal pleura. The mediastinum includes the
thymus, heart, great vessels, esophagus, and trachea.
Mediastinitis usually results after cardiac surgery from surgical site infection, but can be caused by esophageal perforation or retrograde infection from the oropharyngeal area.
▶ Mediastinal Infections

Mediastinitis, Postoperative
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M
Synonyms
Chest infection; Infection of mediastinum

Definition

▶ Mediastinitis is defined as the infection of the mediastinum. Anatomically, the mediastinum extends from the
posterior aspect of the sternum anteriorly to the anterior
vertebral bodies posteriorly, the thoracic inlet superiorly
to the diaphragm inferiorly, and is composed laterally to
the parietal pleura. The mediastinum includes thymus,
heart, great vessels, esophagus, and trachea.
Mediastinitis has various causes including esophageal
perforation, and trauma including iatrogenic injury by
endoscopy. Descending infection from the oropharyngeal
area has been studied to understand the nature and treatment of this disease [1]. Recently within a cardiac surgery
population, most of the mediastinitis cases are presented
as postoperative complications after cardiac surgery.
This article will focus on post-cardiac surgery
mediastinitis including treatment, evaluation, aftercare,
and prognosis.

Treatment
Postoperative mediastinitis (Fig. 1) is reported in over
300,000 cases per year in the United States. The incidence
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of postoperative mediastinitis is reported to be about
1%, but mortality is reported to be between 12%
and 35% and remains a critical complication for
cardiac surgery patients [2, 3]. Delays in diagnosis of
mediastinitis increase mortality and morbidity; proper
and timely diagnosis is critical. The optimal treatment of
postoperative mediastinitis has evolved over the past
10 years.

For minor superficial infections, most cases usually
respond to intravenous antibiotics, opening of the
wound, and local wound care. Persistent sinus tract or
recurrent breakdown might involve deeper sternal infection and may respond to wire removal and curetting of the
infected bone.
When deeper structures are involved, surgical
intervention with reopening of the ▶ sternotomy,
drainage, and debridement should be considered after
diagnosis. Culture should be sent for specifying the

organism. If there are no infections, this is labeled simple
▶ sternal dehiscence and treated with rewiring the
sternum.
Adequate debridement is necessary to prevent
recurrence. Management options after the debridement are open packing, primary and delayed sternal
closure with closed wound irrigation drain, and primary and delayed closure using muscle or omental
flap (Fig. 2). Of all methods, closure using muscle or
omental flap had the best result, with fewer recurrent
wound infections.
Sternal irrigation with povidone iodine has been used,
but case reports showed iodine toxicity seizures, metabolic
acidosis, and renal failure, so these approaches should be
used with caution.
Disadvantages of delayed therapy include altered thoracic mechanisms, ventilator dependence, and risk of
bleeding from exposed heart and great vessels.
▶ Vacuum Assisted Closure (V.A.C.®, KCI Inc., San
Antonio, TX) has emerged as a new option for the treatment of postoperative mediastinitis and is now used by
most surgeons after surgical debridement is adequate
(Fig. 3). The wound is sealed with polyurethane foam
dressing which is fitted to the contours of a deep or
irregularly shaped wound and sealed with a transparent
film. A draining tube is connected to a vacuum source,
and vacuum may be applied continuously or intermittently. It turns an open wound into a controlled, closed
wound while removing excess fluid from the wound bed
to enhance circulation and remove waste from the lymphatic system. Because right ventricular rupture and

Mediastinitis, Postoperative. Figure 1 Mediastinitis

Mediastinitis, Postoperative. Figure 2 Omental flap

Medical
Despite the fact that most postoperative mediastinitis is
caused by Staphylococcus aureus, initiation of broad spectrum coverage is advised against Gram-positive cocci and
Gram-negative bacilli including Pseudomonas species once
diagnosis of mediastinitis is established or suspected. The
antibiotic should be tailored depending on the culture
results.
Although there is no evidence, most favor antibiotic
therapy for 2–3 weeks.

Surgical

Mediastinitis, Postoperative

Mediastinitis, Postoperative. Figure 3 Wound VAC

death has been reported as a complication, placement of
silicone gauze between the VAC dressing and tissue is
recommended.
The efficacy of VAC in postoperative mediastinitis
is reported in several retrospective case series. Sixtyeight patients with sternal wound infection were compared to conventional therapy with open packing. In
the VAC group, freedom from mediastinal microbiological cultures was achieved earlier (P < .01), Creactive protein levels declined more rapidly (P < .025),
in-hospital stay was shorter (P < .01), rewiring was
earlier (P < .01), and survival tended to be higher
(P < .15) in the vacuum group compared to the conventional group [4].
After enough granulation has grown in the surface,
a bilateral pectoralis or rectus abdominus flap can be used
for coverage.
No randomized control trial has been conducted in
spite of broad practice of VAC.
Sterile sternal wound dehiscence is usually not
treated.

Prevention
A number of measures can be used to reduce the risk of
postoperative mediastinitis. Preoperatively, one should
identify pre-existing infection including pneumonia and
urinary tract infection and treat with appropriate antibiotics. Mupirocin is used to eradicate intranasal MRSA
carriers and reduces deep surgical site infection as well as
lower respiratory infection. Hibiclens wash day prior and
hair clipping before surgery can be used. Preoperative
antibiotics should be given within 60 min prior to the
skin incision for prevention of surgical site infection.
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According to STS guidelines, the recommended prophylactic antibiotic for adult cardiac surgery is firstgeneration cephalosporin, which is usually cefazolin [4].
In patients at high risk for a staphylococcal infection or
who are ß-lactam/penicillin allergic, vancomycin is
recommended as the primary prophylactic antibiotic
with additional Gram-negative coverage. Forty-eight
hours of antibiotic prophylaxis is recommended [5].
Intraoperatively, ensure the integrity of the midline
sternotomy and secure the sternal closure. Select patients
in CABG for bilateral ITA harvesting, especially in
diabetics. Adequate hemostasis and meticulous tissue
handling is necessary during the operation, avoiding
bone wax. Postoperatively, it is advisable to keep tight
blood sugar control and to avoid unnecessary blood
transfusions.

Evaluation and Assessment
Pathogenesis
There are multiple factors for pathogenesis of postoperative mediastinitis. Intraoperative wound contamination
during surgery is thought to be a cause. Some believe
infection occurs as isolated osteomyelitis, while others
propose sternal instability as the initiating event. Host
risk factors and operation risk factors play role in the
etiology of this complication.
Risk factors are mostly the same as those for usual
surgical site infections. Patient characteristics include age,
obesity, DM, malnutrition, nicotine use, altered immune
response, preoperative colonization with Staph aureus,
and concurrent infection. Operative characteristics
include preoperative hair removal and skin preparation,
antimicrobial prophylaxis, duration of surgery and adequate hemostasis, and tissue trauma.
Risk factors limited to cardiac surgery are previous
cardiac surgery, usage of bilateral internal mammary
arteries, inadequate sternal closure, external cardiac
compression, prolonged bypass time, sternal wound
dehiscence, postoperative shock, and multiple blood
transfusions [2].

Microbiology
Blood culture is positive in about half of postoperative
mediastinitis cases. Most postoperative mediastinitis is
caused by monomicrobial infection.
The most common organism is MSSA, followed by
MRSA, Gram-negative bacilli, Coagulase negative staphylococci, and Streptococci. There are rare reports caused by
fungi, Legionella, Nocardia, and tuberculosis.
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Clinical Features
Postoperative mediastinitis is mostly seen within 14 days,
although presentation can be delayed for a month, especially in immunocompromised or malnourished patients.
A patient’s presentation can range from subacute to
fulminate.
Most patients present with fever, tachycardia, sternal
pain, and purulent discharge from the wound. Sternal
instability is a classic sign which can be tested at the
bedside. Hamman’s sign is a crunching sound which synchronizes with heartbeat during systole over pericardium
on auscultation. Other signs include local crepitus and
edema/erythema of the chest wall. Differentiating between
superficial wound infection and mediastinitis can be
challenging.
As mentioned above, more than half of postoperative
mediastinitis cases present with bacteremia. A positive
blood culture such as Staphylococcus aureus within
90 days resulted in postoperative mediastinitis in threefourth of the cases. In case bacteremia was detected, the
possibility of mediastinitis must be considered as
a differential diagnosis.
Most patients with postoperative mediastinitis will
have leukocytosis, but this is a nonspecific finding.

Images

Chest X-ray can show ▶ pneumomediastinum or air-fluid
level in the mediastinum, especially in lateral film. Mediastinal widening, which is a classic sign of nonpostoperative mediastinitis, is rarely seen.
CT scans are more accurate compared to chest X-ray
(Fig. 4). CT scans are considered a high sensitivity
test and will show localized mediastinal fluid or
pneumomediastinum. They can also show sternal separation and substernal fluid collections. CT scans have
a sensitivity of 100% but specificity of only 33% if used
before postoperative day 14. CT scans should be used
when diagnosis is questionable in the late postoperative
period.
MRI is usually not a suitable test with sternal wire and
pacing wires. WBC scans have very high specificity but are
rarely used.

Mediastinitis, Postoperative. Figure 4 CT of mediastinitis

or wound drainage. The diagnosis is usually proven by
intraoperative findings with purulent discharge in the
mediastinum.

After-care
Patients require aggressive treatment after the proper
treatment for mediastinitis is completed. Nutrition is an
important factor for the healing process. If the patient is
not able to take enough per os, tube feeding must be
considered. Weekly nutrition labs should be obtained to
assess nutrition status.
Especially with patients managed with open mediastinum, stability of the chest wall is lost and respiratory
mechanics are changed. This condition must be managed
aggressively with respiratory treatment coordinated with
respiratory therapists.
Early ambulation and physical therapy must be
pursued in order to decrease other complications
and restore ADL.

Prognosis
Diagnosis
Diagnosis of postoperative mediastinitis is mostly obvious in patients who have fever, leukocytosis, and sternal instability with sternal wound drainage few weeks
postoperatively. Gram stain should be sent when blood
cultures are drawn. Diagnosis is supported with bacteremia or signs of sepsis. CT scan is used when all of
the above are not present, especially sternal instability

The mortality rate in postoperative mediastinitis is
reported between 12% and 35% [2, 3]. In
addition, interval mortality after surgery remains higher
in patients with mediastinitis. Also length of stay is
increased by 38–51 days, and total costs are more than
doubled [2].
Independent predictors of death included: (1) delay
over 3 days in sternal closure after debridement; (2) age

Meningitis

over 65; (3) stay in ICU before sternal debridement;
(4) serum creatinine over 2 mg/dL before debridement;
and (5) infection due to MRSA.
Considering the high rate of mortality in postoperative mediastinitis, one should always try to minimize
patient risk factors, and also to conduct adequate measures to decrease surgical risk factors. When patients present signs of sepsis postoperatively, mediastinitis should
be put on differential diagnosis and prompt measures
should be taken.
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Meningitis
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Synonyms
Aseptic meningitis; Bacterial meningitis; Fungal meningitis; Leptomeningitis; Viral meningitis

Definition/Diagnosis
Meningitis is an inflammation of the leptomeninges and
the underlying cerebrospinal fluid. Meningitis can be
acute (<1 day), subacute (1–7 days) or chronic
(>7 days) and can have both infectious and noninfectious etiologies. Acute bacterial meningitis is
a medical and neurologic emergency that is associated
with high morbidity and mortality. Bacterial meningitis
has an annual incidence of 4–6 cases per 100,000 adults,
with Streptococcus pneumoniae and Neisseria meningitidis
responsible for 80% of all cases [1]. The incidence of
bacterial meningitis varies with age, with the most affected
group being children under 2 years of age. In this age
range, the infection rate ranges from 10 to 110 cases per
100,000 infants per year [2]. Patients with acute bacterial
meningitis can present with subtle symptoms but decompensate very quickly. These patients require advanced
emergency care, including appropriately selected antimicrobial therapy, ideally administered within 30 min of
presentation. Recommendations for antimicrobial therapy continue to change as a result of antimicrobial resistance patterns. Practitioners are urged to consult with
local antibiograms and resistance patterns before selecting
antibiotics.
Bacterial seeding of the meninges usually occurs by
hematogenous spread from another location. Additional
sources include sinus, nasopharynx or osteomyelitic infections or colonization, or from septic emboli [1]. Meningitis may also occur through direct bacterial inoculation
during trauma, neurosurgery or instrumentation (intracranial pressure monitors, external ventricular drains,
lumbar drains, etc.). Immunocompromised patients are
at higher risk for opportunistic infections such as fungal,
viral, cryptococcus, syphilis, and tuberculosis, but acute
bacterial infections still remain the most common in this
population.
Bacteria can multiply rapidly due to the lack of
antibodies, complement components, and white blood
cells in the CSF. One check to this rapid multiplication
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is the poor nutrient base of CSF. Bacterial cell
wall components initiate a cascade of complement
and cytokine-mediated events that result in increased
permeability of the blood-brain barrier, cerebral
edema, and the presence of toxic mediators in the
CSF. If untreated, this cycle can lead to significant
alterations of the meningeal blood vessels. This ultimately contributes to profound changes in cerebral
blood flow autoregulation and anoxia via microthromboses
in the meningeal circulation [2].
The sensitivity of the classic triad of fever, neck stiffness, and altered mental status is low (44%) in adults
presenting with community-acquired acute bacterial
meningitis. Despite this, almost all patients present with
at least two of the four following symptoms – headache,
fever, neck stiffness, and altered mental status [1]. Therefore, lumbar puncture is mandatory in any patient in
whom bacterial meningitis is suspected. However, antimicrobial therapy should not be delayed for the lumbar
puncture to be performed, with administration ideally
occurring within 30 min of initial medical contact. The
use of cranial imaging prior to lumbar puncture in
patients with suspected meningitis is controversial. Practitioners should consider computed tomography (CT)
imaging prior to lumbar puncture for patients with newonset seizures, an immunocompromised state, clinical
signs of increased intracranial pressure (or spaceoccupying lesions), or moderate-to-severe alterations of
consciousness. Antibiotic therapy should be initiated
prior to any imaging performed prior to lumbar puncture.
Cerebrospinal fluid findings are critical to determining
the etiology of meningitis. Table 1 shows the most

common, expected CSF values for different etiologies of
meningitis. It should be noted, that all etiologies can have
CSF values that mimic another etiology. CSF cultures
remain the gold standard in determining the etiology
(bacterial, viral, fungal, etc.). Serial lumbar punctures
may be indicated in those cases in which the etiology
remains unknown.
CSF lymphocytosis is present in bacterial meningitis
10% of the time, while PMNs may predominate early in
the course of viral meningitis. Some bacteria
(Mycoplasma, Listeria, Leptospira species, Borrelia
burgdorferi (Lyme disease), spirochetes) produce spinal
fluid characteristics that resemble the viral profile, as do
partially treated bacterial infections. Tuberculous and parasitic meningitis often resemble the fungal profile more
closely.
The development of the Haemophilus influenzae type
b and pneumococcal conjugate vaccines have contributed
to a decline in bacterial incidence over the past 15 years.
Meningitis is caused by different pathogens depending on
the patient age group. See Table 2.

Treatment
The hallmark of appropriate care of a patient with meningitis is early recognition, diagnosis, and carefully
selected antibiotics. The choice of initial antimicrobial
therapy is based on the most common bacteria causing
the disease based on the patient’s age, the clinical setting,
and local patterns of antimicrobial susceptibility. As noted
above, empiric antimicrobials should be administered if
a lumbar puncture cannot be performed within 30 min of
medical contact.

Meningitis. Table 1 Cerebrospinal fluid findings in meningitis [1, 2]
Test

Bacterial

Viral

Fungal

Tubercular

Opening pressure
(5–15 cm H20)

Elevated
(20–50 cm H20)

Usually normal

Variable
(>25 cm H20)

Variable

5–500
(mean 80)
>50% lymphocytes
<20% PMNs

20–2,000
(mean 100)

5–2,000
(mean 200)

>50% lymphocytes

>80% lymphocytes

White Blood Cell Count 100–20,000
(mean 800)
(0–5/mm3)
Cell differential

>80% PMNs

Protein
(15–45 mg/dL)

Usually >150
May be >1,000

30–150

40–150

>50

Gram stain
(No organisms)

Organisms
(60–90%)

Negative

India ink required
(80–90% effective)

AFB required
(40% effective)

Normal

Decreased

Markedly decreased

Glucose
<40% of serum
(>2/3 of serum glucose
concentration)

Meningitis
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Meningitis. Table 2 Causes of bacterial meningitis by age group [1, 2]
Neonates
(Birth – 1 month)

Infants and children
(2 months – 4 years)

Group B or D
Streptococcus
Nongroup B
Streptococcus
Enterobacteriacea
(Escherichia coli)

Children through
young adults
(4–40 years)

Adults
(>60 years)

Immunocompromised

Haemophilus influenzae Neisseria meningitidis

Streptococcus
pneumoniae

Age appropriate
bacteria

Neisseria meningitidis

Haemophilus influenzae Herpes simplex

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Listeria monocytogenes

Gram-negative bacilli

Fungal infections

Staphylococci

Mycobacterium
(tuberculosis)

Streptococci
Listeria species

Antimicrobial Therapy
A broad-spectrum third-generation cephalosporin
(cefotaxime or ceftriaxone) is recommended for most
patients. Vancomycin is recommended when treating
patients (of all ages) with suspected Streptococcus
pneumoniae in areas of the world with known drugresistant strains. For patients younger than 3 months or
older than 50 years, ampicillin should be added for the
increased incidence of Streptococcus agalactiae and Listeria
monocytogenes. For patients who have recently been hospitalized, experienced head trauma, or have undergone
neurosurgery, a combination of broad-spectrum antibiotics with aggressive coverage of both gram-positive and
gram-negative bacteria should be chosen. In immunocompromised patients (HIV, chemotherapy, chronic steroid use, hematologic malignancies), treatment must
include ampicillin (Listeria species) and a cephalosporin
with appropriate coverage for gram-negative bacilli (pseudomonas, acenitobacter, etc.). In addition, the clinician
must maintain appropriate suspicion for less common
opportunistic infections and have a low threshold to initiate anti-fungal or anti-tuberculosis therapy as indicated.
In patients in which herpes simplex virus is considered,
acyclovir is the treatment of choice [3].
Resuscitation should occur concomitantly with diagnosis and appropriate antimicrobial administration.
Respiratory distress/failure and sepsis/septic shock should
be treated aggressively with airway management and judicious fluid administration as indicated. Hypoxia and
hypotension should be avoided at all costs, as both will
further contribute to additional neurologic injury. If present, seizures should be managed aggressively per

institutional protocol. Initial management with benzodiazepine administration and phenytoin (15 mg/kg) or phenobarbital (5–10 mg/kg) are appropriate options.
Prophylactic anti-epileptic medications are not indicated
in patients with meningitis.
Patients with space-occupying abscesses or subdural
empyemas will often require surgery, and early neurosurgery consultation is encouraged.

Corticotherapy
Controversy surrounds the use of steroids and other
immunotherapies for meningitis. One theory behind
corticotherapy is that it may possibly reduce the local
inflammatory reactions described above, which can be
neurotoxic. These reactions are thought to significantly
contribute to the cerebral edema which contributes to the
high morbidity and mortality of meningitis. Several recent
trials, including a recent meta-analysis [4], have demonstrated a reduction in morbidity and mortality with
steroids. The studies included were predominantly in children and showed a decrease in neurosensory hearing loss
for Haemophilus influenzae and suggested a comparable
benefit for Streptococcus pneumoniae. One randomized,
placebo-controlled trial in adults demonstrated that
adding dexamethasone to the first dose of antimicrobials
reduced both long-term morbidity as well as mortality.
This benefit was greatest in patients with Glasgow Coma
Scores (GCS) 8–11 on admission, as well as those with
pneumococcal meningitis [5].
The risks and benefits of steroids must be considered
on an individual patient basis. If the clinician elects to
use steroids, they should be administered prior to, or
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concomitant with the first dose of antibiotic therapy.
Theoretically, the anti-inflammatory properties may
decrease the blood-brain permeability, and therefore
reduce the penetration of certain antibiotics. Vancomycin
has been shown in animal models (not humans) to have
reduced concentrations when co-administered with dexamethasone. This phenomenon has not been demonstrated
with other antibiotics [4]. The duration of corticotherapy
should be between 2 and 4 days, although the metaanalysis suggested that a 2-day treatment is as effective as
a 4-day treatment.

Evaluation/Assessment
Patients with acute bacterial meningitis should be admitted to an intensive care unit (ICU). A neurosciencespecific ICU is recommended (if available) to identify
changes in a patient’s neurologic exam and to monitor
for subtle or non-convulsive seizures. Clinicians should
consider advanced ICP monitoring in patients at risk for
brain herniation. Osmotic diuretics such as mannitol or
hypertonic saline can be used to maintain an ICP less than
20 mmHg and a cerebral perfusion pressure (CPP) greater
than 60 mmHg [1]. A lumbar drain or external ventricular
drain should be placed in patients with acute hydrocephalus. Electroencephalographic (EEG) monitoring is indicated in patients with seizures, seizure-like activity, or
fluctuating mental status. Continuous EEG monitoring
(if available) is recommended due to its improved sensitivity in detecting sub-clinical or non-convulsive seizures
and status epilepticus.
Standard ICU care with early enteral nutrition, gastrointestinal prophylaxis, and deep venous thrombosis prophylaxis should be instituted as soon as possible. The patient
should be maintained normoglycemic (<150 mg/dL)
with sliding-scale insulin or continuous insulin infusions.
Fever should be aggressively managed with active cooling
and anti-pyretics with a goal of euthermia. Crystalloids
should be used in conjunction with pressor and inotropic
support (if needed) for a goal mean arterial pressure of
70–100 mmHg, while strictly maintaining euvolemia.

After-care
The disposition of a patient with meningitis is often
directly proportional to the severity of disease. Patients
with moderate to severe disease, and subsequent neurologic injury will frequently require treatment in an
extended care facility. These patients will need aggressive
physical, occupational and speech therapy to regain and
relearn basic functions lost during their disease course and
hospitalization. Some of these patients will require
a temporary tracheostomy and/or percutaneous enteral

gastrostomy to assist with ventilator weaning and enteral
nutrition. Patients with severe neurologic injury may be
permanently ventilator dependent, and therefore need
long-term nursing home care.
Patients with mild disease may require temporary
placement in a nursing facility or a visiting home-health
nurse to assist with basic activities of daily living or longterm (4–6 weeks) intravenous antibiotic administration.
Patients with bacterial meningitis will almost certainly
require the use of a peripherally inserted central catheter
(PICC) for antibiotic delivery.
Patients with neurosensory sequelae will require follow-up and treatment from specialists, such as an otolaryngologist for hearing loss. This will invariably involve
a multidisciplinary team including a speech pathologist,
amongst others. Some patients with severe hearing loss
may be candidates for cochlear implants. Even in patients
with a “good” recovery from meningitis, a significant percentage demonstrate cognitive impairment, ranging from
cognitive slowness to attention deficits, which in turn may
lead to a perceived lower quality of life after recovery from
illness [1].

Prognosis
Morbidity and mortality depend on the pathogen, the
patient’s age and condition, and the severity of the acute
illness. Among bacterial pathogens, pneumococcal meningitis causes the highest rates of mortality (15–30%) and
morbidity (15%), with deafness being the most common
of severe complications [2]. Meningococcal meningitis has
a relatively low mortality rate (3–10%) and the severity is
marked by the presence of purpura fulminans. Neurologic
sequelae are rare, and include deafness, hydrocephalus,
epilepsy and other cranial nerve deficits. Listeria meningitis has a poor prognosis with high mortality (33%) and
morbidity (33%) rates [2].
The highest risk factors for poor outcome are
concomintant systemic illness, altered mental status, leukopenia in the CSF, and S. pneumoniae infection [2]. It has
been reported that patients with rapid onset of symptoms
or severe neurologic deficits on presentation have
a mortality rate that exceeds 50%, even with prompt
treatment. It is anticipated that with more widespread
use of dexamethasone therapy, neurologic sequelae and
mortality rates from meningitis will decrease.

Economics
The financial impact of meningitis is difficult to estimate.
A patient may suffer permanent disability or premature
death which impacts society directly via costs for longterm care for the patient, or indirectly with quality of life
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years lost. In addition to ICU care, these patients may
require long-term acute care or nursing home care or
home-health assistance. Thus, the impact of this disease
can have long-reaching financial impact to both the individual as well as society.
One area that may have medical and financial benefit is
the routine vaccination of various patient populations
(children, adolescents, elderly). Haemophilus vaccination
is now common for infants, and many adolescents now
receive the meningococcal vaccine prior to matriculation
to college. Due to the prevalence and virulence of Streptococcus pneumoniae meningitis, it would be prudent to
appropriately vaccinate populations at high risk.
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Synonyms
Renal tubular acidosis

Definition
The pH of blood is normally maintained in the range of
7.35–7.45 despite dietary intake and metabolic production
of acid. Fluctuations beyond this range may result in
disruption of cellular membrane integrity and intracellular enzymatic activity, and therefore the daily acid burden
must be completely buffered, resulting in a net acid/base
balance of zero. This acid burden is made up of both
volatile acid and nonvolatile acid. Volatile acid is comprised
of CO2, which is produced by the complete metabolic
oxidation of carbohydrates and fats, and is normally at
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equilibrium with HCO3 (bicarbonate) in the plasma.
Nonvolatile acid is predominantly generated by the oxidation of sulfur-containing amino acids (specifically methionine) in the liver. The average adult generates
approximately 1 mEq H+/kg body weight/day of nonvolatile acid [1], whereas children generate additional nonvolatile acid by the mineralization of bone, leading to
a daily acid burden of 1–3 mEq H+/kg/day.
The main organ systems that regulate acid/base balance are the lungs and kidneys. A rapid response to an
intake of acid is the reaction of H+ with HCO3 in the
plasma, forming carbonic acid (H2CO3), which disintegrates to water and CO2. The lungs then excrete carbon
dioxide through increased minute ventilation. As this is an
“open system,” equilibrium is continuously shifted toward
the formation of water and CO2 by the ventilatory excretion of CO2, greatly enhancing the buffering capacity of
plasma.
The renal contribution to acid/base balance occurs in
two distinct portions of the nephron: the proximal tubule
and the distal tubule. The proximal tubule serves to reabsorb up to 90% of bicarbonate coupled with sodium from
the glomerular filtrate, to prevent net loss of alkali [2]. The
sodium gradient is generated by the Na+/K+ ATPase on the
basolateral surface of the proximal tubular cell. The distal
tubule serves to generate new alkali as well as excrete acid
to meet ongoing metabolic demands. This excretion of
acid occurs by active transport of H+ into the tubular
lumen, powered by the hydrolysis of ATP. The excreted
protons rapidly react with NH3 and HPO42 to form
NH4+ and H2PO4, respectively, which effectively traps
the proton in the collecting duct urinary space. For every
H+ that is excreted in the distal tubule, one new bicarbonate is generated that is transported out of the cell and into
the blood. In addition to production of new bicarbonate,
this acid excretion also serves to scavenge the remaining
bicarbonate that escaped reabsorption from the proximal
tubule. Pathologic processes that interfere with proximal
or distal tubular acid/base handling may lead to metabolic
acidosis, specifically classified as ▶ renal tubular acidosis.
In contrast to many other forms of metabolic acidosis,
the acidosis that stems from dysfunction of renal acid/base
handling is a hyperchloremic, or non-anion gap, metabolic acidosis. Nonrenal causes of a hyperchloremic
metabolic acidosis may include loss of bicarbonate in
the stool, either through diarrhea or an aberrant connection between the gastrointestinal and urinary tracts
(ureterosigmoidostomy or a pancreatic fistula), as well as
delivery of an acid load with chloride as the major
anion (ingestion of ammonium chloride or arginine
hydrochloride).
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Renal tubular acidosis (RTA) can be classified into
three main categories: proximal (type II) RTA, distal
(type I) RTA, and type IV RTA (insensitivity to
aldosterone).

Proximal RTA
Proximal RTA infrequently occurs as an isolated wasting
of bicarbonate from the glomerular filtrate. More commonly, bicarbonate is lost along with other solutes such as
phosphate, glucose, organic acids, and amino acids
through generalized proximal tubular dysfunction, also
known as the ▶ Fanconi syndrome. Causes of the Fanconi
syndrome are listed in Table 1.
Patients with Fanconi syndrome will often present with
other laboratory abnormalities such hypophosphatemia,
glucosuria in the context of euglycemia, aminoaciduria,
and organic aciduria.
Proximal RTA in the absence of generalized proximal
tubular dysfunction maybe caused by genetic defects in
several transporter proteins responsible for reabsorption
of bicarbonate from the glomerular filtrate [3]. Mutations
in the SLC4A4 gene encoding the basolateral Na+/HCO3
cotransporter NBC1 have been described in patients with
proximal RTA transmitted in an autosomal recessive
inheritance pattern. These patients have extrarenal manifestations of ocular abnormalities – specifically glaucoma,
cataracts, and band keratopathy. Additionally, a mouse
model of isolated proximal RTA has been described in
SLC9A3 knockout mice lacking the apical Na+/H+
exchanger protein (NHE3), although there have been no
mutations in this gene described to date in humans.
Clinical features of proximal RTA include linear
growth failure in children, polyuria and polydipsia

secondary to renal solute wasting, and rickets and osteomalacia due to mobilization of bone mineral to buffer
systemic acidemia. Hypokalemia is often present secondary to increased activity of renin and aldosterone due to
tubular solute loss, although less prominent than in distal
RTA. Patients with proximal RTA have normal urinary
citrate excretion in the distal tubule, and therefore do
not tend to have ▶ nephrocalcinosis and nephrolithiasis.
As distal excretion of protons is intact, these patients
maintain the ability to acidify the urine with a urinary
pH < 6.

Distal RTA
In a distal (type I) RTA, the primary defect is the inability
of the a-intercalated cells of the cortical collecting duct to
secrete protons and generate new bicarbonate. Causes of
a distal (type I) RTA can be grouped into two major
categories: decreased excretion of protons and decreased
availability of ammonia.
Decreased excretion of protons can be caused by multiple mechanisms. Genetic defects in several transporter
proteins may impair proton excretion [4]. Mutations in
the ATP6N1B gene encoding the 116kD “a” subunit of the
V-type H+-ATPase proton pump, which is expressed
exclusively in the kidney, leads to autosomal recessive
distal RTA. Additionally, mutations have been identified
in the ATP6B1 gene encoding the B1 catalytic subunit of
this proton pump. This subunit is expressed in the kidney,
as well as the endolymphatic sac of the cochlea, leading to
sensorineural deafness as well autosomal recessive distal
RTA. An autosomal dominant form of distal RTA has been
described in patients with mutations in the SLC4A1 gene
encoding the basolateral AE1 bicarbonate/chloride

Metabolic Acidosis, Renal Causes. Table 1 Causes of generalized proximal tubular dysfunction, also known as the Fanconi
syndrome
Cystinosis
Tyrosinemia
Wilson’s disease

Drugs
● Valproic acid
● Gentamicin

Hereditary fructose intolerance

● Ifosfamide

Galactosemia

● 6-Mercaptopurine

Glycogen storage disease type I

● Outdated tetracycline

Oculocerebrorenal syndrome of Lowe
Metachromatic leukodystrophy
Mitochondrial disorders
● Leigh syndrome

Renal transplantation

Heavy metals
● Cadmium
● Lead
● Mercury
Autoimmune diseases
● SLE
● Sjögren syndrome
Dysproteinemias

Cyanotic congenital heart disease

● Multiple myeloma
● Amyloidosis
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exchanger. As some isoforms of this protein are also
expressed in erythrocytes and interact with cytoskeletal
proteins, several cohorts of patients with mutations in
AE1 also have hematologic manifestations such as
spherocytosis and elliptocytosis.
In addition to genetic defects in proton excretion,
a number of acquired defects in H+ secretion may also
lead to distal (type I) RTA. Certain interstitial renal diseases such pyelonephritis may interfere with proton excretion. Disorders of calcium metabolism such as primary
hyperparathyroidism,
nephrocalcinosis,
vitamin
D intoxication, and hypercalciuria may also cause
a secretory defect of protons. Reduced delivery of Na+
ions to the distal tubule, which may occur in marked
intravascular volume depletion, or impaired absorption
of Na+ to facilitate exchange of Na+ for H+ in the collecting
duct, which may occur through processes such as sickle
cell nephropathy, salt-wasting congenital adrenal hyperplasia, or administration of medications such as lithium,
amiloride, or trimethoprim, can also lead to such an
electrochemically unfavorable environment for proton
excretion (voltage-dependent defect). Disruption of tight
junctions may increase back diffusion of protons into the
blood from the urine space (backleak or gradient defect),
which is the main mechanism of amphotericin B causing
a distal RTA. In addition, defects in ammoniagenesis may
also lead to defective excretion of acid in the distal tubule,
as ammonia is required to capture protons and prevent
back diffusion. Malnutrition leading to decreased availability of glutamine, which is the primary source of
ammonia in the nephron, as well as processes which
inhibit diffusion of ammonia from the renal medulla to
the urinary space, such as pyelonephritis, interstitial
nephritis, and medullary sponge kidney may also lead to
distal (type I) RTA.
Clinical features of distal RTA include linear growth
failure in children, polyuria and polydipsia, hypokalemia,
and rickets and osteomalacia due to mobilization of bone
mineral to buffer systemic acidemia. In contrast to
patients with proximal RTA, those with a distal RTA
have impaired urinary citrate excretion in the distal
tubule, and when combined with hypercalciuria that is
also a prominent feature of this disorder, patients are
prone to nephrocalcinosis and nephrolithiasis. As distal
acidification is impaired in distal RTA, these patients tend
to have an alkaline urine (urine pH > 6) in the face of
systemic acidemia.

Combined Proximal and Distal RTA
Genetic or acquired defects in the type II (intercellular)
isoform of carbonic anhydrase (CA2, encoded by the CA2
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gene) may lead to a mixed proximal and distal RTA, as
this enzyme is a key component of both proximal and
distal tubular mechanisms to regulate acid/base balance.
Genetic defects of CA2 lead to a mixed RTA as well as
osteopetrosis (as this enzyme is also important in osteoclast activity), cerebral calcifications, and mental retardation [2]. Mercury is known to be an environmental toxin
that inhibits carbonic anhydrase type II, and topiramate
has also been identified as a cause of mixed proximal and
distal RTA due its affects on CA2.

Hyperkalemic (Type IV) RTA
In the distal type IV RTA (hyperkalemic RTA or aldosterone insensitivity), the primary defect is inhibition of
sodium reabsorption in the cortical collecting duct, leading to reduced K+ and H+ excretion. The reduction in H+
excretion stems from reduction in the aldosteronemediated expression of the H+/K+-ATPase and H+ATPase proton pumps, as well as the inability to absorb
sodium leading to loss of the lumen negative electrochemical gradient favorable to H+ excretion. Hyperkalemia,
which develops as a result of aldosterone insensitivity,
may also inhibit ammonium production further exacerbating this RTA. A distal type IV RTA may either be caused
by a defect in mineralocorticoid production, or an endorgan unresponsiveness to mineralocorticoid [5].
Defects in the production of aldosterone may be characterized as either hyporeninemic or hyperreninemic.
Hyporeninemic hypoaldosteronism may occur in chronic
nephropathies such as diabetic nephropathy and lupus
nephritis, in which the renin-secreting cells of the macula
densa are destroyed. Hyperreninemic hypoaldosteronism
due to defective mineralocorticoid production may occur
due to the destruction of the adrenal glands through
Addison’s disease or Waterhouse–Friderichsen syndrome,
or steroid synthesis defects such as congenital adrenal
hyperplasia or isolated aldosterone synthase deficiency.
End-organ
unresponsiveness
to
aldosterone
(▶ pseudohypoaldosteronism) may be either due to
genetic or acquired defects in aldosterone response.
Pseudohypoaldosteronism type I is one such genetic
defect of aldosterone sensitivity, characterized by renal
sodium wasting, hyperkalemia, and a hyperchloremic
metabolic acidosis, which occurs as both autosomal dominant and recessive forms. In the autosomal dominant
form of pseudohypoaldosteronism type I, the defect is
due to mutations in the mineralocorticoid receptor. The
sodium loss is limited to the kidney in this form, and the
disease is milder and even asymptomatic with a high
sodium intake characteristic of a Western diet. The autosomal recessive forms are due to mutations in the a, b, and
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g subunits of the epithelial sodium channel (ENaC), and
aldosterone resistance and sodium wasting occurs in multiple organs (lungs, salivary glands, sweat glands, and
colon in addition to kidney) leading to a more severe
form of the disease. Acquired forms of end-organ
unresponsiveness to aldosterone include obstructive
uropathy (specifically bladder outlet obstruction), interstitial diseases such as renal transplant rejection and interstitial nephritis, and drugs that interfere with aldosterone
activity such as cyclosporine, triamterene, amiloride, and
spironolactone.
Clinical features of a type IV RTA, either genetic or
acquired, are hyponatremia and renal salt wasting, intravascular volume depletion, a mild hyperchloremic metabolic acidosis, and hyperkalemia. Citrate excretion is not
affected by aldosterone, and therefore patients with distal
type IV RTA are not prone to nephrolithiasis and
nephrocalcinosis, in contrast to the distal (type I) RTA.
Although aldosterone participates in the distal acidification mechanism, patients with a type IV RTA are typically
able to acidify their urine to a pH < 6.
Pseudohypoaldosteronism type II (also known as
Gordon syndrome, familial hyperkalemic hypertension,
and “chloride-shunt syndrome”) is a genetic disorder
leading to hyperkalemia and hyperchloremic metabolic
acidosis, as well as salt-sensitive hypertension, which distinctly separate this entity from other forms of
hyperkalemic RTA. In this disorder, the thiazide-sensitive
NaCl cotransporter (NCCT) in the distal convoluted
tubule is constitutively activated, and the inwardly rectifying potassium channel (ROMK) in the cortical
collecting duct is constitutively inactivated, leading to
hyperreabsorption of sodium chloride and defective
potassium excretion. Metabolic acidosis develops presumably due to decreased sodium delivery to the cortical
collecting duct, preventing exchange for H+ and K+ in
that segment of the nephron. Hypercalciuria is also
a feature of this disorder, presumably due to interference
with paracellular calcium absorption in the distal convoluted tubule. Mutations in important regulators of NCCT
and ROMK activity, the WNK (With No K [lysine])
kinases WNK1 and WNK4, have been identified as the
gene defects underlying this form of hyperchloremic metabolic acidosis of renal origin. The hypertension,
hyperkalemia, metabolic acidosis, and hypercalciuria can
all be corrected with thiazide diuretics.

Treatment
The mainstay of therapy of renal tubular acidosis is
repletion of alkali through oral supplementation. The
necessary dose of alkali required to correct the

acid/base disturbance may depend on the type of
renal tubular acidosis. Due to massive wasting of
bicarbonate from the glomerular filtrate, large
amounts of alkali (15–20 mmol/kg/day) are required
to raise a patient’s serum bicarbonate above 20 mmol/
L. In contrast, the amount of alkali required to correct
the acid/base disturbance in distal (type I) renal
tubular acidosis is between 2 and 5 mmol/kg/day in
children, roughly equivalent to their nonvolatile acid
production. Normalization of the patient’s acid/base
balance will generally reverse hypokalemia in the case
of proximal and distal (type I) RTA. The mainstay of
therapy of a hyperkalemic (type IV) RTA is sodium
supplementation and dietary restriction of potassium.
Often such patients require use of exchange resins
such as sodium polystyrene sulfonate to prevent lifethreatening hyperkalemia.

Evaluation
Evaluation of a metabolic acidosis first requires evaluation of the anion gap in the blood, as a normal
anion gap (hyperchloremic metabolic acidosis) is the
sine qua non of renal causes of metabolic acidosis,
specifically renal tubular acidosis. Evaluation of
a hyperchloremic metabolic acidosis includes a careful
history and physical examination to rule out nonrenal
causes such as diarrhea or an abnormal connection
between the gastrointestinal and urinary tracts. If
a patient has a hyperchloremic metabolic acidosis and
extrarenal causes have been ruled out, a series of investigations may help elucidate the exact nature of the renal
tubular acidosis. Using urinary sodium, potassium, and
chloride, a urine anion gap (also known as urine net
charge) may be calculated using the formula illustrated
below:
Urine Anion Gap ¼ ðUNaþ þ UK þ Þ  UCl
The urine anion gap is a simple tool to indirectly determine the urine ammonium concentration as an
unmeasured cation. In the context of systemic acidemia,
a negative urine anion gap (i.e., urinary chloride exceeds
the sum of the urinary sodium and potassium) represents
appropriate excretion of H+ in the form of NH4+. Such
a negative urine anion gap would indicate appropriate
distal tubular acidification and would point toward either
a proximal RTA or an extrarenal cause of hyperchloremic
metabolic acidosis. A positive anion gap (in which the sum
of urinary sodium and potassium exceeds urinary chloride) suggests that no distal H+ excretion (in the form of
NH4+) is occurring, as is the case in distal (type I) RTA and
type IV RTA.
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The urine anion gap may be falsely positive despite
appropriate NH4+ excretion due to the presence of
unusual unmeasured urinary anions such as penicillins,
salicylates, or b-hydroxybutyrate. To further distinguish
whether a positive urine anion gap is due to the inability to
excrete H+ in the form of ammonium, a urine osmolal gap
may be calculated. The urine osmolal gap is calculated
from the following formula:
Urine Osmolal Gap ¼ ðUosm measured Þ  ðUosm calculated Þ
¼ ðUosm measured Þ  ½2UNaþ þ 2UK þ
þ Uurea =2:8 þ Uglucose =18

Urine NH4+ should be approximately half of the value
of the urine osmolal gap due to accompanying anions
such as chloride. For example, a urine osmolal gap of
200 mOsm/kg indicates a urinary ammonium excretion of 100 mmol/L. A urine osmolal gap of <100
mOsm/kg (less than 50 mmol/L NH4+) in the face of
systemic acidosis suggests a distal tubular acidification
defect.
Fractional excretion of bicarbonate (FEHCO3) is
a functional test of proximal tubular HCO3– reabsorption,
and is calculated using the following formula:
FEHCO3 ¼ ðUHCO3  Pcreatinine Þ=ðPHCO3  Ucreatinine Þ
As the fractional excretion will be low if the plasma is
depleted of bicarbonate, a NaHCO3 load is administered
without substantially expanding the plasma volume. If
a patient who has systemic acidemia is given such
a bicarbonate load, a fractional excretion should be
<5%, and a value of greater than 15% is highly suggestive
of proximal RTA.
When distal RTA is suspected based on highly alkaline
urine, if the patient is given a NaHCO3 load the HCO3 in
the urine should augment the lumen negative electric
potential, drawing in H+. As H+ reacts with HCO3 in
the distal tubule, CO2 is formed and is unable to diffuse
into the interstitium. Measuring the urine-blood pCO2
gradient if urine is alkaline (pH > 7.6) and urine HCO3
is >80 mmol/L [2] may assist in the identification of a distal
acidification defect. The urine-blood pCO2 gradient should
be >20–25 mmHg if distal tubular acidification is intact,
and a gradient <20 mmHg is highly suggestive of distal
RTA.
Finally, a furosemide acidification test is a functional
indication of distal tubular function. Administration of
furosemide delivers sodium to the distal tubule and should
enhance H+ and K+ secretion in the cortical collecting duct.
Failure to reduce urine pH to below 5.5 by 120–180 min
following administration of furosemide is suggestive of
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a hyperkalemic distal RTA (type IV RTA) or a defect in H+
excretion such as the distal (type I) RTA.

Prognosis
Children with chronic acidosis, specifically renal tubular
acidosis, display linear growth failure as a component of
the clinical manifestations of disease. Growth failure is
related to a blunting of the pulsatile secretion of growth
hormone, which can be restored by normalizing the acid/
base balance of the patient. The prognosis of such patients
is highly dependent on response to treatment and normalization of their acid/base and electrolyte disturbances.

After-care
Patients with genetic defects in acid/base regulation require
lifelong therapy with alkali to maintain a normal acid/base
balance. Maintaining such a balance is important not only
for growth, but prevention of extrarenal comorbidities of
chronic metabolic acidosis such as osteomalacia and rickets
in the growing child as well as impairment of striated muscle
function and function of other organ systems. Acquired
defects in acid/base regulation will often respond to
withdrawal of the offending agent such as lithium or
amphotericin B, or treatment of the primary disease process.
A long-term complication of renal tubular acidosis is
nephrocalcinosis, which can ultimately lead to chronic kidney disease and even end stage renal disease. Progressive
nephrocalcinosis, classically associated with distal (type I)
RTA due to impaired citrate excretion in the distal tubule,
can largely be prevented by supplementation with alkali to
restore normal citrate handling in the distal tubule.

References
1.
2.
3.

4.
5.

Avner ED, Harmon W, Niaudet P (2004) Pediatric nephrology,
5th edn. Lippincott Williams & Wilkins, Philadelphia
Rodriguez Soriano J (2002) Renal tubular acidosis: the clinical entity.
J Am Soc Nephrol 13:2160–2170
Igarashi T, Sekine T, Inatomi J, Seki G (2002) Unraveling the molecular pathogenesis of isolated proximal renal tubular acidosis. J Am
Soc Nephrol 13:2171–2177
Karet FE (2002) Inherited distal renal tubular acidosis. J Am Soc
Nephrol 13:2178–2184
Karet FE (2009) Mechanisms in hyperkalemic renal tubular acidosis.
J Am Soc Nephrol 20:251–254

Metabolic Concerns in Acute
Renal Failure
▶ Nutritional Support in ARF

M

1390

M

Metabolic Disorders, Other

Metabolic Disorders, Other
RICHARD L. GAMELLI1, JOSEPH A. POSLUSZNY, JR.2
1
Stritch School of Medicine, Loyola University Medical
Center, Maywood, IL, USA
2
Department of Surgery, Loyola University Medical
Center, Maywood, IL, USA

Synonyms
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Definition
Nutritional derangements secondary to severe and persistent hypermetabolism and catabolism as a result of the
metabolic and hormonal disequilibrium are a hallmark of
critical illness.
Metabolic derangements occur in critically ill patients
due to the neuroendocrine and inflammatory responses to
the inciting event and management of the critical illness.
The goal of this response is to support hemodynamics and
prime the immune system. As a consequence, basic metabolic processes are sacrificed with a global increase in
metabolic rate, proteolysis and lipolysis, worsened insulin
resistance, and shift toward the production of positive
acute-phase proteins.
The neuroendocrine and inflammatory response
(catecholamines, ACTH, cortisol, glucagon, cytokines)
to critical illness is complex and more easily understood
by dissecting each particular aspect of this response.
Catecholamines are typically elevated following the
inciting pathology and may remain elevated for several
days to weeks. Catecholamines stimulate glycolysis,
lipolysis, gluconeogenesis, and increase metabolic rate.
Release of ACTH from the pituitary increases cortisol
levels which then induce skeletal muscle breakdown.
The amino acid pool from skeletal muscle breakdown
is used for wound healing, positive acute-phase protein
synthesis, gluconeogenesis, and immune support. The
release of glucagon induces gluconeogenesis from
hepatic glycogen stores. While glucagon levels increase,
insulin release may decrease in response to catecholamines. Additionally, peripheral insulin resistance
worsens. Pro-inflammatory cytokines (TNF-a, IL-6
and IFN-g) also mobilize amino acids from skeletal
muscle and shift hepatic protein synthesis away from
serum-protein production and toward acute-phase
protein (complement, fibrinogen, ferritin, C-reactive protein, etc.) production. These cytokines cause hypoferremia

as an immune measure, decreasing the available serum iron
for bacteria.
Together, these neuroendocrine and inflammatory
responses induce a hypermetabolic and catabolic state.
Therefore, proper nutritional support must supply
ample carbohydrate and fat calories to satisfy the
hypermetabolic state and also enough protein to prevent
lean body-mass loss. How energy requirements change
following a critical illness can be better understood by
breaking down the components of total energy
expenditure.
Total energy expenditure (TEE) is comprised of the
resting energy expenditure (REE), thermogenesis of food
intake (TEF), and energy required for physical activity,
growth, and healing [1].
TEE ¼ REE þ TEF þ ðActivity þ Growth þ HealingÞ
REE is the energy required to maintain the body’s
basic metabolic activity and organ functions without
recent activity, food intake, or stress. REE compromises
the majority of TEE and may vary significantly based on
the severity of a patient’s illness and the support measures
in place to treat this illness. The greater the demands that
the neuroendocrine and inflammatory responses place on
protein breakdown and production, glucose metabolism,
etc, the greater the REE will be.
Thermogenesis of food intake is the energy
required to digest, assimilate, and store food and
accounts for about 8–10% of TEE. TEF is greater
for proteins and carbohydrates than for fats. Alterations in the nutritional formula for critically ill
patients can alter the TEE-TEF ratio. TEF should
vary little based on the critical illness.
The activity + growth + healing component of TEE
varies based on the age (growth) and physical activity level
(activity) of the patient. Growth and activity should not
vary in the adult, critically ill patient. However, the healing
component will differ tremendously and needs to be taken
into consideration when predicting nutritional needs.
In fact, the consequences of the critical illness, including
infection, sepsis, and multiple organ failure may contribute most to increased energy expenditure. In particular,
acute kidney injury (AKI) and/or renal replacement therapy (RRT), respiratory failure with ventilator dependence,
and hepatic failure alter the baseline metabolic state. Estimating the exact needs for healing is extremely difficult.
Regardless, as discussed below, aggressive attention
toward proper estimates of a patient’s nutritional needs
and measurements of the success of the nutrition in meeting those needs is essential to improving outcome in
critically ill patients.
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Treatment
The treatment of the metabolic derangement secondary to
critical illness can either be passive, simply supporting
baseline caloric needs, or an active and supportive therapy.
A key first principle is always managing the precipitating
illness or injury, thus removing the stimulus. Simple caloric support preserves lean body mass and maintains
immune function. Properly guided nutrition is therapeutic by also helping alleviate the metabolic response to the
critical illness, prevent oxidative cellular injury, and favorably modify the immune response. To provide maximum
benefit to the critically ill patient, nutritional therapy must
ensure (1) early enteral nutrition, if possible, (2) appropriate macro- and micronutrient delivery, and (3) glycemic
control. The remainder of this section will address how to
satisfy these three criteria. For the most part, our recommendations follow those of the American Society of Parenteral and Enteral Nutrition and the Society of Critical
Care Medicine [4].

Enteral Versus Parenteral Nutrition
In critically ill patients, nutritional delivery is administered through the GI tract (enteral) or intravenously (parenteral). While the end formulations may not significantly
differ, the route of feeding has been shown to impact
patient morbidity and mortality. In cases in which the GI
tract is accessible and functioning, enteral nutrition is
preferred. The benefits of enteral nutrition in the critically
ill are numerous and well established. At a cellular and
organ level, enteral nutrition helps to maintain the structural integrity and immune functions of the GI tract.
Maintenance of the mucosal barrier of the GI tract
decreases bacterial and toxin translocation. Enteral nutrition decreases infectious morbidity, hospital length of stay,
and overall costs. Enteral nutrition should be started as
soon as possible following adequate fluid resuscitation
with a goal of at least 24–72 h following admission in
order to provide maximal benefits. In critically ill patients
requiring vasopressor support and prolonged resuscitation, clinical and patient specific judgment must be
made in order to prevent the rare, but catastrophic, complication of ischemia/reperfusion injury. Enteral nutrition
can be administered via nasogastric, nasoduodenal/jejunal, or gastric routes. Nasogastric and nasoduodenal feeding require a temporary feeding tube for which placement
must be confirmed with abdominal x-ray in order to
prevent direct aspiration into the lung. Prolonged nasally
placed tubes can lead to sinusitis and, rarely, to tracheoesophageal fistula when the patient is concurrently
intubated or with a tracheostomy tube. In patients who
may require prolonged enteral feeding, the placement of
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a percutaneous gastrostomy tube can provide safe and
chronic feedings. As with any enteral feeding, aspiration
of gastric contents and feedings need to be prevented
through measurement of gastric residuals, elevating the
head of the bed 30–45 and using prokinetic agents when
appropriate. To prevent underfeeding, holding enteral
feedings for procedures or for gastric residuals < 500 mL
should be limited as much as possible.
Parenteral nutrition is administered intravenously
and is used in cases in which enteral feeding is
impossible. Parenteral nutrition can be total parenteral nutrition, administered through a central venous
catheter or partial parenteral nutrition, administered
peripherally. Parenteral nutrition is indicated for conditions requiring bowel rest, including bowel obstruction due to inflammatory bowel disease, management
of gastrointestinal fistulas, and abdominal catastrophes, during resolution of radiation- or chemotherapy-induced enteritis, during prolonged postoperative
ileus and pediatric GI disorders, including short-gut
syndrome and other congenital GI abnormalities.
As parenteral nutrition avoids the GI tract, all nutrients administered are already broken down for transport via the bloodstream. Formulations of parenteral
nutrition contain a mix of carbohydrates, amino acids,
a fat emulsion, and minerals/vitamins in attempts to
replicate the nutritional composition of an enteral diet.
The time to start parenteral nutrition is not absolute but
should be occur by at least 7 days of nil per os or immediately in patients who arrive to the ICU already malnourished. Also, parenteral nutrition can be used to
supplement enteral nutrition when nutritional goals are
not met enterally. However, enteral nutrition should be
adjusted prior to combining these two routes. In patients
on parenteral nutrition who develop signs and symptoms
of sepsis, fungi/yeast should be empirically covered as
there is a close association between parenteral nutrition
and fungemia/candidemia.
Acute pancreatitis is a critical illness in which
enteral nutrition would appear contraindicated but
has been found to significantly improve outcome in
comparison to parenteral nutrition. Patients with
acute pancreatitis may be critically ill and can remain
so for several days to weeks. Enteral nutrition was
originally thought to exacerbate pancreatitis by promoting exocrine function of the pancreas, and thus,
these patients may be completely reliant upon parenteral nutrition for support. However, jejunal feedings
avoid gastric and duodenal pancreatic stimulation and
are associated with better outcomes in comparison to
parenteral nutrition [3].
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Macro- and Micronutrient Delivery
Certain patient populations (major elective GI surgery,
trauma, burns, head and neck cancer, mechanically ventilated patients) may benefit from immune-modulating
enteral formulas. Specifically, the addition of arginine
and omega-3 fatty acids has been reported to support
myeloid immune function. Glutamine supplementation
helps to support antioxidant defenses, immune function,
production of heat shock proteins, and nitrogen retention.
Overall, these immune-modulating formulations may
reduce the duration of mechanical ventilation, infectious
morbidity, and hospital length of stay [4].
Disease processes associated with a critical illness lead
to the generation of oxygen free radicals and lower endogenous antioxidant capacity. Oxygen free radicals then precipitate an oxidative stress which significantly alters
cellular and molecular function. As a result, the addition
of supplements, including antioxidants, trace elements,
and vitamins may dampen the overall oxidative stress
of the critical illness. These antioxidant trace elements
and vitamins, especially selenium, are safe and reduce
mortality [2].
The administration of b-blockade and/or anabolic
steroids has been noted to modulate the neuroendocrine
response to injury, lowering the metabolic rate and reducing the intensity and duration of the hypermetabolic
response. The exact mechanisms and benefits of this pharmacotherapy are discussed in other chapters.
Alterations in protein needs are common in critically ill patients. AKI with need for RRT may occur
in 5–10% of intensive care unit patients. AKI may lead
to uremia and inability to clear the byproducts of
protein metabolism. However, AKI should not prompt
a decrease protein supplementation, and in cases
which RRT is necessary, protein supplementation
should increase due to protein loss with dialysis. On
the other hand, hepatic failure may lead to encephalopathy. If encephalopathy cannot be controlled by
pharmacologic maneuvers, the protein load should be
reduced.

Glycemic Control
Endogenous glycemic control is altered during critical
illness. Glucose levels may be elevated secondary to
increased cortisol production, alterations in glucagon
and growth hormone production and insulin resistance. Insulin resistance leads to impaired glucose
uptake and gluconeogensis. Hyperglycemia is an independent risk factor for mortality in critically ill
patients. At a cellular level, hyperglycemia alters the
innate immune system and impairs the ability to

combat infection. Tight glycemic control is
recommended for all critically ill patients with attention toward prevention of hypoglycemia. A safe, universally accepted blood glucose range is not established
[5]. While proper glycemic control is essential to improve
critical care outcomes, acute changes in insulin requirements or blood glucose variability may reflect bacteremia
and herald progression to sepsis. Therefore, any significant
changes in glycemic control and insulin needs without
changes in caloric load should prompt an evaluation for
an infection.
This section has stressed the importance of meeting
metabolic and protein requirements in the critically ill.
However, overestimation of metabolic needs and overfeeding do not simply ensure satisfying caloric demands
but can be just as deleterious as underfeeding. Overfeeding
is associated with hyperglycemia, fatty infiltration of the
liver, increased CO2 production, prolonged need for
mechanical ventilation, prolonged hospital stay and
increased morbidity, and mortality. Therefore, properly
predicting energy requirements and assessing nutritional
adequacy must be a routine and ongoing process in the
intensive care unit.

Evaluation/Assessment
The assessment of caloric needs in critically ill patients is
challenging. Ultimately, caloric delivery needs to match
energy expenditure. However, the energy expenditure
associated with each particular etiology of critical
illness (trauma, burns, surgery, sepsis, etc.), including
its management (ventilator dependence, hemodialysis,
etc.) skew these estimates. Therefore, the prediction of
energy expenditure based on critical illness etiology is
unreliable. At the same time, determining the adequacy
of nutritional intake is equally difficult. Simple, objective
methods like daily weights are unreliable as they may be
a function of patient resuscitation and fluid shifts rather
than fat and protein metabolism. However, a decline to
lower than baseline weight clearly indicates inadequate
caloric intake. As a result, clinicians rely on predictive
equations, quantitative measures of energy expenditure,
and trends in laboratory values to both predict metabolic
needs and measure nutritional adequacy. While each
method has its role in helping to evaluate metabolic
need and efficacy of feedings, each has its own
limitations.
Predicting energy expenditure can be performed with
(1) predictive equations or (2) indirect calorimetry while
assessment of the adequacy of nutrition for critically ill
patients can be measured by (3) nitrogen balance or
(4) serum-protein production.

Metabolic Disorders, Other

Predictive Equations
A general goal of 25–30 kcal/kg/day and 1–2 g of protein/
kg/day should satisfy the caloric and protein requirements
of most critically ill adult patients. However, this caloric
load will vary based on age, premorbid weight, and severity of critical illness. Predictive equations using patient
age, height, and weight, (Harris–Benedict equation;
Table 1) calculate energy expenditure in the uninjured
patient. Since these equations rely on fixed variables and
do not consider the increased metabolic demands of
critical illness, used alone, they grossly underestimate
energy expenditure in the critically ill. Correction factors
(Harris–Benedict equation REE x 1.2–1.5) that take into
account the hypermetabolism of the critical illness have
been validated by correlation to indirect calorimetry but
only in the surgical/trauma population. Other predictive
equations (Ireton–Jones equation) have addressed the
increased energy expenditure in the critically ill, including
trauma- or burn-injured patients, but are limited to use in
only these populations.
The Fick method of estimating energy expenditure
can also be used but requires a pulmonary artery catheter
to measure cardiac output and mixed venous oxygen
saturation. Given the need for a pulmonary artery catheter, this method is useful only in the limited patient
population in which a pulmonary artery catheter is
indicated.

Indirect Calorimetry
Indirect calorimetry is considered the gold standard
of energy expenditure measures. Indirect calorimetry
measures resting energy expenditure, energy used for

Metabolic Disorders, Other. Table 1 Predictive equations for
caloric needs
Harris–Benedict (kcal/day):
Males: REE = 66.47 + 13.75 (weight in kg) + 5.0 (height in cm)
– 6.76 (age in years)
Females: REE = 655.1 + 9.5 (weight in kg) + 1.85 (height
in cm) – 4.68 (age in years)
Ireton–Jones:
Ventilated patients: EE = 1925 – 10 (age in years) + 5 (weight
in kg) + 281 (sex; 0 for females, 1 for males) + 292
(trauma; 0 for trauma, 1 for no trauma) + 851 (burns; 0 for
no burns, 1 for no burns)
Fick:
REE = Cardiac output  hemoglobin (Arterial oxygen
saturation – venous oxygen saturation)  95.18
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substrate metabolism, and energy used for physical activity by directly measuring the O2 and CO2 content of
inhaled and exhaled breaths. Results include CO2 production (VCO2), O2 consumption (VO2), and the respiratory
quotient (RQ; VCO2/VO2 ratio). An RQ of 1.0 represents
complete oxidation of glucose. Hypermetabolism leads to
increased VO2 and VCO2 but not necessarily in an equal
ratio as this relationship will vary based on nutritional
adequacy. As a result, the relationship between O2 consumption and CO2 production can indicate that the
hypermetabolic patient is underfed (RQ <1), overfed
(RQ >1), or meeting caloric requirements (RQ 1). Indirect calorimetry is especially useful in patients with
ongoing significant metabolic demands and surgical
needs as they may have significant changes in energy
expenditure based on further surgery or fluctuations
in illness severity. For example, critically ill patients
with necrotizing fasciitis were found to have energy
requirements at 124% of basal. However, there was
large individual variation for which only indirect
calorimetry could supply reliable energy expenditure
estimates. Limitations of indirect calorimetry include
loss of gases across deflated endotracheal tubes or
chest tubes, FiO2 greater than 60, CO2 loss with hemodialysis, cost and both the availability of a device and
a qualified technician.

Nitrogen Balance
Nitrogen balance is a patient’s nitrogen intake minus
nitrogen excretion and reflects the adequacy of protein
intake. Nitrogen intake is determined by the enteral or
parenteral formula being fed, and excretion is determined
by adding estimates of cutaneous and gastrointestinal
nitrogen losses to a measurement of urine urea nitrogen.
A positive nitrogen balance indicates adequate protein
intake.
Nitrogen balance ðgÞ ¼ðProtein intake in diet ðgÞ=6:25Þ
 ðUrine urea nitrogen þ 4Þ

∗4 represents an estimate of daily nitrogen excretion
aside from urine urea nitrogen and may vary based on
illness
Nitrogen balance is mainly limited by unreliable estimates of non-urinary nitrogen losses. For example, surgical patients with an open abdomen may require an
additional 2 g of nitrogen per liter of abdominal fluid
output factored into their nitrogen losses. Still, except
when excess protein may be detrimental (hepatic failure,
etc), excess protein intake and assurance of a positive
nitrogen balance will benefit patient outcome and be offset
by urinary urea excretion.
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Metabolic Impact of Renal Replacement Therapy

Serum Transport Proteins
The liver produces positive and negative acute-phase proteins. As mentioned above, positive acute-phase protein
production is dramatically increased in response to injury
and inflammation. Negative acute-phase proteins, including the serum transport proteins albumin, prealbumin,
and transferrin are normally produced in a steady-state
fashion but decrease during injury and inflammation due
to a shift toward positive acute-phase protein production.
Often, serum transport proteins are used to gauge the
nutritional status of a patient. However, the use of serum
transport proteins to measure nutritional adequacy in
critically ill patients can be misleading. Albumin levels
do not change rapidly enough (half-life of 21 days) to
assess short term changes during a critical illness and
may be altered due to fluid shifts and transcapillary escape.
Prealbumin has a short half-life (2 days) and represents
more immediate changes in hepatic protein production.
An upward trend in prealbumin levels may represent
adequate nutritional intake. At the same time though,
increases in prealbumin reflects recovery and resolution
of the inflammatory process with hepatic protein production shifting away from positive and back toward
negative acute-phase protein production. As a result,
trends in serum transport proteins may be completely
independent of nutrition and more a reflection of hepatic
response to fluctuations in illness severity and recovery.
Therefore, the use of serum transport proteins as
a measure of nutritional adequacy may have limited
value in critically ill patients.

After-care/Prognosis
There are a variety of factors that influence the prognosis and
outcome of a critical illness. Proper nutritional support can
significantly improve prognosis by decreasing infectious
morbidity, hospital length of stay, and mortality. As mentioned above, the essential requirements for proper nutritional support in a critically ill patient are early enteral
nutrition, addition of macro- and micronutrients, tight
glycemic control, and continuous measurement of energy
expenditure and requirements. Given the prolonged convalescence and extensive rehabilitation that many of the
patients undergo, maintaining muscle mass can only help
their future mobility and function.

3.

4.

5.

Marik PE, Zaloga GP (2004) Meta-analysis of parenteral nutrition
versus enteral nutrition in patients with acute pancreatitis. Br Med
J 328:1407–1409
McClave
SA,
Martindale
RG,
Vanek
VW et
al
(2009) Guidelines for the provision and assessment of
nutrition support therapy in the adult critically ill patient:
Society of Critical Care Medicine and American Society for
Parental and Enteral Nutrition. J Parenter Enteral Nutr 33
(3):277–316
The NICE-SUGAR Study Investigators (2009) Intensive versus
conventional glucose control in critically ill patients. N Engl J Med
360:1283–1297

Metabolic Impact of Renal
Replacement Therapy
▶ Nutritional Support in ARF

Methadone Intoxication
▶ Opioid Toxicity

Methanol
▶ Toxic Alcohols

Methicillin-Resistant
Staphylococcus aureus (MRSA)
Staphylococcus aureus is resistant to all beta-lactam antibiotics, including methicillin, dicloxacillin, and oxacillin.
This resistance is mediated by the mecA gene which is
located on a mobile genetic element, the Staphylococcal
Cassette Chromosome mec (SCCmec).
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MIC and MBC
Minimum inhibitory concentration (MIC): The lowest
concentration of an antimicrobial agent that will inhibit
the growth of a microorganism after correct incubation
time. This value is important to confirm resistance of
microorganisms to an antimicrobial agent.

Microcirculation
MANSOOR N. BANGASH, RUPERT M. PEARSE
Barts and the London School of Medicine and Dentistry,
Intensive Care Unit Royal London Hospital, London, UK

Synonyms
Arterioles; Capillaries; Microvasculature; Venules

Definition
The microcirculation comprises blood vessels of less than
100 mm diameter [1]. This encompasses arterioles, capillaries, venules, and also elements of the lymphatic
circulation.

Characteristics
The microcirculation is the part of the circulation that is
involved in the delivery and exchange of gases, metabolic
substances and hormones, and removal of waste products
from tissue beds [1]. In addition to these basic functions,
the microcirculation is closely involved in the regulation
of coagulation and immune responses. The structure of
the microcirculation varies widely and is frequently
adapted specifically to the function of the organ
concerned.

Structure of the Microcirculation
Arterioles consist of intimal tubes of endothelial cells
surrounded by an outer cylinder of smooth muscle and
connective tissue [2]. Arterioles represent the major
resistance vessel within circulation. Compared to large
arteries, arterioles have a proportionally greater
amount of smooth muscle and less connective tissue.
Arterioles primarily regulate microvascular blood flow
while capillaries are the main site for the exchange of
gases and metabolic substances. Venules play a role in
regulating inflammation and venous capacitance. Arterioles branch off from small arteries and decrease in
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size with successive branching until they form
capillaries of approximately 5 mm in diameter. Capillaries are tubes of endothelial cells with an associated
basement membrane, varying in length from 500 to
1,000 mm [2]. As with all microvessels, pericytes are
found around capillaries. Pericytes are specialized, contractile cells that have long processes wrapped around
microvessels. These cells produce constituents of the basement membrane and extracellular matrix and are also
involved in regulating the permeability of venular endothelial cell junctions in inflammation. Unlike arterioles,
capillaries do not have a surrounding cover of smooth
muscle. Capillaries are the most important site of gas
exchange between tissue and blood. There are three main
types of capillary [2]:
1. Continuous capillaries: One to three endothelial cells
circumferentially form a small vessel of 5 mm in
diameter, surrounded by a continuous basement
membrane.
2. Fenestrated capillaries: Found in the renal, intestinal,
endocrine, and exocrine beds. Fenestrations of
approximately 20–100 nm increase permeability compared to continuous capillaries.
3. Discontinuous capillaries: Found in bone, splenic,
and hepatic tissue. Here, the endothelial cells are
discontinuous with large gaps of up to 3 mm diameter allowing easy cell migration between blood and
tissue.
Capillaries merge to form venules and eventually
veins. Venules are very distensible but have little
smooth muscle and only slightly thicker walls than
capillaries [2]. However, venules remain responsive to
both circulating and neural vasoconstrictor stimuli. This
allows control of venular tone and venous capacitance.
Venules play a central role in the evolution of tissue
inflammation. In normal conditions, venular endothelium expresses adhesion molecules that may be rapidly
upregulated when activated. These molecules facilitate
the adhesion and transmigration of leucocytes to tissue
beds.

Endothelium
The endothelium plays a pivotal role in homeostasis of
blood flow, inflammation, and coagulation [2]. Abnormalities of the endothelium are central to the pathophysiology of the systemic inflammatory response which
causes most critical illness [1–3]. While different areas
of endothelium may be structurally diverse, there are
similarities across all microvascular beds. In health, the
glycocalyx, a negatively charged layer of glycoproteins
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and glycolipids, lines the luminal surface of endothelial
cells. The glycocalyx decreases the permeability of
blood vessels and prevents interaction between the
endothelium and blood cells [4]. Endothelial cells have
an actin cytoskeleton which maintains cellular structure
allowing regulation of cellular permeability and hence
endothelial barrier function [2]. Endothelial cells facilitate
control of microvascular flow through transduction of
electrical signals via gap junctions along the length of
microvessels [3]. Healthy endothelium releases anticoagulant proteins and plays a role in regulation of local tissue
inflammation and innate immune function such as complement systems.

Regulation of Microvascular Flow
Arteriolar tone is regulated by neural, humoral, and
local factors [2]. The tone of the terminal arteriole in
this branched structure allows regulation of capillary
perfusion. Arterioles of a low tone will be patent,
allowing perfusion of downstream capillaries. Arteriolar constriction will reduce the number of perfused
capillaries. This is important as perfused capillary
density is a key determinant of tissue oxygenation
through effects on the average intercapillary distance,
blood capillary transit time, and the surface area
available for nutrient and gas exchange [3]. In some
vascular beds, for example, skeletal muscle, there is
considerable redundancy in the density of capillary beds.
This allows a substantial increase in tissue perfusion at
times of high metabolic demand [2].
Microvascular flow is regulated by both local and
systemic mechanisms. The central nervous system exerts
significant control over the microcirculation, integrating
it with baroreceptor reflexes. Through sympathetic
innervation of arterioles and venules, afterload and
venous return to the heart can be increased or decreased
by controlling the neuronal release of perivascular noradrenaline. The response is sophisticated and not uniform across microvascular beds [2]. This is because some
microvascular beds are poorly innervated (brain, heart) in
contrast to others (skeletal muscle and cutaneous beds).
Circulating vasoactive hormones also act on endothelium
and vascular smooth muscle to mediate changes in vessel
tone.
On a local level, various factors influence blood
flow. Myogenic responses are probably due to the
activation of stretch-sensitive ion channels in vascular
smooth muscle cells [2]. This causes an increase in
contractility. The result is arteriolar constriction in
response to pressure increases and vice versa. This
ensures a consistency of blood flow to the organ

bed over a range of mean arterial pressures – pressure
autoregulation. In addition to this, at any given pressure other local mechanisms also regulate microvascular flow:
1. Local endothelial shear effect: Shear force is determined by hematocrit, capillary capacitance, and interaction of blood cells with the endothelium which
activate mechanoreceptors that trigger endothelial
nitric oxide (NO) production [3, 4]. NO is a key
mediator of vascular tone resulting in local vasodilatation [2]. Electrical signals transmitted between
endothelial cells via gap junctions result in local vasodilatation. The consequent increase in local blood
flow decreases shear force contributing to the
autoregulation of microvascular flow.
2. Vasoactive tissue metabolites (e.g., CO2, ADP, H+,
adenosine, and K+) result in vasodilatation during
increased metabolic activity. This allows metabolic
autoregulation of microvascular flow that may be particularly important in certain vascular beds such as the
brain [2].
3. Paracrine effects on microvessels from red and white
blood cells, for example, NO from erythrocytes and
catecholamines from leucocytes [3, 4].

Rheology: Determinants of Blood Flow
Through the Microcirculation
The physics of blood flow through the microcirculation is of great interest and fundamental to the function of the cardiovascular system. Arteriolar blood
flow is laminar in nature but in smaller arterioles
and capillaries perfusion pressure decreases, in part
because of the large numbers of vessels of this size.
Unlike larger arteries, microvascular hemodynamics are
not determined purely by vessel caliber and driving
pressure [4]. Microvascular blood flow is strongly
influenced by vascular topology, blood viscosity, and the
interaction of cellular constituents with each other and the
endothelium [4]. Hence, despite low perfusion pressure,
microvascular blood flow is maintained through the following mechanisms:
1. A thin plasma layer separates the outermost moving blood cells from the vessel wall, decreasing
friction.
2. The endothelial glycocalyx repels negatively charged
molecules including those expressed on cell membranes and plasma proteins.
3. Increased axial red cell velocity in capillaries causes an
apparent drop in blood viscosity.

Microcirculation

4. The prevention of blood cell aggregation by “shear
thinning” and the deformability of red and white cells.
5. The single file movement of erythrocytes through capillaries termed “Bolus flow” further decreases blood
viscosity in the microcirculation.

Blood Cell Endothelial Interactions,
Inflammation, and Coagulation
Although leucocytes rarely attach to the endothelium in
health, recruitment readily occurs in venules during
inflammation This process involves a gradual increase in
leucocyte–endothelial interaction in phases termed
rolling, adhesion, and trans-migration. A range of adhesion molecules are expressed by both leucocytes and the
endothelium following activation by inflammatory mediators [3]. These allow leucocytes initially to loosely
attach, or roll, and then bind firmly before transmigrating between endothelial cells into the tissues.
Related platelet–endothelial interactions are also important in critical illness illustrating the close relationship
between inflammation and coagulation within the
microcirculation [3].

Nitric Oxide and the Microcirculation
Nitric oxide (NO) is an important modulator of the
microcirculation [1–4]. It is constitutively produced by
endothelial nitric oxide synthase (eNOS) in the endothelium and platelets. NO diffuses rapidly from endothelial
cells into vascular smooth muscle where it causes relaxation [2]. An inducible form (iNOS) also exists in the
endothelium, vascular smooth muscle, and leucocytes.
This produces far greater quantities of NO in response to
inflammatory stimuli. iNOS activity is insignificant in
health [2, 3]. NO is important in regulating microvascular
flow, especially in the coronary bed. NO may also protect
the endothelium from excess inflammation by reducing
leucocyte and platelet adhesion. Derangements of NO
related pathways and signaling are of great importance in
the pathophysiology of the systemic inflammatory
response [1, 3].

Specialized Microcirculations
Cerebral Microcirculation
The cerebral microcirculation is adapted to provide the
tightly regulated extracellular milieu and a guaranteed
oxygen supply essential to neuronal integrity. To ensure
an adequate blood supply to the brain there is a high
capillary density. Cerebral microcirculation is tightly
autoregulated by metabolic factors. Astrocytes also
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play a role in the coupling of neuronal activation
to blood flow. Cerebral endothelial cells lack fenestrations and are bound together by tight junctions.
Microvessels are linked to neurones by astrocytes.
These mechanisms are collectively termed the “blood
brain barrier.”[2].

Pulmonary Microcirculation
The pulmonary microcirculation receives the entire cardiac output primarily for the purpose of gas exchange.
There is a very high capillary density resulting in tiny
diffusion distances, maximizing the efficiency of gas
exchange. Hypoxic pulmonary vasoconstriction results in
reduced blood flow to areas of low PO2 – the reverse of
other vascular beds – reducing ventilation perfusion
inequalities. The pulmonary vascular bed is a low pressure
and low resistance circulation. Arterioles are short and
thin walled and autoregulation does not occur to any
great degree. Low capillary hydrostatic pressure reduces
the formation of pulmonary edema [2].

Coronary Microcirculation
Myocardial tissue is highly metabolically active. Capillary
density is high. Cardiac myocytes are smaller than their
skeletal muscle fibers and together overall diffusion distances are small. Even at basal levels of function, flow is
present in all capillaries and increased perfusion is
achieved through vasodilatation. Control of coronary
microvascular flow is also dominated by metabolic
autoregulation. Because sympathetic activity is central to
the regulation of cardiac function, coronary microvessels
are poorly innervated, minimizing vasoconstriction in
response to increased sympathetic tone at times of
increased myocardial oxygen demand. Circulating catecholamines released from the adrenal gland act predominantly on coronary endothelial b2-adrenoceptors
promoting vasodilatation and enhancing flow [2].

Hepatic Microcirculation
The liver has a dual blood supply. However 80% of this is
from the low pressure portal venous system which contains poorly oxygenated blood and metabolic substrate
absorbed from the digestive tract. The hepatic microcirculation has a low resistance to flow and performs several
metabolic and immune functions to protect the body
from potentially absorbed toxins. Hepatic capillaries, or
sinusoids, consist of widely spaced endothelial cells with
large fenestrae, interspersed with Kupffer cells. These specialized macrophages phagocytose particulate, infective
and foreign material originating from the portal blood
supply.
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Microcirculation. Figure 1 The role of the endothelium in systemic inflammation and microvascular dysfunction

Renal Microcirculation
The renal microcirculation is extensively adapted to allow
selective filtration at the glomerulus and also to maintain
osmotic gradients within the kidney. Glomerular endothelium contains fenestrations, while podocytes and renal
pericytes or mesangial cells also give structure and function to the glomerular filter. Bowman’s space between
podocytes and endothelial cells is the entry point for
glomerular filtrate in to the nephron. Both afferent and
efferent arteriolar tone allows control of glomerular
hydrostatic pressure. Rich sympathetic innervation of
renal arterioles allows coupling of systemic hemodynamics and tubular flow to the regulation of microvascular
blood flow in the kidney. Endothelial tight junctions in the
vasa recta which run parallel to the loops of Henle allow
microvessels to act as counter current exchangers. In this
way the vasa recta maintains the medullary osmolar
gradient.

Cutaneous Microcirculation
The cutaneous microcirculation has particular adaptations to allow regulation of body temperature and
immune functions. Sympathetic innervation redirects
blood flow away from the skin during circulatory compromise or toward it in exercise. Arteriolar-venular loops
dilate to increase heat loss. Sensory nerves stimulated by
mild trauma (such as a scratch or bite) enhance local

blood flow and capillary permeability through the release
of vasoactive substances including substance P and possibly histamine. This improves immune recruitment to the
damaged area [2].

The Role of Microvascular Dysfunction in
Critical Illness
Abnormalities of microvascular function are central to
the pathophysiology of the systemic inflammatory
response which causes critical illness. In sepsis, abnormalities of microvascular flow lead to a decrease in
the number of perfused capillaries [1, 3]. Heterogeneous flow allows shunting of blood through dilated
microvessels (see Fig. 1). This is likely to result from
dysfunction of endothelial signaling [3]. In addition,
high levels of NO results in vasodilatation and
a decreased response to vasoconstrictor agents [1, 3].
Loss of arteriolar tone may prevent shear-dependent
autoregulation. Meanwhile, widespread and inappropriate endothelial activation increases capillary and venular
permeability with a consequent reduction in plasma volume [3]. Widespread inappropriate leucocyte–endothelial
adhesion results in tissue inflammation. This may be
exacerbated by loss of endothelial glyocalyx [1, 3]. Endothelial activation increases intravascular coagulation and
microvascular thrombosis, further reducing microvascular flow [3].

Minimally Invasive Hemodynamic Monitoring System

Monitoring the Microcirculation in Clinical
Practice
Microvascular monitoring may improve care by
allowing a better understanding of cardiovascular function in individual patients and hence, more rational
use of vasoactive drugs. Intravital microscopy at the
bedside using orthogonal polarization spectroscopy or
side-stream dark field imaging allows direct visualization of the microcirculation and assessment of abnormalities of microvascular flow. With the development
of reliable analysis software, the utility of these devices
may soon be sufficient for routine clinical use. However, because of movement artefact at high magnification, it is not possible to image leucocyte–endothelial
interactions by these methods. Use is also confined
to accessible mucosal surfaces and most investigations
have assessed the sublingual microvascular beds.
Laser Doppler flowmetry is a well-established method
which allows assessment of overall microvascular flow
although this technique does not provide qualitative
information about the heterogeneity of flow. A wide
range of laser Doppler probes are available, allowing
use in various organs [1].

M

Microcoils
An embolic hemostatic agent constructed from an inert
metal (e.g., platinum). Frequently used when performing
super-selective angiography.
Minimum bactericidal concentration (MBC): The
lowest concentration of an antimicrobial agent required
to kill a microorganism. This value is commonly used to
estimate a microorganism’s “tolerance” toward an antimicrobial agent.

25 kDa Alpha-2-MicroglobulinRelated Subunit of MMP-9 (p25)
▶ NGAL as a Biomarker of Acute Kidney Injury

Microvascular Perfusion
Emerging Therapies for the Microcirculation
in Sepsis
The resuscitation of the microcirculation is an emerging
concept. It is likely that many existing treatments have
beneficial effects on microvascular flow and function.
However, specific strategies to improve microvascular
flow are emerging. These may include vasoactive drugs
such as dobutamine, dopexamine, or glyceryl trinitrate
which improve microvascular flow and, in some cases,
may even decrease leucocyte–endothelial adhesion which
occurs in systemic inflammation. In addition to anticoagulant effects, drotrecogin alfa (activated) may also
decrease leucocyte–endothelial adhesion and improve
microvascular flow. There may also be beneficial microvascular effects from selective iNOS inhibition and the use
of erythropoietin.
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▶ Capillary Refill

Microvasculature
▶ Microcirculation

Miniaturized Extracorporeal
Membrane Oxygenation (MiniECMO)
▶ Extracorporeal Lung Support

Minimally Invasive Hemodynamic
Monitoring System
▶ Vigileo/FloTrac
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Under normal conditions, mitochondria are destroyed
and replaced on a regular basis. Destruction occurs by
autophagy. Regeneration of mitochondria, called biogenesis,
is a tightly regulated process that involves expression of
a set of proteins, transfer RNAs, and ribosomal RNAs that
are encoded by DNA contained within the mitochondria
(mtDNA). mtRNA expression, in turn, is controlled by
a complex series of reactions that may involve the expression of upwards of 1,000 nuclear-encoded proteins. Failed
biogenesis is another source of profound disruption of
mitochondrial function that is seen is pathological states,
including sepsis.

Mitochondrial Dysfunction in Sepsis
Mitochondrial Permeability Transition

Introduction
Sepsis is among the most common causes of death in
critically ill patients, accounting for upwards of 250,000
deaths in the US each year [1]. Despite this, the importance of sepsis as a public health problem is underappreciated. Further, despite years of study, the pathobiology of
sepsis is poorly understood and successful therapeutic
approaches have been supportive only. The search for
a primary defect and the mechanism by which it impairs
function in a broad array of cells and organs has been the
focus of intense investigation for several decades.

Mitochondrial Function and Energy
Production
Investigations into the pathobiology of sepsis have most
recently focused on cellular and subcellular processes that
are common to most cells and organs. One possibility would
be a defect in the production of energy. This translates to an
abnormality in the production of adenosine triphosphate
(ATP) and therefore in the function of mitochondria, where
consumption of oxygen and acetyl-CoA ultimately provides
substrate for the electron transport chain. Energy, in the
form of electrons, passes through four protein complexes
on the inner mitochondrial membrane. Coupled to transport is a process that pumps protons (H+) into the intramembrane space by complexes I, III, and IV. This last
reduces molecular oxygen to water. The net result is
an electrochemical potential gradient, DCm, of 180 mV.
The energy from DCm is used by the fifth complex,
ATP synthase, to convert ADP to high-energy ATP. In
order to limit the proton gradient from becoming
excessive, a controlled leak back into the mitochondrial matrix is mediated by carriers called uncoupling
proteins.

The most profound disruption of the proton motive force
and normal mitochondrial function occurs when the
mitochondrial membrane becomes excessively permeable.
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This is characteristic of a number of pathological conditions and leads to the development of the so-called mitochondrial permeability transition pore (MPTP), a large,
nonspecific channel in the internal mitochondrial membrane. MPTP opening (called mitochondrial permeability transition, MPT) allows water and molecules of
up to 1.5 kDa to cross the usually impermeable internal
membrane. The resulting depolarization uncouples oxidative phosphorylation, depletes ATP, promotes mitochondrial swelling, and may initiate apoptosis.

Oxygen Utilization and ATP Dynamics
Hypoxia-induced mitochondrial dysfunction was first
identified by Barcroft et al. in 1945 and classified on the
basis of decreased arterial oxygen tension (hypoxic hypoxia), decreased systemic hemoglobin concentration (anemic hypoxia), and/or microvascular dysfunction leading
to hypoperfusion (stagnant hypoxia) [2]. At one time, the

effects of sepsis on cellular ATP levels were unclear [3–5].
Recent investigations, however, clearly show that sepsis
impairs ATP production [6]. Therefore, the maintenance
of normal levels must reflect decreased utilization.

Microvascular Dysfunction Versus
Cytopathic Hypoxia
Initial research regarding septic pathophysiology led clinicians to propose that the key abnormality was microvascular dysfunction, a heterogenous alteration in
perfusion, was first described by Weil et al. in 1971 [7].
The perfusion mismatch would result in failed peripheral
oxygen utilization [8]. Recent studies using sidestream
dark-field imaging have revealed microcirculatory impairment in septic patients [8]. Using this approach, Ince and
colleagues found that capillary perfusion in sepsis may
take any combination of five forms. The net effect is
a failure of oxygen delivery in sepsis. However, Fink et al.
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proposed that blood flow in sepsis is normal or even
excessive but an intrinsic derangement affecting cellular
energy metabolism precludes oxygen utilization. This
defect, called cytopathic hypoxia, is evidenced by tissue
oxygen measurements and direct examination of cellular
and mitochondrial respiration [4, 9, 10]. Mechanisms that
explain cytopathic hypoxia during sepsis include impaired
pyruvate delivery, inhibition of the enzymes involved in
Krebs cycle and/or the electron transport chain, activation
of poly-(ADP)-ribosylpolymerase (PARP), and failed
maintenance of the trans-mitochondrial membrane proton gradient with uncoupling of ATP synthase [4].

Pyruvate Dehydrogenase Dysfunction
Pyruvate dehydrogenase (PDH) E1 is a catalytic component of the multimeric pyruvate dehydrogenase complex
(PDC) that is responsible for synthesizing acetyl-CoA
from pyruvate. PDH activity is stimulated by insulin,
phosphoenolpyruvic acid, and AMP, and is inhibited by
ATP, NADH, and acetyl-CoA. Inactivation of the PDC will
inevitably impair ATP production [11].
PDC dysfunction in sepsis was, at one time, the subject
of intense investigation [12]. This reflected the demonstration of increased lactate production despite normal-

to-increased skeletal muscle blood flow and attenuated
oxygen consumption [13] and attributed this to the failed
generation of substrate (glutamate, malate, succinate) for
the Krebs cycle/electron transport chain [14]. Interest in
PDH and the elements of the Krebs cycle has waned as
focus has shifted to components of the electron transport
chain.

Altered Oxidative Phosphorylation
Impaired ATP production could result from dysfunction
in any of the four complexes of the electron transport
chain. Indeed, Fredriksson et al. studied mitochondrial
dysfunction in septic ICU patients and compared this to
healthy patients undergoing elective surgery. In septic
patients with organ dysfunction, they observed a twofold
decrease in all mitochondrial complex activity in intercostal muscle and leg muscle [18].
Cytochrome c oxidase, Complex IV of the electron
transport chain, consists of 13 different subunits, three
of which comprise the active site where O2 combines
with 2 H+ molecules to form water. The active site consists
of a copper-containing center and two heme centers
(heme a, a3) where molecular oxygen is bound. Because
of its role as the final electron acceptor and the complex
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that uses oxygen, Complex IV is felt by many to be of
prime importance, and perhaps even rate limiting. Studies
by Levy and coworkers in murine models of sepsis have
demonstrated noncompetitive inhibition of cytochrome
c utilization [16]. This was associated with demonstrable
organ dysfunction and could be reversed with exogenous
cytochrome c or with caffeine [25, 27].
Experimentally, it is difficult to separate the activity
of Complex II from that of Complex III. Therefore,
most studies report on joint activity. Several investigations
demonstrate sepsis-associated dysfunction of complex
II/III. In contrast, Brealey et al., studying electron transport activity using a rodent model of sepsis, were unable to
identify a defect in Complex II/III activity in either liver or
skeletal muscle. However, activity of hepatic Complex I
and Complex IV fell over time. In the late time point in
septic animals, all complex protein activity was noted to
be much lower than sham-operated mice in both hepatic
and muscle tissue [17].

Failed Biogenesis
While all of the above might contribute to sepsis-induced
mitochondrial dysfunction, a defect in the abundance of
mitochondria clearly would lead to significant cellular
dysfunction. Therefore, Piantadosi and colleagues, in
murine sepsis, demonstrated impaired biogenesis.

The Mitochondrial Basis of Organ
Dysfunction
The above data demonstrate a clear role for mitochondrial
dysfunction in the pathobiology of sepsis. What is less
clear is the teleology underlying this response. It is useful
to discuss this in terms of early and late responses.
Prolonged mitochondrial dysfunction and impaired
biogenesis are, unquestionably, detrimental. However,
early inhibition of mitochondrial function may serve
another purpose. Following experimental ischemiareperfusion injury and clinically after myocardial infarction, the heart enters a state of reduced metabolism and
contractility. This response is referred to as “hibernation”
and is viewed to be adaptive, allowing demarcation of
irreversibly effected muscle and recovery of tissue that
is incompletely effected [28]. Use of hydrogen sulfide
[29] and S-nitrosothiols (SNOs) [30], which inhibit
Complex IV and Complex I, respectively, have been
shown to induce a similar state and protect against ischemia-reperfusion injury. It is attractive to postulate that
sepsis-induced reductions in organ function are similarly
protective [15]. This concept, termed “metabolic quiescence,” proposes that the early production of nitric oxide
(NO), carbon monoxide (CO), or some other molecular
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species that binds to the heme moiety in Complex IV
reversibly inhibits function. This hypothesis is supported
by the sepsis-induced (1) overproduction of NO and CO,
(2) decrease in ATP production [6], (3) lack of irreversible
damage following recovery, (4) demonstration of
noncompetitive inhibition of Complex IV in septic myocardium [16] and liver (C. S. Deutschman, Unpublished
data), and (5) demonstration of increased glycogen deposition, enhanced expression of the GLUT4 receptor, and
a switch in myocardial substrate preference from fatty
acids to glucose, all characteristic of hibernation following
ischemia-reperfusion injury. The “mitochondrial inhibition as an adaptive response” hypothesis is intriguing but
remains unproved. What is clear is that investigation into
the role of mitochondria in the pathogenesis and pathophysiology of sepsis represents an exciting avenue of
future investigation.
One result of inhibition of either Complex I or
Complex IV, as hypothesized above, is increase in the
production of reactive oxygen (ROS) (·NO) [19–23].
Production of these free radicals increases with aging as
well as in individuals with immune dysfunction [24].
While endogenous scavenging systems exist, they may
become overwhelmed [23]. Therefore, it is attractive to
hypothesize that damage to mitochondrial membranes
ultimately reduces mitochondrial number. This is consistent with data indicating a loss of heme protein and
markedly attenuated transcription of mitochondrial
DNA. This correlates in time with impaired biogenesis
[21, 22]. ROS in excess also may induce mitochondrially
mediated apoptosis. These processes, in concert, could
account for late mitochondrial failure and the development of MODS.
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Introduction
Mitochondrial dysfunction is thought to play an important role in the pathogenesis of many different disease
states [1–3]. It has been proposed that an acquired
defect in oxidative phosphorylation prevents cells from
using molecular oxygen for adenosine triphosphate
(ATP) production and potentially causes sepsis-induced
organ dysfunction [4, 5]. This has been termed cytopathic
hypoxia [4, 5]. Impaired function of any of the enzymes
that contribute to the bioenergetic capacity of mitochondria could limit aerobic energy production and result
in bioenergetic failure. The important enzymes to consider are those that make up the tricarboxylic acid (TCA)
cycle and the five complexes of the electron transport
chain. The concept of cytopathic hypoxia, however, has
been difficult to prove because impaired oxidative phosphorylation has never been shown to cause sepsis-induced
organ failure or to be a reversible phenomenon [4, 5].
However, various targeted mitochondrial therapies have
been demonstrated to be novel successful interventions in
experimental models of sepsis. Here we review several
such mitochondrial therapies.
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Glutamine
Conversion of pyruvate to acetyl CoA is impaired during
sepsis due to inactivation of pyruvate dehydrogenase [5].
This limits flux through the tricarboxylic acid (TCA)
cycle, decreases oxidative phosphorylation, and can limit
ATP production. Glutamine, the most abundant amino
acid in the circulation and intracellular space, increases
TCA cycle intermediates and flux through the cycle via its
conversion to glutamate and alpha-ketogluterate (Fig. 1)
[6–8]. This stimulates oxidative phosphorylation and
increases ATP production [9].
In a neonatal rat model of endotoxemia, exogenous
glutamine was shown to restore hepatocyte mitochondrial
oxygen consumption in vitro [10]. This significantly
increased ATP synthesis as demonstrated by a rise in
ATP/ADP ratio [10]. In experimental rodent sepsis following cecal ligation and puncture (CLP), glutamine has
been shown to mitigate the inflammatory response,
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improve lung function, and enhance survival [11, 12].
Exogenous glutamine has been shown to maintain myocardial ATP levels and cardiac function following ischemia
reperfusion injury [13]. In recent work, Groening et al.
demonstrated that exogenous glutamine, injected at the
time of CLP, abrogated defects in myocardial CcOX activity, significantly increased myocardial oxygen extraction
and consumption, and increased left ventricle pressure
toward sham values in septic rats [14]. Thus, parenteral
glutamine represents a potential therapy to treat sepsisinduced mitochondrial dysfunction.

Succinate
Succinate is produced in the TCA cycle by hydrolytic
release of coenzyme A from succinyl-CoA by succinylCoA synthetase (see Chap. on ▶ Mitochondrial Dysfunction) [15]. Succinate is converted to fumarate by succinate
dehydrogenase (Complex II of the electron transport
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a variety of tissues during sepsis [17–20]. Many believe
that COX is the rate-limiting enzyme of the electron
transport chain [21]. Thus, it is possible that targeting
sepsis-induced COX inhibition could result in significant
improvements in organ function and survival.
The heat shock response with induction of heat shock
proteins (HSPs) is an organized, conserved process that
results in cell and organ protection [20]. HSPs have
a variety of functions including acting as chaperones
within the cell [20]. HSPs help maintain mitochondrial
integrity by assisting with protein folding, electron transport chain enzyme complex formation, and maintain
enzyme activity [20].
In work done by Chen et al., rats were heated to 41 C
prior to CLP to elicit a nonspecific heat shock response
[20]. Heated septic rats demonstrated a significant
increase in steady-state levels of HSP72 and COX and
a preservation of COX activity compared with non-heated
septic rats [20]. Although nonspecific, one of the benefits
of the heat shock response may be an improvement mitochondrial function and oxidative phosphorylation.

chain) [15]. In the process, electrons are donated to
the electron transport chain and contribute to oxidative
phosphorylation [16]. Importantly, electron flux through
Complex II bypasses Complex I (Fig. 2). Thus, when
Complex I is impaired or inhibited, supplementation
with succinate could potentially restore oxidative
phosphorylation.
Skeletal muscle mitochondrial oxygen consumption
has been demonstrated to be impaired in septic rats following intraperitoneal fecal slurry [16]. Further evaluation has demonstrated that skeletal myocyte Complex I
becomes significantly inhibited while Complex II/III
remains functionally intact [16]. As proof of this, exogenous succinate has been shown to restore oxygen consumption in skeletal muscle mitochondria in septic rats
in vitro [16]. This finding indicates that succinate may
represent a novel therapy in sepsis that may restore bioenergetic capacity in skeletal muscle. Further exploration
may demonstrate that succinate may have benefit in
acquired myopathy of critical illness.

Targeting Cytochrome Oxidase

Exogenous Cytochrome C

Heat Shock Protein

Sepsis-induced COX inhibition has been shown to
becompetitive and reversible early following CLP and
progresses to become noncompetitive and irreversible

Cytochrome oxidase (COX), Complex IV of the electron
transport chain, has been shown to be inhibited in
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during the late phase of sepsis [17]. In addition,
mitochondrial levels of the enzyme’s substrate, cytochrome c, have been shown to decline following CLP
[22]. COX inhibition coupled with substrate limitation
may impair oxidative phosphorylation during sepsis and
is a potential cause of sepsis-associated organ failure.
Increasing substrate availability during competitive
enzyme inhibition can overcome inhibition and restore
enzyme velocity. As evidence of this, exogenous cytochrome C injected intravenously during competitive
COX inhibition has been shown to gain access to
cardiomyocyte mitochondria, replete mitochondrial levels
of cytochrome C, restore myocardial COX activity, and
improve cardiac function in septic mice [22]. Furthermore, a single injection of cytochrome C prior to the
onset of noncompetitive COX inhibition resulted in
maintained COX activity and improved survival 48 h
following injection in septic mice [23]. Thus, exogenous
cytochrome C may represent a novel therapy to target
sepsis-induced COX inhibition.

Caffeine
Caffeine (1,3,7-trimethylxanthine) is a member of the
methylxanthine family [24]. It is known to inhibit cyclic
adenosine monophosphate-phosphodiesterase (cAMPPDE) [24]. This leads to increased intracellular cAMP
and activation of protein kinase A (PKA) [24]. Subsequently, cAMP-dependent phosphorylation of complex I
of the respiratory chain and COX stimulates and optimizes the efficiency oxidative phosphorylation [25].
In recent work by Verma et al., daily injection of
caffeine (equivalent to the amount in a cup of coffee)
beginning in the late phase of sepsis restored myocardial COX activity and increased left ventricular
pressure and  dP/dt toward sham values following
CLP in rats [26]. Furthermore, caffeine injection significantly improved survival in septic rats [26]. Although
caffeine may be sympathomimetic, antiinflammatory,
and antagonize adenosine, its stimulatory effect on oxidative phosphorylation makes it a novel and attractive therapy for the treatment of sepsis-induced mitochondrial
dysfunction.

Conclusion
Mitochondrial dysfunction and impaired oxidative phosphorylation are acquired during sepsis and may contribute
to or cause organ failure during sepsis. Dysfunction of any
vital component of the TCA cycle or electron transport
chain can lead to bioenergetic failure. Identifying specific
defects during sepsis will help target specific therapies.
Thus, it is possible that many novel interventions will
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target sepsis-induced mitochondrial dysfunction in the
future. Such therapies may have a dramatic impact on
organ function and survival.
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Mitral valve disease can complicate the management of
patients in the ICU. They may present with primary cardiac disease with either decompensation or they may
complicate the management of patients with other ailments requiring critical care.
The diseases may be broadly grouped functionally into
Mitral Stenosis and Mitral regurgitation.

Mitral Stenosis
Definition: This refers to inflow obstruction of the left
ventricle due to narrowing of the orifice of the mitral
valve that impedes left ventricular filling and thus causing
additional back pressure effects.
Causes: Rheumatic fever is by far the commonest
cause of mitral stenosis (99%) and while rare in most developed countries is common in underdeveloped countries.
Rarer causes include congenital mitral stenosis, inflammatory/autoimmune disease like systemic lupus erythematosis,
rheumatoid arthritis, storage diseases like mucopolysacharidoses, Fabry’s disease, malignant carcinoid, and drug
induced, for example Methysergide and Fenfluramine.
Mitral stenosis causes LV inflow obstruction. This causes
a rise in left atrial pressure that is reflected backward,

progressively causing pulmonary venous hypertension,
increased pulmonary artery pressure, and depending on
the rapidity varying degrees of interstitial pulmonary
edema, and finally frank pulmonary edema. Pulmonary
hypertension occurs due to reflex pulmonary vasoconstriction in an attempt by the body to limit increased
flow to the lungs that cannot ultimately egress. Progressive
pulmonary hypertension ultimately takes toll on the right
heart leading to right ventricular pressure and volume
overload, tricuspid and pulmonary regurgitation, and
right heart failure.

Acute Decompensation
Reduction of diastolic filling time – Flow through the
mitral valve is prolonged due to stenosis and any
event that decreases the duration of diastole and diastolic filling time increases the mitral gradient and
worsens symptoms. This typically happens with anemia, fever, and thyrotoxicosis. Drugs like beta agonists
and theophylline derivatives can also cause tachycardia
and decompensation.
Loss of left atrial booster function as in atrial fibrillation
or atrial tachycardia removes the atrial boost function and
is also a cause for acute decompensation.
Loss of left ventricular after load with a fixed cardiac
output – A fixed cardiac output due to stenosis prevents
increase in forward flow and compensation can only be
increased heart rate that increases the mitral gradient.
Pregnancy is a vasodilatory state that commonly causes
women to decompensate.

Diagnosis
A history of rheumatic fever in childhood or rheumatic
fever prophylaxis may be obtained. Up to 50% of patients
in endemic areas may have no classical history. Mitral
stenosis may be asymptomatic for decades and may present during a period of acute decompensation. Usual
presentation is with exertional dyspnea, orthopnea, and
paroxysmal nocturnal dyspnea. Patients may present with
what looks like an “asthma attack” and also frank pulmonary edema. Hempotysis may be an acute presentation and
is bright red in case of pulmonary apoplexy, pink frothy
(pulmonary edema), red current jelly (concomitant pneumonia), streaky red (winter bronchitis and pulmonary
embolism), or rarely rusty (secondary hemosiderosis).
Patients may present with cardio-vocal (Ortner’s syndrome) or chest pain that may be due to right ventricular
ischemia, dilated pulmonary artery, concomitant atherosclerosis, or coronary embolism. Patients may present
with acute embolic episodes, features of endocarditis,
or palpitations due to atrial fibrillation or atrial
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tachycardia. Patients may have a history of prior surgery
or intervention.
Clinical features include a diastolic thrill over the apex,
loud first heart sound (if there is no significant associated
mitral regurgitation), and P2 component of the second
heart sound may be loud and associated with a palpable
diastolic shock in the second left intercostal space
depending on the pulmonary artery pressure. This is
followed by an opening snap in case of pliant valves and
the classical middiastolic murmur with presystolic accentuation if the patient has a preserved atrial boost function.
There may be a murmur of associate mitral regurgitation
and there may be involvement of other valves which needs
to be searched for. Patients may also have features of
pulmonary edema and low output, peripheral cyanosis,
and “mitral facies” in fair-skinned patients. Features of
right heart failure may be present. Patient may have features of atrial fibrillation, embolism, and concomitant
endocarditis especially when presenting in the ICU in an
acute decompensated phase. Patients with critical mitral
stenosis who are in low output may not have a classical
middiastolic murmur – the so called silent mitral stenosis.
Investigations – a Chest X-ray usually shows a small
heart and any cardiomegaly is due to left atrial dilatation.
The aortic knuckle is small, a dilated pulmonary artery
segment is seen. The left atrial appendage is dilated unless
the patient has undergone a previous closed valvotomy or
has a shriveled appendage due to an organized left atrial
appendage thrombus. The ventricular contour is of the
right ventricular type. There may be a double density seen
due to superimposition of the left and right atrial shadow.
The carinal angle will be widened indicating left atrial
dilatation. Intracardiac calcification may be seen if there
is significant calcification of the valve and rarely a calcified
thrombus or left atrial wall. There will be features of
pulmonary venous hypertension like upper lobar venous
congestion, peribronchial cuffing. Kerley B lines may be
seen at the costophrenic angles. Features of pulmonary
edema may be seen and an interlobar effusion can give rise
to a “Phantom tumor.” Rarely in patients with secondary
hemosiderosis, mottling of the lung fields may be seen.
The electrocardiogram may show atrial fibrillation,
left atrial enlargement and right ventricular hypertrophy,
and a right axis deviation with right ventricular
hypertrophy.
Echocardiography is the mainstay in diagnosis and the
orifice area will be measurable by planimetry and an
increased gradient by the pressure halftime method. An
area of less than 1 cm2 is considered as critical mitral
stenosis. Larger areas may be significant in the presence
of pregnancy, high output states, and a high rate. The
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morphology of the valve, subvalvar fusion, thickening,
calcification, and suitability for balloon mitral or surgical
valvotomy can be assessed and scored (Wilkins score).
Concomitant mitral regurgitation and aortic valve disease
can be evaluated. The pulmonary artery pressure can be
estimated and a left atrial clot should be searched for.
Better delineation can be done (especially left atrial
appendage interrogation) with transesophageal echocardiography. Spontaneous echo contrast can be often seen
due to the slow circulation.
Patients with mitral stenosis and a concomitant acute
coronary syndrome may show rise in cardiac enzymes and
when in failure an increased Brain Natriuretic Peptide
levels.
Cardiac catheterization is usually done when there is
a discrepancy between echocardiographic finding and
clinical findings, to rule out concomitant coronary artery
disease and during balloon mitral valvotomy.

Presentation in the ICU
The patient with mitral stenosis is usually present in the
ICU with acute decompensation with pulmonary edema,
low cardiac output, and complications like embolism or
after a complication of balloon mitral valvotomy or after
cardiac surgery for mitral stenosis.
Acute pulmonary edema is a common presentation.
Management is to be directed against the inciting event
(like fever, tachycardia, and atrial fibrillation). Symptomatic management with an upright position, diuretics, oxygen administration, fluid restriction, and sometimes
ventilation with PEEP may be required to provide adequate gas exchange. Emergency balloon mitral valvotomy
provides dramatic relief of symptoms when the valve has
a suitable morphology. Patients with recalcitrant pulmonary edema and not amenable to balloon valvotomy
may require emergent cardiac surgery for mitral valve
replacement. At times, rapid withdrawal of a unit of
blood can relieve or decrease pulmonary edema while
the patient is being prepared for balloon valvotomy or
surgery. This acts by decreasing preload. Patients with
a fast ventricular rate may require rate control and emergency cardioversion after ruling out a left atrial appendage
clot. These patients will also require anticoagulation to
prevent thromboembolism.
Strokes can occur due to thromboembolism or intracerebral bleeding in patients with atrial fibrillation, and
anticoagulation.
After care – Patients will require regular monitoring
for restenosis if balloon or surgical mitral valvotomy has
been done. Regular anticoagulation monitoring and rate
control assessment will be required for patients in atrial
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fibrillation or those who have received mechanical valve
replacement. Patients will require Penicillin prophylaxis
according to established guidelines. Younger patients will
have to be monitored for recurrent rheumatic carditis.
Prognosis – 85% of NYHA Class I patients will be alive.
The 10-year survival of patients in NYA Class I is 85%,
Class II is approximately 45%, Class III is approximately
40%, and 0% for Class IV patients. Class IV patients have
a mortality of 68% at the end of 1 year and 90% by 5 years.
The mortality of open mitral valvotomy is 1–2% and
that of mitral valve replacement is 3–5%. In patients with
a mechanical valve, the thrombohemorrhagic rate is
around 2–3%/year.

Synonyms

volume and pressure hypertrophy that causes eccentric left
ventricular hypertrophy as a compensatory mechanism.
This causes the left ventricle to have a “supranormal”
ejection fraction as the ventricle ejects into both the systemic circulation and left atrium. Reflex pulmonary
hypertension develops and prevents pulmonary edema,
but increases progressively the work of breathing as regurgitation increases.
In the chronic decompensated phase there is progressive ventricular dysfunction, the patient has progressive
increase in dyspnea due to pulmonary congestion. Patient
can have acute decompensation just like in mitral stenosis
and the usual causes are fever, pneumonia, atrial fibrillation, and endocarditis. Acute rheumatic carditis can be
a cause of decompensation in endemic areas.

Barlow’s disease

Definition
Mitral regurgitation refers to backflow of blood from the
left ventricle to the left atrium due to incomplete closure
of the mitral valve.
Causes – Mitral valve prolapse is the commonest
cause of mitral regurgitation in the areas where rheumatic
fever has been eradicated (45%), whereas rheumatic
mitral regurgitation remains the commonest cause of
mitral regurgitation in the areas where rheumatic heart
disease is rampant (80%). Ischemic mitral regurgitation is
increasingly observed with increase in coronary artery
disease. This is due to papillary muscle dysfunction or
even papillary muscle rupture. Endocarditis can cause
acute regurgitation due to leaflet perforation or chordal
rupture. Secondary mitral regurgitation can be due to
left ventricular dilatation like dilated cardiomyopathy
or chronic aortic regurgitation. Collagen disorders like
Marfans and Ehler Danlos syndrome can cause mitral
regurgitation due to leaflet prolapse and annular dilatation.
Mitral regurgitation can present in three phases: acute
decompensated, chronic compensated, and chronic
decompensated.
The acute decompensated phase occurs when there is
sudden onset of mitral regurgitation and is usually due to
chordal or papillary muscle rupture. This causes a sudden
volume overload of both the left ventricle and left atrium.
Since the left atrium is noncompliant, this increased
regurgitant volume causes a sharp increase in left atrial
pressure which is transmitted to the lungs causing acute
pulmonary edema. Some patients have papillary muscle
dysfunction that gives rise to acute MR and flash pulmonary edema.
Patients who tolerate the acute phase and who progressively develop mitral regurgitation have a progressive

Diagnosis
Mitral regurgitation may have an insidious onset with
minimal symptoms for years in those with a chronic
onset. Patients with acute presentation may have
a dramatic presentation with sudden onset of pulmonary
edema. Patients with ischemic MR may have a history of
angina but often may have nonanginal symptoms like
dyspnea, fatigue orthopnea, and peripheral edema.
Patients with mitral valve prolapse also have a history of
atypical chest pain (often worsened by nitrates), palpitations, and often have a history of panic disorder. Patients
with rheumatic mitral regurgitation may have a history of
previous rheumatic fever.
On clinical examination, patients with chronic mitral
regurgitation will have cardiomegaly with a left ventricular
hyperdynamic apex. Patients with acute presentation may
not have cardiac enlargement. There is a pansystolic murmur at the apex that may radiate to the axilla and the back.
While the intensity does not indicate the severity of the
murmur, a widespread radiation of the murmur generally
indicates severe mitral regurgitation. Patients with
a chordal rupture may have a cooing or seagull type of
murmur. There may be an accompanying S3 and a flow
murmur across the mitral valve (functional mitral stenosis), indicating severe mitral regurgitation. Patients with
mitral valve prolapse may have a midsystolic click and
a late systolic murmur.

Investigations
The chest X-ray may show cardiomegaly in long-standing
mitral regurgitation. The aortic knuckle is normal unless
there is coexisting aortic valve disease or hypertension;
the left atrial appendage is dilated and prominent. The
pulmonary artery segment is dilated and there is a left
ventricular contour and apex. The left atrial body may be
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seen as a double density and there may be widening of the
carinal angle. Intracardiac calcification (mitral annular or
leaflet) may be seen. Lungs show evidence of pulmonary
hypertension with dilated pulmonary arteries, venous
congestion, and features of interstitial or frank pulmonary
edema.
The ECG shows a sinus rhythm or atrial fibrillation in
long-standing mitral regurgitation with dilated left
atrium. There is evidence of left atrial enlargement in the
form of a negative terminal force of the P-wave in lead V1
greater than 1 mm. There is left ventricular hypertrophy
by voltage criteria (SV2 + RV5 >35 mm) and there is
features of left ventricular volume overload (noninfarct
q waves in V5 & V6). In ischemic MR, there may be
features of inferior wall ischemia/infarction.
Echocardiography (transthoracic and transesophageal)
can give an accurate picture, the mechanism, and the quantification of mitral regurgitation. Mitral valve prolapsed
shows leaflet prolapsed above the annular plane. Chordal
rupture and flail leaflets can be seen. Patients with infective endocarditis may have abscesses and perforations or
chordal rupture. Rheumatic mitral regurgitation is often
associated with thickened leaflets and concomitant mitral
stenosis. Patients with ischemic MR may have regional
wall motion abnormality (usually inferior wall) that
may be exaggerated on stress echocardiography and
they may have papillary muscle rupture in acute mitral
regurgitation. Annular and leaflet calcification may be
demonstrated.
Angiography may be done when concomitant coronary artery disease is suspected and in cases of ischemic
mitral regurgitation.
Presentation in the Emergency Department and ICU:
Most presentations in the critical care setting are due to
acute mitral regurgitation, decompensated chronic mitral
regurgitation, or postcardiac surgery. Patients with acute
ischemic mitral regurgitation may have papillary muscle
dysfunction and may require thrombolysis. If there is
frank papillary muscle rupture and decompensation,
they may need emergency mitral valve replacement.
Patients with chordal rupture or perforation due to endocarditis will require stabilization and preparation for
emergent cardiac surgery if unstable. Patients in pulmonary edema may require afterload reduction and management of pulmonary edema. Patients with atrial fibrillation
and a fast ventricular rate will require rate control and
cardioversion if hemodynamically unstable. Patients may
have acute mitral regurgitation after balloon mitral
valvotomy and they may present with frank pulmonary
edema requiring diuretics, afterload reduction and, if
required, intubation or may present with low output,
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cold clammy peripheries and extreme tachycardia. Both
may necessitate emergent cardiac surgery with repair of
the tear followed by surgical valvotomy or a valve replacement. The postcardiac surgery patient after mitral valve
replacement will have undergone a valve repair
or replacement. They will basically need management
with decreased afterload using a vasodilator like sodium
nitroprusside and adequate preload augmentation. Patient
who have not had a chordal sparing valve replacement may
have acute low output due to a significant fall in cardiac
output and may require inotropic support. Ischemic
mitral regurgitation patients who have concomitant coronary artery bypass grafting may require additional
intraaortic balloon pump assistance.

After-care
Patients who have been stabilized after acute decompensation need to be evaluated for consideration for mitral
valve surgery. Those who do not need surgery are to be
under regular follow-up to check for worsening of regurgitation and any decline in LV function. Patients who have
had a valve replacement and who are in atrial fibrillation
need to have regular prothrombin time monitoring.
Patients with bioprosthetic valves need to be monitored
for valve degeneration. Patients with mitral valve repair
need to be monitored regularly for recurrence of mitral
regurgitation and in rheumatics for possible stenosis.
Patients who have rheumatic heart disease need to be
on Penicillin prophylaxis according to established
guidelines. Patients with mitral regurgitation have to
receive endocarditis prophylaxis as per the current
guidelines.

Prognosis
This is dependent on the extent of left ventricular dysfunction and the cause of mitral regurgitation. Patients
with acute mitral regurgitation in cardiogenic shock and
pulmonary edema have a mortality of 80%. The mortality
in ischemic mitral regurgitation is related to the extent of
left ventricular dysfunction. In chronic mitral regurgitation, there is an 80% 5-year survival and a 60% 10-year
survival. In patients with mitral valve repair due to myxomatous disease, the 10-year survival can approach 96%.
Patients who have had a mitral valve replacement have
a 60–80% 10-year survival rate depending on the residual
left ventricular function after mitral valve replacement.
Patients with a mechanical valve have a constant
thrombohemorrhagic risk due to the necessity of
anticoagulation. All patients with mitral valve disease
have a constant endocarditis risk and require endocarditis
prophylaxis as per established guidelines.
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MLSB Resistance
Macrolide-lincosamide-streptogramin B are three distinct
classes of antibiotics. The lincosamide used in medicine is
the compound clindamycin. Since resistance mechanisms
toward these antimicrobials are closely related to each
other, occurrence of resistance toward one class (i.e.,
macrolide) requires additional susceptibility testing for
the other classes (i.e., clindamyicn). MLSB resistance can
be expressed constitutively (cMLSB) or upon induction
(iMLSB).

seen in ICU patients and also may contribute to ICUacquired weakness.
A reasonable definition of ICU-acquired weakness is
neuromuscular weakness that develops during the course
of critical illness and does not have an identifiable cause
other than a state of systemic inflammation. It is a bedside
diagnosis established by the presence of neuromuscular
weakness, which may be manifest as difficulty with mobilization/ambulation and/or respiratory muscle weakness
with resulting difficulty liberating from mechanical ventilation. Diagnostic tests such as electromyography, nerve
conduction studies, and muscle biopsy provide supplementary evidence for the existence of this syndrome,
though such tests are not mandatory to establish the
diagnosis.

Pre-existing Condition
Sepsis and multiorgan failure are the most common conditions associated with ICU-acquired weakness. Studies
evaluating cohorts with these conditions have reported
occurrence rates ranging from 50% to 100% [2, 6–8].
Gender also appears to increase the odds of developing
ICU-acquired weakness, with females demonstrating
a 4.7-fold increased risk of developing the syndrome in
one study [9].

Application

Mobility/Exercise, Early in ICU
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Critical Care, University of Chicago,
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Synonyms
Acute quadriplegic myopathy; Critical illness myopathy;
Critical illness neuromuscular abnormalities (CINMA);
Critical illness polyneuropathy (CIPN); ICU-acquired
weakness (ICU-AW); Necrotizing myopathy

Definition
ICU-acquired weakness is a syndrome with many possible etiologies. Though the mechanisms are poorly understood [1], preliminary evidence suggests that muscle
injury from systemic inflammation [2, 3] along with
deconditioning from immobility [4, 5] are important
contributors to the pathophysiology. Catabolism with
skeletal muscle proteolysis and atrophy are frequently

Data suggesting that physical activity may attenuate
neuromuscular weakness in critically ill patients
began to appear in the literature as early as 1995
[5]. Griffiths and colleagues described the effects of continuous passive motion of one leg in critically ill patients
with respiratory failure during neuromuscular blockade.
In this study, where the contralateral leg served as the
control, muscle fiber atrophy was prevented by this
intervention in some patients. Muscle DNA to protein
ratios were used as an index of wasting and noticed
improvement in the leg receiving CPM compared to the
control leg.
Mechanically ventilated patients who receive sedative
and analgesic drugs may remain unconscious and immobile for prolonged periods. Sedation strategies such as
daily sedative interruption are known to reduce mechanical ventilation time and ICU length of stay (LOS)
[10–12]. Such strategies are now used commonly in the
management of mechanically ventilated patients.
Early mobilization during mechanical ventilation in the
ICU requires patients to be awake. We have referred to the
physical and mental activity as a state of “animation” [13].
The first report of mobilization in mechanically
ventilated ICU patients was published by Bailey and
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colleagues [14]. In a descriptive prospective cohort study,
this group postulated that early mobilization following
physiological stabilization in the ICU might lead to
patients accomplishing ambulation by the time of ICU
discharge. This study targeted feasibility and safety as
endpoints in patients admitted to the respiratory ICU at
LDS Hospital in Salt Lake City, Utah over a 7-month
period. These patients were typically transferred from
medical and shock trauma ICUs. Mobilization began
when patients demonstrated neurological (i.e., response
0.6 and
to verbal stimulation), respiratory (i.e., FiO2
PEEP
10 cm H2O), and circulatory stability (i.e.,
absence of orthostatic hypotension and catecholamine
infusions). The mobilization protocol utilized the skills
of a physical therapist, respiratory therapist, nurse, and
critical care technician. Patients averaged 10.5 days in
another ICU before being transferred to this ICU. The
intervention targeted three activities: sitting on the edge
of the bed, sitting in a chair after bed transfer, and ambulating. Almost 1,500 activity events occurred in 103
patients, which included 16% bed sitting, 31% chair sitting, and 53% ambulating. Five hundred and ninety-three
of the activity events occurred in intubated patients.
Eighty-three percent of patients survived to hospital discharge and had an average ambulation distance of 200 ft.
By the end of the ICU stay, 69% of the patients had
ambulated greater than 100 ft. Despite high illness acuity,
adverse events occurred in only 1% of activities (five falls
to knees without injury, four systolic blood pressure (SBP)
decreases below 90 mm Hg, one SBP increase above
200 mm Hg, three SpO2 decreases below 80%, and one
enteral feeding tube removal). There were no
unintentional extubations and all adverse events were
fully resolved by cessation of activity. This groundbreaking
study demonstrated the feasibility of an unconventional
mobilization protocol that could be performed in
mechanically ventilated patients with success and safety.
The same group followed this study with a follow-up
report, seeking to assess whether unnecessary immobilization occurred in other ICUs and improved when
patients were transferred to an ICU where a culture of
early mobilization was prevalent [15]. The primary endpoint of this study was successful ambulation. In
a multivariate logistic regression model, ambulation was
associated with transfer to this special ICU (OR 2.47; 95%
CI 1.9–3.4, p < 0.0001), absence of sedatives (OR 1.90;
95% CI 1.2–3.2, p < 0.009), female gender (OR 1.88; 95%
CI 1.1–3.2, p < 0.019), and lower APACHE II score (OR
1.06; 95% CI 1.01–1.1, p < 0.017). The majority of
patients surviving to hospital discharge ambulated 200 ft
or more.
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Morris and colleagues reported the first prospective
comparative trial comparing between ICU mobilization
and usual care [16]. Mechanically ventilated patients were
enrolled in the trial within 48 h of intubation. The study
was not randomized, but rather assigned patients to mobilization vs. usual care by block allocation in different ICUs
within the same institution (Wake Forest University Hospital). All patients received protocolized sepsis resuscitation, glycemic control, daily sedative interruption, and
ventilator liberation. In this study, the mobilization team
included a critical care nurse, nursing assistant, and physical therapist.
Three hundred and thirty patients who enrolled in the
trial, had no complications noted. The mobilization protocol resulted in fewer days before getting out of bed (8.5
vs. 13.7; p < 0.001) and fewer hospital days (14.9 vs. 17.2;
p = 0.048). Nonrandomization and lack of blinding are
potential limitations of this trial.
Burtin and colleagues published a randomized trial
evaluating a bedside cycle ergometer [17] in stable critically ill patients with an expected prolonged stay in the
surgical or medical ICU. Screening of patients began on
the fifth day of admission to the ICU. Those with cardiorespiratory instability were excluded from the study.
Control patients underwent respiratory physiotherapy
and a standardized mobilization session of the upper and
lower extremities. Exercise intensity was increased
according to the patient’s capability, and ambulation was
started when considered appropriate by the medical staff.
Patients in the treatment group underwent a daily cycling
exercise session, using a bedside cycle ergometer, which
could conduct passive or active cycling for 20 min/day. At
hospital discharge, 6-min walking distance, isometric
quadriceps force, and “Physical Functioning” on the
Short Form 36 Health Survey questionnaire were significantly better in the treatment group.
Schweickert, et al. published the first prospective, randomized trial of very early physical and occupational therapy in critically ill mechanically ventilated patients [18].
Mechanically ventilated medical ICU patients who were
functionally independent (Barthel Index Score > 70 [19])
at baseline before ICU admission were enrolled. Mobilization was progressive, depending on individual patient
needs and capabilities. The mobilization protocol focused
on mobilization and achievement of occupational tasks
(i.e., activities of daily living [ADL]). A strategy of daily
sedative interruption was employed each morning. When
patients were awake and able to follow commands, therapists subjected patients to a sequential mobilization protocol. After starting with range of motion exercises, the
protocol progressed to sitting at the edge to the bed,
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activities of daily living, transfer training, and ambulation.
Control patients underwent PT/OT as ordered by the
primary care team typically occurring after extubation
[14–16, 20–22]. All functional outcomes in this trial
were evaluated by blinded therapists. The primary endpoint of the trial was the return to “functional independence” at hospital discharge, defined as the ability to
perform ADLs (bathing, dressing, eating, grooming,
transfer from bed to chair, toileting) and walk
independently.
Intervention patients began therapy at 1.5 days after
intubation compared to 7.3 days after intubation in the
control group (p < 0.001), with several improved outcomes reported. Most importantly the primary outcome
of independent functional status at hospital discharge was
achieved in 59% of intervention patients compared to
35% of controls (p = 0.02). Intervention patients also
were noted to have greater unassisted ambulatory distance
(110 vs. 0 ft, p = 0.004), more ventilator free days
(23.5 vs. 21.1; p = 0.05) and fewer days of ICU delirium.
Similar to the other studies [14–16], feasibility of
early mobilization was again demonstrated in this
trial. With a regimen targeting very early mobilization,
many patients achieved activity milestones during
mechanical ventilation: sitting at the edge of the bed
(78%), standing (51%), transfer to a chair (43%),
ambulating two steps or more (25%), and ambulating
greater than 100 ft (6%).
Major adverse events were uncommon – 1 event in
498 encounters (zero extubations, falls, or SBP changes
<90 or >200; one desaturation less than 80%) and cessation of therapy as a result of adverse events occurred rarely
(4% of all sessions). This study differed from the previous
studies in that mobilization occurred extremely early
(1.5 days after intubation) and measured functional
outcomes in a randomized, blinded fashion.

Conclusions
Survivors of respiratory failure requiring mechanical
ventilation are at high risk for neuromuscular weakness
and functional impairment. These problems are often
severe and persistent, and for many patients may never
fully resolve. Given the frequency with which immobilization occurs in these patients while in the ICU, it stands
to reason to hypothesize that early mobilization may
offer benefit. The area of early ICU mobilization is
novel and there is limited evidence at present to
guide clinicians. Nevertheless, recent studies have confirmed that mobilization of mechanically ventilated
patients is feasible and safe. Furthermore, preliminary
evidence suggests that such an intervention may offer

improvement in outcomes for these high risk patients.
Further trials to investigate the potential benefits of ICU
mobilization are warranted.
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Synonyms
CO (cardiac output); Hemodynamic monitoring; Pulse
contour method; PRAM (pressure recording analytical
method); PWA (pulse wave analysis)

Definition
MostCare (PRAM) (Vytech Health, laboratoires
pharmaceutiques Vygon, Ecouen, France) is an uncalibrated
pulse contour method (PCM) that allows beat-to-beat
stroke volume (SV) and cardiac output (CO) assessment
from the pressure signal recorded invasively in an artery
(Fig. 1).
The commonly employed reference techniques for
assessment of CO are represented by the direct Fick
method in physiology, and by intermittent
thermodilution (ThD) in clinical practice.
According to the Fick principle, CO is determined by
the ratio of oxygen uptake to the difference in oxygen
content between arterial and mixed venous blood. The
validity of the method depends on the assumption that
pulmonary blood flow closely approximates systemic
blood flow and that lungs themselves do not extract oxygen. The major limitations of the method are the need of
right heart catheterization to obtain truly mixed venous
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blood, the availability of techniques for measuring oxygen
uptake and content, and the attainment of a steady state in
which oxygen consumption matches tissue oxygen utilization. Likewise, the ThD method requires fulfillment of
several conditions, such as complete mixing of the thermal
indicator with blood, no loss of indicator within the
dilution volume, and constant blood flow during the
dilution time. Inconsistency of these assumptions may
occur in many clinical conditions, leading to inaccuracy
in CO measurements. In particular, variability of blood
flow may result from hemodynamic instability related to
changes in heart rate, cardiac arrhythmias, valvular or
congenital heart disease, and application of mechanical
ventilation. According to the hypothesis that continuous
monitoring of CO could allow the detection of sudden
hemodynamic changes which may influence patients
management and outcome, different approaches, such as
continuous thermodilution, bioimpedance, Doppler
ultrasonographic techniques, and PCMs have been more
recently utilized.

Pre-existing Condition
The PCMs, unlike bolus thermodilution, which measure
CO over a limited time span, operates on a beat-to-beat
basis and, for this reason, could be suitable for the continuous monitoring of CO. Such a device would have
significant advantages over the use of intermittent ThD
and may provide the concept of ideal monitor (Table 1).
PCMs are based on the main assumption that the
pressure rise during systole is related to the systolic filling
of the aorta and proximal large arteries. Various models of
the arterial system have been devised to approximate the
relationship between arterial pressure and flow. The most
used PCM approach relies on the aortic pressure-crosssectional area relationship that is modeled from unrelated
in vitro measurements on segments of human thoracic
aorta. To obtain absolute values of CO, it is necessary to
determine, at least once for each patient, a calibrating
factor of the model parameters by comparison of the
PCM result with an absolute CO estimate. This greatly
limits the usefulness of PCMs since the calibrating technique is invasive (e.g., thermodilution) and must be
repeatedly applied when changes in the experimental procedure and clinical practice, that may alter the physical
properties of the arteries, are induced or spontaneously
occur.
Recently, an uncalibrated minimally invasive PCM has
been developed: beat-to-beat values of CO can be
obtained by MostCare system (Vytech Health, laboratoires
pharmaceutiques Vygon, Ecouen, France) (Fig. 1). This
monitoring system is powered by Pressure Recording
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MostCare Monitor. Figure 1 MostCare® monitor (Vytech Health, laboratoires pharmaceutiques Vygon, Ecouen, France)

Analytical Method (PRAM), which is based on the mathematical analysis of the arterial pressure profile changes.
It allows beat-to-beat SV assessment from the pressure
signal recorded invasively in radial, brachial, and femoral
arteries [1].

MostCare Monitor. Table 1 Characteristics of the ideal
monitoring system
1

Accuracy

2

Reproducibility or precision

3

Fast response time (real time,
beat to beat)

4

Operator independency

5

Easy to use

6

Continuous use

7

Cost effectiveness

8

Minimally invasive

9

Clear data display and
interpretation

10

Real-time afterload, preload,
and oxygen delivery

11

Neonates to adults

Application
MostCare (PRAM): Scientific and Physical
Principles
Changes in volume that occur in all arterial vessels are
mostly due to wall radial expansion in response to blood
pressure changes. This depends on various physical factors: (1) the force of blood ejection generated by the left
ventricle; (2) the arterial impedance counteracting the
pulsatile blood inflow; (3) the arterial compliance that
permits to elastically store a portion of the kinetic energy
of the cardiac upstroke; and (4) the peripheral vessels’
resistance generating backward reflections of the pressure
wave depending on heart rate and relative tightening,
bifurcations, and stiffness of downstream arterial vessels.
These variables are closely interdependent and need to be
evaluated simultaneously. To this end, a variable called Z,
representing the relationship between changes in pressure
and changes in volume with time, is taken into account for
the evaluation of SV in the various approaches to determine CO by PCMs. Pulse pressure is converted to SV by

calculating the area under the pulsatile portion of the
pressure wave, and Z (mmHg  s cm3) is calculated as
a factor retrospectively approximated from the results of
in vitro experiments or by calibration with an independent
measure of SV (i.e., ThD bolus). Such retrospective adjustment represents the major limitation of other PCMs.

MostCare Monitor

There are three main differences between MostCare
(PRAM) and other PMCs:
● MostCare analyses the arterial signal at a frequency of
1,000 Hz.
● MostCare does not need a dedicated arterial cathetertransducer because it can be directly connected via
a simple cable connection to the standard monitoring
system.
● MostCare does not require calibration (e.g.,
thermodilution) or preloaded data (e.g., patient
demographics and physical characteristics) for arterial
impedance estimation.
At variance with other PCMs, MostCare (PRAM) is the
practical application of a model developed completely
a priori (the model did not require adjustments based on
experimental data) and it is based on the physics theory of
perturbations [1]. With MostCare, the whole instead of
the pulsatile systolic area under the pressure curve is
measured at each cardiac cycle (Fig. 2). Simultaneously,
Z is obtained directly from the morphologic analysis of
both the pulsatile and the continuous components of the
pressure waveform, with no need for calibrating factors.
The derivation of Z requires no predicted data, apart from
the expected mean arterial pressure.

where:

– A (mmHg  s) is the whole area under the systolic
portion of the pressure curve;

– P/t (mmHg  s1) is a description of the pressure
wave profile expressed as the variations in pressure
(P) over time (t) during the entire cardiac cycle (systolic and diastolic portion).
– K is a factor inversely related to the instantaneous acceleration of the vessel cross-sectional area (s2  cm1) 
(1  cm2) [1].
The A, P/t, and K variables are closely interdependent in
each cardiac cycle. To compute P/t, MostCare (PRAM)
assumes that peak systolic pressure and the pressure at the
dicrotic notch represent points of dynamic equilibrium
among the various forces that concur to the blood flow
along the arterial system. The value of K is obtained from
the ratio between expected and measured mean blood
pressures. The numerator of the relationship is constant
(theoretical mean arterial pressure), and the denominator
is measured. As a consequence, K may change from
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Briefly, according to PRAM, Z is equal to (P/t)  K,
and SV is calculated as follows (cm3):

PCM
120

M

SV =

P+C
Z(t)

Z(t) = K ⫻ P/t

MostCare Monitor. Figure 2 Algorithms for calculating cardiac output from arterial waveforms. The figure shows the algorithm
used by classical pulse contour method (PCM) (left side), and the MostCare (PRAM, pressure recording analytical method) (right
side) for calculating the stroke volume (SV). With PCM, the pulse pressure is converted to SV by calculating the area (A) under the
pulsatile portion of the pressure wave. With MostCare (PRAM), the pulse pressure is converted to SV by calculating the whole area
(P + C, pulsatile and continuous, respectively) under the systolic portion of the curve (see text for details). Psys, Pdic, Pdia =
systolic, dicrotic, and diastolic pressures; Z = aortic impedance, cal = calibration by thermodilution (ThD); P/t = description of the
pressure wave profile expressed as the variations in pressure (P) over time (t); K = factor inversely related to the instantaneous
acceleration of the vessel cross sectional area
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cardiac cycle to cardiac cycle, and the constant value at the
numerator is taken as a reference to gauge the deviation
from normality of mean arterial pressure. The value of K
will differ from unity in the presence of physical phenomena that may affect the pressure wave transmission (e.g.,
low stroke output from the left ventricle or backward wave
reflections from the peripheral vasculature). Because perturbations of the pressure wave are reflected in the instantaneous acceleration of the arterial vessel cross-sectional
area, the correction of P/t by a value of K above or below
unity yields a corrected value of Z that takes into account
the effect of the wave reflection [1].

MostCare Measurements
MostCare (PRAM) needs to be connected to the analogic
output of a standard monitoring system (or to a standard
arterial catheter-transducer) for computing CO and other
hemodynamic parameters: blood pressures (systolic, diastolic, mean, dicrotic), heart rate, systemic vascular resistance
(SVR), SV, SV variations (SVV) and pulse pressure variations
(PPV), dP/dT ratio, and cardiac cycle efficiency (CCE)
values are displayed on the monitor (Fig. 1).

Cardiac Output: MostCare (PRAM) Validation
Studies
In 2002, Romano et al. [1], simultaneously estimated CO
by direct-oxygen Fick method, bolus ThD, and PRAM
applied to pressure signals recorded either invasively from
an aortic catheter (PRAMa) or noninvasively, at the finger
level, by photoplethysmography (PRAMf ) in 22 adult
hemodynamically stable cardiac patients undergoing cardiac catheterization. Good correlation between methods
were found (Fick method versus PRAMf, r 2 = 0.94;
Fick method versus PRAMa, r 2 = 0.88; ThD versus
PRAMf, r 2 = 0.77; ThD versus PRAMa, r 2 = 0.77). The
Bland–Altman analysis confirmed the agreement between
the Fick method and PRAM, and ThD and PRAM.
In 2004, Giomarelli et al. [2] measured CO in
28 patients undergoing coronary artery bypass grafting
at 15 min after anesthesia induction, 30 min after weaning
from extracorporeal circulation, and 1 and 3 h after arrival
to the ICU comparing bolus ThD and PRAM. CO ranged
from 2.3 to 7.4 l/min. A good correlation between
methods was indicated by r 2 = 0.78. The Bland–Altman
analysis demonstrated that the overall estimates of CO
measured by PRAM closely agreed with CO measured by
PAC (mean difference, 0.027; standard deviation, 0.43;
limits of agreement, 0.83 and +0.89).
In 2005, Scolletta et al. [3] compared PRAM with
electromagnetic flowmetry (EM) and ThD during various
hemodynamic states (dobutamine and hemorrhage) in

a swine model. CO ranged from 1.8 to 10.4 l/min. The
authors found close agreement between the techniques.
Mean bias between EM and PRAM was 0.03 l/min
(precision 0.58 l/min). The 95% limits of agreement
were 0.61 to +0.55 l/min. Similar results between ThD
and PRAM were found.
In 2008, Calamandrei et al. measured CO by PRAM in
48 pediatric patients and compared PRAM with CO measured by Doppler echocardiography. The authors
observed a good agreement between methods also in children [4].
Patients with low cardiac output syndrome treated
with inotropic drugs, with intra aortic balloon pump,
and ventricular assist devices do not represent a limitation
for PRAM, as Zangrillo et al. observed in a prospective
study comparing cardiac index measured with PRAM and
ThD in 32 patients undergoing cardiac surgery [5].

Fluid Responsiveness: Pulse Pressure
Variation (PPV) and Stroke Volume
Variation (SVV)
Hemodynamic instability with low cardiac output in critically ill patients is often caused by hypovolemia. However,
determining the level of preload and most importantly
fluid responsiveness, that is, predicting whether fluid
loading will increase a patient’s CO or not, still is a very
difficult decision at the patient’s bedside. Several studies
published within the last 15 years have clearly demonstrated that the static parameters (central venous pressure
and pulmonary capillary wedge pressure) do not allow the
prediction, prior to fluid loading, of whether the intervention in question will increase the patient’s CO or not.
Recent lines of evidence strongly suggest that these
markers of cardiac preload, independently of the methodologies used for their measurement, are poor predictors of
fluid responsiveness.
Within the last few years, there has been renewed
interest into the specific interactions of the lungs and the
cardiovascular system caused by mechanical ventilation.
So-called dynamic parameters, such as the pulse pressure
variation (PPV), and the stroke volume variation (SVV),
all based on ventilation-induced changes in the interactions of the heart and lungs, have been evaluated by
different groups to improve the assessment of fluid
responsiveness, and by that to optimize fluid therapy in
mechanically ventilated patients. The rationale behind the
parameters SVV and PPV is similar: the alternating intrathoracic pressure during each mechanical breath induces
transient but distinct changes – predominantly in cardiac
preload – which, according to the Frank–Starling mechanism, lead to undulations in left ventricular stroke
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volume. Thus, each mechanical breath serves as a small
endogenous volume loading and unloading maneuver.
The degree of undulation depends on where the patient’s
left ventricle is operating on the Starling curve. The Starling (or ventricular function) curve describes the relation
between preload and stroke volume. A steep slope of the
Starling curve is associated with large SVV, whereas
a shallow slope results in only small SVV. Thus, high
SVV indicates volume responsiveness, or in other words,
that SV and CO can be improved by fluid loading. Conversely, a low SVV in a hypotensive patient will support
the decision to use catecholamines. For example, a SVV
value under 10% implies that probably the patient does
not need volume administration, and a value over 15%
implies that patient probably needs volume expansion.
MostCare (PRAM) is a useful method to measure, again
continuously and in an automated fashion, those variations of SV causative for PPV.

Cardiac Contractility: Maximal Pressure/Time
Ratio (dP/dTMAX)
With a sampling rate of 1,000 Hz, MostCare displays an
accurate value of dP/dTMAX ratio (the maximal slope of
the systolic portion of the arterial pressure waveform).
This variable provides an indirect measure of left ventricle
(LV) contractility. The dP/dTMAX (mmHg/s) is a variable
based on LV intracavitary pressure that is generated by an
active myocardial stress. Thus, a high dP/dTMAX ratio
states an improved LV contractility, conversely a low dP/
dTMAX ratio indicates a reduction of cardiac contractility.
Furthermore, this clinical variable depends on the
relationship between left ventricular function and arterial
tone and stiffness. Because the velocity of transmission
and the reflected waves depend on the arterial vessel characteristics (e.g., arterial stiffness, arterial tone, and arterial
stenosis), an accurate value of dP/dTMAX, contemporarily
to the other hemodynamic parameters, helps in depicting
the cardiovascular status of the patient.

Arterial–Ventricular Coupling and Left
Ventricle Performance: Cardiac Cycle
Efficiency (CCE)
The concept behind MostCare (PRAM) is based on the
physics theory of perturbations, by which each physical
system under the effects of a perturbing term tends to
react to reacquire its own condition of stability (i.e., the
situation of minimal energy required, that is its equilibrium). Under normal condition, there is an equilibrium
between the different components of the cardiovascular
system (e.g., preload, afterload, arterial elastance,
and contractility). All these variables are tightly
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interdependent and are simultaneously evaluated by the
MostCare at each cardiac cycle. MostCare (PRAM) measures the “actual” function (in the presence of perturbation and disequilibrium) between the ventricular
contribution to SV and the whole cardiovascular system
during a single beat and relates this measure to an “ideal”
function (without perturbation, with equilibrium)
between the ventricular contribution to SV and the
whole cardiovascular system.
Physiologically, the CCE represents the relationship
and the equilibrium between these different components
of the cardiovascular system (e.g., preload, afterload, arterial elastance, and contractility). Thus, CCE is an index of
arterial–ventricular coupling. It is a dimensionless variable
that ranges from 1 (the worst) to +1 (best possible
arterial–ventricular coupling and LV efficiency).
Clinical studies demonstrated that CCE values directly
correlate with LV performance (e.g., ejection fraction),
and inversely correlates with serum levels of N-terminal
pro-B-type natriuretic peptide (a peptide released from
myocardium in response to ventricular wall stress and
dysfunction). An in vitro study also demonstrated
a strong relationship between CCE and the stress of isolated rat ventricular myocytes.

MostCare (PRAM): Limitations and
Drawbacks
A primary concern about PCM’s reliability is related to the
quality of the analyzed arterial pressure signal. Importantly, a careful observation of the arterial wave morphology represents the first and key contribution that the
physician has to take into account when an arterial pressure-based hemodynamic monitoring is used before
interpreting the data. The arterial signal can be inadequate
for patient-related and technical-related reasons (Table 2).
Under-damped waveforms and resonance of the signal
are often encountered during arterial pressure monitoring in
both operating rooms and intensive care units. An inadequate damping of the signal may lead to an incorrect
estimation of arterial impedance and hence an incorrect
value of SV. As a consequence, the possibility to correctly
employ a minimally invasive system for hemodynamic monitoring, like MostCare (PRAM), is influenced by the physician after a careful observation of the arterial waveform. The
user must be aware of that an inadequately damped arterial
signal may lead to misinterpretation of hemodynamic data.

Final Remarks
The clinicians today have an outfit of several new techniques that provide for minimally invasive hemodynamic
assessment. Currently, no method fulfills the criteria of the
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MostCare Monitor. Table 2 Causes of inadequacy of the
quality of the arterial signal
Patient-related

Technical-related

Aortic valve pathologies

Inadequate dynamic
response
● The transducer
● The fluid-filled tubing
system (air bubbles,
clots)

3.

4.

Abnormal transmission of
the signal
● Aortic aneurisms
● Aortic dissection

Artifacts
● Movements of the
arterial line
● Dislodgement of the
catheter
● Kinking of the fluid-filled
tubing system

Obstruction to the
transmission of the signal
● Thoracic outlet
syndrome
● Stenosis along the
arterial tree
Severe cardiac arrhythmias

ideal monitor (Table 1). However, these monitoring systems do not exclude each other, as they have different
advantages and limitations and each has something to
offer to a given patient population, health-care institutional budget, and clinical user. In this context, MostCare
(PRAM) seems to be easy to use. This device provides
a fast response time (beat-to-beat readout), and abrupt
changes in CO resulting from blood loss, tamponade,
changes in therapy, off-pump cardiac surgery, and changes
in arterial resistance may be detected more quickly than
with bolus ThD. MostCare does not require any external
calibration and requires no other additional invasive procedure. Since it does not require injection of thermal
solution a central line is not required, avoiding both
time-consuming and potential complications due to the
insertion of a central catheter. MostCare might be considered a practical alternative to the traditional ThD method
when inserting a pulmonary artery catheter is deemed
harmful or not essential for clinical management.

References
1.
2.

Romano SM, Pistolesi M (2002) Assessment of cardiac output from
systemic arterial pressure in humans. Crit Care Med 30:1834–1841
Giomarelli P, Biagioli B, Scolletta S (2004) Cardiac output monitoring by pressure recording analytical method in cardiac surgery.
Eur J Cardiothorac Surg 26:515–520

5.

Scolletta S, Romano SM, Biagioli B, Capannini G, Giomarelli P (2005)
Pressure recording analytical method (PRAM) for measurement of
cardiac output during various haemodynamic states. Br J Anaesth
95:159–165
Calamandrei M, Mirabile L, Muschetta S, Gensini GF, De Simone L,
Romano SM (2008) Assessment of cardiac output in children:
a comparison between the pressure recording analytical method
and doppler echocardiography. Pediatr Crit Care Med 9:333–334
Zangrillo A, Maj G, Monaco F, Scandroglio AM, Nuzzi M,
Plumari V, Virzo I, Bignami E, Casiraghi G, Landoni G (2010)
Cardiac index validation using the pressure recording analytic
method in unstable patients. J Cardiothorac Vasc Anesth 24(2):
265–269

Motor Vehicle Collision
▶ Patterns of Injury

Motor Vehicle Crash Kinematics
NORMAN E. MCSWAIN, JR
Department of Surgery, Tulane University School of
Medicine, New Orleans, LA, USA

Definition
Trauma is energy exchange (mechanical, thermal, electrical, or chemical energy) that produces a structural alteration. The study of this process is called kinematics, or
mechanisms of injury. It describes the result of two objects
attempting to occupy the same place in space at the same
time. It becomes of medical interest when one of these
objects is the human body.
The outcome is described in three phases: Pre-Crash,
Crash and Post-Crash. [1]. The Pre-crash phase addresses
those things that lead up to the incident such as: mindaltering substances; the speed of the collision; the condition of the roads; preexisting medical conditions;
construction of the vehicle; power and energy of the moving vehicle. Crash is the actual exchange of energy and the
damage to the human body at the time of impact. Postcrash is the management of the outcome encompassing:
the prehospital medical care; type of EMS system;
resources of the hospital (training of personnel, timely
response of the personnel to the patient, equipment, supplies, etc.). Although all these factors are influential, it is
the Crash phase that this section will address. The factors

Motor Vehicle Crash Kinematics

are the amount of energy exchanged and the organs that
are the recipient of that energy.
Energy exchange is that circumstance that produces
damage to the human body (or other object) when two
objects of unequal speed, and of differing density and
elasticity, attempt to occupy the same point in space in
the same period of time. Two objects cannot do this. One
or both of the objects will absorb the energy and will be
damaged by this energy exchange. In most cases, the loser is
the human body.

Characteristics
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occurs inside or against the human body then an injury
is produced and the victim becomes a patient.
Kinetic energy

KE ¼ mass 2  velocity 2
The kinetic energy of the moving object is dependent on
the weight of the moving object and the square of its
velocity. The weight is a linear relationship, but the
speed is logarithmic. Doubling the mass of the object –
auto, truck, motorcycle – results in doubling the resultant
kinetic energy; however, doubling the velocity results in
quadrupling of the kinetic energy. The speed is more
important than its size (weight).

Laws of Motion and Energy
The extent of the energy exchange is dependent and
described in several laws of physics:
● Newton’s first law of motion
An object at rest or an object in motion will tend to
remain in that state until acted upon by an outside
force.
● Conservation of energy law
Energy can be neither created nor destroyed, but it can
be changed in form.
● Newton’s second law of motion (force)
Force equals mass times acceleration.
F ¼ MA
Force is required to put an object in motion. Once in
motion, according to Newton’s First Law, the object will
continue in the same motion in the same direction and
with the same force until another force acts on the object
to stop it.
-ORMass  acceleration ¼ FORCE ¼ mass  deceleration
The force that puts an object into motion must be
absorbed before the object will stop. The absorption of
energy into the tissues of the body produces injury (cellular damage). To stop that object’s forward motion and to
absorb the energy of motion requires a force equal to that
which created it.
Striking the percussion cap of a bullet in the chamber
of a weapon creates an explosion inside the shell, which
drives the bullet out. Starting the engine of a car, pumping
gasoline into the cylinders and igniting the gas causes an
explosion that moves the cylinder, turns the crankshaft,
turns the drive wheels and pushes the car forward. Once
this acceleration has driven the missile/car to its peak
speed, an explosion of equal intensity (energy exchange)
occurs for the energy (momentum) to be exchanged and
for the object to come to rest. If this energy exchange

Cavitation
An example of energy exchange from a moving object
onto a stationary object is the game of pool. The cue ball
is hit (pushed) by the cue stick and forced down the table
into the rack of balls. The force (momentum) is exchanged
with the object, which in turn shares this energy with the
other balls, scattering them away from the point of impact.
Bowling produces a similar cavitation at the end of a
wooden lane.
When an object strikes the human body, tissue particles are knocked from their position and crash into other
tissue particles. This creates an explosion in which the
energy of the moving object is passed onto tissue particles
that in turn pass on this energy to the other tissue until all
of the energy has been absorbed.
In living tissue, two cavities are created:
1. A temporary cavity expands rapidly at the time of the
impact directly away from the point of impact. The
cessation of over pressure, and the elastic fibers in
the tissue causes the original struck particles to move
back toward their previous position. The elasticity of
the tissue involved stops the outward motion of the
tissue cells and pushes them back to the original position. Muscle contains many types of elastic fibers and
tends to spread easily without tearing. It then returns
to its normal position. On the other hand, the liver and
spleen are very inelastic and tend to fracture as the
energy exchange occurs.
This process is very short. The extent of the energy
exchange is not seen by the examiner, but must be
imagined to understand and anticipate the possible
injury to the patient.
2. As the object goes through the human body, a certain
number of tissue particles are struck directly and will
be crushed by the object. This creates a permanent
cavity. The permanent cavity is visible to the examiner
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while a temporary cavity is not. An analogy, which
gives some perception of this situation, is to take
a baseball bat and swing it with equal force into either
a roll of foam rubber or an aluminum barrel. After
removing the bat from the aluminum barrel a very
identifiable cavitation can be seen on the side of the
barrel (permanent cavity), but none is seen in the foam
rubber (temporary cavity) when the bat is removed.
The foam rubber has very elastic qualities (like muscle)
while the barrel has inelastic qualities (like bone).

Density
The other variable that affects the amount of energy
exchange imparted to the tissue is that of the number of
particles that are impacted by this moving object. The
more particles that are impacted the more the instant
energy exchange that will occur. It is obvious that there
will be more tissue particles in contact at the collision
point of a very densely compacted part of the human
body as compared with a very sparsely populated part of
the human body. Although the differences in tissue density are on a continuum without absolute limit, nonetheless, and with organized assessment, they can be divided
into air density, such as that found in the lungs. Parts of the
small intestine and sinuses will have fewer tissue particles
to absorb energy. The liquid density tissues are muscle,
vessels and the solid organs, and the very dense tissues of
bone. The energy exchange that occurs at the collision
interface between these three types of tissues will increase
with increasing density.
The frontal area of the moving object will also affect
the amount of tissue particles impacted. An ice pick, a
baseball bat, and an automobile will exchange energy
dependent on the frontal (contact interface) area of the
impact and with increasing the amount of cavitation at the
interface.

Blunt Trauma
The physics of the energy exchange of blunt and penetrating is the same with a few exceptions. Penetrating forces
are directed at a smaller area of impact that therefore has
enough focused energy to pierce the skin or the organ. The
depth of the energy exchange is generally greater and more
shear forces are associated with penetrating trauma.

Physics
Three separate types of force exchanges in blunt trauma
produce injury to the body and the organs. These three
types of exchanges are compression, shear, and over
pressure.

Compression
Compression forces crush and result in rupture of the
individual cells or disrupt the blood supply to the cells at
the capillary level. This is similar to laying an organ on
a solid steel table and hitting it with a hammer.

Shear
Shear forces occur on an organ and the organ’s separate
parts or its attachment to surrounding structures and do
not accelerate or decelerate at the same rate of speed. An
example is the thoracic aorta. The descending aorta is
rather firmly fixed to the vertebral bodies of the spine.
The arch of the aorta is not fixed. With a deceleration force
as in a frontal collision or an acceleration force such as side
impact (t-bone) collision, the motion of the arch of the
aorta is at a different rate than that of the descending
aorta. The shear forces occurring at the interface between
the attached and unattached part of the aorta separate the
two parts. This motion can exceed the tensile strength of
the aorta. Similar exchanges occur between the spleen and
its attachments to its pedicle, the splenic artery, the splenic
vein and the kidneys along its pedicle.

Over Pressure
If one body cavity is compressed at a faster rate than the
surrounding body cavities or the external part of the body,
the supporting muscular and fascia walls of that organ or
cavity are stretched much like the walls of a toy balloon
when squeezed. Another example is hitting a closed paper
bag with the open hand – the bag pops. The frontal auto
crash produces over pressure of the abdominal cavity from
impact with the steering column and rupture of the diaphragm into the thoracic cavity, which is the outcome.
Such over pressure occurrences can and do take place in
other cavities as well (e.g., bladder, bowel, and lungs).

Estimation of Potential Injury
An understanding of the mechanism of the various collision types can assist the examiner of predicting up to 95%
of the injuries before the patient is inspected. Several
factors are the position of the occupant at the time of the
impact, use of restraining devices (belts and airbags),
location of the patient (front or rear seat), near side/far
side in a lateral impact or type of impact (frontal, lateral,
rear, rollover, or combination), and finally, the amount of
vehicular damage. A gross, but nonetheless helpful estimate is one inch of intrusion for each mile an hour of
impact speed.
This estimation will help the examiner approximate
the amount of energy involved in a collision and therefore
the potential injuries to the patient. Another view of
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possible injury is the “lucky” occupant who escaped injury
when other occupants in the vehicle had significant injuries or were killed. This “lucky” occupant was in the same
vehicle, the energy exchange on his body was similar to the
injury exchanged on the other occupants, and therefore,
the potential of unrecognized injuries is of such a nature
that this person should be evaluated carefully.

M

There are five different types of collisions that produce
different patterns of injury and there are three components of each collision:

of the car absorb the energy of the impact and stop or
speed is significantly reduced. The unrestrained occupant
in the target vehicle continues to move forward at the
same rate of speed as the vehicle prior to the moment of
impact (Newton’s First Law of Motion). If the occupant is
somehow tied to the vehicle (safety belts), their motion is
not slowed until they impact the front of the passenger
compartment, the steering wheel or the back of the front
seat (depending on their position at the time of impact).
As the occupants move forward, they can do so in two
different patterns although these patterns frequently
overlap.

Components of the Collision

Down and Under Pathway

The first collision occurs between the vehicle and the
object that it strikes. The second collision is between the
occupant in the vehicle and some part of the anterior of
the vehicle and/or ejection. The third collision is interaction between the organs inside the body cavity and the
walls of the body cavity (shear, compression, and
overpressure).

The occupant continues to move forward in a down and
under motion so that the legs first impact the dash. As the
knee impacts the dash, the energy can be absorbed on the
tibia, which allows the femur to override dislocating the
knee or the femur. The continued force of the torso from
behind fractures the femur or the pelvis overrides the head
of the femur producing dislocation, or both. The lower
part of the body then comes to rest.
The upper part of the body continues in motion to
collide with the steering column or dash. The further
exchange of energy occurs in the chest or the abdomen.
The front of the abdominal compartment or the sternum
will stop, but the posterior abdominal/thoracic wall continues forward.
In the abdomen, the organs are trapped and compressed between the stopped anterior abdominal wall
and the continued motion of the posterior abdominal
wall. If the posterior abdominal wall stops before reaching
the interior abdominal wall then the organs attached to
the posterior can continue in motion and shear from their
attachments.
In the thoracic cavity, the continued forward motion
of the posterior thoracic wall is initially absorbed by the
ribs. As the tensile strength of the ribs is exceeded, they
fracture, producing a flail chest and compression of the
lung or heart. The overpressure of the lung is a frequent
cause of pneumothorax. The heart can be contused or
ruptured.
As the posterior thoracic wall (vertebral column) with
the attached descending aorta stops its forward motion,
the unrestrained arch and heart continue in motion producing shear forces at the junction between the unrestrained arch and the restrained descending aorta.

Collision/Injury Mechanism

Types of Collisions
Closed vehicles have injury patterns that are associated
with frontal, lateral, rear, rotation (offset), and rollover.
Protection is provided by the steel frame, safety belts,
airbags, seat construction, windscreens, and the roof.
Open vehicles, such as motorcycles, involve frontal collision, ejection, entrapment in some part of the occupant’s
body between the motorcycle and the side of the object
that it strikes. Protection provided by occupants in an
open vehicle includes helmet boots, glasses and strong
clothes. Pedestrian collisions are divided into three types:
initial impact, roll onto the vehicle and then impact with
the ground [2].

Closed (Semi-closed) Vehicular Collisions
Vehicular collisions can be divided into five separate types
and there are typical patterns of injury that occur with
each type. These are: Frontal (head-on), Lateral (side),
Rear, Off Center (rotational), and Rollovers. The same
three types of collisions of vehicle injury occur in the
patient.

Frontal
The vehicle and the occupants in the vehicle are moving
through time and space at the same rate of speed. The
vehicle (bullet vehicle) strikes an object (target vehicle or
inanimate object) that is moving at a differential speed
than the struck (target) vehicle or object. The bullet vehicle rapidly decelerates as the metal, plastic, and other parts

Up and Over
The head becomes the lead point of the human missile,
striking the windscreen or the steel supporting structures
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for the windscreen, and stops its forward motion. The
impact may damage the skull as the front of the car was
damaged on impact. The brain continues to travel forward
inside the skull producing contusions/lacerations on the
part of the brain that comes in contact with the inside of
the skull and hemorrhage as the brain is separated from
the skull on the opposite side of the impact. The spinal
cord may remain in the spinal canal and the brain separated from the brain producing brain stem lacerations.
Once the head has stopped its forward motion the
continued pressure of the torso onto the unsupported
cervical spine produces compression, hyperextension or
hyperflexion fractures.
Other structural damage in the chest and abdomen is
similar to the down and under as described above.

Lateral Impact Collisions
The target vehicle is hit on the side as it accelerates rapidly
at 90 to its previous direction of travel.
The impact on the target vehicle changes the direction
of the target vehicle to a lateral motion with the amount of
the lateral motion determined by the speed and weight of
the bullet vehicle versus that of the target vehicle. The first
injury component of this collision is the intrusion into the
passenger compartment, affecting the chest, hip, and arm/
shoulder. The impact points are usually the arm and
shoulder, the lateral chest wall, and the proximal portion
of the femur. The shoulder impact can produce a fractured
clavicle. The intrusion into the organ compartment on the
patient is similar to the intrusion of the vehicle wall into
the passenger compartment. Just as there is intrusion on
the lateral wall of the vehicle, there is the same kind of
intrusion into the patient’s side. The occupant will be
expected to receive inward intrusion of the ribs into both
the thoracic and abdominal cavities. The thoracic injuries
will be multiple rib fractures, pulmonary contusion (flail
chest) and acceleration (shear) injuries of the aorta. The
driver will be expected to receive abdominal injuries to the
spleen and the passenger to the liver.
The cervical spine is the fourth area that is affected in
lateral direction impacts. The lateral acceleration of the
torso moves the thoracic spine as well. The untethered
head, whose center of gravity is anterior to and cephalad to
the pivot point, remains in position until the torso has
already begun its motion. The head is flexed laterally and
rotated toward the impact. This tends to open, then dislocate and lock the facets on the side opposite the impact.

Rear Impact Collisions
In a frontal impact, vehicles are going at different speeds
and the forces are additive because they are in direct

opposition. In rear impact collisions, because the two
vehicles are generally heading in the same direction, the
forces are subtracted. Vehicles in a frontal impact, going at
20 and 30 mph, respectively, can produce an energy
exchange equal to a barrier impact speed of 50 mph,
whereas in a rear impact collision, when the target vehicle
is going 20 mph and the bullet vehicle is going 30 mph,
the energy exchange is equal to a barrier impact speed of
10 mph.
Rear impact collisions move the target vehicle forward. All the contents that are attached to the vehicle
move forward at the same rate of acceleration. Those that
are unattached such as the occupant, move at a rate
associated with their relationship to the fixed parts of
the vehicle. An occupant that is seated will move forward,
but initially at a slower acceleration as the springs in the
seat and the seat back absorb part of the energy of
acceleration.
The head will move forward when pulled by the head
restraint or by the neck musculoskeletal attachments. The
acceleration of the torso, neck and head will eventually
equalize with that of the vehicle.
The next component of the rear impact collision is that
the torso and head frequently continue in motion after
the vehicle has stopped and the occupant impact into the
front of the occupant compartment is like that of a frontal
impact.

Off-Center Collisions (Rotational)
When an off-center part of the vehicle strikes an object
of significantly slower speed or the vehicle is struck by
another vehicle, the striking part of the bullet vehicle
rapidly decelerates or accelerates. The differential
between the two motions will cause the vehicle to
rotate around the point of impact. The occupants
inside the vehicle continue in their original direction
until acted upon by the changed motion in the vehicle
itself when they impact the inside of the passenger
compartment.
A little time taken when the patient presents in the ED
to analyze this activity at the time of the crash will pay
dividends in ease and completeness of patient care.

Occupant Protection
There are two components to occupant protection:
(1) vehicular construction that prevents intrusion into
the occupant compartment and, (2) devices that prevent
the occupant from contacting the interior of the vehicle by
absorbing energy from such impacts or by being ejected.
The design changes that have occurred to vehicles in the
last 30 years have significantly reduced the chances of the
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occupants’ from being injured. No device is perfect. However, when the energy exchange of the vehicle is large
enough the safety characteristics of these protective
designs can be exceeded and therefore injuries can be
produced. Occupant protection devices include: strength
of the body and frame, energy absorption of the windscreen, shatter of the windows, dropdown motor, lap/seat
belts, and airbags [4]. With each new generation of automobiles there is increased occupant protection. The protection device also varies from manufacturer and model.
The uniqueness is so varied that it is too difficult to catalog
in this brief discussion.

Open Vehicles: Motorcycles, Bicycles, and
Mopeds
The laws of physics are the same as in other kinds of
collisions, but the motions that the riders undergo will
vary from closed vehicle collisions. This variance is
described as head-on, angular, or ejection.

Frontal Collision
The cycle crashes into a solid object. The vehicle’s center
of gravity is above and behind the front axle, which is the
pivot point in such a collision. The vehicle will tip forward and the rider will crash into the handlebars or
continue the forward motion over the bars to crash into
another vehicle or object. The rider may receive injuries
to the head, chest, abdomen or pelvis depending on what
part of his anatomy strikes the handlebars. If the rider’s
feet remain on the pegs of the motorcycle and his thighs
hit the handlebars, the forward motion will be absorbed
by the midshaft femur.

Angular Collision
The bike hits an object at an angle. The cycle folds on the
object like a pair of scissors and crush the rider between
the cycle and object struck. This results in injuries to the
lower extremities. Lateral injuries to the chest wall and
abdomen similar to the lateral closed vehicle collision as
described above.

Ejection
The rider continues over the bike with the same speed
that the bike was traveling just prior to impact. He travels
like a missile until his head, arms, chest, abdomen, or leg
strikes another object, such as a motor vehicle, a telephone
pole, or the road. Injury will occur at the point of impact
and will radiate to the rest of the body as the energy is
absorbed. As with the occupant ejected from an automobile, the potential for serious injury is very high for this
essentially unprotected rider.
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Pedestrian Collisions
The different heights of a pedestrian relative to the
bumper and hood of a car will also produce impacts
on different parts of the anatomy. The shorter the victim
the more likely that the chest and abdomen will receive
the major part of the energy exchange. The taller the
victim the more likely that the legs will receive the most
force.
There are three separate components of a pedestrian/
motor vehicle crash. Each phase has its own injury
pattern:
1. Initial impact is to the legs and sometimes to the hips.
2. The torso rolls onto the hood of the auto or is struck at
the same time if the offending vehicle is a truck, bus or
has bus-like profile.
3. The victim falls off the auto and onto the asphalt,
usually head first, with possible cervical spine
trauma.
Adults are usually struck first by the bumper in the
lower legs, fracturing the tibia and fibula and driving the
legs out from under the pelvis and torso. As the victim
folds forward, the pelvis and upper femur are struck by the
front of the vehicle’s hood. As the abdomen and thorax fall
forward, these strike the top of the hood. This blow can
result in fractures of the upper femur, pelvis, spine, head,
abdomen, and chest. The third impact occurs as the victim
falls off the auto and strikes the pavement. Head injury
commonly occurs when striking either the car or the
pavement and must always be considered. Similarly,
because all three impacts produce sudden, violent movement of the torso, neck, and head, an unstable spine must
always be assumed to be present.
Children, because they are shorter, are initially struck
higher on the body than adults. The first impact generally
occurs when the bumper strikes the child’s legs (above the
knees) or pelvis, damaging the femur or pelvic girdle or
even the chest. The second impact occurs almost
instantly afterward: the front of the vehicle’s hood continues forward and strikes the child’s thorax. The head
and face strike the front or top of the vehicle’s hood. The
small child will frequently not roll on to the top of the
vehicle, but will be projected forward with potential of
then being run over by the wheels. The child may not be
thrown clear of the vehicle, as would an adult. Instead,
the child can be dragged by the car while being partially
under its front end.

Summary
The various physics laws indicate that energy (motion)
once started must be exchanged for the object to stop.
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If the objects involved are a human body and
a vehicle, then damage to the human body is going
to result. The understanding of these forces and the
implication for injury is critically important to fix the
result.
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Methicillin-resistant Staphylococcus aureus.
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Synonyms
Bomb explosions

Definition
Multidimensional injury refers to a particular unique
injury pattern that has been recognized to occur as
a result of blast injury resulting from bomb explosions. This pattern of injury refers to the setting of
multiple complex injuries occurring simultaneously in
the same patient, and is not adequately characterized
by standard injury severity scoring systems typically
utilized for assessment of injury severity in the trauma
patient [1].
The injury patterns which occur in blast injury
from bomb explosions in acts of terrorism are typically quite different from those seen with conventional
trauma or even bomb explosions encountered in conventional warfare. Being aware that maximum injury
and death can be accomplished by bringing the explosive content to closed spaces, terrorists have discovered methods of packing bombs with nails, metal
bolts, and similar objects to inflict maximum injury.
Since there is a direct correlation between location of
the blast and survivability, when assessing the potential for multidimensional injury, it is important to
know the location of the blast. Typically, ultraconfined
spaces, such as buses, result in the highest mortality.
Explosions in this location transmit the highly lethal
tertiary blast front (“mach stem effect”) in which the
human body can be propelled with a supercharged
blast front against stationary objects, resulting in
amputations and severe impalement injuries. More
than half of patients exposed to a blast of greater
than 50 lb/in2. will suffer eardrum perforation, which
may be used as a sign of a potentially serious blast exposure and underlying coincident injuries. Indeed, primary
blast injuries predominately affect air-containing
structures.
Secondary blast injury occurs from flying shards of
glass, metal, and other explosive objects that inflict injury
similar to penetrating wounds. These can sometimes be
manifest as benign appearing skin wounds, which can

Multidimensional Injury

have severe underlying injuries from metal objects that
spin and tumble through tissue. The quaternary injury
pattern in bomb explosions reflects the effects of thermal
injury, both external and inhalational, which result from
high temperatures that occur after the bomb explosions in
closed spaces.

Treatment
Treatment algorithms for the multidimensional injury
must take into account that typical outcome measures,
such as length of hospital stay, length of intensive care unit
stay, and mortality are significantly worse with this injury
than in other groups of patients. Furthermore, because of
the multiple wounding mechanisms, the chance that these
patients will require surgical intervention is high. Accordingly such multiple injuries result in diagnostic and treatment priority challenges.
Prioritization of CT is essential in bomb explosions,
and its use is usually reserved for the most severe head
injuries [2]. On the other hand, bedside ultrasound can be
particularly useful. For instance, positive findings such as
hemothorax or hemoperitoneum may expedite treatment.
Sometimes, however, particularly in the scenario of multiple injured patients competing for limited resources,
expert clinical judgment remains essential to guide treatment approach. Furthermore, diagnostic peritoneal
lavage, a technique described over 40 years ago, but with
limited uses in most conventional scenarios in the face
of modern imaging techniques, has proven to be an
invaluable tool in mass casualty events, improving rapid
bedside diagnostic accuracy and subsequent triage. Given
the potential for multiple mechanisms, a minimum of
5,000 RBCs/mm has been recommended as a threshold
for diagnostic peritoneal lavage in visceral blast injury [2].
Because blast injuries can sometimes present in a delayed
fashion, initial CT scans have been negative in patients
who subsequently have required exploration. Accordingly,
a high index of suspicion must be maintained, particularly
when multiple shrapnel segments are identified via x-ray
or fluoroscopy.
Visceral blast injuries occur from multiple wounding
mechanisms in association with the multidimensional
injury pattern. Primary or tertiary blast injury can cause
slow dissection along tissue planes, resulting in delayed
peritonitis. In contrast, secondary blast injury from missile trajectories parallel classic penetrating injuries,
although entrance and exit wounds are very difficult to
ascertain and the course of the shrapnel in bomb explosions is highly variable.
Careful follow-up examination in blast injury is crucial, because it can develop insidiously over time, leading
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to missed injuries. Accordingly, the tertiary survey
assumes significant importance in the evaluation of
patients admitted after blast injury.

Surgical Decision Making
The multidimensional injury represents the sine qua non
of blast injury in bomb explosions, and therefore is the
quintessential diagnostic and treatment challenge in
a mass casualty event. Since such events by definition
result in limited diagnostic capabilities as well as
a shortage of available personnel, the multiply injured
patient in this category must be approached systematically
and methodically. The psychology of the mass casualty
event must assume the battlefield mentality: performing
minimally required care to the maximum number of
patients with potentially survivable injuries. This is in
contrast to the conventional trauma arena, where the
overriding theme is to perform optimal care for every
patient. The latter is only possible in a scenario where
resources are plentiful, as opposed to limited in the mass
casualty event. Accordingly, triage aims in conventional
trauma generally are for active “over-triage” in an effort to
counter “under-triage.” In contrast, the mass casualty
event is dominated by a theme of avoidance of
overcrowding of hospitals in regional proximity to the
event, with an aim for accurate triage balance. In the
individual institution, particularly the trauma center,
a patient with severe multidimensional injury may be
deemed nonsalvageable if upon early presentation to
the hospital, there are numerous other patients with
injuries that demand full resource utilization. On the
other hand, if such a patient presents later in the course,
or is transferred from another institution, then resource
utilization may allow for treatment in an attempt for
salvage.
Established protocols should be based on estimated
numbers of injured, hospital bed capacity, and immediate staffing needs. In general, the majority of critically injured patients surviving to reach the hospital
will, in descending frequency, have head, orthopedic,
abdominal, thoracic, and vascular injuries. Accordingly, multiple teams of specialists should be standing
by to aide in triage. Whenever possible, the most
senior surgeon available should be the ultimate decision maker regarding triage of the most seriously
injured patients from the emergency department. In
general, surgeons assume a critical role in the in-house
segment of mass casualty event management. The
decision-making process must be rapid and depends
on recognizing injury patterns and the need for urgent
operative intervention. Surgeons are clearly uniquely
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prepared for such a role because of their extensive
experience correlating operative findings with clinical
evaluation. Essentially, as in the military, the surgeon
is a team leader forming a vital level of command
dictating immediate surge capacity to gauge transfer
and flow dynamics to enable the best treatment
options for the injured patient influx.

Damage Control Procedures
Damage control techniques are essential for stabilization and rapid triage of patients particularly in
the scenario of multiply injured body regions. Such
delayed definitive treatment is generally performed for
abdominal, vascular, and orthopedic injuries. Typical
techniques utilized include the open abdomen for
hemorrhage control and prevention of succus leak,
vascular shunting for rapid reestablishment of perfusion, and orthopedic external fixation for stabilization
of fractures.
Application of these techniques allow for patients
to be rapidly transferred out of the operating room
to make room for the influx of other injured patients
[3]. Patients may then be moved to the ICU for stabilization, where associated head injuries, burns, and pulmonary blast injuries can be addressed. The clinical
course of the patient with a multidimensional injury
may not be clearly predicted by conventional injury
severity scoring systems. A review of the Israeli trauma
registry showed that patients sustaining this injury pattern had longer ICU length of stay and hospital stay, and
suffered significantly higher complication rates and mortality in comparison to patients sustaining conventional
trauma.

Treatment Dilemas
The combined clinical scenario of blast lung, intraabdominal, thoracic, and head injury in the face of both
external and inhalational burns in the multidimensional
injury will result in distinct treatment dilemmas. Due to
the vast number of injured, CT scanning may not be
initially available, except for the most severe of head
injuries [3]. Therefore, constant vigilance will be required
when anticipating intervention in this scenario. Blast lung
associated with primary blast injury may be difficult to
differentiate from lacerated lung from secondary blast, or
there may be combinations of both injury patterns simultaneously [4]. Although both mechanisms may present
with pneumothorax, hemothorax is distinctly less common in blast lung injury. Both injury patterns, however,
may cause significant respiratory difficulties, with persistent air leaks requiring creative ventilator techniques to

limit ventilator volumes for diffuse lung injury. Lacerated lung may occasionally require operative therapy, most commonly tractotomy, oversew, or stapled
resection for hemorrhage control. In contrast, pure
primary blast lung injury rarely will require operative
therapy.
Fluid management in the early phase of injury may be
quite different, depending on the injury pattern noted. For
instance, blast injury requires restrictive management
tending toward euvolemia, while patients with extensive
laceration injury will require ongoing large-volume
resuscitation.
Multidimensional injury with associated abdominal
visceral injury may occasionally necessitate multiple operative procedures.
In the face of multiple injuries, discipline is required,
particularly when contemplating damage control techniques and pressure to get off the operating table and
allow for the influx of additional patients. A thorough
search for injury is paramount, keeping in mind the
potential wounding mechanisms from underlying primary, secondary, and tertiary blast injury, and the type
of wounding agent as well as the patient’s proximity to the
blast.

Surgical Critical Care in Mass Casualty
Incidents
Patients with multidimensional injuries are frequently
transported from the operating room to the ICU after
multiple damage control procedures, performed in
a protocol-driven manner. Besides residual cellular shock
manifesting as profound acidosis and hypothermia, such
patients may have associated severe lung injury and head
injury that may require additional imaging, which could
not have been performed earlier. Coincidently, aggressive
warming mechanisms should be pursued, with particular
attention to associated coagulopathy as part of the
“bloody vicious cycle.”
Ongoing resuscitations is more commonly shifted to
the intensive care unit as opposed to the operating room
to allow for unloading of the OR to accommodate the
influx of additional injured patients. Blast injury causes
the release of extensive tissue factor, accentuating the
coagulopathy associated with the postinjury state. Currently, pre-emptive strategies for resuscitation based on
ratios of fresh frozen plasma, packed cells, platelets, and
cryoprecipitate allow for initial resuscitation of such multiply injured patients. Recently, point of care thrombelastography shows promise for appropriate monitoring of
ongoing resuscitation needs in such patients, and could
result in reduction of blood product utilization and

Multiple Organ Dysfunction

concomitantly, associated transfusion-related complications such as lung injury and multiple organ dysfunction
[5]. Judicious use of crystalloids in this scenario should be
balanced based upon associated burn, pulmonary, and
head injury in the patient with a multidimensional injury.
Clearly, such fluid requirements must be weighed against
the known risks of dilutional coagulopathy and abdominal
compartment syndrome.
Considerations regarding timing of return to the operating room in the multidimensional injury patient must
be balanced by the need for attention to systematic
derangements. Associated head injury will usually require
intracranial pressure monitoring, particularly in the face
of associated burn injury which may require aggressive
fluid resuscitation. Similarly, pulmonary blast injury
demands precise monitoring of oxygenation and appropriate use of ventilator strategies. Creative techniques,
such as APRV have been suggested to be useful in this
scenario.

Future Considerations
Preparations for terrorist bombings worldwide should
draw from lessons learned from both military and civilian
experiences. Clearly, such extensive endeavors require
meticulous coordination of available resources, which by
definition, are limited and stressed maximally. Training
events are to be encouraged, in the form of drills focusing
on in-hospital management of patients with the
multidimensional injury. This will help improve preparation and decision making. These events should be tailored
to allow for protocol evolution based on current hospital
facility limitations and resource availability. This will
allow for protocol refinement. Although the
multidimensional injury currently escapes accurate
description and identification based on conventional
injury coring systems, clearly, this entity demands new
protocols.
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Multidrug-Resistant Tuberculosis
(MDR TB)
Multidrug-resistant TB is defined as resistance to two vital
first-line agents, INH and RIF. For empiric treatment of
TB with or without drug resistance, expert consultation is
advised.

Multimodal Perioperative Care
▶ Enhanced Recovery After Surgery Intervention

Multiparin
▶ Heparin

Multiplate® Analyzer
Multiplate® analyzer is sensitive in detecting effects of
acetylsalicylic acid, thienopyridines, and GPIIb/IIIa inhibitors on platelets.

Multiple Dosed Activated
Charcoal (MDAC)
Repeat oral dosing of activated charcoal used to treat some
overdose patients. The concept is to either fill the intestine
with charcoal in an attempt to adsorb a drug that is
continually released from sustained formulation (e.g., calcium channel blockers) or which has the propensity to
form bezoars (e.g., salicylic acid) or to create a “sink” in
which drug will then travel down its concentration gradient from the serum into the gastrointestinal (e.g.,
phenobarbitol, quinine, and theophylline).

Multiple Organ Dysfunction
▶ Multiple Organ Failure
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Multiple Organ Dysfunction Syndrome

Multiple Organ Dysfunction
Syndrome
▶ Sepsis: Pathogenesis

Multiple Organ Failure
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"

Except on few occasions, the patient appears to die from the
body’s response to infection rather than from the infection.
Sir William Osler 1904

Synonyms
Multiple organ dysfunction; Multisystem organ failure;
Sequential systems failure

patients [1]. For other scores, the reader is referred to the
excellent review by Dr. Arthur Baue [2].
The Denver MOF score (Table 1), first proposed in
1991, originally included eight organ systems (pulmonary,
renal, hepatic, gastrointestinal, hematologic, central nervous
system [CNS], and metabolic). Gastrointestinal, hematologic, CNS, and metabolic failures were later excluded since
they did not improve the characterization of MOF.
In brief, the Denver score grades on a scale from 0 to 3
the dysfunction of four systems (pulmonary, renal, hepatic,
and cardiac), evaluated daily throughout the patient’s ICU
stay with the total score ranging from 0 to 12 (Table 1).
MOF is declared when the sum of simultaneously
obtained individual organ scores is greater than 3.
The Marshall score (Table 2), developed in 1994 and
validated based on probability of subsequent mortality in
a sample of 692 patients from a Canadian ICU, grades the
dysfunction of six organ systems (the same four as the
Denver score, plus the hematologic and neurologic systems) from 0 to 4. Although the authors did not propose
a specific cutoff, a threshold of greater than 5 is often used
to declare MOF status.
Overall, both scores were associated with great predictive power for adverse outcomes, with the Denver score
offering a slight, not significant advantage over the
Marshall score.

Definition
Multiple organ failure (MOF) is a syndrome characterized
by the dysfunction of two or more organ systems in
response to critical events such as trauma, shock, infection, burns, and major surgery. It has resulted from our
increased ability to prolong the life of critically ill patients
and has become one of the leading causes of death in
intensive care units (ICUs).
Defining MOF is a challenge due to the absence of
a definitive gold standard. The fact that MOF is
a dynamic process rather than a clear static diagnosis
further complicates the task of defining it. Most investigators use scores to define MOF and the use of
disparate scores has resulted in a wide variation in
the reported incidence and mortality of the syndrome,
from single digits to as high as 50% depending on the
population studied. Recently, two of these scores, the
Denver MOF Score and the Marshall’s Multiple Organ
Dysfunction Score (MODS), were validated using their
association with objective adverse outcomes (death,
ventilator-free days, VFD; and ICU-free days, IFD
[VFD and IFD are alternative outcomes for critically
ill patients that account for patients who die early and
consequently have shorter mechanical ventilation and
ICU times]) in a homogeneous population of trauma

Pathophysiology
The most recent model to explain the pathogenesis of MOF
proposes that the initial insult triggers simultaneous, seemingly opposite responses: pro-inflammation (i.e., systemic
inflammatory response syndrome, SIRS) reflecting the
innate immune response and anti-inflammation (i.e.,
compensatory anti-inflammatory response syndrome,
CARS) representing the adaptive immune response [1].
In this paradigm, development of MOF is related to the
intensity and the balance between these divergent inflammatory responses to an insult, and also depends on the
individual characteristics and genetic makeup (Fig. 1).
Within this theoretical framework, a massive insult may
trigger innate immune hyperactivity with rapid progression
to early organ dysfunction resulting in MOF through a “onehit” process. At the cellular level, the initial insult of ischemic
or disrupted tissue releases damage-associated molecular
patterns (DAMPs) that recruit and activate receptorexpressing cells of the innate immune system as well as the
adaptive system. Polymorphonuclear Neutrophils (PMNs)
marginate to end organs causing direct local cytotoxic cellular effects via degranulation and release of reactive oxygen
species, and proinflammatory cytokines. Tissue macrophages are activated via DAMPs and cytokines to recruit

Multiple Organ Failure
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Multiple Organ Failure. Table 1 Denver postinjury multiple organ failure score
System

Grade 1

Grade 2

Grade 3

250  200

200  100

1.92.5
160221

2.515.0
222442

>5.0
>442

(mg/dL)
(mmol/L)

2.04.0
34–68

4.18.0
69137

>8.0
>137

Cardiac

Only one inotrope at a small
dosea

Any inotrope at moderate
Any inotrope at large dose or
dose or >1 agent, all at small >2 agents at moderate dosesa
dosesa

Pulmonary
PaO2/FiO2 ratio

100

Renal creatinine
(mg/dL)
(mmol/L)
Hepatic bilirubin

Inotrope doses (in mg/kg/min)

a

Small

Moderate

Large

Milrinone

<0.3

0.40.7

>0.7

Vasopressin

<0.03

0.030.07

>0.07

Dopamine

<6

610

>10

Dobutamine

<6

610

>10

Epinephrine

<0.06

0.060.15

>0.15

Norepinephrine

<0.11

0.110.5

>0.5

Phenylephrine

<0.6

0.63

>3
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Multiple Organ Failure. Table 2 Marshall’s multiple organ dysfunction score
Grade 0

Grade 1

Grade 2

Grade 3

Grade 4

>300

226–300

151–225

76–150

<75

<100

101–200

201–350

351–500

>500

Bilirubin (mmol /L)

<20

21–60

61–120

121–240

Cardiac

1994 version

Heart rate <120 Heart rate 120–
140

Heart rate
>140

Inotropes

1995 version

PAR <10

PAR
10.1–15

PAR 15.1–20

PAR 20.1–30

PAR >30

15

13–14

10–12

7–9

<6

>120

81–120

51–80

21–50

<20

System
Pulmonary
PaO2/FiO2 ratio
Renal
Creatinine (mmol/L)
Hepatic

>240
a

Lactate >5
mmol/L

Central nervous system
Glasgow coma scale
Hematologic
Platelet count  103/mL

Need for inotropes more than dopamine >3 mg/kg/min; PAR: pressure-adjusted heart rate, PAR = Heart rate  Central venous pressure/mean
arterial blood pressure

a
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Recovery
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CARS
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Multiple Organ Failure. Figure 1 Theoretical Framework for the Pathogenesis of Multiple Organ Failure

more PMNs and intensify the inflammatory response. This
multiphase response also involves other immune cells, the
complement and coagulation systems, heat shock proteins
(HSPs), and hormones.
In the alternative “two-hit” model, patients with less
severe injuries have innate immune priming with adaptive
immune suppression such that a second insult, often
infection, generates a hyperinflammatory response culminating in delayed MOF. CARS, the anti-inflammatory
response, which may be protective because it limits unnecessary (potentially autodestructive) inflammation,
induces a state of immunosuppression characterized by
apoptotic loss of intestinal lymphocytes and epithelial
cells, PMN and monocytic deactivation, anergy characterized by suppressed T-cell proliferative responses, and
a shift from a THI to a TH2 phenotype. This relative
immunosuppression predisposes the host to infections.
Other potential second hits include abdominal compartment syndrome, fat embolus, mechanical ventilation,
blood transfusions, and secondary operative trauma.

Role of the Gut
The gut is the last organ to have its circulation restored
after ischemia, and is thought to play a pivotal role in the
pathogenesis of postinjury MOF. Initially, the dominant

hypothesis linking the gut to MOF was related to bacterial
translocation. More recent experiments demonstrate that
the mesenteric lymph acts as a bridge between the gut and
the systemic circulation. Via the thoracic duct, gut-derived
inflammatory mediators and primed neutrophils reach
the pulmonary circulation and affect the lungs before
any other organ, which is consistent with human studies
demonstrating that postinjury respiratory dysfunction is
an obligate event that precedes heart, liver, and kidney
failure.

Role of the PMN and Other Immune Cells
PMN kinetics are different between MOF patients and
non-MOF patients. Both groups develop a neutrophilia
at 3 h postinjury; however, in patients who develop
MOF there is a rapid neutropenia between 6 and 12 h
postinjury suggesting end-organ sequestration. PMNs
marginate to end organs and cause direct local cytotoxic
cellular effects via degranulation, and the release of
nitric oxide and reactive oxygen species. They also
have remote systemic proinflammatory cytokine effects,
releasing proinflammatory mediators including IL8, IL6,
and TNF-a. In non-MOF, neutrophil priming and
neutrophilia are not followed by neutropenia, and resolve
over the next 36 h without end-organ damage.
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Following trauma there is an immediate increase in
adhesion molecules, including L-selectin and CD18,
which allow PMNs to slow and roll along the endothelium
and marginate out of circulation. Antibodies directed
against the CD 11b/CD18 components of the adhesion
receptor complex between leukocytes and endothelium
significantly attenuates lung injury and prevents the neutropenia associated with tissue sequestration during sepsis
further supporting that adherence of neutrophils to endothelium is a critical step in local tissue injury. Platelet
activation also plays a role in PMN-mediated tissue injury.
Circulating monocytes, tissue macrophages also
become primed after severe injury and most authorities
agree that microvascular endothelium has an integral role
in postinjury priming of the innate inflammatory
response. Finally, the organ damage is also associated
with complement activation through the classical pathway
mediated by natural IgM antibody produced by B1
lymphocytes.

Cytokines
Cytokines bind to specific cellular receptors resulting
in activation of intracellular signaling pathways that regulate gene transcription and influence immune cell activity, differentiation, proliferation, and survival. They also
regulate the production and activity of other cytokines,
which may either augment or attenuate the inflammatory
response. Cytokines can be classified into proinflammatory (TNF-a, MIP, GMCSF, INF-gama, IL-1,
IL-2, IL-6, IL-8, IL-17, etc), and anti-inflammatory cytokines (IL-4, IL-10, IL-13), which downregulate synthesis
of the pro-inflammatory cytokines.
Recent characterizations of the cytokine profile after
injury showed that MOF patients had larger amounts of
IL-1 receptor antagonist (IL-1Ra), IL-8, eotaxin, granulocyte colony-stimulating factor (GCSF), granulocytemacrophage colony-stimulating factor (CSF), inducible
protein 10 (IP-10), monocyte chemotactic protein-1, and
macrophage inflammatory protein-1 (MIP-1)in the first
24 h postinjury than non-MOF patients. In addition, IL8
can activate PMNs via two different receptors, and differential early expression of these receptors may provide an
explanation for why only selected patients develop MOF.
The cytokine pattern after trauma also differs for
patients developing early (less than 3 days) versus late
(>3 days) MOF. Analysis of cytokine serum biomarkers
revealed that whereas early-onset MOF was associated
with an initial peak of IL-6 and IL-8 followed by a comparatively rapid return to baseline values, late MOF was
characterized by a significant secondary increase of the
proinflammatory cytokines IL-6 and IL-8.
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Although inflammatory mediators’ levels vary greatly
according to injury-related factors as well as the patient’s
individual characteristics, most studies agree that the
changes start very early postinjury.

PAMPS, Alarmins, and DAMPS
The term “alarmin” was proposed to differentiate the endogenous molecules that signal tissue and cell damage from the
pathogen-associated molecular patterns (PAMPs) that alert
the organism to pathogens and are recognized by cells of the
innate and acquired immunity system. Together, alarmins
and PAMPs comprise the damage-associated molecular
patterns (DAMPs). Alarmins are rapidly released after
nonprogrammed cell death but not by apoptotic cells.
They recruit and activate receptor-expressing cells of the
innate immune system, and also promote adaptive immunity responses. An example of an alarmin is the High Mobility Group Box 1 (HMGB1), a nuclear protein that binds to
nucleosomes and promotes DNA bending. HMGB1 has
been associated with SIRS and end-organ damage in animals, and shown to be elevated in trauma patients.
Injury releases mitochondrial DAMPs into the circulation. Since mitochondria are evolutionary endosymbionts derived from bacteria, the released mitochondrial
DAMPs (MTDs) have conserved similarities to bacterial
PAMPs. Thus, these MTDs signal through innate immune
pathways identical to those activated in sepsis to create
a sepsis-like state. This mechanism may provide the key
link between trauma, inflammation, and SIRS.

Toll-Like Receptors (TLRs)
TLRs are transmembranal receptor proteins present in
most body cell types that recognize and transduce signals
in response to DAMPs. Innate immune system responses
are then initiated, including NF-kB activation, cell activation, and proinflammatory cytokines production. Inhibition of TLR2 or TLR4 seems to be beneficial in ischemia–
reperfusion (I/R) injury in certain organs (hepatic, renal,
cerebral, and heart) but not on gut ischemia–reperfusion
injuries. It is conceivable that because the gut mucosa is
continuously exposed to local bacterial endotoxins, local
TLRs are uniquely regulated to prevent persistent inflammatory activity. In addition to the distinct roles played by
TR2 and TR4 in individual organs, we have an incomplete
understanding of how the several TLR members interact
among each other.

Heat Shock Proteins (HSPs)
HSPs are a family of molecular chaperones (e.g., HSP70
and HSP90) necessary for the folding of newly synthesized
proteins in the cell and also for the protection of proteins
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during exposure to stressful situations such as heat shock,
which causes proteins folded previously to unfold. Extracellular HSPs can interact with several receptors (including TLRs), and have been implicated in inducing secretion
of proinflammatory cytokines. However, highly purified
HSPs do not show any cytokine effects suggesting recombinant HSP products may be contaminated with PAMPs
that appear to be responsible for the reported in vitro
cytokine effects of HSPs. Thus, the reported HSP’s role
in antigen-presentation and cross-presentation and in
vitro cytokine functions may be attributable to molecules
bound to or chaperoned by HSPs.

Complement
Several studies suggest that complement activation, especially serum C3 and C3a levels reflect severity and treatment of injury. Proinflammatory peptides include C3a,
C3b, C4b (chemotaxis of leukocytes; degranulation of
phagocytic cells, mast cells and basophils; smooth muscle
contraction and increased vascular permeability), and
C5b-9 or membrane attack complex which leads to lysis
of the target cells at the end stage of the complement
activation cascade. Complement activation results in the
production of oxygen-free radicals, arachidonic acid
metabolites, and cytokines.

Oxidative Stress
Oxidative stress occurs when the level of toxic reactive
oxygen intermediates (ROIs) overcomes endogenous antioxidant defenses as a result from either oxidant production excess, or antioxidant defenses depletion. ROIs play
important roles in cellular homeostasis, mitosis, differentiation, and signaling. Excess ROI, however, causes direct
oxidative injury to cellular proteins and nucleic acids, and
cell membrane destruction by inducing lipid peroxidation. Ischemia–reperfusion (I/R) injury leads to significant disturbances in the production of ROIs. ROI
secreted from PMNs after I/R injury induces cytokines,
chemokines (IL-8), HSP, and adhesion molecules
(P-selectin, ICAM-1) leading to cell and tissue damage.
Under normal conditions, nitric oxide (NO) production greatly exceeds O2– production in the endothelial cell
(EC). However, with reperfusion, the balance between NO
and O2– shifts in favor of O2–. The relatively low level of
NO by constitutive endothelial nitric oxide synthase
(NOS-I) reacts with the now abundant O2– to generate
peroxynitrites, leaving little NO available to reduce arteriolar tone, prevent platelet aggregation, and minimize
PMN adhesion to EC. In addition, NO seems to upregulate the production of pro-inflammatory cytokines.
Thus, altering the redox state of the cell may contribute to

the ongoing inflammatory cytokine production and progression to MOF. ROIs also play a role as second messengers in the intracellular signaling pathways of
inflammatory cells, in particular, activation of NF-kB
and Activator Protein 1 (AP-1), which can be activated
by both oxidants and antioxidants depending on the cell
type and on intracellular conditions.
Endogenous antioxidant defenses, including enzymatic (superoxide dismutase, catalase, glutathione peroxidase), and nonenzymatic (vitamins E and C, provitamin A,
glutathione, bilirubin, urate) groups that combat oxidative stress have been the focus of interventions to modulate the inflammatory response to critical illness, as
detailed later.

Hormones
Traditionally, the injury stress response was viewed
as a neuroendocrine reflex mediated via counterregulatory hormones (cortisol, glucagon, and epinephrine) that altered substrate metabolism while the body is
in a state of repair. Adrenaline is released and suppresses
insulin secretion but stimulates the secretion of growth
hormone and renin, proteolysis, and glycogenolysis,
enhancing hepatic-mediated gluconeogenesis. Glucagon
is released by pancreatic islet cells which increases
hepatic glucose production from substrate that arises
from tissue catabolism. The liver produces acute phase
reactants such as opsonins (CRP), protease inhibitors,
hemostatic agents (fibrinogen), and transporters
(transferin).
The hypothalamic–pituitary–adrenal (HPA) axis is
activated during stress, stimulating the release of adrenal
corticotropic hormone (ACTH) from the pituitary gland,
which induces the release of cortisol from the adrenal
cortex. The HPA axis and the immune response are intrinsically linked in a negative feedback loop in which activated immune cells produce specific cytokines that
activates the HPA axis increasing cortisol release that in
turn suppresses the immune response and further cytokine release. Cytokines also act directly on the adrenal
cortex and on glucocorticoid receptors (GRs) present in
most cells. In addition, different types of stress (sepsis,
trauma, elective surgery) seem to be associated with the
release of distinct mediators that may inhibit or stimulate
cortisol production by acting on the HPA axis, adrenal
cortex, and/or on GR.
The HPA response is pivotal for survival as adrenal
insufficiency (AI) increases the mortality of critically ill or
injured patients. In the Interventions section, we will
return to this important topic in the treatment and prevention of MOF.
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The Second Hit
Potential second hits include infections and sepsis,
abdominal compartment syndrome, fat embolus,
mechanical ventilation, blood transfusions, long bone fixation, and secondary surgery. Some of these are briefly
described below.
Infections: Sir William Osler was the first to recognize
in 1904 that “except on few occasions, the patient appears
to die from the body’s response to infection rather than
from the infection.” In the late 1970s, intra-abdominal
abscess (IAA) was a frequent inciting event but as result
of better prevention of IAA, nosocomial pneumonia
became the principal infection associated with MOF.
Another area of research interest has been the potential
role of persistent hypercatabolism in the development of
infections. Although energy expenditure can increase dramatically following injury, the associated hypercatabolism
is a critical metabolic alteration. If not supported by exogenous nutrients, the consequent obligatory protein turnover quickly erodes somatic protein stores and then the
critical visceral mass. The resulting acute protein malnutrition causes well-documented adverse immunologic
consequences and is a recognized cofactor for the development of postinjury infection.
Abdominal compartment syndrome: A hallmark of the
postinjury inflammatory state is generalized capillary leak
and associated tissue edema. Historically, peripheral
edema was considered to be a minimally significant consequence of fluid resuscitation. This view has changed
with the resurgent interest in intra-abdominal hypertension that has accompanied the recent widespread application of damage control procedures (DCPs). Increased
intra-abdominal pressures (IAPs) are accompanied by
a host of physiologic derangements that include high
ventilator pressures, decreased cardiac output, and
impaired renal function, a constellation of signs that are
named abdominal compartment syndrome (ACS). Usually associated with abdominal injuries (primary ACS),
these effects can also be observed following extraabdominal injury or following large volume resuscitation
for nontraumatic or nonsurgical conditions (secondary
ACS). While ACS physiologic effects usually reverse
upon decompression, its immunomodulatory effects
may persist and trigger MOF.
Both primary and secondary ACS can be predicted
early. The independent predictors of primary ACS are
the indicators of the damage control physiology (transfer
to the operating room without further imaging, temperature <34 C, hemoglobin <8 g/dL, base deficit >8 mmol/
L), whereas the secondary ACS predictors are markers of
uncontrolled resuscitation (>7.5 L of crystalloids before
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ICU admission, no indication for lifesaving surgical intervention, relatively low urine output on ICU admission).
Blood transfusions: The goals of transfusion in the
injured patient are to maintain adequate oxygen-carrying
capacity. However, there is abundant, solid evidence that
blood transfusions are a risk factor for the development of
MOF independent of shock or injury severity. Blood products are immunoactive, contain proinflammatory cytokines and lipids and have an early immunosuppressive
effect predisposing the patient to CARS, infection, and
late MOF. The age of transfused blood is also important,
with progressive daily increases in proinflammatory cytokines in stored blood products. Leukodepletion does not
completely remove the potential of blood as a second hit,
as blood products may contain pro-inflammatory cytokines and lipid mediators generated during storage.
Mechanical ventilation: While the mechanical ventilator is an indispensable therapy for lung failure, the administration of positive pressure ventilation can result in lung
injury that is functionally and histologically identical to
that seen in the acute respiratory distress syndrome
(ARDS). Conversion from negative pressure ventilation
to positive pressure ventilation is associated with unequal
distribution of tidal volumes to the heterogeneously
involved lung parenchyma. Areas of low compliance (as
seen in pulmonary contusion, edema, or infection) force
tidal volumes to areas of high compliance resulting in
increased alveolar pressures, over distension, and injury
to uninvolved lung tissue. Mechanical injuries to the lung
(barotraumas, atelectrauma, volutrauma) initiate a local
inflammatory reaction and biotrauma with release of
inflammatory mediators from damaged cells, recruitment
of PMNs to the site of injury, and local inflammatory
reaction mediated by circulating leukocytes. Mechanical
stresses on the living cell are translated into intracellular
inflammatory signal transduction and the combination of
mechanical damage from positive pressure ventilation and
the inflammation increases pulmonary dysfunction.
The effects of ventilator-induced lung injury extend
beyond the lung. Impaired oxygen delivery amplifies
posttraumatic ischemia–reperfusion injury. Mechanical
disruption of normal lung defense mechanisms increases
the infectious potential and the risk of pulmonary sepsis.
Inflammatory cytokines generated in the lung spill over
into the systemic circulation and have the capacity to
increase the inflammatory state (priming) and promote
remote organ dysfunction via direct cell signaling
(activation).
Secondary operation: The second operation can be
considered a controlled traumatic event where surgical trauma takes the place of the initial injury.
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Additional stresses of secondary operations include higher
intraoperative fluid consumption, hypothermia, hypotension, tissue hypoxia, and intraoperative blood loss.
The timing of the second operation has been variously
studied over the last decade mostly as related to operative
fracture fixation. Damage control orthopedics (DCO)
decreases the initial operative exposure and blood loss
resulting in a smaller, shorter postoperative SIRS than
early total care for fractures.

Treatment
Once MOF is established, the treatment is largely supportive. Thus, preventing the onset of MOF through therapies
directed at modulating SIRS and/or CARS and mitigating
or avoiding second insults are more likely to be beneficial
to high-risk patients. Prevention and early recognition of
abdominal compartment syndrome as well as close surveillance and appropriate antimicrobial therapy for infections are crucial steps that can help prevent further
development of organ dysfunction. Current interventions
start early with the use of protective resuscitation techniques for trauma patients, earlier hemorrhage control
in orthopedic trauma, abandoning crystalloid-based
supranormal resuscitation goals, introduction of hemostatic resuscitation, better control of infections, and early
application of ICU resuscitation protocols. Some of the
most important interventions are described below [1].

reduced by LPV (relative risk 0.74; 95% confidence interval: 0.61–0.88). Current evidence supports PLV as the
standard therapy for patients at risk for MOF.

Adrenal Insufficiency (AI) and Cortisol
Replacement Therapy
A recent task force from the Society of Critical Care Medicine and the European Society of Intensive Care Medicine
delivered general recommendations regarding AI and cortisol replacement therapy in critically ill patients. The task
force recommended that AI should be suspected in hypotensive patients who have responded poorly to fluids and
vasopressor agents, who present a delta serum cortisol of
<9 mg/dL after adrenocorticotropic hormone (250 mg)
administration or a random total cortisol of <10 mg/dL.
In patients most likely to benefit from treatment with
glucocorticoid (vasopressor-dependent septic shock and
patients with early severe ARDS), the task force
recommended that the decision to treat with corticosteroids be based on the clinical criteria and not on the results
of adrenal function. Glucocorticoids should be tapered
down slowly, and re-institution should be considered if
there are signs of sepsis, hypotension, or worsening oxygenation. The dose of corticosteroid should be sufficient
to downregulate the proinflammatory response without
causing immunodeficiency and impaired wound healing.

Insulin and Glycemic Control
Judicious Use of Blood Products
Restrictive transfusion practices in trauma patients
seemed to have played a pivotal role in the decreased
incidence of MOF. In addition, blood substitutes have
offered some promising results in trauma populations.

While glycemic control (<=180 mg/dL) is undoubtedly
important, tighter glucose control (81–108 mg/dL) in
critical care patients has had conflicting results. The
recently published NICE-SUGAR study demonstrated an
increased death risk associated with intensive glucose control compared to more conventional glycemic goals.

Fracture Management
DCO performed in coordination with acute resuscitation
and hemodynamic stabilization, provides early fracture
stabilization by external fixation as a bridge to definitive
fracture care once the patient is more physiologically stable. DCO is a safer initial approach, decreasing the initial
operative exposure and blood loss, both potential insults
that can trigger MOF.

Protective Lung Ventilation
In addition to direct injury and secondary inflammatorymediated injury, the lung is also subject to ventilatorinduced lung injury. Clinical evidence of the contributing
effects of mechanical ventilation on the incidence of MOF
was demonstrated in the ARDS network lung protective
ventilation (LPV) trials. A 2007 Cochrane Library systematic review showed that 28-day mortality was significantly

Immunonutrition
Two aspects are relevant in immunonutrition: the delivery
route (enteral vs. parenteral) and the diet composition.
Although controversy exists concerning the safety of feeding the hypoperfused small bowel, evidence supports that
early enteral nutrition (EEN) is not only feasible but
associated with decreased incidence of nosocomial infections. EEN effects go far beyond mere nourishment; rather
EEN induces a complex immunological response. Indeed,
feeding the gut in critically ill patients has been shown to
reverse shock-induced mucosal hypoperfusion and
impaired intestinal transit as well as attenuate gut permeability defects and lessen the severity of CARS.
Regarding content, to be effective, immunonutritional
therapies must ameliorate cellular defense, oxidative
stress, and mitochondrial function without increasing
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SIRS. Immunomodulating diets (IMDs) have shown
a positive, albeit modest effect in decreasing mortality,
infections, and length of stay in trauma patients.
Intraluminal glutamine seems to have several beneficial
effects: (1) reverses shock-induced splanchnic vasoconstriction, (2) preferred fuel source for the gut and lymphocytes; (3) promotes protein synthesis in the gut
mucosa; (4) precursor for the antioxidant glutathione
and nucleotides (required for rapid cellular proliferation
of enterocytes and lymphocytes under stress); (5) protection against oxidant- and cytokine-induced apoptosis (a
prominent event in severe CARS); and (6) induction of
antioxidant enzymes. The REDOXS study, designed to
evaluate the effect of multiple antioxidants (Se, Zn, betacarotene, vitamins E and C) combined with high-dose
glutamine on mortality in a large-scale randomized trial
in critically ill patients, will provide important information on the value of this combination. The inclusion of
arginine in IMD has been under debate because its use has
been associated with gut barrier dysfunction and
enhanced early inflammation. In addition, arginine is
a substrate for inducible nitric oxide synthase (iNOS),
which can be pathologically activated if the patient
develops septic shock. Recent work by the Pittsburgh
group, however, has shown that trauma patients exhibit
a dramatic increase in arginase activity leading to arginine
deficiency, which depresses T-cell immunity. Thus, the
role of arginine in IMD for trauma patients needs further
investigation.

Continuous Renal Replacement Therapy
(CRRT)
In addition to the conventional aim of replacing renal
function in acute kidney injury (AKI), CRRT may be
used to modulate SIRS in sepsis. With the intention of
influencing circulating levels of inflammatory mediators
like cytokines and chemokines, the complement system, as
well as factors of the coagulation system, several modifications of CRRT have been developed over the last years.
These include high volume hemofiltration, high adsorption hemofiltration, use of high cutoff membranes, and
hybrid systems like coupled plasma filtration absorbance.
One of the most promising concepts may be the development of renal assist devices using renal tubular cells for
implementing renal tubular function into CRRT.

Immunomodulating Interventions
These interventions intend to ameliorate the immunodepression or attenuate the early unbridled SIRS.
Immunostimulating therapies include macrophage
stimulation with glucan, activating monocytes with
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dextran, increasing human leukocyte antigen (HLA)-DR
expression with interferon (IFN)-gama, and providing
immunoglobulins. Of these, glucan, IFN-gama, and
immunoglobulin were associated with improved infection, MOF, and death rates [3]. Conversely, modalities
that lessen SIRS, such as leukoreduction of blood products, prostaglandin E1, antioxidants, antithrombin III
(which, by blocking thrombin, decreases IL-8 production
and sequestration of neutrophils), CD-28, and L-selectin
antibodies (to prevent PMNs adhesion to the endothelium) have shown some effect on SIRS and CARS but no
major change in adverse outcomes.
Activated protein C (APC), which has been shown to
be reduced during sepsis, inhibits clotting factors Va
and VIIIa, restores fibrinolysis, reduces thrombin production, and limits PMNs chemotaxis. Administration of
recombinant human APC (rhAPC), however, has had
inconsistent results improving outcomes of critically ill
patients and was associated with increased bleeding complications. Thus, the Surviving Sepsis Campaign (www.
survivingsepsis.org) suggests that rhAPC be considered
only in adult patients with sepsis-induced organ dysfunction with clinical assessment of high risk of death
(e.g., APACHE II
25 or MOF), if there are no
contraindications.
Other promising therapeutic approaches have focused
on combating the sepsis-induced immunosuppression
with agents to stop apoptosis, block the programmeddeath protein and its ligand (PD-1 and PD- L1) and
reactivate unresponsive T cells [4]. More than likely,
none of these therapies will be a one-size fits all, but will
be tailored to individual patients based on disease
severity and specific laboratory or clinical findings, such
as the expression levels of monocyte HLA-DR, negative
co-stimulatory molecules (PD1, PD-L1), or cytokine
secretion.

Evaluation/Assessment
Epidemiology and Clinical Relevance
Our analysis of prospective data collected over a 14-year
period demonstrates an overall MOF incidence of 15%
among trauma patients who survive the first 48 h [1]. In
the literature, MOF incidence varies from as low as 3% to
over 30% depending on the population. There seems to be
consistent evidence that the MOF incidence is decreasing.
Of course, different definitions contribute to these differences, as the Marshall score tends to be more sensitive than
the Denver score, yet less specific, i.e., MOF cases defined
by the Denver score are more likely to develop adverse
outcomes. The reduction in MOF incidence is not
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attributable to decrease risk factors such as age or injury
severity. In fact, these risk factors increased or remained
stable over the past decades. Administration of blood
products, however, has declined significantly accompanied by increased tolerance to a lower hematocrit,
suggesting that parsimonious blood transfusion protocols
had an effect in decreasing MOF rates.
In the early 1990s, about half of the MOF cases
presented early (<3 days after injury) while the remaining
cases presented later, most often around 7 days, configuring a bimodal distribution that reflected the pathophysiology of the syndrome. This presentation pattern seems to
be changing in recent years, with the second peak gradually leveling out, possibly as a result of improved prevention and treatment of second insults.
MOF mortality is high at around 30–90% depending
on number of organs affected and population studied.
Different than the incidence, MOF case-fatality rate has
not followed the same descending pattern, and reductions,
if any, have been modest. In our series, there was a trend
toward lower mortality among late MOF cases, while early
MOF patients continued to have an unabated high
mortality.
Regarding individual organ patterns, the lung is virtually always the first organ to show evidence of dysfunction
in the absence of preexisting disease. The number of
involved organs and the severity of other organ dysfunctions also seem dependent on the severity of lung impairment. Dysfunction of the renal system, although relatively
rare in comparison to other organs is a harbinger of doom
postinjury, outperforming heart, lung, and liver dysfunction as a predictor of MOF and death. Of course, these
conclusions are limited by our measurements of individual organ dysfunctions, i.e., our measurements of lung
dysfunction are far more sensitive to functional changes
than our measurements of liver or kidney function.

Risk Factors
Risk factors for early MOF include severe anatomic injury,
emergency department (ED) systolic blood pressure less
than 90 mmHg, blood transfusions greater than six units
within 12 h post hospital admission, and a lactate level
greater than 2.5 mmol/L measured between 12 and 24 h
after injury. Major infections are more likely to be
a symptom that followed (sometimes worsening organ
dysfunction) than a trigger that precipitated early MOF.
Late MOF (>72 h post admission), consistent with the
distinct two-event construct, appears to be related to the
increased risk of infection. Independent risk factors for
late postinjury MOF include age over 55 years, blood
transfusion more than six units within 12 h of injury,

early base deficit more than 8 mEq/L, and a lactate level
greater than 2.5 nmol/L measured between 12 and 24 h
post admission. Although the risk factors for both early
and late MOF included blood transfusion, base deficit,
and lactate levels, the shock indices are stronger risk factors for early MOF, whereas major infections are more
frequently classified as triggers in patients that developed
late MOF.

Economics
Despite the reduction in incidence and a trend toward
lower mortality, MOF remains a significant threat to
ICU patients and continues to consume a great amount
of health-care resources. For example, in our series, in the
period of 2001–2004 we had 69 MOF patients (out of 477
at risk patients) who required 2,226 ICU days and 1,507
mechanical ventilation days. From 2004 to 2008, there
were 72 postinjury MOF cases (out of 961 at-risk
patients), which represents a large decrease in incidence
but a 4% absolute increase in the number of MOF cases.
The 72 MOF patients during 2004–2008 required 2,285
ICU days (a 3% increase) and 1,512 mechanical ventilation days (a 0.3% increase). In brief, despite reduction in
incidence, MOF patients are still responsible for the same
(or even larger) amount of resources. During 2001–2004,
MOF patients required a median number of 27 ICU days
and 19 MV days versus a median of 26.5 ICU days and 18.5
MV days during 2005–2008. Collectively, these numbers
strongly support that despite a reduction in the MOF
incidence, these patients still suffer through long hospital
stays, have high morbidity, and consume an inordinate
amount of resources.

After-care
Although MOF’s aftercare is, of course, highly dependent
on the primary diagnosis that led to MOF, there are some
common characteristics among patients who survive this
deadly syndrome. A significant number of patients die in
the hospital ward after ICU discharge (9–31%) and organ
dysfunction (at ICU admission, during the stay and at ICU
discharge) is one of the most important predictors of this
so-called occult mortality [5]. Interestingly, dysfunction
of the central nervous and renal systems seem to have
more impact on mortality after ICU discharge than cardiovascular, hepatic, hematological, and respiratory
dysfunctions.

Prognosis
Long-term prognosis is, of course, greatly related to primary cause of MOF. Among trauma patients, single organ
failure seems to have no impact on long-term outcomes,
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but the presence of MOF greatly increased mortality and
the risk of impaired functional status, even after adjustment for age, sex, and severe head injury [5].
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Multiple Organ Failure (MOF)
Multiple organ failure (MOF) is a syndrome of progressive
dysfunction of two or more organ systems that confers
a high likelihood of death.

Multisystem Organ Failure
▶ Multiple Organ Failure

Muscle Atrophy
▶ Muscle Wasting

Muscle Compartment Syndrome
▶ Burn Injury, Compartment Syndromes

Muscle Necrosis
▶ Rhabdomyolysis
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PER-OLOF J. HASSELGREN
Department of Surgery, Beth Israel Deaconess Medical
Center, Harvard Medical School, Boston, MA, USA

Synonyms
Loss of muscle mass; Muscle atrophy

Definition
Loss of muscle mass, in particular caused by a disease state
or severe injury, is defined as muscle wasting. Proteins in
all tissues, including skeletal muscle tissue, undergo constant synthesis and degradation (protein turnover). Under
basal conditions (steady state), protein homeostasis is
maintained by equal rates of synthesis and degradation.
Muscle wasting can be caused by reduced protein synthesis, increased protein degradation, or a combination of
these changes. In other words, when the balance between
protein synthesis and degradation is perturbed so that
degradation exceeds synthesis, muscle wasting may
occur. It should be noted that different proteins have
different rates of turnover (short- and long-lived proteins)
and may be regulated individually. In order for increased
protein degradation to result in muscle wasting, the degradation needs to affect a large pool of cellular proteins.
Myofibrillar (contractile) proteins make up a large portion
of muscle proteins and in various muscle wasting conditions, the degradation of myofibrillar proteins is increased,
at least in part explaining why these conditions result in
loss of muscle mass and strength.

Characteristics
Muscle Wasting in Critical Care
Muscle wasting occurs in a number of different disease
states, including sepsis, cancer, uremia, heart failure, and
AIDS. In addition, severe injury (in particular burn
injury) is often associated with significant muscle atrophy.
Although some of these conditions (such as sepsis) are
involved in muscle wasting and weakness seen in patients
in the intensive care unit (ICU), critically ill patients cared
for in the ICU have their own set of characteristics with
regard to muscle atrophy. Thus, in addition to the primary
disease, a number of ICU-associated conditions promote
muscle wasting and weakness. Such conditions include
reduced physical activity, prolonged bed rest, side effects
of treatment with various drugs (in particular glucocorticoids and neuromuscular blocking agents), sedation,
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Muscle Wasting. Table 1 Concepts describing different
aspects of muscle wasting in critically ill patients
Muscle wasting
Muscle atrophy
ICU-acquired weakness (ICUAW)
Critical illness neuromyopathy
Critical illness myopathy (CIM)
Critical illness polyneuropathy (CIP)
Acute quadriplegic myopathy
Muscle weakness: atrophy vs. dysfunction
Limb weakness
Respiratory weakness

mechanical ventilation, and altered nutritional status.
Some authors have used the term “intensive care unitacquired weakness” (ICUAW) to emphasize the fact that
certain aspects of muscle weakness are unique for patients
in the ICU [1].
This chapter will focus on aspects of muscle wasting in
critically ill patients in the ICU. Different concepts and
definitions pertinent to muscle wasting in critical illness
are summarized in Table 1. Some of these concepts are
synonymous with each other, whereas other terms used in
this field relate to different manifestations and mechanisms of muscle wasting and weakness. Because sepsis is
a common condition necessitating care in the ICU and
because sepsis is an important cause of muscle wasting [2],
a substantial part of the information discussed here, in
particular with regard to cellular and molecular mechanisms, is related to sepsis-induced muscle wasting. This
emphasis on sepsis-induced muscle wasting also reflects
a long-standing interest in the molecular regulation of
muscle mass during sepsis in the author’s laboratory.

Clinical Characteristics of Muscle Wasting
in Critical Care
The most significant consequences of muscle wasting and
weakness in critically ill patients include difficulty to wean
the patient from ventilatory support, recurrence of respiratory failure after extubation, and inability to ambulate
with profound weakness (even quadriplegia) in awake
patients recovering from critical illness. These manifestations reflect the fact that the wasting can affect both
respiratory muscles (diaphragm and intercostal muscles)
and extremity muscles. Although loss of muscle mass is
probably the most important cause of muscle weakness in
the ICU, the weakness can also be caused by peripheral
neuropathy, initially described in the setting of sepsis and

multiorgan failure. Indeed, critical illness myopathy
(CIM) and critical illness polyneuropathy (CIP) are commonly described as two separate entities although the
muscle weakness can also be caused by a combination of
CIM and CIP, so-called critical illness neuromyopathy.
Interestingly, mechanical ventilatory support in itself
results in wasting and weakness of the diaphragm and
other respiratory muscles. Studies suggest that muscle
weakness occurs early during mechanical ventilation
with >50% of ICU patients showing evidence of neuromuscular abnormalities after 5–7 days of mechanical ventilation. Septic shock was a predictor of respiratory muscle
weakness in some reports. One consequence of respiratory
muscle weakness is the difficulty to wean the patient from
ventilatory support resulting in prolonged need for
mechanical ventilation thus creating a vicious circle.
Another vicious circle is created by weakness of extremity
muscles. Thus, weakness of peripheral muscles prevents
ambulation resulting in prolonged bed rest. Bed rest in
itself promotes loss of muscle mass and there is evidence
that this effect of inactivity is potentiated by underlying
disease. Bed rest is a potent mechanism of muscle wasting
and a rapid and profound loss of muscle mass has been
documented even in healthy volunteers during bed rest
with the loss of 1–1.5% of quadriceps strength per day.
The disuse atrophy developing in bedridden patients
resembles the muscle atrophy caused by mechanical
unloading in experimental animals and weightlessness as
experienced in space flight.

Acute Quadriplegic Myopathy
A special condition sometimes seen in patients in the ICU
is acute quadriplegic myopathy [3]. This condition is
caused by a specific decrease, or even loss, of thick filament
muscle proteins (myosin) and is characterized by
a sometimes dramatic clinical picture of complete paralysis. The quadriplegia is typically symmetric and affects
both proximal and distal muscle groups whereas muscles
innervated by the cranial nerves are not affected. The
prognosis is usually good if the patients survive the underlying disease but recovery of muscle strength may require
several months. Although the mechanisms of acute quadriplegic myopathy are not fully understood at present,
there is evidence that the synthesis of myosin is blocked
at the transcriptional level concomitant with stimulated
degradation of the protein. A number of risk factors for
development of acute quadriplegic myopathy have been
identified and include treatment with corticosteroids and
neuromuscular blocking agents (perhaps the most important risk factors), mechanical ventilation, immobilization,
and probably sepsis as well.
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Diagnosis of Muscle Wasting in the ICU

Mechanisms of Muscle Atrophy

The diagnosis of muscle wasting and weakness is typically
obvious from bedside clinical observations. Patients will
also experience and complain of weakness when trying to
ambulate or use upper extremity muscles. Objective measures of muscle atrophy can be obtained from various
imaging tests such as CT, MRI, or ultrasound. Respiratory
muscle weakness typically manifests itself as difficulty
weaning the patient from the ventilator or respiratory
failure after extubation.
Although the diagnosis of muscle wasting and weakness is commonly obvious from simple clinical observation, more sophisticated methods are also available and
can be used if more objective assessment is needed, such
as in the research setting. Such methods include
objective measurements of muscle strength, electrophysiological tests, and muscle biopsy. Various methods to
assess respiratory muscle strength and function have
been described, including magnetic phrenic nerve
stimulation.
When muscle biopsy is performed, the histopathological picture is typically characterized by reduced fiber
size (atrophy) and changes in fiber type. Electron
microscopy may reveal sarcolemmal changes, disruption
of the sarcomere, disintegration of Z-disks, and morphological changes of mitochondria (including swelling
and loss of membrane structures). Of note, reduced
muscle-specific force generation may exist in the
absence of atrophy although in most cases of ICUacquired muscle weakness, the loss of muscle strength
is probably associated with morphological abnormalities
in skeletal muscle.

Muscle wasting in critically ill patients reflects both
inhibited protein synthesis and stimulated protein degradation. Both these events are regulated by altered cell
signaling and changes in gene transcription. Because
increased degradation of muscle proteins may be the predominant mechanism of muscle wasting in critical illness,
at least in patients with sepsis, this chapter will focus
mainly on mechanisms involved in the regulation of muscle protein breakdown. More detailed reviews of molecular mechanism regulating muscle mass were provided
elsewhere [4, 5].

ICU-Acquired Muscle Weakness Has
Long-Lasting Effects
Studies suggest that muscle weakness that develops in
critically ill patients in the ICU persists for a long time
(quite often years) after discharge from the ICU. The
persistent weakness clearly reduce the quality of life in
these patients, sometimes manifesting itself as difficulty
to walk and inability to perform other seemingly trivial
tasks. In some studies, long-term weakness and important
restrictions in daily functioning were reported in more
than 50% of survivors of critical illness with restricted
ability to walk being the most frequently decreased physical quality of life. Muscle weakness and exercise limitations have been reported up to 5 years after ICU care for
critical illness. It is obvious that loss of muscle mass and
weakness acquired during critical illness have long-lasting
effects in patients who survive ICU care with important
both personal and socioeconomic consequences.
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Multiple Proteolytic Mechanisms are
Involved in Muscle Breakdown in
Critical Illness
Intracellular proteins are degraded by multiple proteolytic
mechanisms. It is beyond the scope of this chapter to give
a detailed description of the different proteolytic pathways
participating in the breakdown of intracellular proteins
and they will be discussed only briefly here. Typically,
three major proteolytic pathways account for the degradation of cellular proteins, that is, lysosomal, calciumdependent, and energy-ubiquitin-dependent pathways.
Lysosomal degradation of proteins is regulated by
intralysosomal enzymes (cathepsins) in an acidic environment. Early studies performed mainly in hepatocytes provided evidence that components of the cytoplasm can be
taken up in so-called autophagosomes that are subsequently taken up and degraded by lysosomes. Interestingly, recent reports suggest that autophagic/lysosomal
degradation plays an important role in the degradation
of muscle proteins during various conditions characterized by muscle wasting.
Among calcium-dependent mechanisms, calpainregulated protein degradation plays an important role.
Previous studies suggest that calpain-dependent mechanisms may be involved in the initial step of myofibrillar
protein disassembly and cleavage, at least in muscle
wasting caused by sepsis. In recent studies we found evidence that increased calpain activity in septic muscle is
mainly caused by decreased activity of the endogenous
calpain inhibitor calpastatin. It should be noted that the
role of calpains in muscle wasting is somewhat controversial. Other studies suggest that caspase-3 participates in
the early release of myofilaments from the sarcomere
during muscle wasting caused by uremia. It is possible
that the roles of calpains and caspases vary in different
muscle wasting conditions.
Ubiquitin-proteasome-dependent degradation is
probably the proteolytic mechanism that has attracted
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most interest in the field of muscle wasting during the last
15–20 years. In this mechanism, proteins are degraded
inside the multicatalytic 26S proteasome after having
been targeted for the proteasome by conjugation of multiple ubiquitin molecules. The ubiquitination of protein
substrates is regulated by multiple enzymes, including the
ubiquitin activating enzyme (E1), ubiquitin-conjugating
enzymes (E2s), and ubiquitin ligases (E3s). The length of
the ubiquitin chain conjugated to the protein destined for
the proteasome can be edited by deconjugating enzymes
that also play an important role for the proteasomedependent proteolysis. Among the factors regulating the
ubquitination of proteins and subsequent degradation by
the proteasome, ubiquitin ligases are particularly important because they account for substrate specificity, thereby
deciding which protein(s) will be degraded. The musclespecific ubiquitin-ligases atrogin-1 (also called MAFbx)
and MuRF1 play important roles in muscle wasting
caused by a number of different catabolic conditions,
including sepsis, cancer, denervation, and uremia, and
increased expression of these ubiquitin ligases are commonly used as “molecular markers” of muscle wasting
(although this is probably an oversimplification because
there are multiple examples of conditions where there is
not an absolute correlation between changes in the
expression of atrogin-1 and MuRF1 and changes in
protein breakdown rates).
Although most information regarding the role of the
ubiquitin-proteasome pathway in muscle wasting has
been generated in experimental animals with different
models of sepsis, burn injury, cancer, and uremia, there
is evidence that similar mechanisms are involved in critically ill patients. For example, we reported almost 15 years
ago that the gene expression of ubiquitin was upregulated
in skeletal muscle from patients with sepsis and several
reports from other investigators have confirmed that the
ubiquitin-proteasome pathway is activated in patients
with sepsis.

Transcription Factors and Nuclear Cofactors
Because the expression of atrogin-1 and MuRF1 as well as
other molecules involved in the regulation of muscle mass
(e.g., the lysosomal enzyme cathepsin L) is upregulated at
the transcriptional level in atrophying muscle, it is not
surprising that a great deal of attention has been paid to
the potential role of transcription factors and nuclear
cofactors involved in the regulation of gene transcription.
Genes that are upregulated in muscle wasting conditions
are commonly referred to as “atrogenes.” Among transcription factors that are involved in the regulation of
muscle mass, we found evidence in early studies that

NF-kB may play an important role, at least in muscle
wasting associated with sepsis. In more recent studies we
found that genetic manipulation of the expression and
activity of NF-kB regulated muscle mass at least in part
by influencing the expression of MuRF1 (but not
atrogin-1) and the rate of proteasome-dependent protein
degradation. Other reports as well have provided support
for a role of NF-kB in muscle wasting.
Forkhead Box O 1 (FOXO1) and FOXO3a are additional transcription factors that participate in the expression of muscle wasting–related genes, including atrogin1 and MuRF1, and were found in recent studies to play an
important role in the development of muscle atrophy. In
recent experiments in septic rats we found evidence that
FOXO1 may be particularly important for muscle
wasting in critical illness. Interestingly, recent studies
suggest that FOXO transcription factors regulate the
transcription of autophagy-related genes providing further support for the important role of FOXOs in muscle
wasting.
An additional group of transcription factors that are
involved in muscle wasting are members of the family of
C/EBP transcription factors, in particular C/EBPb and d.
In recent experiments, we found evidence that the expression as well as DNA binding activity and transcriptional
activity of these transcription factors were increased in
skeletal muscle during sepsis and after treatment with
glucocorticoids. In more recent experiments, we found
genetic evidence that C/EBPb is involved in glucocorticoid-induced atrophy of skeletal muscle cells
(unpublished observations).
Thus, multiple studies suggest that several transcription factors may be involved in the regulation of muscle
mass during various muscle wasting conditions. Most of
these observations have been made in animal models of
muscle atrophy and in cultured muscle cells and it will be
important in future studies to determine whether these
transcription factors are involved in muscle wasting in
critically ill patients as well.
In addition to being regulated by transcription factors,
gene transcription is also influenced by various nuclear
cofactors and other proteins in the transcriptional
machinery. In recent studies we made the discovery that
the nuclear cofactor p300 regulates glucocorticoidinduced atrophy of cultured muscle cells and that the
role of p300 may at least in part reflect its interaction
with C/EBPb. Because an important function of p300 is
to exert histone acetyl transferase (HAT) activity, the
observations suggest that hyperacetylation may be
involved in muscle wasting. This hypothesis was
supported by the observation that the expression and
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activity of the histone deacetylases HDAC3 and 6 were
reduced in glucocorticoid-treated, atrophying cultured
muscle cells concomitant with increased p300 expression
and HAT activity. Importantly, in recent experiments we
found that these in vitro observations may be relevant in
vivo as well. Thus, p300 expression and HAT activity were
increased and HDAC expression and activity were reduced
in skeletal muscle from septic rats and treatment of rats
with the HDAC inhibitor TSA stimulated muscle proteolysis. These observations are important because they support the concept that nuclear cofactors may be involved in
the regulation of muscle mass. Furthermore, the results
suggest that acetylation of C/EBPb, and perhaps other
regulatory proteins as well (in addition to histones),
plays a role in glucocorticoid- and sepsis-induced muscle
wasting.
Another group of nuclear cofactors that has been
implicated in muscle wasting recently are members of
the PPARg co-activator-1 (PGC-1) family. Studies suggest
that both PGC-1a and b may prevent muscle atrophy, at
least in part secondary to reducing the expression of the
ubiquitin-ligases atrogin-1 and MuRF1. In recent experiments, we found that the expression of PGC-1a and b was
substantially downregulated in skeletal muscle during sepsis in rats concomitant with increased expression of
atrogin-1 and MuRF1. In the same study, overexpressing
PGC-1b in cultured muscle cells reduced the expression of
atrogin-1 and MuRF1, providing further support to the
concept that PGC-1 cofactor may regulate muscle mass at
least in part by regulating the expression of atrogin-1 and
MuRF1.
Similar to transcription factors, most of the evidence
suggesting a role of p300, HDACs, and PGC-1 cofactors
has been generated in animal models of muscle wasting or
in cultured muscle cells and it remains to be determined
whether similar mechanisms are involved in critically ill
patients with muscle wasting. The observations are important, however, because they suggest that it may be possible
in the future to prevent or treat muscle wasting by
targeting small molecules based on an increased understanding of the molecular regulation of processes involved
in muscle wasting.

Prevention and Treatment of Muscle Wasting
in Critical Illness
Different strategies employed to prevent or treat muscle
wasting are summarized in Table 2. Some of these strategies have been tested in patients whereas other modalities
for prevention and treatment of muscle wasting are still
experimental (or even speculative). Although mechanisms
underlying loss of muscle mass may differ between various
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Muscle Wasting. Table 2 Strategies for prevention and
treatment of muscle wasting and weakness in critically ill
patients
Ambulation
Exercise
Nutritional intervention
Enteral vs. parenteral
Supplements
Glutamine
Branched-chain amino acids
Hormones
Growth hormone
IGF-1
Insulin
Androgens
Biological treatment
Myostatin inhibition
Cytokines and anti-cytokines
Antioxidants
Nitric oxide inhibitors
Deacetylation

M
muscle wasting conditions, there are also multiple similarities that make strategies to prevent and treat muscle
weakness applicable in several conditions.

Ambulation and Exercise
Because bed rest and inactivity are potent mechanisms of
muscle atrophy, it is not surprising that attempts have
been made to prevent muscle wasting by early ambulation
and exercise. By nature, of course, patients in the ICU,
frequently sedated and on mechanical ventilator, cannot
always ambulate or exercise. Even in patients without
significant contraindications for ambulation, however,
that aspect of the care is not always prioritized. One reason
for this may be lack of resources (it requires the involvement of physical therapists and nursing personnel to
ambulate the patients) but probably also concerns for
safety to mobilize critically ill patients with complex surgical wounds, intravenous and intra-arterial lines, feeding
tubes, and still on mechanical ventilator. Interestingly,
several recent studies, including randomized controlled
trials, have documented the safety and feasibility of early
ambulation and mobility in the ICU, even in patients
on mechanical ventilatory support, and have shown
improved neuromuscular and physical function by early
mobilization of patients in the ICU. Studies suggest that
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early mobilization results in decreased ICU and total hospital length of stay and decreased duration of ventilatory
support.
The involvement of physical therapists and active and
passive exercise are additional important strategies that
should be employed to prevent and treat muscle wasting
and weakness. In general, resistance (strength) training is
considered the most effective exercise for slowing the rate
of loss of muscle mass and to improve muscle strength (as
opposed to aerobic exercise training which may be more
beneficial from a cardiovascular standpoint). Even passive
exercise of extremity muscles bedside in patients who are
sedated may be beneficial and slow the process of muscle
atrophy.

Nutritional Intervention
The role of nutritional support in the prevention and
treatment of muscle wasting is less clear. Although it is
well documented that starvation and malnutrition will
result in loss of muscle mass, the effects of nutritional
intervention in critically ill patients with regard to muscle wasting have been disappointing, at least in patients
with sepsis. Several previous reports suggested beneficial
effects of early nutritional support, in particular enteral
nutritional support, as they relate to overall clinical outcome, length of stay in the ICU, survival rates, and
infectious complications, but there is little evidence that
nutritional intervention prevents of reverses muscle
wasting.
Based on early studies in experimental animals, there
has been a great deal of interest in the field of nutritional
supplements to prevent the loss of muscle mass. In particular, supplementation with glutamine and branchedchain amino acids (especially leucine) has been used in
this context. Although recent studies suggest that the
leucine metabolite b-hydroxy-b-methylbuturate may be
able to inhibit loss of muscle mass in various catabolic
conditions, its role in the treatment of critically ill
patients in the ICU remains to be defined. Other nutritional supplements that have been used in critical
care include arginine, o-3 polyunsaturated fatty acids,
and RNA. Overall, however, the role of nutritional intervention, including supplementation with glutamine,
branched-chain amino acids, and other substances, in
the prevention and treatment of muscle wasting in
critical illness, remains unclear.

Hormonal Treatment
Hormones that have been used to reduce the catabolic
response in skeletal muscle include growth hormone
(GH) and insulin-like growth factor-1 (IGF-1). These

hormones exert an anabolic effect by stimulating protein
synthesis and inhibiting protein breakdown in skeletal
muscle. Although there was an early enthusiasm for
treatment of critically ill patients with GH, some of that
enthusiasm was stifled by reports of increased mortality
in ICU patients treated with GH (possibly caused by
suboptimal control of hyperglycemia). Subsequent studies in burn patients suggest, however, that treatment with
GH is safe (provided blood glucose levels are monitored
carefully) and may reduce the catabolic response in
skeletal muscle.
In addition to GH, there is evidence that IGF-1 may
exert muscle sparing effects in critical illness. For example,
treatment of burn victims with IGF-1 preserved muscle
mass and improved clinical outcome. In animal experiments, we found evidence that protein synthesis in muscle
from septic rats was stimulated by IGF-1 whereas protein
breakdown was not influenced by the hormone, even at
high concentrations, suggesting that muscle proteolysis
becomes resistant to the effects of IGF-1 during sepsis.
Because, at the same time, the regulation of protein synthesis by IGF-1 was unaffected by sepsis, it is likely that the
sepsis-induced resistance of protein breakdown to IGF-1
reflects a post-receptor event.
Interestingly, in other studies, treatment of burned rats
with IGF-1 stimulated protein synthesis and inhibited
protein breakdown without evidence of resistance to the
hormone. Thus, muscle wasting in different catabolic
conditions may respond differently to IGF-1, probably at
least in part reflecting different mechanisms involved in
muscle wasting in different disease states.
The anabolic effects of IGF-1 to a great extent reflect
stimulated PI3K/Akt signaling with downstream phosphorylation and activation of mTOR-regulated protein
synthesis. It is possible that PI3K/Akt signaling is involved
in the inhibition of muscle proteolysis as well. For example, PI3K/Akt-regulated phosphorylation of FOXO transcription factors results in inactivation of FOXOs and
downregulated expression of atrogin-1 and MuRF1. The
enzyme glycogen synthase-3b (GSK-3b) is an additional
downstream target of the PI3K/Akt signaling pathway;
increased phosphorylation of GSK-3b results in its inactivation, an important effect considering that activation of
GSK-3b is probably involved in burn- and sepsis-induced
muscle wasting.
The influence of insulin on muscle protein synthesis
and degradation is similar to that caused by IGF-1. In fact,
some of the signaling of IGF-1 and insulin may be caused
by a nonselective binding to and activation of the insulin
and IGF-1 receptors, which in part explains why the metabolic effects of the hormones are similar. Interestingly, we
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reported previously that septic muscle becomes resistant
to insulin with regard to regulation of protein degradation
but retains its sensitivity to insulin’s regulatory effects on
protein synthesis (identical to the response to IGF-1 in
septic muscle). Although the mechanisms of sepsisinduced resistance to IGF-1 and insulin in skeletal muscle
are not fully understood, cytokine- and glucocorticoidinduced alterations of receptor-associated docking proteins may be involved. Interestingly, studies suggest that
ghrelin may have muscle sparing effects, possibly secondary to stimulation of the GH/IGF-1 axis.
Recent studies suggest that tight glucose control by the
administration of insulin improves survival of patients in
the ICU. In addition to improved survival, other effects,
including reduced infectious complications and length of
stay in the ICU have also been ascribed to tight glucose
control protocols. It has also been suggested that tight
glucose control may inhibit ICU-acquired muscle weakness. It should be noted that although the initial reports on
the beneficial effects of tight glucose control were received
with great enthusiasm and resulted in changes in the care
of critically ill patients, recent studies have challenged the
initial reports finding no evidence of beneficial effects of
this protocol. Some studies have even reported increased
mortality in ICU patients on a tight glucose control protocol, at least in some cases reflecting the development of
significant hypoglycemia. The potential benefits of tight
glucose control in the ICU with regard to prevention of
muscle wasting and weakness need to be tested in randomized controlled trials.
There is solid evidence in the literature that androgens, such as testosterone, regulate muscle mass in
humans. Although the use of testosterone by athletes
has attracted a great deal of attention (and controversy),
testosterone has also been used in certain patient groups
to improve muscle mass and function, such as older men
with normal or low testosterone levels and HIV-infected
men with low serum testosterone. The best and most
extensive support for a beneficial effect of testosterone,
as well as the anabolic steroid oxandrolone, with regard
to muscle wasting in critical illness has been generated in
patients with severe burn injury. In several of those studies both short-term and long-term beneficial effects were
reported with regard to muscle mass, strength, and
function.
Selective androgen receptor modulators (SARMs) are
a relatively new class of compounds that have been
suggested to be beneficial for the treatment and prevention of muscle wasting without the potential cardiovascular and prostate cancer risks often associated with
androgen therapy. Although experiments in rats suggest

M

1445

that some of the SARMs exhibit anabolic effects in skeletal
muscle, the effects of these drugs on muscle wasting in
ICU patients are not known.

Biological Treatment
Most “biological” treatments are experimental and await
clinical trials. Some of the potential treatments discussed
here can even be considered speculative.
The biological treatment that has probably attracted
most interest and that may be closest to definitive clinical
trials is treatment aimed at inhibiting myostatin, for
example, with myostatin antibodies. The rationale for
this treatment is previous observations that myostatin is
a strong negative regulator of muscle growth and development. Myostatin is a member of the transforming
growth factor b (TGF-b) family that is produced in skeletal muscle and probably exerts most of its effects in
muscle by autocrine and paracrine mechanisms. The
potential role of myostatin in muscle wasting has been
supported by studies in which the expression of myostatin
was increased in skeletal muscle during various catabolic
conditions. It should be noted, however, that the role of
myostatin may vary in different catabolic conditions since
its expression is not universally upregulated in all muscle
wasting conditions. For example, we found in recent
experiments that myostatin expression was not increased
but was actually significantly decreased in skeletal muscle
during sepsis in rats (unpublished observations)
suggesting that anti-myostatin treatment may not be beneficial in all critically ill patients.
Other biological treatments that have been reported in
animal experiments to have beneficial effects on muscle
mass and function include treatment with interleukin-15,
anti-TNFa antibodies, antioxidants, and nitric oxide
inhibitors. The effects of these treatments in patients
with muscle wasting conditions are not known.
We observed recently that sepsis-induced muscle
wasting in rats is associated with increased expression
and HAT activity of the nuclear cofactor p300 and reduced
expression and activity of HDACs. Taken together, these
changes set the stage for increased acetylation of cellular
proteins. The potential role of hyperacetylation in muscle
wasting was supported by upregulated expression of
atrogin-1 and increased muscle proteolysis after treatment
of rats with the HDAC inhibitor TSA. Based on these
observations, it may be speculated that inhibition of acetylation may reduce loss of muscle mass in catabolic conditions, at least catabolic conditions in which there is
evidence of hyperacetylation. Interestingly, the recent
development of small molecules that can stimulate
HDAC activity (resulting in reduced acetylation of cellular
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proteins) may provide an opportunity to test whether
muscle wasting can be treated or prevented by reducing
the level of acetylation. It may also be speculated that
treatment with resveratrol, a compound that has both
antioxidant and HDAC stimulatory effects, may be an
additional avenue worth trying to prevent muscle wasting
in critical illness.

Summary and Conclusions
Loss of muscle mass is frequently seen in critically ill
patients in the ICU. Muscle wasting in these patients is
caused both by the underlying condition (such sepsis and
severe injury) and by ICU-related factors such as bed rest,
inactivity, mechanical ventilatory support, and side effects
of various drugs used in critical care. Muscle wasting in
critically ill patients have multiple severe consequences
including muscle weakness, prolonged need for ventilatory support, extended stay in the ICU, delayed ambulation (which further aggravates the loss of muscle mass,
thus creating a vicious circle), and weakness that may
persist for a long time (years) after discharge from the
ICU. Mechanisms, including the role of transcription factors and nuclear cofactors in the regulation of the transcription of genes involved in muscle wasting (atrogenes),
are beginning to be better understood. An increased
understanding of mechanisms may form the basis for
new therapies in the future. Presently, early ambulation
and exercise are probably the best and most cost-effective
prevention and treatment of ICU-acquired muscle
wasting. Nutritional support and treatment with hormones, including IGF-1 and certain androgens, may also
play a role in the treatment of patients with muscle
wasting.

Cross-References
▶ Protein Metabolism
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Musculoskeletal Trauma, Damage
Control, and Pelvic Binder
WADE R. SMITH, JOHN T. RIEHL
Geisinger Medical Center Orthopaedics,
Danville, PA, USA

Synonyms
Damage control orthopedics (DCO); Temporary external
fixation

Definition
The importance of early skeletal stabilization in the
multiply injured trauma patient has been evident for at
least a century, and can be traced back thousands of years,
beginning with simple splintage, evolving to skeletal
traction, early total care (ETC), and currently to damage
control orthopedics (DCO). Early fracture stabilization
has benefits of improved mortality rates, pain reduction,
decreased ongoing blood loss, and allows for improved
nursing care. As methods of fixation have evolved, along
with the ability to evaluate the multiply injured trauma
patient, so too has the treatment of musculoskeletal
trauma.
Early total care, implying immediately definitive stabilization of major fractures, became the standard during
the 1980s with studies demonstrating advantages to
patients in terms of reduced pulmonary complications
and improved mortality. The benefits of ETC came into
question in the 1990s, when specific subgroups of patients
were noted to have an increased morbidity and mortality
that was attributed to the “second hit” insult caused by the
definitive and often prolonged, surgical stabilization of
fractures. From this observation, the concept of damage
control orthopedics was born.
Damage control orthopedics is based on the principle
that patients in a compromised physiologic state are
susceptible to detrimental effects from the systemic
burden caused by prolonged early treatment of long
bone fractures. DCO allows for emergent temporary
stabilization followed by definitive care when the patient
is stable (usually 5–10 days). Damage control is a concept
aimed at reducing the operative and interventional burden (second hit) to critically ill patients. These patients
are more susceptible to the physiologic insult of surgical
procedures secondary to the disturbance caused by the
initial traumatic event (first hit). DCO decreases the
initial surgical and anesthetic exposure (surgical time,
blood loss, hypothermia, etc.) to the patient and allows
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for multiple aspects of trauma patient care to proceed
simultaneously. DCO can be carried out concurrently
with the resuscitation of the patient and affords
a minimal systemic burden to the patient, while providing the benefits of early stabilization. Theoretically, DCO
decreases the chance of potential for secondary brain
injury by limiting cerebral hypotension and decreasing
systemic inflammatory response (SIRS) caused by the
activation of circulating, primed neutrophils.

Treatment
External Fixation of Long Bone Fractures
Currently, DCO implies external fixation (EF), though
other methods are being investigated. External fixators
provide an excellent option in that they provide access to
soft tissues with quick and straightforward application in
capable hands. EF also allows for fracture stability
enabling patient transport for further diagnostic testing
and prone positioning for ventilation. EF is ideally applied
in the operating room concurrently with ongoing resuscitative efforts. If necessary, however, EF can be applied in
the emergency department or intensive care unit (patient
in extremis). The conversion of external fixation to
intramedullary nailing for femoral and tibial shaft fractures at appropriate time periods has been shown in several studies to be safe and effective in the multiply injured
patient.
Damage control with external fixation of long bone
fractures should be performed as early in the patient
treatment course as possible. This is appropriate for
unstable patients as well as for “borderline patients,”
as discussed later in this entry. External fixation of
long bones can take many forms. Generally, two
Schanz pins both proximal and distal to the fracture
site are connected by bars and clamps (Fig. 1). This
connection may or may not necessitate spanning across
a joint. The fracture site is then grossly aligned and length
is restored using the principle of ligamentotaxis through
manual traction and clamps are secured. The fixator can
then remain undisturbed until the time of definitive fixation. Timing of definitive fixation should be delayed until
post-injury days 5–10 [1]. This is known as the “timewindow of opportunity” for definitive orthopedic reconstructive procedures. During days 2–4, sustained immunologic changes are ongoing and often the patient is in
a “hyper-inflammatory” state. Additionally, fluid shifts
have not yet normalized at this point. Therefore, in most
patients, days 2–4 are reserved for “second looks,” serial
debridements in open fractures, and packing changes
(Table 1).

M
Musculoskeletal Trauma, Damage Control, and Pelvic
Binder. Figure 1 Multiply injured patient immediately
following damage control external fixation for orthopaedic
injuries. Ongoing resuscitation took place during the
placement of the external fixators and chest tubes were placed
simultaneously

Rapid external fixation can be placed without
fluoroscopic imaging in the patient in extremis. In
these cases, quick, focused skin preparation can be
performed with placement of the Shanz pins in a farnear-near-far configuration, to provide maximum stability with modularity and a minimum of implants.
Using several bars with clamps is better in these cases
than using one or two long bars, as better alignment
can be achieved with a modular construct, in the
absence of imaging.
In the more stable patient with long bone fractures
who is not in a physiologic condition for definitive
management, external fixators can be placed in a more
formal manner, using fluoroscopy and formal draping.
Time remains of the essence however, and a modular
construct, with maximal stability and a minimum of
moving parts should be the goal. Unnecessary time
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Musculoskeletal Trauma, Damage Control, and Pelvic Binder. Table 1 Timing of surgery and physiological status of
polytrauma patients (Reprinted from [1] with permission from Elsevier)
Physiologic status

Surgical intervention

Timing

Stable (responder)

Early definitive care

Day 1

Unstable (nonresponder)

“Damage control”

Hyper-inflammation

“Second looks” and change of packing

Day 2–4

“Time-window of opportunity”

Scheduled definitive surgery

Day 5–10

Immunosuppression

No surgery

>Day 10

Recovery

Secondary reconstructive surgery

>Week 3

spent during the initial stabilization can lead to hypothermia and under resuscitation in some cases. The
surgical team should remain vigilant to changes in
physiologic status as reflected in ventilation, circulation, and neuorological indicators and not become
overly focused with an exact reduction with the external fixator.
Once in place, the external fixators provide excellent
stability, permitting patient transport for further diagnostic testing, prone positioning and patient repositioning to
prevent decubitis ulcers. This represents a significant
advantage over traction or splint stabilization, especially
for fractures of the femur and pelvis. In some cases, primarily due to soft tissue injury or body habitus, upper
extremity fixators may be needed for the humerus, forearm, or wrist.

Skeletal Traction
Although EF is often the most preferable method for
fracture stabilization in the setting of DCO, skeletal traction continues to have utility in the proper clinical scenario. Traction can be applied in the lower extremity
through the distal femur, proximal tibia, or calcaneus.
Location of traction pin placement depends on the injury
being treated as well as associated ipsilateral injuries.
However, traction treatment has been shown in prospective randomized studies to result in increased mortality
and morbidity compared to definitive management. Disadvantages of traction use include inability to mobilize
patients, ongoing fracture motion, and potentiation of
soft tissue injuries.

Emergency Department Management of
Pelvic Fractures
Emergency department management of pelvic fractures
can have a significant impact on the acute care of the

trauma patient. When the initial anteroposterior (AP)
pelvis X-ray has shown a fracture, it should be remembered that pelvic venous injury often accompanies pelvic
fracture, and therefore lower extremity and groin lines
should be avoided. Additionally, pelvic fracture patients
can develop acute respiratory failure as an indirect
result of pelvic bleeding. As hemorrhage fills the
retroperitoneum, intra-abdominal pressure begins to
rise, which in turn limits diaphragmatic excursion. For
this reason and due to the relatively high frequency of
concomitant chest injuries in patients with severe pelvic
fractures, the treating physician should have a low threshold for intubation.
In patients with hypotension, the presence of a pelvic
fracture on the initial AP pelvis X-ray should initiate
a defined series of steps with protocols. A pelvic binder
or sheet should be placed initially. This works by physically
decreasing the volume within the true pelvis and should be
placed independent of fracture pattern. Initial management and stability should be based on the patients physiologic status and not vary due to fracture pattern.
Fracture pattern has been shown to be a poor predictor
of treatment requirements.
Pelvic binders are commercially made devices that
allow for fast and effective reduction of pelvic volume in
cases of pubic diastasis. The binder is placed underneath
the patient at the level of the greater trochanters and wraps
circumferentially around the patient (Fig. 2). The binder
can be tightened and secured to the desired level of compression. Holes can be cut in the binder for vascular access
if necessary. Binders are also radiolucent and an AP pelvic
radiograph should be taken as soon as possible after the
binder has been placed.
Alternatively, when binders are not available
a simple bedsheet is an excellent substitute. The sheet
is placed under the patient. Again, as with the binder
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Musculoskeletal Trauma, Damage Control, and Pelvic Binder. Figure 2 Properly placed pelvic binders can be used short term
to reduce pelvic volume in so called open book pelvic injuries

M
it is important to note that the sheet is placed at the
level of the greater trochanters of the femurs and not
more superior. The sheet should be opened up broadly
and should not be a “rope.” The ends of the sheet are
secured with clamp in front while an assistant manually aligns the pelvic ring by applying pressure over the
greater trochanters. The binder/sheet is an effective
means of short-term splintage. Traction may be
needed when vertical instability is present. Because
the binder/sheet is circumferential, it also affords
some mechanical stability to the posterior pelvic ring
as well. Internal rotation of the hips and binding the
ankles together can also assist in pelvic volume reduction. These are only temporary means of stabilization
however, as prolonged use can lead to pressure ulcers/
skin necrosis over the area where the binders are
applied. Binders should be loosened within 6 h to
prevent skin necrosis. If the situation is felt to be too
unstable too loosen a binder, then the patient should
be converted to a c-clamp or external fixation device
in the operating room or intensive care unit.

Pelvic External Fixation
Temporary EF in patients with unstable pelvic fractures
can reduce the pelvic volume, re-oppose cancellous bone
surfaces, and decrease bony motion. Damage control

external fixation of the pelvis can be accomplished with
one pin in each iliac crest. Pelvic volume is then reduced
and the pins are connected using clamps and bars. It is
important to assemble the fixator with bars placed in
a manner to allow continued access to the patient’s abdomen. The fixator must also be far enough away from the
skin to allow for the substantial swelling that often
develops in the multi-trauma patient. The primary shortcoming of pelvic external fixation as it pertains to DCO is
that it does not provide stability to the posterior ring and
in cases of complete disruption posteriorly has the potential to increase posterior displacement.
The antishock pelvic clamp (pelvic c-clamp) can be
used to provide direct reduction and stabilization of
the posterior pelvic ring. The clamp consists of two
large pins connected to two sidebars that slide along
a crossbar (analogous to a carpenters c-clamp). The
crossbar can be rotated around the axis of the pins
and kept out of the way during subsequent diagnostic
and therapeutic procedures. The clamp can be applied
quickly and can provide stability allowing patient
positioning without pelvic motion and disruption of
the pelvic tamponade. The clamp can also be placed as
an anterior external fixator without imaging. Placement in the posterior position requires fluoroscopic
imaging to prevent complications.
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Preperitoneal Pelvic Packing
Preperitoneal pelvic packing (PPP) was developed in
the 1960’s as a means of achieving direct hemostasis
from hemorrhage due to pelvic fractures. It has been
well demonstrated that the majority of pelvic fracture
hemorrhage is due to venous bleeding. PPP directly
addresses bleeding from the venous system. PPP has
evolved from the damage control technique of packing
to control hepatic bleeding, as well as from techniques
used in gynecologic and oncologic surgery. Pelvic
packing has been advocated throughout Europe for
many years. Early techniques involved transperitoneal
packing. This can cause a disruption of the pelvic
hematoma leading to further hemorrhage. For this
reason, preperitoneal pelvic packing was developed.
This allows for better control of the pelvic hematoma
without a disruption of the tamponade effect of the
pelvic space. If exploratory laparotomy is required, it
proceeds after pelvic packing has been placed and the
retroperitoneal fascia has been closed.
PPP is preceeded by pelvic external fixation or placement of an antishock pelvic clamp in cases where
mechanical stabilization is necessary. This provides a
mechanically stable surface against which to pack. An
8 cm midline incision is then made starting at the public
symphysis and extending proximally. Rectus abdominus
fascia is divided in the midline, with care taken to
protect the bladder which may be pressed against the
abdominal wall. The bladder is retracted to one side and
the pelvic brim in palpated posteriorly to the sacroiliac
joint. Three laparotomy sponges are then placed below
the pelvic brim in the true pelvis from posterior to
anterior. This sequence is then repeated on the contralateral side. The outer fascia is closed and the skin is
stapled. Packing should be removed or exchanged in
24 to 48 hours [2].

Evaluation/Assessment
Damage control is a concept that has been widely accepted
and shown to have benefit for both general and orthopedic
trauma surgeons. The most notable benefits are in hemodynamically unstable patients who are not responsive to
initial resuscitation. The “nonresponder” controversy
remains in the identification and optimal management
of the “borderline patient” during the early resuscitative
phase. The borderline patient is a specific subgroup at risk
to deteriorate who appears to benefit from the DCO
approach.
The pathophysiologic disturbance of the initial traumatic event negatively affects the immune and clotting
systems of the individual. Conventional coagulation

parameters (prothrombin time and activated partial
thromboplastin time) have been unreliable in the detection of posttraumatic coagulopathy in the acutely injured
trauma patient. More recently, rapid thromboelastography (r-TEG) has become a newer strategy of
coagulation assessment and provides a point-of-care
assessment of the clotting cascade.
The “priming” or activation of neutrophils is
a well-described phenomenon after trauma. The
primed neutrophil, once activated, releases cytokines
that in turn increase endothelial membrane permeability. This can result in systemic interstitial edema
and fluid entering the alveoli. An increase in serum
IL-6 levels has been shown to coincide with this
activation of leukocytes [3]. Elevated IL-6 levels of
trauma patients on admission (>800 pg/mL) have been
shown to be predictive of later organ failure. Furthermore,
systemic IL-6 levels have been shown to rise with surgery
in relation to the duration and magnitude of the surgery
performed.
Additional methods of evaluation of the borderline
patient have been covered in-depth in other chapters
and include chest radiograph, chest computed tomography, arterial blood gas, bronchoscopy, injury severity
score, pulmonary arterial pressure, serum lactic acid,
and gastric pH levels. Perhaps the most readily available and thus useful parameters are lactic acid and
arterial base deficit.

Pelvic Fracture Assessment
Damage control in pelvic fractures can provide emergent life-saving care. The evaluation of pelvic fracture
begins with the anteroposterior pelvis X-ray, which
identifies the presence of a pelvic fracture. This coincides with inspection for any evidence of open injury.
Injuries leading to unstable pelvic fracture are often
high energy. Up to 90% of patients will have associated injuries [4]. This creates a diagnostic dilemma in
that 50% of these patients have sources of major hemorrhage other than their pelvic fractures. Some degree of
retroperitoneal hemorrhage is expected in pelvic fractures
but the degree to which this hemorrhage is contributing to
overall hemodynamic instability can be highly variable.
Therefore, the determination of pelvic fracture as the
major source of ongoing bleeding is at times a diagnosis
of exclusion. However, every pelvic fracture bleeds to
some degree and contributes to the overall physiologic
instability. Life-threatening shock due to pelvic fractures
can originate from three major sites, of which the first two
are almost always present with unstable pelvic injuries:
cancellous bone surfaces, venous injury, and arterial
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Patients with hemodynamic instability and ANY pelvic fracture
Resuscitate with 2 L Crystalloid–place CVP Line – measure base deficit – R/O thoracic source (Chest X-ray)
If beginning to transfuse PRBCs, consider pelvic packing
Transfuse PRBC and FFP 1:1
Immediate notification: attending trauma surgeon, attending orthopaedic surgeon, blood bank resident, IR fellow
FAST exam
Positive

Negative

Operating
room

2 units PRBCs/ED trauma bay
HD unstable

HD stable

Laparotomy, pelvic fixation,
pelvic packing

Operating
room

Hemodynamically stable?
No

Yes

SICU +/– CT scans**

Pelvic fixation
Pelvic packing

Angiography
Ongoing transfusion requirements?
Yes
No

SICU
Angiography

** Normalized coagulation status,
consider factor VIIA if recalcitrant.
Abdominal CT scan if no laparotomy done

SICU

M

Musculoskeletal Trauma, Damage Control, and Pelvic Binder. Figure 3 Clinical algorithm for patient with hemodynamic
instability and pelvic fracture

injury. Clinical algorithms have been developed to implement damage control in the case of ongoing pelvic hemorrhage (Fig. 3).

After-care
After DCO techniques have been employed, plans for
definitive treatment can begin. External fixators can, in
general, be left undisturbed until the time of definitive
fixation for 2–3 weeks. Pelvic binders/sheets or traction
pins may need to be converted to temporary external
fixators within 6–12 h to avoid skin necrosis or other
complications. Where appropriate, additional diagnostic
testing such as computed tomography may also be necessary to aid in preoperative planning. Conversion of externally fixated long bone and periarticular fractures to
definitive nail and plate constructs has been shown to be
safe and efficacious. Infection rates in these patients are
increased when fixators stay in place longer than 2 weeks
and when there is evidence of pin tract infections. In these
cases, fixators should be removed in replace of with
splinting or traction until the skin appears healthy enough
for a second intervention.

Prognosis
DCO has been shown to improve outcomes in patients at
risk for systemic inflammatory response and ARDS.
Often, these patients have injuries in addition to those of
the musculoskeletal system that significantly influence
overall prognosis. As our diagnostic abilities continue to
expand, the identification of patients who will benefit
from DCO will continue to improve the overall prognosis
of the multiply injured patient.
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Synonyms
Joint disassociation; Joint separation

Definition
A “joint dislocation” describes the complete separation
of at least two articular surfaces of adjacent bones, by
which the functional contact between those articular
surfaces is lost. In contrast, the term “joint subluxation” defines the partial disruption of articular surfaces, in which some functional contact within the
joint remains.
The direction of displacement of the distal bone
involved in the joint determines the type of displacement.
For example, a “posterior knee dislocation” describes the
state in which the tibial head is displaced posteriorly to the
femoral condyles.
A joint dislocation without associated fracture and/or
neurovascular injury is termed “simple,” whereas
a dislocation with an associated injury is defined as
“complex.”

Mechanism of Injury
In theory, every joint is susceptible to a traumatic dislocation. Practically, the most common anatomic locations
susceptible to a traumatic dislocation include the shoulder, elbow, fingers, hip, knee, and ankle joints. Traumatic
spine joint dislocations represent a different entity
that is addressed elsewhere (see entry ▶ Traumatic
Spondylolisthesis).
In the event of a dislocation, one of the bones making up the joint is forced out of its natural alignment,
resulting in a sprain or a complete/incomplete rupture
of the joint capsule, the associated ligaments, and tendons/muscles around the joint. Depending on the force
and vector of the impacting force, a “simple” joint
dislocation (Fig. 1) may turn into a “complex” injury
with associated fracture (Fig. 2) and/or neurovascular
injury, which may result in critical situation due to the

risk of an acute or delayed limb loss. It is important to
understand that a “complex” joint dislocation is not exclusively associated with high-energy trauma mechanisms,
but may result from minor traumatic events, such as
a simple mechanical fall associated with a limb-twisting
mechanism.

General Management Principles
The diagnosis of a joint dislocation is established by
a thorough clinical examination in conjunction with conventional X-rays. A high “level of suspicion” for an associated neurovascular injury, in conjunction with
a thorough clinical examination (“hard signs” and “soft
signs” of vascular injury; Table 1) should help in the
guidance of the acute management of joint dislocations.
In general, the two main treatment concepts consist of
either a closed reduction of “simple” dislocation in the
emergency department, as opposed to a frequent need for
an open reduction with internal fixation and surgical
management of associated injuries, in the case of “complex” joint dislocations. There is an ongoing debate related
to the importance of obtaining prereduction radiographs.
In general, any joint dislocation should be reduced as soon
as possible, in order to avoid strain on associated structures, including vessels and nerves. For this reason, some
physicians argue that X-rays of dislocated joints should
never be obtained under any circumstance. The opposite
point of view is based on the notion that some injury
patterns are not amenable to closed reduction (Fig. 2),
and that such in vain manipulations and reduction
maneuvers may increase the risk of inducing or exacerbating the severity of associated injuries. A reasonable guideline for the acute management of joint dislocations is to
reduce dislocated joints in anatomic locations that are not
frequently associated with neurovascular injuries without
prereduction X-rays (e.g., ankle fracture dislocations), and
to obtain X-rays in all cases of more “at risk” anatomic
locations, such as shoulder (Figs. 1 and 2), elbow, or hip
joints. Postreduction X-rays must be obtained in all cases
to ensure anatomic joint reduction and to design a final
treatment plan for the individual injury patterns.

Associated Injuries
Vascular Injuries
When assessing an extremity for dislocation, a careful
neurologic and vascular examination must be performed
(Table 1). “High-risk” dislocations for a significant associated vascular injury include knee dislocation (anterior
and posterior), scapulothoracic dissociation, inferior
shoulder dislocation, anterior elbow dislocation, posterior
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Musculoskeletal Trauma, Dislocation. Figure 1 Simple anterior traumatic shoulder dislocation in a 20-year-old male who fell on
his shoulder while playing football. (a) A closed reduction maneuver using the Kocher technique was successfully performed
in the emergency department. (b) The patient recovered well after a few days of immobilization of the right shoulder in a sling,
followed by early functional rehabilitation

hip dislocation, as well as any other dislocation associated
with a high-energy trauma mechanism.
A multicenter 5-year retrospective analysis of uncomplicated upper extremity dislocations revealed a low incidence of greater than 1% associated arterial injuries [1].
However, significant arterial injuries associated with
uncomplicated upper extremity joint dislocations (e.g.,
axillary or brachial artery) represent potentially dangerous
“near-miss” complications due to the frequent lack of
clinical “hard signs” associated with excellent collateral
perfusion on the upper extremity (Table 1) [2]. In contrast, lower extremity dislocations are associated with
a significantly increased risk of arterial injuries (superficial
femoral artery and popliteal artery) and an increased
likelihood of limb loss [3, 4]. Stannard and colleagues
described a 7% incidence of a significant popliteal artery
injury in 130 patients with multi-ligamentous knee injuries [3]; other estimates on the incidence of vascular injuries for traumatic knee dislocations are as high as 25–30%.
Any pulse deficit or measurable reduction in arterial
pressure index (API), before or after manipulation, must
be considered evidence of a vascular injury. The accuracy
of pulse examination alone for the detection of an arterial
injury is very low. The five clinical “hard signs” of an
arterial injury (Table 1) are present in more than twothird of all dislocations with an associated significant
vascular injury and are of paramount importance in the
clinical guidance for decision making related to the acute
management concept (i.e., OR versus further diagnostics
versus clinical observation) [2, 4]. In the presence of

a “hard sign” of arterial injury, operative exploration
with or without intraoperative (“on-table”) arteriogram
is indicated. The majority (>95%) of arterial injuries
occur in proximity to the site of the fracture or joint
dislocation. Delay in diagnosis or worse observation
alone can result in limb loss. The use of “soft signs” to
detect occult vascular injury is less clear (Table 1). The
yield of arteriography in the setting of clinical “soft signs”
is very low and the lesions that are typically identified are
nonocclusive lesions: intimal flap, contusion, spasm, and
pseudoaneurysm. The natural history of these lesions is
benign, self-limiting, and rarely require surgical repair.
Frykberg and colleagues reported on the natural history of occult arterial injuries, and found intimal flaps to
be the most commonly identified form of injury (65%),
followed by focal narrowing (30%) and false aneurysm
(5%). Follow-up arteriography at 3 months demonstrated
only one injury (5%), a false aneurysm that required
surgical repair due to increasing size; the remaining lesions
either resolved (53%), improved (16%), or remained
unchanged (26%).
An arterial injury in combination with an orthopedic
injury, such as a traumatic joint dislocation or fracture
dislocation, requires a coordinated approach by the
acute care surgery and orthopedic teams. The use of
a temporary arterial shunt to restore limb perfusion and
minimize tissue ischemia in the management of complex
extremity injury is an emerging concept in damagecontrol orthopedic surgery. Civilian and military experience both demonstrate temporary vascular shunting as
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Musculoskeletal Trauma, Dislocation. Figure 2 Complex high-energy fracture dislocation of the left proximal humerus in
a 29-year old male patient who was involved in a motorcycle accident. Initial X-ray in the anteroposterior plane (a) shows an
anterior and inferior dislocation of the humeral head with an associated avulsion fracture of the greater tuberosity (arrow in a).
The axillary view is the X-ray of choice for detecting a glenohumeral dislocation (b). Such complex fracture-dislocation patterns
are not amenable to closed reduction maneuvers, for example, in the emergency department, due to the high risk of an
iatrogenic injury to the brachia plexus and to the axillary/brachial artery. The preoperative CT-angiography (c) emphasizes this
notion by demonstrating the close proximity of the displaced humeral head to the brachial artery (arrow in c). The patient was
taken to the OR electively for a formal open reduction and internal fixation using a new generation locking plate (d, e). Surgical
access was facilitated through a coracoid osteotomy to decrease the risk of a vascular injury during the reduction maneuver.
The osteotomy was refixated with a lag screw prior to wound closure (arrow in f)

a useful adjunct in successful limb salvage. Tanner and
colleagues reported 100% early limb preservation following temporary vascular shunts placed in forward combat
surgical centers with 96% of shunts remaining patent until
arrival to a facility where definitive arterial reconstruction
could be performed. Arterial repair is completed by autologous repair of the vessel when indicated. Time to revascularization is of utmost concern since delays in excess of
8 h after injury carry a risk of amputation in excess of 80%.
In contrast, a successful operative vascular repair within
8 h of injury yields excellent rates of limb-salvage rate.

Nerve Injuries
Most peripheral nerve injuries associated with traumatic
joint dislocations are due to shearing mechanisms

(“neurapraxia”) and most commonly resolve without the
need for surgical exploration and/or repair. Typical locations include the axillary nerve for shoulder dislocations,
the ulnar nerve for elbow dislocations, and the sciatic
nerve for posterior hip dislocations. A peripheral nerve
injury is assessed by clinical examination. The incidence of
peripheral nerve injury in extremity trauma is 1.64%, with
a prevalence of 1.46% in dislocations of the upper and
lower extremity. Early nerve conduction studies within
6 weeks after trauma can aid in defining the extent and
prognosis of injury. A delayed nerve repair should be
performed at that time, if complete nerve injury is confirmed. However, successful repair, for example, by
grafting with autologous peripheral nerve tissue is rarely
successful in elderly or comorbid patients, and the
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Musculoskeletal Trauma, Dislocation. Table 1 Clinical signs
for prediction of an associated arterial injury after traumatic
joint dislocations
“Hard signs”

“Soft signs”

Active or pulsatile
hemorrhage

Asymmetric extremity blood
pressures

Pulsatile or expanding Stable and non-pulsatile hematoma
hematoma
Clinical signs of limb
ischemia

Proximity of wound to a major
vessel

Diminished or absent Peripheral neurological deficit
pulses
Bruit or thrill,
suggesting AV-fistula

Presence of shock/hypotension

The presence of a “hard sign” of an arterial injury warrants an immediate surgical exploration with the option of an on-table angiography. In
contrast, the “soft signs” are less specific in predicting a significant
arterial extremity injury. In exclusive presence of a “soft sign,” such as
an asymmetric ankle-brachial-index, the recommended further diagnostic workup includes an angiography or CT-angiography.

indication is therefore restricted to the pediatric population and to young and to healthy adults. The sural nerve is
the most common donor site for autologous nerve
grafting.

Specific Joint Dislocations
Shoulder Dislocation
The shoulder is the most frequently dislocated joint
(Figs. 1 and 2). Shoulder dislocations affect approximately
2% of the population and follow some form of trauma to
the shoulder from a motor vehicle crash, fall, or sports
activity. The shoulder’s integrity is maintained by the
glenohumeral joint capsule, the cartilaginous glenoid
labrum, and muscles of the rotator cuff. The vast majority
of shoulder dislocations are anterior, resulting in anterior
displacement of the humeral head. Posterior dislocation is
the next most frequent but occurs in less than 2% of all
shoulder dislocations. Inferior, superior, and intrathoracic dislocations though rare, are frequently associated with neurovascular complications.
Anterior shoulder dislocations (Fig. 1) usually result
from abduction, extension, and external rotation. Following anterior shoulder dislocation, the arm is held in slight
abduction and external rotation. The humeral head is
palpable anteriorly and the patient resists abduction and
internal rotation. Posterior dislocations are caused by
internal rotation and adduction. In this type of
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dislocation, the arm is held in adduction and internal
rotation. The coracoid process is prominent and the
humeral head is palpable beneath the acromion process.
The patient resists external rotation and abduction. Inferior dislocations arise from an axial force applied to an
extended arm that forces hyperabduction of the extremity.
Inferior dislocation generally has an associated fracture,
soft-tissue injury, nerve injury in two-thirds of patients
with the axillary nerve most common, and the highest risk
of vascular injury. Associated fractures occur in approximately 30% of all traumatic shoulder dislocations (Fig. 2).
The most common fractures involve the humeral head, the
anterior rim of the glenoid fossa, and avulsion fractures of
the greater tuberosity. The rotator cuff and glenohumeral
ligament are injured in over one-half of dislocations, with
most occurring in elderly patients. If a brachial plexus
injury is suspected, although rare, an axillary artery injury
should be considered. If an axillary artery rupture is present, physical examination will demonstrate an axillary
hematoma, a cool limb, and absent distal pulses.
The pattern of dislocation is determined by physical
examination and radiographs. Closed reduction is
performed with adequate analgesia and following reduction
the shoulder is immobilized. Postreduction radiographs
confirm relocation of the humerus, but may also reveal
new or previously obscured pathology. Most associated fractures can be seen on prereduction radiographs yet more than
one-third may only be visible on postreduction X-rays. If an
arterial injury is suspected, CT angiography should be
obtained. It must be remembered that due to an extensive
collateral circulation, these injuries may be easily missed. If
a neurologic injury is suspected, a nerve conduction study
can be performed at 48–72 h.
Age is a major factor in the likelihood of sustaining
a recurrent shoulder dislocation. Patients less than
40 years at the time of their initial dislocation have
a high incidence of recurrent dislocation. Dislocation
recurs less often in patients older than 40 years, but should
it occur indicates injury to the rotator cuff. Potential
pitfalls in care include failure to diagnose posterior dislocations, associated fractures, neurovascular injuries, and
complications resulting from reduction such as iatrogenic
fracture, nerve injury, or vascular injury.

Elbow Dislocation
The elbow joint displays inherent stability that requires
a considerable force to dislocate. As a result, approximately one-third of elbow dislocations are associated
with fractures of the bony elements of the elbow. A fall
onto an extended abducted arm is the common mechanism of injury resulting in posterior dislocation of the
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elbow. In posterior dislocations, the elbow is flexed with
an exaggerated prominence of the olecranon process. Posterior dislocations account for the majority of elbow dislocations. Closed posterior dislocations are not commonly
associated with neurovascular injury. Force applied to the
posterior aspect of a flexed elbow may result in anterior
dislocation of the elbow. This force drives the olecranon
forward in relation to the humerus. In anterior dislocations, the elbow is held in full extension. The upper arm
appears shortened, the forearm elongated, and held in
supination.
Anterior dislocations and open fractures are more
likely to have a concomitant injury to the brachial artery
and/or median nerve. Therefore, the neurovascular examination should be documented in detail before and after
reduction. Keep in mind that the brachial artery, the
median nerve, or ulnar nerve can become entrapped
with reduction emphasizing the importance of
a postreduction neurovascular examination. Two view
X-rays of the elbow are obtained. Reduction is performed.
Postreduction films confirm opposition of the joint surfaces and should rule out previously unidentified fractures
or entrapment of bony fragments within the joint space.
Potential pitfalls in care include: failure to identify
a vascular injury, nerve entrapment or injury, or a bone
fragment within the joint.

Hip Dislocation
High-energy injury mechanisms in young patients are the
most common causes of traumatic hip dislocations. Up to
70% of all hip dislocations are due to motor vehicle accidents. Hip dislocation can be observed in high-energy
impact athletic events, like football, rugby, alpine skiing/
snowboarding, or equestrian sports. An estimated 3% of
all football injuries involve hip fracture or dislocation. The
correct diagnosis and treatment of these injuries is necessary
to avoid avascular necrosis of the femoral head and minimize the long-term sequelae of osteoarthritis. Hip dislocations are either anterior or posterior, with posterior
hip dislocations comprising the majority of traumatic
dislocations.
The hip joint is a ball-and-socket type joint that
depends on the articulation of the femoral head and the
acetabulum of the pelvis. The femur is held in the acetabulum by strong ligaments and with the relationship of the
proximal femur to the acetabulum, makes dislocation of
the hip joint difficult. The sciatic nerve lies posterior to the
hip joint and the femoral nerve lies anteriorly. Patients
often present complain of severe hip pain and the inability
to walk or move their leg about the hip joint. Patients may
also complain of numbness of the ipsilateral extremity if

they have concurrent neurovascular injury. In posterior
hip dislocation, the leg appears shortened, internally
rotated, and adducted. In contrast, anterior hip dislocation may present with either the affected hip extended or
flexed and externally rotated.
Assessing the neurovascular status of the injured leg is
extremely important. Nerve injury, particularly
neurapraxia, is not uncommon. The sciatic nerve and
the common peroneal division of the sciatic nerve are
most often injured in posterior dislocations, occurring in
approximately 20% of all hip dislocations. These injuries
range from nerve contusion to complete transection.
Reflexes, strength, and sensation in the affected leg are
tested and the femoral and distal pulses palpated. Other
bone injuries should be sought since a significant amount
of force is required to dislocate a hip and associated
injuries of the knee, such as fractures, dislocations, and
ligamentous injury are common.
Prereduction X-rays should be obtained promptly,
including the AP pelvis view, which shows most hip dislocations and indicates the type of dislocation. Other
views, cross-table lateral, and Judet (oblique) views are
also performed. These views are particularly important to
identify fractures involving the femoral head, neck, and
acetabulum. A full series of postreduction films must be
obtained to assess the adequacy of reduction, identify
bony fragments or fractures. Bony fragments or damaged
soft tissues may prevent closed reduction necessitating
open reduction. Current evidence indicates that closed
reduction should be attempted without delay, preferably
less than 6 h after injury to minimize long-term joint
damage. Neurologic deficits that follow reduction may
require surgical intervention to decompress the damaged
nerve. Avascular necrosis of the femoral head is reported
in up to 40% of patients due to the disruption of blood
supply to the femoral head and from the mechanical force
applied to the femoral head during the injury. Delay in
reduction appears to have the greatest influence in the
development of avascular necrosis and therefore, the consensus is that reduction should be performed within 6 h of
injury. Arthritis is the most common long-term complication after hip dislocation, affecting up to 50% of all
patients. Arthritis is thought to arise from damage to the
articular cartilage from traumatic injury. Potential pitfalls
in care include: missed associated injuries (neurologic or
vascular injury, fractured femur or tibia, dislocated knee,
knee ligament injury), or inadequate reductions.

Knee Dislocation
Traumatic knee dislocations are serious limb-threatening
injuries, due to the frequent association with a significant
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vascular injury (popliteal artery). Knee dislocations are
described according to the position of the tibia relative
to the femur. Anterior dislocation follows severe hyperextension at the knee; approximately 30 of hyperextension
is required before dislocation will occur. Posterior dislocation occurs with an anterior-to-posterior force to the
proximal tibia in flexion. Medial, lateral, and rotatory
dislocations require varus, valgus, or rotatory components
of applied force. More than half of all dislocations are
anterior or posterior, and both of these have a high incidence of popliteal artery injury. Twenty to thirty percent
of all knee dislocations are further complicated by an
open joint.
Physical examination of the affected limb demonstrates gross deformity of the knee with associated joint
effusion. However, up to 50% of knee dislocations are
reduced by the time of presentation and may be less
obvious. The finding of varus or valgus instability in full
extension of the knee is suggestive of a spontaneously
reduced, yet grossly unstable dislocation. Like other dislocations, knee dislocations will often have concomitant
fracture of the tibia, fibula, and femur.
“Hard signs” of vascular injury (Table 1) will be present in 40% of patients with posterior knee dislocation
and the popliteal artery is the most commonly injured
vessel. The presence of a “hard” sign of arterial injury
warrants immediate surgical revascularization; delays for
additional imaging are unwarranted. In the absence of
“hard” signs of arterial findings, we advise API measurements to further interrogate the integrity of the arterial
vessels. API measurements of less than 0.90 demonstrate
a sensitivity and specificity exceeding 95% for arterial
injury. In this setting, further imaging with CT angiography is indicated. Although controversial, the authors
believe that while the yield may be low for imaging in
the absence of “hard” signs of arterial injury, the failure
to identify a significant popliteal injury can lead to the
catastrophic complication of limb loss. In patients who
sustain limb threatening knee dislocation up to 20% may
require amputation. Prolonged warm ischemia time was
associated with a high rate of amputation. Moreover,
rapid assessment and diagnosis at presentation without
angiography before surgery improved limb salvage,
although high to moderate disability remains up to
2 years after successful revascularization. Coexistent peroneal nerve injury is present in 25–35% of patients and
should be identified preoperatively.
If closed reduction is performed, the lower extremity is
splinted in approximately 20 of flexion to avoid
postreduction re-dislocation. Postreduction hard signs of
arterial injury, like prereduction findings mandate prompt
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vascular surgical repair and again delay for imaging must
be avoided. The repair of coexistent popliteal vein injury is
controversial. Fasciotomy is recommended in the setting
of vascular repair, significant soft tissue injury or swelling,
and delay in operative treatment due to the risk of compartment syndrome that further jeopardizes the success of
functional limb salvage. Pitfalls in the care include: failure
to identify and promptly treat an associated vascular
injury, to identify a nerve injury, and to recognize
a spontaneously reduced dislocation with its attendant
risks.

Summary
Traumatic joint dislocations represent frequent orthopedic injuries, which can be successfully treated by simple
closed reduction maneuvers and early functional aftercare
in most cases. Most traumatic joint dislocations do not
require surgical fixation, except in the case of associated
fractures (“fracture dislocation”) or multiligamentous
joint instability. Care must be taken in the case of complex
fracture dislocations, which may require a primary open
reduction and fixation. Extensive closed reduction
maneuvers may lead to complications related to associated
neurovascular injuries. A high level of suspicion must be
raised for associated vascular injuries that may lead to
a detrimental outcome with delayed limb loss, if missed
during the first few hours after trauma. Patients “at risk”
are mainly young individuals with high-energy trauma
mechanisms, particularly in case of traumatic hip or
knee dislocations. However, minor trauma mechanisms,
such as simple mechanical falls, do not preclude from
a significant vascular injury. The clinical assessment by
“hard” and “soft” signs of vascular injury, including
the determination of blood pressure gradients on the
extremity, will help in the guidance for decision making
on timing and modality of treatment. The presence of
clinical “hard signs” mandates immediate surgical exploration and repair, with optional “on-table” angiography,
if needed. Urgent assessment and treatment, generally
without exceeding 6 h of ischemic time, is of crucial
importance for successful limb salvage. Associated nerve
injuries are managed nonoperatively and will resolve in
most cases.

References
1.

2.

Sparks SR, DeLaRosa J, Bergan JJ, Hoyt DB, Owens EL (2000) Arterial
injury in uncomplicated upper extremity dislocations. Ann Vasc Surg
14:110–113
Bravman JT, Ipaktchi K, Biffl WL, Stahel PF (2008) Vascular injuries
after minor blunt upper extremity trauma – pitfalls in the recognition and diagnosis of potential “near miss” injuries. Scand J Trauma
Resusc Emerg Med 16:16

M

1458

M
3.

4.

Musculoskeletal Trauma, Pelvic Angioembolization

Stannard JP, Sheils TM, Lopez-Ben RR, McGwin G Jr, Robinson JT,
Volgas DA (2004) Vascular injuries in knee dislocations: the role of
physical examination in determining the need for arteriography.
J Bone Joint Surg Am 86:910–915
Frykberg ER, Vines FS, Alexander RH (1989) The natural history of
clinically occult arterial injuries: a prospective evaluation. J Trauma
29:577–583

Musculoskeletal Trauma, Pelvic
Angioembolization
BERTON R. MOED1, B. KIRKE BIENEMAN2
1
Department of Orthopaedic Surgery, Saint Louis
University School of Medicine, St. Louis, MO, USA
2
Department of Radiology, Saint Louis University School
of Medicine, St. Louis, MO, USA

Synonyms
Angiography with therapeutic embolization; Arteriography with therapeutic embolization; Pelvic arterioemblization;
Transcatheter
arterial
embolization;
Transcatheter embolization

Definition
Pelvic angioembolization consists of the process of visualizing the vasculature in the pelvis followed by purposely
introducing a foreign object (embolic agent) into
a bleeding or lacerated vessel. The angioembolization
may be completed either by using a flow-directed embolic,
which is carried distally by blood flow, to lodge in and
occlude the vessel or by placing micro coils in the vessel.
A radiopaque contrast agent is used to perform digital
subtraction angiography of the pelvic vasculature and
fluoroscopically embolize the injured vessel. The two
most common embolic agents used for pelvic trauma are
Gelfoam, an absorbable sponge derived from porcine gelatin, and metal coils made of stainless steel or platinum.

Pre-condition
Pelvic angioembolization has been a mainstay in the treatment of hemodynamically unstable patients with pelvic
fractures and other traumatic disruptions of the pelvic
ring. In these patients, bleeding does occur from the
pelvic ring injury site; however, massive bleeding solely
from the ring injury is uncommon. Furthermore, patients
with multiple injuries have additional potential sources of
blood loss. Therefore, of the many recommended protocols for the treatment of hemodynamic instability in the

pelvic ring-injured patient, all include pelvic angiography
somewhere in the management scheme (Fig. 1). The overall success rate of angioembolization of pelvic arterial
bleeding from disruption of the pelvic ring has been
reported to be 85–100% [1].
In general, trauma patients with a pelvic ring disruption are stabilized on an emergent basis using a temporary
circumferential pelvic wrap in conjunction with fluid
resuscitation. With ongoing hemodynamic instability
and a negative abdominal ultrasound (as part of the
focused assessment with sonography for trauma or FAST
examination), pelvic angioembolization would be the next
step. A positive FASTexamination would indicate the need
for a laparotomy, possibly augmented by packing of the
retroperitoneal space of the pelvis, with conversion of the
circumferential pelvic wrap to more stable temporary
fixation (such as an external fixator). For continued
hemodynamic instability following laparotomy, pelvic
angiography with angioembolization would be the next
step [1].
Pelvic angioembolization is performed to manage significant arterial bleeding; pelvic retroperitoneal packing
controls bleeding from veins, small arteries, and the fracture site. Therefore, these modalities address different
bleeding sources. Both have a place in the treatment of
these hemodynamically unstable patients. However, controversy exists concerning the exact position each should
have in current treatment algorithms. For example, there
are some who advocate that laparotomy with application
of an external fixator and packing of the pelvis should be
performed prior to angiography in all cases, rather than
based on the findings of the FAST examination.
It has been advocated that in the hemodynamically
stable pelvic ring injury patient, the need for pelvic
angioembolization can be based on the findings of contrast-enhanced computed tomography. It is thought that
the size of a contrast blush or the presence of a large pelvic
hematoma may predict those who will benefit from this
procedure. However, it has also been shown that contrastenhanced computed tomography has a relatively low positive predictive value (42.5%) for the need for angiographic embolization in pelvic injury patients. Therefore,
the decision to perform angiography should be based on
the patient’s hemodynamic status and transfusion requirements and not solely on the findings of contrast-enhanced
computed tomography.

Application
The arteries commonly injured following pelvic ring trauma
are the superior gluteal, internal pudendal, lateral sacral,
iliolumbar, and inferior gluteal arteries. Pelvic angiography
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Musculoskeletal Trauma, Pelvic Angioembolization. Figure 1 Example of a typical treatment algorithm for pelvic ring
disruptions. (Fig. 6, p 1028 from [1]. With permission from Ernest E. Moore)
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usually consists of an initial nonselective injection of contrast medium just above the aortic bifurcation or in each of
the common iliac arteries, followed by selective injection of
the branches of the internal iliac arteries. However, the initial
diagnostic pelvic arteriogram is performed only if the
patient’s condition allows. In the presence of ongoing hemodynamic instability, selective internal iliac angiography
should be performed first [2]. Other arterial system
branches, such as the lumbar artery, median sacral artery,
medial and lateral circumflex arteries, and deep iliac circumflex artery, as well as frequently occurring vascular
variants, are possible sources of bleeding that may be
amenable to selective catheterization. Therefore, it is
essential to know the collateral arterial pathways and
variants of the pelvic vascular anatomy.

Technique
Selective internal iliac artery catheterization can be
accomplished with a 4- or 5-French visceral catheter and
a hydrophilic 0.035-in. angled guide wire [2]. Digital
subtraction angiography images are obtained for delineation of the vascular anatomy. Subsequently, the anterior
and posterior divisions are subselectively catheterized and
additional diagnostic angiographic images are obtained.
Iopamidol injection (Isovue 250; Bracco Diagnostics, Inc.)
is a safe and effective nonionic contrast medium commonly used for this purpose, and any similar nonionic
contrast is equally appropriate. Contrast extravasation or
“arterial blush” is an angiographic finding documenting
active bleeding (Figs. 2a, b). Identification of the bleeding

a

source is followed by subselective localization and
microcatheter placement, if indicated, and then embolization. Other positive angiographic findings, such as
vessel spasm and abrupt cutoff of a named vessel, are
also signs of injury, and in these circumstances, strong
consideration should be given to embolization (Fig. 3)
[3]. The hemodynamic status of the patient, as well as
the size and location of bleeding vessels, dictates the level
of embolization and whether a subselective technique is
used, which requires employing a coaxial system with
a microcatheter. Selective embolization of the bleeding
vessel is ideal. However, nonselective embolization of the
internal iliac arteries may be required in a rapidly deteriorating, hemodynamically unstable patient.
The embolic agents available include particulate
embolics, liquid embolics, Gelfoam, and metal coils. All
of these are vastly different substances. The particulate and
liquid embolics currently have little if any role in the
management of traumatic pelvic hemorrhage. Gelfoam is
an absorbable sponge derived from purified porcine skin
gelatin, capable of absorbing up to 45 times its weight of
whole blood. Gelfoam is a temporary occlusive, and the
artery can reopen in two to several weeks after embolization. Allowing for vessel recannalization is an advantage of
Gelfoam. The related disadvantage is that rebleeding is
more likely to occur. The use of Gelfoam as a “slurry”
allows a more distal occlusion, decreasing the possibility of
collateral inflow to the pelvis while achieving effective
temporary hemostasis [2]. This slurry is prepared by
mixing half-strength contrast material with small pieces

b

Musculoskeletal Trauma, Pelvic Angioembolization. Figure 2 Anteroposterior pelvis radiograph (a) of a man struck by a motor
vehicle with ongoing hemodynamic instability despite pelvic ring immobilization with a binder and a negative FAST examination.
Left common iliac arteriogram (b) shows contrast extravasation (arrow) arising from the inferior gluteal artery. This was
subsequently managed with embolization (Courtesy of Berton R. Moed M.D.)
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Musculoskeletal Trauma, Pelvic Angioembolization.
Figure 3 Digital subtraction angiographic image in a patient
with a pelvic ring disruption showing cutoff of the superior
gluteal artery (arrow) (Courtesy of Berton R. Moed M.D.)

of Gelfoam [2]. Standard metal coils made of stainless steel
or platinum, in both “pushable” or detachable formats,
produce permanent occlusion of the vessel (Fig. 4). However, it is not the metal coil itself that produces the occlusion. Clot is induced by the polyester material or
thrombogenic filaments surrounding the coil and the
core wire. Newer detachable coils, such as the Azur Peripheral Hydrocoil (Terumo Medical Corporation, Somerset,
NJ), now have a platinum frame interwoven with an
expandable hydrogel, which quickly expands to provide
a permanent occlusion. These coils require selective catheter delivery and use a handheld detachment device once
the operator is satisfied the coil is in an appropriate position for detachment.

Complications
One of the major drawbacks to the use of pelvic
angioembolization in the multiply-injured pelvic fracture
patient with hemodynamic instability is the time required
to perform the procedure. The concern is that the time
spent on angiography may delay the optimal timing for
other life-saving interventions. The time delay may be due
to a number of factors beyond the actual time required for
the procedure itself, such as the lack of readily available
interventional radiology specialists, the lack of a 24-h
angiography team, and the failure to follow a strict

Musculoskeletal Trauma, Pelvic Angioembolization.
Figure 4 Arteriogram in the patient from Fig. 3 after
embolization using a coil (arrow) (Courtesy of Berton R. Moed
M.D.)

predetermined treatment algorithm for hemodynamically
unstable patients. However, in one recent study, the time
from hospital admission to pelvic hemorrhage control
using angiographic embolization was comparatively
short (163  83 min) and produced control of the bleeding site in 66.7% of patients within the critical limit of 3 h
[4]. Furthermore, the time required for the angiographic
procedure itself decreased during the study, most probably
reflecting improved embolization techniques and growing
experience of the investigators. During the last 2 years of
the study, the average time for the procedure was 45 min
 28 min [4].
A small group of patients experience ongoing or recurrent pelvic hemorrhage and hemodynamic instability
despite an initial negative angiogram or an initially successful angioembolization. Ongoing or recurrent arterial
hemorrhage may be due to inadequate resuscitation or
transient vasospasm at the time of initial angiography;
either situation can temporarily halt bleeding from an
injured vessel and result in false-negative angiography.
Another possible cause is dislodgement of the embolic
agent after a successful initial angioembolization. This
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can occur as hemodynamic stability is restored or vasospasm is resolved: vessel diameter increases as blood pressure improves and the embolic material no longer
occludes the injured vessel. Therefore, the bleeding may
occur at new sites or at a previously embolized site. In one
study, repeat angiography was positive for arterial hemorrhage in 76% of the patients with the sources of bleeding at
a new site in 38%, at a previously embolized site in 27%
and at both in 35% [5]. Repeat angioembolization successfully stopped the bleeding in all of these patients.
Ongoing hemodynamic instability was also noted in five
patients having a negative initial angiogram in which
subsequent repeat angiography showed pelvic arterial
hemorrhage. Therefore, it is important to carefully monitor patients for ongoing bleeding after any successful
interventional procedure. Three independent predictors
were identified for repeat angioembolization: less than
7.5 g% of initial hemoglobin, superselective initial
angioembolization, and more than 6 units of blood transfusion after the initial angioembolization [5].
The use of temporary, rather than permanent,
embolic agents has also been implicated as a cause of
recurrent bleeding. In a prospective safety study of
angioembolization for pelvic and visceral injuries, the
rebleeding rate was about 5% and all these patients
received Gelfoam slurry as the occlusion material. Coil
migration as main cause of failed embolization is
a relatively rare event.
After angioembolization, massive gluteal muscle
necrosis can occur from ischemia occurring downstream
from the embolized artery. Patients having embolization
of bilateral internal iliac arteries are at the greatest risk
(more than 3% in one series). Consequently, selective
embolization is the preferred first-choice procedure. Gluteal muscle necrosis can occur in the absence of
preexisting clinical symptoms. This unrecognized gluteal
muscle necrosis predisposes the patient to wound breakdown after open reduction and internal fixation via
a posterior approach to the pelvis. Untoward sequelae
include wound infection, septicemia, and death. Magnetic
resonance imaging is a useful means for assessing the
degree of post-angioembolization gluteal muscle ischemia
or necrosis prior to definitive open reduction and internal
fixation.
Other, more general, complications of pelvic
angioembolization related to the technical aspects of the
procedure include: hematoma at the arterial puncture site,
femoral artery thrombosis, subintimal dissection, nontarget embolization, and pseudoaneurysm formation. Radiation exposure from the fluoroscopy is a given and has
been reported to be as much as 3 Gy at the skin level for

a single pelvic angioembolization procedure. Side effects
from the contrast materials are not uncommon, ranging as
high as 13%, and may rarely include temporary or permanent renal failure secondary to acute tubular necrosis.
However, the combined risks of the procedure remain
low which has led to the relatively widespread acceptance
of the technique as a crucial tool in the management of
pelvic hemorrhage associated with pelvic ring fractures.
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Synonyms
Disruption of the pelvic ring; Pelvic ring fracture; Pelvic
ring injury

Definition
A pelvic ring disruption is defined as any injury to the
bony or supporting ligamentous structures of the pelvis.
A spectrum of damage can result depending on a number
of factors, including the magnitude, direction, and location of the injuring force. Furthermore, as the pelvis is
a ring structure, an injury to the one area of the pelvis
cannot occur in isolation, but must be accompanied by
a second injury elsewhere in the ring. Based on these
factors and the fundamental anatomy of the pelvis, injury
classification systems have been developed to sort disruptions of the pelvic ring in a useful way.
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Injurious Force Patterns

Basic Anatomy of the Pelvic Ring
The ring structure of the pelvis consists of three bones (the
sacrum and two innominate bones) connected by ligamentous structures. The innominate bone is formed by
the ipsilateral ilium, ischium, and pubis through closure
of the triradiate cartilage, which occurs at approximately
bone age 12 in girls and 14 in boys. Posteriorly, each
innominate bone articulates with the sacrum to create
a sacroiliac joint and anteriorly, they articulate with each
other to form the pubic symphysis (Fig. 1). The
connecting ligamentous structures of the sacroiliac joint
consist of the anterior sacroiliac ligament, the posterior
sacroiliac ligament, and the interosseous ligament, which
is the strongest ligament in the body. The posterior sacroiliac complex is constituted by these sacroiliac joint structures in conjunction with the sacrotuberous and
sacrospinous ligaments. Pelvic ring stability is dependent
upon an intact posterior sacroiliac complex. The anterior
sacroiliac and sacrospinous ligaments resist transverse
plane rotational forces. The posterior sacroiliac,
interosseous, and sacrotuberous ligaments resist shearing
forces. Anteriorly, the connecting ligamentous structures
of pubic symphysis consist of the superior and arcuate
pubic ligaments and an intrapubic fibrocartilaginous disk.
These anterior ligamentous structures along with the
pubic rami act as a strut to prevent anterior collapse
during weight-bearing and resist rotational forces.

Sacrum

Innominate
bone

Sacroiliac
joint

Acetabulum

Pubic symphysis

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 1
The intact pelvic ring (Modified from [1], Fig. 9.3, p. 489)

The major directions of force acting on the pelvic ring
are categorized as anteroposterior compression (APC),
lateral compression (LC), and vertical shear (VS). In
the clinical setting, however, these three categories of
applied force are rarely pure. APC forces cause the
external rotation of the injured hemipelvis. Examples
of the way this force can be applied include a direct
back-to-front blow to the posterior-superior iliac
spines, a direct front-to-back blow to the anteriorsuperior iliac spines, and an indirect force applied to
the pelvis through external rotation of the femur. These
APC forces initially disrupt an anterior ring structure
(e.g., pubic symphysis) followed by the anterior sacroiliac ligament(s) and the sacrospinous ligaments, creating a rotationally unstable pelvis. At this point of
injury, the pelvis may “open like a book” either unilaterally or bilaterally. However, it will not translate vertically. A continuation of this force that results in
disruption of the remaining posterior ligamentous
structures renders the pelvis completely unstable,
allowing all degrees of translational displacement. The
LC force applied directly to the ilium causes internal
rotation of the hemipelvis, such as when a pedestrian is
struck by a motor vehicle. It may also be applied to the
greater trochanter, in which case an acetabulum fracture may also occur. A pure LC force vector, which
mainly courses parallel to the posterior bony trabecular
pattern, causes compression of the posterior sacroiliac
complex. Although the bone (e.g., sacrum or posterior
ilium) may fracture, the surrounding soft tissues usually remain intact. The associated anterior ring injury
may be ipsilateral or contralateral to the posterior injury,
involve all four (bilateral superior and inferior) pubic rami,
disrupt the pubic symphysis, or include any combination
thereof. The magnitude of internal rotational deformity
and extent of rotational instability depend on the injury
sustained by the posterior sacroiliac complex. A bony
injury through cancellous sacral bone may be impacted,
resulting in an internally rotated and deformed but stable
hemipelvis. A LC bony injury through the posterior ilium
(Fig. 2) may be both internally rotated and rotationally
unstable. However, LC injuries will not translate vertically.
VS injuries result from a shearing force, which is one that
courses in the vertical plane perpendicular to the main
posterior bony trabecular pattern, as in a fall from a height.
As opposed to the LC injury, VS injury causes gross disruption of the soft tissues and marked displacement of bony
structures. The posterior injury can occur through the
sacrum, sacroiliac joint, ilium, or any combination thereof.
Similarly, the anterior lesion can occur through any of the
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Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 2
Computed tomography axial section showing a LC bony injury
through the posterior ilium, known as the crescent fracture. The
LC force vector is evidenced by the presence of a compression
fracture of the sacrum (arrow), which often accompanies the
iliac fracture (Courtesy of Berton R. Moed, M.D.)

anterior structures. With complete disruption of the posterior sacroiliac complex, the hemipelvis becomes globally
unstable and can translate in any plane.

Classification
Two main systems are used to classify disruptions of the
pelvic ring, which are both based on the magnitude and
direction of the applied injuring force (mechanism of
injury).
The Young-Burgess classification of pelvic ring injuries
is based on the mechanism of injury. It further categorizes
the force patterns according to their increasing magnitude
of injury, thereby alerting the treating physician to potential problems during the acute treatment phase. In this
way, the APC and LC force vectors are subclassified into
three categories. APC-I injuries have a symphyseal
diastasis <2.5 cm and no significant posterior injury.
APC-II injuries have a symphyseal diastasis >2.5 cm
with rupture of the anterior sacroiliac, sacrospinous, and
sacrotuberous ligaments and are rotationally unstable.
APC-III injuries progress to complete disruption of the
posterior ligamentous complex and a vertically unstable
pelvis. LC-I injuries have sacral impaction and are stable.
LC-II injuries have disruption of the posterior sacroiliac
complex with pivotal internal rotation of the hemipelvis
around the axis of the anterior sacroiliac joint and are
vertically stable. LC-III injuries progress from an LC-II
injury leading to an external rotation injury to the contralateral side, such as when a pedestrian is struck and then

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 3
Anteroposterior radiograph showing a Type B1 pelvic ring
disruption (Courtesy of Berton R. Moed, M.D.)

rolled over by a motor vehicle. VS injuries are as previously described with a globally unstable pelvic ring.
A fourth type, combined mechanical (CM) injury, is
used to categorize those that do not fit easily into the
other three. Unfortunately, the proposed correlation of
these injury patterns to the risk of hemodynamic instability and other system injuries over time has not proved
substantially consistent to be clinically relevant.
The AO/Orthopaedic Trauma Association (OTA) classification is the commonly used system derived from the
method developed by Pennal and Tile [2]. It combines the
mechanism of injury and degree of pelvic instability and
can help determine treatment and prognosis. The pelvic
ring anatomy is redefined as having two arches: posterior
and anterior. The posterior arch is posterior to the acetabulum and includes the sacrum, posterior ilium, sacroiliac
joints, and associated ligaments. The anterior arch is anterior to the acetabulum and includes the rami and pubic
symphysis. Type A injuries do not compromise the integrity of the posterior arch, such as iliac wing fractures or
transverse fractures of the sacrum and coccyx.
Type B injuries involve incomplete disruption of the
posterior arch, creating a pelvic ring that is partially stable
(rotationally unstable but vertically stable). Type B1
injuries are external rotation (“open book”) injuries due
to APC forces and correspond to APC-II injuries from the
Young-Burgess classification (Fig. 3). Type B2 injuries are
internal rotation injuries due to LC forces and correspond
to LC-II injuries from the Young-Burgess classification
(Fig. 4). Type B3 injuries are bilateral, having a B1 or B2
on each side, and include LC-III injuries from the Young-
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Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 4
Anteroposterior radiograph showing a Type B2 pelvic ring
disruption from the patient shown in Fig. 2 (Courtesy of Berton
R. Moed, M.D.)

M

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 6
Radiograph from the patient shown in Fig. 3 after application
of a circumferential sheet (Courtesy of Berton R. Moed, M.D.)

Acute Management

Burgess classification. Type C injuries have complete disruption of the posterior arch, creating a pelvic ring that is
globally unstable and can translate in any plane (Fig. 5).
These Type C injuries, of which there are many subcategories, are caused by VS, end-stage APC, or combined
forces and include VS, APC-III, and CM injuries from
the Young-Burgess classification.

As in all trauma patients, the Advanced Trauma Life Support protocol should be followed. Consistent with this
protocol, an anteroposterior (AP) radiograph may be
obtained during the evaluation sequence. After successful
initial resuscitation is completed, additional studies are
obtained to further define the pelvic ring injury, which
include inlet and outlet radiographic views and computed
tomography.
Patients presenting with an unstable pelvic ring
injury and hemodynamic instability require temporary
stabilization of the pelvis in conjunction with fluid volume
resuscitation. Although emergency fixation devices, such
as the pelvic C-clamp and the anterior external fixator
frame, continue to have their place in the treating physician’s armamentarium, circumferential compression
using an ordinary sheet or a commercially available pelvic
binder has become the acute treatment mainstay (Fig. 6)
[3]. Subsequently, this temporizing circumferential stabilization is followed by definitive pelvic ring fixation, which
may be preceded by interim methods such as external
fixation or skeletal traction (Fig. 7). The hemodynamically
stable patient with an unstable pelvic ring injury may
require temporary pelvic ring stabilization for pain relief
and early mobilization or to maintain improved fracture
position. External fixation is sufficient for Type B injuries.
Skeletal traction through a distal femoral or proximal
tibial pin, alone or in combination with an external fixator
frame, is useful in Type C injuries.

Treatment

Definitive Management

The treatment of pelvic ring disruptions can be divided
into acute and definitive management stages.

Pelvic ring disruptions that are stable to physiological
stress do not require surgical treatment. Therefore,

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 5
Anteroposterior radiograph showing a Type C pelvic ring
disruption (Courtesy of Berton R. Moed, M.D.)
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Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 7
Intraoperative fluoroscopic view from the patient shown in
Fig. 6 after conversion of the circumferential sheet to an
external fixator (Courtesy of Berton R. Moed, M.D.)

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 8
Radiograph from the patient shown in Fig. 7 after conversion
of the external fixator to plate fixation (Courtesy of Berton R.
Moed, M.D.)

nonoperative management is indicated for the following:
all Type A injuries, nondisplaced or minimally displaced
rami fractures, pubic symphyseal disruptions with
a diastasis less than 2.5 cm and impacted sacral fractures
and other stable lateral compression injuries without
major deformity.

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 9
Anteroposterior radiograph showing a Type B3 injury having
severe internal rotation of the right hemipelvis with external
rotation of the left hemipelvis and overlapping pubic bodies.
Posteriorly, the patient had an impacted sacral fracture on the
right and anterior opening of the left sacroiliac joint.
Anteriorly, the pubic symphysis was disrupted with fractures
of the left inferior and superior pubic rami (Courtesy of Berton
R. Moed, M.D.)

Definitive surgical treatment is usually delayed until
the patient has been fully resuscitated and medically stabilized. Unstable Type B1 injuries (those pubic symphyseal
disruptions with a diastasis more than 2.5 cm of widening)
can be definitively treated by anterior external fixation.
However, plate fixation is best (Fig. 8). The need for
operative treatment of Type B2 injuries is not so clearcut. Indications include a leg length discrepancy of greater
than 1–1.5 cm, an internal rotation deformity causing
a loss of ipsilateral lower extremity external rotation past
neutral, symphyseal disruption with overlapping pubic
bodies and malalignment causing dyspareunia from
bony perineal protrusion or sitting imbalance. In the
majority of cases, reduction and fixation of the anterior
ring is sufficient. Fixation can be achieved using external
fixation to distract the internally rotated hemipelvis.
External fixation using pins placed at the level of the
anterior inferior iliac spine, rather than in the iliac crests,
is the biomechanically superior and preferred technique.
Alternatively, a plate can be used (Figs. 9 and 10). For Type
B3 injuries, plate fixation is best (Figs. 9 and 10). However,
posterior fixation may be required in some circumstances.
These include crescent fracture injuries (Fig. 11) and when
the impacted posterior sacral fracture is disimpacted and

Musculoskeletal Trauma, Pelvic Ring Disruption

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 10
Postoperative anteroposterior radiograph of the patient
shown in Fig. 9 after plate fixation (Courtesy of Berton R. Moed,
M.D.)
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Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 12
Postoperative anteroposterior radiograph of the patient
shown in Fig. 5 after plate fixation of the pubic symphysis
followed by percutaneous fixation of the sacroiliac joint
disruption posteriorly (Courtesy of Berton R. Moed, M.D.)

Additional Considerations in Surgical
Management
Rami Fractures

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 11
Postoperative anteroposterior radiograph of the patient
shown in Figs. 2 and 4 after fixation of the crescent fracture
posteriorly and application of an anterior external fixator
(Courtesy of Berton R. Moed, M.D.)

destabilized by the reduction maneuvers. Type C pelvic
injuries with posterior displacement of 1 cm or greater are
completely unstable due to disruption of the posterior
sacroiliac complex and require fixation. The type of fixation construct used is dictated by the location of the
posterior injury. However, iliosacral screw fixation is
most commonly used. In addition, fixation of the anterior
ring injury improves the stability of the construct
(Fig. 12).

Rami fractures can be a component of a stable or an
unstable pelvic ring disruption. Often definitive management of the ring injury involves fixation of the fractured
rami; fixation of the rami fractures serves to supplement
posterior ring fixation, thereby improving stability of the
entire construct. Stabilization of the rami fractures can be
accomplished indirectly using an external fixator to span
the fractures (Fig. 11) or by direct plate fixation (Fig. 10).
Alternatively, a superior pubic ramus fracture can be fixed
using an intramedullary screw (Fig. 13). This screw can be
inserted using an open or percutaneous method in either
antegrade or retrograde fashion.

Crescent Fractures
As previously noted, the crescent fracture constitutes
a special type of Type B2, or LC, injury. This fracture
is a fracture dislocation of the sacroiliac joint caused by
a lateral compression force vector. As such, the posterior
sacroiliac and interosseous ligaments remain attached to
the crescent fracture fragment; the pelvic floor and
sacrospinous and sacrotuberous ligaments are not damaged. Therefore, direct fixation of this fracture fragment to
the remainder of the ilium should restore the posterior
tension band and rotational stability. If the LC force also
causes an anterior compression fracture of the sacrum
(Fig. 2), fixation of the crescent fracture alone may not
suffice. Depending on the amount of anterior sacral
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Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 13 Preoperative radiograph (a) showing a Type C pelvic ring
disruption with fractures of the sacrum and rami on the right and a pubic symphysis diastasis in which the superior pubic ramus
was fixed using an intramedullary screw (b) (Courtesy of Berton R. Moed, M.D.)

impaction and the type of associated anterior ring injury,
the repaired ilium potentially could internally malrotate to
a stable position against the impacted sacrum. In this
situation, supplemental anterior fixation is required,
using internal fixation or a distraction external fixator
frame (Figs. 4 and 11). As the crescent fracture fragment
becomes smaller, the injury behaves more like
a Type C injury to the sacroiliac joint and requires direct
fixation to the sacrum. As it becomes larger, evolving
toward a pure iliac wing fracture, the injury may be
rotationally (Type B2) or completely (Type C) unstable.
Nevertheless, the treatment would be similar, consisting of
plate fixation of the ilium supplemented by anterior ring
fixation, as required.

Sacroiliac Joint Dislocations
Sacroiliac joint dislocations are Type C injuries requiring
fixation to restore the posterior sacroiliac complex
(Fig. 5). Fixation can be accomplished by plating using
an anterior surgical approach or by iliosacral screws
inserted percutaneously or using a posterior surgical
approach. As noted, iliosacral screw fixation is most commonly used. These screws are inserted using intraoperative
fluoroscopy. Because the path of the screws is in the
midsagittal plane, they can be inserted with the patient
positioned supine or prone. For screw fixation, a 6.5 mm
or larger screw, partially threaded with at least a 32 mm
thread length, should be inserted in an anterior-superior
direction, essentially perpendicular to the sacroiliac joint
line. The partial thread allows compression of the joint as
the screw is tightened and the use of a washer insures
against the screw head being pulled through the bone.

The sacral ala does not provide adequate bone stock for
secure screw purchase. Therefore, the screw should be
directed into the sacral body (Fig. 12). Two screws provide
better fixation than one screw. Often there is insufficient
room in the first sacral body for two screws. In this
situation, the second screw can be inserted into the second
sacral body.

Sacral Fractures
The sacrum is divided into three zones relative to the
position of the neural foramina. Zone I is the region lateral
to the foramina; zone II is the region of the neural foramina; zone III is the region medial to the neural foramina.
The fractures can be classified by their zone of injury and
morphology. Sacral fractures may be Type B or Type C
injuries. In general, those that are impacted are Type B and
those that are distracted are Type C. There are many
options for sacral fracture fixation, including plates, bars,
and screws spanning from one ilium to the other. However, iliosacral screws are most commonly used. In this
situation, however, the screws are placed perpendicular to
the fracture line, rather than to the sacroiliac joint. There
are some controversies concerning iliosacral screw fixation
of sacral fractures. These mainly involve whether or how
the fracture should be compressed. Compression of the
fracture will enhance the stability of its fixation. However,
in fractures involving zones II and III that are not anatomically reduced or are highly comminuted, compression may potentially cause neural injury. To avoid
compression in these situations, fully threaded screws are
used. The use of longer screws, extending to or crossing
the contralateral sacroiliac joint, has been advocated.

Musculoskeletal Trauma, Pelvic Ring Disruption

In any case, Type C vertical sacral fractures treated percutaneously using iliosacral screws without compression of
the fracture site are at greater risk for failure [4]. Bilateral
fractures connected by a transverse fracture line, creating
a “U” or “H” pattern, may disrupt the spinopelvic junction. For these fractures, a construct incorporating fixation from the fifth lumbar pedicle to the ilium (triangular
osteosynthesis) may be required.

Percutaneous Versus Open Reduction
and Fixation
Infection is one of the major complications of open
reduction and fixation of the posterior pelvic ring, ranging
from 4% to as high as 14% in one series. A major risk
factor for infection is performing open surgery through
a compromised soft tissue envelope (Fig. 14). Percutaneous treatment has been shown to minimize the infection
[5]. Therefore, percutaneous treatment is indicated in
patients with significant soft tissue injuries that would
complicate or prevent open treatment techniques. These
patients include those with severe open fractures, fecal or
environmental contamination, extensive closed degloving
injuries, and abrasions or lacerations. However, percutaneous techniques should be used only after an accurate
reduction is achieved. It is most successful when
performed early, within the first 5 days after injury, and
many maneuvers may be required to obtain a satisfactory
closed reduction. Anatomic anterior reduction and fixation with a plate and screws of the symphysis or pubic
rami may result in a satisfactory posterior reduction. The
posterior sacroiliac screws then can be inserted with the
patient lying supine on a radiolucent operating table with

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 14
Example of a Morel–Lavallee (closed degloving) lesion in
a patient with combined pelvic and acetabular fractures. Open
or percutaneous debridement of these lesions is required to
minimize the risk of infection (Copyright Berton R. Moed, M.D.)
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the screws inserted in such a manner as to complete the
reduction (Figs. 5 and 12). If closed reduction fails, then
an open reduction should be performed. It is important to
recognize that for iliosacral screw fixation the main difference between the percutaneous and open techniques is the
reduction method: indirect closed manipulation versus
direct open clamping. The screws are inserted similarly,
using intraoperative fluoroscopic guidance. As noted, percutaneous treatment may not provide the best results for
vertical sacral fractures.

Evaluation/Assessment
Patients with a stable pelvic ring disruption commonly
have sustained low-energy trauma, such as a slip and fall.
However, patients with an unstable pelvic ring disruption
have sustained high-energy trauma. Therefore, examination of the patient should be performed using
a comprehensive and systematic approach. Associated
injuries can be life or limb threatening. Blood loss and
hemodynamic instability are a major cause of early death.
The Advanced Trauma Life Support evaluation sequence
should be followed. As noted, patients presenting with an
unstable pelvic ring injury and hemodynamic instability
require temporary stabilization of the pelvis in conjunction with fluid volume resuscitation. Causes of continued
bleeding must be identified and controlled by means such
as angioembolization, abdominal ultrasound, and
laparotomy.
Pelvic ring disruption is often associated with injuries
to the genitourinary system. LC injuries in particular place
the bladder and urethra at risk. Injury to the lumbosacral
plexus can occur from either direct compression or
stretch. Open wounds, especially from displaced rami
fractures penetrating the vagina or perineum, and closed
degloving soft tissue injuries (Fig. 14) are not uncommon.
Therefore, a careful and complete physical examination is
mandatory in these patients. However, physical examination may not be that helpful in the diagnosis of a pelvic
ring disruption. Alert patients with a posterior pelvic ring
injury do consistently complain of pelvic pain and pain
with direct palpation of the area. Otherwise, physical
examination is not very reliable. The suspected presence
of pelvic deformity or pelvic instability with manual stress
examination without adjunctive use of fluoroscopy is also
not reliable [6]. Therefore, detailed radiographic analysis
is critical in the diagnosis and evaluation of disruptions of
the pelvic ring.

Radiographic Assessment
The plain radiographic assessment of the pelvic ring consists of the standard AP view supplemented by inlet and
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outlet views. All views are taken with the patient supine.
For the AP radiograph (Fig. 5), the x-ray beam is perpendicular to the patient. Since the plane of the pelvic brim is
approximately 45 to this long axis, in a true sense this
radiographic view represents an oblique view of the pelvis.
The AP view provides an overview of the pelvis, including
vertical and rotational displacements. For the inlet view
(Fig. 15a), the x-ray beam is angled approximately 45
from the head toward the feet centered at the mid-pelvis.
This view is perpendicular to the pelvic brim and provides
a view of the pelvic inlet. Fractures of the sacrum, ilium,
and rami are shown well on this view, as are anteriorposterior ring displacement and ring malrotation. For
the outlet view (Fig. 15b), the x-ray beam is angled
approximately 45 from the feet toward the head centered
at the pubic symphysis. The outlet view shows the degree
of vertical displacement and an en face view of the sacrum.
In order to adequately determine three-dimensional displacement using two-dimensional imaging, two projections at right angles to each other are required. The inlet
and outlet projections satisfy this requirement.
The ability to routinely obtain computed tomography
(CT) of the pelvis on an urgent basis has revolutionized
the radiographic interpretation of pelvic ring injury in the
acute setting. Routine two-dimensional axial tomography
provides a clear picture of the injury to the posterior
sacroiliac complex (Fig. 16). The nature of sacral fracture
(impacted versus distracted) can be seen, as well as injury
to the sacroiliac joint. The ability to obtain high-quality
CT-derived three-dimensional images is a further
advancement. However, it must be remembered that all
these images are obtained with the patient stabilized, often

by a circumferential wrap, and packaged for placement
into the CT scanner. Therefore, the full extent of pelvic
displacement may not be apparent, as injuries such as
Type B1 are reduced by these maneuvers.

Examination Under Anesthesia
Stress examination of the pelvis in the acute setting at the
time of initial presentation of the patient to the emergency
department has been shown to not be effective [6]. However, this is not the case for examination under anesthesia
(EUA) with the benefit of fluoroscopic imaging. Plain
radiographs and CT images are static examinations. Recoil
from the traumatic force and partial reduction of displacement during initial resuscitation from pelvic wraps and
exam positioning may cause an underestimation of the
ring injury. In addition, minimally displaced fractures may
belie occult instability. EUA performed within the first
week of injury is helpful in determining pelvic stability,
when in question. Examples include an APC injury with
diastasis of the pubic symphysis which appears to be less
than 2.5 cm and a lateral compression injury which
appears stable without severe internal malrotation.
A sacral fracture in which it is unclear whether it is
a Type B (partially unstable) or Type C (completely unstable) is another example. Patients with a pelvic ring disruption that is clearly unstable with radiographs and CT
are not candidates for EUA.

After-care
Patients with a pelvic ring disruption should be mobilized as soon as their overall medical condition allows.
Patients with stable injuries can begin weight-bearing

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 15 Inlet (a) and Outlet (b) radiographs of the patient shown in Fig. 5
(Courtesy of Berton R. Moed, M.D.)

Musculoskeletal Trauma, Preperitonal Pelvic Packing

M

1471

References
1.
2.

3.

Musculoskeletal Trauma, Pelvic Ring Disruption. Figure 16
Axial computed tomography section of the patient shown
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as soon as tolerated. If occult instability has not been
ruled out by EUA, radiographic follow-up should be
obtained 1 week after weight-bearing is initiated. Surgically treated unstable injuries usually require approximately 12 weeks before full weight-bearing can begin.
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weeks, 6 weeks, and 12 weeks postoperatively.
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removed with the patient returning to the operating
room as required for wound management. Venous
thromboembolism (VTE) is another important potential complication. Some form of perioperative VTE
prophylaxis is generally prescribed. Prophylactic
anticoagulation following discharge from the hospital
is controversial. In general, VTE prophylaxis until the
patient is fully ambulatory is prudent.

Prognosis
Functional outcome of pelvic ring injuries is dependent on many factors, including the ring injury classification and associated injuries. A displaced pelvic
ring disruption results in long-term functional impairment and pain in a majority of patients. Functional
outcome is worst for Type C injuries followed by Type
B1 and is best for Type B2. Neurologic injury is
consistently associated with poor outcome, as is urologic injury. A patient with an anatomically reduced
disruption is more likely to have a satisfactory outcome than a patient with residual ring displacement.
However, even well-reduced injuries can be associated
with pain and disability [7].
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Synonyms
Pelvic fracture packing; Pelvic packing; Retroperitoneal
pelvic packing

Definition
One option for control of life-threatening pelvic hemorrhage in patients with unstable pelvic fractures is
preperitoneal pelvic packing (PPP). Originally described
in Europe as transabdominal packing of the
retroperitoneum for hemorrhage control [1, 2], the technique was modified [3, 4] to direct packing of the pelvic
space through a preperitoneal approach. Via a 6–8 cm
suprapubic incision, laparotomy pads are placed in the
preperitoneal, paravesical space which contains the pelvic
bleeding from the associated pelvic fractures.
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FAST exam
Positive

Negative

Operating room

2 units PRBCs/ED trauma bay

Laparotomy, pelvic fixation,
pelvic packing

HD stable

HD unstable

Operating room
Hemodynamically stable?
Yes
No

SICU + / – CT Scans**

Pelvic fixation and pelvic packing

Angiography
Ongoing transfusion requirements?
Yes
No

SICU
Angiography

SICU

**Normalize coagulation status,
abdominal CT scan if no laparotomy done.

Musculoskeletal Trauma, Preperitonal Pelvic Packing. Figure 1 Algorithm for management of patients with hemodynamic
instability and a pelvic fracture

Musculoskeletal Trauma, Preperitonal Pelvic Packing. Figure 2 PPP is performed through a 6-8-cm midline incision made
from the pubic symphysis cephalad, with division of the midline fascia

Indications
Patients with hemodynamic instability due to pelvic fractures occur in the multisystem trauma patient and are
a therapeutic challenge. Hemodynamic instability caused

by pelvic trauma warrants prompt resuscitation using
blood products, external mechanical stabilization and
emergent hemorrhage control. One option for control of
pelvic hemorrhage is preperitoneal pelvic packing (PPP).

Musculoskeletal Trauma, Preperitonal Pelvic Packing

Because 85% of bleeding due to pelvic fractures is venous
or bony in origin [5], hemorrhage can be arrested by
tamponade within the retroperitoneal space. The combination of external fixation and PPP address the major
source of bleeding by reapproximating bony edges and
tamponading the venous bleeding. Additionally, by surgically packing the pelvic space, the overall potential space
required to tamponade bleeding from the pelvis is
reduced, therefore reducing the amount of blood transfusion required to fill this potential space.

Musculoskeletal Trauma, Preperitonal Pelvic Packing.
Figure 3 The pelvic hematoma often dissects the
preperitoneal and paravesical space down to the presacral
region, facilitating PPP
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In patients with a pelvic fracture, the indication for PPP
is persistent systolic blood pressure (SBP) <90 mmHg in the
initial resuscitation period despite the transfusion of 2 units
of packed red cells (Fig. 1). Those patients with thoracic or
documented abdominal sources of blood loss (by diagnostic peritoneal lavage or Focused Abdominal Sonography
for Trauma (FAST) exam) are taken to the operating room
to address these sources at the same time as PPP.

Application
After the decision is made to perform PPP, patients are
rapidly transported to the operating room, where PPP can
be accomplished in less than 15 min. Skeletal fixation of
the pelvis with an anterior external fixator or posterior
pelvic C-clamp is done prior to PPP. To begin the procedure of PPP, a 6–8-cm midline incision is made from the
pubic symphysis cephalad. The midline fascia between the
rectus abdominus is divided, leaving the peritoneum
intact (Fig. 2). Care is taken to avoid the bladder, which
lies directly beneath the incision, particularly in cases of
symphyseal disruption. The pelvic hematoma is typically
encountered upon transection of the posterior fascial
layer, or upon blunt dissection toward the symphysis
(Fig. 3). The hematoma often dissects the preperitoneal,
paravesical space down to the presacral region, and active
venous bleeding with expulsion of the pelvic hematoma
transpires upon entry. The bladder is gently retracted to
one side with a malleable retractor, and the pelvic brim is
gently palpated from the symphysis in a posterior direction toward the sacroiliac joint. PPP is performed by
placing 3 standard surgical laparotomy pads on each side
of the bladder, into the true pelvis below the pelvic brim

Musculoskeletal Trauma, Preperitonal Pelvic Packing. Figure 4 The bladder is retracted to the contralateral side to facilitate
packing deep into the retroperitoneal space
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Musculoskeletal Trauma, Preperitonal Pelvic Packing. Figure 5 Three standard surgical laparotomy pads are placed on each
side of the bladder

Musculoskeletal Trauma, Preperitonal Pelvic Packing.
Figure 7 Suprapubic catheters exit through a separate
incision
Musculoskeletal Trauma, Preperitonal Pelvic Packing.
Figure 6 The pelvic packing incision should be kept separate
from a necessary laparotomy incision to ensure tamponade
within the pelvic space

(Fig. 4). The first laparotomy pad is placed far posterior
along the sacroiliac joint with the help of a ringed forceps.
The second laparotomy pad is placed anterior to the first
sponge at a point corresponding to the middle of the
pelvic brim. The third laparotomy pad is placed on top
of the second, in the retropubic space just deep and lateral
to the bladder. The bladder is then retracted to the opposite side and the sequence is repeated until both sides of

the pelvis are symmetrically packed with three sponges
each (two sponges each in the pediatric patient) (Fig. 5).
The packs should all be below the pelvic brim in the true
pelvis. The fascia is closed with a running O-PDS suture
and the skin with staples. If laparotomy is required, this
should be performed through a separate abdominal incision to maintain anatomic integrity of the retroperitoneal
compartment containing the pelvic packs (Fig. 6). Patients
undergoing placement of a suprapubic catheter for an
associated bladder or urethral injury should have the
catheter brought out through a separate stab incision
(Fig. 7).

Mushroom Toxicity

Patients undergo standard posttrauma resuscitative
SICU care, and pelvic pack removal is performed within
48 h. Packing should be removed carefully with saline
added to moisten the packs and lessen blood clot disruption. The pelvis may be repacked if there is persistent
oozing at the second look operation. Approximately 15%
of patients will have ongoing transfusion requirement
despite correction of coagulopathy after PPP [4]; diagnostic angiography and selective angioembolization should be
pursued in this select group of patients.
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Mushroom Toxicity
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Definition
“There are old mushroom hunters, and bold mushroom
hunters; but there are no old, bold mushroom hunters.”
This old saying defines the difficulty which exists in mushroom identification. Foraging for mushrooms is
a common practice yet even the most astute mycologist
may have trouble with identification at times. This often
results in catastrophic and consequential sequelae among
those who continue to participate in this dangerous
practice.
The toxicity that results from mushroom ingestion is
species dependent. The most consequential of these species are the cyclopeptide-containing mushrooms and this
will be the focus of this entry. The clinician at the bedside
often has the dilemma to distinguish this type of ingestion
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from the others except for special circumstances. Though
other toxic mushrooms exist, they are rarely encountered
in the clinical setting. A brief description of the other toxic
mushroom species will also follow.
The cyclopeptide-containing mushrooms include but
are not limited to Amanita species (i.e., A. virosa, A.
phalloides), Lepiota species (i.e., L. helveola, L. josserandi),
and Galerina species (i.e., G. autumnalis).
Of the cyclopeptides, the most toxic compounds are
the amatoxins. These amatoxins are poorly, but rapidly,
absorbed from the gastrointestinal tract and are
enterohepatically circulated [1]. Once absorbed, they are
thought to undergo hepatocellular uptake by organic
anion-transporter polypeptides [2]. There they interfere
with RNA polymerase II resulting in lack of DNA transcription [3]. Their toxic effects are mostly seen in cells
with high turnover including the GI tract, liver, and
kidneys.
Other mushroom toxins include gyromitrin,
orellanine, psilocybin, and allenic norleucine.

Presentation
The initial presentation of cyclopeptide-containing mushroom ingestions is similar to severe gastroenteritis. Most
of these symptoms do not occur until 5–24 h after ingestion. With good supportive care including intravenous
fluids, electrolyte replacement, and anti-emetics, the
patient will have a transient clinical improvement between
12 and 36 h after ingestion. However, during this time,
laboratory evaluation may reveal the elevation of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) as well as hypoglycemia thought to be due to elevated insulin and C-peptide concentrations [4]. Around
2–6 days after ingestion, clinical hepatic and renal toxicity
develops including continued worsening transaminitis,
hyperbilirubinemia, jaundice, hypoglycemia, coagulopathy,
and hepatic encephalopathy/coma. Pancreatitis has also
rarely been reported [5].
The distinguishing feature of these cyclopeptidecontaining mushrooms compared to others is the delayed
onset of gastrointestinal symptoms. All of the “little brown
mushrooms” that contain GI irritant toxins will result in
nausea, vomiting, and diarrhea within 3 h of ingestion.
This, however, may give the clinician a false sense of
optimism if the patient has ingested multiple different
species of mushrooms. A thorough history is crucial
when deciding if it is possible a cyclopeptide-containing
mushrooms could have been ingested. The clinician
should have a low threshold to begin aggressive treatment
in cases where this is possible. Mortality for these ingestions is around 30% [5].
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Another exception to the early gastrointestinal manifestations exists in the Pacific Northwestern USA where
another Amanita species, A. smithiana, has been reportedly ingested. These are the allenic norleucine-containing
mushrooms, which oftentimes result in gastrointestinal
manifestations within the first few hours. These GI symptoms will be followed by oliguric or anuric renal failure
around 4–6 days after ingestion. Hemodialysis has been
required for many of these cases with recovery occurring
in most of these patients within 1 month [6].
Gyromitrin-containing mushrooms result in the same
toxicity as all other hydrazines. Inhibition of pyridoxine
metabolism results in decreased formation of GABA and
the subsequent clinical manifestation of status epilepticus
resistant to standard anticonvulsants. This toxicity is comparable to that of isoniazid. Administration of pyridoxine
is often essential.
Psilocybin-containing mushrooms are also referred to
as the “magic mushrooms” due to their hallucinogenic
effects. Other effects include ataxia, tachycardia, agitation,
tremor, and anxiety. Most of these effects will occur within
1 h. Supportive care is often minimally required.
Disulfiram-like effects can occur with coprinecontaining mushrooms. Similar to other disulfiram-like
toxins, inhibition of aldehyde dehydrogenase in the presence of ethanol results in tachycardia, flushing, nausea,
and vomiting. Supportive care is often adequate.
Orellanine-containing mushrooms known as
Cortinarius mushrooms will result in nausea, vomiting,
and abdominal pain about 1 day after ingestion. This is
followed occasionally by oliguric renal failure several days
to weeks later. The nephrotoxicity is characterized by an
acute interstitial nephritis. Predictors of toxicity are not
clear in these ingestions. Hemodialysis is often required.

however, as most patients will present after the development of clinical toxicity.
Aggressive supportive care is the mainstay of treatment. Most of these patients require aggressive intravenous volume repletion, electrolyte replacement, and
occasionally dextrose administration. High-dose penicillin G administration has been studied with equivocal
results. However, due to its safety and possible efficacy,
1,000,000 units/kg/day divided every 4–6 h should be
administered in the first 24 h [7]. The mechanism of
action is thought to be its ability to block uptake of
amatoxins by hepatocytes. Silibinin is a component of
silymarin, the active complex in milk thistle. Currently,
only animal evidence has shown benefit. However, due to
its safety and possible efficacy, 50 mg/kg/day should be
administered to patients with these ingestions [8]. Currently, the Food and Drug Administration (FDA) is sponsoring a study to evaluate the efficacy of intravenous milk
thistle for these ingestions. For more information, check
http://www.clinicaltrials.gov/ct2/show/NCT00915681?
term=legalon&rank=5 to enroll patients in this current
clinical trial. Intravenous N-Acetylcysteine should also be
administered due to its safety and possible efficacy, despite
a lack of evidence at this time.
Hepatotoxicity after the ingestion of cyclopeptidecontaining mushrooms should result in a discussion
regarding transfer with the closest liver transplantation
center. The development of diarrhea within 8 h of exposure or an INR greater than 6, 4 days after exposure, are
highly predictive of mortality and the need for liver transplantation [9]. Once the development of hepatic failure
has occurred, molecular absorbent regenerating system
(MARS) has been used as a detoxification technique to
support patients until hepatic regeneration can occur or
liver transplantation [10].

Treatment
Management of cyclopeptide-containing mushrooms can
often be complex and variable. Current evidence does not
support any one regimen. A thoughtful and aggressive
approach is the most effective means of ensuring optimization of therapy. Initial management should focus on
gastrointestinal decontamination. Patients who present
early should be considered candidates for a gastric emptying procedure such as emesis or gastric lavage. However,
due to the size of most mushrooms, emesis may be more
useful initially. Multiple dose activated charcoal should be
initiated at any time after ingestion as a regimen of 1 g/kg
orally every 2–4 h. Patients presenting very early to the
medical setting with confirmed ingestion should also be
considered for hemodialysis or hemoperfusion (though
this technique has become less available). This is unlikely,
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Synonyms
Autoimmune disorder of the neuromuscular junction;
Myasthenic crisis

Definition
Myasthenia gravis is an autoimmune disease resulting in
destruction of the neuromuscular junction leading to
abnormal neurotransmission. Anti- acetylcholine receptor
antibodies in myasthenia gravis leads to binding and activation of compliment at the neuromuscular junction,
degradation of acetylcholine molecules and abnormal
neurotransmission. Myasthenia gravis is confirmed by
electrophysiological studies (this may require additional
expertise to do single-fiber EMG) and presence of high
serum autoantibody titers. Autoantibodies to acetylcholine receptors are positive in approximately 90% of
patients with generalized myasthenia gravis. Some
patients, particularly those patients with significant oropharyngeal dysfunction, do have an antibody directed
toward the MuSK receptor.

Characteristics
Patients with myasthenia gravis admitted to intensive care
units often have new profound oropharyngeal weakness
and neuromuscular respiratory failure. In most patients,
the diagnosis is already established. In other patients,
acute hypercarbia led to intubation, only for the physician
to later find out the typical neurological characteristics.
Myasthenic crisis is a poorly defined entity, but most
neurointensivists understand it as severe and rapidly
evolving weakness leading to acute respiratory distress
from weakness of the respiratory muscles and commonly
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with aspiration due to hypersecretion from increased use
of pyridostigmine.
Myasthenia gravis is recognized by a number of clinical findings. First, is the presence of ptosis and
ophthalmoplegia. Ptosis is shown as a hanging eyelid
that can be easily aggravated by having the patient look
upward for 3 min. It can also be easily relieved by closing
the eyes, or by placing an ice pack on the eyelids. Many
patients complain of double vision, and ocular motility is
limited in all directions. Another major finding is oropharyngeal weakness. On examination, the patient has jaw
weakness. This can be demonstrated by testing jaw closure
and by testing for nasopharyngeal weakness. The patient
often slurs his speech. There is a nasal tone, and when
asked to puff out both cheeks, passage of air through the
nose is noted. Most patients have a bifacial weakness that
makes whistling impossible. When the mouth is carefully
inspected, the gag reflex is often muted and secretions
have accumulated.
Acute neuromuscular respiratory failure in myasthenia gravis is relatively easy to document clinically. Patients
often have a reflex tachycardia. There are short inspiration
and expiration times with a small tidal volume also known
as rapid shallow breathing. Arterial blood gas is notoriously unpredictable of future intubation, but some
patients have already developed a mild hypercapnia. Measurement of vital capacity and inspiratory and expiratory
pressures are useful but normal values may not exclude
future intubation. In most patients, clinical judgment –
taking mild tachypnea, air hunger, interruption of speech,
and poor clearing of secretions into account – will determine the next course of action. The treatment of oropharyngeal weakness and neuromuscular respiratory failure
requires in most instances endotracheal intubation and
mechanical ventilation. BiPAP can be useful in some
patients who have not developed a significant hypercarbia.
In these patients, 1–2 days of BiPAP can be tolerated well
while plasma exchange (PLEX) is instituted. In most
patients, intubation will follow and this will provide the
opportunity to briefly discontinue the myasthenia gravis
medication to reduce secretions. Specific therapy includes
5 days of plasma exchanges. PLEX can also be performed
on alternate days. Alternatively, immunoglobulin infusion
can be considered.

Ventilator Management
Patients with myasthenia gravis can become critically ill
rapidly. The severity of the exacerbation is commonly
misjudged, and the timing of endotracheal intubation is
particularly difficult. Endotracheal intubation may be
avoided with conservative measures, such as placing the
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patient in an erect position and using incentive spirometry
and assisted coughing, and perhaps can be avoided if
plasma exchange or administration of IVIG is started
promptly. After plasma exchange has been completed,
and the patient seems to improve weaning of the ventilator
can be considered. Prediction of success of extubation is
difficult to determine and extubation parameters have
been poorly defined. The extubation parameters have
included normal oropharyngeal function, and head or
neck flexion strength, secretion volume, whether the
patient sustains T-piece trials, the presence of a normal
chest x-ray, and pulmonary function tests. However, none
of these parameters have good predictive value of success
of extubation.
In general, extubation can only be accomplished if
the patient has been restarted on an adequate dose
of pyridostigmine. This improves muscle strength and
oropharyngeal function that is needed to stay off of the
ventilator. Patients likely will fail extubation if there is
significant secretion volume, evidence of a not sufficiently treated pneumonia and abnormal chest x-ray,
and possibly positive fluid balance 24 h prior to
extubation. The respiratory muscles need sufficient
strength to stay off the ventilator, and therefore, it is
important to restart pyridostigmine in a substantial
dose; mostly four to five times, 60 mg a day. Corticosteroids should have been started. Usually, this involves
prednisone 60–90 mg. In some patients, a pulse dose of
methylprednisolone (infusion of 1 g for several days
might be useful).
Reintubation after extubation in a patient with myasthenia gravis is unfortunately common. Long-term management with placement of a tracheostomy then is needed
and would facilitate weaning off the ventilator and eventually transfer out of the intensive care unit. Intensivist
will have to juggle between minimizing secretions while
providing optimal strength of oropharyngeal and respiratory muscles.

only a few patients progress to myasthenic crisis. Good
response to immunosuppressive therapy will lead to
a significant improved quality of life.
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Long-term Prognosis and Management

Synonyms

Other tests that are necessary include a CT scan of the
chest to evaluate for a thymoma. Thymomas can have the
potential to be malignant, and this impacts on outcome.
Long-term immunosuppressive agents might be necessary, and in patients who are not responding well to
prednisone and substantial doses of pyridostigmine
would require cyclosporin or mycophenolate mofetil.
Patients with thymoma would require a thymectomy.
Most patients with myasthenia gravis will have severe
symptoms within 3 years of onset. Multiple episodes of
worsening myasthenic crisis generally are uncommon and

Mycobacterium
tuberculosis:
Tuberculosis,
TB;
Nontuberculous Mycobacteria: Atypical Mycobacteria,
Mycobacteria other than tuberculosis, NTM

Definition
Overview
Infections caused by Mycobacteria, specifically Mycobacterium tuberculosis (Mtb), remain among the top ten causes
of morbidity worldwide only second to HIV. Despite the
burden worldwide, infections caused by Mycobacteria,
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specifically Mycobacterium tuberculosis, are all too often
missed especially in low prevalence settings. In this regard
it is sobering to note that up to 18% of Mtb cases in an
Italian series were diagnosed at autopsy [1].
The family, Mycobacteriaceae, is unique in several
regards. First, Mycobacteria are aerobic bacteria with
a specially adapted cell wall containing characteristic
pepitdoglycolipids that render the bacteria somewhat
resistant to gram staining. The term ▶ acid fast bacteria
(AFB) refers to special procedures that allow for
arylmethane dye uptake and retention despite exposure
to acid. Second, there is considerable intra-family diversity
manifested by the varying growth requirements and incubation periods for different species. Historically, the
growth of Mycobacteria tuberculosis complex may take
6–8 weeks on solid media whereas ▶ Nontuberculous
Mycobacteria (NTM) may grow in 7 days. Advances in
liquid-based culture mediums as well as nucleic acid testing have revolutionized rapid diagnosis and are currently
the standard of care in many ▶ tuberculosis (TB) control
programs. Finally, mycobacterial diversity is reflected in
a wide range of clinical manifestations.
The Mycobacterium tuberculosis complex includes
Mycobacterium tuberculosis (Mtb), the causative agent of
TB as well as other subspecies which may cause infections
in animals and humans. In addition to Mtb, M. africanum,
M. bovis, M. pinipedii, M. caprae, and M. microti are
included in the complex and have >95% DNA homology.
For the Mtb complex, there is considerable overlap in
terms of clinical presentation, and specific issues regarding
species-level differentiation and management will be
discussed in the treatment section. TB is a clinical term
and refers an infection caused by any member of the Mtb
complex, however usually the etiologic agent is Mtb. TB
may involve any organ, however TB pneumonia and/or
involvement of the trachea-bronchial tree remains necessary for aerosolization and transmission. For this reason,
respiratory isolation of potential TB cases is of paramount
importance.
The natural history of TB may be one of progressive
primary or delayed infection. After infection with Mtb,
a certain group of patients present clinically soon after
(within 3–6 months) with a primary TB pneumonia with
or without other organ systems involved depending upon
the level of dissemination. The likelihood of primary progression is rare (<5%) and is more common in young
children and immune compromised hosts although may
be seen in any infected individual. A second group of
persons may initially contain Mtb through a variety of
innate and adaptive immune mechanisms only to have
what has been termed “reactivation” at a later date

M

1479

(<5%). The definition of post-primary or reactivation
TB is often confounded in TB endemic countries by reinfection, thus the definitions of primary and reactivation are
often blurred. In fact, the treatment of primary versus postprimary TB infection does not differ and thus the definitions are not clinically useful. Finally, the majority of
exposed and potentially infected persons actually contain
the infection for life (90%). Although this has been defined
as latent TB based on a positive tuberculin skin test, it is
more accurately defined as persistent (but low level) infection. These persons, after 2–5 years are at low risk for
reactivation unless they become immunocompromised.
In addition to Mtb complex infections, several
nontuberculous mycobacteria (NTM) are of clinical significance especially in immune compromised hosts. There
are several clinically important NTM infections which
may mimic Mtb complex infections including M. kansasii.
As with Mtb complex infections, diagnosis and treatment
of such infections in the ICU setting as well as the arrangement for long-term clinical follow-up requires expert
pulmonary or infectious disease consultation.

Characteristics
Suspecting TB in the ICU
TB Epidemiology and Risk Factors
Tuberculosis (TB) remains an important cause of morbidity and mortality worldwide and is often diagnosed in the
outpatient setting. In 2007, the World Health Organization reported 1.3 million HIV negative deaths from TB
with 9.2 million new incident infections [2]. The diagnosis
of TB in the ICU requires an astute history assimilating
potential risk factors with clinical findings. The diagnosis
of TB may be challenging and, as the incidence of new
infections declines in low burden countries, clinicians
must maintain exceptional vigilance. The delayed or
misdiagnosis of TB in the ICU has broad implications
for patient mortality [3]. Precise diagnosis and management relies upon the correct choice of diagnostic modalities to determine both the presence of Mtb as well as the
resistance profile of the organism.
As the incidence of TB in developed countries has
declined, the epidemiology of TB has been linked to specific host and environmental factors. High-risk groups
include foreign-born individuals from regions of high
TB prevalence, those living in congregate settings (prisons,
nursing facilities, boarding schools), homeless individuals,
and/or immunosuppressed hosts. Similarly, the risks of TB
infection are linked with the intensity, duration, and infectiousness of the original exposure.
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Although the scope of this section is limited to
immune competent hosts, it is worthwhile to mention
the spectrum of immune suppression as it applies to
TB risk. While the risk of TB in individuals with HIV/
AIDS, solid/liquid organ transplant, or TNF alpha
blocker use is increased severalfold compared with
that of immune competent hosts, it is important for
clinicians to recognize the associated risk with less
severe forms of immune suppression including diabetes or low dose corticosteroid use. Other groups at
high risk due to functional immune suppression
include individuals with end stage renal disease and
the elderly. Despite the increased risk in immune
suppressed hosts, of the nine million new cases diagnosed worldwide in 2007, less than 15% were HIV
co-infected persons. Thus, although being immune
compromised significantly increases the risk of Mtb
infection, when environmental risk factors are plausible and clinical findings suggestive, TB must remain
on the differential regardless of underlying immune
status.

Pulmonary TB
Mycobacterium tuberculosis, and other species in the Mtb
complex, may infect virtually any organ. However, in the
ICU setting, it is likely that TB pneumonia is present and
may be the driving concern leading to ICU admission. The
history in a patient with TB pneumonia may include
preceding chronic cough (may initially be dry and worse
at night) usually longer than 2–3 weeks, hemoptysis,
fevers, chills, night sweats, fatigue, and weight loss. However, some of the most characteristic clinical findings in TB
such as hemoptysis occur in a minority (<35%) of cases.
Furthermore 20% are asymptomatic. Consequently, clinical suspicion on the basis of known risk factors remains
essential in suspecting, and ultimately diagnosing mycobacterial disease.
The clinical manifestations of TB are varied and
depend on the site of infection as well as the host’s
immune response. Constitutional symptoms (fevers,
chills, night sweats, weight loss, anorexia) may be a late
finding and the degree of hemoptysis may be scant. Only
when a cavity erodes a portion of a pulmonary artery
(termed a Rasmussen’s aneurysm) does frank and often
terminal hemoptysis ensue. Although wheezing with TB is
rare, this may be found when there is endobronchial
involvement secondary to stenosis of terminal bronchi
and/or compressive adenopathy. When Mtb infects the
larynx, hoarseness may be the only clinical finding.
Although TB pneumonia tends to accompany laryngeal
TB, a positive AFB smear in the setting of a negative chest

radiograph with hoarseness should raise the suspicion for
laryngeal TB. Although the pace of TB pneumonia tends
to be indolent, cases that may require ICU-level care may
be rapidly progressive with both local and systemic findings. A miliary pattern in the lungs (seen in disseminated
disease) may present with respiratory failure and sepsis
syndrome, and has been reported in cases of congenital
TB. Although rare, ARDS secondary to TB has been
described. Timely and accurate diagnosis of TB may be
confounded by previous use of fluoroquinolones which,
while not effectively treating the infection when used as
monotherapy, may negate Mtb culture data. Immune
reconstitution inflammatory response syndrome (IRIS)
found after the introduction of highly active antiretroviral
therapy in persons with HIV/AIDS is also an important
cause of ICU-level care for respiratory compromise and
septic shock due to an exaggerated immune response to
TB antigens.
The chest radiograph is integral to the diagnosis of TB
pneumonia and any segment of the lung may be involved.
Canonical descriptions of lower versus upper lobe disease
linked with primary versus post-primary infection have
been demonstrated to be incorrect, as the best correlate of
the radiographic presentation of TB is the underlying
immune status of the host. In this regard, time from
acquisition of infection does not predict upper versus
lower lobe disease [4]. Tuberculosis that involves the middle and lower lobes is historically referred to as the Ghon
focus with or without ipsilateral lymphadenopathy.
Although the lower lobes are more often involved in
adult cases, pediatric tuberculosis involves upper and
lower lobes equally and may develop unilateral hilar and/
or paratracheal adenopathy. Thus, TB pneumonia may
present as upper or lower lobe bronchopneumonia with
or without cavitation. Radiographic findings may be
muted in immune compromised hosts and evaluation by
CT may be needed. In this regard, the CT offers better
resolution of hilar/mediastinal lymphadenopathy, smaller
nodules, and branching linear and nodular opacities (treein-bud sign). Cavitation implies very high burden disease,
and although this has been referred to as the hallmark of
TB pneumonia, this is present in less than one-half of
cases. Because cavitary pneumonia implies extensive disease with high bacillary burden, a negative AFB smear in
an individual with cavitary disease should prompt the
clinician to search for an alternate diagnosis such as neoplasm while the cultures are pending.
In addition to extensive parenchymal involvement,
other radiographic patterns of TB pneumonia are important to review [5]. A miliary pattern refers to innumerable
small nodules usually 1–3 mm in diameter and diffusely
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located throughout the lung parenchyma, often associated
with other parenchymal changes such as ground glass
opacities and interlobular septa thickening. A miliary
radiograph often implies hematogenous dissemination
to extrapulmonary sites. Bronchogenic spread may be
visualized when bacilli spread along the bronchial tree
creating poorly defined air space nodules that are
4–10 mm in diameter. In this regard, a CT scan may
show the affected segments as stenotic with a thick wall.
Tracheobronchial disease with or without hilar and mediastinal lymphadenopathy is an important manifestation as
there may be endobronchial obstruction or compression
of the airways. Bronchoscopy may show fibro-stenotic
erythematous segments with ulcerative and/or necrotic
lesions. Occasionally, tracheobronchial TB may have
a relatively normal chest radiograph and may present
with hemoptysis. In this regard, sputum smears remain
useful as does bronchoalveolar lavage for diagnosis.
Although pleural disease may be classified as
extrapulmonary, pleural disease may occur in isolation
or with parenchymal lung involvement. Worldwide, pleural TB is the most common cause of a unilateral pleural
effusion and two clinical forms are seen and related to the
local burden of infection. Tuberculous effusion
(serofibrinous pleurisy with effusion) is consistent with
a delayed type hypersensitivity reaction. Rupture of
subpleural granulomata into the pleural space inoculates
the pleural space with Mtb antigens leading to infection of
the pleural surface. By thoracentesis, this is a lymphocytic
predominant exudative effusion. Complications of parenchymal/pleural disease include the development of
a bronchopleural fistula, trapped lung, empyema
necessitans whereby exudative material may form
a cutaneous sinus track for drainage. The ability to recover
organisms either by culture or PCR is somewhat variable
as this is a paucibacillary infection. Other markers such as
adenosine deaminase as well as IFN-g have been used with
reasonable sensitivity. A second, and less common manifestation is tuberculous empyema. In this setting there has
been rupture of subpleural tuberculous nodules and high
burden seeding of the pleural space. This may involve
encasement of the cavity with pus and thickening of the
pleura itself. While antituberculous drugs are useful,
management usually involves surgical drainage with
decortication.
Prompt diagnosis of TB is critical for public health and
the interruption of transmission. The sequelae of
untreated TB includes fibrosing mediastinitis, esophageal
fistula, pericardial extension, cavity superinfection (aspergillus is the most frequent cause), and/or osteomyelitis of
the ribs. The mortality rate for untreated TB is 50%.
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Extrapulmonary TB (EP TB)
TB may infect any organ system and while parenchymal
involvement of the lung usually accompanies disseminated disease, this is not always the case. Mtb, after inoculation into the lung may disseminate widely through
transient bacillemia, setting up granulomatous lesions in
the central nervous system, liver, spleen, and bone among
a few of the organ systems.
Considering the broad pathogenesis for EP TB, it is
useful to discuss some characteristic organs involved
and clinical manifestations. Lymphadenopathy may be
the result of infection with a wide variety of the
mycobacteria species including NTM. However, in
regions with high TB prevalence, tuberculous lymphadenopathy or scrofula caused by species within the Mtb
complex, are causative. Clinically, scrofula commonly
affects the cervical nodes in children. While these LN
may be nontender, with rapid expansion, they may
become uncomfortable to palpation. In more advanced
cases, the node may become fluctuant and without
treatment, a sinus track to the skin may form. TB
lymphadenopathy has been described as a “cold abscess”
due to the lack of warmth or erythema. Skeletal tuberculosis, or Pott’s disease, commonly involves the spine and as
with other forms of EP disease, finding of bacilli may be
challenging. Characteristic findings by radiograph include
the sparing of the intervertebral disks with extensive
destruction of the vertebral body. Depending on how
long the condition was untreated, a contiguous epidural
or psoas abscess may be present with or without sinus
formation. Gastrointestinal TB is secondary to swallowed
pulmonary secretions which ferry infectious particles
through the GI tract leading to direct mucosal infection.
While GI disease may be secondary to Mtb, M. bovis is
another important consideration. For M. bovis,
a suggestive clinical history includes the ingestion of
unpasteurized milk products. The distinction between
Mtb and M. bovis is clinically relevant as M. bovis
usually does not respond to the antituberculous drug
pyrazinamide due to inherent resistance. GI disease may
be diffuse including mucosal erosion from the mouth to
the anus may cause malabsorption and in more severe
cases enterocutaneous fistulas. Sterile pyuria should
prompt the clinician to consider renal TB with the culture
of three early morning specimens providing a diagnosis in
up to 90% of specimens. Other forms of genito-urinary
TB are well described and include ovarian, prostatic, testicular forms and their discussion is beyond the scope of
this article. Granulomatous vasculitis in the CNS is a rare
but debilitating finding which may result in cortical necrosis and/or cerebral vascular accident.
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Diagnostic Approach
The diagnosis of mycobacterial infections has gained considerable momentum in the last decade with the full
sequencing of the Mtb complex genome as well as
advances in microscopy, immunodiagnosis, culture as
well as resistance testing [6]. However, prior to diagnosis,
when there is concern for TB in an ICU patient (cough for
>3 weeks, loss of appetite, weight loss, night sweats,
hoarseness, fatigue, bloody sputum) prompt respiratory
isolation is the first step.
Respiratory isolation of potential TB cases in the hospital settings is critical for the prevention of nosocomial
transmission as a single cough may produce as many as
3,000 infectious droplet nuclei. In general, the management of patients with suspected TB starts with prompt
triage of the patient which includes giving the patient
a surgical mask and arranging for a negative pressure
room as soon as feasible. All hospitals should have in
place an infection control policy for TB isolation
highlighting administrative, environmental and respiratory controls and policy guidelines have been published
[7]. Discontinuation of isolation is possible when another
diagnosis other than TB is made, or the patient has three
negative AFB sputum results that are over a 24-hour
period, at least 8 h apart. Ensuring one specimen is from the
early morning enhances sensitivity. In centers experienced
with sputum induction, one negative AFB smear with this
modality has been used for de-isolation. Similarly, where
sputum cannot be obtained and bronchoalveolar lavage is
performed, a negative smear in this setting is reassuring. In
nonintubated patients, a post BAL sputum has been shown
to enhance the recovery of AFB.
Smear microscopy and ▶ nucleic acid amplification
(NAAT) testing form the cornerstone of rapid testing.
Smear microscopy, with at least one in the early morning,
may detect over 30–90% of culture-positive cases.
Improvements in Mtb detection include the use of fluorochrome staining with fluorescent microscopy. In the
ICU setting, if expectorated sputum analysis is not possible due to intubation then tracheal aspirates should be
obtained for smear evaluation. Many centers will proceed
with bronchoalveolar lavage (BAL) if smear negative. In
addition to smear microscopy on the BAL specimen, current US guidelines recommend that at least one sample
(either expectorated sputum or BAL) be sent for NAAT.
These tests have specific primers for Mtb complex as well
as the more the common NTM and the genetic material is
amplified and then identified with a hybridizing probe. It
is notable that upward of 50% of culture-positive persons
are negative on the initial AFB smears. In this regard, the
NAAT offers increased sensitivity in smear-negative cases

(reported sensitivity of 66–72%) where the clinical suspicion is high.
Where the specificity of AFB smear results have been
augmented by NAATs, more recent amplification techniques allow for ▶ drug susceptibility (DST) information
and thus timely modification of an empiric regimen. Mtb
requires a generation time of at least 20 h on traditional
solid media thus DST has traditionally been delayed
4–6 weeks after the sputum smear was collected. Advances
in culture through liquid-based media (BACTEC or
Mycobacterial Growth Indicator Tubes) have decreased
growth time to 1–3 weeks with many of the current liquid
modalities allowing for critical concentrations of
antituberculous drugs to be added for simultaneous susceptibility testing. In addition to liquid-based culture,
point of care diagnostics using NAAT technology whereby
amplified DNA is applied to strips containing probes for
specific regions of Mtb resistance (specifically rifampin
and INH). These assays provide the diagnosis of Mtb as
well as DST in the same test. These NAATs, known as
▶ line probe assays (LiPAs), have been widely endorsed
by the World Health Organization as part of a larger
commitment to target new technology to high burden
regions. Molecular beacons (MB) are another colorimetric
indicator for drug resistance and use a DNA probe that,
when bound to the complementary sequence, allows the
release of a fluorophore from a quencher for rapid identification. Beacons have been used on both sputum and
culture material. Although both LiPAs and MB are investigational and not widely available, ordering these tests
may be feasible in the short term through a centralized lab
service arranged in coordination with the Centers for
Disease Control.
Immunodiagnosis for Mtb infection has been used in
the acute setting but is usually an adjunct test in addition
to sputum collection and/or BAL. The tuberculin skin test
has been the historical standard in immunodiagnosis and
is an in vivo 72-hour assay of delayed type hypersensitivity.
While useful in targeted testing programs for latent TB
infection, there a number of draw backs in the acute
setting including test anergy, known issues with specificity
(cross-reaction with environmental Mycobacteria), and
the need to adjust the induration cut-off based on underlying host characteristics. Blood-based immunodiagnosis,
termed the ▶ interferon gamma release assays (IGRA),
offer increased specificity compared with the TST. These
blood-based assays gauge T cell responses to specific Mtb
antigens which are conveniently absent from most environmental Mycobacteria and BCG. As with the TST,
a negative IGRA does not differentiate LTBI from active
infection. Further, as both the tests are immune-mediated,
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they are affected by the immune status of the host. In this
regard, a negative IGRA, much like a negative TST does
not rule out TB infection. However, a positive IGRA in the
setting with suggestive clinical findings should prompt an
aggressive search for the organism to aid in DST. The use
of IGRAs in nonblood samples, such as BAL specimens is
currently investigational.
In summary, the diagnostic approach to mycobacterial
infections starts with a strong clinical suspicion and attention to infection control and isolation if needed. Infection
control measures usually include placement in a negative
pressure room with the use of N-95 respirators until
sputum smear is negative at three time points. In incubated patients, a negative smear from a BAL specimen
does imply a lower degree of infectiousness although
clear guidelines on the removal of respiratory isolation
in this setting vary by institution. After isolation, an
aggressive approach to demonstrate the bacillus by
obtaining sufficient material for NAAT and culture is
needed. Three samples of either induced or spontaneous
sputums for AFB staining form the cornerstone of the
work-up of pulmonary TB, although material aspirated
or biopsied from any site may be sent for AFB staining,
NAAT, and culture. A positive NAAT for Mtb is quite
specific, thus four drug therapy should be initiated
depending on HIV status and other comorbidities. The
use of immunodiagnosis with an IGRA and/or TSTmay be
used as an adjunctive assay; however, immunoassays do
not differentiate latent from active TB, and a negative
assay cannot rule out occult infection. As a general rule,
diagnosis and treatment of such infections in the ICU
setting as well as the arrangement for long-term clinical
follow-up requires expert pulmonary or infectious disease
consultation.

Treatment and Side Effects
The decision to start antituberculous chemotherapy in the
ICU setting will be in cases of high clinical suspicion or
after bacteriologic confirmation either by AFB staining
and/or NAAT. Guidelines regarding the choice for an
empiric regimen are well defined by various expert agencies [8]. First and foremost, a decision to treat is a decision
to report to the local public health authorities. Second,
initiation of TB treatment should involve those with clinical expertise in the treatment of tuberculosis. Thus, the
discussion in this section is an overview and not meant as
a substitute for expert pulmonary or infectious disease
consultation.
Mtb is slow growing and there are multiple subpopulations of bacilli with differing inhibitory concentrations
to varying drugs. In this regard, the general principles in
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the treatment of TB must consider both factors and thus
therapy is prolonged with four drugs at the outset.
A second principle of TB treatment is the need for directly
observed therapy (DOT) whereby each dose of medication
is monitored and recorded by a health provider. While
ICU-level supervision does not preclude DOT, organization for outpatient DOT through the local health department is the responsibility of the physician initiating antituberculous drug therapy. The treatment of TB is divided
into an initiation phase (usually 2 months) followed by
a continuation phase (at least four additional months) for
a minimum total of 6 months depending on the DST. In
the ICU setting, empiric use of four drug therapy in most
cases will include isoniazid (INH), rifampin (RIF),
pyrazinamide (PZA), and ethambutol (EMB).
Empiric treatment for EP TB does differ from pulmonary TB; however, TB meningitis, pericardial TB, and TB
adenopathy leading to bronchiolar compression are manifestations where the use of steroids in addition to
antituberculous therapy is indicated. TB meningitis is
often paucibacillary and may be difficult to diagnose.
Classically, spinal fluid reflects a lymphocytic pleocytosis,
low glucose, and elevated protein. Attempts to recover
bacilli are often negative and although NAAT may be
positive in 50% of cases. To decrease cerebral edema,
dexamethasone, starting at 12 mg per day is
recommended for all patients for 3 weeks and then tapered
over an additional 3-week course. If there is CNS parenchymal disease, such as a tuberculoma, the use of steroids
is helpful if there is a concurrent increase in intracranial
pressure. In pericardial TB, the use of steroids has been
found to be beneficial, albeit in small studies, in the
treatment of pericardial TB with an effusion and constrictive pericarditis. The steroid dose starts at 60 mg/day of
prednisone for 4 weeks and is tapered over an additional
7 weeks. In cases of hemodynamic compromise, both
a pericardiocentesis and a pericardial window may offer
temporary relief and a pericardiectomy may become
necessary.
In most cases, empiric four drug therapy with INH/
RIF/PZA/EMB is sufficient pending DST. However, if
there is concern for a drug-resistant organism, expert
consultation is required to discuss empiric regimens for
multidrug-resistant TB (MDR) or ▶ extensively drugresistant (XDR) TB. Multidrug-resistant TB is defined
as resistance to two vital first-line agents, INH and RIF.
XDR TB is a growing problem and is defined as resistance
to INH, RIF, a fluoroquinolone as well as one of three
injectable second-line drugs. For drug-sensitive TB, INH,
RIF, PZA, and EMB form the cornerstone of modern
short course chemotherapy. INH and RIF in particular
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are bactericidal against actively replicating organisms. In
this regard, when both INH and RIF are rendered
inactive, second-line drugs must be used and the regimen
will include an injectable agent. Because MDR regimens
rely on the use of fluoroquinolones as part of the
regimen, this fact militates against empiric use of
fluoroquinolones in patients with pneumonia when TB
is a possible diagnosis. Unopposed empiric fluoroquinolone use in this setting may drive resistance and negate
Mtb culture data.
While ICU-level care may be part of the initial support
for TB treatment, most patients will eventually be
transitioned to the outpatient setting for DOT. However,
if antituberculous chemotherapy is initiated in the ICU, it
is useful to review some of the common side effects of
empiric four drug therapy with INH, RIF, PZA, and EMB.
Hepatitis is the most feared complication of four drug
therapy, although fatal hepatotoxicity is rare. All agents
may cause some degree of hepatic insufficiency with INH,
RIF, and PZA as the most likely culprits. Hepatocellular
damage, shown as an increase in transaminases may be
caused by all agents; however, a cholestatic picture is often
secondary to the RIF. Individuals with hepatitis
C coinfection often have a four- to fivefold increase in
liver function tests and need to be monitored carefully. If
there is high burden in early disease and liver toxicity is
a factor, a liver sparing regimen which includes EMB,
quinolone, and an injectable agent should be discussed
with expert consultation. Rash is a common occurrence
with any first-line drugs and if mild can be managed
symptomatically. If severe, all drugs must be stopped and
we recommend re-introducing the medications through
serial re-challenge every 3 days to find the cause with the
usual sequence of INH, RIF, PZA, and then EMB.
There are several idiosyncratic drug effects in a TB
regimen that are notable. INH may inhibit monoamine
oxidase thus caution should be used with
coadministration of foods containing tyramine or histamine. For RIF, in addition to the known benign orange
discoloration of secretions, the ability of RIF to affect the
hepatic microsomal P450 enzymes will lead to considerable interactions with many common ICU medications
including narcotics. As more than 100 drug interactions
with RIF have been described, it is useful to work closely
with the ICU pharmacist to avoid potentiation or underdosing of important co-administered medications. PZA
may cause an asymptomatic hyperuricemia and less often
gout flares; however, EMB has been linked with acute
gout. For EMB, ocular concerns predominate and are
rare at lower doses; however, retrobulbar ocular neuritis
is the most feared complication. Baseline opthomologic

testing is indicated for red/green color discrimination.
Finally, for EMB both interstitial nephritis and psychiatric
symptoms have been reported.

NTM Infections: When Diagnosis is
Mycobacterium, but Not Mtb Complex
Nontuberculous Mycobacteria rarely cause a patient to be
hospitalized within the ICU setting. Rather, it is more
frequent that NTM are encountered within patients critically ill due to other causes. An exception to this idea is the
patient who appears as a tuberculosis suspect with extensive pulmonary disease and/or large volume hemoptysis
due to NTM. Pulmonary NTM generally causes chronic,
insidious, slowly progressive lung destruction over the
course of years. M. avium is the most common cause of
NTM lung disease in the USA, with M. kansasii and M.
abscessus the second and third most common etiologies
respectively. M. kansasii is an organism endemic to the
southern states within the USA, and clinically behaves,
and is treated, more similarly to TB. All of these organisms
can be associated with underlying bronchiectasis or other
architectural abnormalities within the lung parenchyma.
Patients can present radiographically with either cavitary
disease, diffuse reticulonodular infiltrates, or solitary nodules. Patients with underlying emphysema, bronchiectasis,
or advanced NTM disease can develop hemoptysis or
severe respiratory compromise necessitating ICU care.
Generally, however, patients with chronic NTM lung disease who acutely and dramatically worsen with symptoms
of pneumonia or airway compromise are often
superinfected with other organisms typically found in
the setting of community-acquired pneumonia. Pseudomonas and other gram-negative bacilli frequently colonize
such patients and can also be responsible for acute worsening of disease. Therapy for pulmonary NTM patients in
the ICU can include arterial embolization for those with
large volume hemoptysis, ventilator support, three or four
drug antimycobacterial therapy, as well as additional antibiotic therapy directed at other pathogens potentially
responsible for their acute worsening.
ICU clinicians should also be vigilant for disseminated
NTM disease in severely ill or immunocompromised
patients within the ICU. These infections are rare,
but systemic spread of rapidly growing Mycobacteria
(M. abscessus, Mycobacterium chelonae, Mycobacterium
fortuitum) or the slow growers such as M. avium and
M. kansasii are not uncommonly encountered within
immunosuppressive settings. Outside of the HIV setting,
such infections have been reported in patients post-organ
transplantation, in those using immunosuppressive therapies such as prednisone or anti-tumor necrosis therapy,

Mycobacterial Tuberculosis Complex

and those with other chronic diseases such as end stage
renal disease or cancer. Generally, such infections are not
the reason for admission to the critical care unit, but they
can manifest in this setting and present both diagnostic
and therapeutic challenges to physicians. Such patients
will typically present with cutaneous lesions in multiple
places, frequently violaceous and nodular in appearance,
often with fluctuance or spontaneous drainage of pus.
Bone disease, peritonitis, bacteremia, and CNS disease
can also occur. Tissue, blood, or csf where appropriate is
generally required for diagnosis. Samples should be sent
for acid fast stain and culture, as well as for fungal and
routine organisms to rule out other entities. PCR and
other molecular diagnostic techniques (e.g., 16 S RNA,
hsp65) can also be used on such specimens and can
increase the sensitivity of diagnosis in some instances.
Multi-drug therapy should be employed according to the
organism identification and susceptibilities. Most of the
species involved are generally susceptible to
aminoglycosides and macrolides, with susceptibility to
flouroquinolones, doxycycline, bactrim, imipenem,
cefoxitin, linezolid, and others more variable. Therapy
for disseminated or other invasive disease should employ
at least one parenteral agent in combination with two
other agents for 4–6 months, with longer time periods
for CNS and bone disease and extension of therapy often
necessarily depending on clinical response and the ability
to reverse the patient’s underlying immunosuppression
[9]. From an infection control standpoint, NTM patients
do not pose a risk to contacts or health care workers. NTM
species are not communicable person to person.
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very similar radiographically to TB, such as M. kansasii.
In cases with a cavitary pneumonia and a negative NAAT,
one can ask for an NTM-specific NAAT in addition to
looking for other causes such as neoplasm. For NTM, DST
is also very important and should be sent to appropriate
reference labs. Starting antituberculous therapy in a case
of probable or confirmed TB should be followed by
contacting the local health authorities to ensure appropriate DOT is arranged prior to the transition to a lower level
of care and discharge. In the absence of DST and if MDR
or XDR TB is a concern, expert consultation is advised.
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Mycobacterial Tuberculosis
Complex
The Mycobacterium tuberculosis complex includes Mycobacterium tuberculosis (Mtb), the causative agent of TB as
well as other subspecies which may cause infections in
animals and humans. In addition to Mtb, M. africanum,
M. bovis, M. pinipedii, M. caprae, and M. microti are
included in the complex and have >95% DNA homology.

M

1486

M

Mycobacterium tuberculosis: Tuberculosis, TB

Mycobacterium tuberculosis:
Tuberculosis, TB
▶ Mycobacterial Infections in the non-HIV–Infected Patient

Mycoses
▶ HIV, Fungal Infection

Mycosis, Endemic
JULIE P. CHOU1, TOM LIM1, ANDREW G. LEE2,
CHRISTOPHER H. MODY3
1
Department of Internal Medicine, University of Calgary,
Calgary, AB, Canada
2
Department of Radiology, University of Calgary, Calgary,
AB, Canada
3
Departments of Internal Medicine and Microbiology,
Immunology and Infectious Disease, University
of Calgary, Calgary, AB, Canada

Definition
The endemic mycoses exist in restricted geographic areas,
are more virulent than the opportunistic fungi, and
as a consequence are pathogenic even to normal hosts.
Most cases of Blastomyces dermatitidis occur in North
America. The endemic area includes southeastern,
south-central states, and the Canadian provinces
bordering the Great Lakes. Africa, Central and South
America, and the Middle East have reported occasional
cases. Histoplasma capsulatum is endemic in the
Mississippi and Ohio River valleys while Coccidioides
immitis grows in the southwestern deserts in the USA.
Histoplasma and Coccidioides are also found in parts of
Mexico and Central and South America. Cryptococcus
gattii is endemic in Australia and has recently spread to
part of British Columbia, Canada, and Washington State.
Human infection occurs when aerosolized spores
are inhaled. The primary pulmonary infection in
immunocompetent individuals is usually a self-limited
disease, although certain factors, such as a large inoculum,
genetic predisposition, or (occasionally subtle) defects in
host defense, often involving cell-mediated immunity,
can lead to disseminated disease. These infections can be

severe, with marked physiologic compromise that prompts admission to the intensive care unit. Further, the
incidence and severity of disseminated endemic fungal
infections is likely to increase because of the growing
population with immunosuppression. Proper diagnosis
and prompt therapy provide opportunities to improve
the outcomes of these mycoses.

Cross-References
▶ Blastomycosis
▶ Coccidiodomycosis
▶ Cryptococcosis
▶ Histoplasmosis
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Summary
Opportunistic fungi have a large impact in the intensive
care environment. The increasing prevalence of fungal
disease is largely a reflection of the tremendous advances
in health-care technology. Central lines, invasive monitoring, immunosuppressive agents, the emergence of HIV,
implanted prosthesis, immune modulators, renal replacement therapy, and glucocorticoids are just some of the
many advancements that have increased the prevalence of
nonendemic opportunistic fungi. The more common
opportunistic fungi include Aspergillus spp., Candida
spp., Cryptococcus spp., the zygomycetes, Fusarium spp.,
Scedosporium spp., and phaeohyphomycoses (Bipolaris,
Exophiala, and Wangiella spp.). This entry reviews general
principals of the epidemiology, pathogenesis, host
defense, virulence, clinical presentation, diagnosis, prevention, and management of the opportunistic mycosis.
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Epidemiology
Fungi are an integral part of our lives. For example, the
bread and fermented beverages we enjoy are the products
of fungi. It follows that among a million species, only
a small number of fungi possess unique characteristics
that allow them to grow within a human host, and most
require the host to be immunocompromised. It is this
group that cause devastating, often life threatening infections in the intensive care setting.
Molds like Aspergillus species are found in plants, soil,
rotting food, or organic debris. Their spores are easily
deposited by inhalation into lung tissue. Other molds
like the zygomycetes are also frequent inhibitors of soil
and dust particles and can be inhaled into sinus or lung
tissue. The yeasts species such as Candida and Cryptococcus are also classified under opportunistic fungi; however,
as described in the chapter on endemic fungi, one species
of Cryptococcus has sufficient virulence to commonly
infect healthy patients in endemic areas.
The incidence of fungal infection has increased significantly over the last 15 years [1]. Moreover, the relative
incidence of each infection is changing. In the past, Candida infections were the largest cause of mortality; however, since the use of fluconazole, Candida related deaths
have decreased while other fungi, in particular Aspergillus,
have increased [2]. Aspergillus is currently the most
common cause of systemic fungal infections in patients
undergoing allogeneic bone marrow transplantation and
in patients with acute leukemia undergoing intensive chemotherapy [3]. Indeed, 50–60% of systemic fungal infections are now related to hematological malignancies.
Despite the decrease in mortality, Candida infection
rates are still climbing. Candida remains the most common cause of fungal blood stream infections and is now
the fourth most common cause of nosocomial blood
stream infection in the USA and in most of the developed
world. The incidence of zygomycete infections is also
increasing. In contrast to many other opportunistic
fungi, patients with diabetes account for the highest proportion of zygomycete infections (36%), followed by those
without underlying disorders (19%) and those with
malignancies (17%). The rise in zygomycete infections
has been linked to the prior use of voriconazole. Moreover,
the increase may reflect the increased survival of patients
with Aspergillus infections who are then susceptible to
zygomycetes through alterations in the underlying colonizing flora [4].
Hyalohyphomycosis (caused by opportunistic species
including Fusarium spp. and Scedosporium spp.) and
phaeohyphomycoses (caused by dematiaceous fungi such
as Bipolaris, Exophiala and Wangiella spp.) are also on the
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rise [3]. Many of these molds are resistant to amphotericin
B and have caused infections in high-risk patients exposed
to amphotericin B. Fusarium species are found in soil and
possibly contaminated water distribution systems. They
cause superficial or locally invasive skin infections and can
lead to disseminated infections involving the bloodstream,
sinuses, and lower respiratory tract. Scedosporium
apiospermum (teleomorph Pseudallescheria boydii) and
Scedosporium prolificans are recognized more frequently
and infections often include pulmonary or CNS disease in
patients with severe immunosuppression. Many of these
species are capable of adventitious sporation (sporulation
in tissue) and thereby spread hematogenously leading to
dissemination [4].

Host Defense
Opportunistic fungal infections develop in immunocompromised individuals according to the nature of
the deficient host defenses. These fungi have reduced
virulence in immunocompetent individuals; however,
a break in host defenses allows for infection and is the
major determinant of the susceptibility to disease. Often
the type and severity of opportunistic fungal infection
can be predicted depending on the defect in host immunity or environment factors that suit for the particular
mycosis. Host defenses to fungi can be divided into
barrier functions, resident mechanisms, and recruited
mechanisms (Table 1) [5].
The lung plays an important role in barrier functions
of host defense because it is a common entry site for many
fungi. Aerofiltration causes the fungal particles to impact
on the walls of the larger airways. Branching airways,
turbulent flow, and bronchoconstriction work together
to deposit particles larger than 1–2 mm on the surface of
the upper airways so that the fungi can be cleared by
mucociliary transport. The fluids lining the airways contain lysozyme and other degradative enzymes,
nonimmune and immune opsonins that facilitate agglutination and phagocytosis, and transferrin and other proteins that remove important nutrients. Cough is
a nonspecific mechanism for the rapid clearance of lining
fluids, debris, and particulate matter from the airways,
and this function is suppressed in patients in the ICU.
The epithelium of the lung, gut, urinary tract, and skin
also plays an important barrier function. Moreover, colonization of the lungs and GI tract can also prevent infection by occupying adherence binding sites used by
opportunistic fungi. This plays an important role for
fungi such as Aspergillus, in which there is an increased
incidence of infection following broad-spectrum antibiotics (Table 2) [5].
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Resident mechanisms of defense for the lungs include
alveolar macrophages and surfactant. Alveolar macrophages, along with epithelial cells, produce inflammatory
mediators and chemokines that recruit cells for antifungal
activity. Surfactant enhances opsonization of Aspergillus

Mycosis, Opportunistic. Table 1 Causes of host susceptibility
to opportunistic mycosis
Causes of host susceptibility to opportunistic mycosis
Immunodeficiency
Malignancies
Bone marrow failure
Chronic disease state
Congenital deficiency
Immunosuppressants
Glucocorticosteroids
Chemotherapeutic agents
Transplant medications
Biologics
Barrier compromise
Indwelling catheters
Poor clearance mechanisms
Mucosal Breakdown
Favorable conditions
Prolonged antimicrobial use
Inappropriate antimicrobial use
Excess of nutrients
Anatomic defects
Foreign body/indwelling device

conidia and surfactant protein-D (SP-D) causes the agglutination of acapsular C. neoformans, which leads to more
effective clearance (Table 2) [5].
The recruited mechanisms of host defense have an
important role in antifungal activity. Recruited mechanisms are those that gain access to the airways and air spaces
in the presence of inflammation. The multifaceted defense
system includes serum constituents including iron binding
proteins, collectins, immunoglobulins, and complement
that leak into the air spaces following release of inflammatory mediators. The cellular recruitment and activation of
T-lymphocytes, monocytes, neutrophils, and eosinophils
that migrate into the lung provides further antifungal activity. Additionally, penetration of the fungi into tissues and
vascular space also provides exposure to these factors. These
mechanisms are important in the distal airways and air
spaces where barrier mechanisms such as mucociliary
transport or cough are absent (Table 2).
All pathogenic fungi activate complement, which is
important in host defense. Depletion of complement
impairs host defense to fungi especially Cryptococcus that
has a polysaccharide capsule that activates complement
through the alternative pathway. By contrast, immunoglobulins are less important in host defense to fungi, and
in general patients that have congenital deficiencies of
immunoglobulin production are not particularly
predisposed to pathogenic fungi (Table 2). However, individual immunoglobulins have been shown to be of importance in some mycoses like Cryptococcus or Coccidioides,
which raises the possibility of immunoglobulin-based
therapies [5].
The intensivist should note that neutrophil function is
essential for defense to many pathogenic fungi such as
Aspergillus and Candida, although of less importance to

Mycosis, Opportunistic. Table 2 Hosts defenses/characteristics and opportunistic fungal infections
Neutrophils

Cell mediated

Antibody
mediated

Barrier/clearance
impairment

Favorable fungal
environment

Aspergillus

++++

++

–

Chronic lung
disease

Prolonged
antimicrobial use

Candida

++++

++++

+

Indwelling
catheters

Cryptococcus

+

++++

+

Zygomycosis

++

+

–

Cavitations
Topical steroids,
prolonged
antimicrobial use
Hyperglycemia,
ketones, iron
chelation
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others such as Histoplasma, Cryptococcus, or Coccidioides.
The presence of neutropenia is an important risk factor
for invasive aspergillosis because of the direct killing of
Aspergillus by neutrophils. Candida is also phagocytosed
and killed by neutrophils, which are essential for host
defense to this organism.
Macrophages and monocytes play an important
role in antifungal defense. Fungi uptake is through the
CR3 receptor, Fc receptor, the mannose receptor, and
recognition via Toll-like receptors. The activation of macrophages is important in the killing of Aspergillus and
Cryptococcus, although the later has a polysaccharide
coat that inhibits its uptake.
The significance of cell-mediated immunity against
fungi depends upon the organism. T cell immunity is
very important in host defense to Cryptococcus,
Histoplasma, and Coccidioides. T-cell function has also
been shown to be effective against Aspergillus although
patients with AIDS often do not present until the very
late stages of the disease. In some cases, T cells are important only in host defense to certain organs. For example,
T-cell function is important in mucocutaneous candidiasis as evidenced by the prevalence in patients with AIDS,
but of much less important in systemic candidiasis [5].
Many immunodeficiencies are the product of medical
therapy (Table 3). In addition to immune deficiencies,
favorable environments for fungal infections can occur
depending on the anatomical distortion or nutrient availability within the host tissue. For example, zygomycetes
have a predilection for infecting severe and uncontrolled
diabetics or patients on deferoxamine. The presence of
high ketones and glucose in the blood of diabetic patients
aids in the proliferation of the fungus [6]. Likewise,
deferoxamine predisposes to infection by aiding in the
growth of Rhizopus species (a zygomycete) because the
organism can remove the bound iron and use it as
a nutrient [7]. Cavities in the lung provide a supportive
environment for Aspergillus to form fungal balls. Furthermore, continued broad-spectrum antibiotics and antifungal agents can disrupt normal flora and lead to infection,
in particular, Aspergillus or Candida infections.
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Cytokines in Fungal Infections
The activation of cytokines and ecosanoids, which are
protein and lipid products of macrophages and other
resident cells, is key to the recruitment of host defenses
against fungal infections. Among others, interleukin-12,
tumor necrosis factor alpha and gamma interferon are
recognized as being protective against Cryptococcus and
by extension to other fungi. The different cytokines exert
their effects at different stages of the immune response and
each cytokine has multiple effects. In particular, tumor
necrosis factor alpha has many different and important
contributions, during the afferent phase and efferent
phase of the immune response against C. neoformans.
The increased production of M-CSF increases phagocytosis of Aspergillus. G-CSF enhances neutrophil-mediated
killing of Aspergillus, Rhizopus, Candida, and Cryptococcus. Moreover, gamma interferon has a broad range of
activity including its ability to activate neutrophils for
Aspergillus killing, and it is critical for nitric oxide induced
killing of Cryptococcus. There is evidence that the
TH1/TH2 paradigm holds for fungal infections. A TH1
response (IL-12 and gamma interferon) confers protection while a TH2 (IL-4, IL-5 and IL-13) response would
confer susceptibility to organisms such Cryptococcus that
are cleared by cell-mediated immune mechanisms [5].

Virulence of Fungi
Fungi have unique characteristics that allow them to initiate infection and then to resist treatment. For instance,
the four most common Candida species are able to produce biofilms (microbial communities enclosed in
a polysaccharide-rich matrix) [4]. The biofilms are resistant to penetration of antifungal agents and allows colonization and persistent infections of catheter devices and
foreign material that are often found in patients with
sepsis and weakened immune states. Likewise Cryptococcus has the unique ability to use mannitol and melanin to
remove oxygen reactive intermediates thereby decreasing
the effectiveness of neutrophils [5]. Additionally, fungi
utilize cytokine inhibition as a mechanism of virulence. Aspergillus is capable of inhibiting the synthesis of

Mycosis, Opportunistic. Table 3 Medications and immunosuppression
Chemotherapy

Glucocorticoids

Biologics

Mycophenolate/
azathioprine

Cyclosporin/
tacrolimus

Sirolimus

Neutrophils

++++

+

++

+

+

+

Cell mediated

++++

++++

++++

++++

++++

++++

Antibody

++++

+

+

++

++

++
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tumor necrosis factor alpha and interleukin 6, while
Cryptococcus induces the production of interleukin 10
which can inhibit expression of tumor necrosis factor
alpha.
During disseminated fungal infection, patients often
develop sepsis syndrome as the fungal pathogens lead to
an increase in tumor necrosis factor alpha, which is an
inflammatory cytokine in the sepsis syndrome. Any
underlying immunodeficient condition (which predisposes to opportunistic infections) also leads to an imbalance in cytokines and may contribute to the sepsis
syndrome.

Clinical Presentation
Opportunistic fungi also have a broad clinical spectrum
of infection, often with a predilection of pulmonary
tissue because this is an entry point for the organism
(especially through spore inhalation). Other fungi gain
entry through the GI tract or through the skin and
catheter devices.
Once infection is established patients often develop
a systemic inflammatory response syndrome (SIRS)
defined as two or more of the following: temperature
>38.5 C or <35 C; heart rate >90 beats/min; respiratory
rate >20/min or PaCO2 <32 mmHg; WBC >12,000
cells/mm3, <4,000 cells/mm3, or >10% bands. The identification of a SIRS response is frequently the first sign of
fungal infection. In an analysis of patients with
candidemia over 80% met the initial criteria for SIRS [8].
The broad spectrum of infection due to opportunistic
fungi can sometimes be narrowed depending on the site of
infection. Invasive Pulmonary Aspergillosis (IPA) is an
acute presentation of actual fungal angioinvasion into
lung tissue and beyond associated with a high fungal
burden. Clinical presentation includes fever, hemoptysis,
cough, purulent sputum, pleuritic chest pain, or dyspnea
[9]. A slower infection involving Aspergillus, Chronic
Necrotizing Aspergillosis (CNA), is a locally invasive presentation of aspergillosis that is chronic in nature. CNA
affects mildly and moderately immunocompromised
individuals and is the most common manifestation of
Aspergillus infection in the critical care setting. Constitutional symptoms are prominent, with fever, weight loss,
malaise, fatigue, and a chronic productive cough. CNA
often manifests as an aspergilloma that becomes locally
invasive [8]. Aspergilloma consists of fungal elements that
form a fungal ball and develops within an existing lung
cavity. Aspergillomas may exist for years without causing
symptoms and commonly present because of an incidental chest x-ray. When symptoms do develop, it is often
because local invasion or irritation of blood vessels lining

the cavity wall leads to hemoptysis. The hemoptysis can
often be massive and life threatening and is often a surgical
emergency.
Zygomycosis may result in angioinvasion by fungal
hyphae. The presentation tends to be acute and local
invasion often leads to fever, necrosis, ulceration, edema,
and bleeding. This is usually seen in rhino-orbital-cerebral
infection where necrotic or black ulcerations, sinusitis,
facial edema, headache, and vision loss can occur. Pulmonary infection tends to present with similar constitutional
symptoms but can also have massive hemoptysis. Gastrointestinal infection leads to ulceration of the GI tract,
perforation, and peritonitis.
Cryptococcus infection typically presents as cryptococcal pneumonia or cryptococcal meningoencephalitis.
However, pulmonary cryptococcosis has a wide range of
clinical presentations, from asymptomatic nodular disease
to severe acute respiratory distress syndrome (ARDS). The
typical symptoms include cough, fever, and sputum
production, although pleural symptoms may predominate. The primary point of entry for infection is the
lungs and this can often lead to more wide spread disease.
Detection of serum cryptococcal antigen in the blood
suggests deep tissue invasion and a high likelihood of
disseminated disease. Cryptococcus has a strong predilection for infecting the CNS, usually causing meningoencephalitis but can also present as a single or multifocal
mass lesions known as cryptococcomas. Further, solitary
CNS disease occurs in the absence of pulmonary disease,
and Cryptococcus has also been reported to infect other
organs in the body [10].
The clinical spectrum of Candida infection is broad.
Mucocutaneous disease is the most frequent manifestation of infection and is related to a failure in cell-mediated
immunity (Table 2). This is often manifest as white
plaques in the oropharynx, although other sites such as
the esophagus and genitourinary tract are also common.
Invasive disease can involve any organ and many individuals develop candidemia.
Fusarium spp. can cause local infections (most commonly skin) and can also cause disseminated infection
involving the sinuses, lungs, or bloodstream.
Scedosporium spp. is implicated in widespread dissemination and fungemia [4].

Detection of Fungal Infections
A high index of suspicion and early detection and treatment are vital to the successful management of opportunistic fungal infections. The clinical presentation of SIRS
in an immunocompromised host is often the first sign of
opportunistic fungal infection. Specific fungi should
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be suspected depending on the nature of impaired host
defense and the current status of the host (e.g.,
ketoacidosis, broad-spectrum antibiotics, multiple catheter insertions, or high dose prednisone).
Blood cultures, regular changing of catheters that are
sent for culture, and examining patients for local infection
play an important role in the early detection of mycosis.
Other modalities include CXR and CT scans of the chest.
Suggestive abnormalities can be followed up with bronchoscopy and bronchoalveolar lavage. When possible,
biopsies should be performed to facilitate a definitive
diagnosis. Specific tests such as the galactomannan assay
for Aspergillus or detection of cryptococcal antigen for
Cryptococcus are often employed.

Management and Prophylaxis
The management of opportunistic fungal infections is
multifaceted. Early detection, treatment, and reversal of
the underlying deficiency of the host defense mechanisms
are vital to successful management of the infection. The
treatment for opportunistic fungal infections is dependent
on the species as there is variation in response to specific
antifungal agents. There are three primary antifungal
agents: azoles, polyenes, and echinocandins. The azoles
function by inhibiting cytochrome P450 dependent
enzyme lanosterol 14-alpha-demethylase. This enzyme
creates ergosterol which is vital in fungal cell membrane
synthesis [11]. Common azoles include fluconazole,
itraconazole, or voriconazole. Polyene antifungal agents
include amphotericin B which functions by binding with
sterols in the fungal membrane and disrupting the fungal
wall. The disrupted membrane lyses resulting in cell death.
By contrast, echinocandins function by inhibiting the
synthesis of glucan in fungal cell walls. They are
noncompetitive inhibitors of the synthesis of beta-1,
3-glucan, which is a vital component of the fungal cell
wall [12]. Common echinocandins include caspofungin,
micafungin, and anidulafungin. These medications are an
important agent in the management of Candida and
Aspergillus, but are not useful for other organisms such
for Cryptococcus or Coccidioidomycosis.
Reversal of the immunosuppressed state often involves
administration of G-CSF to stimulate neutrophil production or a reduction of chemotherapy, immunomodulators, or high dose corticosteroids. Likewise removal
of foreign prosthesis and catheters eliminates sources of
infection. Control of diabetes and cessation of
deferoxamine are also useful in reducing the burden of
infection (particularly Mucorales). Careful use of broadspectrum antibiotics may also be helpful because the
natural nonpathogenic flora is left undisturbed. During
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restoration of the immune status, patients are prone to
developing immune reconstitution syndrome, which is
due to an over exuberant inflammatory response that
can mimic worsening infection.
The use of antifungal agents for prophylaxis is
currently recommended in high-risk population groups.
Current guidelines recommend fluconazole or liposomal
amphotericin B as prophylaxis for liver or small bowel
transplants at high risk of candidiasis. Fluconazole is
recommended for high-risk patients in ICUs with high
incidences of invasive candidiasis [13].
During chemotherapy-induced neutropenia, fluconazole, posaconazole, or caspofungin are recommended
during induction therapy for the duration of neutropenia.
Stem cell transplant recipients are also recommended to
receive azole therapy, micafungin, or have twice weekly
monitoring of antigen during the risk period for neutropenia [13]. For lung transplant where molds such as
Aspergillus are cultured, itraconazole has been used as
a prophylaxis against fungal infection [14].

Conclusion
Opportunistic fungal infections are an emerging threat to
patients with impaired defense mechanisms. The progress
of medical technology has led to an increasing prevalence
of susceptible individuals who are receiving stronger and
more powerful chemotherapeutic agents, immune modulators, and immunosuppressants. These advancements
coupled with increased survival and the invasive care of
patients in ICUs have allowed fungal infections to increase
in prevalence. Understanding host defenses provides
insights into an individual’s susceptibility to opportunistic fungal infections. Approaching high-risk patients with
an elevated index of suspicion allows for early and targeted
diagnosis and management of these devastating
infections.
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Myocardial Contusion
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Synonyms
Blunt cardiac injury; Myocardial concussion

Definition
The term myocardial contusion describes a spectrum of
myocardial lesions acquired from nonpenetrating mechanisms. Sequelae from these injuries range from benign to
catastrophic. It has been estimated that in the prehospital
setting, 20% of traumatic deaths are caused by cardiacrelated injuries. Over the past 2 decades, the improvement
of prehospital transport and early implementation of
advanced life support (ALS) have enabled victims of formerly nonsurvivable cardiac injuries to arrive in advance
of a cardiac arrest. A heightened level of suspicion and
early identification of the blunt cardiac injury is vital.
Reliable detection, however, is challenging as there are
still no diagnostic criteria for blunt cardiac injury.

Epidemiology
The true incidence of myocardial injury is difficult to
discern, since studies differ in their diagnostic criteria.
The Centers for Disease Control and Prevention (CDC)
reports that approximately 30,000 patients per year with
a diagnosis of Blunt Cardiac Injury (BCI) survive to discharge. While a majority of cardiac injuries are sustained
during motor vehicle collisions (MVC), falls, blast injuries,
and other blunt mechanisms have also been described.
Direct precordial impact and crush injuries result from
compression between the sternum and spine. Injuries to
the pericardium, myocardium, and coronary vessels are
characteristic. The contused myocardium is characterized
by muscle necrosis, edema, and hemorrhagic infiltrate.
The compressible thoracic and abdominal cavities are
adjacent to the heart. Forceful, abrupt pressure fluctuations in these compartments can be distributed to the
heart, resulting in tears to its structural walls and valves.
Because the heart is a dynamic organ, movements in the
chest cavity are exaggerated during deceleration, causing
the heart to strike rigid structures and forcefully tear itself
from its static attachments. The aortic attachments, as well
as regions between the atria, pulmonary vessels, and the
vena cava, are especially vulnerable. Finally, penetrating
cardiac lesions, despite blunt mechanism, may result from
closed thoracic injuries secondary to fractured ribs or
sternum. Blunt cardiac injuries, by virtue of the degree
of force, present with coexisting injuries, these can
include: head injury, rib fracture, extremity injury,
hemothorax, sternal fracture, pulmonary contusion, aortic or great vessel injury, pneumothorax, abdominal injuries, and flail chest.

Treatment
Initial Stabilization
Early intervention should focus on the ABCs of trauma.
Providers should ensure that the patient has a patent
secured airway, supplemental oxygen, adequate intravenous
access, and continuous cardiac monitoring. The treatment
of BCI is dependent on the patient’s presenting physiology
and the results of their preliminary diagnostic evaluation.

Blunt Cardiac Injury with Minor ECG or
Enzyme Abnormality
The existence of ECG and/or cardiac enzyme abnormalities in BCI has been correlated with clinically significant
outcomes. Patients suspected to have a BCI who have the
existence of either a positive ECG or a cardiac enzyme
abnormality should receive telemetry monitoring. This is
based on the fact that patients with either or both of those
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findings are at risk of an operative or cardiac intervention.
These patients may require further diagnostic testing,
including a formal echocardiogram if hemodynamic
instability should arise. They warrant admission for overnight observation. Intensive care unit (ICU) admission
should be reserved for patients with associated hemodynamic instability.

Blunt Cardiac Injury with Complex
Arrhythmia
Arrhythmias represent the most common complication
associated with BCI. Up to 70% of patients with BCI will
suffer from a rhythm disturbance. The most common
arrhythmias are atrial, followed by ventricular, and conduction delays. Atrial or ventricular dysrhythmias requiring an intervention have been documented to occur in up
to 30% of patients. However, it has been shown that only
2.6% of BCI patients developed complex cardiac arrhythmias requiring an intervention [1]. Treatment options
include antiarrhythmics and/or electrical cardioversion.
Ventricular fibrillation is thought to be the etiology of
sudden death in myocardial contusion patients. The
implementation of prompt CPR and prehospital automatic external defibrillator (AED) use has been shown to
increase the survival rate. These patients should be admitted and the arrhythmia treated per Advanced Cardiac Life
Support (ACLS) protocols.

Blunt Cardiac Injury with Hemodynamic
Instability
Patients with cardiac failure represent approximately
2–20% of patients with identified BCI. Contusions cause
cellular necrosis and inflammatory changes, which alter
ventricular compliance and decrease coronary perfusion.
Valvular incompetence, pump failure, complex arrhythmias, and coronary artery occlusion also compromise
cardiac output, thereby causing hypotension. The clinical
findings that may alert the clinician include hypotension,
tachycardia, tachypnea, jugular venous distension, rales,
and/or a systolic murmur. ICU admission and symptomatic management with intubation, crystalloid, vasopressors, and inotropes are management options. Patients in
acute heart failure associated with hypoxemia should be
promptly intubated. Pulmonary artery catheter may be
used to more accurately monitor cardiac function. This
should be followed by crystalloid boluses of 20 cc/kg to
correct blood pressure and cardiac index (CI) if the central
venous pressure is less than 10. Inotropes such as
dobutamine or milrinone should be administered to
maintain a CI > 2.2. If blood pressure remains low, vasopressors should be added to elevate to a systolic blood
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pressure (SBP) of 90. Avoid diuretics, since this may
decrease intravascular volume needed to maintain the
cardiac output. Refractory cardiogenic failure has been
successfully managed with intra-aortic balloon counter
pulsation (IABP), according to case reports. The device
decreases left ventricular afterload and increases coronary blood flow, thereby improving left ventricular function. This enables stunned myocardium to return
to reasonable parameters in a period of several days
to several weeks. IABP is contraindicated in aortic
insufficiency.

Blunt Cardiac Injury with Wall Rupture
Abrupt compressive force to the torso can generate markedly elevated transthoracic and venous pressures. These
pressures are transmitted from the neighboring thoracic
and abdominal compartments to cardiac chambers and
closed valves. The heart chambers are most susceptible to
injury when at maximal filling. Although the right heart is
most often involved, both ventricles may be ruptured.
Ruptures can be either immediate or delayed. Paradoxical
penetrating lesions with a fractured rib or sternum have
been implicated in right atrial and ventricular ruptures.
Chamber wall rupture carries the highest mortality rate of
the BCI categories. More than one chamber will be
involved in 20% of the cases. Clinical characteristics and
outcome depend on the chamber involved and the integrity of the pericardium in general mortality is greater than
85%. Rupture of a low-pressure chamber, delayed rupture
of a high-pressure chamber, or small, contained pericardial tears may allow the patient to survive transport to the
hospital. Approximately 70% of patients with cardiac wall
rupture develop pericardial effusion and tamponade. The
constellation of symptoms including: distended neck
veins, persistent hypotension, hemothorax, or metabolic
acidosis unresponsive to fluid resuscitation should alert
the physician to the presence of myocardial rupture. However, coexistent injuries to other organ systems may mask
classic clinical presentations of tamponade because of
massive blood loss or neurogenic shock. The finding of
pulsus paradoxus on examination or diastolic ventricular
collapse in the setting of pericardial effusion on echocardiogram is pathognomic for tamponade physiology. ECG
may demonstrate electrical alternans, in which the QRS
complex alternates voltage from beat to beat. Pulmonary
artery catheter placement will demonstrate equalization of
right and left ventricular pressures. Smaller volumes of
pericardial fluid and chronic inflammatory effusions may
be asymptomatic and initially undetectable. These can
collect and may be visualized on subsequent echocardiographic studies.
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Septal ruptures may present with cardiac failure with
left to right shunt. The cardiac valves are at greatest risk for
rupture during periods of closure in the cardiac cycle. The
most common valves involved are the aortic and mitral
valves. The aortic valve is under greatest tension during
early diastole, when the left ventricle is empty. The mitral
valve is most vulnerable during early systole in
isovolumetric contraction. Valvular rupture occurs in up
to 6% of BCIs. Disruption causes regurgitation and cardiogenic failure that is evident immediately or within
weeks. In contrast, insufficiency secondary to a tricuspid
or pulmonary rupture is typically asymptomatic for several years. Coordination of trauma and cardiothoracic
specialist care should not be delayed in cases of BCI with
valvular, free wall, or septal rupture.

Blunt Cardiac Injury with Coronary Artery
Thrombosis
Coronary artery lesions represent less than 2% of BCIs.
Direct precordial impact, crushing between sternum and
spine, and resultant myocardial edema are the proposed
causative mechanisms. Coronary artery contusion, spasm,
plaque disruption, laceration, dissection, and occlusion
have all been described. Anginal type chest pain, myocardial ischemia, and infarction are common outcomes. The
left anterior descending artery is more commonly injured
than the right coronary artery. The ECG often demonstrates ST segment elevation or changes consistent with
infarction or ischemia. Such findings warrant an emergent
echocardiogram or angiography. Prompt consultation
with a cardiologist is also essential. Management options
should not differ from those of the typical myocardial
infarction patient. Conservative therapy, percutaneous
coronary angioplasty, and thrombolytic are appropriate
interventions. The option instituted should be weighed
against concomitant injuries, hemodynamic status, and
possible contraindications to anticoagulation or thrombolytic use. In general the prognosis is more favorable than
ischemia as a result of atherosclerosis.

Evaluation/Assessment
Cardiac injury can be missed due to concomitant bodily
injuries. Patients with neurologic, multiple extremity, or
organ injuries are especially at risk, as their manifestations
can mask those of the injured heart. A high index of
suspicion and proper triage is essential.

History
Questions should be aimed at determine whether the
presenting trauma patient has sustained a thoracic injury.
MVC patients should be asked specifically whether

restraints were used and if there was steering wheel impact
to the chest. High-speed MVC is the most common etiology followed by: falling, blast injuries, and direct trauma.
Iatrogenic injury can occur during CPR. The most common presenting symptom is chest pain. Assess if there are
any cardiac risk factors, including prior myocardial infarction (MI), recent angioplasty or stress test, angina, hypertension, hypercholesterolemia, tobacco use, cocaine use,
or family history of early death secondary to an MI. Note
current medications, particularly beta-blockers or calcium
channel blockers. These may alter findings on clinical
examination; for example, by masking tachycardia.

Physical Examination
Perform a thorough physical examination with emphasis
on vital signs, head and neck, lungs, and heart. Suggestive
of cardiac injury are findings of hypotension, jugular
venous distension (JVD), tachypnea, wheezing, rhonchi,
chest abrasion or ecchymosis, imprints of a seatbelt or
steering wheel, chest tenderness, palpable crepitus, flail
chest, fractures of the rib(s), sternum or clavicle, distant
heart sounds, S3, tachycardia, bradycardia, rub, or murmurs. Pulsus paradoxus (excessive decline of systolic pressure during inspiration) is diagnostic of cardiac
tamponade.

Chest Radiography
The standard work-up for all thoracic trauma patients
should include a chest x-ray. X-rays lack sensitivity and
specificity for cardiac injury. They do however identify
other injuries, including aortic disruption, rib or sternal
fractures, pulmonary contusions, hemothorax and pneumothorax, all of which are associated with BCI.

Electrocardiogram
The electrocardiogram (ECG) is a rapid, inexpensive bedside study, and should be performed on all patients for
whom BCI is suspected. Retrospective analysis has shown
that an abnormal admission ECG (excluding sinus tachycardia) as the most significant independent predictor of
a clinically significant complication [1, 2]. Several studies
have concluded that hemodynamically stable patients with
normal ECGs require no additional studies [2, 3].
There are no prototypical ECG findings that are specific for BCI. Fifty percent of admission ECGs have
nonspecific findings. However, when all ECG changes
(including tachycardia and nonspecific changes) are
included in the BCI work-up, the sensitivity of ECG for
diagnosing BCI approaches 96%, with a specificity of 47%.
The most common finding is sinus tachycardia, followed
by premature atrial or ventricular contractions (PAC,
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PVC). Other abnormalities in order of frequency include:
T wave changes, atrial fibrillation/flutter, ST elevation or
depression, conduction delays, ventricular dysrhythmias,
and new Q waves. Of all arrhythmias requiring an intervention, 80% are detected on emergency department (ED)
admission [4].
Patients with normal admission ECGs have been
reported to have delayed presentations of cardiac injury.
These patients are typically elderly and have preexisting
cardiac disease, multiple severe chest wall injuries,
or unexplained hypotension. Fildes et al., based on
a prospective evaluation of 100 patients admitted to
rule out myocardial injury, recommend that hemodynamically stable patients with no history of cardiac disease, who are less than 55 years old and do not require
surgery or observation for other injuries can have a diagnosis of cardiac contusion excluded if there is a normal
admission ECG. Patients with abnormal ECG should
have at least 24 h of cardiac monitoring and a follow-up
ECG [5].

Cardiac Enzymes
The pathophysiology of trauma-induced myocardial
necrosis is poorly understood. It is therefore difficult to
predict the pattern of myocyte enzymatic release, and it
remains unclear whether a role exists for its routine measurement. Historically, creatine kinase (CK) with myocardial type B (MB) fractions was utilized in order to assist in
the detection of BCI or patients at risk for serious sequelae.
The literature is split on the predictive value of CK-MB.
CK-MB has been isolated in skeletal muscle, lung, stomach, pancreas, liver, small intestine, and colon. The release
of CK-MB from other organs during trauma can potentially confound the interpretation of the value.
The advent of the cardiac-specific troponin I poses an
opportunity to selectively screen patients with BCI. Troponin I is found only in the cardiac myocyte and interacts
with the actin-myosin complex. Troponin I in BCI
patients has a sensitivity of 23–100% and a specificity of
85–97%. By combining the ECG and troponin I at 8 h,
a negative predictive value of 100% can be achieved.
This means hemodynamically stable patients suspected
of an isolated BCI with a normal ECG and troponin
I can be discharged [6].

Echocardiogram
Echocardiography plays a significant role in the work-up
of the BCI patient. It is the primary exam in the structural
assessment of the heart. Up to 30% of BCI patients
have abnormal echocardiographic findings. Detection of
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pericardial effusion, myocardial contusion, valvular disruption, and wall motion abnormalities may assist in
defining injury severity and potentially alters management. In the past decade, the bedside Focused Assessment
with Sonography for Trauma (FAST) exam has increasingly become standard in US trauma centers. The
pericardial window (used in the FAST) provides
multidimensional views of the pericardial sac and
has been shown to be 98–100% sensitive for
hemopericardium.
Formal echocardiography has proven to have great
diagnostic utility for the unstable or complicated BCI
patient. Applications such as M-Mode and Doppler provide
additional information not recognized on the limited FAST
exam. Abnormalities such as wall motion defects and valvular incompetence are readily recognized. Echocardiography, however, has no diagnostic utility for the patient with
normal ECG and blood pressure on admission [3]. Thus,
echocardiography should be reserved as a complementary
rather than primary screening tool for BCI.
The use of transthoracic echocardiography (TTE),
however valuable, may prove challenging to perform in
the presence of severe chest wall injuries, pleural tubes,
mechanical ventilation, and large body habitus. Literature
has shown that up to 20% of the studies are suboptimal.
Alternatively, the transesophageal echocardiogram (TEE)
may be utilized. TEE, in contrast to TTE, is invasive and
requires sedation and possible intubation. However, it has
the added benefit of increased resolution and ability to
detect thoracic aortic injuries.

Pulmonary Artery Catheter
The use of the pulmonary artery catheter, though invasive,
has distinct value in the evaluation of the hemodynamically unstable BCI patient. Invasive monitoring may reveal
an elevated central venous pressure, an abnormal pulmonary artery wedge pressure and low cardiac index. Evidence of hemodynamic instability, age greater than 60,
abnormal ECG, and future surgical intervention under
general anesthesia have been described as rationales for
its insertion. Unlike the echocardiogram, the catheter provides continuous, precise information regarding preload,
afterload, and ventricular function. These parameters may
play an essential role during the resuscitation of the
multisystem-involved volume-depleted patient with
heart failure or pulmonary hypertension.

After-care
On long-term follow-up, sequelae range from complete
recovery to cardiac complications of angina, congestive
heart failure, and death. There is description of the
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existence of late rupture following injury, but this phenomenon is rare. This phenomenon is likely an evolution
of the development of a pseudoaneurysm following injury.
After the acute evaluation there is no specific long-term
follow-up required in the absence of acute complications.
Patients suffering from specific mechanical complications
(valvular injury, wall rupture, or coronary artery injury)
should be followed up by appropriate specialists.

Definition
Myocarditis is defined histologically as the inflammation
of the myocardium, with an inflammatory infiltrate with/
without associated myocyte necrosis [1]. Myocarditis may
be revealed by a wide range of symptoms, from asymptomatic ECG modifications to rapidly progressive cardiac
failure and cardiogenic shock [2].

Etiologies
Prognosis
Outcomes vary from asymptomatic electrocardiographic
changes to cardiogenic shock and death. The presence of
EKG changes on admission evaluation remains as the
main diagnostic and predictive indicator. The patient’s
physiology then guides subsequent evaluation and
intervention.
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Synonyms
Acute myocardial inflammation

A large variety of infectious agents, systemic diseases,
drugs, and toxins have been associated with the development of acute myocarditis [1]. In Europe and in North
America, viruses are the leading infectious causative
agents. Although coxsackievirus and adenovirus were the
most frequent viruses recovered from endomyocardial
biopsy samples in the last decades, parvovirus B19,
human herpesvirus 6 and to a lesser degree hepatitis
C virus, Eptein-Barr virus, cytomegalovirus, HIV, and
influenza viruses are now also frequently responsible for
the disease. Systemic autoimmune diseases (e.g., scleroderma, sarcoidosis, lupus erythematosus, Wegener disease, and polymyositis) can also present with
myocarditis. Other causes of myocarditis include hypersensitivity reactions and systemic hypereosinophilic syndromes, drugs, or toxins that have a direct toxic effect on
the myocardium, giant-cell myocarditis, and peri- and
postpartum myocarditis.

Epidemiology
The real incidence of acute myocarditis is largely
unknown. Fulminant presentations are exceptional
(5–10 cases per million inhabitants). However, myocarditis has been made responsible for up to 20% of sudden
unexpected deaths, especially in young individuals. Furthermore, idiopathic dilated cardiomyopathies may, in
fact, relate to long-term sequelae of acute or subacute
myocarditis, since viral particles can be detected using
PCR in up to 30% of the cases.

Clinical and Biological Diagnosis
Clinical Features
Patients with acute myocarditis may only have electrocardiographic abnormalities and may remain clinically
asymptomatic. Elsewhere, a history of a recent flu-like
syndrome accompanied by fever, arthralgias, and malaise
can be reported. Chest pain and ECG modifications mimicking an acute coronary syndrome, which will be ruled
out by a normal coronary angiogram, are also common
presentation of acute or fulminant forms of the disease
[1]. Importantly, patients may present with signs and
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symptoms of clinical heart failure and ventricular dilation,
but fulminant forms may rapidly evolve with symptoms of
fulminant heart failure and severe left ventricular (LV)
dysfunction and cardiogenic shock, without cardiac
dilation.
Electrocardiographic findings in patients with myocarditis include sinus tachycardia, diffuse ST-T wave
abnormalities, prolonged QT interval, bundle branch
block (LBBB found in 20%), myocardial infarction pattern, complete heart block, supraventricular and ventricular tachyarrhythmias.

Biomarkers
Levels of cardiac troponin I are more frequently increased
than those of creatinin kinase MB in acute and fulminant
myocarditis. Elevated levels of troponin also correlate with
disease’s severity. However, if the specificity of the test
reaches 90%, its sensitivity is limited (30–40%). Other
blood tests which need to be performed in this setting
include white blood cells count, and in particular eosinophils and biomarkers of systemic and rheumatologic
diseases, since these diseases require urgent immunosuppressive treatment. Specific tests designed to detect
viral particles in biological samples (blood, Cerebrospinal
fluid (CSF), nasopharynx, or stools) are not routinely
performed. Similarly, detection or autoantibodies to
a variety of cardiac antigens, measurement of serum levels
of proinflammatory cytokines and detection of viruses
directly in cardiac muscle biopsies are only performed
for research purposes.

Histopathological and
Clinicopathological Classifications
As recently recommended by European and American
cardiology societies, endomyocardial biopsy should be
performed in the setting of unexplained, new-onset heart
failure of more than 2 weeks duration associated with
a normal-sized or dilated left ventricle, in addition to
hemodynamic compromise. According to the Dallas
criteria, endomyocardial-biopsy specimens are considered
diagnostic of active myocarditis if routine light microscopy reveals infiltrating lymphocytes and myocytolysis
[1]. They indicate borderline or ongoing myocarditis
if myocytolysis is not present, despite lymphocytic infiltration. The biopsy is considered negative if both
myocytolysis and lymphocytes are absent. However, the
Dallas criteria have many limitations, because of variability in interpretation, lack of prognostic value and their low
sensitivity due to sampling errors in a disease which often
affects focal areas of the myocardium. However, histopathological examination of endomyocardial biopsies
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may still have high diagnostic and therapeutic values
when myocarditis occurs in a context suggestive of
hypereosinophilic syndrome, giant-cell myocarditis or
systemic and rheumatologic diseases, which may require
urgent immunosuppressive treatment.
More recently, clinicopathological criteria that distinguish fulminant lymphocytic myocarditis from acute lymphocytic myocarditis have been described [2, 3]. Based on
this clinicopathological classification, fulminant lymphocytic myocarditis occurs suddenly, is frequently preceded
by a viral prodrome within 2 weeks before the onset of
symptoms and is characterized by severe hemodynamic
compromise. Alternatively, acute lymphocytic myocarditis does not have a distinct onset and has less severe
hemodynamic impairment. If fulminant forms have generally good prognosis, acute/subacute myocarditis more
frequently results in death or the need for cardiac transplantation [2]. However, these prognostic data are based
on relatively few patients and it should be emphasized that
fulminant lymphocytic myocarditis might also rapidly
progress to overt cardiac failure leading to death in
hours, unless intravenous inotropic agents and sometimes
mechanical circulatory support are rapidly initiated.

Cardiac Imaging of Acute Myocarditis
Doppler Echocardiography
Echocardiography is of utmost importance in the initial
diagnostic evaluation of patients suspected of developing
acute myocarditis. Fulminant myocarditis is usually distinguished from acute myocarditis by a smaller left ventricular
cavity size and increased wall thickness [1]. Segmental wall
motion abnormalities are frequently observed in this context together with other features mimicking acute myocardial infarction, such as typical ECG modifications and
elevated serum levels of troponin I, which will be ruled
out by a normal coronary angiogram frequently performed
at presentation. Other echocardiographic patterns of
dilated, hypertrophic, and restrictive cardiomyopathies
and associated pericardial effusion may also be encountered
in histologically proven myocarditis. Additionally, alteration of right ventricular function has been reported to be
a powerful predictor of death or the need for cardiac transplantation. Lastly, repeated Doppler echocardiography
examinations should be performed in patients with rapidly
progressive fulminant myocarditis, to guide pharmacologic
treatment and the indication of mechanical assistance.

Cardiac Magnetic Resonance Imaging
Cardiac MRI has become the primary tool for noninvasive
assessment of myocardial inflammation in patients with
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suspected myocarditis [4]. A combination of T1-weighted
and T2-weighted images is used to detect areas of myocardial inflammation which are most frequently localized
in subepicardial areas of both ventricles. Focal
subepicardial myocardial enhancement with associated
regional wall motion abnormalities may also be used to
localize sites for endomyocardial biopsy.

Treatment
Supportive Therapy for Acute LV
Dysfunction
Supportive care is the first line therapy for patients with
myocarditis. Most patients will receive diuretics to lower
ventricular filling pressures, an angiotensin-converting
enzyme inhibitor to decrease vascular resistance, and
a beta blocker if the hemodynamic situation is stabilized.
Potent vasodilators, such as nitroglycerin or sodium
nitroprusside might help reduce high filling pressures in
some patients. Amiodarone and, in rare occasions, an
implantable cardioverter-defibrillator, may be prescribed
if symptomatic or sustained ventricular arrhythmias
occurs.
Patients with suspected myocarditis and who develop
signs and symptoms of progressive heart failure should be
hospitalized and closely monitored in an intensive care
unit. If severe LV dysfunction develops, supportive care
may include the use of intravenous inotropic therapy and
sometimes implantation of a mechanical assist device.
Because of its easy insertion, even at the bedside, and
because it is associated with less organ failures after
implantation compared to biventricular assist devices,
extracorporeal membrane oxygenation (EMCO) should
be the first line mechanical assistance to bridge patients
with fulminant myocarditis to recovery [5].

Specific Treatments
Patients with immunoallergic and giant-cell myocarditis
or those who develop myocarditis associated with systemic or rheumatologic diseases should rapidly receive
immunosuppressive therapy. However, randomized, controlled trials suggest that immunosuppression is not beneficial in the routine treatment of acute lymphocytic
myocarditis. Similarly, intravenous immune globulin did
not improve the outcome of patients with recent onset of
idiopathic dilated cardiomyopathy or myocarditis.
Treatments tailored to the phase of the disease (initial
viremic phase versus chronic autoimmunity phase) may
become a mainstay therapy in the near future. Indeed,
antiviral agents and immunostimulants such as interferons, may be appropriate at the initial phase of the

disease or when viral particles are detected in the myocardium when immunosuppressant agents may be more
adopted to the chronic phase of the disease, when autoimmunity phenomenon are prevalent.

Conclusion
Myocarditis involves both myocardial viral infection and
autoimmunity that results in active inflammatory
destruction of myocytes. ECG, echocardiography, measurement of serum troponin, and cardiac MRI are
warranted for initial diagnostic evaluation. Patients
presenting with ST elevations, mimicking acute coronary
syndromes, should also undergo prompt coronary angiography, which will be normal in this setting.
Endomyocardial biopsy should be considered for
a highly selected group (<25%) of patients, particularly
those with increased myocardial enhancement on cardiac
MRI, rapidly progressive cardiomyopathy due to
suspected giant cell myocarditis or sarcoidosis, suspected
allergic myocarditis, or unexplained ventricular dysfunction in the presence of an autoimmune disease known to
affect the myocardium.
Treatment of myocarditis remains largely supportive,
since immunosuppression has not been proven to be
beneficial for acute lymphocytic myocarditis. Trials of
antiviral therapies, or immunostimulants such as interferons, suggest a potential therapeutic role but require
further investigation. Lastly, early recognition of patients
rapidly progressing to refractory cardiac failure and their
immediate transfer to a medical and surgical center experienced in mechanical circulatory support is warranted. In
this setting, ECMO should be the first-line mechanical
assistance. For highly unstable patients, a mobile cardiac
assistance unit, that rapidly travels to primary care hospitals with a portable ECMO system and hooks it up before
refractory multiorgan failure takes hold, might be the
preferred option.
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Myocarditis in Children
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Definition
Inflammation of the myocardium, which in children is
typically caused by direct viral infection of the heart
structures.
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and in severe carditis prednisone is indicated. Arrhythmic
disease also occurs as a result of the carditis or secondary
to valvular heart disease resulting in atrial strain and
arrhythmias, e.g., atrial fibrillation.
Kawasaki disease is managed with supportive measures for cardiac failure as well as consideration of coronary artery bypass surgery and anticoagulation with
aspirin or other antiplatelet agents. Intravenous immunoglobulin has been shown to provide benefit when
commenced early in the acute disease phase: 2 g/kg/day,
together with aspirin within 10 days of diagnosis.

Characteristics
Myocarditis in children is an uncommon, but important
condition. Apart from infection of the heart by coxsackie,
parvovirus, and adenovirus, other organisms such as
mycoplasma are causative. Myocarditis typically presents
with cardiac failure – acute cardiogenic failure, as well as
features of the underlying viral or infectious agent.
Rheumatic heart disease as a result of group
A streptococcal pharyngitis immune-mediated myocarditis (pancarditis) is the most common cause of pediatric
valvular disease around the world. Significant mortality as
well as important short-and long-term morbidity occurs.
Kawasaki disease is a systemic inflammatory disease,
which in 20–30% of patients leads to coronary artery
aneurysms – these lead to ischemic heart disease. This is
the main cause of pediatric coronary artery disease.

Management
Initial efforts are focused upon investigations aimed at
determining an underlying etiology and documenting myocardial function. Management then centers upon reducing
the infectious or inflammatory burden – with antibiotics or
antivirals where appropriate and managing cardiac failure
through supportive measures as discussed in the above
section on cardiac failure. Additional therapies include
beta blockade and consideration of anticoagulation.
Myocarditis-related heart failure is generally managed
medically and in some settings maybe amenable to shortterm mechanical support with either a ventricular assist
device (VAD) or extracorporeal membrane oxygenation
(ECMO). A proportion of patients have no recovery in
function, progressing to a dilated cardiomyopathy
(DCMP) and may die if heart transplant is not feasible.
Rheumatic heart disease is principally managed by
attention to valvular disease and its complications. Operative valvular repair is initially undertaken, but in fulminant disease or progressive valvular insufficiency/stenosis,
valve replacement is necessary. Benzyl penicillin, aspirin,
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Synonyms
Inflammation of the myocardium

Definition
Inflammation of the myocardium caused by viral, bacterial, fungal, protozoal, or parasitic infection (Table 1).
Although myocarditis encompasses a broad spectrum of
etiologies viral myocarditis remains the main prototype
for the study of the disease and its evolution.
The clinical features of infectious myocarditis vary, ranging from asymptomatic secondary to focal inflammation to
fulminant fatal congestive heart failure. Moreover, viral
myocarditis may lead to a dilated cardiomyopathy, presumably as a consequence of a late immunological response.
The standard Dallas pathological criteria for the
definition of myocarditis require that an inflammatory
cellular infiltrate and associated myocyte necrosis or damage not characteristic of an ischemic event be present on
conventionally stained heart-tissue sections. Nevertheless,
myocardial biopsy. Indeedmay not be diagnostic. Then,
biopsy requires several samples because myocardial
inflammation affects more frequently localized areas of
the left ventricular free wall (rarely, the right ventricle)
exposes. But biopsy may expose the patient to a risk of
myocardial trauma, and is limited by intra observer
variability. Furthermore results are often delayed.
But myocardial biopsy has recently been received as
a class II recommendation for the diagnosis of fulminant
myocarditis [1]. Alternative pathological classifications
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Myocarditis, Infectious. Table 1 Infectious causes of
myocarditis
Viral

Adenovirus
Coxsackie virus
Parvovirus B19
Epstein Barr virus
CMV

Treatment
Owing to a high mortality rates in the acute phase,
patients suffering from fulminant myocarditis should be
promptly transferred in specific cardiac care centers providing a high degree of competency in all aspects of heart
failure care, including technical proficiencies required to
manage patients undergoing heart transplantation and
heart device implantation.

HHV6

Bacterial

HCV

Supportive Care

HIV

Myocarditis treatment remains principally supportive.
Patients who present fulminant myocarditis will
require an intensive level of hemodynamic support
and aggressive pharmacological intervention, including
positive inotropic support and vasopressors, similar to
other patients with advanced heart failure due to profound
left ventricular dysfunction. Arrhythmias will be managed
conventionally. Temporary pacemaker insertion is indicated in patients with acute myocarditis who present with
symptomatic heart block. Mechanical circulatory support
may rarely be required to sustain patients with refractory
cardiogenic shock. Usually, heart transplantation is delayed
for weeks. This strategy is strongly supported by the
fact that fulminant myocarditis is commonly reversible
within a few days and has a better prognosis than acute
myocarditis [3].
The immediate goal is to improve cardiac output
by starting inotropic support and optimizing filling
pressure.

Borrelia burgdorferi
Mycobacterial
Streptococcal species
Mycoplasma pneumoniae
Treponema pallidum

Fungal

Aspergillus
Candida
Coccidioides
Cryptococcus
Histoplasma

Protozoal

Trypanosoma cruzi

Parasitic

Schistosomiasis
Larva migrans (Toxocara
canis et catis)
Toxoplasma gondii

which are based on immunoperoxidase staining of human
leukocyte antigens have greater sensitivity. Cardiac magnetic resonance imaging (MRI) may help guide
endomyocardial biopsy sampling and increase the
diagnostic yield of biopsy for detecting myocarditis [2].
The Liebermann classification based on both clinical
and pathological criteria distinguishes fulminant, acute,
chronic active, and chronic persistent myocarditis.
Moreover it introduces useful information on prognosis
and improves on purely pathological classifications.
Cardiac MRI is currently considered the most
accurate, noninvasive, imaging modality for diagnosing
of myocarditis [2]. However, the majority of patients with
fulminant myocarditis are hemodynamically unstable upon
initial presentation, which often precludes cardiac MRI.
In this review, we focused on the management and
prognosis of fulminant infectious myocarditis which is the
topic of interest for intensive care physicians. Indeed,
fulminant myocarditis is characterized by an acute onset
of severe hemodynamic instability, often in a previously
healthy individual.

Positive Inotropic Agents and Vasopressors
Inotropic Agents

After left ventricle filling pressure optimisation, inotropic
agents are indicated in patients with low blood pressure or
low measured cardiac output in the presence of peripheral
hypoperfusion (persistent hypotension, clammy skin,
decreased renal function). When needed, they should be
administered intravenously as early as possible [4].
● Dobutamine is a positive inotropic agent acting
mainly through the stimulation of b1-receptors to
produce dose-dependent positive inotropic and
chronotropic effects and a reflex decrease in sympathetic tone, and thus systemic vascular resistances.
● Phosphodiesterase inhibitors (PDEI) have significant
inotropic, lusitropic, and peripheral vasodilating
effects with an increase in cardiac output and stroke
volume, and a concomitant decline in pulmonary
artery pressure, pulmonary wedge pressure, systemic
and pulmonary vascular resistances.
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● Levosimendan is a new calcium sensitizer that
improves cardiac contractility by binding to troponin-C in cardiomyocytes. Levosimendan has two
main mechanisms of actions: a positive inotropic
action and a peripheral and pulmonary vasodilation.
Dobutamine is the first inotropic agent to consider in
acute heart failure. PDEI and levosimendan are actually
indicated in patients with symptomatic low cardiac output, heart failure secondary to cardiac systolic dysfunction
but without severe hypotension. Their place for the treatment of fulminant myocarditis seems limited.
Vasopressors

When the combination of inotropic agent and fluid challenge fails to restore adequate arterial blood pressure and
organ perfusion despite an improvement in cardiac output, vasopressors may be required. Then, norepinephrine
might be used with any of the above-mentioned inotropic
agents. Epinephrine is not recommended as an inotrope
or vasopressor in the first line of cardiogenic shock. However, epinephrine must be used, in emergency, and rescue
therapy for cardiac arrest [4].

Circulatory Support
The high risk of death during the acute phase and the good
long-term prognosis of fulminant myocarditis are important arguments for physicians to use invasive treatments.
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Mechanical circulatory support is a supportive treatment of choice for patients with cardiogenic shock and
lack of response to inotropic support [3]. Signs of
unresponsiveness include refractory systemic hypotension, cardiac index less than 2.0 L/min/m2, high cardiac
filling pressures (central venous pressure above
10–12 mmHg, pulmonary capillary wedge pressure
above 15–18 mmHg), and hyperlactatemia (above
2 mmol/L) [5]. Circulatory support is used to maintain
cardiac output, mean arterial pressure, and systemic organ
perfusion and to minimize the inotropic support
until myocardial recovery or as a bridge to heart transplantation. These devices favorably alter ventricular
geometry, reduce wall stress, decrease cytokine activation,
and improve myocyte contractile function.
Circulatory support should be considered before irreversible multiple end-organ damage occurs.
Extracorporeal Membrane Oxygenation (ECMO) Versus
Ventricular Assist Device

In patients presenting fulminant myocarditis, peripheral
ECMO (Fig. 1) can be considered the “first-line” mechanical circulatory support because it is less invasive and
rapidly placed, and more cost effective than paracorporeal
devices [5]. ECMO consists of a centrifugal pump providing continuous blood flow through an oxygenator,
an integrated heat exchanger, and two cannulas

Myocarditis, Infectious. Figure 1 Extracorporeal membrane oxygenation device (A: centrifugal pump; B: oxygenator)
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(venous and arterial). Cannulations may be central (from
the right atrium to the ascending aorta) or peripheral
(from femoral vein to femoral artery). Femorofemoral
ECMO can be set up easily outside of a cardiac surgery
center and allows secondary transfer after haemodynamic
stabilization. Developments in pump head and in cardiopulmonary bypass, including heparin coated bypass system, design of the cannulas, make it well tolered for short
term circulatory support (2–3 weeks). Non-pulsatile
blood flow provides an adequate organ perfusion for this
term. It is paramount to prevent organ dysfunction by
setting an optimal flow rate. General anesthesia is often
required to prevent mobilization of the cannulas and to
decrease global oxygen consumption. This prolonged
immobilization a could be detrimental for secondary
rehabilitation.
Pulsatile paracorporeal ventricular assist device consists of a pneumatic compressor-operated diaphragm
pump with valves (Fig. 2). In this system, the pump is
positioned on the external abdominal wall with cannulas
tunneled subcostally into the mediastinum in the left
ventricle and descending aorta. Stroke volume of the
pump should be adapted to the height and weight of
the patient. Good unloading of the left ventricle immediately reduces the afterload of the right ventricle. Nevertheless, the need for implantation of an additional
device in the right ventricle is sometimes required. It
allows the patient to ambulate and rehabilitate with the
device. The aim then is to either wait for further cardiac
recovery to allow explant of the device or to list the
patient for transplantation. Patients can be supported
by these devices for months or even a year prior to
receiving a heart transplant. Then switch from peripheral
ECMO to a pulsatile paracorporeal device allowing
extended periods of support should be done before
complications of long-term extracorporeal circulatory
support occured.

Myocarditis, Infectious. Figure 2 Pulsatile paracorporeal
ventricular assist device

Heart Transplantation
Heart transplantation represents the last therapeutic
option for patients with acute myocarditis and no cardiac
function recovery. The incidence of patients undergoing
transplantation for myocarditis ranges from 1% to 8%.
It is paramount to proceed with heart transplantation
before complications of long-term mechanical circulatory
support occured. Nevertheless, the high likelihood of
spontaneous recovery of ventricular function and the
development of mechanical circulatory support devices
argue for delaying heart transplantation [1].

Intraaortic Balloon Pump or Endovascular Pump

Specific Treatment

In patients with a borderline indication to traditional
ECMO or ventricular assist device, an intraaortic balloon
pump or miniaturized endovascular axial pump may
allow the clinician to obtain, with minimal biologic
cost, submaximal circulatory support providing a form
of care in which organ damage can be stabilized [5].
Patients may subsequently be candidates for recovery,
emergent heart transplantation, or the application of
more sophisticated devices. Nevertheless, the efficacy of
these devices remains to be proved. Their indication for
the supportive treatment of fulminant myocarditis has to
be clarified.

Specific therapies of pathophysiological process including
antiviral therapies or immunomodulation remain
controversial.

Anti-infectious Agents
Data regarding use of antiviral agents are currently limited. Since most patients with acute myocarditis are diagnosed weeks after viral infection, it is unlikely that
antiviral therapy would be provided early enough to be
of benefit in acute viral myocarditis [1].
Interferon could play a potential therapeutic role but
require further investigations [1].
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Species-specific anti infectious agents are widely used
if a bacterial, fungal, protozoal or parasitic agent is
identified in endomyocardial biopsies. But their role in
myocardial recovery remains unclear.

Immunomodulation
It is postulated that autoimmune pathogenesis involving
both cellular and humoral pathways might have a greater
role in altering myocardial function than the viral infection
itself. Therefore, myocarditis may benefit from immune
modulatory therapy. Immunosuppression with steroids,
cyclosporine, or azathioprim has not been shown to be
effective as routine treatment for acute myocarditis [1].
This could be of benefit patients with myocarditis due to
systemic autoimmune diseases or idiopathic giant cell
myocarditis. Intravenous immunoglobulin administration was thought to improve left ventricular function in
patient with fulminant myocarditis, but it failed to prove
its efficacy in controlled trials [1]. The high incidence of
spontaneous recovery of contractile function makes interpretation of these trials difficult. Actually, no recommendations concerning a specific treatment of fulminant
myocarditis could be performed.

Evaluation/Assessment
Effectiveness
Daily efficacy of the treatment should be evaluated by
referring to the indicators of organ perfusion and by
assessment of myocardial recovery.

Organ Perfusion
Better organ perfusion could be confirmed by referring
to the indicators of circulatory failure [3]. Normalization
of urine output and arterial blood pressure, lactate level
clearance, increase of the central venous oxygen
saturation, and correction of hepatic or renal dysfunctions assess the effectiveness of hemodynamic
support.

Myocardial Status
Cardiac function should be regularly evaluated with
invasive or noninvasive methods in order to optimize
the level of inotropic support or to modify treatment
strategy.
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[2, 5]. It is widely available, rapid, noninvasive, and safe.
Firstly, it permits to rule out other causes of heart failure
[2]. Secondly, Doppler echocardiography allows estimation of left and right ventricle filling pressures, assessment
of stroke volume and cardiac output which are primordial
data for adaptation of the treatment [4]. Thirdly, during
mechanical circulatory support, echocardiography allows
clinicians to optimize ventricular preload, to detect cardiac tamponade, left ventricle thrombus, right ventricular
involvement, and device malfunction caused by pump
displacement or position of the cannula [5]. Fourthly, it
is an excellent tool to assess myocardial recovery, and it
should be used to monitor myocardial contractility during
the weaning process of the inotropic support and/or the
mechanical circulatory support [5].
In the future, cardiac MRI could be an accurate
method for following up disease activity over time [2].
Invasive Methods

Pulmonary artery catheterization is usually unnecessary for
the diagnosis of acute heart failure. But it could be useful
in hemodynamically unstable patients who require several
and high doses of inotropic or vasopressor agents [4].
Furthermore, it provides valuable information: right and
left ventricle filling pressures, continuous cardiac output,
and central venous saturation measurement. During
mechanical circulatory support, pulmonary artery catheterization becomes useless.
More simply, central venous line in the cava superior
territory allows access to the central venous oxygen saturation which provides an estimate of the body oxygen
consumption/delivery ratio.

Tolerance
Cardiogenic Shock
Persistent low organ perfusion pressure can cause multiple
organ failure. Worsening of renal function in the context
of fulminant myocarditis is common. Continuous
venovenous hemofiltration permits renal replacement
and slows fluid removal. Liver dysfunction through ischemia and congestion is responsible of hepatic cytolysis and
cholestasis. No specific replacement therapy could be proposed for hepatic failure.

Treatment
Noninvasive Methods

Echocardiography can be considered as the most important tool for bedside diagnostic evaluation and management of myocarditis, even if early echocardiographic
features of fulminant myocarditis are quite nonspecific
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Inotropic and Vasopressor Agents

High doses of inotropic agents may be associated with an
increasing risk of tachycardia and both atrial and ventricular arrhythmias.
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High doses of vasopressor agents may increase the
vascular resistances and consequently the left and right
ventricles afterloads. These effects impair myocardial
recovery and decrease the organ perfusion.
It is the reason why care should be exercised in
weaning patients from inotropic and vasopressor agents
when myocardial recovery becomes obvious.
Circulatory Support

All mechanical circulatory assist systems are associated
with a wide range of possible complications. Among
then, bleeding and thromboembolic events are the most
frequent and most serious complications [3]. Local bleeding may require reexploration of the sites of cannulation
for removal of excessive blood clot. Neurological bleeding
or thrombotic events may occur. Hemolysis is also a currently described complication of mechanical circulatory
support (mainly with centrifugal pump). Cannulation
related critical lower limb ischemia is a well-recognized
complication of ECMO. Arterial ischemia could be
prevented by a distal leg perfusion device set up to distal
femoral artery at the time of the cannulation. Insufficient
left ventricular unloading resulting in left ventricular distension and pulmonary edema is also a common problem
associated with right atrial to femoral artery cardiopulmonary bypass. This distension could produce secondary
myocardial damage and impair myocardial recovery. It is
the reason why it is essential to maintain a sinusal rhythm
and to preserve a left ventricular contractility with inotropic support to prevent secondary myocardial damage and
thrombotic complication induced by blood stagnation
even if systemic perfusion is maintained by the circulatory
support device. Infectious complications are rare. But it
would require replacement of the pump head and the
cannulas.

the French technical hospitalization information agency.
In France, the hospital is refund at least of 60,000 € for a
patient treated for a fulminant myocarditis with heart
transplantation and circulatory support. This cost must
be modulated by patient comorbidities, associated diseases, and duration of stay in hospital. Cost of mechanical
circulatory support is easier to know. It is related to the
type of the device. ECMO devices cost between 22,000 and
60,000 € and furniture between 1,600 and 3,000 € per
patient. Ventricular assist devices are less expensive.
Pumps cost between 45,000 to 100,000 € and furniture
between 15,000 and 25,000 €. Nevertheless, these costs do
not take into account the “after-care” of patients treated
for myocarditis.

After-care
Owing to the risk of recurrent episode or of evolution to
dilated cardiomyopathy, a long term follow-up of the
patients should be instituted.

Treatment
With aggressive supportive care, complete ventricular recovery usually occurs within several weeks after the onset of
fulminant myocarditis. For patients with incomplete recovery, evidence-based pharmacologic treatment for chronic
heart failure should be prescribed. Angiotensin-converting
enzyme inhibitors or angiotensin-receptor blockers, betablockers, associated or not with the diuretics should be
started when normal hemodynamic and clinical parameters
without critical care support are obtained. After the acute
phase of myocarditis, cardioverter-defibrillator can be
implanted in patients with residual severe cardiomyopathy
(with low left ventricular ejection fraction) and ventricular
arrhythmias.

Exercise
Transplantation

Early reports suggested that survival after transplantation for
myocarditis was poor and patients had an increased risk of
rejection. More recently, larger case series suggest that overall
survival after transplantation for myocarditis is similar
to survival after transplantation for other causes [1]. Longterm outcome is limited predominantly by the consequences of long-term immunosuppression (infection,
hypertension, malignancy, renal failure, and coronary
artery disease).

Pharmacoeconomics
The exact hospital cost of patients who develop fulminant
myocarditis is unknown. Nevertheless, cost estimation of
the stay in a French public hospital could be evaluated by

Patients recovering from acute myocarditis should refrain
from aerobic activity for a period of months after the
clinical onset of the disease. The reintroduction of aerobic
activities somewhat depends on the severity of left ventricular dysfunction and the extent of recovery.

Prognosis
Myocarditis is rare, and prognostic data on survival are
limited to relatively few patients. The overall early mortality of all patients with myocarditis is among 40% in
spite of aggressive treatment during hospitalization [3].
Long term mortality of fulminant myocarditis is less than
10% [3]. Patients with fulminant myocarditis seem to
have a clinical course that is distinct from that of
patients with acute myocarditis. Fulminant myocarditis

Myonecrosis

is characterized by critical illness at presentation but excellent long-term survival. In contrast, patients with acute
myocarditis are less ill initially but have a progressive
course that may leads to death or the need for cardiac
transplantation [1].
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N-Acetyl Cysteine (Renal)
NEESH PANNU
Division of Nephrology, Department of Medicine
University of Alberta, Edmonton, AB, Canada

Synonyms
NAC

Trade Names
ACC (Hexal AG), Acetadote (Cumberland Pharmaceuticals) ASİST (Bilim Pharmaceuticals) Fluimucil (Zambon)
Lysox (Menarini) Mucinac (Cipla, India) Mucolysin
(Sandoz) Mucomelt-A tab (Venus Remedies, India)
Mucomyst (Bristol-Myers Squibb) Parvolex (GSK) Trebon N
(Uni-pharma) Fluimucil (Zambon).

Indications

when assessed individually have been underpowered to
detect a significant difference in clinically relevant end
points such as hospital length of stay, a requirement for
dialysis, or death. One study that evaluated NAC administration in the setting of primary angioplasty for acute
myocardial infarction [1] did show a reduction in mortality with NAC prophylaxis. In this study, 354 patients were
randomly assigned into three groups: placebo, a standard
dose of NAC (a 600-mg intravenous bolus before primary
angioplasty and 600 mg orally twice daily for the 48 h after
angioplasty), or a double dose of NAC. The incidence of
CIN in each treatment group as defined by a 25% increase
in serum creatinine values from baseline was 33%, 15%,
and 8%, respectively (p <0.001). In addition, there was
a significant reduction in in-hospital deaths between
treatment groups as well as in the composite end point
of death, acute renal failure requiring temporary renalreplacement therapy, or the need for mechanical ventilation. The authors hypothesize a potential extra renal
effect of NAC that may account for these results.
Effect estimates from combined analyses of all the
studies of NAC prophylaxis would suggest that NAC use
results in a reduction in the incidence of contrast-induced
nephropathy (CIN) – a surrogate marker for dialysis
requirement generally defined as a 25% increase in
serum creatinine or an increase of 0.5 mg/dl, but does
not impact the outcomes of dialysis or death [2, 3].
In summary, while NAC may significantly reduce the
incidence of CIN, there is no evidence that it reduces the
requirement for dialysis or mortality in patients undergoing routine angiographic procedures. Its potential benefit
in the context of acute myocardial infarction requires
further validation.

Prophylaxis for Contrast Nephropathy
N-acetyl cysteine or NAC continues to be commonly
used in individuals with renal impairment to prevent
the precipitation of acute renal failure after parenteral
radiocontrast administration. To date, there have been
greater than 30 randomized trials evaluating various regimens of NAC and at least 12 meta-analyses of these
studies. Most studies have evaluated the role of NAC in
the context of coronary angiography, which required
intra-arterial administration of radiocontrast. All studies

Other Renal Prophylaxis Indications
NAC has also been studied as a renoprotective agent in
a number of other clinical settings including cardiac and
aortic surgery [4–13]. Several recent meta-analyses of randomized trials evaluating perioperative NAC administration for renal protection with cardiac surgery showed no
detectable benefit in terms of reduction of incidence of
acute kidney injury, dialysis requirement, myocardial
infarction, or death [8, 14, 15].
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Dosage
Prevention of contrast-induced nephropathy (CIN)
(unlabeled use): Oral: 600–1,200 mg twice daily for
2 days (beginning the day before the procedure) may be
given as powder in capsules
Prevention of CIN in acute MI patients requiring
emergent cardiac catheterization (unlabeled use): IV:
1,200 mg over 5–10 min prior to cardiac catheterization,
followed by 1,200 mg orally twice daily for 48 h.

Preparation/Composition
IV injection
Oral solution
Effervescent Tablets (200 mg)

Contraindications
Hypersensitivity to acetylcysteine or any component of the
formulation.

Adverse Reactions
Oral NAC prophylaxis is generally well tolerated. Common side effects (>10%) may include gastrointestinal
disturbance, diarrhea, nausea, vomiting, fatigue, conjunctival irritation, and skin rash. Most of the reported adverse
effects have occurred with intravenous NAC administration for treatment of acetaminophen overdose. In this
setting, anaphylactoid reactions may occur in as many as
17% of patients and are generally reported as moderate in
severity. In the studies that have used IV NAC for contrast
nephropathy, few have reported adverse events. If
they occurred they were generally mild (flushing, itching,
transitory rash).

Drug Interactions
Nitroglycerin: Can increase hypotension, headache, and
worsen temporal artery dilation.

Mechanisms of Action
N-acetyl cysteine is an acetylated derivative of the amino
acid cysteine. The chemical formula of NAC is C5H9NO3S,
it has a molecular mass of 163.2 g/mol [16]. It is highly
protein bound and has a plasma half-life between 6 and
40 min. Oral formulations have a low bioavailability
(<5%) because of extensive first pass hepatic metabolism
[17, 18].
The renoprotective effects of NAC have been postulated to occur via a number of mechanisms; however, the
most plausible mechanism may be through its antioxidant
effects [19]. The administration of parenteral contrast
media is associated with the generation of oxidative stress
[20]. NAC is an effective free radical scavenger either

directly or, most likely given its short plasma half-life,
indirectly by inducing glutathione synthesis [21]. Glutathione is produced intracellularly and plays a central role
in mitigating oxidative injury. Cysteine – generated by
hepatic metabolism of NAC, is a rate limiting precursor
for glutathione production.
Other mechanisms of action include attenuation of
contrast-mediated renal vasoconstriction via upregulation
of nitric oxide production [22]. Animal studies have
shown increased medullary blood flow after NAC administration, following acute renal failure induced by inferior
vena cava obstruction [23]. NAC inhibition of angiotensin
converting enzyme has also been reported [22].
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Definition
N-Acetyl-/b-glucosaminidase (NAG) is a high molecularweight (140 kDa) hydrolytic lysosomal enzyme that is
found in many tissues of the body. It breaks chemical
bonds of glycosides and amino sugars that form structural
components in many tissues. It is necessary for the degradation and disposal of various parts of the cell, including
the cell membrane.

Characteristics
NAG present in high concentration in the lysosomes of
proximal renal tubular cells. There are two main isoenzymes found in human kidneys. Isoenzyme-A is part of
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intralysosomal compartment excreted in urine due to
exocytosis. Isoenzyme-B is associated to the lysosomal
membrane and excreted in urine during tubular damage.
These two enzymes differ in their heat sensitivity and
stable in acid urine [1]. Because of its stability in urine,
its relatively large molecular mass which precludes filtration by the glomerulus and its presence in high activity in
the tubular lysosomes, elevation of urinary NAG activity
has been taken as a marker for renal proximal tubular
damage or more precisely loss of lysosomal integrity.

Mechanisms of Action
The apical surface of proximal tubular epithelial cells
contains numerous microvilli that form the brush border
and contain proteins with enzymatic functions to carry out
the specialized tasks of the proximal tubule. Intracellular
enzymes can be released into the urine with injury either by
exocytosis or leakage. The proteins can exist in the free
form or may be membrane-encased as exosomes [2].
In experimental and human glomerular diseases,
increased NAG excretion is probably due to the dysfunction of proximal tubular epithelial cells induced by
increased traffic of proteins in the tubular lumen. NAG
and its isoform, beta-glucuronidase (beta-GR) have been
used as markers of tubulointerstitial injury. High urinary
excretions of lysosomal enzymes are thought to reflect
tubulointerstitial damage. They are also contained in
azurophilic granules of polymorphonuclear leukocytes
and leukocyte degranulation is considered an indicator
of inflammation in the kidney [3].

Application

The majority of ▶ Acute Kidney Injury (AKI) cases in the
ICU are believed to be due to inflammatory, ischemic,
and/or toxic tubular injury. In experimental ischemic
AKI, both proximal (S3 segment) and distal tubule
(MTAL) injury occurs, with proximal injury dominating
in most purely ischemic or hypoxic models of injury.
However, the site and extent of injury to each of these
outer medullary segments is less certain in clinical AKI.
The detection of particularly enzymes released from damaged tubular cells has been useful in a variety of clinical
and experimental situations. In addition to information
on the segmental site of injury, the ultrastructural origin of
the protein (cytoplasmic, lysosomal, or membranous)
provides information on the nature and extent of cellular
injury. Increased activity of NAG suggests injury to proximal tubular cells but increased concentrations may also
indicate increased lysosomal activity or leukocyte degranulation without tubular cell disruption. However, the
majority of the enzymes in tubular urine are brush border
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enzymes including alkaline phosphatase (AP), c-glutamyl
transpeptidase (cGT), and ala-(leu-gly)-aminopeptidase
and they are presumed to reflect ultrastructural injury of
tubules. Unfortunately, there appears to be a very low
threshold for release of tubular enzymes in response to
injury that this release may not lead to clinically apparent
AKI [4]. Therefore, urinary NAG has high sensitivity but
low specificity for AKI.
Tubular enzymuria can detect tubular injury 12 h to
4 days earlier than standard parameters of renal function.
In patients who met prespecified criteria for nonoliguric
AKI, NAG had high predictive value for identifying cases
of AKI and requirement for renal replacement therapy
with an area under the ROC curve of 0.845 and 0.81
[4, 5]. Patients with NAG concentrations in the upper
quartile had a ninefold higher odds of development of
the composite end point compared to those in the lowest
quartile, even after careful multivariable adjustment for
disease severity and comorbidity [6].
Clinical use of urinary NAG may be limited in childhood because of variation in this enzyme changes with the
maturational level of proximal tubular cells. Thus, difficulties are involved in assessing normal urine levels of this
enzyme for age. On the other hand, successive measurements of urinary NAG are suggested during the longitudinal follow-up of the patients which may enhance its
clinical use as an indicator of ongoing tubular injury.
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Cross-Reference to Other Diseases
Serum NAG activity is elevated in hypertension, diabetes
mellitus, and renal disease [7], which might reflect the
cardiovascular status in these diseases. Therefore, it was
thought to be related to functional and/or structural
changes in the cardiovascular system. Interestingly, it was
also reported that the increased serum NAG activity was
not only seen in essential hypertension but also an effective predictor of future hypertension.
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Mission and Purpose
The National Trauma Data Bank (NTDB) is an aggregation of trauma registry data from the USA and Canada,
containing over 4 million records in 2010.
The goal of the NTDB is to inform the medical community, the public, and the decision makers about a wide
variety of issues that characterize the current state of care
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for injured persons in our country. It has implications
in many areas including epidemiology, injury control,
research, education, acute care, and resource allocation [1].
This endeavor is in keeping with the mission of the
American College of Surgeons (ACS) Committee on
Trauma (COT) which is “To improve the care of the
injured through systematic efforts in prevention, care,
and rehabilitation.”

History
Interest in data standardization in trauma registries can be
traced back to the early 1980s and the beginning of
widespread use of the personal computers in hospitals.
Beginning in 1982, the American College of Surgeons
Committee on Trauma (ACS COT) supported the work
of Champion, Copes, and Sacco, et al. in producing the
Major Trauma Outcome Study (MTOS). Until recently,
the MTOS served as a standard reference database of
seriously injured patients in the USA, and was the basis
for many of the analytic methods that have become familiar to trauma researchers.
At the conclusion of MTOS in 1989, the ACS COT
renewed its commitment to trauma research and quality
improvement by developing trauma registry software
named National TRACS. The problem with collecting
trauma registry data at the time was that while Trauma
professionals agreed on the important data elements to
collect, there was no standard way of collecting the data.
With the development of National TRACS, the College
endeavored to standardize data collection.
After several years of slow progress, a recommendation
was made to separate the development of a national database from the development of registry software. This
recommendation was implemented in 1997, and a subcommittee was established to direct the National Trauma
Data Bank (NTDB), which would combine data from
various trauma registry products. With the inclusion of
data from multiple vendors, participation in the NTDB
increased dramatically but data quality diminished. An
effort to correct the imbalance between quality and quantity led to the creation of the National Trauma Data
Standard (NTDS) Data Dictionary.
The NTDS Dictionary was designed to establish
a national standard for the exchange of trauma registry
data, and to provide operational definitions for the
National Trauma Data Bank (NTDB) [2]. The NTDS
Data Dictionary provides the exact standards for submission of trauma registry data to the NTDB and all other
ACS COT registry products. This standard may be
accomplished through abstraction as described in the
Data Dictionary, or through mapping provided by
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a vendor. The benefits of having a national trauma
registry standard that can support comparative analyses
across all facilities are enormous. The combination of
having the NTDS standard as well as vendor-supplied
mappings (to support that standard) allows local and
state registry data sets to include individualized detail
while still maintaining compatibility with the NTDS
national standard.
In order to maintain and improve the NTDS,
a software module (“validator”) was created that performs
a variety of edit checks on incoming files submitted to the
NTDB. The validator performs a series of logic checks to
insure that the data meet NTDB inclusion criteria and are
up to the NTDS standard of data quality. Before a file can
pass the validator, it must be free of all Policy, Level I, and
Level II flags. Currently, a Policy flag would signify invalid
admission year, facility ID, or patient IDs. A Level I flag
indicates a format/schema problem, meaning that a data
element does not conform to the database structure.
A Level II flag indicates that the fields are needed to
determine if the record meets the inclusion criteria for
NTDB, or are required for critical analyses. Every year, the
number of Level I and II flags are increased to improve
data quality. Please go to www.ntdsdictionary.org for
more information about the Data Dictionary, the
Validator, and to download the latest version of the Data
Dictionary.
Every year in February or March, the NTDB sends
out the call for the previous year’s admission data. In
2009, a total of 627,664 records were submitted to the
NTDB by 567 hospitals during the Call for Data. That
brought the total number of records in the NTDB to
3,900,000.
Following the close of the Call for Data, the collected
records are analyzed and published in the National Trauma
Data Bank Annual Report and the National Trauma Data
Bank Pediatric Report.

NTDB Annual Report
In the most recent NTDB Annual Report based on 2008
admissions, 186 centers that submitted data are verified/
designated as Level I, representing 95% of Level I centers.
Another 192 centers that submitted data are verified/
designated as Level II, representing 74% of Level II centers.
Finally, 146 centers are verified/designated as Level III or IV,
representing 17% of Level III and VI centers.

Age
The age distribution of patients in NTDB peaks from ages
16–29, primarily representing patients injured in Motor
Vehicle Traffic-related incidents and by Firearm. There is
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a second peak between ages 40 and 50, representing
patients injured in Motor Vehicle Traffic and Fall-related
injuries.
Incidents by age
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Control (NCIPC) and the American College of Surgeons
Committee on Trauma (ACSCOT).
The goal of the NSP is to provide statistically valid
inferences about patients cared for in Level I–II trauma
centers in the USA. More specifically, the NSP is used for
producing national baseline estimates of variables and
indices associated with hospitalized traumatic injuries
such as prehospital diagnosis and management, trauma
outcomes, and other variables that characterize the different dimensions of trauma treatment. The NSP is a stratified sample of 100 hospitals with admission data from
years 2003–2008. An NSP for Level III and IV centers is
currently being developed.
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Mortality
The largest number of deaths is caused by Motor Vehicle
Traffic-related injuries, followed by Fall and Firearm.
Suffocation, Drowning, and Firearm injuries have the
highest case fatality rates. Case fatality rates are highest
in patients aged 75 and over. Firearm injuries have the
highest case fatality rates in every age group among the
selected mechanisms shown in the report.

Mechanism of Injury
Falls account for 34.7% of cases in the NTDB, with high
incident rates for patients under age ten and age 75 and
over. Motor Vehicle Traffic-related injuries account
for 31.8% of cases in the NTDB, with a dramatic rise
between age 14 and 40, peaking around age 18. Firearm
injuries peak around 18 years of age, and then steadily
decrease. Drowning/Submersion, Suffocation, and Firearm injuries have the highest case fatality rates, with
Drowning/Submersion at 23% and both Suffocation and
Firearm at 16%.

Other NTDB Projects
NSP
The NTDB is a “sample of convenience.” It includes
a disproportionate number of larger hospitals with younger and more severely injured patients. Thus, the data may
not be representative of all trauma hospitals in the nation
and do not allow statistically valid inferences about
national injury incidence and prevalence.
To provide a more representative picture of trauma
care in the USA, the National Sample Project (NSP) was
created in a partnership between the Center for Disease
Control National Center for Injury Prevention and

Research Data Set
The Research Data Set (RDS), now available through an
improved online application process, is currently receiving over 100 requests per year [3]. Data are available at
a low cost by admission year, with 2002–2006 grouped
together and 2007 and later being distributed individually.
For more information about the RDS and how to apply for
the data, please visit our web site at: http://www.facs.org/
trauma/ntdb/ntdbapp.html

Introduction of TQIP
In 2008, the ACS COT began to design and test a Trauma
Quality Improvement Program (TQIP) that is validated,
risk adjusted, and outcomes based, in order to measure and
improve the quality of trauma care (www.acstqip.org). In
2010, TQIP was fully implemented and had 65 Level I and
II trauma centers participating.
The fundamental goal of TQIP is to provide riskadjusted benchmarking of designated/verified trauma
centers to track outcomes and improve patient care. To
accomplish this, the COT has designed a program
to collect valid and reliable data, provide feedback to
participating trauma centers, and identify institutional
characteristics that are associated with improved outcomes [4].
The primary deliverable of TQIP is the annual riskadjusted benchmark report. There are differences in baseline characteristics and injury severity of patients at each
trauma center. Differences in age, injury mechanism, or
severity may all affect the risk profile of patients at one
center compared to another. As a result, it is not appropriate to directly compare crude mortality rates across
trauma centers. To account for these differences, we use
multivariate logistic regression models to estimate the
expected number of deaths for each hospital based on
the following characteristics: age, ISS, GCS motor score
in ED, systolic BP in ED, pulse rate in ED, maximum head

Near Infra-Red Spectroscopy

and abdominal AIS severity, and transfer into trauma
center status. Based on the expected number of
deaths estimated by our model, we then calculate the
difference between observed and expected deaths, or the
O/E ratio. The O/E ratios are shown on a graph (example
below), and each trauma center receiving a report may
view their location on the graph in comparison to other
centers.
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Natural and Synthetic Sorbents
They have high selectivity/affinity to enable sharp separation, high and rapid capacity of adsorption, chemical and
thermal stability; low solubility in the contacting fluid,
mechanical strength to prevent crushing and erosion,
resistance to flouling and good biocompatibility.
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Near Amputation
Contact: The NTDB can be reached at: American
College of Surgeons, National Trauma Data Bank®, 633
N. St. Clair 26th Floor, Chicago, IL 60611, Phone:
(312) 202-5511, Fax: (312) 202-5015, Email: ntdb@facs.org
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▶ Mangled Extremity

Near Infra-Red Spectroscopy
N. AL-SUBAIE, MARK HAMILTON
Department of Intensive Care, St. George’s Hospital,
London, UK

Synonyms
NIRS; StO2; Tissue oxygen saturation

Definition
The measurement of the wavelength and the intensity of
absorption of near infrared light (780–2,500 nm).

Characteristics

Natriuresis
▶ Urine Electrolytes

Natriuretic Peptides
▶ ANP
▶ B-Type Natriuretic Peptide

The first description of the infrared spectrum was in
Herschel’s famous experiment in 1800. Sir Fredrick Herschel, a musician and astronomer at the time, used a prism
to identify the different light components forming sunlight on a surface with multiple thermometers to measure
the temperature generated by each diffracted beam. The
temperature increased across the surface from violet to
red, but this increase was also noted beyond the visible
light spectrum into the black area. Near infrared has the
shortest wavelength in the infrared spectrum (780–2,500
nm) and, as a result, penetrates objects deeper [1].
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The first application of near infrared spectroscopy was
in the field of chemical analysis followed by physiological
measurements of the concentrations of substances that
absorb light of different wavelengths to a variable intensity. These substances, otherwise known as chromophores,
have different light absorption characteristics when oxygenated, and their concentration determines light transmission across the tissue where measurements take place.
The main chromophores analyzed in vivo using NIRS are
hemoglobin, myoglobin, and mitochondrial cytochrome
c oxidase. The effect of the latter two is minimal on the
overall NIRS signal obtained compared to the concentration and redox state of hemoglobin in arterioles, capillaries, and venules of the tissue examined. The skin and
water are relatively transparent to near infrared light.
A NIRS device has three components; a light source to
deliver near infrared light of specific wavelength and
intensity, a light detector to assess the intensity of light
exiting the tissue, and a signal processor to compute the
data detected by the light detector to a clinically relevant
variable, which is often expressed as tissue saturation.

Clinical Applications
NIRS is a continuous real-time method of assessing
regional oxygenation with no interruption to the tissue
studied. This renders NIRS an attractive method for physiological and clinical applications. Physiological work
done using this technology has focused on muscle saturation and, in conjunction with intravenous tracer, blood
flow during exercise. The diverse clinical applications fall
into two main categories:
● The assessment of tissues affected by a focal pathology
where identification and assessment of severity of
resultant tissue hypoxia is warranted. For example,
brain tissue saturation following traumatic or
nontraumatic brain injury, or the assessment of
lower limb muscle oxygenation to help identify and
assess the severity of peripheral vascular disease.
● The assessment of muscle saturation in the context of
critical illness to determine its effects on oxygen balance in metabolically active tissue. This application is
what the remainder of this text is focused on due to its
emerging importance in the field of intensive care
medicine.
Circulatory shock is often associated with critical illness
and invariably leads to tissue dysoxia, multi organ
dysfunction, and death if untreated. The monitoring of
oxygen saturation of a metabolically active tissue, such as
the skeletal muscle, enables us to potentially detect shock

early and aim our therapeutic strategies toward the correction of tissue dysoxia. This would constitute a major
shift in the management of the critically ill from targeting
global markers of oxygenation.
A number of factors need to be considered in the context of clinical application of tissue saturation monitoring.

Site of Monitoring
Skeletal muscle is the site most commonly used in studies
involving exercise physiology, and the clinical applications
follow this pattern. Skeletal muscle is highly active metabolically, making it sensitive to changes in oxygen delivery.
The muscles of the thenar eminence has been identified as
most accessible and practical for probe placement. There
are minimal differences in the anatomy of the thenar
eminence compared, for instance, to the deltoid or the
forearm in relation to adipose content and built of the
subject, thus highlighting the reasons leading to many
researchers using this site. Recently, it has been shown
that tissue oxygen saturation measures from a more proximal skeletal muscle site, such as the forearm or the deltoid, show better correlation with global measures of
oxygenation. The relevance of this finding reported in
healthy volunteers on critical care settings remains
uncertain.

Depth of Tissue Penetration
Most modern NIRS tissue saturation monitors use reflectance probes where the light source and detector are
applied several centimeters apart on the skin covering
the tissue where readings are to be obtained. The distance
between those two elements determines the depth of tissue
penetration, and the site of which the tissue oxygen saturation is measured. For thenar measurements, a probe
with 15–25 mm spacing is used. This allows for a maximum depth of sampling of 14–24 mm.

Methods of Measurements
There are a number of StO2 devices available where measurements are captured every 2–4 s to provide continuous
monitoring of the site of probe application. The temporal
relationship of changes in tissue saturation in response
to a disease process or pharmacological intervention is
important. Similarly, assessment of tissue saturation
response to a period of physiological challenge in
the form of ischemia is also of relevance. It provides the
clinicians with a “functional” method of assessing the
complex interplay between tissue metabolic activity and
the microcirculation. Arteriovenous occlusion is achieved
by the rapid inflation of a pneumatic cuff placed on the
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Maximum StO2

Baseline StO2

Upslope
StO2
Downslope
StO2

Area within the occlusion phase
Area under the hyperaemic phase

Minimum StO2

Near Infra-Red Spectroscopy. Figure 1 The dynamic StO2 changes in response to arteriovenous occlusion of a predetermine
time

arm or forearm, while tissue saturation measurements are
obtained from the thenar muscle. The inflation pressure
should be higher than patient’s systolic pressure and
maintained for a predetermined time. Alternatively,
release of the cuff can be triggered by a drop of tissue
saturation to a certain value to provide a standardized
“ischemic load” to all subjects. The former method
where the vascular occlusion test (VOT) is time defined
is most commonly used. Changes resulting from VOT
related ischaemia lead to specific physiological patterns
that can be analysed. (Fig. 1), some of which have been
shown to be of clinical relevance in the critically ill.

Clinical Relevance
Sepsis
Several studies showed characteristic changes in thenar
muscle saturation when VOT was performed on septic
patients. The rate of decrease in thenar muscle saturation
is reduced in septic patients compared to controls. More
recently, in a larger study, it was shown that the “upslope”
seen on release of the occlusion is reduced and the hyperemic response is blunted. The extent of some of these
changes predicted mortality in this group of patients [2].
Interestingly, activated protein C was shown to correct
some of these changes [3].

Trauma
The interest in the use of StO2 monitoring in major
trauma was ignited by animal models of hemorrhagic

shock that showed good correlation between skeletal muscle StO2 and global oxygen delivery. This was also shown
in later human studies involving patients presenting to
emergency department with major trauma. Furthermore,
StO2 was shown to be as good a predictor of the development of multi-organ dysfunction syndrome as base deficit
and lactate [4].
Further work is awaited to assess the value of StO2 as
a therapeutic goal in the assessment of patients presenting
with major trauma.

Heart Failure
The symptoms of reduced exercise tolerance and fatigue
experienced by patients with heart failure are not fully
explained by lack of blood supply to the muscles but
thought to be related to an intrinsic muscle pathology.
The noninvasive nature of NIRS led to its application in
patients with heart failure, to illustrate the changes associated with the disease process. The baseline saturation of
the muscle in this group of patients is lower and its value
seems to relate to the severity of heart failure. Dynamic
changes of StO2 in response to VOT reveals a pattern
consistent with reduced oxygen utilization; the downslope
or the drop in StO2 in the occlusion phase of VOT is
reduced with a reduced StO2 upslope in the reperfusion
phase. Infusion of inotropic agents brought a noticeable
increase in all of the above variables [5]. Recently, it was
shown that physical exercise-based rehabilitation program
led to an increase in the StO2 upslope during the reperfusion phase of VOT.
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Near-Syncope

Summary
There is a mounting interest in the use of NIRS to
assess StO2 of the skeletal muscle in the critically ill.
This allows for better understanding of the effects
of many disease processes on muscle metabolism and
perfusion. It also enables us to examine the complex
interplay between global and peripheral circulation in
addition to the effects of various therapies on tissue oxygenation. StO2 may hold promise as a future therapeutic
goal in the management of patients with circulatory
insufficiency.
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Near-Syncope
▶ Syncope

Necrobacillosis
▶ Lemierre’s syndrome
▶ Phlebitis, Septic

Necrotizing Fasciitis
▶ Soft Tissue Infections, Life-Threatening

Necrotizing Fasciitis in
Gynecology
SUSAN M. LAREAU, RICHARD H. BEIGI
Department of Obstetrics, Gynecology and Reproductive
Sciences, Magee-Womens Hospital of the University of
Pittsburgh Medical Center, Pittsburgh, PA, USA

Definition
Necrotizing fasciitis is an aggressive, severe infection of
the subcutaneous soft tissues which extends to and
involves the superficial fascia. This is a rare but potentially
lethal infection that occurs sporadically in gynecology
either spontaneously or as a complication of surgery.
Diagnosis of necrotizing fasciitis relies almost exclusively on history, physical exam findings, and overall
clinical presentation. The mainstay of treatment is
prompt, extensive surgical debridement with adjunctive
antibiotics.

Epidemiology and Clinical Presentation
Necrotizing fasciitis has a very low incidence of 0.04/1,000
person-years. It is a rare but significant cause of morbidity
and occasional mortality in women undergoing obstetric
and/or gynecologic procedures. As understanding of the
pathophysiology of the disease has developed and our
ability to care for critically ill women has improved, the
mortality rate from necrotizing fasciitis has decreased
from 46% when first described by Joseph Jones in 1871
to 16–24% with modern medical care [1].
Women with necrotizing fasciitis may present following a surgical procedure with fasciitis arising from the
surgical wound site (or episiotomy site) or spontaneously
arising from de novo skin and soft tissue infections of the
vulva. The overall clinical condition at presentation
depends on the stage of disease. Patients who present
early with necrotizing fasciitis may have only mild
edema and evidence of cellulitis which can be mistaken
for a mild soft tissue infection. Patients will often present
with a decreased sensation at the site of infection due to
nerve damage from the inflammation. Without intervention this condition invariably progresses rapidly, causing
acute illness. The soft tissue may subsequently become
fluctuant or indurated and begin to form blisters or bullae.
This may then rapidly progress to overt gangrene with
dusky, necrotic tissue; crepitus; and hemorrhagic bullae.
As the clinical infection progresses, patients manifest
systemic signs of instability and shock.

Necrotizing Fasciitis in Gynecology

Diagnosis
The diagnosis of necrotizing fasciitis has traditionally been
made on clinical grounds with no single test being sufficiently specific or sensitive for diagnosis. Tools such as
radiologic imaging can sometimes be helpful adjuncts in
confirming the diagnosis and delineating the extent of
infection, but may also delay intervention, potentially
leading to increased morbidity and mortality. Because of
the rarity of the disease and the severity of its course,
clinicians must remain vigilant for necrotizing fasciitis in
all patients presenting with skin and soft tissue infections
(SSTI). This is especially true for women with diabetes
mellitus and/or other significant immunosuppressive condition. Patients presenting with soft tissue infection with
evidence of tissue necrosis such hyperesthesia or anesthesia of the skin, motteling or duskiness of the skin, or
significant induration and erythema require immediate
surgical evaluation and treatment with or without imaging procedure confirmation. If imaging is performed it
may demonstrate inflammation of the fascia with air in
the subcutaneous tissue. This is best seen on a computed
tomography (CT) scan, although air can be also noted on
plain radiograph. Air seen on radiographs is specific but
not highly sensitive. Involvement of the fascia is noted
intraoperatively with virtual nonadherence of the fascia
to and easy dissection from surrounding tissue planes. In
addition, pathologic evidence of necrosis of the fascia
corroborates the diagnosis of necrotizing fasciitis.
Many scoring systems have been devised to aid in the
diagnosis of necrotizing fasciitis. Because of the rarity of
this disease, these systems have been developed using
retrospective reviews of laboratory variables at presentation. Wong and colleagues have identified several laboratory variables that help discriminate between necrotizing
and non-necrotizing soft-tissue infections in patients at
intermediate or high risk with a 92% positive predictive
value and 96% negative predictive value. The LRINEC
(laboratory risk indicator for necrotizing fasciitis) gives
a score of 0–4 for each of the variables with a cumulative
total of >6 predicting a 50% or greater risk of necrotizing
soft tissue infection [2]. Necrotizing fasciitis is caused by
a wide variety of organisms including gram-positive cocci,
gram-negative rods, and anaerobes. These infections are
commonly polymicrobial; however, approximately one
third of cases will be monomicrobial. When this is the
case, the isolated organism is usually a gram-positive cocci
(Streptococcus or Staphylococcus).

Treatment
The mainstay of treatment for necrotizing fasciitis is
prompt and adequate surgical debridement of the affected
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area. In performing these life-saving surgical procedures,
all tissue that is nonviable (no bleeding occurs upon incising the tissue) or appears infected should be excised. The
margins of excision should contain healthy, viable tissue,
as demonstrated by active bleeding. The importance of
rapid and extensive surgical debridement cannot be
overemphasized.
Broad-spectrum adjunctive antimicrobial treatment
should be initiated early in patients who are suspected to
have necrotizing fasciitis. In currently the antibiotic regimen should also include consideration of coverage for
methicillin-resistant staphylococcus aureus (MRSA) until
it is excluded as an involved pathogen. Clindamycin or
another protein synthesis inhibitor is often included in the
regimen given the theoretical benefit of minimizing bacterial toxin production, thus diminishing the intense systemic
inflammatory response characteristic of these cases. It is
emphasized that antimicrobial agents are used as adjunctive
treatment, but are insufficient as the sole treatment of
necrotizing fasciitis. Patients with necrotizing fasciitis who
are treated with antimicrobials alone have a nearly 100%
mortality rate, reiterating the importance of adequate surgical debridement [1]. In the operative suite tissue specimens should be sent to the microbiology laboratory for
Gram stain and culture to help identify a causative organism(s) and subsequently adjust the antibiotic selections.
Most patients will also require aggressive resuscitation
and support during the procedure and afterward and
should be monitored in an intensive care setting
during their postoperative course. Serial debridements
every 6–48 h are often necessary until examination of the
wound shows no further evidence of infection and the
patient has stabilized. Patients who become or remain
unstable should be reexplored surgically for evidence of
inadvertent spread of infection. Intravenous immune
globulin (IVIG) has been used in some cases to treat
necrotizing fasciitis caused by group A streptococcus.
However, the studies conducted on the use of IVIG
showed a benefit for patients with streptococcal toxic
shock syndrome specifically (with its correspondingly
high mortality rates). The use of IVIG for necrotizing
fasciitis thus should be used only after careful consideration of the risk/benefit profile and with ongoing consultation by an expert in its use.
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Necrotizing Myopathy

Necrotizing Myopathy
▶ Mobility/Exercise, Early in ICU

Needle Stick Exposure
▶ Blood and Body Fluid Exposures and Postexposure
Prophylaxis

Negative Exploratory Laparotomy
▶ Laparotomy, Non-Therapeutic

Neonatal Acute Kidney Injury
▶ AKI in the Newborn

Neonatal Acute Renal Failure
▶ AKI in the Newborn

Nephrocalcinosis
Calcium deposition in the medullary portion of the renal
parenchyma, associated with a variety of disorders including distal renal tubular acidosis.

Negative Laparotomy
▶ Laparotomy, Non-Therapeutic

Nephrotoxic AKI
▶ Drug-Induced AKI

Negative Nitrogen Balance
▶ Protein Metabolism

Nephrotoxicity
▶ Drug-Induced AKI

Negative or Non-therapeutic
Celiotomy
▶ Laparotomy, Non-Therapeutic

Negative Pressure Ventilation
(NPV)
▶ Noninvasive Ventilation

Nephrotoxins
▶ Drug-Induced AKI

Nerve Contusion
▶ Nerve Injury

Nerve Injury
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Nerve Injury
LESTER YOUNG1, KAGAN OZER2
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Synonyms
Nerve Contusion; Nerve Laceration; Nerve Transection;
Neuroma; Neuropraxia; Neurotmesis; Temporary conduction block

Nerve injuries have been classified by Seddon into
three types: Neurapraxia, axonotmesis, and neurotmesis
(Table 1) [1]. Neuropraxia is characterized by a physiologic
block to conduction without anatomic disturbance. Distal
conduction is unaffected and the exhibited nerve palsy is
incomplete. The usual mechanisms for this type of injury
are external compressive forces, contusion, or mild stretch
injury. It is the least severe type of nerve injury and full
functional recovery usually occurs spontaneously.
Axonotmesis is defined as a disruption of axon continuity with variable preservation of nerve connective tissue
elements. Sunderland further categorized Seddon’s classification of nerve injury into five types based on the level of
injury to the endoneurium, perineurium, and epineurium
(Table 1) [2]. These types of injuries can be caused by

Nerve Injury. Table 1 Seddon’s and Sunderland’s classification of nerve injuries
Sedon

Sunderland

Pathophysiologic basis

Recovery and prognosis

Neuropraxia

Type 1

Local myelin damage
Axon preserved
Local conduction block
No Wallerian degeneration
occurs

Complete recovery in weeks
to months

Axonotmesis

Type 2

Loss of axonal continuity
Endoneurium, perineurium,
and epineurium intact
Loss of nerve conduction
distally
Wallerian degeneration
occurs

Axonal regeneration and
target reinnervation occurs
Complete recovery

Type 3

Loss of axonal continuity and
endoneurium
Perineurium and epineurium
intact
Loss of nerve conduction
distally
Wallerian degeneration
occurs

Axonal regeneration and
target reinnervation occurs

Loss of axonal continuity,
endoneurium, and
perineurium
Epineurium intact
Loss of nerve conduction
distally
Wallerian degeneration
occurs

Axonal regeneration and
target reinnervation occurs

Type 4

Neurotmesis

Type 5

Axonal misdirection
Incomplete/variable recovery

Axonal misdirection
Minimal/variable recovery

Complete disruption of entire No recovery
nerve trunk
Wallerian degeneration
Surgical repair required
occurs
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more severe nerve compression with associated nerve
ischemia, partial nerve lacerations, penetrating blast injuries, as well as more severe stretch injuries. The process of
aberrant nerve regeneration after axonotmesis can result
in incomplete recovery and neuroma formation. Shortly
after axon interruption, a sequence of events occurs as
nerve degeneration ensues. First the axon and myelin
sheath undergoes degeneration in the proximal direction
toward the node of Ranvier and may reach the cell body
[3]. Distal Wallerian degeneration follows 24–48 h after
injury, characterized by several distinct histological events.
The neurofilaments within the axons become disarrayed
and myelin sheaths undergo fragmentation. Schwann cells
become activated and serve initially as phagocytes, while
macrophages are recruited, both serving to remove debris.
In type 2 injuries, there is little retrograde damage
to the cell body. Axonal regeneration occurs along the
intact endoneurium. Function is reestablished as the
end-organ is reinnervated. In more severe axonotmesis
such as type 3 and 4 injuries, cell body chromatolysis
occurs during which the nucleus migrates to the periphery
and Nissl granules disperse. Glial cells are activated and
encompass the cell body. If the endoneurium is disrupted,
endoneurial fibroblasts, mast cells, and macrophages
become activated. The mast cells release histamine and
serotonin, increasing capillary permeability and causing
edema formation. In type 3 and 4 injuries, the nerve ends
become a disorganized mass of proliferating Schwann
cells, fibroblasts, and collagen. This results in significant
intrafascicular fibrosis that can impede axonal regeneration. Recovery requires a longer time period and is usually
incomplete in type 3 injuries, and minimal in type 4
injuries. Type 3 and 4 injuries are more likely to develop
neuromas during axonal regeneration, which can subsequently cause various neuropathic symptoms [3].
The axonal regeneration process occurs within hours
after mild nerve injuries such as type 1 and 2 injuries. In
more severe injuries, Wallerian degeneration must complete its course before axonal regeneration can occur.
Several factors dictate the time course and extent of recovery. More severe injuries with greater destruction of nerve
connective tissues will impair regeneration. The distance
of site of injury to the end-organ will also affect the time
course of recovery, as the axonal regenerative process must
traverse longer distances. Prolonged denervation of endorgans ultimately results in irreparable damage to motor
end plates, muscle spindle cells, and sensory organs [4].
Neurotmesis, or Sunderland type 5 injury, is characterized by the interruption of all elements of the nerve.
Just as in axonotmesis, Wallerian degeneration will

proceed. Without repair irreversible end-organ damage
and negligible recovery will occur. In attempts to
reestablish axonal continuity, the proximal stump will
undergo cell proliferation to form a terminal bulb composed of a disorganized mass of Schwann cells, fibroblasts,
and regenerating axons. Without structural guidance by
nerve connective tissue elements, the result is that of
a peripheral neuroma or terminal neuroma. Terminal neuromas can occur after traumatic transection or after surgical ligation. Patients may exhibit various forms of
neuropathic symptoms, including paresthesia, dysesthesia,
hyperesthesia, hyperalgesia, allodynia, or hyperpathia.

Treatment
After proper evaluation and assessments have been made,
and a nerve lesion has been established, the determination
must be made whether it is a partial lesion or a complete
transection. Lesions causing neuropraxia and less severe
axonotmesis can be responsible for partial deficits. These
injuries are limited and recovery can occur as long as the
source of the lesion is removed. The nerve has the potential to regain sensory or motor function and nerve repair is
not necessary in these situations.
However, in more severe axonotmesis and
neurotmesis, the nerve must be repaired to restore continuity and ultimately nerve function. Historically, nerve
repair was performed at 3 weeks [1, 3]. It was previously
believed that Wallerian degeneration should be allowed to
run its course before nerve repair was to be performed.
However, it has been shown more recently that early repair
is associated with better results. Several considerations
must be addressed prior to surgical intervention. As
a rule of thumb in treating patients who have sustained
significant trauma, life-saving measures must be
performed and the patient stabilized before limb-saving
measures are considered. Fractures should be stabilized
and wound infections must be cleared prior to nerve
repair.
Several techniques are commonly used in nerve repair
[5]. End-to-end primary repair is performed as long as the
nerve ends can be brought together without undue tension (Fig. 1). There has been much discussion regarding
fascicular repair versus simple epineural coaptation. Currently the outcome studies have not shown any functional
differences. In fascicular repair, the fascicles are individually repaired at the perineural level. Attempts are made to
distinguish between the different motor and sensory fascicles through nerve stimulation. The epineurium is
then repaired over the perineurium. Monofilament 8–0
to 10–0 nylon sutures are used to establish coaptation of
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Nerve Injury. Figure 1 A 25-year-old patient had a deep glass cut at mid-forearm including complete transection of the median
nerve and multiple flexor tendons (upper left). The median nerve bundles are shown under high magnification. The arrow
pointing repaired nerve fascicles using 10.0 nylon (upper right). Twelve months after the surgery, patient displayed complete
return of function on thenar musculature (lower left and right)

the perineurium. If the nerve repair is performed in
a delayed fashion, nerve lesions in the form of neuromas
and gliomas may be present. The terminal bulbs are
resected back to healthy nerve in preparation for
neurorrhaphy. If the injury to the nerve leaves a substantial
nerve gap, precluding primary tensionless repair, nerve
grafting, or conduit interposition can be performed. Autografts have remained the standard for nerve grafts.
Depending on the location and size of injured nerve, and
the length of nerve graft required, there are several options
for autologous nerve grafts. They can be obtained from the
sural nerve, medial or lateral cutaneous nerve of the forearm, superficial radial nerve, or the lateral cutaneous
nerve of the thigh. Nerve conduits can be used to bridge
the nerve gaps up to 2 cm without the use of nerve grafts.
This is performed in an end-to-end fashion in the
epineurial layer and the conduit injected with sterile saline
to prevent hematoma formation within the conduit.
Axonal regeneration and reinnervation of the distal
nerve stump subsequently occurs through conduit.
Cadaveric nerve allografts can be used as well. However,
immunogenic host responses oftentimes results in

destruction of the graft, and the use of immunosuppressants have a multitude of well-documented complications.
Neuromas in continuity or partial neuromas are common after axonotmesis injuries and pose a challenging
problem (Fig. 2). It is believed that the symptoms may
be caused by tethering of the neuroma to surrounding
tissues, preventing normal gliding of the nerve along its
course. Conservative measures consist of neurolysis by
means of infiltration of local anesthetic, anti-inflammatory
agents, aggressive physiotherapy of the extremity to release
the neuroma, accompanied by desensitization. Resection
and repair along with surgical neurolysis can be considered
with failed conservative treatment. Terminal neuromas
should initially be treated with conservative measures
as well. These include simple protective splinting or padding, desensitization and functional retraining with or
without local anesthetic application, and injection of sclerosing agents. Surgical treatment consists of resection of
the neuroma, containment of the nerve end, and transposition. Resection should be performed proximal to the area
of injury so that the stump lies in an area of unscarred
tissue. This can also be accomplished by translocation into
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Nerve Injury. Figure 2 A 28-year-old patient had a neuroma
at the dorsal aspect of her hand following a traumatic
intravenous line placement. She reported to have continuous
numbness at the dorsal aspect of the third web space and
tingling when in touch with hard surfaces. Although injury was
initially managed nonoperatively, the neuroma was interfering
with daily living activities. She underwent exploration (upper
picture) and found to have a neuroma formed on a sensory
nerve. The arrow points out the bulbous appearance of the
neuroma (lower picture). Following resection of the neuroma,
the proximal stump was buried in an intrinsic muscle since the
resultant sensory loss was negligible

muscle as well. Several methods have been described for
nerve containment. After resection, containment can be
performed by creating an epineural sleeve or securing
a silastic cap over the nerve stump.

Evaluation/Assessment
The clinical diagnosis of nerve injuries is based primarily
on the history, the physical exam, and electrodiagnostic
studies. The two most important prognostic factors for
recovery are the energy imparted at the site of injury and

the extent of damage to the surrounding tissues or limb as
a whole [1, 3, 6]. Penetrating and blunt trauma have
different mechanisms of injury. Furthermore, penetrating
injuries caused by sharp, low energy objects, such as a stab
wound should be differentiated from those caused by
a high-energy missile, such as a gunshot. Nerve injuries
from the former will tend to be lacerations causing partial
or complete transections, whereas the latter will cause
contusions or result in ruptures due the blast effect of
the missile. Blunt trauma can cause nerve stretch injuries,
ruptures, or avulsions.
After the history and mechanism of injury have been
elicited, the wound should be thoroughly inspected.
Wound sites can be categorized into three groups. In
clean-cut wounds, the injury is caused by a sharp object
and is confined only to the wound site, such as
a laceration. Primary end-to-end repair is recommended
and usually possible. In crush injuries, there is significant
tissue damage from a high-energy blunt trauma or
a penetrating missile. The open wound is contaminated
and surrounding bony, soft tissue, and vascular injuries
are oftentimes present. The extent of injury to the nerve is
often beyond the visible field. Nerve repair requires resection of damaged nerve ends and bridging of the nerve gap.
The third group is comprised of closed traction injuries.
The injury to the nerve is a longitudinal stretch injury
resulting in rupture or avulsion. It is oftentimes associated
with ruptured vasculature as well. The nerve injury is not
confined to the site of rupture, but extends proximally and
distally and can involve the entire nerve trunk.
A complete neurologic evaluation should be
performed to assess for both sensory and motor involvement [1]. If there is a sensorimotor deficit, the diagnosis is
nerve transection until proven otherwise. When evaluating sensory loss, one must keep in mind the variations in
anatomic cutaneous innervations. Similarly for the motor
exam, there are compensatory responses of neighboring
muscle groups that can make assessment of motor function challenging. Tinel sign can also reveal important
clinical features. This is performed by percussing the
site of injury and following the nerve course from
distal to proximal. Strongly positive Tinel sign over the
lesion can indicate nerve transection or rupture. If a
closed injury is thought to be that of neuropraxic or
axonotmetic type, Tinel sign will progress distally along
the course of the nerve from the site of injury as nerve
regeneration proceeds. Similarly, after surgical repair,
a progressively distally moving Tinel sign denotes axonal
regeneration. Failure of this progression can signify
a nerve rupture or a lesion inhibiting axonal regeneration
such as a neuroma.

Nerve Injury

At initial evaluation after injury, quantitative sensory
testing should be performed to establish a baseline. Innervation threshold is a test for touch detection. It measures
the smallest perceivable force that the patient can detect
from a stimulus. This can be performed using the Frey or
Semmes-Weinstein filaments. Innervation density is the
measure for tactile discrimination. It assesses two-point
discrimination, or the minimal distance between two
sharp pressure points that the patient can distinguish.
This can be performed as a static or moving exam. There
are other means of quantitative sensory testing that take
into consideration the patients’ ability to not only acquire,
but to process the information. Tactile localization is the
ability of the patient to recognize the exact location of the
stimulus. This can be complicated by misdirected axonal
regeneration or mismatched repair. Tactile identification
is the measure of the patients’ ability to recognize
certain objects by shape and texture through means of
tactile input.
Electrodiagnostic nerve conduction studies should be
performed as an adjunct to the clinical examination.
Much information can be obtained in regards to the
axon conduction, myelination, and axon continuity with
end organs. Characteristic features of sensory and muscle
action potentials, conduction velocity, and muscle activity
can be used to distinguish between conduction block
and degenerative lesions. However, their distinction is
unreliable in acute stages of nerve injury while Wallerian
degeneration is taking place. The distinction between
axonotmetic and neurotmetic lesion cannot be discerned
with electrodiagnostics. Electromyelogram studies are
also useful for identifying and monitoring muscle
denervation and the reinnervation process. Muscles will
show spontaneous fibrillations in acute denervation as
opposed to fasciculations with complex repetitive
discharges in chronic denervation. In early reinnervation,
there are late and prolonged action potentials. Ongoing
reinnervation will have prolonged polyphasic potentials
of moderate amplitude, consistent with irregular
myelination. Late reinnervation will show stable, large
amplitude polyphasic motor units. Intraoperative
electrodiagnostic studies can be extremely useful to identify partial or complete denervation. It can also be useful
to assess a lesion in continuity, such as a neuroma. If an
intraoperative neuroma is encountered, the decision must
be made whether to resect the lesion and bridge the nerve
gap or to leave the lesion alone. Neuromas that are large
and more fibrotic tend to impede reinnervation and subsequent recovery. However, the most practical information can be gained by stimulating above the lesion and
measuring responses below. Strong amplitudes suggest
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good recovery and prognosis, and do not require resection
and repair.
Because of the inability of nerve conduction and
electromyelogram studies to provide reliable information
in the acute setting of nerve injury, ultrasound has recently
been investigated as a possible modality for diagnosis.
This may be especially useful for those who advocate
early surgical intervention. Some studies have shown
ultrasound to be useful in identifying nerve continuity,
hematoma, foreign bodies, as well as tendon and vascular
injuries. In the setting of chronic nerve injuries, neuromas
can be visualized as well. As with most diagnostic procedures, the efficacy of ultrasonography is highly dependent on operator experience.

After-care
After the nerve has been repaired, the after-care is relatively universal [1, 3, 5]. The repair should be protected
immediately postoperatively by immobilization. The
patient should then follow up within the first week for
wound inspection and referral to occupational therapy for
splint immobilization. Depending on the location and the
potential for tension on the repair, immobilization should
be carried out for between 2 and 4 weeks. Joints not
adjacent to the repaired nerve should be allowed for ranging. After adequate immobilization, clinician-monitored
rehabilitation should be initiated by means of physical
therapy and occupational therapy regimens. As muscles
and sensory organs become reinnervated, rehabilitation
will continue to evolve to encompass those particular
muscle functions and sensory modalities.
Rehabilitation is an integral part of recovery and
is pursued as a multidisciplinary approach. There are
numerous goals of rehabilitation. It functions as an accurate means of monitoring recovery and measuring disability. As the patient progresses, rehabilitation functions as
graduated withdrawal of support as the degree of disability
diminishes.
Ultimately, the goal of rehabilitation is to restore the
patient’s original ability to perform activities of daily living,
function at the work place, and enjoy recreational activities.
Sensory function is often reestablished in a pattern different
than the preinjury innervation. Rehabilitation is necessary
to re-educate perception and interpretation of sensory
input. Neuropathic pain is a complication that can be
addressed during rehabilitation by various means of desensitization as well as transcutaneous electrical nerve stimulation. The rehabilitation process includes additional
operation for contracture release, tendon transfers, neuroma management, and nerve transfers.
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Prognosis
Injuries that are consistent with neuropraxia and less severe
axonotmesis will recover spontaneously without surgical
intervention [1, 3, 6]. Conductions blocks can take weeks
to months to fully recover. In axonal degenerative injuries,
Sunderland types 2, 3, and 4, axonal regeneration occurs at
a rate between 1 and 4 mm per day, depending on the
mechanism of injury. Type 2 injuries, where the
endoneurium remains intact will usually result in full
recovery. Any morphological or physiological change
seen in the nerve and end-organs are reversible. However,
in type 3 and 4 injuries, recovery is incomplete, with
surgical intervention reserved as a treatment option to
enhance recovery. In complete nerve transection, recovery

Nerve Injury. Table 2 British Medical Research Council
Grading System for Nerve Recovery
Grade
Motor recovery
M0

No contraction

M1

Return of perceptible contraction of proximal
muscle

M2

Return of perceptible contraction of proximal and
distal muscles

M3

Return of perceptible contraction of proximal and
distal muscles of such degree that all important
muscles are sufficiently powerful to act against
gravity

M4

All muscles act against strong resistance, and
some independent movements possible

M5

Full recovery of all muscles
Sensory recovery

is entirely dependent on surgical restoration of nerve
continuity.
Recovery of function can be assessed by means of the
British Medical Research Council System for nerve recovery (Table 2). This classification system grades the level of
recovery and serves as a prognostic indicator. Based on
clinical examination, motor and sensory findings are
graded. This grading system has been modified to also
include more objective findings of static and moving
two-point discrimination. Recovery after repair is dependent on several factors. The most important factors
include age, level of lesion, type of nerve injury, time
from injury to repair, and cause of injury. Pediatric
patients achieve far superior results and recovery
from nerve injuries compared to adults. The reason for
this is thought to be related to both nervous system
plasticity and the relatively shorter distance for
reinnervation. The level of the injury has a direct correlation with prognosis. More proximal injuries require
longer time for regenerating axons to reach their targets.
The further the distance required for reinnervation, the
worse the outcome. This is especially true for recovery of
motor neurons, as the dennervated muscle undergoes
atrophy and fibrotic changes that become irreversible
with the passage of time. Nerves can be mainly afferent
motor nerves, sensory efferent nerves, or a combination
of both. Unlike muscle end-organs, sensory receptors
can make functional recovery after longer periods
of dennervation. However, sensory recovery can be
complicated by cross-reinnervation between different
types of receptors. There is abundant evidence that
delay in nerve repair results in worsening outcomes for
the previously mentioned reasons. The mechanism and
severity of injury will provide an indication of potential
recovery. Increasing damage to the neural elements and
surrounding tissue structures lead to poor outcomes.

S0

No recovery

S1

Recovery of deep cutaneous pain

S1+

Recovery of superficial pain

S2

Recovery of superficial pain and some touch

S2+

As in S2 but with over-response

2.

S3

Recovery of superficial pain and some touch with
disappearance of over-response

3.

s2PD >15 mm; m2PD >7 mm

4.

As in S3, but localization of stimulus is good, and
imperfect recovery of two-point discrimination

5.

s2PD 7–15 mm; m2PD 4–7 mm

6.

S3+

S4

Complete recovery
s2PD 2–6 mm; m2PD 2–3 mm
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Synonyms
Hypothalamic-pituary-adrenal (HPA) disorder; Neuroendocrine dysfunction (NED)

Definition
The neuroendocrine system contributes significantly to
the regulation of important body functions and responds
to stressful events to maintain homeostasis. This mechanism assures the availability of metabolic substrates to
both critical organs and the immune system during this
essential phase. In prolonged critical illness, the expression
of certain neuroendocrine transmitters is reduced. This
results in difficulty in maintaining homeostasis and
appropriate immune function. Clinical manifestations of
the resultant neuroendocrine disorder were first described
by Selye as a triad of:
● Adrenal enlargement
● Gastrointestinal ulceration
● Thymicolymphatic involution
These symptoms are reflective of the impact of the
stress induced response and can be commonly found in
critically ill patients. In the critically ill, the hypothalamus
responds to stressors such as surgical intervention,
trauma, hemorrhage, pain, organ failure, severe infections,
and sepsis.
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Characteristics
Physiology of the Neuroendocrine System
The neuroendocrine system is controlled by the pituary
gland, also called hypophysis, which is located at the base
of the brain. The hypophysis releases hormones which
regulate the activity of other endocrine glands. It directly
regulates thyroid gland activity (TSH), the adrenal gland
(ACTH), and gonadotropic hormones (FSH, LH). It also
releases the direct acting neurotransmitters growth hormone releasing hormone (GHRH), MSH (skin pigmentation), oxytocin (uterine contractions, milk production),
and vasopressin (water excretion).
The release of hormones of the neuroendocrine axis is
under hierarchical regulation. Signals from the hypothalamus in response to external stimuli initiate the transcription of releasing hormones in the neurohypophsis and
direct acting peptidhormones in the adenohypophsis.
Hormones of the neurohypophisis subsequently induce
the release of hormonal transmitters in the peripheral
glands. The system is under a closed loop feedback regulation occurring between peripheral glands, adenohypophysis, neurohypophysis, and the hypothalamus. This
complex regulatory system guarantees the physiological
function of this hormonal axis in response to various
metabolic needs via positive and negative feedback regulation. Figure 1 depicts the concept of the regulatory
system schematically.

Pathophysiology
In comparison to neuroendocrine disorders which are
caused by chronic altering metabolic conditions, genetic
deficiencies, or tumors, the neuroendocrine disorder seen
in the critically ill is manifested by an acute dysfunction in
the hormonal regulation. This disorder follows a bimodal
concept as illustrated in Fig. 2. It can be divided into two
phases. The acute phase (hours to a few days) is characterized by a large increase in cortisol and hormones of the
adenohypophysis with a decrease in target organ serum
hormone secretion. This period is followed by a chronic
phase (days to weeks). The main characteristic here is
a lowered concentration of adenophysis hormones accompanied with slowly decreasing levels of cortisol and target
organ hormones.
The underlying mechanisms of this response are not
completely understood. Whether this expression pattern is
caused by a physiologic response, exhaustion, or incorrect
feedback regulation has not been revealed. However, it
has been shown that this response is responsible for
several clinical complications such as cardiac dysfunction,
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Evaluation/Assessment
The specific assessment of neuroendocrine axis function
in the critically ill patient is very challenging. Administered drugs, protracted therapeutic interventions, and
advanced fluid management are major obstacles in determining extent of the neuroendocrine disorder.

CNS

+

-

Hypothalamus

Clinical Assessment
-

+
Pituary
Gland

Peripheral
Gland
Systemic Release

Effector Hormones

Neuroendocrine Disorders. Figure 1 Regulation of the
neuroendocrine system

Laboratory Parameters

+

cortisol

pituary hormones

organ hormones

−
Acute phase

The clinical manifestations of the neuroendocrine disorder
can be seen in almost all critical ill patients with a stay
longer than 10 days in the critical care unit. Hyper metabolism and the catabolic response are characterized
by increased blood glucose and triglyceride levels accompanied by increased patient weight loss. General stress activation is caused by increased cortisol levels resulting in the
clinical manifestations of lowered gastric pH, subsequent
ulceration, and depression of the immune system. Clinically, this leads to an increased susceptibility to infections
and to the development of septic episodes. Moreover,
increased cortisol inhibits cell proliferation and delays
wound healing. Thyroid system deficiencies are apparent
in decreased catecholamine sensitivity. Long term consequences of thyroid dysfunction and growth hormone attenuation are growth and development deficiencies. These
effects are most notable in both children and adolescents.

Chronic phase

Neuroendocrine Disorders. Figure 2 Neuroendocrine
disorder in the critically ill

increased catabolism, and weakened immunologic response.
Furthermore, during the ICU stay the patterns of acute and
chronic states can alternate within the individual patient.

The diagnosis and quantification of the extent of the
neuroendocrine dysfunction can be assessed by measuring
systemic levels of hormones of the anterior pituitary
(ACTH, TSH), posterior pituitary (vasopressin), the thyroid (T4, T3 rT3), and the adrenal gland (cortisol). As
aforementioned, the reliability and the sensitivity of laboratory parameters in patients may not deliver consistent
results due to cycling between acute and chronic phases of
neuroendocrine disorder.
Adrenocorticotropin (ACTH)

6–48 pg/mL

Cortisol

0.5–49.7 mg/mL

Arginine-vasopressin

0–31 pg/mL

Thyroid stimulating
hormone (TSH)

0.3–5 UIU/mL

T4

4.9–11.7 mg/dL

T3

0.6–1.6 ng/dL

rT3

10–50 ng/dL

Functional Test
The adrenal function can also be assessed by a functional test, the ACTH stimulation test (cosyntropin,

Neurogenic Shock

tetracosactide, or synacthen test). After injection of a small
amount of ACTH the adrenal response is measured by
serum cortisol levels. This test has been shown to deliver
the most specific results of the adrenal function.

2.
3.
4.

Treatment

N
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No explicit treatment recommendations for the individually affected pathways exist. This is due to difficulties in
diagnosis of the direct impairment specific to the neuroendocrine disorder. Historically, the therapeutic strategy
has been to treat the clinical manifestations and prevent
the incidence of comorbidities via prophylactic managements during the acute phase along with prolonged intensive care stay. Recently, it has been shown that
ketoconazole (antifungal drug) and etomidate (hypnotic
drug) have direct positive effects on the hormonal regulation of the pituitary axis. These therapies may be useful in
the future for treatment of neuroendocrine dysfunction.
Symptomatic treatments are also utilized and include
the administration of hydrocortisone and cortisone in
the acute phase amongst septic patients to attenuate the
excessive inflammatory response. The catabolic response
can be modulated by using anabolic agents such as insulin
and anti-catabolic substances including beta-receptor
blocking agents. Substitution of central released agents
such as growth hormone releasing hormone and TSH
during the chronic phase have also shown to be beneficial.
Summarizing the treatment of neuroendocrine disorders is very challenging due to the complexity of the
regulatory system. The hormonal status of every patient
needs to be carefully assessed and individual therapies
adapted to the respective clinical status

5.

Prognosis

Loss of stimulatory output of the descending sympathetic
nervous system causing loss of vasomotor tone and
decreased heart rate. The loss of vasomotor tone results
in decreased blood return to the heart, and the lack of
sympathetic innervation of the heart results in decreased
contractility and an inability to become tachycardic in
response to hypotension. Together these physiologic
derangements result in decreased tissue perfusion from
profound hypotension, decreased cardiac output, and
hemodynamic instability.

During the acute hospital stay, the untreated neuroendocrine disorder is associated with an increased incidence of
infections, organ failure, and catabolism. This results in
exhaustion of body systems and consequent prolonged
hospitalization. Hallmarks hereby are the development
of insulin resistance, muscle catabolism, and weakened
immune response.
Long term consequences result in protracted rehab
duration. Studies have shown that appropriate treatment
during acute hospitalization significantly improves rehabilitation time and quality of life. If treated correctly and
timely, the incidence of comorbidities can be lowered and
patient outcomes improved [1–5].
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Synonyms
Loss of sympathetic tone; Spinal shock; Sympathetic
denervation

Definition

Differential Diagnosis
Distributive shock, hypovolemic shock, septic shock,
cardiogenic shock, spinal shock.

Pathophysiology
Interruption of sympathetic innervations to the peripheral
vasculature and the heart results in deficits in vasomotor
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tone, decreased return of blood to the heart, decreased
cardiac contractility, and decreased cardiac output.
These physiologic derangements contribute to profound
hypotension and inappropriate bradycardia.

Signs and Symptoms
Generally associated with a cerebral or spinal cord injury
and includes hypotension, bradycardia, blood pooling,
priapism, and/or warm, dry extremities. Symptoms may
be associated with an epidural hematoma impinging on
the spinal cord, vertebral fracture with spinal cord
injury, or damage to the catecholamine-releasing areas
of the cerebral cortex or brainstem. The incidence of
neurogenic shock is higher with injuries to the cervical
cord and high thoracic cord compared to the lower thoracic or lumbar cord.

to sustain an adequate perfusion pressure. Dopamine is
a preferred initial agent given its inotropic and vasoconstriction properties. These patients may also be subject to
cardiac arrythmias and glycopyrrolate or atropine may
also be necessary in patients with bradycardia. Neurogenic
shock is generally self-limiting and initial symptoms usually resolve within the first 48 h; however, symptoms from
higher lesions may take weeks to fully resolve and no
longer require vasopressor support.
Neurogenic shock differs from spinal shock in such
that spinal shock refers to the muscle flaccidity and loss of
reflexes that occur in the immediate period following
cerebral or spinal cord injury. Spinal “shock” indicates
the state of the spinal cord and not the hemodynamic
status of the patient overall.
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Treatment
Initial therapy involves securing the airway and providing
adequate ventilation followed by restoration of circulatory
volume. The diagnosis of neurogenic shock is often difficult in patients with multiple injuries. Other forms of
shock including hemorrhagic, cardiogenic, and septic
shock should be excluded prior to making a definitive
diagnosis. Hypovolemia should be treated and large volumes of replacement fluids are generally required to fill the
increased capacitance of the intravascular space. Once
adequate volume replacement is obtained, the use of
peripheral vasoconstrictor medications may be required
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Definition
Neuropraxia is a type of peripheral nerve injury, and is
known as the mildest form of nerve injury. It is classified
as a transient conduction block of motor or sensory
function without nerve degeneration, although loss of
motor function is the most common finding. In cases
of neuropraxia, autonomic function is preserved.
Patients are usually able to fully recover within a period
of weeks to months.
Nerve damage is classically described in terms of anatomical injury. Nerves are comprised of the endoneurium
that surrounds axons. These include both individual
axons that are covered in myelin and groups of axons
than are unmyelinated. These collections are surrounded
by a layer called perineurieum, and the epineurium forms
the outermost layer. Vascular networks are contained
within the epineurium to supply the capillaries to the
endoneurium. Neuropraxia by definition does not involve
damage to the axon.
Neuropraxia was originally described in 1943 by
Seddon [1] as the mildest form of nerve injury that is
comprised of transient demyelination, compared to
axonotmesis, which involves disruption of the axon itself
with an intact epineurium and neurotmesis, which is
complete nerve disruption extending through the endometrium. Neuropraxia is characterized by transient functional loss, with a recovery in 6–8 weeks. Sunderland later
reclassified peripheral nerve injury from Seddon’s original
classification to five degrees of injury, with neuropraxia
identified as first-degree injury [2].

Pathophysiology
The exact pathophysiology of neuropraxia is unknown.
It is thought to be a local reaction to periods of ischemia
that result in ion-induced conduction blockade. There is
demyelination of the axon initially, which eventually
recovers. Loss of function occurs until remyelination
occurs, sometimes rapidly over days, or at times up to
12 weeks [3].
Neuropraxia occurs as a traumatic peripheral nerve
injury, which can include penetrating, crush, traction,
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blast, and burn injuries. These traumatic events cause
a period of ischemia to the nerve, rather than a direct
injury to the nerve. After a traumatic event, the vasculature of the epineurium becomes relatively more permeable
than that of the endoneurium, which contributes to local
ischemia both by the direct decrease in flow and also by
the contribution to edema, which leads to compression
and secondary injury [4].

Diagnosis
The clinical manifestations of neuropraxia are many. It is
the underlying etiology of such cultural references as
“honeymooner’s palsy” (a radial nerve neuropraxia) and
“crossed leg palsy” (a peroneal nerve neuropraxia). For the
surgeon, however, it is most commonly encountered after
the use of pneumatic tourniquets in extremity surgery, or
the use of lithotomy position for pelvic surgeries. The true
incidence of postoperative neuropraxia is unknown as
there are no reporting requirements, and there is no
long-term morbidity associated with the condition. The
other clinical scenario commonly encountered by physicians is posttraumatic cervical cord neuropraxia, when an
athlete presents with quadriplegia after an impact that
resolves, usually, within 24 h.
The diagnosis of neuropraxia is usually clinical, and
can classically be identified postoperatively when a patient
experiences functional loss in a nerve distribution related
to an area of compression related to patient positioning
under anesthesia. Commonly, the presentation can also
occur with athletes who have spinal stenosis and present
with quadriplegia after impact injuries. The mechanism of
injury combined with the neurological deficit is sufficient
to make the diagnosis.
The diagnosis can also be made or confirmed with
conduction studies or electromyography (EMG). These
studies will reveal a conduction block proximal to the
lesion, and sustained action potentials distal to the lesion.
Remyelination leads to resolution of these electromyographic findings in most cases, although remyelination is
usually not as robust as myelination before the injurious
event and slowing of conduction may persist even with full
functional recovery.
There is disagreement as to when to conduct EMG
studies if the clinician feels they are necessary to make the
diagnosis. While the classic findings of sustained action
potentials distal to the lesion may not be fully present until
3 weeks after the mechanism of injury, the immediate
EMG post-injury will demonstrate lack of conduction.
The exact localization of the nerve injury may not be
possible at this time, but abnormal findings are enough
to confirm diagnosis in the appropriate clinical scenario,
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and exact localization is unlikely to change management
of this injury, which is focused on the functional disability
of the patient.

Post-operative Neuropraxia
Neuropraxia is most commonly encountered with nerve
compression after positioning during surgery. Neuropraxia
has been described after tourniquet use after orthopedic
extremity surgery, although there is limited data about the
rates of this complication. Neuropraxia is also a known
complication when the patient is in the lithotomy position
during surgery. Retrospective studies have suggested that
rates of lower-extremity neuropraxia are as high as 1% after
surgery in the lithotomy position. Risks for neuropraxia
include age over 70, surgery duration of 180 min or greater,
and inappropriate positioning [5]. Prevention of
neuropraxia in surgery requires optimal positioning and
minimizing operation time. Animal studies have demonstrated that occasional reperfusion during periods of
ischemia do not change rates of neuropraxia [6]. This
inference implies that periodic relaxations of the tourniquet or from the lithotomy position may not be an appropriate response to prevent neuropraxia.
Therapy for neuropraxia involves monitoring to
ensure resolution of the symptoms in an appropriate
time line. Patients can also pursue physical and occupational therapy depending on the deficit. There is limited
evidence that other interventions, such as steroid administration, have any impact on outcome, and these lesions
will resolve on their own without any intervention. More
research is needed in this area to optimize time to
recovery.

Cervical Cord Neuropraxia
Cervical cord neuropraxia is a different clinical syndrome
from what has been described postoperatively. It is
described as occurring in athletes who have subclinical
cervical stenosis of the spinal cord. When these athletes
are involved in a high-impact collision, such as in tackling
in football, these patients can experience over 24 h of
transient quadriplegia [7]. The typical mechanism of this
injury is hyperextension of the neck, which creates
a period of transient ischemia and causes the athlete to
lose motor function in all four extremities. Frequently, the
athlete may regain function by the time they arrive at the
hospital.
Cervical cord neuropraxia has been estimated to have
an incidence as high as 0.06% [8]. There have been several
high-profile incidences of cervical cord neuropraxia.
These athletes are at high risk for a second incident,
although given the small numbers of cases that are

reported, it is difficult to derive broadly applicable conclusions about the natural history of this injury.
Therapy for cervical cord neuropraxia is similarly limited to therapy for postoperative neuropraxia. Given the
concern for greater damage to the spinal cord and associated morbidity and mortality, many individuals receive
steroids on arrival to the hospital. However, steroid administration for spinal cord injury has currently come under
scrutiny, and may not change outcome even in more serious
forms of spinal cord injury. The greatest question in these
cases is if there is a more significant underlying injury. Once
these injuries have been ruled out and the patient has
returned to normal functioning, return to play is not
contraindicated. If players have continuing deficits, more
significant underlying injury should be sought.

Summary
Overall, the risk of neuropraxia in traumatic and postoperative settings appears to be low. This condition, while
transient, does have significant morbidity for the duration
of functional losses. The pathophysiology of this condition is poorly understood, and its incidence low enough
that there are a few studies examining the best approach to
treating these patients. Diagnosis is usually made with the
appropriate mechanism of injury and clinical setting,
although given the functional loss, EMG is frequently
used to confirm the diagnosis and educate patients about
prognosis. Prognosis in these cases is excellent, but more
research is necessary to explore ways to shorten the duration of morbidity given the high burden of functional
motor loss.

Cross Reference
▶ Nerve Injury

References
1.
2.
3.

4.
5.
6.
7.
8.

Seddon HJ (1943) Three types of nerve injuries. Brain 66:238–288
Sunderland S (1978) Nerves and nerve injuries, 2nd edn. Churchill
Livingston, London
Dumitru D et al (2001) Peripheral nervous system’s reaction to
injury. In: Dumitru D, Amato AA, Zwarts M (eds) Electrodiagnostic
medicine, 2nd edn. Hanley and Belfus, Philadelphia, pp 115–156
Campbell WW (2008) Evaluation and management of peripheral
nerve injury. Clin Neurophysiol 119:1951–1965
Gumus E et al (2002) Neurapraxic complication in operations
performed in the lithotomy position. World J Urol 20:68–71
Mohler LR et al (1999) Intermittent reperfusion fails to prevent
psottourniquet neurapraxia. J Hand Surg Am 24(4):687–693
Castro FP (2003) Stingers, cervical cord neurapraxia, and stenosis.
Clin Sports Med 22:483–492
Torg JS, Naranja RJ, Palov H et al (1996) The relationship of developmental narrowing of the cervical spinal canal to reversible and
irreversible injury of the cervical spinal cord in football players.
J Bone Joint Surg Am 78-A:1308–1314

Neutropenia and Fever

Neurotmesis
▶ Nerve Injury

Neutropenia and Fever
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Synonyms
Febrile leukopenia; Febrile neutropenia (FN); Neutropenic fever

Definition
Febrile episodes during periods of neutropenia are
commonly anticipated in patients receiving treatment
for cancer, either solid tumors or hematological malignancies. Neutropenia and fever or febrile neutropenia as is
more commonly used as a term represents a syndrome
comprising of two components: a laboratory finding –
neutropenia; a clinical sign and symptom – fever. Fever
is defined as an oral temperature of 38.3 C in a single
measurement or an oral temperature of 38 C lasting for
1 h or an oral temperature of 38 C measured twice in
a period of 12 h. Neutropenia is defined as an absolute
neutrophil count of either 500 cells/mm3, or as an absolute count of 1,000 cells/mm3 initially but predicted to
decline to levels of 500 cells/mm3 in 24–48 h [1].
Four grades of anticancer chemotherapy-related neutropenia are recognized: grade 0 is within normal limits
( 2,000 cells/mm3), while an absolute count of <500
cells/mm3 represents grade 4 which is the best characterized and most prominent form of immunocompromise in
patients undergoing treatment for cancer. It is the leading
cause of infectious complications in these patients,
accounting for the majority of chemotherapy-associated
mortality and compromising treatment outcomes by
causing dose reductions and treatment delays.
Neutropenia allows bacterial multiplication and invasion and compromises the mounting of clinically apparent
inflammatory response, except from the presentation of
fever. For example, in patients with pneumonia and an
adequate neutrophil count (>1,000/mm3) purulent sputum is present in 84% compared to 8% when neutropenia
is severe (<100/mm3). In this case clinical and radiological
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signs of pneumonia are also going to be absent. When
neutrophils are <100/mm3, purulent exudates in patients
with pharyngitis are rarely present as are dysuria, frequency, and pyuria in patients with urinary tract infections, signs of meningeal inflammation in meningitis,
and fluctulence from perineal abscesses. Fever can be the
only sign of infection and 60% of febrile episodes in
neutropenic patients are initially considered as fevers of
unknown origin (FUOs); since 70% of these FUOs
respond to empirical antimicrobial treatment, it is most
likely that many of these episodes represent undetected
infections which if left untreated share a considerable
mortality. Pathogens responsible for infections in neutropenic patients are usually common bacteria and fungi,
while viruses are rarely implicated. Fever as a manifestation of infection or inflammation is not blunted in neutropenic patients because the proinflammatory cytokines
necessary for its production are released from many types
of cells (macrophages, lymphocytes, fibroblasts, epithelial
and endothelial cells). Occasionally, the presence of fever
can be blunted by immunosuppressive therapies (e.g.,
corticosteroids), advanced age, or the presence of shock.
Although signs can be minimal, the commonest sites of
infection noted in patients with ▶ FN are the lungs (25%),
mouth and pharynx (25%), soft tissue, skin and central
venous catheter (CVC) sites (15%), the perineum (10%),
and less often the gastrointestinal and urinary tract (5%)
and the sinuses (5%). The above sites serve also as
portals of entry for the offending pathogens. Pneumonia
and bacteremia are the most often documented
infections [2].

Risk Factors
Frequency of neutropenia is greatly influenced by the type
and intensity of the chemotherapy regimen used, the type
and stage of the underlying disease, the use of concomitant
radiation therapy, the phase of therapy (greater risk in the
earlier cycles, especially the first one), the degree of bone
marrow involvement and patient-specific factors like age,
performance status, comorbid conditions. The risk of
febrile episodes is increased if the neutrophil nadir at day
10 after cycle 1 of chemotherapy is <500 cells/mm3.The
incidence, severity, and recovery of infection is inversely
proportional to the degree or depth of neutropenia. Duration of neutropenia bears a direct relationship with the
risk of infection. It has been estimated that all patients
with grade 4 neutropenia that is prolonged for 3 weeks will
develop an infection. Duration of neutropenia after the
onset of a febrile episode also affects response to antimicrobial treatment and the incidence of complications.
Neutropenia lasting 7 days or less leads to 95% response
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rates compared to 32% in patients with neutropenia lasting more than 15 days.
Other factors that further increase the risk and spectrum of potential complications are (a) the damage of
mechanical barriers by chemotherapy-induced mucositis,
bleeding disorders (low platelet count), or due to the
presence of invasive devices, (b) the alteration of patients’
own flora by multiple hospitalizations and extensive use of
antimicrobials and antifungals, (c) organ function alterations caused by the underlying disease (e.g., kidney or
liver failure), (d) medications that affect other arms of the
immune defense like the phagocytic function or the
humoral response (monoclonal antibodies, purine analogues, corticosteroids), (e) genetic factors that might
influence the risk of infection and response to treatment.
Lately, great importance is given to cancer treatment–
induced mucosal damage which is mostly detectable in
the oral cavity but almost always it extends through the
entire alimentary tract and is better defined by the term
mucosal barrier injury (▶ MBI) than mucositis. It is now
recognized that the damage of the 200–300 m2 epithelial
lining is a robust inducer of systemic inflammatory
response leading to the production of pro-inflammatory
cytokines and fever. “Febrile mucositis” during neutropenia nadir is probably aggravated by microbial translocation and infection. At present there no tools to distinguish
between febrile mucositis (which is noninfectious) and
febrile neutropenia (which mostly represents underlying
infection) [3].
Patients with neutropenia not related to cancer like
after a viral disease or due to drug toxicity do not have the
same risk of acute infection, probably because they retain
mucosal integrity. Lower risk characterizes also patients
with congenital neutropenia or neutropenia related to
HIV infection.

Risk Assessment Stratification
(High- Versus Low-Risk FN)
Febrile neutropenia for patients at high risk for infectious
complications represents a medical emergency. In 20% of
those with grade 4 neutropenia, bacteremia is present.
Pseudomonal bacteremia, if untreated, bares a grave prognosis with a 33–75% mortality rate within the first 24–48
h. During recent years and with the introduction of
growth factors, it was realized that all febrile neutropenic
patients were not the same. Patients with febrile neutropenia and a low risk for life-threatening infectious complications had a 70% chance to be treated as outpatients,
with reduced costs and increased patient comfort, by
orally administered broad spectrum antimicrobial agents.
Validated prediction models have been developed to

distinguish patients falling in different risk categories
and they should be applied during the initial evaluation
of the patient with FN and ▶ FUO.
Risk prediction models used a combination of risk
factors recognized to affect patient prognosis such as
organ failure (kidney, liver, respiratory failure), severity
of symptoms (e.g., mental changes, hemodymanic instability), underlying comorbidities (e.g., COPD), age, duration and severity of neutropenia, status of underlying
malignancy (controlled or not, solid tumor or hematologic malignancy). The most recent scoring system postulated by Klastersky et al. is the Multinational Association
for Supportive Care in Cancer (▶ MASCC) index, which
consists of seven variables with a maximum score of 26:
(a) burden of illness with moderate (score 3) or mild
(score 5) or absent symptoms (score 5), (b) absence of
hypotension (score 5), (c) absence of chronic obstructive
pulmonary disease (score 4), (d) presence of solid tumor
(score 4) or no history of previous fungal infection in case
of hematologic malignancy (score 4), (e) outpatient status
(score 3), (f) absence of dehydration (score 3), and (g) age
less than 60 years for adults (score 2). A score of 21
predicts a <5% risk for severe complications during an
episode of febrile neutropenia and a very low mortality
(<1%). A 45% mortality rate accompanies high-risk
patients compared to no deaths in the low-risk group.
A prospective validation of the ▶ MASCC index has
shown that an index 21 represents nearly 70% of an
unselected population of patients with FN. A significant
percentage (~50%) of these patients can be treated with
orally administered antibiotics and can be discharged early
and safely from the hospital after a short (24–48 h) observation period. The remaining 30% are at much higher risk
for complications (25%) and death (14%) during the
episode of FN and should be under close follow-up in
the hospital while receiving IV antibiotics. Patients in the
high-risk category (MASCC index of <21) may not also be
identical: a score of 7–14 bears a mortality that is twice the
mortality of patients with a score of 19–20.
FUO seems to be a benign presentation, most commonly present in low-risk patients. High-risk patients
have a significantly longer duration of neutropenia and
are more often bacteremic with gram negatives, bearing
a higher complication (68 vs 24%) and mortality rate
(28 vs 2%).

Treatment
Empiric Antimicrobial Therapy
Prompt administration of empirical antibiotic therapy is
essential in patients with FN because underlying infections
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may progress rapidly. Selection of proper empiric antimicrobial therapy should be influenced by the local epidemiology and drug susceptibility patterns of bacterial
pathogens at a certain institution and exposure of the
patient to previous antimicrobial therapy. Initial empiric
therapy is directed against bacterial pathogens since fungal, viral, or protozoan etiology is rarely the cause of
infection initially. The local epidemiological data are subject to dynamic changes and are influenced by the following: (a) Resistance patterns in the community and the use
of chemoprophylaxis. In environments where prophylaxis
is not widely used, Gram-negative pathogens tend to predominate. If prophylaxis is extensively used with agents
active against Gram negatives, Gram positives consist
>65% of pathogens. (b) Type of chemotherapy. Intensively cytotoxic and damaging to the mucosa, regimens
increase the presence of viridans streptococci, Enterococci,
and Gram-negative pathogens. Blood isolates are not representative of prevailing pathogens, since bacteremias are
documented only in 25% of patients with FUO and neutropenia. Infections at other sites are commonly due to
Gram-negative pathogens or are polymicrobial. If data
from all sites of infection are pooled together, Gram positives prove to have a prevalence of <50%. Pseudomonas
aeruginosa rates are stable, being the second most common Gram-negative pathogen after E. coli (29%), followed
by Klebsiella sp. (16%). It appears to be more prevalent in
warmer climates. Thus, the initial empiric antimicrobial
regimen should include coverage against Gram negatives
including P. aeruginosa, as traditionally is the practice
since 1971, taking into consideration local, at each institution, resistance patterns.
Today, a challenging issue is the emergence of drug
resistance among nosocomial pathogens, compromising
the efficacy of the initial empiric antimicrobial regimen.
Resistance to methcillin among coagulase negative staphylococci (CNS) is 70–90% and among Staphylococcus
aureus is >50%. Rates of vancomycin-resistant enterococci (VRE) are 30% while 50–60% of Streptococcus
viridans and Streptococcus pneumoniae are resistant to
penicillin. S. viridans can be the cause of fulminant bacteremia associated with respiratory failure, renal failure,
and rapid death. VRE is reported as the cause of outbreaks
of bacteremias in leukemic patients, associated with high
mortality. Unusual Gram-positive pathogens, intrinsically
resistant to vancomycin are emerging as pathogens causing catheter-related blood stream infections or other
systemic infections (Leuconostoc sp., Pediococcus sp., Lactobacillus sp., Corynebacterium jeikeium). P. aeruginosa
resistant to ciprofloxacin is a fact in many institutions,
and nonfermenting, intrinsically drug-resistant bacteria
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are rising in incidence (Acinetobacter sp., Stenotrophomonas maltophilia, Alcaligenes sp., P. non-aeuginosa).
ESBL producing E. coli and Klebsiella pneumoniae, along
with Enterobacter sp., renders problematic the use of cephalosporins. Extensive use of carbapenems led to 15–30%
rates of ▶ MDR P. aeruginosa reported from different
parts of the world, sensitive only to colistin, which,
because of suboptimal efficacy cannot probably be used
as a single agent. Anaerobes are rarely isolated in blood
cultures of patients with febrile neutropenia (<5%),
although their presence should be suspected in perineal
abscesses, periodontal infections, or neutropenic
enterocolitis.
Empiric antimicrobial therapy usually consists of an
antipseudomonal cephalosporin (ceftazidime if ▶ ESBLs
do not prevail), piperacillin/tazobactam, cefepime, or an
antipseudomonal carbapenem (imipenem, meropenem),
combined with an aminoglycoside. The combination is
used for spectrum extension and rapid pathogen killing
and not for synergy purposes, which could not be proved
in meta-analysis studies. Aminoglycosides, as drugs
exhibiting a dose-dependent pattern of pharmacokinetics,
can be safely and effectively used in a once daily dose
regimen. It is essential that if bacteremia or pseudomonas
infection is not proved, the aminoglycoside must be early
(at 72–96 h) discontinued. Otherwise, monitoring of kidney function and drug levels is recommended.
Monotherapy with ceftazidime, meropenem, and
imipenem or piperacillin/tazobactam was found equally
effective with the conventional combination of a b-lactam
and an aminoglycoside and are considered as standard
of care. Aminoglycosides clearly are not suitable as
monotherapy and the use of quinolones is discouraged in
institutions where they are used as prophylaxis. No universal guideline can be applied. Clinicians should be alert
about the pathogen predominating in their institution.
The increased predominance of Gram-positive microorganisms in bacteremias of patients with FN during
the last 15 years led to the increased use of vancomycin
as part of the initial empiric antimicrobial regimen. It is
nowadays evident that the use of glycopeptides can be
safely deferred until the documentation of a resistant
Gram-positive infection. The Infectious Diseases Society
of America (IDSA) in its latest guidelines and taking into
consideration the emergence of VRE under the selective
pressure of vancomycin, recommends the addition of vancomycin to the initial regimen : (1) in patients with hemodynamic instability (threat of septic shock), (2) when signs
of or a documented Gram-positive infection is present
(tunnel infection, soft tissue infection), (3) when high
rates of S. viridans or methicillin-resistant staphylococcus
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aureus (MRSA) infections are prevalent in the institution,
especially if the patient is known to be colonized with
MRSA. Considerations exist in some physicians for
patients with chemotherapy-related substantial mucosal
damage and history of quinolone prophylaxis during the
period of afebrile neutropenia. Sudden spikes of temperature >40 C may be predictive of streptococcal sepsis.
Patients falling in the low-risk category, after 24–48 h
evaluation at the hospital, can be either sent home on an
oral regimen, or be hospitalized until defervescence and
then sent home to complete therapy with an oral regimen.
Extensively used oral regimen is the combination of ciprofloxacin plus amoxicillin/clavulanate while the newer
quinolones (moxifloxacin) are under study with limited
data yet about their potential use as monotherapy. The
decision to treat a low-risk patient on an outpatient basis
should rely on prerequisites like patient’s ability to understand the risk, to receive oral medication, to have a telephone, to be able to reach hospital within 1 h, to have help
at home, and the ability of health services to offer a
24 h service 7 days a week.

Empiric Antifungal Therapy
During the first week of neutropenia, efforts to evaluate
fever primarily focus on the search for a bacterial pathogen, because at this time point bacteria account for the
majority of infections during febrile neutropenia. With
the administration of antibiotics and the prolongation of
neutropenia, the risk of fungal infection emerges and
becomes great after the second and third week of neutropenia. Candida spp. and Aspergillus spp. are the most
common fungal pathogens encountered. Therapies that
cause short-term neutropenia lasting less than a week do
not meet the risk of fungal infection. ▶ BMT patients are
the patients at highest risk due to prolonged and severe
neutropenia and the presence of other factors compromising immunity as well (▶ GVHD, corticosteroids).
Candida may be the cause of fungemia, acute or
chronic disseminated or single-organ disease. Nonablicans strains are emerging. Aspergillosis initially is
a lung or sinuses disease, to disseminate in 30% of
patients, causing primarily central nervous system disease
with 90% mortality rate. Aspergillus resistant to
amphotericin B, like Aspergillus terreus and Aspergillus
flavus, have also emerged as pathogens. Numerous
other fungi are emerging as opportunistic pathogens:
Fusarium spp. (sinopulmonary infection, skin lesions,
fungemia), Mucor spp. (sinopulmonary or disseminate
disease), Scedosporuim spp., Acremonium, Trichosporon,
Alternarnia, among others. They tend to present as breakthrough infections due to extensive use of antifungals.

Reasons necessitating the administration of empirical
antifungal therapy include the high rates of morbidity and
mortality associated with fungal infections, the difficulty
of diagnosing invasive fungal disease (IFD) early during
the course of infection, and the ineffectiveness of treatment when it is delayed.
Empiric antifungal therapy has been shown quite early
to improve patient’s outcome. In the recent IDSA guidelines, the introduction of antifungal therapy is
recommended in neutropenic patients with FUO not
responding to 5 days of appropriate antimicrobial treatment. Decisions could be individualized. For example, the
appearance of lung infiltrates on chest X-ray, suspicious
mucosal skin lesions, or eye-sinuses inflammation should
prompt at any time point the initiation of antifungal
treatment. Amphotericin B, its lipid formulations, and
caspofungin have been shown effective equally as empiric
antifungal therapy in the management of neutropenic
FUO. Voriconazole has proved to cause less breakthrough
fungal infections, but failed to reach the non inferiority
end point compared to liposomal amphotericin B in the
empiric antifungal treatment of neutropenic FUO. Its
extensive nowadays use as treatment or prophylaxis in
patients with cancer, is accompanied by reports of an
increase in invasive zygomycosis incidence at the same
centers. Voriconazole should be the treatment of choice
when the suspicion of invasive aspergillosis is strong.
The optimal duration of empirical antifungal treatment has not been clearly established. If the patient is
afebrile and the neutropil count has recovered (>500/
cells/mm3), treatment can be discontinued. If the patient
is afebrile and stable but neutropenia persists, treatment
can be stopped after 2 weeks of administration. In an
unstable, febrile, neutropenic patient treatment should
continue until fever and neutropenia resolves.
In the future, empiric antifungal therapy may be
transformed to preemptive antifungal therapy, based on
nonculture methods (galactomannan, PCR) and risk
stratification efforts, although recent reports bring evidence that empiric antifungal therapy is accompanied by
reduced incidence of IFI overall and better survival rates
for patients receiving induction chemotherapy [4].

Treatment Strategy During FN
First time point for the evaluation of the initial, empiric
antimicrobial treatment is after 72 h of treatment have
been completed. The median time to clinical response in
hospitalized patients with cancer-related FN is 5–7 days,
while in low-risk patients it can be only 2 days. If the
patient is afebrile after 72 h and the episode was a FUO,
in a low-risk stable patient without mucositis, treatment
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will continue until at least 7 days of treatment have been
completed. For some clinicians resolution of neutropenia
before treatment discontinuation may be preferable. If
a pathogen has been identified, treatment can be modified
as appropriate, provided that it remains within a broad
spectrum. Deescalation to a narrow spectrum therapy is
not recommended in this patient setting because of the
risk of breakthrough infections. For unstable patients with
mucositis and profound neutropenia, treatment should be
continued for at least 2 weeks and for as long the patient is
unstable or neutropenia profound (<100/cells/mm3). For
documented infections like pneumonia, treatment is continued until complete resolution of all clinical, microbiological, and radiological signs of infection (this is also the
case for documented fungal infections).
If fever as FUO persists after 5 days, patient needs to be
reassessed for occult fungal infection, a bacterial site of
infection, for atypical opportunistic infections (viruses,
mycobacteria), resistant organisms, suboptimal dosing of
antibiotics, or noninfectious causes of fever (drug fever,
underlying disease, GVHD, phlebitis, transfusions, etc.).
Removal of CVCs without clear-cut evidence in case of
FUO is not helpful. If no other causes of persisting fever
are revealed, the next step is the addition of empiric
antifungal therapy, with or without modification of the
initial antimicrobial regimen. Simultaneous continuation
of the same antimicrobial regimen may be preferable for
stable patients who are expected to have a rapid recovery
of neutrophils. Modifying by changing from one broad
spectrum antibiotic to another (e.g., from piperacillin/
tazobactam to a carbapenem) may be done, epidemiology
of resistance permitting, though is not supported by
published evidence. Discontinuation of antimicrobials is
not recommended. Empirical addition of vancomycin is
also not recommended because recent studies have shown
that the addition of a glycopeptide to persistently febrile
neutropenic patients without evidence of a Gram-positive
infection is of no benefit. If a glycopeptide was a part of the
initial regimen it should be discontinued in patients with
persistent FUO or no isolation of a Gram-positive pathogen. If neutropenia and FUO persists, antimicrobial treatment should continue for at least 2 weeks. If neutropenia
resolves and FUO persists, the patient must be evaluated
for chronic disseminated candidiasis or other fungal or
viral diseases and antimicrobial treatment may be
discontinued 5 days after neutrophil recovery.
Empirical antiviral therapy is not recommended at any
time point. It could be added in patients with oral lesions
suggestive of herpes simple (HSV) infection (acyclovir), in
patients with esophagitis (acyclovir or gancyclovir), or
patients with viral respiratory disease indicative of
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respiratory syncytial virus (RSV) (ribavirin), influenza or
parainfluenza infections (amantadine). HSV can cause
serious morbidity in neutropenic patients after BMT, during the first month after transplantation, through systemic
or central nervous system infection, while respiratory
viruses can be the cause of serious pneumonias or interstitial pneumonitis leading to respiratory failure.

Evaluation/Assessment
Evaluation of the patient with neutropenia and fever
includes clinical assessment and laboratory evaluation
using microbiology, serology, and radiology methods to
more effectively target antimicrobial or antifungal therapy, especially in the often initial scenario of FUO.
Physical examination should include careful search for
potential sites of infection like the oropharynx, skin and
skin folds, the axilla, perineum, nails eyes, sinuses, vascular access sites, and the lungs. If FN presents as FUO,
physical examination initially is unrevealing but it must
be repeated daily searching for skin nodules, ulcers,
ecthyma gangrenosum, black eschars, pain in the perineum, facial or sinus pain, swelling or eye redness appear,
documenting clinical infection of microbial or fungal etiology. Vital signs, urine output, respiratory function
parameters, and mental state should be evaluated and
monitored as hemodynamic instability, hypoxemia, and
confusion are signs of clinical deterioration and lifethreatening infectious complications. Documented diagnosis using histology specimens or other interventions
(bronchoalveolar lavage = BAL) should always be in quest.
Laboratory evaluation of all patients with FN should
include complete blood count and biochemical tests and
two sets of blood cultures. If a CVC is present, a set of
cultures should also be drawn from each CVC lumen (in
case of catheter-related blood stream infection). Urine
cultures are also recommended even if pyuria and dysuria
are absent because neutropenia blunts these signs of urinary tract infection. Expectorated sputum samples are
processed and cultured even in the absence of neutrophils
in Gram stain, for the above-mentioned reason. Cultures
from other sites are sent if clinical suspicion of infection is
present. Screening of normal flora is not indicated because
it has not proved useful and cost effective in identifying
early the causal pathogen. Screening for multi-drugresistant (MDR) pathogens like MRSA (Methicillin Resistant S. Aureus), VRE (Vancomycin Resistant Enterococcus),
or MDR Gram-negative pathogens is recommended only
for infection control purposes.
A chest radiogram, though not expected to be abnormal even in the presence of pneumonia should be initially
done for later comparisons. It should be repeated if FUO
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persists and accompanied by a high-resolution computed
tomography (CT) of the thorax, which can reveal early
signs of fungal pneumonia (the “halo sign” in lung
hyphomycoses). Right-sided abdominal pain and distention should prompt for a CTof the abdomen which might
reveal bowel wall thickening (>4 mm), indicative of
typhlitis or neutropenic enterocolitis. An ultrasound or
CT examination of the abdomen can be also useful in case
of persisting FUO after neutrophil count recovery to normal levels, where multiple, hypodense lesions of liver and
spleen are suggestive of chronic disseminated candidiasis
in the form of hepatosplenic candidiasis (a condition with
no other symptoms and signs except fever, increased
serum alkaline phosphatase and negative blood cultures,
that necessitates administration of antifungal treatment
for the duration of the chemotherapy cycles and for
6 months afterward).
Considering that acute bacterial infections and especially bacteremic infections have an increased rate of complications and mortality compared to FUO not
representing an occult infection, it would be useful for
the successful management of the febrile episode in the
neutropenic patient to have markers indicative, in case
of FUO, of the infectious and bacterial origin of fever.
C-reactive protein (CRP) is an acute phase protein which
is proved less useful in discriminating occult bacteria
infection during an episode of FUO in febrile neutropenic
patients, correlating more with the course of fever than
with that of infection and its value can be affected by the
underlying disease or the presence of GVHD. It increases
late in the course of infection (3 days after the onset of
fever) and its normalization is also prolonged due to
a long half-life. It is reported that serial measurements of
CRP can be of help, with two consecutively low measurements bearing a good negative predictive value (NPV) for
the presence of bacterial infection and stable, consecutively increasing values (levels >200 mg/mL) in patients
still febrile the fifth day of FN to be strongly predictive of
mortality.
Procalcitonin (PCT), a precursor of calcitonin has
been shown to increase in systemic bacterial infection
especially if severe sepsis is present. PCT was measured
on a daily basis and for the whole duration of the febrile
episode in patients with neutropenia and cancer in several
studies and it was found that it increases in serious systemic infections (values >5 ng/mL), with levels particularly elevated in patients with bacteremia and severe sepsis,
while in viral or localized infections its levels remain much
lower ( 0.1 ng/mL). Accumulated data offer PCT a sensitivity range of 44–83% and a specificity range of

64–100% depending on the severity of the underlying
infection and the cutoff value used. Most powerful is its
negative prognostic value (NPV) for the presence of
bacterial infection when levels are <0.5 ng/mL which is
>85%. PCT has probably lower values in neutropenic
hosts necessitating lower cutoff values in the assessment
of infectious risk. If PCT evaluation is to be used, serial
measurements are more helpful than an isolated determination. The addition of PCT to clinical risk assessment
scales (MASCC index), although not in a statistically significant way, appeared to augment sensitivity from 60% to
87% for the prediction of bacteremia and from 70%
to 90% to predict treatment failure. More importantly, it
incremented the NPV for the detection of bacteremia or
treatment failure up to 98%, a determinant factor to
decide whether a patient can be discharged safely and
treated on an outpatient basis.
The need of early diagnosis of occult IFD in FN is
addressed by the recent advent of an improved commercial serum enzyme-linked immunosorbent assay (ELISA)
for the detection of circulating galactomannan (GM)
which has contributed to the diagnosis of invasive aspergillosis (IA) in many hematology and transplant centers.
GM is a cell wall polysaccharide released by Aspergilllus sp
during growth. Its kinetics in tissues is not completely
understood. The optimal threshold for positivity remains
a matter of debate, and measurements must be repeated
consecutively on a twice or thrice a week basis in patients
with neutropenia. Decreasing the index cutoff for positivity to 0.5 increases its sensitivity. Sensitivity is highest in
patients who did not receive antifungal prophylaxis with
mold-active agents (87.5%). Prospective screening for GM
allows earlier diagnosis of aspergillosis than do conventional diagnostic criteria. Studies have shown a sensitivity
range of 75–100%, a specificity of 80–98%, and a high
NPV of about 95% (with a sensitivity of 81% and
a specificity of 89% in the studies leading to its FDA
clearance). Physicians still must be aware of the potential
for false-positive (treatment with amoxicillin/clavulanate
or piperacillin/tazompactam, early after lung transplantation or BMT, in neonates, several cross-reacting food
components like milk, rice, pasta, and technical factors)
and false-negative results. Although not validated methodologically, GM detection in other body fluids
(urine, BAL, cerebrospinal fluid (CSF)) has been studied.
BAL testing seems more promising (sensitivity 85–100%,
positive and negative predictive value of 100%), especially
when combined with PCR for Aspergillus or highresolution CT of the thorax. GM in blood, BAL, or CSF
has been incorporated as a mycological criterion in the
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new definitions for probable invasive fungal disease (www.
doctorfungus.org). Accordingly, recently it is investigated
as a surrogate marker for preemptive and/or empiric antifungal treatment in FN.
Except from GM another test currently under investigation for the early diagnosis of invasive fungal disease is
(1,3) b-D-Glucan (BG) which represents a panfungal test,
as being a component of the cell wall of a variety of fungi
(Candida sp., Aspergillus sp., Acremonium sp., Fusarium
sp., Trichosporon sp., Pneumocystis jirovecii) except Cryptococcus sp. and Zygomycetes. Compared to GM detection
BG exhibits a comparable high NPV (96.3%) and when
combined to GM it can be useful in detecting false positives. When detected in blood, BAL, or CSF, it is considered as a mycological criterion in the new definitions of
invasive fungal disease.
Detection of Aspergillus sp. DNA by PCR has been
studied in blood and BAL samples with variable sensitivity
(50–100%), high specificity (93–100%), and high NPV
(96–99%) in diagnosing aspergillosis. Variable sensitivity
is attributed to differences in assay characteristics (no
standard platform assay, different DNA extraction methodologies), the type of patients evaluated (sensitivity rises
at higher risk), the certainty of diagnosis (proven vs possible), and the presence of antimold therapy (lower sensitivity). Serial measurements during neutropenia may offer
a useful tool for early (many days earlier) diagnosis of
invasive aspergillosis. Due to the methodological problems it was not included in the new definitions for invasive
fungal disease.

After-care
Antibacterial Prophylaxis
Routine use of antibacterial prophylaxis for all patients with
afebrile neutropenia is not recommended in the latest IDSA
guidelines. It may be beneficial in high-risk patients with
expected prolonged neutropenia (e.g., BMT, AML). Recent
evidence through prospective studies confirm what was
previously known: that antibacterial prophylaxis reduces
gram-negative and documented infections, reduces the
incidence of febrile episodes, subsequent duration of hospitalization and days of antibiotic use but it does not
decrease overall and infection-related mortality. Evidence
through meta-analysis bring evidence that in selected
patients at highest risk of infection (hematologic malignancies, prolonged neutropenia) prophylaxis with quinolones
may reduce overall and infectious related mortality.
Prophylaxis against pneumocystis is recommended for
all patients at risk, e.g., those with lymphohyperplastic
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diseases especially if they are treated with steroids, with
BMT, and those on treatment with purine analogues or
anti-CD52 monoclonal antibodies.

Antifungal Prophylaxis
Studies have shown the effective role of antifungal prophylaxis in the reduction of superficial infections and in
the need for empirical antifungal treatment, in reduction
of invasive fungal disease and with a trend for reduced
mortality. The effective role of fluconazole against prevention of superficial infections and systemic candidiasis was
shown in patients with BMT and for this population is
recommended until engraftment in the dose of
400 mg/day. Considerations existed about the narrow
spectrum of fluconazole and the increasing incidence of
mold infections and infections due to fluconazoleresistant Candida strains that gave rise to studies on the
use of orally available newer antifungals (posaconazole
and voriconazole) in the prevention of aspergillosis and
other IFI in severely neutropenic leukemia patients and
allogeneic stem cell transplant recipients. Posaconazole
was able to reduce the incidence of Aspergillosis and of
overall and or fungal infection-related mortality and
earned an approved indication for antifungal prophylaxis
in the studied patient settings. Voriconazole reduced the
incidence of IFI in patients with allogeneic stem cell transplantation. Experts emphasize that nonselective use of
posaconazole for antifungal prophylaxis should be discouraged in favor of a targeted use of this approach in
selected institutions with a high rate of invasive infections
caused by filamentous fungi, motivated by drug-related
side effects and the emergence of multi-azole-resistant
clones of Aspergilllus fumigatus [5]. History of a documented IFI is an indication for the administration of
antifungal therapy, as secondary prophylaxis, as soon as
the patient is rendered again neutropenic (and for the
whole duration of neutropenia).

Growth Factors
Colony stimulating factors and granulocyte transfusions
are not routinely recommended. They might be helpful in
documented infections not responding to appropriate
treatment, in severe uncontrolled fungal infections, and
in specific life-threatening infections like pneumonia.
They may be used as prophylaxis in high-risk patients
with expected long duration of neutropenia (10 days)
and with a high risk of a febrile episode (>20%). The use
of colony-stimulating factors in patients with febrile neutropenia due to cancer chemotherapy does not affect
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overall mortality, but reduces the amount of time spent in
hospital and the neutrophil recovery period, while may
permit the augmentation of the chemotherapy regimen. It
is not clear whether colony-stimulating factors have an
effect on infection-related mortality.
Most recently, a recombinant human keratinocyte
growth factor (palifermin) was introduced to treat
mucositis and has finally provided an effective choice to
reduce the intensity and chronicity of mucositis in specific
clinical situations (e.g., stem cell transplantation).

General Measures
High efficiency particulate air (HEPA) filtration seems to
be effective in reducing mold infections. It is
recommended in BMT patients along with positive pressure rooms with >12 air exchanges per hour, especially in
facilities undergoing construction and renovation. Debate
exists about the effectiveness of the laminal air flow systems which are not generally recommended. All neutropenic patients require careful nursing, including strict
hygienic practices (gown, mask, sterile gloves), patient
daily skin care and strict adherence to hand hygiene
rules, avoidance of plants and flowers, and dietary restrictions that include raw vegetables and salads and everything that is not well cooked, or boiled, or pasteurized.
Visitors must be limited and without exposures to viral
diseases. Adherence to such procedures is the first step
toward effective prophylaxis.

intubation which increases significantly mortality),
remains predictive of ICU mortality, which is comparable
to severely ill noncancer patients (>47%). Septic shock
among cancer patients admitted to the ICU has
a mortality rate similar to that reported for mixed
populations (>50%) and is particularly increased when
hepatic or respiratory dysfunction develops. Neutropenia
and its duration and underlying disease progression is not
associated with a worse prognosis in terms of ICU mortality and general reluctance to admit cancer patients to an
ICU does not seem to be justified. In the ICU, colonystimulating factors administration does not seem to alter
the clinical outcome.
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Prognosis
Since 1971, when empiric and prompt (within the first
hour after fever) use of intravenous broad spectrum active
antibiotics was introduced in patients presenting with the
syndrome of FN, mortality from FN has dramatically
decreased from 60–70% in the 70s to 4–6% in adults and
0.4–1% in children nowadays. If changes in the host
defense matrix, the emerging alterations of endogenous
and exogenous microflora toward increased resistance and
stagnation in the discovery of new antibiotics are going to
alter this, is for the future to be seen.
Patients with febrile neutropenia, especially after BMT,
who present with respiratory failure or hemodynamic
instability may need the support of a Medical Intensive
Care Unit (MICU). Admission of cancer patients with
serious medical complications to the ICU remains controversial primarily because of the high short-term mortality
rates in these patients. Admission to the ICU worsens the
prognosis substantially but only the number of organ
system failures at admission (expressed as number, SOFA
or SAPS II score) and respiratory failure (requiring
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Definition
The Nexfin HD monitor (BMEYE, Amsterdam, The
Netherlands; http://www.bmeye.com) is a device that
measures ▶ cardiac output (CO) continuously in
a totally noninvasive manner by an inflatable finger cuff
which is the only interface with the patient. The Nexfin
HD measures continuous CO by combining continuous
blood pressure (BP) monitoring and a novel pulse contour
method (Nexfin CO-Trek) which is based on the systolic
pressure area and a physiological three-element
Windkessel model. The patient’s age, gender, height, and
weight are important input parameters for the measurement algorithm. The CO is calculated without external
calibration although it can be calibrated externally. The
parameters that are measured by the Nexfin HD include
continuous BP (systolic, diastolic, mean), heart rate,
continuous cardiac output (CCO), stroke volume (SV),
systemic vascular resistance (SVR), and an index of left
ventricular contractility (dp/dt).

Characteristics
General
The cardiac output is one of the most important physiological parameters as it is the major determinant of oxygen
delivery. Since the CO decreases in so many pathophysiological states, and since so many of our efforts in the ICU are
aimed at increasing the CO, its measurement offers vital
information for the care of the critically ill. Furthermore, it
has been repeatedly shown that clinical evaluation alone is
inaccurate and unreliable for the hemodynamic assessment
of critically ill patients, and that adequate resuscitation
cannot be based on normalization of vital signs alone.
This may also be true in the perioperative care of highrisk surgical patients, where CO-guided optimization have
been shown to improve the postoperative course. Although
there is little evidence that the measurement of CO per se
improves outcome, this is also true for all other hemodynamic parameters that are in common daily use.
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For many years, the main technology for the measurement of CO was the thermodilution technique used by the
pulmonary artery catheter (PAC). In recent years, many
other technologies for the measurement of CO have
become available for clinical use. These technologies
offer a less-invasive approach than the PAC while measuring CO with a similar accuracy. In addition, many
monitors are able to display CO continuously and to
track real-time changes. The most recent significant development in this field is the introduction of non-calibrated
CCO technologies. The non-calibrated CCO is usually
based on pulse contour technology, by which various
formulas are used to compute CCO values from the BP
waveform, without using an intermittent thermodilution
for calibration. The absolute accuracy of some of these
technologies has not been shown to equal that of intermittent thermodilution. However, their good tracking
accuracy provides a very useful tool for the assessment of
events with short time constants, for example, fluid loading, passive leg raising, start of inotropes, etc. The Nexfin
HD belongs to this category of continuous CCO monitors,
with acceptable absolute precision, excellent tracking
accuracy, and the unique feature of its total
noninvasiveness.

The Principles of CCO Measurement by the
Nexfin HD
The Nexfin HD (Fig. 1) applies three major stages in the
CCO measurement: (1) measurement of continuous finger BP by the Volume Clamp method and Physiocal
criteria; (2) transformation of the finger BP curve into
a brachial arterial BP waveform; (3) calculation of the
CCO from the brachial arterial pressure pulse contour.
1. Measurement of continuous finger BP
For measuring continuous BP, a cuff (Fig. 2) is
wrapped around the middle phalanx of the second,
third or fourth finger. The finger cuff includes an LED
emitter-detector that measures the diameter of the
finger arteries running on both sides of the finger’s
palmar aspect. The cuff inflates and deflates so that the
diameter of these arteries is kept constant throughout
the cardiac cycle (Volume Clamp method). The pressure that is needed to keep this diameter constant is
directly measured as the real-time pressure waveform.
The correct constant diameter of the artery is determined by the auto-calibration Physiocal algorithm,
which also periodically recalibrates the necessary
clamping pressure in order to compensate for changes
in finger vascular tone. This Volume Clamp and
Physiocal method has been previously used in the
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Ohmeda 2300 Finapres continuous BP monitor. After
the initial calibration, typically 1–2 min, the Physiocal
interval is automatically set to intervals of 50–70 beats.
An interval of <30 beats is indicated by the Nexfin HD
as an unstable measurement condition. A “heart reference system” (HRS) measures and automatically
corrects for the vertical height difference between the
finger cuff and the heart level.
2. Transformation of the finger BP curve into a brachial
artery waveform
The CCO that is measured by pulse contour algorithms may be significantly influenced by the site of
the blood pressure measurement. As a rule, the

more peripheral the site where the BP is measured,
the greater the chance that the algorithm may not be
able to compensate for changes in shape and
amplitude of the waveform in extreme hemodynamic
conditions. The Nexfin HD transforms finger BP to
brachial BP waveform and uses the brachial pressure
waveform as a robust substitute for aortic pressure as
input for CCO measurement. Calibration with an
upper arm cuff is no longer needed.
3. Calculation of the CCO from the brachial arterial
pressure waveform
The original concept of the pulse contour method
for estimation of beat-to-beat stroke volume was first
described by Otto Frank in 1899 as the classic twoelement Windkessel model (see later). Unlike some
current pulse contour methods that are based on statistical models (e.g., LiDCO, FloTrac), the Nexfin COTrek uses a physiological Windkessel-type model as
well. According to this model, the interaction between
the cardiac function and the arterial input impedance
(Z in) determines the stroke volume (SV) and the systolic and diastolic pressures. Pulse contour methods in
general use the hemodynamic version of Ohm’s law
(ΔP/Q = Zin), meaning that when arterial input
impedance (Z in) is known, a given pressure (P) allows
for the calculation of the related flow (Q). The Nexfin
HD algorithm computes beat-to-beat SV from the
systolic area under the arterial pressure waveform
(PSA, Pressure Systolic Area) while using the physiological, three-element, nonlinear Windkessel model of
the aortic arterial input impedance as a description of
the cardiac afterload of the left ventricle.
▶ The three-element Windkessel model (Fig. 3)
includes the following elements:

NEXFIN HD Monitor. Figure. 1 The Nexfin HD device

1. Characteristic impedance (Zc). During ejection into the
blood-filled proximal aorta, the left heart encounters
the combined effects of the proximal aortic compliance (C) and its blood mass, or inertance (L). This
combined effect is called the characteristic impedance

NEXFIN HD Monitor. Figure. 2 The finger cuff, which is the only interface with the patient
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NEXFIN HD Monitor. Figure. 3 The three-element
Windkessel model. Zc – characteristic impedance; Cw – total
arterial compliance; Rp – total peripheral resistance

and is calculated as Zc = √L/C, where inertance
increases the resistance to ejection and compliance
facilitates ejection.
2. The total arterial compliance (Cw) equals the sum of the
compliances of all arteries, is determined mainly by
the ascending and descending aorta, and represents
the ability of the aorta and larger vessels to elastically
store the ejected stroke volume.
3. The total peripheral resistance (Rp) equals the sum of
the resistances of all small arteries, arterioles, and
capillaries. It represents the resistance to outflow of
blood to all vascular beds during diastole when inflow
into the aorta is zero.

The Nexfin HD New Pulse Contour Method
Pulse contour algorithms for non-calibrated CCO measurement were initially developed by Wesseling and
coworkers. These are the corrected characteristic impedance or cZ method (1983) [1] and the Modelflow method
(1993) [2]. The cZ method computes beat-to-beat SV by
integrating the area under the systolic portion of the
measured PSA and dividing this area by the characteristic
input impedance (cZ). A correction to the characteristic
impedance, which is derived by a distributed transmission
line model, is then applied in order to account for changes
in mean arterial pressure and heart rate: Zc = K/(a + b∗HR
+ c∗MAP). The limitation of this pulse contour algorithm
is that a calibration factor (K) had to be determined at
least once for each patient. In addition, it does not take
into account the nonlinear pressure dependency of compliance and the effects of strong vasoconstriction or vasodilatation in peripheral arterioles.
To overcome these limitations, Wesseling developed
the Modelflow method (1993) [2] by simulation of a flow
waveform in a three-element Windkessel model in
a nonlinear, time-variant, age-dependent fashion. SV is
then calculated by the integration of the systolic portion of
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the resulting modeled flow waveform (FSA). The method
can be calibrated for each individual patient by adjusting
a calibration factor to improve absolute precision [2].
Tracking changes in SV with this method has been found
to be excellent even in the presence of large changes in
pressure, heart rate, and strong vasodilation or vasoconstriction [3]. However, this algorithm is less accurate in
estimating the initial absolute level of CO at the start of
monitoring. In addition, this algorithm performs best on
invasive radial arterial pressure, but its initial performance
on finger pressure is less satisfactory.
The Nexfin HD computes SV from the arterial pressure waveform by a new pulse contour method called COTrek which was introduced in 2007. The CO-Trek method
integrates the area under the systolic portion of the measured PSA and uses the three-element Windkessel model
in a nonlinear pressure-dependent, time-variant, agedependent fashion. As pressure input, the CO-Trek uses
the brachial arterial pressure waveform (reconstructed
from the finger arterial pressure) as a close substitute for
aortic pressure. The Nexfin HD derives the aortic characteristic impedance and the Windkessel compliance from
the aortic pressure–diameter relationship, while the
peripheral resistance is provided by the model computations. With input of age, gender, height, and weight of
a patient, the components of the three-element
Windkessel afterload are individualized for each patient
and can be computed for any arterial pressure level and
further used for the SV computation: SV = PSA/Zin.

Validation of the Nexfin HD
Since the Nexfin HD is a new device, there are only few
published validation studies of its new CO-Trek algorithm. However, many clinical studies have validated the
previous pulse contour methods, namely, the cZ and the
Modelflow methods. These studies, done in high-risk surgery (e.g., cardiac, liver transplantation) and intensive care
patients, showed excellent correlation with thermodilution
CO, which was measured by an automated series of four
thermodilution (TD) injections equally spread over the
ventilatory cycle for better accuracy [3].
In a study from 2007, performed in 24 patients undergoing uncomplicated coronary artery bypass graft
(CABG) surgery, excellent results in absolute values as
well as in tracking changes in CO were obtained using
the Modelflow method. The results were found to be
better than those of Wesseling’s cZ method, and of the
LiDCO and PiCCO algorithms [4].
In a more recent study from 2009, the same group of
de Wilde et al. have studied another small group of
patients (n = 13) within 2 h of arrival in the ICU following
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CABG or mitral valve reconstruction [5]. CO measured by
the FloTrac device, the Modelflow method, and the transesophageal ultrasonic HemoSonic system (Arrow) were
compared with thermodilution as the reference (triplicate,
automated system under computer control, equally spread
measurements over the ventilatory cycle). CO values were
measured during and after four interventions: (i) an
increase of tidal volume by 50%, (ii) a 10 cm H2O increase
in PEEP, (iii) passive leg raising, (iv) head-up position.
The main finding of this study was that only Modelflow
yielded limits of agreement (26%) that were below the
30% criteria for a theoretically acceptable alternative to
thermodilution CO. The CO values measured by
Modelflow had the best precision (0.69 l/min) and
smallest limits of agreement (1.08, þ1.68 l/min), 26%,
compared with the FloTrac and the Hemosonic systems
(1.47, þ2.13), 34%, and (2.62, þ1.80 l/min), 44%,
respectively. The authors concluded that Modelflow had
the best performance, while the FloTrac overestimated
changes in CO, although directional changes in
thermodilution CO were detected with a high score by
all three methods [5].
In another recent study [6], the authors observed
a correlation between thermodilution CO (PAC) and the
Nexfin HD CO of r2 = 0.83, with a bias of 0.23 l/min and
two SD of 2.1 l/min; the percentage error was 29. These
findings are even more impressive if one takes into account
that the study was done in severely ill patients (four
patients were postlung transplant, four patients were
postliver transplant, and two had severe ARDS), all of
whom were receiving norepinephrine at the time of the
study. Moreover, data were analyzed retrospectively using
hourly Nexfin HD CO measurements, rather than simultaneously measured CO values. The authors noted that
there were no clinical signs of disturbed microcirculation
of the fingers in these patients during application of the
finger cuff, indicating a safe use of the Nexfin HD system.
In addition, the Nexfin HD was found to be very easy to use
and quickly to install within minutes and hence could offer
a quick initial hemodynamic overview and allow to bridge
the time until a longer lasting invasive monitoring can be
installed in the case of a deteriorating patient [6].

Limitations and Additional Advantages

● Due to the continuous variable inflation of the finger
cuff, the approved duration of a continuous measurement is restricted to 8 h.
● The Nexfin HD may not perform well in the presence
of strong vasoconstriction.
● The device does not currently provide measures of pulse
pressure (PPV) or stroke volume (SVV) variations.

● The current user interface is more suitable for shortterm diagnostic monitoring than for longer-term use
in the ward, OR, or ICU.
● The additional benefits of the Nexfin HD include
a semi-disposable finger cuff, which can be used for
many patients, a user-friendly touch screen, and
instant data retrieval with a USB flash drive.
● The Nexfin HD has no difficulty in monitoring hemodynamics even during arrhythmia, atrial fibrillation,
or exercise.
● The second version of the monitor – ccNexfin –
includes pulse oximetry and noninvasive hemoglobin
(Masimo Rainbow SET technology) making all elements of oxygen delivery available at the bedside in
a noninvasive manner.

Clinical Applications
The totally noninvasive nature of the Nexfin HD allows
the measurement of CCO in a much wider variety of
patients than was hitherto possible. Originally, the Nexfin
HD was introduced in Cardiology clinics for the performance of tilt test for the detection of orthostatic hypotension. A recent study using finger pressure derived CCO has
shown that the early postoperative postural cardiovascular
response is impaired after radical prostatectomy with
a risk of orthostatic intolerance, limiting early postoperative mobilization. Both the tilt test and the sit-stand test
take advantage of the fact that the Nexfin HD provides
real-time CCO, allowing immediate detection of the
instantaneous response to diagnostic and therapeutic
challenges. These include passive leg raising, ▶ fluid challenge, start of inotropes, exercise, etc. The continuous
real-time CO measurement may be more useful and provide more accurate information about the changes in CO
than intermittent CO measurements by thermodilution
with their inherent variance.
One of the most interesting areas where the potential
of the Nexfin HD can be fully expressed is perioperative
care. It is well recognized that a small group of patients
account for the majority of perioperative morbidity and
mortality. These “high-risk” patients have a poor outcome
due to their inability to meet the oxygen transport
demands imposed on them by the nature of the surgical
response during the perioperative period. It has been
shown that by targeting specific hemodynamic and oxygen
transport goals at any point during the perioperative
period, the outcome of these patients can be improved.
Most studies on perioperative optimization have used
repetitive fluid challenges in order to maximize the CO.
CO was measured in most of these studies by esophageal
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Doppler or by FloTrac. However, the esophageal Doppler
can be used only after induction of anesthesia and for
a limited period, while the FloTrac necessitates the presence of an arterial line. Indeed, finger pressure derived
CCO has already been used for this purpose [7]. The
noninvasive nature of the Nexfin HD and its semidisposable finger sensor make the use of this monitor an
ideal fit in this important setting. In fact, the Nexfin is
perfectly suitable for any patient who is sick or at risk
enough, in terms of hemodynamic instability, to warrant
the need for continuous real-time hemodynamic monitoring, but who is not sick enough to warrant the use of invasive
lines and catheters with their associated complications.
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Definition
Human NGAL was originally identified as a 25-kDa protein covalently bound to gelatinase from neutrophils [1].
Like other members of the lipocalin family, NGAL forms
a barrel-shaped tertiary structure with a hydrophobic
calyx that binds small lipophilic molecules. The major
biologic ligands for NGAL are siderophores, which are
small iron-binding molecules. The teleological role of
NGAL is as a bacteriostatic agent, since siderophores are
synthesized by bacteria to acquire iron, and NGAL binds
and depletes bacterial siderophores. On the other hand,
siderophores produced by eukaryotes participate in
NGAL-mediated iron shuttling that is critical to various
cellular responses such as proliferation and differentiation. Although NGAL is expressed only at very low levels
in several human tissues, it is markedly induced in injured
epithelial cells, especially the kidney. The promoter region
of the NGAL gene contains binding sites for a number of
transcription factors, including NF-kB, which are known to
be rapidly activated in kidney tubule cells after acute injuries, and play a central role in controlling cell survival and
proliferation. These findings provide a potential molecular
mechanism for the documented role of NGAL in enhancing the epithelial phenotype, both during normal kidney
development and following acute kidney injury (AKI).
High-throughput preclinical transcriptomic and proteomic profiling studies have identified NGAL to be one of
the most upregulated genes and proteins in the kidney
very early after acute injury in animal models [1, 2]. The
serendipitous finding that markedly increased concentrations of NGAL protein are also easily detected in the blood
and urine soon after ischemic or nephrotoxic injuries, has
initiated a number of translational investigations to evaluate NGAL as a noninvasive biomarker in human AKI.
The clinical implications of these findings lie in the fact
that AKI is largely asymptomatic, and establishing the
diagnosis in the estimated 5% of hospitalized patients
and a third of intensive care patients who suffer from the
disease currently depends on serial serum creatinine measurements. Unfortunately, serum creatinine is a delayed
and unreliable indicator of AKI. Ironically, animal studies
have identified several interventions that can prevent and/
or treat AKI if instituted early in the disease course, well
before the serum creatinine rises. The lack of early troponin-like biomarkers has prevented the translation of these
promising findings, and human AKI remains a major risk
factor for a number of non-renal complications and an
independent contributor to the high mortality rate.
Recent evidence for the utility of NGAL as a biomarker
for the early prediction of AKI and its clinical outcomes is
outlined below.
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Characteristics
NGAL as an Early Predictor of AKI
A number of studies have now established NGAL as an
early diagnostic biomarker for AKI in various common
clinical situations. In a pioneering prospective study of
children undergoing elective cardiac surgery, AKI (defined
as a 50% increase in serum creatinine) occurred in about
30% of the subjects, 2–3 days after surgery. In contrast,
NGAL measurements by ELISA revealed a 10-fold or more
increase in the urine and plasma, within 2–6 h of the
surgery in those who subsequently developed AKI. Both
urine and plasma NGAL were excellent independent predictors of AKI, with an area under the receiver-operating
characteristic curve (AUC-ROC) of >0.9 for the 2–6 h
urine and plasma NGAL measurements [3]. These findings have now been confirmed in nine additional
published prospective studies of both adults and children
who developed AKI after cardiac surgery. A meta-analysis
of these investigations in the cardiac surgery setting [4],
including a total of 1,204 patients and 307 AKI events, has
shown that NGAL measurements obtained within 6 h of
initiation of cardiopulmonary bypass strongly predict the
subsequent development of AKI with a specificity
of >75% and an overall AUC-ROC of 0.78 (95% CI
0.67–0.76), indicative of very good diagnostic accuracy.
NGAL has also been evaluated as a biomarker of AKI
in kidney transplantation. Protocol biopsies of
transplanted kidneys obtained 1 h after the vascular anastomosis revealed a significant correlation between NGAL
staining intensity and the subsequent development of
delayed graft function. In a small prospective multicenter
study of children and adults, urine NGAL levels in samples
collected on the day of transplant identified those who
subsequently developed delayed graft function (which
typically occurred 2–4 days later, n = 10), with an AUC
of 0.9. A recent prospective multicenter study of 34 adults
with delayed graft function has confirmed the excellent
diagnostic accuracy of urine NGAL in this setting. Urine
NGAL measured within 6 h of transplant predicted
delayed graft function with an AUC-ROC of 0.81 (95%
CI 0.70–0.92). Plasma NGAL measurements have also
been strongly correlated with delayed graft function
following kidney transplantation from donors after cardiac death.
Several investigators have examined the role of NGAL
as a predictive biomarker of nephrotoxicity, following
contrast administration. In an initial prospective study of
children undergoing elective cardiac catheterization with
contrast administration, both urine and plasma NGAL
predicted contrast-induced nephropathy (defined as

a 50% increase in serum creatinine from baseline) within
2 h after contrast administration, with an AUC-ROC of
0.91–0.92. In several additional studies of adults administered contrast, an early rise in both urine and plasma
NGAL were documented, providing further support for
NGAL as an early biomarker of contrast nephropathy. In
a meta-analysis of these publications [4], including
191 subjects and 34 AKI events, the overall AUC-ROC
for prediction of AKI was 0.9 (95% CI 0.83–0.95) with
a specificity of >95%.
Urine and plasma NGAL measurements also represent
early biomarkers of AKI in the heterogeneous intensive
care setting, being able to predict this complication about
2 days prior to the rise in serum creatinine. A metaanalysis of five published studies [4], comprising 602 subjects and 123 AKI events, revealed a specificity of >75%
and an AUC-ROC of 0.73 (95% CI 0.62–0.84) for prediction of subsequent AKI using early NGAL measurements
(within 6 h of initial presentation). In a recent study of
adults presenting to the emergency department setting,
a single measurement of urine NGAL at the time of initial
presentation predicted AKI with an outstanding AUCROC of 0.95, and reliably distinguished prerenal azotemia
from intrinsic AKI and from chronic kidney disease [5].
Thus, NGAL is a useful early AKI marker that predicts
development of AKI even in heterogeneous groups of
patients with multiple comorbidities and with unknown
timing of initial kidney injury.
Overall, across all clinical settings of AKI, a metaanalysis of 19 published studies to date (including a total
of 2,538 patients and 487 AKI events) revealed a good
sensitivity of 76% (95% CI 70–82), high specificity of
85% (95% CI 77–91), a diagnostic odds ratio of 18.6
(95% CI 9–38), and an excellent AUC-ROC of 0.82 (95%
CI 0.73–0.89). The timing of NGAL increase in relation to
the traditional diagnosis of AKI by an increase in serum
creatinine in various settings is shown in Table 1. The
performance of both urine NGAL (14 publications, 1,783
subjects, 319 AKI events, AUC-ROC 0.84) and plasma
NGAL (nine publications, 1,039 patients, 226 events,
AUC-ROC 0.76) were excellent and not statistically significantly different. Because of these high predictive properties for AKI, NGAL is also emerging as an early biomarker
in interventional trials. For example, a reduction in urine
NGAL has been employed as an outcome variable in
clinical trials demonstrating the improved efficacy of
a modern hydroxyethylstarch preparation over albumin
or gelatin in maintaining renal function in elderly cardiac
surgery patients. Similarly, the response of urine NGAL
was attenuated in adult cardiac surgery patients who
experienced a lower incidence of AKI after sodium
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NGAL as a Biomarker of Acute Kidney Injury. Table 1 NGAL as an early predictor of acute kidney injury in various clinical
settings. AKI is defined as a 50% increase in serum creatinine from baseline, and DGF is defined as dialysis requirement within
the first week after kidney transplant. Times represent the earliest points when NGAL is significantly increased from baseline
values. AUC-ROC represents the area under the receiver-operating characteristic curve, based on a meta-analysis as reported in
reference #4
Biomarker name and
property

Cardiopulmonary
bypass (CPB)

Contrast-induced
nephropathy

Delayed graft function Intensive care or
(DGF)
emergency setting

NGAL

<2 h post-CPB
2 days pre-AKI

2 h post contrast
1–2 days pre-AKI

<6 h post-transplant
2–3 days pre-DGF

At presentation
2 days pre-AKI

AUC-ROC

0.78

0.9

0.81–0.9

0.73

bicarbonate therapy when compared to sodium chloride.
Furthermore, adults who developed AKI after aprotinin
use during cardiac surgery displayed a dramatic rise in
urine NGAL in the immediate postoperative period,
attesting to the potential use of NGAL for the prediction
of nephrotoxic AKI. Not surprisingly, NGAL measurements as an outcome variable are currently included in
multiple ongoing clinical trials formally listed in
ClinicalTrails.gov. The approach of using NGAL as
a trigger to initiate and monitor efficacy of therapies,
and as a safety biomarker when using potentially nephrotoxic agents, is expected to increase.
The results described thus far have been obtained
using research-based assays, which are not practical in
the clinical setting. In this regard, a major advance has
been the development of a standardized point-of-care kit
for the clinical measurement of plasma NGAL (Triage®
NGAL Device, Biosite Incorporated). In children undergoing cardiac surgery, the 2 h plasma NGAL measurement
measured by the Triage® Device showed an AUC of 0.96,
sensitivity of 0.84, and specificity of 0.94 for prediction of
AKI using a cutoff value of 150 ng/ml. The assay is facile
with quantitative results available in 15 min, and requires
only microliter quantities of whole blood or plasma. There
are now several publications confirming the utility of the
Triage® Device for the prediction of AKI in the critical care
and cardiac surgery settings. In addition, a urine NGAL
immunoassay has been developed for a standardized clinical platform (ARCHITECT® analyzer, Abbott Diagnostics). In children undergoing cardiac surgery, the 2 h urine
NGAL measurement by ARCHITECT® analyzer showed
an AUC of 0.95, sensitivity of 0.79, and specificity of 0.92
for prediction of AKI using a cutoff value of 150 mg/ml.
This assay is also easy to perform with no manual
pretreatment steps, a first result available within 35 min,
and requires only 150 ml of urine. Both plasma and urine
NGAL clinical testing devices are currently undergoing
further multicenter validation, and are commercially

available worldwide (although not yet in the USA). In
published studies thus far, the diagnostic accuracy of
NGAL for prediction of AKI was significantly improved
when these standardized assays were utilized. By standardized clinical platforms (five studies, 808 subjects, 245
events), NGAL predicted subsequent AKI with an overall
AUC-ROC of 0.83 (95% CI 0.74–0.92), whereas the use of
research-based assays (14 publications, 1,730 subjects, 242
events) resulted in an AUC-ROC of 0.73 (95% CI 0.66–
0.83). It is expected that the diagnostic performance will
continue to improve in the future as additional studies
using these standardized clinical assays are completed,
instead of research-based assays. In addition, the use of
fresh blood and urine samples is likely to further increase
the diagnostic robustness of NGAL (since all studies
published thus far have employed archival frozen samples). Finally, additional prospective studies using the
standardized clinical assays are expected to further establish an optimal NGAL concentration cutoff for the prediction of AKI (currently estimated at 150 ng/ml).

NGAL for the Prognosis of AKI
Several publications have now demonstrated the utility of
early NGAL measurements for predicting clinical outcomes of AKI. In children undergoing cardiac surgery,
the 2 h postoperative plasma NGAL levels measured by
Triage® Device strongly correlated with duration and
severity of AKI, and length of hospital stay. In addition,
the 12 h plasma NGAL strongly correlated with mortality.
Similarly, the 2 h urine NGAL levels measured by ARCHITECT® analyzer highly correlated with duration and
severity of AKI, length of hospital stay, dialysis requirement, and death. In a multicenter study of children with
diarrhea-associated hemolytic uremic syndrome, urine
NGAL obtained early during the hospitalization predicted
the severity of AKI and dialysis requirement with high
sensitivity. Early urine NGAL levels were also predictive
of duration of AKI (AUC-ROC 0.79) in a heterogeneous
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cohort of critically ill subjects. In adults undergoing cardiopulmonary bypass, those who subsequently required
renal replacement therapy were found to have the highest
urine NGAL values upon arrival in the intensive care unit.
In adult kidney transplant patients undergoing either protocol biopsies or clinically indicated biopsies, urine NGAL
measurements were found to be predictive of tubulitis or
other tubular pathologies, raising the possibility of NGAL
representing a noninvasive screening tool for the detection
of tubulo-interstitial disease in the early months following
kidney transplantation. In the heterogeneous emergency
department setting, a single measurement of urine NGAL
at the time of initial presentation was strongly correlated
with subsequent nephrology consultation, dialysis
requirement, and admission to the intensive care unit.
A meta-analysis of published data on clinical outcomes
shows that early NGAL measurements (within 6 h of
initial presentation) in various clinical settings that lead
to AKI strongly predict dialysis requirement (10 publications, 1,948 patients, 84 events) with an AUC-ROC of 0.78
(95% CI 0.65–0.92). Early NGAL measurements in the
cardiac surgery and critical care settings also predict inhospital mortality (7 publications, 1,617 subjects, 88
deaths) with an AUC-ROC of 0.71 (95% CI 0.53–0.75).

Biologic Sources of NGAL in AKI
The genesis and sources of plasma and urinary NGAL
following AKI require further clarification. The normal
plasma NGAL concentration is generally <50 ng/ml, and
is derived largely from neutrophils. Although plasma
NGAL is freely filtered by the glomerulus, it is normally
avidly reabsorbed in the proximal tubules by efficient
megalin-dependent endocytosis. Direct evidence for this
notion is derived from experimental studies of systemically injected radio-labeled or fluorescently tagged NGAL
protein, which becomes enriched in the proximal tubule
but does not appear in the urine. Thus, any urinary excretion of NGAL is likely only when there is concomitant
proximal renal tubular injury that precludes NGAL
reabsorption and/or increases de novo NGAL synthesis.
In addition, gene expression studies in AKI have demonstrated a rapid and massive (1,000-fold) upregulation of
NGAL mRNA in the thick ascending limb of Henle’s loop
and the collecting ducts. The resultant synthesis of NGAL
protein in the distal nephron and secretion into the urine
appears to comprise the major fraction of urinary NGAL.
Supporting clinical evidence is provided by the consistent
finding of a high fractional excretion of NGAL reported in
human AKI studies. Furthermore, there is no correlation
between urinary NGAL and several markers of neutrophils
in the urine, including urinary or plasma leukocyte counts

and urinary myeloperoxidase. The over-expression of
NGAL in the distal tubule and rapid secretion into the
lower urinary tract is in accord with its teleological function as an antimicrobial strategy. It is also consistent with
the proposed role for NGAL in promoting cell survival
and proliferation, given the recent documentation of
abundant apoptotic cell death in distal nephron segments
in several animal and human models of AKI.
The genesis of increased plasma NGAL levels in AKI is
less clear. The kidney itself does not appear to be a major
source. Following unilateral renal ischemia in animal
models, direct ipsilateral renal vein sampling indicates
that the NGAL synthesized in the kidney is not introduced
efficiently into the circulation, but is abundantly present
in the ipsilateral ureter. However, it is now well known that
AKI results in a dramatically increased NGAL mRNA
expression in distant organs, especially the liver and lungs,
and the over-expressed NGAL protein released into the
circulation may constitute a distinct systemic pool. Additional contributions to the systemic pool in AKI may derive
from the fact that NGAL is an acute phase reactant and may
be released from neutrophils, macrophages, and other
immune cells. Furthermore, any decrease in glomerular
filtration rate resulting from AKI would be expected to
decrease the renal clearance of NGAL, with subsequent
accumulation in the systemic circulation. The relative contribution of these mechanisms to the rise in plasma NGAL
after AKI remains to be determined.

Biologic Role of NGAL in AKI
The biological role of NGAL induction by the injured
kidney has recently attracted a great deal of attention. In
animal models of renal ischemia-reperfusion injury,
administration of recombinant NGAL either before or
shortly after the insult resulted in marked preservation
of kidney function and structure, attenuation of tubule
cell apoptosis, and an enhanced tubule cell proliferative
response. This protective effect is dependent on the concomitant delivery of siderophore and iron to the proximal
tubule, and is accompanied by upregulation of heme
oxygenase-1 (a protective antioxidant) and preservation
of proximal tubule N-cadherin expression (to enhance the
epithelial phenotype). These protective properties in the
mature kidney are consistent with the epithelial induction
actions of NGAL on embryonic kidney mesenchyme during kidney development. Thus, during the early phases of
AKI, the NGAL-siderophore complex acts as an iron sink,
removing the toxic and highly reactive iron molecule
released at the sites of tubule injury and thereby limiting
the well-documented iron-mediated cytotoxicity in AKI.
In the later phases of AKI, NGAL potentially recycles iron
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into viable cells, thereby stimulating regeneration of renal
epithelial cells after acute injuries. These concepts are
illustrated in Fig. 1. Translation of these findings as novel
therapies for human AKI is anticipated in the next few
years.
The multifunctional roles of NGAL in human biology
may be reconciled by the following potentially unifying
hypothesis, as illustrated in Fig. 2. Efficient mechanisms
have been identified for the intracellular uptake of NGAL
via receptors such as 24p3R and megalin, and for intracellular trafficking via endosomes. The subsequent molecular
path taken by this shuttle may be largely dependent on the
type of molecule being shuttled. NGAL that is devoid of
siderophore and iron (apo-NGAL) rapidly scavenges
intracellular iron and exits the cell via endosomal recycling

NGAL/siderophore/iron complex in AKI
Early AKI

Late AKI

Iron chelation

Iron transport

↓ Apoptosis

↑ Proliferation
Renoprotective effects

NGAL as a Biomarker of Acute Kidney Injury. Figure 1 Dual
role of NGAL in acute kidney injury
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pathways. The resultant intracellular iron depletion is the
basis of NGAL’s primordial function as a bacteriostatic
agent, but the same path may result in a decrease in the
mammalian cell’s proliferative ability and in induction of
apoptosis. On the other hand, NGAL that is bound to
siderophore and iron is endocytosed, there is a rapid
release of iron with regulation of iron-dependent molecular pathways and downstream induction of proliferation
and epithelial transformation. When NGAL is shuttling
MMP-9 instead, there is enhancement of the active MMP9 pool with resultant upregulation of MMP-9’s wellknown pro-angiogenic and pro-invasive properties.

Summary
NGAL as an AKI biomarker has serendipitously but successfully passed through the preclinical, assay development, and initial clinical testing stages of the biomarker
development process. It has now entered the prospective
screening stage, facilitated by the development of commercial tools for the measurement of NGAL on large
populations across different laboratories. But will any
single biomarker such as NGAL suffice in AKI? In addition
to early diagnosis and prediction, it would be desirable to
identify biomarkers capable of discerning AKI subtypes,
identifying etiologies, predicting clinical outcomes,
allowing for risk stratification, and monitoring the
response to interventions. In order to obtain all of this
desired information, a panel of validated biomarkers may
be needed. The current status of NGAL as an AKI
biomarker is shown in Table 1. Other AKI panel

Neutrophil gelatinase-associated lipocalin in human biology

Apo-NGAL

NGAL /siderophore/iron

NGAL /MMP-9

Intracellular iron
capture

Intracellular iron
release

Decreased MMP-9
degradation

Depletion of
intracellular iron

Iron-dependent
gene regulation

ECM degradation
VEGF induction

 Bacterial growth
 Proliferation
 Apoptosis

 Epithelialization
 Proliferation
 Metastasis

 Angiogenesis
 Invasion
 Metastasis

NGAL as a Biomarker of Acute Kidney Injury. Figure 2 Role of NGAL in human biology, presented as a function of the
interacting molecule
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candidates may include interleukin-18 (IL-18), kidney
injury molecule-1 (KIM-1), cystatin C, and liver-type
fatty acid binding protein (L-FABP), to name a few (4–6).
The availability of a panel of AKI biomarkers could
revolutionize renal and critical care. However, such idealistic thinking must be tempered with the enormous technical and fiscal issues surrounding the identification,
validation, commercial development, and acceptance of
multi-marker panels. Deriving from the recent cardiology
literature, a clinically useful biomarker should (a) be easily
measurable at a reasonable cost with short turnaround
times, (b) provide information that is not already available
from clinical assessment, and (c) aid in medical decision
making (61). In this respect, troponin as a stand-alone
biomarker provides excellent diagnostic and prognostic
information in acute coronary syndromes and acute
decompensated heart failure. If the current prospective
multicenter studies of NGAL measurements with standardized laboratory platforms provide promising results,
we may have already closed in on the “renal troponin.”
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Nonaneurysmal Subarachnoid
Hemorrhage
LUCIDO L. PONCE, JOVANY CRUZ, CLAUDIA S. ROBERTSON
Department of Neurosurgery, Baylor College of Medicine,
Houston, TX, USA

Nice-Sugar
Acronym for Normoglycemia in Intensive Care Evaluation-Survival Using Glucose Algorithm Regulation, a randomized international clinical trial evaluating the optimal
target range for blood glucose in critically ill patients. It
found a greater 90-day mortality associated with tighter
blood glucose control (81–108 mg/dL) when compared to
more relaxed blood glucose targets (140–180 mg/dl).

Synonyms
Cryptogenic
subarachnoid
hemorrhage
(SAH);
Angiographically negative or idiopathic SAH are indistinctly used. However, these are not necessarily
nonaneurysmal SAH. Even though perimesencephalic
nonaneurysmal SAH (PMNA-SAH) does not represent
all nonaneurysmal SAH, it is commonly used as synonym.

Nonaneurysmal Subarachnoid Hemorrhage

PMNA-SAH may have either aneurysmal or
nonaneurysmal origin, but it is frequently used to refer
to SAH with nonaneurysmal origin. Confusion and overlap among terms are common in part because none of
those refer to a specific etiology but a group of diseases

Definition
SAH refers to the bleeding into the subarachnoid space,
which is the area within the arachnoid membrane and the
pia matter enfolding the brain and which is normally filled
with cerebrospinal fluid (CSF). Nonaneurysmal SAH is
where aneurysmatic and traumatic origins have been ruled
out. Cryptogenic or idiopathic SAH is used to define
subarachnoid bleeding with no obvious origin on the
initial work up.
Approximately 15% (5–28%) of patients presenting
with SAH have no demonstrable lesion revealed by initial
four-vessel cerebral angiography. Although vascular
abnormalities are subsequently identified in 2–24% of
these patients on repeated cerebral digital subtraction
angiography (DSA), the cause of hemorrhage remains
unknown in most patients with SAH and negative findings
on the initial DSA [1]. However, little is known about
the cause of bleeding and outcome after nonaneurysmal
SAH. Occult aneurysms or arteriovenous malformations
concealed by hemorrhage, vasospasm, thrombosis, inadequate technique, or small size may account for a moderate
percentage of these cases. Despite reports of documented
recurrence of SAH, additional diagnostic studies are not
often recommended when no abnormalities were identified on the initial study with DSA.
Possible causes of nonaneurysmal SAH include arteriovenous malformations, coagulopathy, vasculitis, sinus
thrombosis, intracranial artery dissection, sickle cell disease, cocaine abuse, pituitary apoplexy, dural fistulas,
brain or metastatic tumors (i.e., cavernoma, neurinoma,
etc.), and, most frequently, PMNA-SAH. Approximately
50% (20–68%) of all cases of nonaneurysmal SAH are
perimesencephalic. Perimesencephalic cisterns encompass
interpeduncular, quadrigeminal, and ambient cisterns;
however, the bleeding may extend beyond (i.e.,
prepontine, suprasellar, chiasmatic cisterns, basal, or
proximal part of the sylvian fissure, etc.). Nevertheless,
improved imaging of the posterior fossa has demonstrated
that in many cases hemorrhage is centered anterior to the
pons, leading to a proposed alternative title of pretruncal
nonaneurysmal SAH [2].

Treatment
Specific treatment must be tailored according to the cause
of the bleeding when the origin is identified and is

N

discussed elsewhere. Underlying aneurysm must be satisfactory excluded; for those cases where the cause remains
unknown after exhaustive work-up, the management
is usually conservative in view of the fact that
nonaneurysmal SAH has been associated with low risk of
well-known complications from aneurysmal SAH such as
rebleeding, vasospasm, cerebral ischemia, increased intracranial pressure (ICP), cerebral salt-wasting syndrome,
hydrocephalus, cardiac arrhythmia, and/or delayed neurological deficits. Some report the incidence of these complications as low as 0%. Conservative management
varies from center to center, but usually includes admission to the neurosurgical intensive care unit for strict bed
rest where specialized healthcare professionals evaluate the
patient’s neurological status progress closely. Conservative
measures include, but not limited to pain management,
sedation, and antihypertensive therapy as needed, deep
vein thrombosis prophylaxis with pneumatic and elastic
stockings, stool softeners, periodic monitoring of hemodilution parameters, such as hematocrit and hemoglobin
levels and erythrosedimentation rate, central venous or
pulmonary artery catheter placement to assess hemodynamic state, water restriction, mannitol, vasopressor support, hypertonic saline, and barbiturate induced coma
when needed. Transcranial Doppler ultrasonography
every other day may be helpful identifying and evaluating
vasospasm. Moreover, the role of more specialized
neuromonitoring (i.e., partial pressure of brain tissue
oxygen, microdialysis, etc.) is yet to be defined in
nonaneurysmal SAH. Even though complications following PMNA-SAH are less common than after aneurysmal
SAH, those complications that occur must be treated
promptly. There is no data supporting the usefulness of
nimodipine and anticonvulsant prophylaxis for other
forms of SAH.
Interventional treatment includes placement of external ventricular drainage for ICP monitoring and early
hydrocephalus treatment. Surgical management varies
from center to center and must be critically analyzed to
assess its necessity for individual patients. A judicious use
of surgical exploration has been proposed by some, but
has a very low yield in diagnosis. Endovascular occlusion
of bleeding sources when identified may be indicated.
Associated intracerebral or subdural hematoma with or
without midline shift may also prompt a surgical
approach. A very small percentage of cases will require
decompressive craniectomy for elevated ICP control. In
addition, the neurological surgeon will eventually evaluate
the need for internal CSF diversion, as delayed hydrocephalus can complicate SAH, although it is less common than
with aneurismal SAH.
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Nonaneurysmal Subarachnoid Hemorrhage

Evaluation/Assessment
Clinical Presentation
Sudden onset of headache, nausea, photophobia, and
meningismus are the most common manifestations in
nonaneurysmal SAH, but usually less harsh than those
of aneurysmal SAH patients. Prodromal headache is
not commonly associated with nonaneurysmal SAH.
Compared with aneurysmal rupture, patients with
nonaneurysmal SAH more often (90% of cases) have
a low Hunt & Hess classification score on admission
(versus 50% of cases with aneurysmal SAH). Loss of
consciousness at the onset of bleeding is less well described
with nonaneurysmal SAH. Onset timing during the day
appears to be similar in both groups.

Epidemiology
The incidence of nonaneurysmal SAH varies but it has
often been reported to be 0.5 cases per 100,000 persons
>18 years old. Risk factors such as hypertension, smoking,
female sex, heavy alcohol consumption, and hereditary
conditions, are less clear for nonaneurysmal SAH. The
incidence of hypertension is higher than in the general
population, but less than with aneurysmatic SAH cases.
Some authors have described a trend toward a higher
incidence of males and a younger age in nonaneurysmal
SAH when compared to aneurysmal SAH.
The criteria for repeating angiographic studies when
the initial study is negative are not well-standardized. The
occurrence of rebleeding is the strongest characteristic that
warrants subsequent angiogram. Although the most common practice is not to repeat an angiogram if the initial
study is of good quality, up to a quarter of all SAH patients
with a negative angiogram at admission have an aneurysm
found on repeat angiogram. Only 10% of PMNA-SAH
patients have an occult aneurysm. If PMNA-SAH patients
are excluded, subsequent angiograms may unveil an occult
aneurysm in as many as 50% of the cases with an initial
negative angiogram.

Etiology
Proposed pathogenesis includes:
Venous origin: Limited extension of blood and low
rebleeding rates suggest a low pressure system origin.
When PMNA-SAH occurs during physical exertion
(i.e., Valsalva maneuver), increasing intrathoracic pressure impairs jugular venous drainage causing elevated
ICP and finally leading to venous leakage in vulnerable
vessels. A higher incidence of abnormal venous

patterns (primitive drainage of basal vein of Rosenthal
directly into dural sinuses instead of via the vein of
Galen) consistent with the side of bleeding has
been well described [3]. Cortical and perimesencephalic
SAH have both been reported as the presenting sign of
cerebral venous thrombosis, which is discussed in detail
elsewhere.
Arterial origin: In addition to occult aneurysms,
mycroaneurysms and vanishing aneurysms, nonaneurysmal arterial bleeding may occur from rupture of
a perforating artery. This most commonly arises from the
posterior circulation. Rupture of small superficial arteries
has also been suggested to occur. As with other forms of
hemorrhagic intracerebral stroke (i.e., ventriculostriate or
thalamoperforating arteries), systemic hypertension
might play a central role. One study showed the value of
magnetic resonance imaging (MRI) in cryptogenic SAH,
revealing acute perforator territory stroke involving the
caudate, putamen, or thalamus in 16% of PMNA-SAH
cases. A luminal narrowing or small bulge observed in the
basilar artery of some PMNA-SAH patients suggests that
rupture of the vasa vasorum with basilar artery wall
hematoma is the source of the limited bleeding, but this
hypothesis remains unverified. In contrast, after an intimal tear that subsequently extends through the media and
adventitia (arterial dissection) massive SAH can ensue.
Though connective tissue diseases are associated with
intracranial arterial dissection, most of the patients do
not present with those conditions.
Non-venous non-arterial sources: Central nervous
system telangiectasia, rupture of cryptic vascular malformation (congenital or acquired), dural arteriovenous fistulae located in the craniocervical junction or high in the
cervical cord can cause nonaneurysmal SAH. Spinal vascular lesions can be missed with conventional neuroimaging, and spinal angiography may be helpful if this etiology
is suspected [4].
Other nonvascular causes: Traumatic SAH may be
missed when the history is lacking and the clinical setting
is not clear. Anticoagulant therapy or congenital bleeding
disorders are rarely complicated by isolated SAH. If SAH
occurs with anticoagulation, the patient must be assumed
to have an aneurysmal or another vascular source until
this has been ruled out. With sickle cell disease, the
majority of cases being reported in children with a
well-established diagnosis, subarachnoid bleeding is
thought to result from weak blood vessels. This form of
SAH has a low recurrence rate but a considerable mortality
rate (30%). Pituitary adenomas presenting with pituitary
apoplexy, may have massive SAH which conceals the

Noninvasive Positive Pressure Ventilation (NIPPV, NPPV)

adenoma on the CT scan. In such cases, a history of
visual impairment can be a hint. MRI is the diagnostic
study of choice.

Diagnosis
Severe (or atypical) headache should raise the suspicion of
SAH. A head CT scan without contrast is the initial study
of choice. In the event that the CT is negative but the
suspicion remains high, a lumbar puncture should be
obtained. Once the presence of SAH is confirmed and
the patient is stable, an angiography (either DSA or CT
angiogram) must be ordered to determine the source of
the bleeding. If the angiogram fails to show an aneurysm
or other cause, the need and the timing of a second angiogram is controversial and probably should be individualized according to the patient’s condition and presence of
other complications. Different clinical reports time the
second angiogram between 4 days and 1 month after
the initial study. The need for a third DSA within 3 months
is exceptional, but still might be considered if rebleeding
occurs.
MRI is superior at revealing other nonaneurysmal
vascular sources of bleeding and nonvascular causes as
well [4]. Patients with SAH and a negative angiogram
should have an MRI with gadolinium. Due to its low
yield in diagnosis and to improved neuroimaging
techniques, surgical exploration is a last resource, and
is reserved for patients with recurrent episodes of
bleeding.

After-care
Rebleeding after 6 months is uncommon in
nonaneurysmal SAH. Care, once out of the hospital, is
mainly focused on late surgical complications (i.e., subdural hygroma, meningitis, etc.) and patient rehabilitation. Patients may require an outpatient short or middleterm rehabilitation plan or less often care in a long-term
facility. Patient may also need assistance at home and
safety measures. Family and patient should be advised
clearly about conditions such as fever, signs of wound
infection, focal neurologic signs, decreased alertness,
atypical headaches, neck pain, etc., which should
prompt their seeking care prior to their next scheduled
appointment.
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even those cases with high Hunt & Hess classification
scores (3–5, with focal neurological deficit) on admission
may recover with a good outcome by 3 months similar,
to patients with lower Hunt & Hess scores on admission
(1–3, without focal neurologic deficit) [5].
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Non-cystic Fibrosis Bronchiectasis
▶ Bronchitis and Bronchiectasis

Non-intact Skin
Skin that is chapped, abraded, or afflicted with dermatitis.

Noninvasive Mechanical
Ventilation
▶ Noninvasive Ventilation

Prognosis
The concept of PMNA-SAH is relatively new, described in
1985 by van Gijn et al. who also highlighted its benign
inpatient course and better outcome rates when compared
to aneurysmal SAH patients. With nonaneurysmal SAH
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Noninvasive Positive Pressure
Ventilation (NIPPV, NPPV)
▶ Noninvasive Ventilation
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Noninvasive Ventilation
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Synonyms
Bilevel positive airway pressure (BiPAP); Continuous positive airway pressure (CPAP); Negative pressure ventilation
(NPV); Noninvasive mechanical ventilation; Noninvasive
positive pressure ventilation (NIPPV, NPPV)

Definition
Noninvasive ventilation (NIV) refers to mechanical
ventilation without the need for an invasive interface
(i.e., endotraceal tube, tracheostomy) between the ventilatory device and the patient. During the first half of the
twentieth century, negative pressure types of noninvasive
ventilation were the main means of providing mechanical
ventilatory assistance outside of the anesthesia suite [1].
Subsequently, invasive positive pressure ventilation (i.e., via
an endotraceal tube) overtook negative pressure ventilation
mainly because of its better airway protection. Over the last
2 decades, the resurgence of noninvasive ventilation, mainly
in the form of noninvasive positive pressure ventilation
(NPPV), has occurred because of a number of advantages
over the invasive approach including reduced airway
trauma and fewer infectious complications. For long-term
use, additional advantages include greater convenience,
comfort and safety, and lower cost [1].
Various types and forms of noninvasive ventilatory
support are:
Noninvasive Positive Pressure Ventilation (NPPV)
Noninvasive positive pressure ventilation (NPPV) has
gained popularity over the past decade and now is the
most commonly used mode of noninvasive ventilation in
most acute care hospitals. NPPV applies positive pressure
generated by a ventilator to the upper airway via an interface (i.e., a mask or other device that directs airflow into
the upper airway). The open breathing circuit of NPPV
permits air leaks under the mask seal or through the
mouth, rendering the success of NPPV critically dependent on ventilatory systems designed to deal effectively
with air leaks and to optimize patient comfort and
acceptance.

Interfaces. These are devices that facilitate the entry
of pressurized gas into the upper airway during NPPV
by connecting the ventilator tubing to the patient’s
face. The interfaces currently available for NPPV
include nasal and oronasal masks and mouthpieces. The
“Total” face mask was developed to improve patient
tolerance by sealing around the perimeter of the face
and minimizing direct pressure on facial structure. This
theoretical advantage has not been proven, but some
patients having problems tolerating oronasal masks may
prefer it.
Nasal masks are the most popular interfaces for delivery of CPAP or NPPV in patients with chronic respiratory
failure (i.e., neuromuscular diseases, chest wall deformity), but are less commonly used for acute respiratory
failure. They provide greater comfort, less claustrophobia,
better preservation of speech, swallowing, and the ability
to expectorate than do oronasal masks. The standard nasal
mask is a clear plastic dome-shaped device that fits over
the entire nose and has soft rubber or silicone cuffs to
maintain an air seal. It exerts pressure over the nasal bridge
so as to achieve an adequate air seal, thus often causing
skin irritation and occasional ulceration [2, 3]. Variations
of the nasal mask include miniaturized versions that fit
over the tip of the nose, and nasal “pillows” that consist of
cones inserted directly into the nares. These can enhance
comfort and minimize claustrophobia, but are not often
used in the acute care setting.
Oronasal or “full-face” masks cover both the nose and
the mouth and are the ones most often used for acute
respiratory failure, mainly because they control air leaks
better than nasal masks, especially through the mouth.
Expectoration and communication are more difficult
with oronasal masks, and they can provoke claustrophobic
reactions. Patients troubled by these problems are sometimes better managed with nasal masks.
The “helmet” interface consists of a clear plastic hood
that entirely covers the head, seals on the shoulders and
neck, and is affixed under the axillae. By removing the
sealing surface from the head entirely, it may enhance
tolerance, but at the expense of considerable noise, possible rebreathing of CO2, and loss of patient-ventilator
synchrony. It has been used mainly in Italy and is not
currently approved for use with NIV in the USA.
Mouthpieces have the advantages of being simple and
inexpensive. They have been used to provide NPPV to
patients with chronic respiratory failure, even those who
require almost continuous ventilatory support. During
the daytime, mounting the ventilator on a wheelchair
and suspending the mouthpiece on a gooseneck stand
allows the patient to remain mobile and to have access to
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positive pressure as needed. However, in the acute setting,
they are less well tolerated than oronasal masks and are
more often accompanied by air leaks.
Ventilators for NPPV. Ventilator selection is probably
not as important as that of mask selection because most
ventilators can be adjusted to deliver NPPV. NPPV can be
delivered by a blower-based, portable, bilevel ventilator
derived from home-based continuous-positive-airway
pressure systems, bilevel ventilators designed for acute
applications of NIV or by a critical-care ventilator
designed to deliver invasive mechanical ventilation. Portable pressure ventilators generally function well in less
severely ill patients, such as those with COPD and relatively mild oxygenation defects. However, in patients with
severe hypoxemia, devices with oxygen blenders capable of
delivering high FIO2s are preferred.
Newer generation critical-care ventilators have NIV
modes with leak compensation. These ventilators also
have more ventilation modes and comprehensive monitoring and alarm capabilities than earlier ventilators.
Patient–ventilator synchrony is an important aspect of
NPPV, and the newer-generation critical care ventilators
are very sensitive and responsive to the patient’s inspiratory and expiratory demands. However, in the face of large
leaks, most of these ventilators need additional adjustments to maintain adequate synchrony.
Either volume- or pressure-limited modes may be
used to deliver NPPV although pressure-limited modes
are used most often. The pressure-limited mode most
commonly used with critical care ventilators is pressure
support which is flow-triggered and flow-cycled to optimize synchrony. The ventilatory mode used by portable
blower-based pressure-limited ventilators is known as
bilevel positive airway pressure (BPAP), although its functions are similar to pressure support. It delivers both
a preset inspiratory positive airway pressure (IPAP) and
expiratory positive airway pressure (EPAP). The difference
between IPAP and EPAP is the pressure support and must
be adequate to support the patient’s ventilatory needs. The
assist-control mode is most often used for volume-limited
ventilation.
Some newer ventilator modes are available on some
ventilators and include proportional assist ventilation
(PAV), which targets patient effort rather than volume or
pressure. It has the capability of making within breath
adjustments in flow delivery and generates an inspiratory
pressure that is proportional to patient effort. Theoretically, it can synchronize better with patient respirations
and enhance comfort, but the evidence on its superiority
to pressure support ventilation is conflicting. Automatic
volume-adjusted pressure support (AVAPS) is also found
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on some ventilators for use with NIV. It increases the
pressure over time to attain a target minute volume, but
its superiority over more traditional ventilator modes has
not been established.
Evidence to guide ventilator selection is lacking, so the
choice is usually based on practitioner experience and
preference and ventilator availability. However, portable
pressure-limited ventilators may be preferred for all but
the more challenging applications due to lower cost.
Another potential advantage of pressure-limited ventilation is the ability to maintain inspiratory airflow on
a breath-to-breath basis to compensate for air leaks.
Regardless of whether a volume or pressure-limited device
is used, the priority should be to adjust the settings to
achieve certain goals including patient tolerance, reduced
work of breathing, and relief of dyspnea and improvement
in gas exchange (Table 1).
Negative Pressure Ventilation
Once the main source of ventilatory support for patients
with respiratory failure during the polio epidemics, negative pressure ventilation has largely fallen by the wayside,
used only in a few centers worldwide. It works by intermittently applying a subatmospheric pressure to the chest
wall and abdomen, increasing transpulmonary pressure
and causing atmospheric pressure at the mouth to inflate
the lungs. When the perithoracic pressure returns to
atmospheric (or positive in some devices), expiration
occurs passively by elastic recoil of the lung and chest
wall. Negative pressure ventilators have several disadvantages compared to NPPV (i.e., less portable, more complicated to apply and apt to exacerbate or even induce
obstructive sleep apnea).
Examples include tank ventilators (i.e., iron lung),
wrap or “raincoat” ventilators which consist of an impervious nylon jacket suspended over the chest wall and
abdomen by a rigid plastic or metal cage and the cuirass
or “shell” ventilators which consists of a rigid dome that
fits over the chest wall and abdomen.
Abdominal Displacement Ventilators
These ventilators are also remnants of the polio epidemics
that are rarely used today. They use the displacement of
the abdominal viscera to assist diaphragm motion and
thus ventilation. The intermittent abdominal pressure
ventilator and the rocking bed are examples of abdominal
displacement ventilators. They both are particularly well
suited for use in patients with bilateral diaphragmatic
paralysis because the main mechanism is to assist diaphragmatic motion. However, the relative ineffectiveness
of both devices in patients with acute respiratory illness
or in patients with abnormal body habitus limits their
use [1].

1553

N

1554

N

Noninvasive Ventilation

Noninvasive Ventilation. Table 1 Applications of noninvasive ventilation for acute respiratory failure and supporting evidence
Indication

Strength of supporting evidence

COPD exacerbation

Strong (Multiple randomized controlled trials)

Acute cardiogenic pulmonary edema (CPAP or BPAP)
Acute respiratory failure in immunocompromised patients
Facilitation of weaning in COPD patients
Acute severe asthma

Less strong (single controlled trial or multiple case series)

Postoperative respiratory failure
Extubation failure in hepercapnic patients
Do-not-intubate patients
Cystic fibrosis
Acute respiratory distress syndrome (ARDS)

Weak (few case series or case reports)

Chest trauma
Pneumonia
Extubation failure
Neuromuscular disease
Obesity Hypoventilation
Upper airway obstruction (not complete)
Source: Adapted in part from [1, 2, 5]

Other Modes of Noninvasive Ventilatory Assistance
Diaphragm pacing. This is noninvasive in the sense that it
doesn’t require invasion of the airway, but does require
invasive procedures for electrode placement. The pacer
system consists of a radio-frequency transmitter and
antenna that signal a receiver and phrenic electrode surgically implanted in the supraclavicular area and stimulated
by an external transmitter. A newer alternative approach
places the electrodes on the nerves as they enter the diaphragm, which may permit more effective pacing. Presently, diaphragm pacers are used mainly in children who
have cervical cord lesions or central hypoventilation but
are unable to tolerate NPPV [1]. Some centers are also
studying the application of pacers in patients with
Amyotrophic Lateral Sclerosis to see if they can stem
deterioration of diaphragm function. The patient must
have intact phrenic nerves and diaphragm function, or
a phrenic nerve that can be repaired. The disadvantages
include high cost, and the tendency to cause upper airway
obstruction (including obstructive sleep apnea) necessitating continuation of tracheostomy in as many as 90% of
patients [1].
Expiratory aids. Patients with severe restriction due to
either neuromuscular weakness or chest wall deformity
often have decreased expiratory flow because of both
reduced inspiratory capacity and weakness of expiratory
muscles. Another common cause of neuromuscular

weakness that can impair cough is ICU-acquired weakness. Consequently, these patients are unable to effectively
clear airway secretions without assistance, making them
susceptible to respiratory failure during respiratory infections or post-extubation during their recovery from acute
illness. Thus, techniques to assist cough should be applied.
Examples are as follows:
Chest physiotherapy and postural drainage may be
helpful, although these are most helpful for inspissated
secretions in patients with diseases like cystic fibrosis or
bronchiectasis. For those suffering from expiratory muscle
weakness, manually assisted or “quad” coughing,
consisting of firm, quick thrusts applied to the midepigastrium in time with a cough can be quite helpful,
especially after the patient and caregiver have practiced the
technique.
Mechanical devices are also used to enhance cough
and secretion clearance including the cough in-exsufflator,
high frequency intrapulmonary air pulses, and the highfrequency chest wall oscillator. These devices work by
different mechanisms, and limited evidence suggests that
each may be beneficial for secretion removal [1].

Pre-existing Condition
NIV has attained an important role in the therapy of
certain forms of respiratory failure in the ICU, but it
must be used selectively. It has several advantages over
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invasive mechanical ventilation including avoidance of
upper airway trauma, reduction of ventilator-associated
pneumonias, and other nosocomial infections and
better comfort that reduces the need for sedation and
analgesia. As a consequence, for properly selected patients,
NIV lowers morbidity and mortality rates and reduces
length of hospital stay. In the following, the preferred
diagnoses and mechanisms of action for each will be
discussed.

Acute Respiratory Failure
COPD Exacerbations
Acute respiratory failure consists primarily of ventilatory
failure, oxygenation failure, or the combination. Ventilatory failure occurs when the demand for breathing
work exceeds the supply or when ventilatory drive is
ineffective. In COPD patients, ventilatory failure occurs
because the increased airway resistance adds a ventilatory
load leading to hyperinflation of the chest wall and
placing of the respiratory muscles at a mechanical
disadvantage that compromises their efficiency. In addition, intrinsic positive end-expiratory pressure (iPEEP)
adds an inspiratory threshold load that further increases
breathing work. In the face of an exacerbation, a further
increase in airway resistance can tip the scales and precipitate ventilatory failure. By applying both an expiratory positive pressure that counterbalances iPEEP and
a higher inspiratory positive pressure that actively assists
inspiration, NIV reduces the work of breathing, restoring
the balance between supply and demand for breathing
work and stemming the progression of ventilatory
failure.
Evidence from randomized controlled trials strongly
favors the use of NIV for COPD patients even though
most of the studies are small in number [1, 2, 4]. Compared to the standard therapy including oxygen supplementation, benefits of NIV include a more rapid reduction
of dyspnea and accessory muscle use. The breathing
pattern improves more rapidly with a decrease in respiratory frequency and augmentation of tidal volume, so that
minute ventilation is usually increased. As a consequence,
gas exchange gradually improves, the need for intubation
is averted in most cases, and mortality rate falls. For these
reasons, NIV is considered the ventilatory modality of
first choice for patients suffering from acute respiratory
failure, not only that associated with COPD exacerbations,
but also when COPD is accompanied by pneumonia
or congestive heart failure, or when it occurs in the setting
of extubation failure or in post-operative or do-notintubate states.
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Congestive Heart Failure/Acute Cardiogenic
Pulmonary Edema
Multiple randomized controlled trials have demonstrated
the value of NIV in treating acute cardiogenic pulmonary
edema. Both CPAP alone as well as BPAP (the combination of PEEP and pressure support) have salutary effects.
The application of positive pressure increases functional
residual capacity (FRC) leading to the expansion of
flooded alveoli and a prompt improvement in oxygenation and lung compliance (that reduces work of breathing). In addition, the positive pressure decreases preload
and afterload. In patients with volume overload and
diminished left ventricular systolic function, these effects
have a cardiotonic action, contributing to the resolution
of the edema [1, 3, 4]. On the other hand, applying NIV to
a patient whose volume status and cardiac function are
normal (such as a patient with pneumonia misdiagnosed
with CHF) could impair cardiac performance by reducing
venous return.
Based on the above considerations, CPAP and BPAP
are recommended for the acute therapy of acute cardiogenic pulmonary edema to supplement medical and oxygen therapy. Although some studies have found more
rapid improvements in dyspnea and gas exchange with
BPAP than with CPAP by virtue of BPAP’s ability to
actively assist inspiration, meta-analyses have shown
equivalence between the two modalities with regard to
avoidance of intubation and mortality and myocardial
infarction rates. Thus, either mode can be used initially,
although CPAP has the advantages of simpler application
and no need for synchrony.

Acute Respiratory Failure Associated with
Immunocompromised States
Patients with immunocompromised states are at higher
risk than immunocompetent patients for nosocomial
infections and sepsis. By avoiding invasion of the
airway, the use of NIV for these patients when they are
in respiratory failure lowers the occurrence of nosocomial infections, sepsis, and morbidity and mortality
rates [1–3]. Thus, NIV is considered the modality of first
choice when immunocompromised patients develop
respiratory failure. If they develop severe hypoxemic respiratory failure, though, NIV may not be adequate to support them. Even with NIV, mortality rates are high, but
avoidance of intubation is still a desirable goal in these
patients.

Other Indications for NIV in the Acute Setting
Other applications of NIV in the acute setting have been
reported (Table 1), but the evidence is not as strong as for
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the above indications. These include asthma, which can
respond to NIV. Two reports suggest that early use of CPAP
or BPAP has a bronchodilator effect for patients presenting
to an emergency department with acute asthma. However,
the studies are small and have not been replicated. Pending
further data, the best application for NIV in asthma is
probably in patients with severe attacks who fail to respond
to initial bronchodilator therapy.
The use of NIV for hypoxemic respiratory failure has
been controversial and is not considered a routine use.
Success rates for patients with acute respiratory failure due
to ARDS or pneumonia are considerably lower than those
with hypercapnic respiratory failure, but some evidence
suggests that a trial of NIV may be justifiable in selected
patients with two or fewer organ system failures and who
respond within an hour with a substantial improvement
in oxygenation.
NIV has been used to treat acute respiratory failure
due to neuromuscular disease and obesity hypoventilation
syndrome, but there are no randomized trials of these
applications and such patients given a trial of NIV should
be monitored very closely and intubated if they fail to
improve promptly [1, 2].

Application
Goals of NIV
Specific goals of NIV are listed in Table 2. It may not be
possible to achieve all goals in all patients. Also, although
the successful application of NIV and avoidance of intubation are important goals, intubation and invasive
mechanical ventilation may be the safer choices for
patients who are too ill initially or fail to improve after

Noninvasive Ventilation. Table 2 Major goals of noninvasive
ventilation for acute respiratory failure
Short-term and acute setting
● Relieve dyspnea
● Optimize patient comfort
● Reduced work of breathing
● Improve or stabilize gas exchange
● Good patient-ventilator synchrony
● Minimize risk, safe administration
● Avoid intubation
● Survival through acute illness
Source: Adapted in part from [1]

a trial of NIV. Thus, selection of appropriate patients and
knowing when to declare an NIV trial a failure, intervening before patients require emergency intubation are keys
to optimizing patient outcomes.

Selection of Patients for NIV
Selection of appropriate patients for NIV requires
a judgment usually made quickly on the basis of observations made at the patient’s bedside. Table 3 depicts a simple
two-step procedure that determines whether the patient
needs ventilatory assistance, largely on the basis of
evidence of increased work of breathing and whether
there are contraindications to the use of NIV that would
render it less safe than invasive mechanical ventilation.
Many of these contraindications are relative and in
marginal cases, it may be sensible to apply a brief trial of
NIV (an hour or two) with a plan to intubate if the
response is inadequate.

Noninvasive Ventilation. Table 3 Selection of patients for
acute applications of NIV
1. Appropriate diagnosis (e.g., reversible such as COPD,
acute cardiogenic pulmonary edema, etc. – see Table 1)
2. Establish need for ventilatory assistance
(a) Subjective
Moderate to severe dyspnea
(b) Physiologic
Increased work of breathing (any one)
Tachypnea (>24 with COPD, >30 with hypoxemic)
Increased accessory muscle use
Abdominal paradox
(c) Gas exchange (any one)
Acute on chronic respiratory failure (pH <7.35,
PaCO2 >45 mmHg)
Severe hypoxemia (PIO2/FIO2 < 200)
3. No contraindications
Respiratory arrest
Medical instability (hypotensive shock, cardiac event
requiring intervention, uncontrolled upper
gastrointestinal bleed)
Uncooperative
Unable to protect airway
Inadequate swallowing
Impaired cough
Excessive secretions
Unable to fit mask
Recent upper gastrointestinal surgery
Severe, recalcitrant hypoxemia
Multiorgan system dysfunction (>2 organ failures)

Noninvasive Ventilation

Initiation
Table 4 provides a stepwise protocol for initiation of NIV
in the acute setting.
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capabilities of the unit. Patients with frank respiratory
failure who cannot tolerate removal of the mask for
more than a brief time should be kept in a closely monitored setting (ICU or step-down unit) until they stabilize.

Location
In the acute setting, NPPV can be initiated whenever
the patient presents with acute respiratory distress, for
example, in the emergency room, critical care unit, intermediate or respiratory care unit, or hospital ward [1, 2].
However, the patient should then be transferred to the
most appropriate place to deliver NIV. This is determined
by the patient’s need for monitoring and the monitoring

Noninvasive Ventilation. Table 4 Protocol for initiation of
noninvasive ventilation
1. Appropriately monitored location; continuous oximetry,
telemetry, vital signs as clinically indicated
2. Patient in bed or chair sitting at > 30-degree angle
3. Select and fit interface
4. Select ventilator
5. Apply headgear; avoid excessive strap tension (one
or two fingers under strap); encourage patient to
hold mask
6. Connect interface to ventilator tubing and turn on
ventilator
7. Start with low pressures/volumes in spontaneously
triggered mode with backup rate; pressure-limited:
8–12 cmH2O inspiratory; 3–5 cmH2O expiratory;
volume-limited: 10 mL/kg
8. Gradually increase inspiratory pressure by 2 cmH2O
increments (up to 20 cmH2O as tolerated) to achieve
alleviation of dyspnea, decreased respiratory rate,
increased tidal volume
9. Assess patient–ventilator synchrony
10. Provide O2 supplementation as needed to keep
O2 sat. > 90%
11. Check for air leaks, readjust straps as needed for comfort
and to control leaks
12. Add heated humidifier unless very short duration
(<2–3 h)
13. Consider mild sedation/analgesia (i.e., intravenously
administered midazolam 0.5 ng or fentanyl (25 mg)) in
agitated patients
14. Encouragement, reassurance, and frequent checks and
adjustments as needed
15. Monitor occasional blood gases (baseline and within 1 to
2 h and then as needed)
Source: Adapted in part from [1]

Interface Selection
The oronasal or “full-face” mask is preferred for acute
applications because it confers more rapid physiologic
improvement and better tolerance initially than the nasal
mask. However, the nasal mask is more comfortable and is
preferred by most patients for long-term applications.
Thus, patients treated initially with an oronasal mask
might be switched to a nasal mask after the initial few
days if they are to continue using NIV. Mask comfort
is critically important for the success of NIV, so care
must be taken to assure proper mask fit and that strap
tension is adjusted not only to minimize leaks but also
to maintain comfort [1–3].

Selection of a Ventilator and Ventilator
Mode
As discussed previously, selection of a ventilator is probably
not as important to NIV success as that of a mask. Patients
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Noninvasive Ventilation. Table 5 Monitoring during acute
applications of noninvasive ventilation
1. Subjective response
Mask comfort
Dyspnea
Anxiety/agitation
2. Vital signs
Respiratory, heart rates
Blood Pressure
3. Respiratory effort
Sternocleidomastoid muscle activity
Respiratory muscle coordination/ abdominal paradox
4. Ventilator
Synchrony
Pressure settings, upward adjustment of inspiratory
pressure as tolerated
Air leaks
5. Ability to protect airway
Cough efficacy
Swallowing function
Secretion clearance
6. Gas exchange
Continuous oximetry
Arterial blood gas (Baseline, 1–2 h and as needed)
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with hypoxemic respiratory failure, though, should be
treated with either a critical ventilator or a BPAP device
that has an oxygen blender to assure delivery of an adequate
FIO2. Simpler, less expensive BPAP ventilators are fine for
most instances of hypercapnic respiratory failure. Newer
generation BPAP and critical care ventilators with NIV
modes have numerous attributes that make them attractive for sicker patients such as the ability to deliver higher
O2 concentration, better alarm and monitoring features,
and less rebreathing of CO2 [1, 2].
The mode of ventilation is also not critical because
many different modes can be adapted for the successful
delivery of NIV. But ventilator settings are important,
because insufficient pressures may not adequately assist
ventilation and excessive ones may precipitate intolerance.
Little evidence is available to guide the selection of settings, but the authors recommend starting at low levels
(8–10 cmH2O for IPAP and 4–5 cmH2O EPAP) to enhance
initial tolerance and then increasing the IPAP by 2 cmH2O
increments until (ideally) the patient’s respiratory distress
is relieved, respiratory rate comes down to no more than
the low 20 s/min and tidal volume increases to at least

6 mL/kg, or the patient can’t tolerate higher pressures.
IPAPs of 12–16 cmH2O and EPAPs of 4–5 cmH2O are
adequate for most patients with COPD exacerbations but
higher pressures are often necessary for patients with
hypoxemic respiratory failure, with increases in IPAP
used to alleviate dyspnea and in EPAP to improve oxygenation [5]. Adjuncts like heated humidification may be
useful in patients with excessive air leakage to avoid mucosal drying which can raise nasal resistance and detract
from comfort and tolerance [1–3].

Monitoring
Monitoring aims to determine whether the goals of NIV
are being achieved (Table 5). More so than with invasive
mechanical ventilation, patient comfort and tolerance are
critically important to the success of the modality. Thus,
monitoring of subjective responses to NIV is of utmost
importance. Reduction in breathing effort as indicated by
a reduction in respiratory rate and accessory muscle use is
also important as is good patient–ventilator synchrony.
Gas exchange should also be monitored, including continuous oximetry and intermittent blood gases. Arterial

Noninvasive Ventilation. Table 6 Complications of noninvasive pressure ventilation
Complications

Frequencies (%)

Possible remedy

30–50

Check fit, adjust strap, new mask type

Mask-related
Discomfort
Facial skin erythema

20–34

Loosen straps, apply artificial skin

Claustrophobia

5–10

Nasal mask, sedation

Nasal bridge ulceration

5–10

Loosen straps, artificial skin, change mask type

Acneiform rash

5–10

Topical steroids or antibiotics

Nasal congestion

20–50

Nasal steroids, decongestant/antihistamines

Sinus/ear pain

10–30

Reduce pressure if intolerable

Nasal/oral dryness

10–20

Nasal saline/emollients, add humidifier, decrease leak

Eye irritation

10–20

Check mask fit, readjust straps to reduce leaks

Gastric insufflation

5–10

Reassure, simethicone, reduce inspiratory pressure if intolerable

Air leaks

80–100

Encourage mouth closure if nasal mask, try chin straps, oronasal
mask; if using nasal mask, reduce pressures slightly

Aspiration pneumonia

5

Careful patient selection

Hypotension

5

Reduce intrathoracic pressure

Pneumothorax

5

Stop ventilation if possible, reduce airway pressure if not;
Thoracostomy tube if indicated

Air pressure or flow-related

Major complications

Source: Adapted in part from [1, 2]

Non-ST-Segment Elevation Myocardial Infarction (NSTEMI)

blood gases should be obtained at baseline, at 1–2 h to
assess progress and then as needed.
The duration of close monitoring depends on how
rapidly the patient improves and stabilizes. In patients
recovering from acute pulmonary edema, a few hours
may be adequate and for COPD exacerbations, a few
days. Some patients with hypoxemic respiratory failure
may require very close monitoring for more than several
days, because they can recover slowly and are at risk for
deteriorating, even after several days, if the underlying
process progresses. Patients should be observed for early
signs of trouble so that prompt intervention can avert NIV
failure, or if failure is imminent, the patient can be
intubated without undue delay.

Adverse Effects and Complications of NPPV
Noninvasive positive pressure ventilation (NPPV) is usually safe and well tolerated when applied optimally in
appropriate patients, but multiple complications can
occur (Table 6) and should be detected early by adequate
monitoring. The most frequently encountered complications are minor and related to the mask and ventilator
airflow or pressure (Table 5) [1–3]. However, more serious
complications can occur and some are life-threatening. As
mentioned above, patients can fail NIV and require intubation, which should be performed promptly in order to
avoid a respiratory arrest and emergent intubation. Hypotension can occur as a consequence of excessive intrathoracic pressure, especially if the patient is hypovolemic.
Pneumothorax is another potential complication that is
unusual because the inflation pressures are usually relatively low, but should be considered if patients are deteriorating without an obvious explanation. Aspiration
pneumonia is another occasional complication, the risk
of which can be reduced if patients are kept in the
45-degree sitting position.
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Non-ketotic State
An acute complication of uncontrolled diabetes in which
hyperglycemia occurs in the absence of significant ketosis.
The condition presents with severe dehydration and glucose values as high as 2,400 mg/dL.

Nonoperative Management of
Splenic Injury
Treatment of splenic injury with close observation and
surgical or angiographic embolization only if the trial of
nonoperative management fails.

Nonpenetrating Trauma
▶ Patterns of Injury

Non-ST Elevation Myocardial
Infarction (NSTEMI)
▶ Coronary Syndromes, Acute

Non-ST-Segment Elevation
Myocardial Infarction (NSTEMI)
JUDD E. HOLLANDER
Department of Emergency Medicine, University of
Pennsylvania, Philadelphia, PA, USA

Synonyms
NSTEMI is based upon the diagnosis of infarction in the
absence of ST-segment elevation at the time of symptoms.
Non-Q-wave myocardial infarction is an older terminology that reflects the absence of evolution of Q waves after
infarction. Although both NSTEMI and non-Q-wave
infarction are typically smaller than STEMI or Q-wave
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infarction and usually reflect lack of transmural infarction,
this is not always true and thus the terms are not precisely
synonymous.

Definition
Although the diagnosis of ST-segment elevation myocardial infarction (STEMI) depends on the ECG, the diagnosis of non-ST-segment elevation myocardial infarction
(NSTEMI) may show ST depression or T-wave inversion
or transient self-limited ST-segment elevations, but ultimately depends upon elevation of cardiac markers
documenting myocardial injury. Early risk assessment
for the likelihood of myocardial infarction using history,
ECG, and ultimately cardiac markers may help with decision making (Table 1) [1].

Pathophysiology
An acute coronary syndrome (ACS) is usually caused by
reduction in myocardial blood flow due to coronary arterial spasm, disruption or erosion of atherosclerotic
plaques, and platelet aggregation or thrombus formation

at the site of a pre-existing atherosclerotic lesion.
Nonatherosclerotic etiologies of ACS are considerably
less common. Secondary causes of myocardial ischemia
can be due to factors that increased myocardial oxygen
demand (i.e., fever, tachycardia, thyrotoxicosis) reduce
blood flow (i.e., hypotension), or reduce oxygen delivery
(i.e., anemia, hypoxemia).
Atherosclerotic plaque formation occurs through
repetitive injury to the vessel wall. Plaque fissuring and
rupture are affected by features inherent to the plaque,
such as its composition and shape, and local factors, such
as shear forces, coronary arterial tone, coronary arterial
perfusion pressure, and movements of the artery in
response to myocardial contractions. Following plaque
rupture, potent thrombogenic substances are exposed to
circulating platelets. Lipid-laden macrophages in the
plaque core and adventitia of the vessel wall release tissue
factor, which stimulates the conversion of prothrombin to
thrombin. Thrombin and the local shear forces are also
potent platelet activators. Platelet secretion of adenosine
diphosphate, thromboxane A2, and serotonin are

Non-ST-Segment Elevation Myocardial Infarction (NSTEMI). Table 1 Likelihood that signs and symptoms represent an ACS
secondary to coronary artery disease (CAD)
High likelihood

Intermediate likelihood

Feature

Any of the following:

Absence of high- or
Absence of high-likelihood
features, and presence of any intermediate likelihood
of the following:
features but may have:

History

Chest or left arm pain or
discomfort as chief symptom
reproducing prior
documented angina

Chest or left arm pain or
discomfort as chief symptom
Age greater than 70 years
Male sex

Low likelihood

Probable ischemic symptoms
in absence of any of the
intermediate likelihood
characteristics
Recent cocaine use

Known history of CAD,
including MI

Diabetes mellitus

Examination

Transient MR murmur,
hypotension, diaphoresis,
pulmonary edema, or rales

Extracardiac vascular disease

ECG

New, or presumably new,
transient ST-segment
deviation (1 mm or greater) or
T-wave inversion in multiple
precordial leads

Fixed Q waves
T-wave flattening or inversion
less than 1 mm in leads with
ST depression 0.5–1 mm or
T-wave inversion greater than dominant R waves
1 mm
Normal ECG

Cardiac markers

Elevated cardiac TnI, TnT, or
CK-MB

Normal

Chest discomfort reproduced
by palpation

Normal

Note: Estimation of the likelihood of significant coronary artery disease is a complex, multivariable problem that cannot be fully specified in a table
such as this. Therefore, the table is meant to illustrate major relationships rather than offer rigid algorithms.
Abbreviations: CAD=coronary artery disease; CCSC=Canadian Cardiology Society Classification; ECG=electrocardiogram; MR=mitral
regurgitation.
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autostimulatory agonists of platelet activation. Activated
platelet glycoprotein IIb/IIIa receptors become crosslinked by fibrinogen or von Willebrand factor (vWF) in
the final common pathway of platelet aggregation.
Following atherosclerotic plaque rupture and thrombus formation, coronary blood flow is reduced and myocardial ischemia occurs. The degree and duration of the
oxygen supply-demand mismatch determines whether the
patient develops reversible myocardial ischemia without
necrosis (unstable angina) or myocardial ischemia with
necrosis (myocardial infarction). More severe and
prolonged obstruction increases the likelihood of
infarction.
The fundamental alteration in a patient with acute
myocardial infarction (AMI) is loss of myocardial function. As the area of infarcted myocardium increases, left
ventricular pump function decreases, left ventricular enddiastolic pressure and left ventricular end-systolic volume
increase. Cardiac output, stroke volume, and blood pressure may decrease. As left atrial and pulmonary capillary
pressures increase, congestive heart failure may develop.
Poor perfusion to the brain and kidneys can result in
altered mental status and impaired renal function,
respectively.

Treatment
The treatment of ACS is based on duration and persistence
of symptoms, cardiac history, and findings on physical
examination and the initial ECG (Table 2). The identification of NSTEMI as a trigger for recommended therapies
is usually accompanied by positive biomarkers.

General Measures
Supplemental oxygen should be provided to patients
with hypoxia (pulse oximetry less than 90–92%), and
guidelines state that it is reasonable to provide 2 L of O2
by nasal cannula for patients with normal oxygen
saturations [1].

Reperfusion
There have been multiple trials evaluating the benefit of
early angioplasty versus conservative medical treatment
for patients with unstable angina (UA) or NSTEMI.
Early invasive therapy (within 24–48 h) is recommended
in patients with recurrent angina/ischemia, elevated
cardiac troponins, high-risk findings, depressed left ventricular function, hemodynamic instability, sustained
ventricular tachycardia, percutaneous coronary interventions (PCI) within the previous 6 months, or prior coronary artery bypass grafting (CABG) [1].
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Antiplatelet Agents
Platelets are at the core of coronary artery thrombosis.
Platelet activation and adhesion to subendothelial matrix
elements occur as a result of plaque rupture. Platelet
aggregation may be initiated by shearing forces, fibrinolytics, thrombin, thromboxane A2, adenosine diphosphate, epinephrine, serotonin, or plasmin. These trigger
the arachidonic acid pathway, the protein kinase
C pathway, or other pathways that result in platelet aggregation. The final common pathway of platelet activation is
exposure of GP IIb/IIIa receptors on the surface of the
platelet. Bivalent fibrinogen molecules cross-link activated
platelets together by using these receptors.
The GP IIb/IIIa antagonists are considerably stronger
antiplatelet agents than aspirin, because they interrupt
platelet activation regardless of agonist. In contrast, aspirin only inhibits platelet aggregation stimulated through
thromboxane A2 and mediated through the arachidonic
acid pathway.

Aspirin
Aspirin should be given in doses of 162–325 mg as soon as
NSTEMI or UA is suspected [1]. Aspirin prevents formation of thromboxane A2, an agonist of platelet aggregation. This inhibition persists for the 8- to 12-day life of the
platelet, because platelets are unable to generate new
cyclooxygenase. Aspirin reduces cardiovascular events in
patients with AMI and patients with UA.
The side effects of aspirin are mainly gastrointestinal
and dose-related. In the setting of acute ischemia, the
delay in absorption of enteric-coated aspirin is best
avoided. Due to the substantial benefits of aspirin therapy
during ACS, it should not be withheld from patients with
minor contraindications (vague allergy, history of remote
peptic ulcer, or gastrointestinal bleeding). Other
antiplatelet agents, such as clopidogrel, can be substituted
if true aspirin allergy or active peptic ulcer disease exists.

Adenosine Diphosphate Receptor
Antagonists
Clopidogrel, prasugrel, ticagrelor and ticlopidine are
antiplatelet agents that inhibit platelet aggregation
induced by a wide range of agonists. Clopidogrel, in addition to aspirin, reduces a composite of death, AMI, and
stroke in patients with UA/NSTEMI, compared to aspirin
alone. There was an excess of bleeding in the clopidogrel
group compared with controls; however, this was reduced
in patients that received lower doses of aspirin.
Clopidogrel should be used in patients who have aspirin
allergy, and early administration in patients with ACS
regardless of whether noninvasive management or PCI is
planned. For patients undergoing urgent PCI, 600 mg has
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Non-ST-Segment Elevation Myocardial Infarction (NSTEMI). Table 2 Recommended doses of drugs used in the emergency
treatment of UA/NSTEMI
Antiplatelet agents
Aspirin

162–325 mg PO

Clopidogrel

Loading dose of 300–600 mg PO followed by 75 mg/day

Antithrombins
Heparin

Bolus of 60 units/kg (maximum, 4,000 units) followed by
infusion of 12 units/kg/h (maximum, 1,000 units/h) titrated to
a PTT 1.5–2.5 times control

Enoxaparin

1 mg/kg SC every 12 h

Fondaparinux

2.5 mg SC per day

Direct thrombin inhibitor
Bivalirudin

0.75 mg/kg IV bolus followed by 1.75 mg/kg/h infusion for
duration of procedure

Glycoprotein IIb/IIIa inhibitors
Abciximab

0.25 mg/kg bolus followed by infusion of 0.125 mg/kg/min
(maximum, 10 mg/min) for 12–24 h

Eptifibatide

180 mg/kg bolus followed by infusion of 2.0 mg/kg/min for
72–96 h

Tirofiban

0.4 mg/kg/min for 30 min followed by infusion of 0.1 mg/kg/
min for 48–96 h

Other anti-ischemic therapies
Nitroglycerin

SL: 0.4 mg every 5 min  3 PRN pain
IV: start at 10 mg/min, titrate to 10% reduction in MAP if
normotensive, 30% reduction in MAP if hypertensive

Metoprolol

50 mg PO every 12 h first day, unless significant hypertension,
may consider 5 mg IV over 2 min every 5 min up to 15 mg;
withhold b-blockers initially if the patient is at risk for
cardiogenic shock/adverse effectsa

Atenolol

25–50 mg PO, unless significant hypertension, may consider
5 mg IV over 5 min, repeat once 10 min later; withhold
b-blockers initially if the patient is at risk for cardiogenic shock/
adverse effectsa

(1) signs of heart failure, (2) evidence of a low cardiac output state, (3) increased risk for cardiogenic shock (cumulatively: age >70 years, systolic
blood pressure<120 mmHg, sinus tachycardia >110 beats/min or bradycardia<60 beats/min, and longer duration of STEMI symptoms before
diagnosis and treatment), or (4) standard relative contraindications to b-blockade (PR interval>0.24 s, second- or third-degree heart block, active
asthma, orreactive airway disease).
Abbreviation: MAP=mean arterial pressure; PTT=partial thromboplastin time; SL=sublingual, SC=subcutaneous.

a

been shown to be superior to 300 mg in preventing postprocedure MI, and is recommended as the loading dose
prior to PCI. Because of an increased bleeding risk, it is
recommended that this agent be withheld 5 days before
CABG, if possible.
Prasugrel is a more potent platelet receptor antagonist
in this class. In TRITON-TIMI 38, prasugrel compared
favorably to clopidogrel with respect to outcomes, but was

associated with increased bleeding. It was only studied in
patients with known coronary anatomy, therefore it has
limited generalizability to ED patients, where downstream
management with clopidogrel has been shown to be useful
even in the absence of known anatomy. Ticagrelor is an
investigational agent that showed improved efficacy without significant increased bleeding and thus appears
promising.

Non-ST-Segment Elevation Myocardial Infarction (NSTEMI)

Clopidogrel, prasulgrel, and ticagrelor are all preferred
over ticlopidine in ACS, because they have more rapid
platelet inhibition-limited side effects. The inhibitory
effect of ticlopidine is delayed 24–48 h after its administration. Ticlopidine can result in neutropenia, which is
more common in patients treated for longer than 2 weeks.
Because the other agents have fewer serious side effects
and act more rapidly, there is little reason to use
ticlopidine.

Glycoprotein IIb/IIIa Inhibitors (GP IIb/IIIa)
Several different GP IIb/IIIa antagonists are available.
Abciximab is a chimeric antibody that binds irreversibly
to the GP IIb/IIIa receptor. The duration of action is
longer than that of the smaller peptide molecules. As
a result, benefits may be realized with a shorter duration
of infusion. Eptifibatide is a synthetic heptapeptide that
binds reversibly to the GP IIb/IIIa receptor. Tirofiban is
a synthetic small molecule with reversible binding to the
GP IIb/IIIa receptor. All require an IV infusion to demonstrate sustained benefits. Reversal of platelet inhibition
after cessation of infusion is more rapid with the polypeptide or small molecule-agents eptifibatide or tirofibane,
offering an advantage when bleeding complications occur.
The GP IIb/IIIa inhibitors are currently recommended
for use in patients with high-risk features such as positive
troponins or patients that are likely to receive PCI [1].
Although GP IIb/IIIa antagonists can also be used for
medical managment of patients with ACS, the results are
less impressive than with PCI patients. In patients with
UA/NSTEMI, tirofiban and eptifibatide demonstrated
reduced rates of the triple composite endpoint of death,
AMI, and recurrent ischemia. However, abciximab was
not found to be of benefit in patients who did not undergo
coronary angiography within 48 h. The AHA/ACC guidelines for the management of UA/NSTEMI patients makes
administration of GP IIb/IIIa inhibitors to patients in
whom a PCI is planned a class I recommendation, [1]
whereas the GP IIb/IIIa inhibitors, eptifibatide, and
tirofiban are considered a class IIa recommendation for
ACS patients in whom PCI is not planned. Abciximab is
not recommended for patients who will be receiving medical management without PCI. Beginning administration
at the time of PCI rather than upstream is associated with
fewer bleeding complications.

Antithrombins
Unfractionated Heparin (UFH)
Unfractionated heparin (UFH) consists of a mixture of
molecules with varying molecular weights. The different-
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size molecules have different effects on the coagulation
system. Heparin complexes with antithrombin III (ATIII), and this heparin-AT-III complex inactivates circulating thrombin and activates factor X. The heparin-AT-III
complex is not effective against clot-bound thrombin.
Unfractionated heparin reduces the risk of AMI and
death during the acute phase of UA. Thus, combination
therapy with aspirin and heparin is indicated for patients
with ACS.
Unfractionated heparin has an unpredictable anticoagulant response because the bioavailability of heparin is
variable. Less than half of patients are appropriately
anticoagulated within 24 h. Unfractionated heparin
requires careful laboratory monitoring and dose
adjustment.

Low-Molecular-Weight Heparin
The low-molecular-weight heparins (LMWH) have
greater bioavailability, lower protein binding, a longer
half-life, and achieve a more reliable anticoagulant effect.
As a result, they can be administered in a fixed dose
subcutaneously once or twice a day and achieve a stable
therapeutic response without the need for monitoring
anticoagulation.
For UA/NSTEMI, several clinical trials have compared
LMWH with standard heparin regimens for treatment of
UA/NSTEMI. A meta-analysis of the six trials comparing
enoxaparin to unfractionated heparin demonstrates
a 0.9% reduction in death or recurrent AMI in patients
receiving enoxaparin rather than unfractionated heparin,
in addition to other standard therapies [1]. The benefit of
enoxaparin is greater in patients with higher TIMI risk
scores, with a significant decrease in the composite endpoint of death, AMI, and recurrent ischemia requiring PCI
at 14 days in patients with a TIMI risk score above three. In
patients in whom coronary artery bypass grafting (CABG)
is planned, it is recommended that LMWH be held and
unfractionated heparin be used in the 12–24 h before
surgery.
Fondaparinux is a synthetic pentasaccharide that,
like heparin, binds to AT-III to form an antithrombic
complex, but unlike heparin, this complex is very specific
for Factor Xa inhibition. In UA/NSTEMI patients,
fondaparinux was associated with a lower rate of bleeding
than enoxaparin. The ACC/AHA guidelines consider it
another option as an antithrombin [1]. Fondaparinux
should not be used as monotherapy for PCI since it is
associated with a higher rate of catheter thrombosis; if
used, addition of unfractionated heparin (UFH) or
bivalirudin is recommended before PCI.
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Direct Thrombin Inhibitors
These agents bind to the catalytic site of thrombin, bind to
thrombin in clot, and are resistant to agents that degrade
heparin. Bivalirudin reduces the short-term risk of
postischemic complications relative to heparin in patients
undergoing PCI for unstable or postinfarction angina. The
ACUITY trial demonstrated that bivalirudin is safe and
effective for intermediate to high-risk UA/NSTEMI
patients receiving PCI. There was no benefit to initiation
upstream rather than in the catheterization laboratory.

Nitrates
Nitrates relax vascular smooth muscle in arteries, arterioles, and veins through the metabolic conversion of
organic nitrates to nitric oxide. The pulmonary capillary
wedge pressure, systemic arterial pressure, and left ventricular end-systolic and end-diastolic volumes decrease.
Reduction in right and left ventricular-filling pressures
that result from peripheral dilatation combined with
afterload reduction that results from arterial dilatation
decrease cardiac work and myocardial oxygen requirements. Nitroglycerin has direct vasodilator effects on the
coronary vascular bed and increases global and regional
myocardial blood flows. When obstructing atherosclerotic
lesions that contain intact vascular smooth muscle,
nitrates may dilate these vessels, thereby improving
blood flow. Platelet aggregation is also inhibited by
nitroglycerin.
The UA/NSTEMI guidelines recommend that IV
nitroglycerin be used in patients with UA who are not
responsive to sublingual nitroglycerin tablets [1]. The
most serious side effect of nitroglycerin is hypotension,
which may result in reflex tachycardia and worsening
ischemia. Nitrates should not be used for patients with
right ventricular infarction. Nitroglycerin should be used
very cautiously for patients with inferior-wall ischemia
because one third of such patients might have right ventricular involvement. Patients with right ventricular
infarction are volume dependent; nitrates reduce preload
leading to hypotension in these patients. The development
of hypotension is associated with an increased infarct size.
Nitroglycerin should not be administered to patients with
ACS who recently received a phosphodiesterase inhibitor
for erectile dysfunction, within 24 h of sildenafil or within
48 h of tadalafil use [1].

b-Blockers
b-Adrenergic antagonists have antidysrhythmic, antiischemic, and antihypertensive properties. During AMI,
they diminish myocardial oxygen demand by decreasing
heart rate, systemic arterial pressure, and myocardial

contractility. Prolongation of diastole may augment perfusion to ischemic myocardium. The ACC/AHA recommendation starting oral (not IV) b-antagonists in patients
with NSTEMI within 24 h provided the patient does not
have heart failure; a low cardiac-output state, an increased
risk for cardiogenic shock (age >70 years, systolic blood
pressure <120 mmHg, sinus tachycardia >110 beats/min
or bradycardia <60 beats/min), or standard relative contraindications to b-blockade (PR interval>0.24 s, secondor third-degree heart block, active asthma, or reactive
airway disease) [1]. Intravenous therapy is reserved for
patients with significant hypertension.

Angiotensin-Converting Enzyme Inhibitors
Angiotensin-converting enzyme inhibitors reduce left
ventricular dysfunction and left ventricular dilatation
and slow the development of congestive heart failure during AMI. The ACC/AHA UA/NSTEMI guidelines recommend ACE inhibitors when hypertension persists after
treatment with nitroglycerin and b-blockers in patients
with depressed left ventricular function or CHF [1]. Contraindications to ACE inhibitors include hypotension,
bilateral renal artery stenosis, renal failure, or history of
cough or angioedema due to prior ACE inhibitor use. The
efficacy of ACE inhibitors in UA has not been well
evaluated.

Calcium Channel Antagonists
Calcium channel blockers have antianginal, vasodilatory,
and antihypertensive properties, but they do not reduce
mortality rate after AMI, and they may be harmful to
some patients with cardiovascular disease. Immediaterelease nifedipine may be harmful as a result of
a coronary “steal” syndrome, in which coronary perfusion
pressure is reduced through disproportionate dilatation of
the coronary arteries adjacent to the ischemic zone and/or
reflex activation of the sympathetic nervous system, with
a resultant increase in myocardial oxygen demand. Diltiazem is associated with an increased mortality rate, particularly for patients with CHF. Verapamil is detrimental
for patients with CHF or bradydysrhythmia. The
ACC/AHA guidelines state that “these agents are still
used too frequently in patients with AMI and that betaadrenoreceptor blocking agents are a more appropriate
choice.” Verapamil and diltiazem are considered potentially beneficial for use in patients with ongoing ischemia
or atrial fibrillation with rapid ventricular response; and
those who do not have CHF, left ventricular dysfunction,
or atrioventricular block, and with b-adrenergic antagonists are contraindicated.

Non-ST-Segment Elevation Myocardial Infarction (NSTEMI)

Evaluation/Assessment
During the initial ED assessment, it is often not possible to
determine whether the patient has, or will sustain, permanent damage to the myocardium (necrosis or AMI including NSTEMI), has reversible ischemia (unstable angina),
or has a noncardiac cause of symptoms. Only in
retrospect, after either serial ECG changes and/or serial
markers of myocardial injury can this distinction be made.
ACS is a useful concept because the triage, assessment, and
initial management of unstable angina and NSTEMI are
similar.

History
The main symptom of NSTEMI is chest pain, which will
often be categorized more as discomfort or pressure,
heaviness, tightness, fullness, or squeezing. Radiation to
the arm, neck, or jaw may occur. Reproducible chest-wall
tenderness can occur because the pericardium, which sits
beneath the chest wall, may be inflamed. In addition, the
presence of associated symptoms, such as nausea,
vomiting, diaphoresis, dyspnea, lightheadedness, syncope,
and palpitations, may be helpful for historical factors that
increase and decrease the likelihood of myocardial infarction [2].
Presentations with atypical features or silent myocardial ischemia are common. Up to 30% of patients who
sustain an AMI identified may not have it clinically recognized at the time it occurs. The prognosis for patients
with atypical symptoms (fatigue, weakness, not feeling
well, vague discomfort) at the time of infarction is worse
than that of patients with more typical symptoms. Women
and the elderly are more likely to have atypical
presentations.
In the acute care setting, cardiac risk factors are poor
predictors of risk for myocardial infarction. The cardiac risk
factors were derived from population-based longitudinal
cohort studies of asymptomatic patients to determine risk
of coronary artery disease over time; they do not have the
same relative value in the presence of symptoms [3].

Physical Examination
Patients with NSTEMI may look comfortable without any
clinical signs of distress or they may be pale, cyanotic, and
in respiratory distress. The pulse rate may be normal or
display bradycardia, tachycardia, or irregular pulses.
Bradycardic rhythms are more common with inferior
wall myocardial ischemia. In the setting of an anterior
wall infarction, a bradycardic rhythm or heart block is an
extremely poor prognostic sign. Blood pressure can be
normal, elevated (due to baseline hypertension, sympathetic stimulation, and anxiety), or decreased (due to
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pump failure or inadequate preload). Extremes of blood
pressure are associated with a worse prognosis.
The first and second heart sounds are often diminished due to poor myocardial contractility. An S3 is present in 15–20% of patients with AMI. An S4 is often
present in patients with long-standing hypertension or
myocardial dysfunction. The presence of a new systolic
murmur is an important finding that can be caused by
papillary muscle dysfunction, a flail leaflet of the mitral
valve, or a ventricular septal defect.
Rales, with or without an S3 gallop, is associated with
left ventricular dysfunction and left-sided congestive heart
failure. Jugular venous distention, hepatojugular reflex,
and peripheral edema suggest right-sided congestive
heart failure.

Serum Markers of Myocardial Injury
Serum markers are useful in patients with nondiagnostic
ECGs to identify patients with NSTEMI. Even low-level
cardiac marker elevations are independent risk factors for
acute cardiac complications and short-term prognosis in
UA and AMI. Minor elevations in cardiac troponin I and T
identify patients more likely to benefit from treatment with
glycoprotein IIb/IIIa inhibitors, enoxaparin and early invasive treatment strategy (catheterization within 24–48 h).
Although the cardiac troponins are useful for both
diagnosis and risk stratification of patients with chest
pain, ACS, and AMI, cardiac-marker testing in the ED
will not identify most ED patients that subsequently
develop adverse events. Thus, patients with negative
markers still require an evaluation and testing, as dictated
by their clinical presentation. Elevations in cTnT (and less
so cTnI) have been noted in patients with renal failure.
Although these have been considered “false positive”, they
do predict a worse outcome. Detailed discussions of individual cardiac markers can be found in the individual
sections, depending upon the specific marker.

Complications of AMI
Myocardial perfusion and cardiac function affect blood
flow to the entire body; any end organ can be damaged
when cardiac-pump function is decreased.

Dysrhythmias and Conduction Disturbances
Dysrhythmias may impair hemodynamic performance,
compromise myocardial viability by increasing myocardial oxygen requirements, and predispose to even more
serious rhythm disturbances by diminishing the ventricular fibrillation threshold. Early in the course of AMI,
patients frequently exhibit evidence of increased autonomic nervous system activity. Sinus bradycardia,
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atrioventricular block, and hypotension may occur from
increased vagal tone. Activation of atrial and ventricular
receptors in the myocardium may result in enhanced
efferent sympathetic activity, increased circulating catecholamines, and increased local catecholamine release.
These increased catecholamines in the setting of
a sensitive myocardium form the substrate for the generation of tachyarrhythmias.
The hemodynamic consequences of dysrhythmias are
dependent on ventricular function. Patients with left ventricular dysfunction have a relatively fixed stroke volume.
They depend on changes in heart rate to alter cardiac
output. Slower or faster heart rates may further depress
cardiac output. Potential loss of atrial kick is also important. Patients with reduced left ventricular compliance due
to AMI have reduced stroke volume when the atrial systole
is eliminated. Specific details of the treatment of the individual disyrhythmias can be found elsewhere in this
encyclopedia.

Heart Failure
In the setting of AMI, congestive heart failure can occur
through systolic or diastolic dysfunction. Systolic dysfunction is responsible for decreased forward flow, reduced
cardiac output, and reduced ejection fraction. In general,
the more severe left ventricular dysfunction, the higher the
mortality. The degree of left ventricular dysfunction in any
single patient depends upon prior myocardial dysfunction, baseline myocardial hypertrophy, acute myocardial
necrosis, and reversible dysfunction due to transient
ischemia.

Myocardial Rupture
Sudden decompensation of previously stable patients
should always raise concern of the mechanical complications of AMI. As a group, these complications usually
involve the tearing or rupture of infarcted tissue. The
clinical presentation of these entities depends on the site
of rupture (papillary muscles, interventricular septum, or
ventricular free wall).
Free wall rupture occurs in 10% of AMI fatalities,
usually 1–5 days after infarction. Rupture of the left ventricular free wall usually leads to pericardial tamponade
and death (in more than 90% of cases). Rupture is due to
necrosis at the distal end of blood supply, poor collateral
blood flow, and a thin apical left ventricular wall in conjunction with the shearing effects of muscle contraction.
Anti-inflammatory medications, steroids, and late administration of thrombolytic agents have been linked to an
increased likelihood of cardiac rupture. The elderly appear
to be more prone to cardiac rupture. Patients may

complain of tearing pain or sudden onset of severe pain
and will be hypotensive and tachycardic. Increased neck
veins, decreased heart sounds, and pulsus paradoxus may
be present. Echocardiography is the diagnostic test of
choice. Treatment is surgical.
Rupture of the interventricular septum is more often
detected clinically than rupture of the ventricular free wall,
despite the fact that rupture of the ventricular free wall is
more commonly detected in autopsy studies. The size of
the defect determines the degree of left-to-right shunt and
the ultimate prognosis. Interventricular septal rupture
presents with chest pain, dyspnea, and sudden appearance
of a new holosystolic murmur. Doppler echocardiography
is the diagnostic procedure of choice. Septal rupture is
more common in patients with anterior wall myocardial
infarction and patients with extensive coronary disease.
Treatment is surgical.
Papillary muscle rupture occurs in approximately 1%
of patients with AMI, is more common in inferior myocardial infarction, and usually occurs 3–5 days after AMI.
In contrast to rupture of the interventricular septum,
papillary muscle rupture often occurs with a small- to
modest-sized AMI. Patients present with acute onset of
dyspnea, increasing degree of congestive heart failure, and
a new holosystolic murmur consistent with mitral regurgitation. Echocardiography can distinguish rupture of
a portion of the papillary muscle from other etiologies of
mitral regurgitation. Treatment is surgical.

Pericarditis
Post-AMI pericarditis occurs in 10–20% of patients, usually 2–4 days after AMI. The pain of pericarditis should be
distinguished from infarct extension or post-AMI angina.
Classically, it becomes worse with a deep inspiration and
may be somewhat relieved by sitting forward. Pericardial
friction rubs are detected more often with inferior wall
and right ventricular infarction, because the right ventricle
lies immediately beneath the chest wall.
Dressler syndrome (post-AMI syndrome) occurs
2–10 weeks after AMI and presents as chest pain, fever,
and pleuropericarditis. Treatment is symptomatic
with aspirin up to 650 mg PO every 4–6 h. Ibuprofen is
not recommended because it interferes with the
antiplatelet effect of aspirin and can cause myocardial
scar thinning.

Recurrent or Refractory Ischemia
Patients unresponsive to medical management with continued ischemia require an individualized approach to
treatment. Depending on the infarct distribution and coronary anatomy, decisions should be made regarding

Non-ST-Segment Elevation Myocardial Infarction (NSTEMI)

continued medical management, PCI, or CABG. Refractory ischemia should be investigated with coronary catheterization. Patients with ACS after stent placement
should be treated aggressively with antithrombin and
antiplatelet therapy and may require urgent coronary
catheterization. Bare metal stents are more likely to
restenose in the short term. Drug eluting stents are more
likely to develop late stent thrombosis.
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When emergent catheterization is not available or
hemodynamic instability exists an intra-aortic balloon
pump may be used. The net effect of intra-aortic balloon
counterpulsation is an increase in cardiac output, reduction
in systolic arterial pressure, increase in diastolic arterial
pressure, little change in mean arterial pressure, and reduction in heart rate. The reduction in left ventricular afterload
leads to reduced myocardial oxygen consumption, thereby

Non-ST-Segment Elevation Myocardial Infarction (NSTEMI). Table 3 Components of risk scores for risk stratification of
NSTEMI patients
ACC/AHA NSTEMI guidelines,
high-risk indicators
TIMI

GRACE

PURSUIT

Age: per 10-year increase

Age: per 10-year increase sex

(Presumably) new ST-segment ST-segment deviation
depression

ST-segment deviation

ST depression

Signs or symptoms of heart
failure symptoms or new or
worsening mitral valve
regurgitation

Cardiac arrest at admission

Signs of heart failure

Age: 65 years

Killip class: per increase in
class

Reduced left ventricular
function (<40%)
Sustained ventricular
tachycardia
Elevated cardiac biomarkers
(TnT or TnI)

Elevated serum cardiac
biomarkers

Hemodynamic instability
Recurrent angina or ischemia
at rest or with low-level
activities despite intensive
medical therapy

Severe anginal symptoms e.g.,
2 anginal events in the last
24 h

PCI within 6 months

Significant coronary stenosis
(e.g., prior coronary stenosis
50%)

Heart rate: per 30 beats/min
increase

Heart rate: per 20 beats/min
increase

Systolic blood pressure: per
20 mmHg decrease

Systolic blood pressure: per
20 mmHg decrease
New-onset or progressive CCS
class angina in previous
6 weeks

At least three risk factors for
coronary artery disease
Use of aspirin in the last 7 days
High-risk findings from
noninvasive stress testing
Initial serum creatinine level:
per 1 mg/dL increase
Prior CABG
High-risk score (e.g., TIMI,
GRACE)
CCS=Canadian Cardiovascular Society; TnI=Troponin I; TnT=Troponin T.
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Cardiac enzyme findings
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decreasing the amount of myocardial ischemia. Intra-aortic
balloon counterpulsation is recommended for patients
with ACS who are refractory to aggressive medical
management or are hemodynamically unstable, as a
means to bridge a patient’s stability en route to definitive
treatment.

3.

4.

Han JH, Lindsell CJ, Storrow AB, Luber S, Hoekstra JW, Hollander
JE, Peacock WF IV, Pollack CV, Gibler WB (2007) Cardiac risk factor
burden and its association with acute coronary syndrome. Ann
Emerg Med 49:145–152
Antman EM, Cohen M, Bernink PJ et al (2000) The TIMI risk score
for unstable angina/non-ST elevation MI: A method for prognostication and therapeutic decision making. JAMA 284:835

After-care
Risk factor modification should include smoking cessation, hypertension control, diabetes control, and aggressive lipid lowering therapy with a target LDL <70. Patients
should receive long-term antiplatelet therapy with aspirin.
In addition to aspirin, clopidogrel should be given for at
least 1 month with bare metal stents and 3–6 months
with currently available drug-eluting stents, but
preferably up to 1 year. Beta-adrenergic antagonists
should be used for most patients following NSTEMI.
ACE inhibitors are recommended for patients with heart
failure, depressed left ventricular function, hypertension,
or diabetes.

Prognosis
The prognosis for patients with NSTEMI is dependant
upon risk at the time of presentation as well as treatment
provided. Initial assessment of risk can be determined
with the TIMI, GRACE, or PURSUIT risk scores
(Table 3). These risk scores have value beyond global risk
assessment by physicians, using clinical parameters alone
or predictions based on ST deviation, or troponin elevation at presentation. The TIMI risk scoring system is the
simplest of the three risk scores as it uses the sum of seven
variables (one point for each variable if present) [4]. In
contrast, the PURSUIT and GRACE risk scores include
both dichotomous and continuous variables, and the calculation of risk is complex, requiring the use of computerbased programs based on published nomograms.

Non-thyroidal Illnesses Syndrome
Refers to low circulating levels of thyroid hormone,
specifically the triiodothyronine (T3) without a rise in
thyroid-stimulating hormone (TSH), commonly seen
in the critically ill patients.

Nontuberculous Mycobacteria
(NTM)
Nontuberculous Mycobacteria are mycobacteria that are
generally found in the environment and do not require
respiratory isolation. This is a diverse group of organisms,
some of which clinically may appear like Mtb.

Noradrenaline
▶ Norepinephrine
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Norepinephrine
RINALDO BELLOMO
Department of Intensive Care, Austin Hospital,
Melbourne, Australia

Synonyms
Noradrenaline

Trade Names
Levophed (norepinehrine bitartrate)

Norepinephrine

Class and Category
Norepinephrine is an endogenous catecholamine (hormone) produced and released by nerve endings in the
sympathetic nervous system and by the adrenal gland. It
is a catecholamine with powerful cardiovascular actions
mediated by specific membrane receptors denominated as
alpha- and beta-receptors.
The major stimuli for release into the circulation come
from any state of physiological stress. Norepinephrine and
epinephrine provide the major catecholamine response to
physiological stress and are the central element of the
physiological response known as “fight or flight” reaction.
Norepinephrine is a catecholamine hormone and its
physiological effect on the cardiovascular system is principally to increase blood pressure. It also has a mild to
moderate inotropic effect with a limited net impact on
cardiac output and a limited chronotropic (heart rate)
effect. These characteristics make it an attractive vasopressor agent in states where excessive heart rate stimulation
appears undesirable.

Disease States Associated with Increased
Norepinephrine Release
Abnormally high serum levels of norepinephrine are seen
in association with:
(a) Any shock state (hypovolemic, septic, anaphylactic,
cardiogenic, spinal, etc.)
(b) Congestive cardiac failure
(c) Any state of physiological stress
(d) Intracranial hemorrhage
(e) Any severe brain injury

Indications

● Restoration of mean arterial pressure in shock
states (1)
● Correction of vasodilatation in vasodilatory states
● Treatment of hepatorenal syndrome [2]

Septic Shock
Norepinephrine is the main and one of the most powerful
agents used to restore blood pressure in critically ill
patients with vasodilatory hypotension secondary to
sepsis in developed countries [1]. It is typically given by
continuous infusion via central venous access. The infusion is titrated to achieve what is considered to be a
desirable and safe mean arterial pressure in a given patient
(typically 65–80 mmHg depending on clinical
circumstances).
Its efficacy in restoring mean arterial pressure to
acceptable levels has been confirmed in multiple animal

N

and human studies [3]. Its vasoconstrictive effect is often
visible at a cutaneous level with the development of cool
periphery with pale to cyanotic skin, especially in the
digits. This effect exposes the patient to the risk of digital
ischemia, especially in the feet and in the presence of older
age, peripheral vascular disease, diabetes, and disseminated intravascular coagulation. In small comparative
studies in humans, norepinephrine has been shown to
increase arterial blood pressure and urinary output more
than high-dose dopamine [3], the other most commonly
prescribed vasopressor agent in North America. Small
studies have suggested a synergistic effect with vasopressin, which may lead to less digital ischemia and avoidance
of very high doses of norepinephrine and improved
patient outcomes. These initial observations led to
a large randomized controlled trial. The vasopressin and
septic shock trial (VASST) enrolled 778 patients with
septic shock to receive either vasopressin (0.01–0.03 IU/
min) or norepinephrine (5–15 mg/min) in addition to
open label norepinephrine [4]. There was no statistically
significant difference in 28- or 90-day mortality, or overall
rates of serious adverse events.
Patients with septic shock at risk of renal dysfunction
may also benefit from administration of norepinephrine
through the restoration of blood pressure (Fig. 1). Several
animal and human studies have shown that norepinephrine increases urinary output and preserves or increases
renal blood flow in vasodilatory shock.
It is not known whether the infusion of norepinehrine
leads to better outcomes than the use of other vasopressors. Strong evidence exists that superior outcomes may be
achieved compared to high-dose dopamine [5]. More
recently, norepinephrine with dobutamine has been compared to epinephrine alone in patients with septic shock in
multicenter study. Although the study was underpowered
to detect anything but a very major outcome effect, the
use of norepinephrine appeared equivalent in terms of
survival and vasopressor effect. Epinephrine, however,
was associated with an increased early incidence of
hyperlactatemia and hyperglycemia. These findings were
confirmed by another similar study comparing norepinephrine alone with epinephrine in patients with septic
shock. A significant proportion of patients randomized to
epinephrine were withdrawn from the allocated treatment
and had to switch to norepinephrine because of concern
among treating clinicians due to increasing lactate and
glucose levels.
There is no standard dose for norepineprhine infusion. There is also no clearly established blood pressure
target. Most clinicians titrate norepinephrine to achieve
a mean arterial blood pressure they consider appropriate
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Norepinephrine. Figure 1 Histogram illustrating the effect of norepinephrine infusion at different doses on mean arterial blood
pressure (MAP), renal blood flow (RBF), renal vascular resistance (RVR), and glomerular filtration rate (GFR) in the experimental
animal. Norepinephrine infusion increases MAP, decreases RVR, and increases RBF and GFR

in a particular clinical setting. If high to very high doses of
norepinephrine (>0.5–1 mg/kg/min) become necessary to
achieve target blood pressure, many clinicians respond by
adding intravenous steroids (100 mg IV 6 hourly) or
a possibly synergistic vasopressor (vasopressin). The benefits and risks of this response as an alternative to increasing norepinephrine dose even further remain unclear.
The administration of norepinephrine in septic shock
is predicated on the presence of an adequate cardiac output. If doubts exist about the adequacy of systemic oxygen
delivery, cardiac output should either be measured or
estimated. If cardiac output is deemed too low
(hypodynamic or normodynamic septic shock), careful
consideration should be given to the administration of
volume expanders (especially if measures of intravascular
volume status suggest a degree of inadequate filling) or the
use of inotropic agents (norepinephrine is only a mild to
moderate inotropic agent) such as dobutamine, phosphodiesterase inhibitors, or levosimendan.

Other Types of Vasodilatory States
Other clinical situations can lead to clinically significant
vasodilatation (preserved or increase cardiac output and
marked hypotension with mean arterial blood pressure
<90 mmHg or a decrease in systolic blood pressure
>40 mmHg below normal for a given patient) despite
fluid resuscitation. They include the administration of
vasodilators as inotropic drugs (milrinone, amrinone,
enoximone,and other phosphodiesterase inhibitors) after
cardiac surgery to maintain or improve cardiac output,
sympathetic blockade secondary to epidural or spinal

anesthesia, loss of sympathetic tone secondary to spinal
trauma (so-called spinal shock), systemic inflammatory
response after major surgery, and so on. In these settings,
if the blood pressure becomes too low (see above), such
hypotension often leads to oliguria and may increase the
risk of myocardial or cerebral ischemia in patients with
pre-morbid vascular disease. Treatment with norepinephrine in this setting is safe, often requires only mild to
modest doses (0.05–0.1 mg/kg/min), typically restores urinary output and is pathophysiologically logical. Low-dose
norepinephrine infusion appears physiologically safer
than the administration of vast amounts of fluid (risk of
pulmonary edema, organ edema, and wound breakdown)
or the acceptance of sustained hypotension. No randomized controlled studies exist, however, to validate this use
of norepinephrine.

Other Shock States
The maintenance of a safe blood pressure is a major goal of
resuscitation under any circumstances even when the
cause of hypotension is, for example, cardiogenic shock
secondary to myocardial infarction or tamponade or massive pulmonary embolism. Under these circumstances,
norepinephrine infusion can be lifesaving as steps are
taken to address the etiology of shock (coronary revascularization, drainage of pericardial clot, thrombolysis of
pulmonary embolus) and should be implemented without
hesitation. There is also evidence that norepinephrine
administration represents a more effective hemodynamic
approach to right ventricular failure than the administration of fluids.

Norepinephrine

N

Hepatorenal Syndrome

Adverse Reactions

Recent evidence has shown that continuous infusion of
norepienprhine in patients with hepatorenal syndrome is
similar in effectiveness to terlipressin treatment. Thus,
norepinephrine infusion may be used for the treatment
of these patients.

Norepinephrine has a number of important side effects.
These occur particularly at higher doses (above>0.1 IU/min)

Dosage
Norepinephrine has a half life of a few minutes

Septic Shock

● Norepinephrine is administered in septic shock as
a continuous infusion at a dose typically varying
from 0.05–3 or more mg/kg/min.

●
●
●
●

Digital ischemia
Intestinal ischemia
Hypertension
Arrhythmias

Drug Interactions
● Beta-blockers
● Other vasopressors
● Beta-agonists

Mechanism of Action
Receptor Subpopulations

Vasodilatation

● Continuous infusion typically at 0.05–0.1 mg/kg/min
to achieve adequate mean arterial blood pressure

Preparation/Composition

● Clear colorless solution in 4 mL vial
● Inactive ingredients: sodium metabisulfite and sodium
chloride
● Typically prepared for continuous infusion as 3 mg
in 50 ml of 5% dextrose or 6 mg in 100 ml of 5%
dextrose

Relative Contraindications

● Evidence of gastrointestinal or digital ischemia
● Pregnancy and breast feeding – safety unknown
● Severe peripheral vascular disease

Norepinephrine is the major endogenous neurotransmitter
liberated by postganglionic adrenergic nerves (Table 1).
From a cardiovascular point of view, norpinephrine acts
on three known beta-adrenergic receptors and on two subtypes of alpha-receptors. The major action of norepinephrine is to stimulate a1-receptors to induce peripheral
vasoconstriction (Fig. 2). It also has a modest beta-receptor
agonist activity to increase heart rate and inotropy, but
this effect is less potent. It also leads to the release of renin
by beta-receptor-mediated stimulation of the macula
dense in the kidney. This effect, in turn, increases angiotensin II generation, which also contributes to norepinephrine’s vasopressor effect. Typically, coronary flow is
increased because of increases in diastolic blood pressure
(Fig. 3). Prolonged infusion, however, can cause myocyte
apoptosis.

Norepinephrine. Table 1 Location and major actions of norepinephrine receptor types
Receptor
subtype

Location

Major actions

Second messenger

b1

Myocardial cells

Increase in inotropy

Gs-GTP with adenyl cyclase activation and
cAMP generation

Smooth muscle cells

Increase in chronotropy

Ubiquitous

Vasodilatation

Gs-GTP with adenyl cyclase activation and
cAMP generation

Adipocytes

Lipolysis

Skeletal muscle cells

Thermogenesis

a1

Vascular smooth muscle cells

Vasoconstriction

Gq protein, phospholipase C,
phosphaoinositol-biphosphate, and
diacylglycerol

a2

Multiple peripheral nerve
endings, central neurons,
smooth muscle cells

Vasoconstriction or
vasodilatation depending on
vessels

Gi-protein with adenyl cyclase inactivation
and cAMP decrease

Ubiquitous
b2
b3
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Gs-GTP with adenyl cyclase activation and
cAMP generation
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Norepinephrine

Adrenalin,
Noradrenalin

α1

α2

Phospholipase C

PIP2

DAG

IP3

β

Adenylylcyklase

ATP

Adenylylcyklase

cAMP

ATP

cAMP

Ca2+

Ca2+

Smooth muscle
contraction

Inhibition of
transmitter
release

Smooth
muscle
contraction

Heart muscle
contraction,
smooth muscle
relaxation,
glycogenolysis

Norepinephrine. Figure 2 Effect of norepinephrine (noradrenalin) and epinephrine (adrenalin) on alpha- and beta-receptors
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Norepinephrine. Figure 3 Graphic illustration of the effect of norepinephrine infusion on coronary blood flow in the
experimental animal
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Conclusions
Norepinephrine is a powerful and often lifesaving vasopressor agent and the most commonly used and most
reliably effective vasoconstrictive drug used in ICUs
worldwide. An understanding of its indications, dosing
and side effects can help clinicians use it appropriately and
effectively.
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contracted by a patient while participating in medical care.
Nosocomial pneumonia (NP) is the second most common
health care acquired infection and the leading cause of death
from all nosocomial infections. NP is an especially difficult
diagnosis to establish in the critically ill patient due to
the presence of underlying cardiopulmonary disorders
(e.g., pulmonary contusion, acute respiratory distress syndrome, atelectasis) and the nonspecific radiographic and
clinical signs associated with this infection. The occurrence
of NP is especially problematic as it is associated with
a greater risk of hospital mortality, longer lengths of stay
on mechanical ventilation and in the ICU, a greater need for
tracheostomy, and significantly increased medical care costs.
Unfortunately, the classification of pneumonia has
grown to be increasingly more complex as the types of
patients who develop this infection, including those outside of the hospital setting, become more diverse. Greater
numbers of patients are admitted to the ICU with pneumonia attributed to multidrug resistant (MDR) bacteria,
originating both within the hospital setting and outside of
the hospital. Patients admitted from the community with
pneumonia attributed to MDR bacteria can no longer be
simply classified as having community-acquired pneumonia (▶ CAP) [1].
The currently accepted classifications of NP include
hospital-acquired pneumonia (▶ HAP), ventilatorassociated pneumonia (▶ VAP), and health care associated pneumonia (▶ HCAP) [2] (Table 1).

▶ Blastomycosis

Microbiology

Nosocomial Pneumonia
▶ Pneumonia, Ventilator-Associated
▶ Ventilator-Associated Pneumonia

Nosocomial Pneumonia,
Overview
MARIN H. KOLLEF, JEREMY KILBURN
Department of Medicine, Washington University School
of Medicine, St. Louis, MO, USA

Definition
The term “nosocomial” comes from two Greek words:
“nosus” meaning “disease” + “komeion” meaning “to take
care of.” Hence, “nosocomial” applies to any disease

Patients with NP are at high risk for the development of
infections due to MDR pathogens acquired through
healthcare exposure, that are different from organisms
frequently encountered in CAP. MDR organisms are by
definition resistant to multiple antibiotics, especially
those frequently used to treat CAP. The MDR bacteria
important in NP are:
● Methicillin resistant Staphlococcus aureus (MRSA) is
becoming increasingly recognized as the most frequent
cause of nosocomial pneumonia in many centers and
is associated with a high mortality rate. Recent
research has shown that MRSA is not a single strain,
but rather, a spectrum of different strains with varying
resistance to antibiotics, including vancomycin.
● Gram-negative bacilli (GNB) are a diverse group of
bacteria characterized by a wide array of antibiotic
resistance. The pattern of resistance depends on both
the species and individual strain. Pseudomonas
aeruginosa is the most important organism in this
category because of its high prevalence, virulence,
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and resistance profile. Other notable organisms in this
category include: Escherichia coli, Klebsiella pneumonia, Acinetobacter spp., and extended-spectrum
b-lactamase-producing Enterobacteriaceae.
MRSA and GNB account for the vast majority of MDR
bacteria isolated in patients with NP; however, it should be
noted that community-acquired organisms are also frequently isolated. This is especially true in HCAP, where the
population is by definition derived from the community,
albeit with frequent exposure to MDR organisms,
and hence, exposed to the greatest spectrum of possible
pathogens [2] (Fig 1).

Pathogenesis
The pathogenesis of NP is a product of the inoculation of
the lower respiratory tract with pathogenic organisms and
a breakdown of host defenses causing infection.
The oropharynx is routinely colonized with
several potentially pathogenic bacteria in healthy patients.
These include Streptococcus pneumoniae, Haemophilus
influenza, and various anaerobes. It is known that
the oropharynx of hospitalized patients begins to
become colonized with organisms from the hospital environment, such as Pseudomonas aeruginosa and enteric
GNB, within 48 h of admission. The degree of

Nosocomial Pneumonia, Overview. Table 1 Pneumonia classification for patients in the intensive care setting
CAP

Infection present at hospital admission in patients who do not meet the criteria for HCAP

HCAP

Pneumonia present at hospital or ICU admission in patients with at least one of the following risk factors:
Hospitalization for 2 days in an acute care facility within 180 days of infection
Residence in a nursing home or long-term care facility
Antibiotic therapy, chemotherapy, or wound care within 30 days of current infection
Hemodialysis treatment at a hospital or clinic
Home infusion therapy or home wound care
Family member with infection due to MDR bacteria
Significant immune suppression (corticosteroids, HIV, organ transplant)

HAP

Pneumonia occurring typically 48 h after hospital admission in a non-intubated patient

VAP

Pneumonia occurring typically 48 h after hospital admission and endotracheal intubation

HIV human immunodeficiency virus

CAP

HCAP

HAP

Likely pathogens
Streptococcus pneumoniae
Hemophilus influenzae
Methicillin-susceptible Staphylococcus aureus
Mycoplasma pneumoniae
Chlamydia pneumonia
Legionella species
Respiratory virus (influenza, RSV)
Community-acquired methicillin-resistant
Staphylococcus aureus (cMRSA)
• Antibiotic-susceptible Enterobacteriaceae

•
•
•
•
•
•
•
•

VAP

Likely pathogens
•
•
•
•
•

Pseudomonas aeruginosa
Methicillin-resistant Staphylococcus aureus
Acinetobacter species
Legionella species
Antibiotic-resistant Enterobacteriaceae

Nosocomial Pneumonia, Overview. Figure 1 Likely pathogens in nosocomial and community-acquired pneumonia
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colonization correlates to the severity of illness and length
of hospitalization [2].
The most common source of introduction of NP
pathogens is microaspiration of oropharyngeal secretions.
Less common routes include aspiration of esophageal/
gastric contents, inhalation of infected aerosols, hematogenous spread, and direct infection (e.g., resulting from
intubation). Approximately 45% of healthy subjects were
shown in one study to aspirate during sleep [2]. The rate
of aspiration is higher in patients with depressed levels of
consciousness, severe illness, and inability to protect their
airway from aspiration events. The presence of an endotracheal tube, by virtue of splinting open the vocal cords
and upper airways, further predisposes to aspiration of
oropharyngeal and gastric contents. In addition, the endotracheal tube itself quickly becomes a source of colonization for potentially pathogenic organisms.

Treatment
The purpose of the above classification system is to
separate patient populations at high risk for MDR pathogens from those at low risk, ensuring that antibiotic therapy can be maximally effective while the emergence of
resistant organisms is minimized. Protocols aimed at
changing from broad-spectrum to narrow-spectrum antibiotic therapy after 48–72 h of empiric treatment, based
on antimicrobial susceptibility testing, and using the
shortest course of treatment that is clinically acceptable
are the principle strategies of antibiotic avoidance to be
employed [1]. The “de-escalation” strategy attempts to
unify these principles into a single approach that will
optimize patient outcomes with early appropriate therapy
while minimizing the emergence of antibiotic resistant
pathogens. Failure to provide treatment with an appropriate initial antimicrobial regimen for VAP has resulted
in significantly higher rates of septic shock and hospital
mortality. Additionally, treatment delays of greater than
24 h after meeting diagnostic criteria for VAP has been
associated with statistically higher rates of bacteremia and
in-hospital mortality. Importantly, adjusting an initial
inappropriate VAP treatment regimen according to subsequent microbiology data does not result in outcomes
equal to those achieved in patients treated with an appropriate antimicrobial regimen from the outset of antibiotic
administration [1]. It is important for clinicians to recognize that the predominant pathogens associated with
hospital-acquired infections, including VAP, may vary
between hospitals as well as among specialized units
within individual hospitals. In addition to the prescription
of appropriate initial antibiotic therapy, antimicrobial deescalation should occur when possible based on the
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patient’s clinical response to the empiric antimicrobial
treatment and microbiologic testing results. This includes
decreasing the number and spectrum of antibiotics, based
on the susceptibility patterns of the identified pathogens,
and shortening the duration of therapy when appropriate
[3] (Fig. 2).

Evaluation/Assessment
The diagnosis of NP, especially VAP, can be challenging.
Clinical criteria for the diagnosis of NP are notoriously
insensitive and nonspecific. Signs and symptoms such as
fever, cough, mucopurulent secretions, dyspnea, and leukocytosis are known to complicate other noninfectious
pulmonary conditions. According to the 2007 consensus
guidelines from the Infectious Disease Society of America
and the American Thoracic Society (IDSA/ATS),
a demonstrable infiltrate on a chest radiograph, or CT
scan, is a prerequisite for the diagnosis of pneumonia. In
patients clinically suspected of having pneumonia, and
with a negative chest radiograph, empiric therapy for
48 h followed by repeat chest radiograph is supported by
the IDSA/ATS 2007 consensus statement. CT scanning of
the chest is more sensitive for the diagnosis of pneumonia,
and may be an alternative approach for patients clinically
suspected of having pneumonia without infiltrate on chest
radiograph.
The diagnosis of pneumonia in mechanically ventilated patients is especially difficult. A large proportion of
ventilated patients have underlying lung disease and are
prone to noninfectious sources of pulmonary
opacification (ARDS, atelectasis, BOOP, pulmonary contusion, pulmonary hemorrhage, etc.), and radiographic
imaging can be particularly nonspecific for this subset of
patients. It has been shown that that no radiographic sign
correlated well with the presence of pneumonia in
mechanically ventilated patients. Clinical signs and
symptoms, as with non-ventilated patients, are also
nonspecific.
The Centers of Disease Control and Prevention/
National Healthcare Safety Network (CDC/NHSN) has
established a clinical definition for the presence of
probable NP [4].
CDC/NHSN definition for probable nosocomial
pneumonia
Two or more serial chest radiographs with at least one of
the following:
New or progressive and persistent infiltrate
Consolidation
Cavitation
PLUS
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• Third or fourth generation anti-pseudomonal
cephalosporin (ceftazidime or cefepime) or
• Carbapenem (imipenem, meropenem) or
• Pipercillin/tazobactam plus
• Quinolone (levofloxacin or ciprofloxacin) or
• Aminoglycoside (gentamicin, tobramycin,
amikacin) (for patients with severe sepsis, septic
shock, or suspected Gram-negative bacteremia
with potentially antibiotic-resistant pathogen)
plus
Linezolid or Vancomycin for MRSA
plus
Macrolide if there are risk factors for Legionella and
a Quinolone is not used

Clinical response after 48–72 h of empiric therapy

Yes

No

Culture positive

Culture negative

Culture positive

Culture negative

Adjust antibiotics
based on cultures
and susceptibilities.
Search for other
diagnoses or sites of
infections.

Consider stopping
antibiotics and consider
non-infectious
conditions (ARDS,
aspiration pneumonitis)
or infection at other
site.

Adjust antibiotics
based on cultures
and susceptibilities.
Treat for 5–7 days
and reassess.

Consider stopping
antibiotics and
consider noninfectious conditions
(ARDS, aspiration
pneumonitis) or
infection at other site.

Nosocomial Pneumonia, Overview. Figure 2 Initial empiric treatment of nosocomial pneumonia when MDR pathogens are
suspected

At least one of the following clinical criteria:
Fever (>38 C or >100.4 F) with no other recognized
cause for fever
Leukopenia (<4,000 WBC/mm3) or leukocytosis
(>12,000 WBC/mm3)
For adults >70 years old, altered mental status with no
other recognized cause
PLUS
At least two of the following criteria:
New onset of purulent sputum or change in character
of sputum or increased respiratory secretions or
increased suctioning requirements
New onset or worsening cough, or dyspnea, or
tachypnea

Rales or bronchial breath sounds
Worsening gas exchange (e.g., oxygen desaturations
[e.g., PaO2/FiO2 < 240], increased oxygen requirements, or increased ventilator demand)
Unfortunately, these criteria have not been clinically
validated and serve as a clinical prediction tool for considerations of empiric treatment and further diagnostic
work-up. All patients suspected of having clinical VAP
should undergo lower respiratory tract (LRT) sampling,
with subsequent microscopic analysis and culture of
the specimen. LRT samples may be obtained via bronchoscopic or nonbronchoscopic methods. Nonbronchoscopic
methods of LRT sampling include tracheobronchial

Nosocomial Pneumonia, Overview

aspiration or mini-BAL. Tracheobronchial aspiration is
performed by inserting a catheter through the endotracheal tube until resistance is met and applying suction.
Mini-BAL is similarly performed by infusing a small
amount of sterile saline through the catheter and then
aspirating the sample.
Bronchoscopy using either bronchoalveolar lavage
(BAL) or a protected specimen brush is the preferred
method of obtaining LRT samples and may lead to
a narrower antimicrobial regimen or more rapid
de-escalation of antimicrobial therapy as compared to
nonbronchoscopic methods. Bronchoscopy allows for
directed sampling of involved pulmonary segments that
may be seen on radiographic imaging. BAL is performed
by the infusion and aspiration of sterile saline into
a designated bronchial segment. Microscopic analysis of
BAL fluid (cell count) should be performed. The utility of
BAL is emphasized in data demonstrating that VAP may
be excluded in all patients in whom neutrophils were fewer
than 50% of the nucleated cells in the spun sediment from
BAL fluid. Alternatively, a protected specimen brush
(PSB) may be advanced into a specific segment and
brushings obtained. Thresholds of 1,000,000 colony
forming units (cfu)/mL for samples obtained by tracheobronchial aspiration, 10,000 cfu/mL for samples obtained
by BAL, or 1,000 cfu/mL for samples obtained by PSB are
most accurate because they are sufficiently high that
patients with tracheobronchial colonization are unlikely
to be mistaken for patients with VAP [3].
The available evidence suggests that there is no one
absolute gold standard for the diagnosis of VAP. However,
the clinical relevance of appropriate antibiotic treatment
for VAP supports a definition employing LRT microbiology as opposed to clinical criteria alone.
As none of the currently available diagnostic tests
provide an absolute accurate diagnosis of VAP when
used alone, a strategy that combines diagnostic modalities
is advocated. Patients with suspected VAP should undergo
an evaluation that is supported by local expertise and
should include imaging procedures (chest radiograph,
computed tomography), bacteriological cultures from
the LRT, and possibly biomarkers. The results of this
evaluation can be used to determine the likelihood that
VAP is present and to guide therapy in a manner that
attempts to optimize patient outcomes. Insuring timely
administration of appropriate antimicrobial therapy optimizes patient outcomes while avoiding unnecessary antibiotic exposure minimizes the emergence of antimicrobial
resistance. For unstable patients, delays in the initiation of
appropriate antibiotic therapy should be avoided as they
are associated with increased mortality. Therapy should
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not be postponed for the purpose of performing diagnostic studies in these patients. Alternatively, in stable
patients, performance of LRT sampling (BAL, PSB) has
been shown to reduce antibiotic use in patients with
suspected VAP [1] (Fig. 3).

Pharmacoeconomics
The development of VAP among mechanically ventilated
patients adds approximately 7–9 additional hospital days
and between $12,000 and $40,000 additional direct
healthcare costs.

After-care
Patients with NP, especially VAP, commonly experience
a prolonged hospital course with resultant weakness and
cardiopulmonary deconditioning. Cardiopulmonary
rehabilitation is an important step for return to
premorbid functioning and prevention of further infection. In selected patients (prolonged mechanical ventilation, signs of dysphagia, or concern for previous
aspiration), a formal swallowing evaluation should be
performed to identify and manage those patients at risk
for aspiration events. Follow-up radiographic imaging is
of dubious benefit for patients with clinical resolution of
their pneumonia and should be reserved for those patients
with in whom there is clinical suspicion for underlying
malignancy, anatomical distortion, or comorbid pulmonary process. All patients with NP should be up to date on
vaccinations prior to discharge.

Prognosis
NP is the second most common nosocomial infection
and the leading cause of death. NP is estimated to occur
in 0.5–5% of all hospitalized patients, and 15–25% of
mechanically ventilated patients. It is difficult to
differentiate the attributable mortality with NP from the
mortality attributable to underlying conditions. For VAP,
studies show a 15–50% attributable mortality specifically
related to the VAP episode. Mortality risk most likely
varies depending on the timing of VAP acquisition,
infecting organism (staphylococcal and pseudomonal
VAP have significantly higher mortality rates than
pneumonias caused by other organisms) and comorbid
factors [2].

Prevention
Growing recognition of the significant mortality, morbidity, and expense associated with NP has led to vigorous
debate and study of measures to prevent its occurrence.
Recent advances include avoidance of acid-blocking
medications, decontamination of the oropharynx,
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Nosocomial Pneumonia, Overview

Clinically suspected ventilator-associated pneumonia (VAP)

Unstable patient

Stable patient

Obtain blood cultures, tracheal aspirate
culture, other cultures as clinically
indicated

Obtain LRT cultures (BAL, PSB, blind
specimens), blood cultures

Begin appropriate initial antimicrobial
treatment based on local flora and
antimicrobial susceptibility patterns

Low clinical suspicion for
VAP and negative
microscopy of LRT
specimen

Intermediate clinical suspicion
for VAP and LRT microscopy
unrevealing

Withhold
antibiotics

High clinical suspicion for
VAP or positive LRT
microscopy

Begin appropriate initial antimicrobial
treatment based on local flora and
antimicrobial susceptibility patterns, and
LRT microscopy

Nosocomial Pneumonia, Overview. Figure 3 Diagnostic work-up and management of suspected VAP

selective decontamination of the digestive tract, patient
positioning, subglottic drainage techniques, and silvercoated endotracheal tubes [5]. While prevention of NP is
of vital interest, the early and appropriate use of antibiotics continues to be the best means of protecting patients
from the morbidity and mortality associated with NP [1].
Strategies to prevent nosocomial pneumonia
General strategies
Conduct active surveillance for VAP.
Adhere to hand-hygiene guidelines published by the
Centers for Disease Control and Prevention or the
World Health Organization.
Use noninvasive ventilation whenever possible.
Minimize the duration of ventilation.
Perform daily assessments of readiness to wean and
use weaning protocols.
Educate healthcare personnel who care for patients
undergoing ventilation about VAP.
Strategies to prevent aspiration
Maintain patients in a semirecumbent position
(30–45 elevation of the head of the bed) unless
there are contraindications.

Avoid gastric overdistention.
Avoid unplanned extubation and reintubation.
Use a cuffed endotracheal tube with in-line or
subglottic suctioning.
Maintain an endotracheal cuff pressure of at least
20 cm H2O.
Strategies to reduce colonization of the aerodigestive tract
Orotracheal intubation is preferable to nasotracheal
intubation.
Avoid histamine receptor 2 (H2)-blocking agents and
proton pump inhibitors for patients who are not at
high risk for developing a stress ulcer or stress
gastritis.
Perform regular oral care with an antiseptic solution.
Strategies to minimize contamination of equipment
used to care for patients receiving mechanical
ventilation.
Use sterile water to rinse reusable respiratory
equipment.
Remove condensate from ventilatory circuits. Keep the
ventilatory circuit closed during condensate
removal.
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Nucleic Acid Amplification Tests
(NAAT)
A molecular biology technique to identify organisms on
the basis of the genetic material (nucleic acid). A target of
DNA or RNA is identified and then amplified using specific primers whereby amplification ensues with the production of millions of new transcripts. These transcripts
may be identified with a labeled probe or reporter dye.
NAAT may be performed on direct clinical specimen or on
a laboratory isolate.

Nutrition Assessment
Is the interpretation of data including medical and nutrition histories, physical exam, measurements of weight,
height (and head circumference for children under
3 years), and laboratory studies to determine nutrition
status and the presence and degree of malnutrition or
obesity.
▶ Nutrition, Pediatric

Nutrition Support
▶ Nutrition, Trauma
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Nutrition Support Therapy
Refers to nutrients provided by mouth, tube, or vein.
▶ Nutrition, Pediatric
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Definition
The hypermetabolic response in burned patients is characterized by hyperdynamic circulatory, physiologic, catabolic, and immune system responses. Attenuation of the
hypermetabolic response by altering the physiological and
biochemical environment through the early enteral
administration of specific nutrients is emerging as an
essential component of the management of severely
burned patients.

Characteristics
Hypermetabolic Response – Severe burn injury is associated with a profound hypermetabolic, hypercatabolic
response, which persists for up to two years post burn.
The response is characterized by supraphysiologic metabolic rates, hyperdynamic circulation, constitutive muscle
and bone catabolism, growth retardation, insulin resistance,
and increased risk for infection. Immediately post burn,
there is a decrease in metabolism and tissue perfusion – an
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“ebb” phase. This is quickly followed by a period of
increased metabolic rates and hyperdynamic circulation –
a “flow” phase. If untreated, physiologic exhaustion
ensues, and the insult becomes fatal. This period is characterized by profoundly accelerated glycolysis, lipolysis,
proteolysis, insulin resistance, liver dysfunction, and
decreases of lean body mass and total body mass [1].
A 10% loss of total body mass leads to immune dysfunction, 20% leads to decreased wound healing, 30% leads to
severe infections, and a 40% loss leads to death. The
primary mediators of this response after severe burn
injury are catecholamines, corticosteroids, and inflammatory cytokines. There is a 10- to 50-fold elevation of
plasma catecholamines and corticosteroid levels that last
up to 12 months post burn [2]. Inflammatory cytokine
levels, serum hormone, acute protein, and constitutive
proteins are altered immediately post burn and remain
abnormal throughout the acute hospitalization up to
2 months post burn compared to normal levels.
Net loss of protein leads to loss of lean body mass, and
severe muscle wasting leads to decreased strength and
failure to fully rehabilitate. This loss of protein is directly
related to increases in metabolic rate and may persist up to
9 months after critical burn injury, often resulting in
significantly negative whole-body and cross-leg
nitrogen balances [3]. Severely burned patients have
a nitrogen loss of 20–25 g/m2TBSA/day, rate at which –
if unattended – lethal cachexia becomes imminent in less
than 30 days. In young burned children protein loss leads
to significant growth retardation for longer than 1 year
post injury.
Data obtained by measurement of stable isotopes indicate significant derangements among key energy consumption pathways such as protein turnover, urea
production, and gluconeogenesis. Investigation has also
shown that the glycolytic-gluconeogenic cycling may
experience an increase of 250% during the postburn
hypermetabolic response together with an increase of
450% in triglyceride-fatty acid cycling. Collectively, these
changes lead to greater glycogenolysis, gluconeogenesis,
and increased circulation of glucogenic precursors, which
translates into hyperglycemia and impaired responsiveness to insulin, which is in turn related to post-receptor
insulin resistance. While glucose delivery to peripheral
tissues is increased up to threefold, glucose oxidation is
restricted, leading to the elevated levels of fasting glucose.
Increased glucose production is directed, in part, to the
burn wound to support anaerobic metabolism of fibroblasts, endothelial and inflammatory cells. The endproduct of anaerobic glucose oxidation – lactate – is

recycled to the liver to produce more glucose via
gluconeogenic pathways.
Both serum glucose and insulin increase post burn and
remain significantly increased throughout the entire acute
hospital stay. These increased amounts of available glucose
although required as a source of energy to decrease severe
protein catabolism after severe burn injury, if left
untreated, have led to poor outcomes in studies
performed in critically ill patients [4].
Catabolic hormones counteract the anabolic effect of
insulin resulting in significant lipolysis, proteolysis, and
hyperglycemia. To meet the remaining metabolic and
energy requirements, proteins and lipids are rapidly
but inefficiently utilized after large burn injury. Skeletal
muscle becomes the major obligatory supplier of fuel
post burn.
Perturbations, such as sepsis increase metabolic rates
and protein catabolism up to 40% compared to those with
like-size burns that do not develop sepsis. A vicious cycle
exists, as patients that are catabolic are more susceptible to
sepsis due to changes in immune function and immune
response. The emergence of multi-resistant organisms
have led to increases in sepsis-related infections and
death overall. Inflammatory cells, in response to burn
wounds and burn wound infections, metabolize glucose
anaerobically to pyruvate and lactate. These are returned
to the liver for gluconeogenesis, which is then recycled for
energy by leukocytes and fibroblasts in the burn wound.
Route of Nutritional Support – Determinants of successful initial burn treatment are early aggressive resuscitation (including nutrition), control of infection, and
early closure of the burn wound. Aggressive, early enteral
feeding improves outcomes in the burned patient, by
mitigating the degree and extent of catabolism.
Attempting to overcompensate by providing excess calories and/or protein is ineffective and likely to increase such
complications as hyperglycemia, carbon dioxide retention
(CO2), and azotemia. Thus, the primary goal of nutritional support in burned patients is to satisfy acute, burnspecific requirements. Research using oral alimentation
alone demonstrated that patients with 40% TBSA burns
lost up to a quarter of their preadmission weight by
21 days post injury.
Enteral nutrition reduced translocation-bacteremia
and sepsis, maintained gut motility, and preserved “first
pass” nutrient delivery to the liver. Therefore, the enteral
route should be used today whenever possible (oral,
gastral, or duodenal) and the parenteral route – despite
aforementioned outcome – should be used in those with
enteral feeding intolerance or prolonged ileus, as
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a reasonable effort to prevent the alternative grimmer
outlook of severely burned patients who do not receive
appropriate caloric intake. As mentioned above, current
practice is to preferentially use the gastrointestinal tract
for nutritional support. Total Parenteral Nutrition (TPN)
remains of critical importance among burned patients in
whom appropriate dietary support cannot be achieved or
those whose total caloric requirements cannot be supplied
via enteral nutrition (EN) alone.
Besides the nutritional route, a major determinant of
outcome for severely burned patients is time to treatment.
Any delays in resuscitation lead to poorer outcomes.
Acutely, there is significant gut mucosal damage and
increased bacterial translocation that collectively lead to
decreased nutrient absorption. As such, optimal nutritional support for the severely burned patient is
best accomplished by early (within 12 h after injury)
initiation of enteral nutrition [5]. Multiple studies
demonstrate that early institution of enteral feeding can
significantly modulate the hypermetabolic response to
severe burns.
In human studies, early continuous enteral nutrition
delivered appropriate calculated caloric requirements
(resting energy expenditure) by postburn day 3, attenuated the hypermetabolic response, and significantly
decreased circulating levels of catecholamines, cortisol,
and glucagon. Early enteral feeding preserved gut
mucosal integrity, motility, and intestinal blood flow.
Intestinal hypoperfusion, or ileus, secondary to delays in
resuscitation can be reversed by reperfusion or adequate
resuscitation. Postburn ileus spares the small bowel and
primarily affects the stomach and colon. Patients with
severe burn injury can be safely enterally fed in the
duodenum or jejunum 6 h post burn, whether or not
they have total gastroduodenal function. Nasojejunal, or
nasoduodenal feeding should be initiated as soon as
possible to facilitate the full resuscitation of the severely
burned patient.
Nutritional Requirements – At present, resting energy
requirements of burned patients are commonly estimated
by the use of equations. Their performance has traditionally been weighed against measured resting energy expenditure (MREE) – obtained through indirect calorimetry,
even though MREE’s accuracy and precision has not been
well established. Furthermore, investigations have shown
that MREE requires a correcting factor of 30% to maintain
adequate body weight, obtained by the product of 1.2–1.4
factor. Validation and agreement analysis of formulas such
as Harris-Benedict, Schofield HW, Curreri, World Health
Organization, and others has shown that although these
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formulas are based on patient-specific factors such as age,
gender, weight, burn size, they significantly overestimate
caloric requirements in burned patients, thus increasing
the risk of overfeeding and its subsequent deleterious
effects. After considering the implications of the significant expense of acquiring and maintaining the equipment
for bedside indirect calorimetry, more researchers and
facilities are focusing their efforts in finding new and
more accurate equations. In a recent validation study,
the adapted Toronto equation showed to very closely
match MREEs of ten adult patients.
By measuring resting energy expenditures with indirect calorimetry, close to actual caloric requirements can
be determined. Goran and colleagues found that feeding
patients with 1.2 times MREE retains body weight but
with a loss of 10% of lean body mass. Others found an
increase in body weight by feeding 1.4 times the resting
energy expenditure. The gains, however, were in fat deposition, not lean body mass. Preservation of lean body mass
should be a goal of nutrition support for severely burned
victims due as a major consequence of the hypermetabolic
response is severe total body catabolism.
The major energy source for burned patients should be
carbohydrates that aid as fuel during wound healing as
well as protein sparers during protein breakdown by the
liver and during amino acid oxidation for energy. It is
estimated that critically ill, burned patients have estimated
caloric requirements that far exceed the body’s ability
to assimilate glucose, which has been reported at
5 mg/kg/min, approximately 7 g/kg/day (2,240 kcal for
an 80 kg man). Providing a limited amount of dietary fat
reduces requirements for carbohydrates and can improve
glucose tolerance significantly.
The hypermetabolic, catabolic response to severe
burns suppresses lipolysis and limits the extent to which
lipids can be utilized for energy. Thus, fat should comprise
no more than about 30% of nonprotein calories, or about
1 g/kg/day of intravenous lipids in TPN. Thirty percent
may be overwhelming in burned patients. In a study done
in an animal model, immune function was further
compromised with diets containing more than even 15%
lipids, advocating the use of low-fat diets in severely
burned patients. Although this result interested some
clinical researchers, it has not impacted the management
of the critically ill. New research has shown that composition of administered fat is more important than quantity. Most common lipid sources contain omega-6
polyunsaturated fatty acids (o-6 PUFA) such as linoleic
acid, which are metabolized through synthesis of
arachidonic acid, a precursor of pro-inflammatory
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cytokines such as Prostaglandin E2. Omega-3 fatty acids
(o-3 PUFA) are metabolized without provoking proinflammatory compounds. Diets high in o-3 PUFA have
been associated with an improved inflammatory response,
improved outcomes, and reduced incidences of
hyperglycemia.
Proteolysis is another hallmark of the hypermetabolic
response after severe burn injury; it can exceed 150 g/day,
or almost a half-pound of skeletal muscle. Increased protein catabolism leads to decreased wound healing,
immuno-incompetence, and loss of lean body mass.
There is increasing evidence that greater protein replacement in severely burned patients may be beneficial. While
research has shown that healthy individuals require 1 g/kg/
day of protein intake, in vivo kinetics studies on oxidation
rates of amino acids have shown that burned patients have
50% higher utilization rates than healthy individuals in
the fasting state. Thus, burned patients require
a minimum of 1.5–2 g/kg/day of protein intake. Any
higher amounts of supplementation, however, lead to
increased urea production without improvements in lean
body mass or muscle protein synthesis.
Some amino acids have a key role in recovery following injury. Alanine and glutamine (GLU) are important
transport amino acids, created in skeletal muscle to supply
energy to the liver and to aid in wound healing. GLU
serves as a primary fuel for enterocytes and lymphocytes,
and aids in maintaining small bowel integrity, preserving
gut-associated immune function, and limiting intestinal
permeability following acute injury. GLU is rapidly
depleted from both serum and muscle following severe
burn injury, limiting visceral protein synthesis,
underscoring the importance of glutamine replacement
after severe burn injury. When GLU was given at
25 g/kg/day, severely burned patients had a decrease in
incidence of infections, improved visceral protein levels,
decreased length of stay, and reduced mortality. Replacement of branched-chain amino acids led to improvements
in nitrogen balance but no effect on survival.
Vitamins and other micronutrients are also profoundly affected by the hypermetabolic, catabolic
response post burn (Table 1). Decreased levels of vitamins
A, C, and D, iron, copper, zinc, and selenium have been
implicated in decreased wound healing and immune dysfunction post severe burn injury. Vitamin A replacement is
important for wound healing and epithelial growth. Vitamin C is paramount for synthesis and the cross-linking of
collagen post burn. Burned patients often require up to
20 times the recommended daily allowance. Vitamin D
is essential in the prevention of further bone catabolism
post burn.

Trace elements, primarily iron, zinc, selenium, and
copper, are involved in humoral and cellular immunity.
Iron is an important cofactor in oxygen-carrying proteins.
Zinc supplementation contributes to improvements in
wound healing, DNA replication, lymphocyte function,
and protein synthesis. Selenium replacement improves
cell-mediated immunity, and activates the nuclear transcription factor NFkB – a significant perturbator of the
inflammatory response. Copper is critical for collagen
synthesis and wound healing. Deficiencies in copper, in
particular, have been linked to fatal arrhythmias and
poorer outcomes. Plasma levels of these trace elements
are significantly depressed for prolonged periods after the
acute injury due to increased urinary excretion
and significant cutaneous losses. Collectively, replacement
of all these micronutrients contributed to the improvement
in morbidity of severely burned patients. A daily multivitamin in the form of tablet or solution in addition to oral and
tube feedings or TPN, will provide far more vitamins and
micronutrients to burned patients than the recommended
daily averages for healthy individuals, however, further
investigation is needed to find the appropriate doses and
durations among burned individuals.
Formulas – Milk, traditionally an isocaloric-isoprotein
but high-fat diet, consisting of 44% fat, 42% carbohydrate,
and 14% protein, became standard of care for the pediatric burned patient. Although it was well tolerated, fat did
not serve as the optimal energy source for these patients.
There was continued protein degradation, and lean body
mass gains paled in comparison to high-carbohydrate
diets – consisting of 3% fat, 15% protein, and 82% carbohydrate. The high-carbohydrate diet increased protein
synthesis, increased effective endogenous insulin production, and improved lean body mass. Increased endogenous
insulin levels, stimulated by high-carbohydrate delivery,
may have contributed to improved muscle protein
synthesis.
Macronutrients in total parenteral nutrition (TPN)
formulas (in the USA) are traditionally composed of
70% dextrose, 10–20% amino acids, and 20% lipids;
these can all be adjusted to meet patients’ caloric needs.
Electrolytes, vitamins, and minerals may also be
supplemented with TPN formulas in addition to medications such as insulin and H2 blockers. Worth mentioning
of TPN besides all of its possible mechanical and
infectious complications during insertion and maintenance of centrally inserted catheters is its association
with increased pro-inflammatory cytokines, increased
pulmonary dysfunction, and increased mortality. Thus,
all TPN formulas should be reserved for patients that
cannot tolerate EN.

Vit A(IU)

Vit C (mg)

300

400

900

1–3 years

4–8 years

Adult

75

25

15

50

15

7

6
400

200

200

200

Vit D(IU)

100

50

30

2.5

Vit K (mg)

11
7
10
15

80
200
400

1,000

>3 years

500

3125

1603

3300

125

100

96

38

23

21

625

510

330

50

59

38

Impact

3,500

3,575

7,990

5,000

6,700

10,000

125

217

563

340

80

667

11.2

33

211

60

60

67

200

288

283

272

270

267

0

58

67

50

67

50

0

18

540

414

12

400

13

12

360

13.2

12.5

250

567

14

300

429

13

350

0

717

707

1,000

800

667

1213

970

1440

1,100

800

500

210–270

Ca (mg)

0

717

707

1,000

800

667

1000

844

1000

220

110

700

500

460

275

P (mg)

0

17

16

24

15

24

15

6

12

10

5

3

3

Zinc (mg)

0

1.5

1.5

2

1.7

2

1.5

1.0

1.2

0.90

0.44

0.34

0.22

Copper
(mg)

0

51

51

100

100

67

38

32

52

55

30

20

15

Se (mg)

Vit vitamin, IU international units, Ca calcium, P phosphorus, Se selenium, mg milligrams, mg micrograms. To convert from, the following factors were used: Vit D: 1mg = 40 IU; Vit A: 0.3 (IU) = 1 mg RE
(retinol equivalent); Vit E: 1 IU = 1 mg a-TE (alpha-tocopherol). Data extrapolated from Enteral product Reference Guide, 2001 by Nestle Clinical Nutrition, Deerfield, IL.

Cernevit-121

Osmolite1
1 cal

Oxepa1

Nutren1
Replete1

1

Crucial1

Provided supplementation from adult nutritional formulas per 1,000 kcal

Vivonex
1
Pediatric

Pediasure1
Enteral
Formula

Complete
Pediatric1

Provided supplementation from pediatric nutritional formulas per 1,000 kcal

1,500

<3 years

Iron (mg)

150

Folic acid
(mg)

Recommended supplementation for burned patients in addition to daily MVI per 1,000 kcal

506

<1 year
4

Vit E(IU)

Recommended daily dietary allowance by age

Age/
nutritional
formula

Nutrition, Burns. Table 1 Vitamin–element requirements and composition of commercially available products
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Synonyms
The terms calorie and energy are interchangeable,“Needs”
and “requirements” are also synonyms

Definition
Calorie is a unit of potential or kinetic energy (the ability
to do work); one calorie is required to raise the temperature of 1 mL of water from 15 C to 16 C. In human
nutrition, the unit employed is the kilocalorie (kcal), i.e.,
1,000 cal. The body’s and its cells’ energy needs are supplied by ingestion and combustion of macronutrients:
protein/amino acids, fatty acids, and carbohydrates. The
caloric density (kcal/g) of these nutrients is approximately
4, 4.5, and 9 kcal/g. Total Energy Expenditure (TEE) refers
to the amount of energy/calories “burned” over a 24-h
period. In general, TEE is the sum of the (1) Basal Metabolic Rate (BMR), (2) the thermic effect of food, and
(3) energy utilized during physical activity. The BMR –
the energy expended over 24-h to sustain homeostatic
functions (excluding physical activity) – is the largest
component of TEE, even in the physically active, and
primarily subserves the liver, heart, brain, and kidney.
The difference between the daily energy intake and the
TEE is termed the energy balance (or calorie balance).
An adult’s daily caloric requirement, i.e., the amount
of calories he/she should ingest in 24 h, is usually considered to be equivalent to his/her TEE ; energy balance is

achieved by ingestion/delivery of his/her caloric requirements (i.e., calorie intake/24 h = TEE). (Note that the
calorie intake associated with the most favorable outcomes is inevitably dictated by the clinical scenario. In
the obese, for instance an intake that is lower than TEE
is often recommended.) It remains to be firmly established
the amount of calories to be delivered in order to achieve
superior outcomes in ICU patients [1]. However, it is
widely accepted that achieving calorie balance, i.e., administering an amount of calories that is equivalent to the
patient’s TEE, is the most plausible and preferred
approach. In other words, an ICU patient’s daily calorie
requirement is equal to his/her TEE. Since it is not plausible to measure TEE within the constraints of the ICU,
equations and indirect measurements are used to estimate
TEE (see below) and thereby determine a patient’s daily
energy requirements. BMR, per definition, is measured
following a 12-h fast in a thermo-neutral environment
and is also not applicable to the ICU. Instead, energy
expenditure is measured at rest and is designated resting
energy expenditure (REE). Since the typical ICU patient is
bedridden and performs little physical activity, his/her 24h REE is used as a good approximate of TEE, and by
inference, of daily energy requirements. REE is measured
by an Indirect Calorimeter (IC) or calculated using mathematical formulas. The clinical endeavor to achieve calorie
balance in ICU patients may be referred to as calorie
control, and includes optimal estimation of energy
requirements, delivery of nutrition formulas via the
enteral and/or parenteral route, monitoring of nutrition
delivery, and prevention, vigilance for, and response to
potential adverse effects.
Finally, the cumulative energy balance is arrived at by
adding the daily energy balance (estimated TEE subtracted
from calories actually delivered over 24 h) for each day, over
a given time period, i.e., ∑ [energy balance](day1 to day n),
such as the days spent in the ICU.

Pre-existing Condition
A proportion of patients are already malnourished on
admission to the ICU, as a result of preexisting illness
and/or the unnecessarily widespread prevalence of
malnourishment in the elderly. Malnourishment is consistently associated with worse morbidity and mortality
rates in hospitalized patients, to the extent that nutrition
support often defers major surgery in order to replenish
energy and nutrient reserves. Unfortunately this option is
not relevant for the acutely ill and malnourished ICU
patient. Whereas significant malnourishment upon
admission occurs in a minority of ICU patients, clinicians
must appreciate that critical illness per se predisposes to
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a negative energy balance, due to the typical patient’s
inability to eat normally and elevated energy expenditure.
Although the pathophysiology underlying the increased
expenditure of energy during the acute phase of critical
illness remains to be fully elucidated, medical science has
gained knowledge of several of the mechanisms involved.
It appears that as an adaptive response to severe injury or
infection, the brain actively elicits several energy-guzzling
reactions that facilitate survival. As way of example, hyperglycemia and fever are orchestrated, evolutionarypreserved attempts (rather than the consequence of
organ dysfunction) to support vital organs and immune
cells involved in microbial clearance and wound healing
(see Table 1 for a list of factors that influence energy
expenditure in the ICU).
Stress hyperglycemia is driven to a significant extent by
seemingly excessive hepatic gluconeogenesis, an ATPdependent process. Recalcitrance of hepatic glucose production in critical illness may reflect the priority, from
a teleology point of view, given to supplying energy to
glucose-dependent, insulin-independent cells such as neurons and immune cells. In other words, energy expenditure may be increased in part by gluconeogenesis, in order
to fuel the nervous and immune systems. Fever, the febrile
response to infection, is generated by a combination of
cutaneous vasoconstriction and adaptive thermogenesis.
In humans, the mechanisms responsible for thermogenesis associated with infection have not been clearly delineated. The non-mutually exclusive mediators include
shivering and uncoupling of mitochondrial electron transfer from ATP synthesis in skeletal muscle (and possibly

Nutrition, Caloric Requirements. Table 1 Parameters modifying resting energy expenditure
Increases REE

Percent

Body size

Decreases REE

Percent

From age 18

Fever

13% per
degree

Hypothermia

Shivering

100%

Beta blockers

Work of
breathing

Up to 25% Adapted
ventilation

Pain, stress, visits

Sedation

13% per
degree
By 15%
By 50%

Chest
physiotherapy
Sepsis
Nutrition
Dobutamine

Multiorgan
failure
9–22%

Starvation
Betablockers

10%

N

brown adipose tissue) as well as futile substrate cycling –
all of which are highly energy dependent. Indeed, the REE
increases by 13% for each degree Celsius increase. A higher
core temperature may be bacteriocidal/bacteriostatic, and
may be cytoprotective through induction of heat-shock
proteins. It would appear that the increase in energy
expenditure observed during critical illness is a hardwired response and designed as an adaptive reaction.
Modern medicine is able to artificially support vital functions that are impaired or inadequate in the critically ill
(e.g., ventilator support, renal replacement therapy),
thereby significantly prolonging life but also allowing the
depletion of endogenous energy reserves. As opposed to
fasting under non-stressed conditions, insufficient energy
intake during critical illness is detrimental early on. Thus,
the vital function of eating is replaced by the delivery and
monitoring of energy in the form of artificial nutrition.
Whereas it is reasonable to refer to this practice as
“nutrition support,” this term should not mislead the
clinician – delivery of nutrition is a proactive therapeutic
intervention.
Of note, the macronutrients in nutrition formulas are
essential not only for ATP production, but also for anabolic processes. This is especially true for protein. Indeed,
delivery of nonprotein calories in the stressed state is
protein sparing, i.e., it preempts the catabolism of endogenous proteins to amino acids (proteolysis) that are utilized in the synthesis of ATP (i.e., oxidation), glucose
(gluconeogenesis), as well in the production of immune
protein by the liver (acute phase reactants), lymphocytes,
and tissue-repairing cells. Delivery of exogenous protein
and nonprotein macronutrients provides amino acids
necessary for overcoming infection and injury and attenuates proteolysis; the latter effect may be instrumental in
recovery from critical illness. When infused via the enteral
route, macronutrients also exert a vital trophic effect on
the gastrointestinal mucosa, maintain barrier and
immune functions of the gut, and stimulate its neuroendocrine functions. Thus, delivery of “calories” contributes
more than energy toward support of cellular integrity and
organ function during the multiple injurious processes
that underlie critical illness.
The precise mechanism by which calorie insufficiency in
the ICU culminates in poor patient outcomes remains to be
elucidated. Numerous studies point to a correlation between
low calorie intake, immune dysfunction, and nosocomial
infection rate. Plausibly, low availability of protein and
energy substrates impairs the immune system ability to
prevent, respond to, and overcome microbial invasion. In
addition, a failure to supply calories during the acute phase
of critical illness forces the patient’s body to re-prioritize
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macronutrient allocation in favor of the immune system, at
the expense of other systems and organs that experience
subacute and chronic dysfunction. Indeed, much of the
morbidity and mortality associated with acute critical illness
occurs weeks to months thereafter. Respiratory muscles and
the brain are examples of organs which do not recuperate
from the combination of underfeeding and the catabolic
onslaught of acute illness/injury. Clearly, the provision of
calories per se is only one of the goals of nutrition support in
the ICU patient: the protein-sparing effects of nonprotein
macronutrients, the role of amino acids in anabolic/synthetic pathways, the trophic and metabolic effect of nutrients
in the gastrointestinal tract, the anti-inflammatory and
immune-modulatory effect of certain macronutrients (e.g.,
glutamine and omega-3 fatty acids) and the many functions
of the micronutrients all contribute to the protection conferred by delivery of nutritional formulas (as described in the
other Nutrition entries in this volume). Still, failure to
deliver calories is consistently associated with increased
rates of complications in the ICU and delivery of calories
is considered a goal on its own right. Indeed, several
prospective studies have depicted a significant correlation
between a negative energy balance and between unfavorable clinical outcomes – such as the rate of new infections
and organ failure, and length of hospital stay – independently of disease severity.
Overnutrition, i.e., excessive delivery of calories is
likely as detrimental as undernutrition. Patients are most
often insulin resistant and display elevated concentrations
of glucose and fatty acids; administering macronutrients
will only serve to exacerbate this injurious dysmetabolic
state. Again, when accurate REE measurements guide
nutrition prescribing, this is less likely to occur.

Application
According to the ESPEN (European Society for Clinical
Nutrition and Metabolism) guidelines, all adult ICU
patients that are expected not to be on a full oral diet within
3 days should be administered nutritional formulas such as
to achieve calorie balance by the third day at latest [2]. In
other words, the estimated energy expenditure and the
calorie density of the nutrition formula(s) should dictate
the volume of a nutrition formula(s) to be delivered daily
[3], and an attempt should be made to achieve energy
balance early on. ESPEN advocated the use of IC to estimate energy expenditure – when it is available – or the
estimate of 25 kcal kg1 day1 in its absence. ASPEN (the
American Society of Parenteral and Enteral Nutrition) guidelines also recognize the superiority of IC over the various
equations, especially in the obese. However, ASPEN does not
emphasize the importance of achieving energy balance,

rather they recommend “provision of more than 50–65%
of goal calories. . . . . over the first week of hospitalization.”
It is appropriate to point out that the most negative daily
energy balances are recorded in the first few days of hospitalization, even in ICUs dedicated to nutrition therapy.
There are many explanations of this phenomenon, including
postponing nutrition therapy until stabilization is achieved,
the high energy expenditure of the severely ill, intolerance to
feeding, and fear of complications. Various solutions to these
problems are available, although these are beyond the scope
of this entry. Furthermore, there is evidence that striving to
achieve energy balance early on is of benefit to the acute
critically ill, ventilated ICU patient [4, 5].

Malnourished
Malnutrition has been associated with increased infectious
morbidity, prolonged hospital stay, and increased mortality. Most of the severe ICU patients can be defined as
malnourished according to the definition associating presence of acute illness on admission, nutritional history, and
patient’s physical aspect. Fever is increasing REE by 13%/
C, and injury is a common etiology of increased REE.
Table 1 summarizes the common factors influencing
REE. If the patient was suffering from undernourishment
before his admission to the intensive care, nutritional
requirements may be lower in an attempt to reduce the
risks of refeeding syndrome.
The measurement of energy requirements is challenging in many clinical conditions such as obesity, multiple
trauma, burns, or liver disease. In steady state periods, the
metabolically stable patient can be measured and the
results of REE can be used for the calculation of the daily
and the cumulative energy balances, as well as a basis for
providing caloric requirements. A special interest of
energy expenditure assessment is in patients suffering
from multiorgan failure, who require prolonged ventilator
support, and those who are underweight or obese. Measured energy expenditure can also prevent overfeeding
which is associated with increased infection complications, increased length of ventilation, impaired immune
system, and increased liver function test disturbances.
Prevention of undernutrition will also decrease the complications rate and may improve survival.
The major methods for determining energy requirements are now described:

Indirect Calorimetry
The indirect calorimeter is an apparatus that uses
inspired and expired gas volumes and concentration in
order to calculate oxygen consumption (VO2) and carbon dioxide production (VCO2). Gas analysis may be
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performed by mass spectrometry, although the more
recent devices utilize mixing chambers. Most of the commercially available instruments can measure VO2 with an
accuracy of more than 95%. The computer component of
the IC calculates the REE by entering the measured VO2
and VCO2 into a mathematical formula, the Weir Equation. If performed when a steady state has been achieved
(i.e., the average minute VO2 and VCO2 change by less
than 10% over a 10-min interval), IC provides a very
precise estimation of REE. No major differences in REE
were found by Smyrnios et al. when comparing
prolonged measurements of 24-h duration to 30-min
duration. Therefore, a short IC measurement (around
noon appears to be the best time) is an excellent estimate of the ICU patient’s 24-h TEE, and may guide
nutrition/calorie prescription.
The Science Behind Indirect Calorimetry

Most of the body’s energy requirements are provided by
the combustion (i.e., oxidation) of macronutrient carbon–
hydrogen (CH) skeletons within the cell’s mitochondria.
This process is analogous to the combustion of fuels in
engines, and may be summarized in a qualitative manner
as:
CH þ O2 ! CO2 þ H2 O þ heat energy
Indeed, the “energy content” of a particular food or
macronutrient is measured by the thermal energy (heat)
released upon its ignition within an oxygen enriched
chamber – the bomb calorimeter. The amount of heat
generated by combustion of the organic compound is
quantified by the increase in temperature of the water
surrounding the chamber. Whereas ignition of these
nutrients in a bomb calorimeter explosively releases chemical energy as heat, cellular oxidation of CH skeletons
occurs in a series of tightly regulated chemical reactions.
These reactions are catalyzed by enzymes and mitochondrial respiratory proteins which divert some of the
released energy toward formation of regeneration of ATP
(Adenoside-tri-phosphate) from ADP (Adenosidedi-phosphate) (1,6):
CH þ O2 þ P þ ADP !!! CO2 þ H2 O þ heat þ ATP
Cells perform work, the flip-side of energy, by coupling energy-requiring processes with ATP hydrolysis (to
APD + P): the latter reaction releasing the necessary
chemical energy. Actin–myosin interactions and the transport of ions and molecules across membranes are examples of ATP-dependent processes that drive vital functions
as muscle contraction, neuronal excitability, and maintenance and restoration of the membrane potential. During
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physical inactivity, almost all chemical energy from macronutrients is transduced to heat:
CH þ O2 þ P þ ADP !!! CO2 þ H2 O þ heatþ
ATP !! CO2 þ H2 O þ heat þ work performed
The equation illustrates that (1) respiration at the
whole organism level (i.e., inhalation and consumption
of oxygen, and production and exhalation of CO2) reflects
respiration on the cellular level, and (2) that combustion
of macronutrients (i.e., energy expenditure), gas exchange
and heat production are interrelated. These phenomena
are the basis of measuring energy expenditure by Indirect
Calorimetry (IC; it is not the release of heat, but the gas
exchange that is measured, hence “indirect”). Since the
combustion of different macronutrients utilizes different
relative amounts of oxygen and produces different
amounts of carbon dioxide (i.e., the stoichiometry of the
above equation differs for amino acids, fatty acids, and
monosaccharides), the measured oxygen consumption
divided by the carbon dioxide production (VO2/VCO2;
the respiratory quotient) serves as an indication of which
macronutrient(s) is being combusted. Finally, the equation also correctly predicts that when energy intake (calories consumed) falls below energy expenditure,
endogenous macronutrients will be catabolized and/or
the ability to perform work will be impaired.
The basic principle of IC derives from a model that
assumes that the human body burns its available fuels
utilizing oxygen and producing CO2. The metabolic interconversions that a substrate may undergo before its disappearance from the metabolic pool are not detected by
this device. In this model, all the oxygen is completely
utilized and the expired CO2 is derived only from complete oxidation of fuels.
The indirect calorimeter can be a respiration chamber
calorimeters or portable. The portable devices collect expired
air via face mask, canopy, or directly from the exit port of the
ventilator. Metabolic monitors are now evolving as portable
bedside modules, enabling clinicians to accurately estimate
the patient’s energy requirements in a wide variety of clinical
conditions. The accuracy of the commercially available
devices aiming to determine VO2 and VCO2 through metabolic measurements continues to increase and the measurements become more reliable and easier to obtain.
Almost all the commercially available devices are called
closed-circuit indirect calorimeters, in which the inspired air
source is room air or oxygen coming from an air or oxygen
tank inside the calorimeter. The IC in which the inspired gas
source is room air or ventilator driven is called open circuit
IC. Despite being the most accurate method of measuring
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EE, IC has several limitations. The use of IC requires
a thorough knowledge of its underlying science and interpretation of its results. ICs are somewhat costly and their use
is time consuming. Also, IC does not accurately reflect
energy expenditure in certain clinical scenarios. Such conditions include the presence of a circuit leak, bronchopleural
fistula, metabolic alkalosis, delivery of FiO2 > 0.80, etc.

4. Mifflin–St. Jeor equations for adults 19–78 years of age
REEðfemaleÞ ¼ 10W þ 6:25H  5A  161
REEðmaleÞ ¼ 10W þ 6:25H  5A þ 5
5. Faisy–Fagon formula
EE = (8  body weight (kg) + 14  height (cm)) + 32
 minute ventilation (L/min) + (94  body temperature ( C) – 4834. In kJ (1 kcal = 4.184 kJ)

Mathematical Formulas
The different formulas (equations) used to calculate
a patient’s energy requirements when IC is unavailable
are derived from IC measurement of REE/BMR: They
were arrived at by performing IC on healthy adults or
critically ill patients and formulating a predictive equation
through multiple linear regression analysis, employing
various parameters such as anthropometric measurements, gender, and disease severity (stress factor). The
equations are less accurate than IC (their precision is
generally less than 70%), which remains the gold standard
for determining REE and calorie requirements in the ICU.
Using them will lead to under- or overnutrition of around
80% of the ICU population. The basis of several equations
is an estimation of the BMR to which is added a stress or
injury factor and sometimes a factor for activity. However,
many authors have pointed out that the evaluation of
weight in the critically ill is not easy and fluid retention
makes is difficult to assess true body weight. Some equations do not take into account age or disease. Interestingly,
recently, the use of the Faisy–Fagon equation for the
evaluation of the energy deficit showed that in those
patients with a deficit higher than 5,021 kJ, the ICU
mortality was higher than in those with lower mean
energy deficit during the 14th ICU days study.
We suggest a few equations available if Indirect Calorimetry is not available or technically impossible.
1. Harris Benedict formulas
W is weight in kg, H is height in cm and A is age in
years
Male : EE ¼ 66 þ 13:8ðW Þ þ 5ðHÞ  6:8ðAÞ
Female : EE ¼ 655 þ 9:6ðW Þ þ 1:8ðHÞ  4:7ðAÞ
2. ESPEN recommendations: 25–30 kcal kg1 IBW day1
3. Ireton–Jones energy equations: T is trauma, B is burn,
O is obesity, G is gender – 1 male, 0 female
Ventilator dependent patients
IJEEðvÞ¼178411ðAÞþ5ðWÞþ244ðGÞþ239ðTÞ
þ804BÞ
Spontaneous breathing patients
IJEEðsÞ¼62911ðAÞþ25ðWÞ609ðOÞ
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Definition
To enable feeding according to the needs of the patient in
critical illness, a combination of enteral and parenteral
nutrition is often needed.
● The needs should preferably be estimated by measurement of energy expenditure in the individual patient
● Enter a nutrition should be commenced as soon as
possible
● Supplementation with parenteral nutrition to reach
the individual target should be started on 3rd day
(European guidelines) or 7th day (North America
guidelines)
● Special care to reach target should be taken in case of
malnutrition.
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Characteristics

Metabolic Background

Feeding in the ICU is still one of the more controversial
aspects of care for the critically ill. This is a reflection of the
diversity of expert opinions, which comes out of the
heterogeneity of patients in the ICU and the heterogeneity
of patient groups studied. In addition, there are contradictory views over the rational or no-rational of the wellknown anorexia seen in sick people.

The general inflammation most often seen in ICU
patients, often called SIRS, influences the effect of nutrients, at least in adult patients. In short, nutrition is utilized
properly, but no sign of anabolism or protein accretion
can be seen during SIRS. Nevertheless, lipogenesis is possible for the patients and consequently ICU patients may
aggregate fat stores if overfed. So, in summary, as
a nutritional goal, it will be possible at best to remain in
a certain nutritional state, or most often to attenuate the
process of depletion, at least in terms of protein stores. In
a patient who is not malnourished, whose SIRS process
will go away, and who will resume the ordinary food intake
within a reasonable time, nutrition does not seem to be
a major issue. In contrast, in a malnutriated or depleted
patient with a less favourable perspective in terms of
a smooth recovery, a delay of nutritional intake may be
detrimental. In these two extremes, expert opinions
concerning nutrition deviate very little in whether or not
an indication for nutrition is at hand. The differences of
opinion come with type of nutrition, route of administration, and how to evaluate the prognosis time-wise.

Current
To start with basics, there is an overwhelming documentation that people who starve or are underfed will eventually die from underfeeding. There is also a similar massive
documentation over that depletion is associated with an
increased mortality in all types of diseases, not the least
within the ICU. So everybody agrees that feeding is necessary at some time point during ICU stay. The issues of
disagreement are: when must a patient be fed, does it
matter how the patient is fed, how much the patient is
fed, and with what the patient is fed. This is the basis for
a discussion of the possible use of a combined enteral and
parenteral nutrition in the ICU [1, 2].

Meta-analyses Comparing Enteral and
Parenteral Nutrition
There is a considerable misuse of available literature over
nutrition in the ICU. The generality of results is limited.
The most common errors are related to the heterogeneity
of ICU patients, by mixing up patients with wide range of
lengths of stay and a wide range of predicted mortalities in
the same study or meta-analysis. It is well known that
length of stay is a strong predictor for outcome in terms
of mortality as well as in terms of various morbidities.
Without a proper differentiation of risk factors, it will be
very difficult to interpret existing result correctly. Consequently expert opinions very often refer to the same studies, but with very different interpretations.
The most well-known examples are the meta-analyses
comparing outcome when enteral or parenteral nutrition
is given. The first concern is whether it is appropriate to
ask patients, who can be fully fed by enteral route, to be
randomized to either enteral or parenteral nutrition. The
second concern is the results of the meta-analyses, clearly
related to the selection of studies to be included. Not
surprisingly the results are diverging, showing either no
difference between the two routes of food administration
or a survival advantage for patients on parenteral nutrition only. It is highly unlikely that any new studies, such
as those included into the meta-analyses, will be
performed again. So the existing evidence is confusing
to say the least.
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Complications and Health Economics
As enteral feeding is the natural way of food intake, expert
opinions in general favor enteral intake as the preferential
route of administration. There is solid documentation that
parenteral nutrition is associated with a higher rate of
morbidity, usually infections, but very little evidence that
the ICU length of stay is prolonged, and no evidence at all
of a mortality advantage for enteral nutrition. The mechanism behind this difference in infectious morbidity is speculative; inferior hygiene of central venous lines, intestinal
translocation of bacteria, and poor glucose control are
among the suggestions given. If parenteral nutrition is
given, a difference is also reported related to if a central or
peripheral vein is used for administration. Another aspect
of difference between enteral and parenteral intake is the
cost as the standard parenteral products are in general more
expensive. This levels out when enteral products with special composition are considered. Within health economics,
the total cost, also involving the costs associated with nursing workload, has been estimated. In general, the use of
enteral nutrition seems to generate a higher cost for nursing
work. When integrating purchase costs, pharmacy costs,
and nursing costs, the sum will relate to the individual
country and the level of salaries. For countries with relatively high salaries, differences in cost between routes of
administration are not a major issue.
Success rate in administration of nutrition is another
issue. In general, parenteral nutrition is associated with
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a high (>90%) success rate of administrating the prescribed dose. For enteral nutrition this is different. Overall
a success rate of 60–70% of the prescribed dose is often
reported. Here differences related to route of administration are at hand. Highest success rates are reported when
a feeding jejunostomy or when post-pyloric feeding are
used. On the other hand when patients are randomized,
the average success rates are very similar. Another
disturbing fact is the absence to prospective controlled
studies over complications to more aggressive enteral
feeding, comparable to those that are at hand for parenteral nutrition. In general, the observation that successful
enteral feeding is associated with a favorable outcome is
embraced by most opinion leaders. This is related to the
imperfection of risk scoring systems, which do not take the
possible organ failure of the gastrointestinal tract into
account. The possible negative effects of “forcefeeding”
a failing gut are not well evaluated. Again the existing
evidence is confusing.

Energy Deficit
The concept of energy deficit has been introduced to
describe the difference between energy expenditure,

measured or estimated, and energy delivery. Several
descriptive studies have pointed out a statistical relation
to morbidity and even mortality, to the cumulated energy
deficit in ICU patients. In a large observational study,
a higher provision of energy was statistically associated
with a higher survival rate for BMI strata <25 kg/m2 and
>35 kg/m2 [3]. In all these studies, stepwise regression
analysis involving other outcome predictors, still left the
underfeeding/extra provision of calories as an independent outcome predictor. Of course these observations are
primarily hypothesis generating for future prospective
studies over this issue (Fig. 1). Still today they are the
best available evidence.
The cumulated energy deficit is in quantitative terms
primarily built up during the initial week of ICU stay. At
this time point, the length of stay and when ordinary food
intake may be resumed are often difficult to estimate. The
problem is that “lost days” in terms of underfeeding cannot be compensated for later on, when overfeeding is very
likely to cause more harm than good. If patient is depleted
or malnourished, the nutrition should start as soon as
possible, but what for patients who are not? Is the possible
disadvantage of starting to feed a patient, who will resume
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Nutrition, Combined Enteral/Parenteral. Figure 1 Results from a point-prevalence study including 2,700 patients in 167 units
in 37 countries [3]. Patients are stratified according to BMI. Gray bars depict prescribed kcal/24 h and black bars administered
kcal/24 h, means  SD. The data illustrates the discrepancy between prescribed and delivered nutrition, as well as the
energy deficit commonly seen
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adequate oral intake within a reasonable time worse as
compared to building up a higher than necessary cumulated energy deficit in a patient who will have an extended
stay in the ICU?
The techniques to provide the expended energy are
a more active enteral nutrition, or a combination of
enteral and parenteral nutrition, or a combination of the
two. By more active enteral nutrition qualifies various
forms of post-pyloric feeding. In individual patients it is
quite clear that post-pyloric feeding may prevent the build
up of an energy deficit, but in unselected groups of
patients this is not the case. Furthermore systematic
recordings of possible adverse effects of post-pyloric feeding are not at hand. Similarly, the combination of enteral
and parenteral nutrition to achieve the nutritional target is
poorly documented. In one available prospective, randomized, and blinded clinical trial, a marginal beneficial
effect of length of hospital stay was seen. However, that
evidence is not conclusive. Historical comparisons involving combined feeding above the estimated or measured
energy expenditure demonstrate the danger of overfeeding, which must be avoided.
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Synonyms
Enteral feeding; Nasogastric feeding; Tube feeding

Definition
Enteral nutrition is nourishment that is delivered into the
alimentary tract, as opposed to parenteral nutrition that is
delivered intravenously. Enteral nutrition can be oral,
gastric, duodenal, or jejunal. In critically ill patients, it is
commonly delivered through a feeding tube placed into
the gastrointestinal tract though either the nose or mouth,
but it can also be delivered through a percutaneous tube
such as a percutaneous enteral gastrostomy (PEG) or
jejunostomy (PEJ).

Characteristics
Future Perspectives
Several attempts to address this question is underway, and
within a few years time more evidence will be available.
Still it is highly unlikely that a consensus in expert opinions will ensue. Today there are differences between the
North American and the European guidelines how to
handle the energy deficit in ICU patients. In general
terms, the North American experts favour a standpoint
where expectance up to 1 week in non-malnutriated subjects is recommended. The European standpoint is that
the time of expectancy should be limited to 2–3 days.
Furthermore, the Europeans recommend the combination
of enteral and parenteal nutrition, while the North
Americans advise against it [4].
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Enteral Nutrition in Critical Illness
Critically ill patients are often hypermetabolic and malnourished. Malnutrition is associated with impaired
immunologic function and increased morbidity and
mortality in acutely ill patients [1]. Therefore, the generally accepted goals of nutritional delivery in critically ill
patients are to: (1) provide nutritional therapy consistent
with the patient’s condition, (2) prevent nutrient deficiencies, (3) avoid complications related to delivering nutrition, and (4) improve patient outcomes [2].
In this entry, we will discuss the following five important aspects of delivering enteral nutrition therapy in
critically ill patients: (1) route (enteral vs parenteral and
gastric vs small bowel), (2) timing (early vs delayed),
(3) composition, (4) caloric requirements, and (5) strategies to optimize delivery and minimize risks of enteral
nutrition. New guidelines on providing enteral nutrition
have been recently been published [3].

Route of Delivery
Enteral Versus Parenteral Nutritional
Therapy
Thirteen randomized control trials (RCTs) have compared
enteral to parenteral nutrition in critically ill patients with
an intact gastrointestinal tract. When these studies were
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aggregated in a meta-analysis, there was no difference in
survival (relative risk of death [RR] 1.08, 95% confidence
interval [CI] 0.70–1.65, p = 0.70). However, enteral
nutrition was associated with a significant reduction in
infectious complications (RR 0.64, 95% CI 0.47–0.87,
p = 0.004), and it is less expensive than parenteral
nutrition [4]. There is also literature suggesting that lack
of use of the gastrointestinal tract rapidly results in atrophy and disruption of gut lumenal mucosa, which potentially leads to bacterial translocation across the gut wall
and into the systemic circulation. Even small amounts of,
or trophic, enteral nutrition increases blood flow to the
gut, preserves gastrointestinal epithelial structures,
including integrity of tight junctions between epithelial
cells, and maintains villous height. Enteral nutrition also
promotes immune function by supporting gut-associated
lymphoid tissue (GALT). Given these data, enteral nutrition is therefore recommended over parenteral nutrition
unless the patient has an absolute contraindication to
enteral feeding (e.g., ischemic bowel, bowel obstruction).
Enteral nutrition is not without risks, however, including
bacterial colonization of the stomach and increased risk of
aspiration pneumonia. When delivering enteral nutrition,
measures should therefore be taken to minimize these
risks, such as elevating the head of the bed to 45 and
using motility agents when needed (discussed below).

Gastric Versus Small Bowel
Options for enteral delivery of nutrition therapy include
intragastric (nasogastric or orogastric) tube placement or
post-pyloric placement of a small bowel feeding tube
(either in the duodenum or jejunum). Enteral tubes can
also be surgically placed. Each option has risks and benefits. In intubated patients, nasal tubes can increase the risk
of sinusitis. Whilst intragastric feeding tubes can be placed
at the bedside and their position immediately confirmed
radiographically (it is not sufficient to assess placement
with auscultation alone), successful placement of a small
bowel feeding tube at the bedside varies from 11% to 93%
depending upon technique and operator experience. The
use of fluoroscopy or endoscopy for small bowel feeding
tube placement can often cause delays in initiating enteral
feeding.
When 11 randomized controlled trials comparing
gastric to small bowel feeding in ICU patients were
meta-analyzed, small bowel feeding was not associated
with any improvement in survival but was associated
with a reduction in infections, particularly pneumonia
(relative risk 0.77, 95% CI 0.60–1.00, p = 0.05). Therefore,
we recommend the routine use of small bowel enteral
nutrition when possible. However, in many ICUs,

obtaining access to the small bowel may be logistically
difficult and expensive if fluoroscopy or endoscopy is
needed. In these ICUs, where obtaining access is less feasible, small bowel feedings should be considered for
patients at high risk for intolerance to enteral nutrition
(e.g., receiving paralytic agents or high-dose vasopressor
medications) or aspiration (e.g., must remain in supine
position).

Timing of Enteral Nutrition: Early Versus
Delayed Intake
Early enteral nutrition is usually defined as initiating
enteral feedings within 48 h of ICU admission. Fourteen
RCTs have compared early enteral nutrition versus delayed
nutrient intake in mechanically ventilated critically ill
patients. When these 14 trials were aggregated, early
enteral nutrition was associated with a trend towards
a reduction in mortality (RR 0.68, 95% CI 0.46–1.01,
p = 0.06) and a significant reduction in infectious complications (RR 0.76, 95% CI 0.59–0.98, p = 0.04) [4]. Starting
enteral nutrition early did not change the duration of
mechanical ventilation or ICU length of stay.

Caloric Requirements
Energy expenditure varies with age, gender, body mass,
and type and severity of illness or injury. In critically ill
patients, total energy expenditure (TEE) can be measured
with indirect calorimetry. Clinically, however, resting
energy expenditure (REE) is usually estimated using one
of a variety of available equations and is then multiplied by
a “stress factor” of 1.0–2.0 to estimate TEE (and therefore
caloric requirements). Roughly 25 kcal/kg ideal body
weight is often the standard practice. Unfortunately, the
optimal amount of calories to provide critically ill patients
is unclear given the paucity of existing data. One observational study suggests that achieving 33–67% of goal calories may be sufficient [5]. However, the RCTs discussed
above comparing early aggressive use of enteral nutrition
to delayed enteral nutrition suggest that providing
increased calories early may be associated with improved
clinical outcomes.

Composition of Enteral Nutrition
There are few data available to inform the macronutrient
composition of enteral feedings. In general, protein prescription for critically ill patients should usually be
between 1.5 and 2.0 g/kg of ideal body weight. The use
of whole protein, or polymeric, formulas is recommended
because there are insufficient data to support the routine
use of peptide-based formulas in most patients. In most
enteral feeding formulas, roughly 25–30% of calories are
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from fat. As is the case with protein, there are insufficient
data in the literature to support the routine use of high-fat
or low-fat enteral formulas.
In some ICU populations, specific enteral formulas are
recommended. For example, formulas containing arginine
are often considered in elective surgery, trauma, and burn
patients, but should be used with caution in patients with
sepsis [3]. Formulas containing omega-3 fats can be used
in patients with acute lung injury, and specific formulas
designed for renal failure are also available.

Strategies to Optimize Delivery of Enteral
Nutrition While Minimizing Risks
As a guideline, enteral nutrition should be initiated within
24–48 h of ICU admission and is often started at
a continuous infusion rate of 20–25 cc/h. The goal is
generally to deliver 90% or more of caloric needs within
the first few days in the ICU. Most enteral nutrition protocols check gastric residual volumes (GRV) every 4–6 h
and increase the infusion rate sequentially if the GRV is
acceptable. Evidence suggests that GRVs as high as
250–500 cc do not place the patient at increased risk.
Therefore, we recommend increasing the infusion rate by
25 cc/h every 4 h if GRVs are less than 250–500 cc, until the
goal infusion rate is reached.
Critically ill patients often develop gastroparesis for
reasons including increased sympathetic tone and medications such as opioids. Poor gastrointestinal motility may
lead to high GRVs, abdominal distension, and nausea and
vomiting. If GRVs are more than 250–500 cc, a prokinetic
agent such as metoclopramide that may be helpful in
restoring motility should be started and the feeding infusion kept at the same rate. If, after adding a motility agent,
GRVs remain excessively high on multiple checks, small
bowel feeding should be initiated.
Diarrhea is a common complication in many patients
receiving enteral nutrition in the ICU and may be due to
antibiotics or other medications. Antibiotics can promote
diarrhea by decreasing normal bacterial flora. If diarrhea
occurs in a patient receiving enteral nutrition, he or she
should first be ruled out for infectious diarrhea (i.e.,
Clostridium difficile). If those tests are negative, stool
bulking agents such as banana flakes can be administered.
Alternative strategies to decrease diarrhea include increasing soluble fiber intake or changing to another enteral
formula.
As noted above, intragastric feeding may be associated
with an increased risk of pneumonia, and we recommend
strategies to decrease the risk of aspiration such as increasing gut motility by adding a prokinetic agent. Additionally, data suggest that semi-recumbent positioning with
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the head of the patient’s bed elevated at 45 decreases risk
of pneumonia [6].
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Synonyms
Nutrition assessment; Nutrition support therapy

Definition
Nutrition
critically
pediatric
including

is a vital component of the treatment for
ill infants and children. Nutrition in the
ICU encompasses a range of interventions,
nutrition screening, ▶ nutrition assessment,
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determination of nutritional requirements, administration of ▶ nutrition support therapy, and monitoring of
nutrition status.
Nutrition screening upon admission to the pediatric
ICU is necessary to identify patients with or at risk for
malnutrition and those in need of nutrition assessment [1].
Nutrition assessment is the interpretation of data, including medical and nutrition histories, physical exam,
anthropometric measurements, and laboratory studies,
to determine nutrition status and the presence and degree
of malnutrition or obesity. Conditions that increase the
risk for malnutrition in children include poor growth,
weight loss, presence of overweight, obesity, and chronic
diseases, food allergies, surgeries and medications that
alter the processing of nutrients. Children who will be
unable to consume adequate nutrition for a period of
time due to the acute illness are also at risk for becoming
malnourished. Obesity and malnutrition may negatively
affect the outcome of critical illness.
The nutritional requirements of the critically ill child
differ from the healthy pediatric patient and the critically
ill adult, are highly individual, and can change throughout
the course of illness. Energy requirements should be
assessed frequently, but estimates using predictive equations are often inaccurate [1]. ▶ Indirect calorimetry (IC)
is a method used to measure energy expenditure and
should be considered in specific circumstances for critically ill children.
Nutrition support therapy refers to nutrients provided
by mouth, tube, or vein. Many children in the pediatric
ICU are unable to consume adequate nutrition by mouth,
due to the effects or treatments of the acute illness or
injury, and receive enteral nutrition (EN), ▶ parenteral
nutrition (PN), or a combination of the two. EN is the
administration of nutrition into the gastrointestinal tract
via a feeding tube. PN is the provision of nutrients intravenously. The timing of the introduction and administration route of nutrition support therapy for the child in the
pediatric ICU is influenced by and may affect the course of
acute illness or injury.

Characteristics
Metabolic Effects of Critical Illness
An understanding of the metabolic sequelae of critical
illness on infants and children is necessary to provide
appropriate nutrition support therapy. The acute stress
response can be activated by an infection, major trauma,
or surgery. Signals from injured tissues to the brain induce
release of inflammatory cytokines, counter-regulatory
hormones, and catecholamines. The inflammatory

Nutrition, Pediatric. Table 1 Transport proteins and acute
phase proteins in critical illness
Transport proteins

Acute phase proteins

(stress response decreases
hepatic synthesis)

(stress response increases
hepatic synthesis)

Albumin

C-reactive protein

Alpha-1 antitrypsin

Ferritin

Ceruloplasmin

Fibrinogen

Prealbumin

Fibronectan

Retinol binding protein

Haptoglobulin

Transferrin

1-acid glycoprotein

cytokines interleukin 6 and tumor necrosis factor alpha
induce reprioritization of hepatic protein synthesis from
the production of transport proteins to acute phase proteins (see Table 1). Endogenous secretion of the catecholamines dopamine, epinephrine, and norepinephrine
increase glucose turnover and urinary nitrogen excretion.
The stress hormones glucagon and cortisol cause insulin
and growth hormone resistance. Glycogen stores are rapidly depleted, while skeletal muscle and adipose tissue are
degraded to support gluconeogenesis, acute phase protein
synthesis, and tissue repair. Providing exogenous glucose
does not sufficiently decrease endogenous glucose production during acute metabolic stress, thus catabolism of lean
body mass continues. These responses cause significant
physiologic and metabolic changes to increase survival.
Growth cannot occur when catabolic pathways predominate. In acute metabolic stress, reduced serum transport
protein levels are indicative of inflammation, rather than
inadequate protein intake or malnutrition. Once the
inflammatory response subsides, acute phase protein synthesis will diminish, and with adequate nutrient intake,
growth can ensue.

Energy Requirements
The gold standard for assessing energy needs in the pediatric ICU is through measurement of resting energy
expenditure (REE) with IC [1]. REE is determined by
measuring a child’s inhaled oxygen and exhaled carbon
dioxide for approximately 20 min in a calm, steady state.
The respiratory quotient (RQ) is the ratio of the volume
of carbon dioxide produced to oxygen consumed. An RQ
between 0.67 and 1.3 can verify that the IC measurement
is physiologic, but RQ is not sensitive enough to reflect
substrate utilization, underfeeding or overfeeding in
critically ill children. IC is not accurate when children
require
noninvasive
ventilation,
high-frequency
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oscillating ventilation, or conventional mechanical ventilation with fraction of inspired oxygen greater than 60%
or with high levels of positive end expiratory pressure. The
application of IC to critically ill children may also be
limited by resources involving finances, staff, and time.
Other methods of measuring REE such as doubly labeled
water and bicarbonate dilution kinetics are typically used
in research.
REE measurements are especially important for children who are likely to have significant alterations in
metabolism. REE can be difficult to predict for children
who are malnourished or obese because REE is largely
based on lean body mass. Hypometabolism, defined as
less than 90% of predicted REE, can occur with highdose opioid sedation, muscle relaxants, hypothyroidism,
hypothermia, malnutrition, and during medication
induced comas. REE can be lower than expected due to
decreased work of breathing and insensible fluid losses
with mechanical ventilation, reduced physical activity,
and cessation of growth. Hypermetabolism, or greater
than 110% of predicted REE is common with fever, severe
burn injury, major trauma, traumatic brain injury, systemic inflammatory response syndrome, status
epilepticus, and a prolonged ICU stay [1].
Equations to predict REE are commonly used in the
pediatric ICU until REE can be measured or in place of IC,
when it is not available or possible. The World Health
Organization (WHO) and Schofield REE equations were
developed from IC measurements in healthy children (see
Table 2). Stress and activity factors are usually multiplied
by the Schofield and WHO equations for application to
critically ill children, but this often leads to inaccurate
estimation of energy needs, frequently in excess of actual
REE measurements. Prediction of REE can also lead to
underestimation of energy needs and result in underfeeding. Recently, a new method to calculate energy expenditure of critically ill children was developed [4]. The White
equation was produced from variables associated with

N

measured REE in 100 mechanically ventilated critically ill
children (see Table 2). Calculated REE using the White
method was not significantly different from values
obtained by IC, although the equation was not accurate
for patients less than 2 months of age [4]. The addition of
stress and activity factors to an estimated REE or the use of
other equations to promote growth of mechanically ventilated, critically ill children are not appropriate and may
lead to negative consequences associated with overfeeding.
Either underfeeding or overfeeding risks increased
morbidity and mortality in critically ill infants and children. Provision of calories in excess of expenditure can
increase carbon dioxide production, work of breathing,
duration of mechanical ventilation, and subsequently the
length of stay in the pediatric ICU. Overfeeding with
carbohydrate can result in hyperglycemia, increased infections, hypertriglyceridemia, decreased fat oxidation,
hepatic steatosis and cholestasis. Prolonged inadequate
nutritional intake in critically ill children can lead to
muscle wasting, weight loss, protein energy malnutrition,
failure to wean from mechanical ventilation, delayed
wound healing, immune dysfunction and increased infections. Whether preexisting or developed in the pediatric
ICU, malnutrition can increase the risk of multiple organ
failure and death.

Protein Requirements
Limited information exists to recommend specific
amounts of protein for critically ill infants and children.
Although an increase in protein intake will not inhibit
protein breakdown associated with acute metabolic stress,
it can improve nitrogen balance, wound healing, and lean
body mass (see Table 3).

Fluid and Electrolytes
Maintenance of an appropriate fluid balance is important
for critically ill children. Fluid requirements are often
altered by acute and chronic illness and by many therapies

Nutrition, Pediatric. Table 2 Prediction of resting energy expenditure
Age

Gender

Schofield [2]

WHO [3]

White [4]

0–3 years

Female

16.252 W + 10.232 H  413.5

61 W  51

(17 A + 48 W + 292 C  9,677)  0.239

Male

0.167 W + 15.174 H  617.6

60.9 W  54

3–10 years

Female

16.969 W + 1.618 H + 371.2

22.5 W + 499

Male

19.59 W + 1.303 H + 414.9

22.7 W + 495

10–18 years

Female

8.365 W + 4.65 H + 200

12.2 W + 746

Male

16.25 W + 1.372 H + 515.5

17.5 W + 651

W, weight in kg; H, height in cm; A, age in months; C, temperature in  C
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Nutrition, Pediatric. Table 3 Protein requirements of critically ill children [1]
Age (years)

Protein (g/kg/day)

0–1

2–3

2–12

1.5–2

13–18

1.5

Nutrition, Pediatric. Table 4 Daily maintenance fluid
requirements [6]

Nutrition, Pediatric. Table 5 Infant formulas
Category

Features

Human milk

Nutrients and factors that enhance
digestion, absorption, and immunity. Gold
standard for infant feeding

Standard

Intact cow milk protein with lactose

Soy protein

Soy protein; lactose free

Lactose free

Intact cow milk protein; lactose free

Semielemental

Hydrolyzed whey; reduced lactose

Weight (kg)

Fluid calculation

Semielemental

Hydrolyzed casein, hypoallergenic; lactose
free

1–10

100 mL/kg

11–20

1,000 mL + 50 mL/kg for each kg >10 kg

Semielemental

Hydrolyzed casein, hypoallergenic,
50–55% of fat as MCT; lactose free

>20

1,500 mL + 20 mL/kg for each kg >20 kg

Elemental

Synthetic amino acids, hypoallergenic,
33% of fat as MCT; lactose free

Fat modified

Intact cow milk protein, 85–90% fat as
MCT; lactose free

Carbohydrate
free

Soy protein; lactose and carbohydrate free;
dextrose and/or fructose are typically
added according to individual tolerance

Carbohydrate
free

Hydrolyzed casein, hypoallergenic; lactose
and carbohydrate free; dextrose and/or
fructose are typically added according to
individual tolerance

implemented in the pediatric ICU. Typically, fluid requirements of the critically ill child are based on the needs of the
healthy child (see Table 4). Fluid requirements are
decreased in conditions of fluid overload and decreased
urine output, such as syndrome of inappropriate
antidiuretic hormone, congestive heart failure, hepatic
failure, and anuric renal failure. Increased fluid needs are
associated with increased renal and extrarenal fluid losses
such as with diabetes insipidus, high-output renal failure,
high chest tube or gastric tube output, and severe diarrhea.
Electrolyte requirements of critically ill children are
also altered by illness and medical and nutrition therapies.
Serum sodium often reflects the hydration status of hospitalized patients. Increased renal excretion of electrolytes
can occur with use of loop and thiazide diuretics, especially sodium and potassium. In renal failure, decreased
elimination of potassium and phosphorus by the kidneys
necessitates reduced dietary intake. Children with malnutrition, acute weight loss, and prolonged fasting are at risk
for developing the refeeding syndrome. Intracellular shifts
of potassium, phosphorus, and magnesium during the
refeeding of critically ill children with acute or chronic
malnutrition results in low serum levels and increased
requirements. Individuals with the refeeding syndrome
may also experience fluid and sodium retention,
highlighting the importance of individualized nutrient
prescriptions and close monitoring.

Enteral Nutrition
EN is preferred over PN for the majority of critically ill
children [1]. Compared to PN, EN preserves gut integrity
and is associated with reduced costs and infections.

Low electrolyte Intact cow milk protein with lactose,
and mineral
reduced electrolytes and minerals
MCT, medium chain triglycerides

Children with severe burn injuries randomized to early
EN within 24 h of admission versus delayed until after 48
h demonstrated a significantly reduced caloric deficit,
improved protein retention, and increased serum insulin
concentrations [5]. This study was unable to show
a difference in feeding tolerance, infection, length of hospital stay or mortality between the early and delayed EN
groups.
Critically ill infants should receive human milk or an
appropriate infant formula (see Table 5), although these
products were not designed to meet nutritional needs
during acute metabolic stress. Similar to the infant formula category, several pediatric enteral formulas are available with varying macronutrient compositions (see
Table 6). The addition of a protein supplement to
human milk, infant, or pediatric formula is a simple
method to optimize protein delivery for critically ill
infants and children. Use of sterile, liquid human milk
additives and formulas are preferred when possible, especially for sick infants, along with adherence to other
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Nutrition, Pediatric. Table 6 Pediatric enteral formulas
Category

kcal/mL

Protein type

Percent of fat as MCT

Standard

1, 1.5

Cow milk; lactose free

20–25

Semi-elemental

1, 1.5

Hydrolyzed cow milk; lactose
free

50–60

Elemental

0.8–1 kcal/mL

Synthetic amino acids,
hypoallergenic; lactose free

33–68

MCT, medium chain triglycerides

quality control measures to reduce nosocomial infections
associated with EN in the pediatric ICU.
EN protocols are commonly used in the pediatric ICU
to promote initiation of early EN within 24–48 h of admission, improve feeding tolerance, and reduce the time to
reach the target intake of EN (see Tables 7 and 8). Critically
ill children fed via the gastric route may receive continuous or bolus feeding. For patients with abdominal distention or diarrhea, a continuous EN infusion may improve
feeding tolerance and nutrient absorption. Bolus feeding is
more physiologic as it simulates a pattern of small, frequent meals alternating with periods of short fasting.
Continuous EN administration is necessary for patients
with post-pyloric feeding tubes to avoid symptoms associated with dumping syndrome, including nausea,
cramping, and diarrhea. Regardless of the route or method
of EN administration, it is essential to elevate the head of
bed by at least 30 to reduce the risk of aspiration of gastric
contents, which increases the risk of ventilator associated
pneumonia.
Gastric feeding is tolerated by most critically ill children and is preferred over the post-pyloric route due to
ease of tube placement. One study of mechanically ventilated critically ill children randomized to gastric or postpyloric EN demonstrated no difference in microaspiration
as evidenced by daily measurements of gastric pepsin from
tracheal aspirates [7]. The children with post-pyloric feeding tubes received significantly more EN than those fed by
gastric tube [7]. Some children who are intolerant to
gastric feeding may tolerate post-pyloric EN and thus
may be able to avoid the use of PN. At present, there are
no data to support the use of prokinetics to enhance
gastric feeding tolerance in the pediatric ICU.
EN is often interrupted in the pediatric ICU, and there
are many obstacles to achieving and sustaining an optimal
intake. Cessation of EN for procedures, especially for
extubation from mechanical ventilation, is one of the

Nutrition, Pediatric. Table 7 Initiation and advancement of
enteral nutrition
Continuous feeding

Bolus feeding

Initiation/advance every
4–8 h by:

Initiation/advance each feed by:

0.5–1 mL/kg/ha

25% of goal volume

a

Maximum initiation and incremental advancement rate suggested is
20 mL/h

Nutrition, Pediatric. Table 8 Troubleshooting enteral
nutrition
Symptom

Interventions

Abdominal distention
(girth increased more
than 10% from
baseline  2
measurements)

See constipation

Constipation
(no stool after 2 days
of EN)

Suppository

Hold EN for 1–4 h for discomfort or
severe distention
Restart EN at half of previous rate

Stool softener
Osmotic laxative

Diarrhea
Stop laxatives
(more than four loose Rule out enteric infection
stools per day)
Change enteral medications to
avoid sorbitol
Change to isotonic formula
Add soluble fiber
Change to semi-elemental formula
Hold EN for severe diarrhea
Vomiting

Hold EN for 1–4 h
Consider post-pyloric EN with
gastric decompression
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leading causes of inadequate EN intake in the pediatric
ICU. Delayed EN initiation and inappropriately slow EN
advancement schedules can also contribute. Fluid restriction can limit the volume of EN delivered to critically ill
children. Feeding intolerance, whether perceived or real,
significantly impedes intake of adequate EN. Use of an
enteral feeding protocol can address many of these issues
and result in improved EN intake and tolerance.

Parenteral Nutrition
PN is indicated in the pediatric ICU when EN cannot be
provided for 5 days or more, but infants and malnourished individuals may need PN sooner than those with
normal nutritional status. PN may also be necessary for
patients who are unable to tolerate adequate EN after 5–7
days. Initiation of PN should be delayed in metabolically
unstable children, such as those with severe hyperglycemia
or electrolyte derangements requiring frequent modification to the administered intravenous fluids. Critically ill
children typically need central venous access for PN to
meet nutritional needs. Peripheral PN necessitates limited
concentrations of dextrose and amino acids; subsequently,
large volumes must be given to meet energy and protein
requirements, which is not usually possible in the pediatric ICU. Metabolically stressed children often have
a reduced capacity to oxidize glucose; thus, the infusion
rate of dextrose should be increased gradually while

monitoring the serum glucose level. For critically ill children without renal or hepatic failure, parenteral amino
acids can be initiated at the target amount. Serum triglycerides can be elevated in stressed states and therefore
should be monitored after each change in intravenous
lipid dose and approximately twice weekly. See Table 9
for suggestions for the initiation and advancement of
parenteral macronutrients.
Electrolyte abnormalities occur frequently in critically
ill children. The type and amount of fluid intake and
output, medications, disease state and nutritional status
all can affect electrolyte requirements. Children with ascites related to hepatic failure should receive a limited quantity of sodium in PN to help regulate fluid retention, while
patients with renal sodium wasting will require an
increased PN sodium content. Unless the patient has
unique requirements, such as with anuric or oliguric
renal failure, or increased needs due to losses or intracellular shifts, PN electrolytes can be started at the low end of
the requirement range (see Table 10) and adjusted daily
according to laboratory values.
The addition of vitamins and trace minerals to PN
is necessary to prevent deficiencies and should be provided from the beginning of PN therapy. Pediatric multivitamin products are designed to meet the requirements
of children up to 11 years of age while adult multivitamins
provide the needs of children older than 11 years

Nutrition, Pediatric. Table 9 Suggested parenteral macronutrient guidelines for critically ill children
Dextrose mg/kg/min

Amino acid g/kg/day

Lipid g/kg/day

Age

50–60% of kcals

10–25% of kcals

20–40% of kcals

0–1 years

Initial: 5–6

Initial/goal:
2–3 g/kg/day

Initial: 1

Increase each day by 1–3
Max: 8–10
2–6 years

Initial: 4
Increase each day by 1–3

Max: 2.5–3
Initial/goal:
1.5–2 g/kg/day

Initial: 1

Initial/goal:
1.5–2 g/kg/day

Initial: 1

Initial/goal:
1.5 g/kg/day

Initial: 1

Initial/goal:
1.5 g/kg/day

Initial: 1

Max: 5–8
7–10 years

Initial: 3–4
Increase each day by 1–2
Initial: 3
Increase each day by 1–2
Initial: 2–3
Increase each day by 1–2
Max: 4–5

Increase each day by 0.5–1
Max: 1.5–2 g/kg/day

Max: 5
15–18 years

Increase each day by 0.5–1
Max: 1.5–2.5 g/kg/day

Max: 5–6
11–14 years

Increase each day by 0.5–1

Increase each day by 0.5–1
Max: 1–1.5 g/kg/day
Increase each day by 0.5–1
Max: 1–1.5 g/kg/day
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Nutrition, Pediatric. Table 10 Daily parenteral electrolyte
requirements for pediatric patients [8]
Electrolyte

Infants and
children

Adolescents and
children >50 kg

Sodium

2–5 mEq/kg

1–2 mEq/kg

Potassium

2–4 mEq/kg

1–2 mEq/kg

Calcium

0.5–4 mEq/kg

10–20 mEq

Phosphorus

0.5–2 mmol/kg

10–40 mmol

Magnesium

0.3–0.5 mEq/kg

10–30 mEq

Acetate

As needed to maintain acid-base
balance

Chloride

As needed to maintain acid-base
balance

Nutrition, Pediatric. Table 11 Daily parenteral multivitamin
requirements for children [9]
Term infants and
children up to
11 years

Children older
than 11 years and
adolescents

Vitamin A

700 mcg (2300 IU)

1 mg (3300 IU)

Vitamin D

10 mcg (400 IU)

5 mcg (200 IU)

Vitamin E

7 mg (7 IU)

10 mg (10 IU)

Vitamin K

200 mcg

150 mcg

Ascorbic acid

80 mg

100 mg

Thiamin

1.2 mg

3 mg

Riboflavin

1.4 mg

3.6 mg

Niacin

17 mg

40 mg

Pyridoxine

1 mg

4 mg

Vitamin B12

1 mcg

5 mcg

Folic Acid

140 mcg

400 mcg

Pantothenate

5 mg

15 mg

Biotin

20 mcg

60 mcg

N

(see Table 11). Children with acute and chronic renal
failure are at risk for vitamin A toxicity after receiving
PN with standard multivitamins for as little as 1 week.
Individuals with compromised hepatic function can have
decreased synthesis of retinol binding protein, which can
increase blood levels of vitamin A leading to toxicity.
Children receiving continuous renal replacement therapy
are likely to have increased removal of water soluble vitamins and may have increased requirements, but little
information is available to guide dosing at this time. In
the absence of renal or liver dysfunction, vitamin deficiency or toxicity is unlikely to occur when standard
doses of parenteral multivitamins are given.
Commercial pediatric multiple trace mineral packages
do not meet the requirements of all infants and children;
consequently, individual dosing of each trace mineral may
be needed to avoid toxicities and deficiencies. Low plasma
zinc levels are common in critically ill children and correlate with measures of inflammation, such as C-reactive
protein (CRP). Low zinc levels may be due to tissue
redistribution, and it is currently unknown whether
higher zinc intakes would benefit pediatric ICU patients.
Increased zinc requirements can occur with increased
losses, such as from stool and ostomy output, from urine
with high-dose corticosteroid therapy, and from severe
burn wounds. Copper requirements are also increased in
burn injury; conversely, the risk for copper and manganese
toxicity increases with cholestasis, as the excretion route of
these trace minerals is through bile. Increased selenium
removal has been noted with continuous renal replacement therapy, but dosing recommendations are unknown.
The risk for selenium and chromium toxicity is increased
in children with anuric renal failure who do not receive
continuous renal replacement therapy, as these trace minerals are excreted in urine. It is most appropriate to assess
trace mineral status before dose modification for critically
ill pediatric patients. See Table 12 for pediatric trace mineral requirements.

Nutrition, Pediatric. Table 12 Daily parenteral trace mineral requirements for children [8]
Mineral

Term infants 3–10 kg

Children 10–40 kg

Adolescents >40 kg

Zinc

50–250 mcg/kg

50–125 mcg/kg

2–5 mg/day

Copper

20 mcg/kg

5–20 mcg/kg

200–500 mcg/day

Selenium

2 mcg/kg

1–2 mcg/kg

40–60 mcg/day

Chromium

0.2 mcg/kg

0.14–0.2 mcg/kg

5–15 mcg/day

Manganese

1 mcg/kg

1 mcg/kg

40–100 mcg/day
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Pharmaconutrition
The administration of individual nutrients to improve the
course of illness is referred to as pharmaconutrition. Critically ill children have demonstrated increased breakdown
and oxidation of the amino acids glutamine and arginine
without an increase in synthesis, which leads to deficiency
states. Supplementation of these conditionally essential
amino acids could improve enteral feeding tolerance, antioxidant status, and immune response, but there are insufficient pediatric studies at present. Antioxidant nutrient
supplementation has also not been studied in the pediatric
ICU. Probiotics are live microorganisms that may improve
gastrointestinal and immune status; however, they cannot
be recommended for critically ill children due to concerns
relating to lack of efficacy and risk for increased systemic
infections. Prebiotics are non-digestible food ingredients
that promote the growth of beneficial bacteria in the large
intestine and may be safer than probiotics for critically ill
children, but research is lacking. Administration of enteral
or parenteral omega 3 fatty acids has the potential to
modulate the inflammatory response. Small pediatric
studies have suggested that enteral formulas containing
omega 3 fatty acids are safe for critically ill children.
Intravenous lipid emulsions containing omega 3 fat,
which are not available in the United States, have not
been studied in critically ill children, but have shown
benefits in sick infants with cholestasis and in some critically ill adults. More research is required in critically ill
children to determine the ideal pharmaconutrients, dosing, and route of administration to improve outcomes for
this population.

Insulin Therapy for Glucose Control
Critically ill children with hyperglycemia, hypoglycemia,
and large variations in blood glucose are at increased risk
for adverse outcomes, including death in the pediatric
ICU. Some studies of critically ill adults treated with
intensive insulin therapy to achieve tight glucose control
have shown benefit, but results have not been consistent.
A large, single center, prospective trial of intensive
insulin therapy for critically ill infants and children was
recently published [10]. Seven hundred patients from 0 to
16 years of age admitted to the pediatric ICU were randomized to receive conventional or intensive insulin treatment to evaluate effects on morbidity. Almost half of
the children were less than 1 year of age and 75% the
study patients were admitted for cardiac surgery.
When blood glucose exceeded 11.9 mmol/L in the conventional insulin group, a continuous insulin infusion was
initiated and adjusted to maintain glucose between 10 and
11.9 mmol/L. For the patients randomized to intensive

insulin therapy, target blood glucose levels were similar to
normal fasting values according to age. For infants less
than one year, a continuous insulin infusion was commenced when blood glucose was greater than 4.4 mmol/L
and titrated to a target of 2.8–4.4 mmol/L. In children
1–16 years, insulin was started when blood glucose
exceeded 5.5 mmol/L and was adjusted for a goal of
3.9–5.5 mmol/L. Insulin was stopped when glucose fell
below the lower end of the age adjusted target range.
Guidelines were provided for the administration of
a 50% glucose solution if hypoglycemia (blood glucose
<1.7 mmol/L, infants; <2.2 mmol/L, children) occurred.
Bedside pediatric ICU nurses were responsible for insulin
administration and blood glucose monitoring and were
provided extensive training prior to study initiation.
Results demonstrated a significant decline in CRP in
patients treated with intensive insulin. A statistically significant decrease in length of stay was also noted in the
intensive insulin group (5.5 days versus 6.15 days). Furthermore, those treated with intensive insulin had fewer
pulmonary and bloodstream infections than patients
receiving conventional insulin therapy. Measures of
organ function, such as need for hemodynamic support,
extended need for pacemaker, and blood lactate, serum
troponin, and heart-type fatty acid binding protein levels
were all lowered in patients receiving intensive insulin
therapy. Although mortality rates are low in the pediatric
ICU, and the study was not powered to detect a difference
in this outcome, there were significantly fewer deaths in
the intensive compared to the conventional insulin group
(2.6% versus 5.7%). The main adverse outcome of this
study was a high prevalence (25%) of hypoglycemia,
which has limited the widespread application of intensive
insulin therapy to achieve euglycemia in the pediatric ICU.
More permissive blood glucose targets have been proposed to improve the safety of insulin therapy for critically
ill children, which will require further research to determine efficacy.

Monitoring Nutritional Status
The response to nutrition support therapy must be closely
monitored in the pediatric ICU. Routine physical exam,
laboratory studies, repeated anthropometric measures,
and assessment of energy expenditure and nitrogen balance can be utilized as monitoring tools. Critically ill
children are at risk for weight loss, stemming from catabolism of lean body mass and adipose tissue. Body weight
can be skewed by the presence of edema and invasive
medical devices; however, serial weight assessments can
elucidate more accurate trends. Skinfold thickness and
arm circumference can be easily obtained to approximate
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adipose tissue and muscle mass; yet edema can artificially
inflate these values. More precise methods of body composition analysis such as total body potassium and duel
energy x-ray absorptiometry are typically limited to
research. IC can be used to tailor caloric intake to expenditure and to detect presence of hypermetabolism or
hypometabolism. Monitoring the cumulative caloric balance between measured or estimated requirements and
actual intake can help identify patients at risk for weight
loss and malnutrition, which may adversely affect outcomes in the pediatric ICU. Nitrogen losses can be measured in the urine and subtracted from dietary nitrogen
intake to approximate nitrogen balance. From this, protein requirements to achieve a positive nitrogen balance
can be calculated. Transport proteins, such as albumin and
prealbumin, serve as prognostic indicators for critically ill
children, rather than determinants of nutrition status.
Children admitted with low serum albumin or
prealbumin may have an increased length of hospital
stay, more infections, and a higher risk of death. Repeated
measurements of prealbumin and CRP can be useful to
monitor resolution of inflammation and adequacy of
nutritional intake. As the inflammatory response subsides,
CRP levels decline and prealbumin levels increase, indicating a return of anabolic function. Higher levels of
prealbumin are seen with high-dose corticosteroid treatment, and falsely elevated levels occur in renal failure.
Conversely, low prealbumin concentrations are common
with synthetic liver dysfunction. Given the limitations to
the available nutrition monitoring parameters for critically ill children, more accurate assessment tools are
needed.
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Synonyms
Enteral nutrition; Nutrition support; Parenteral nutrition;
Total parenteral nutrition

Definition
Nutrition support entails artificial nutrition given via
a tube into the intestinal tract (enteral nutrition) or
given intravenously (parenteral nutrition) until the
patient can ingest an adequate diet orally [1]. Trauma
patients often have increased metabolic demands due to
injuries and postsurgical status. These specialized nutrition support regimens provide calories in the form of
protein (or amino acids), carbohydrates, and fat, as well
as essential vitamins and trace elements.

Characteristics
Feeding Route
The enteral route is preferred for nutrient delivery if
possible. Multiple randomized trials showed that enteral
feeding of severely injured trauma patients decreases pulmonary and intra-abdominal infectious complications
compared to parenteral nutrition. Enteral nutrition provides metabolic support as well as immunologic support
by preserving gut-associated lymphoid tissue and
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preventing mucosal atrophy [2]. Evidence supports
starting enteral nutrition within 24–48 h of trauma for
effectiveness in hemodynamically stable patients [1].
Because gastroparesis precludes feeding into the stomach,
access to the proximal intestine with a jejunostomy or
naso-jejunal tube is usually necessary to feed patients
enterally. If continued hemodynamic instability or severity of injury preclude early feeding, it is advisable to wait
5–6 days before beginning parenteral nutrition [3]. One
exception is when treating patients with significant
preexisting malnutrition [1] where early parenteral nutrition is indicated if enteral feeding is not feasible. Early
parenteral nutrition is also indicated when there are extensive injuries to the intestine or an extensive intestinal resection was performed where early enteral feeding is
impossible. It is not necessary to delay feeding until bowel
sounds or flatus or until there has been a bowel movement.
Waiting for signs of bowel function may significantly delay
initiation of enteral feeding by 3 or 4 days or longer.
The most frequent option for enteral feeding is via
a naso-jejunal (NJ) feeding tube. Enteral access can also
be obtained during surgery via jejunostomy tubes, but NJ
tubes can be safely placed at the bedside with the help of
computer or fluoroscopic guidance systems with placement confirmed by abdominal X-ray. While gastric access
is easy to obtain, most patients are intolerant of gastric
feedings due to gastroparesis for a week or longer.
When enteral feeding has failed or when circumstances preclude enteral feeding, parenteral nutrition is
indicated to prevent progressive nutrition. Because of the
highly concentrated solutions required to provide adequate substrate in a volume tolerated by patients, delivery
via a central line is required with the catheter tip located
near the junction of the superior vena cava and the right
atrium. At this location, the high volume of blood flow
rapidly and safely dilutes the hyperosmolar solution. Central venous access is often obtained through a subclavian
or internal jugular approach although recent technology
allows the clinician to use ultrasound guidance to safely
place peripherally inserted central catheters (PICC lines)
at the bedside. A chest X-ray should confirm correct
placement since infusion into a subclavian, innominate,
or internal jugular vein would cause thrombosis.

Nutrient Requirements

Patients with a BMI < 30 should receive 25–35 kcal/kg/day
and 1.2–2 g (usually 1.5) of protein per kilogram per day
using an accurate baseline “dry weight” obtained from
family. Evidence supports feeding obese patients with
a BMI  30 and <40 a hypocaloric regimen with 22–25
total kcal/kg and 2 g of protein/kg ideal body weight. For

a BMI  40, increase protein to 2.5 g/kg ideal body weight.
These regimens support the obese patient without
compromising wound healing and fighting infections.

Starting Nutrition Support
If enteral feeding is instituted, the minimum target goal of
enteral feeding should be 50–60% of goal rate within the
first 6–7 days. If this target cannot be met, parenteral
supplementation may be added to reach 100% of nutrition goals. An attempt can be made to feed into the
stomach but this is rarely successful in critically injured
patients while proximal small bowel feeding is more likely
to be successful. Anytime intra-gastric feeding is used,
standard aspiration precautions should be used, including
elevating the head of the bed to 30 – 45 . Gastric feeding
tubes are safe in hemodynamically unstable patients since
it is easy to assess tolerance of feeding with gastric
residual volumes. If gastric residual volumes exceed
250–300 mL/4–6 h, administration of pro-motility agents
such as metoclopramide and erythromycin are helpful.
If residual volumes remain high despite pro-motility
agents, the feeding tube should be advanced past the
pylorus into the distal (third or fourth portion) duodenum or jejunum. For post-pyloric feeds, the tube feeding
should be started slowly at a rate of 10–20 mL/h with rate
increases by 25 mL/h per 18–24 h. It is important to
closely monitor the abdomen for any signs or symptoms
of intolerance, and to decrease the rate of feeding if
patient complains of pain, significant cramping, or
bloating. Ischemic bowel can complicate small bowel
feeding, particularly in a hypotensive, under-resuscitated
patient or in patients needing catecholamine or vasopressor support to maintain an adequate perfusion pressure.
If the patient is intolerant of both gastric and post-pyloric
feedings, it is appropriate to initiate parenteral nutrition.
Once parenteral nutrition is indicated, patients should
be started at 15–20 kcal/kg and 1–1.5 g of protein/kg per
day on the first day [5]. If no severe electrolyte disturbances or hyperglycemia occur, it is appropriate to advance
to a goal of 25–30 total kcal/kg containing 1.5–2 g
of protein/kg per day. Obese patients receive the same
kilocalorie dosing described above.
Parenteral nutrition should be continued until the
patient tolerates approximately 60% of nutrition goals
via an oral or enteral diet since many patients started on
a diet fail to advance due to nausea, vomiting, anorexia, or
interfering procedures.

Formula Selection
Parenteral nutrition consists of amino acids (4 kcal/g),
dextrose (3.4 kcal/g), and lipids (10 kcal/g). Amino acids
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should provide 1–2.5 g/kg/day, depending on metabolic
needs (obesity, large wounds, etc.) Specialty amino acids
are available, but do not provide much clinical benefit.
Renal failure formulations contain only essential amino
acids, as nonessential amino acids can be produced by the
body. These formulations do not show any significant
advantage over standard amino acids, and as they are
dilute, they are a disadvantage for fluid-restricted patients.
Liver failure formulations contain a larger concentration
of branched-chain amino acids compared to aromatic
amino acids. Hepatic encephalopathy is caused by a high
ratio of aromatic amino acids to branched-chain amino
acids, so it was thought that providing higher concentrations of branched-chain amino acids would reverse it.
However, branched-chain formulas have failed to show
improvement in clinical outcomes when compared to
standard amino acid formulas.
Dextrose should provide 70–80% of nonprotein calories. Rate of dextrose infusion should be limited to less than
5 mg/kg/min to reduce the risk of parenteral nutrition–
associated liver disease. Fat in the form of intravenous lipid
emulsions should provide 20–30% of nonprotein calories,
and the upper limit is 1 g/kg/day. Intravenous lipid emulsions in the United States are made from safflower or
soybean oil, and use egg-based phospholipids to aid in
emulsification. Patients with a history of allergic reactions
to these components should not receive intravenous lipid
emulsions. Intravenous lipid emulsions provide calories,
but also prevent essential fatty acid deficiency by providing
the two fatty acids that are not produced in the body,
linoleic and alpha-linolenic acid. In the United States,
intravenous lipid emulsions are only available as longchain triglycerides. In other countries, mixed medium
chain emulsions are available as intravenous emulsions,
and are reportedly tolerated better than long-chain triglycerides. Recently, intravenous lipid emulsions derived from
olive oil or fish oil are being evaluated, as they provide
omega-3 fatty acids, which may be less inflammatory and
aid in manipulating the immune response. Currently, olive
oil and fish oil preparations are not commercially available
as intravenous emulsions in the United States.
Several specialized enteral products have been tested in
critically ill patients and shown to be beneficial in reducing
infectious complication compared to “standard” enteral
diets [2]. These specialty products contain varying combinations of glutamine, arginine, nucleotides, and omega3 fatty acids. Glutamine (GLN) is a nonessential amino
acid that becomes essential in times of stress or injury.
GLN is metabolized by enterocytes maintaining intestinal
mucosa. Glutamine also supports T and B lymphocyte
functions. Arginine stimulates the immune cells indirectly
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after being metabolized to nitric oxide, a potent oxidant
with a role in intracellular killing. It is also metabolized to
orthinine, a precursor of amines important in wound
healing. Nucleotides enhance bacterial and fungal killing
by lymphocytes. After incorporation into cell wall structure, omega-3 fatty acids are released into the cell during
stress and sepsis to be converted into anti-inflammatory
prostaglandins to modify the inflammatory response during critical illness. There are a variety of manufactured
products containing these specialty ingredients and their
individual roles are unknown, however, randomized, controlled trials show that they provide benefit to severely
injured patients, by reducing infectious complications,
shortening hospital stay, and lowering the incidence and/
or duration of multi-organ failure and the systemic
inflammatory response syndrome (SIRS) when compared
to isocaloric, isonitrogenous, unsupplemented diets.

Evaluation and Assessment
Electrolytes
Baseline electrolytes should be drawn before PN or EN is
initiated [5]. Refeeding syndrome is most likely to occur
within 3–5 days of the start of feeding, and can cause major
shifts in potassium, magnesium, and phosphorous. After
day 5, electrolytes should be monitored at least every other
day while the patient is in the intensive care unit, and then
twice a week when the patient is transferred to general care.

Hyperglycemia
Trauma patients are prone to hyperglycemia due to the
acute stress response (elevated catecholamines and cortisol), the use of vasopressor agents for hemodynamic support, administration of glucocorticoids, dextrose in IV
fluids, and the nutrition support [1]. The literature currently supports blood glucose control to levels between
70 and 180 mg/dL [4]. This should be achieved with
a continuous insulin infusion if necessary; long-acting
insulin (glargine or isophane) should be avoided due to
metabolic instability of critically ill patients and a high risk
of hypoglycemia. An insulin infusion should be initiated
only with standard protocols that allow clinicians to adjust
the infusion as needed during times when parenteral or
enteral nutrition is discontinued for tests and procedures
to avoid hypoglycemia and maintain blood glucose control. Once the patient stabilizes, the clinician can order
a subcutaneous insulin regimen or incorporate insulin
into the parenteral nutrition [5]. One should start with
a dose of 0.1 units of insulin/g of dextrose and titrate
insulin by 0.05 units/g of dextrose/day until blood glucose
is controlled.
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Nutritional Parameters
Unfortunately, usual parameters used to measure adequacy of nutrition supplementation, such as pre-albumin
and albumin, are not helpful in the assessment of the
trauma patient [1]. Both markers are negative acutephase reactants and the liver shifts protein production to
inflammatory proteins, such as C-reactive protein. Prealbumin and albumin in the trauma patient are falsely low
and are not reflective of nutritional status. Weight is also
an unreliable marker since they are falsely inflated from
fluid overload after fluid resuscitation. Indirect calorimetry may be useful in measuring caloric needs following
trauma especially for those who are obese or have liver
failure. However, air leaks through chest tubes or around
airway tubes produce spurious, unreliable results. Evidence does support the use of indirect calorimetry to
estimate the needs of obese patients, but evidence is
lacking for the general trauma population.
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Synonyms
Enteral and parenteral feeding in acute renal failure;
Metabolic concerns in acute renal failure; Metabolic
impact of renal replacement therapy

Trade Names
Enteral Nutrition Formulas
Enteral nutrition formulas are commercialized by many
manufacturers under various brand names in different
regions of the world.

Intravenous Amino Acid Solutions

Aminosyn®, Travasol®, FreAmine®, NephrAmine®

Intravenous Fat Emulsions
Liposyn®, Intralipid®

Class and Category
Intravenous Amino Acid Solutions
Intravenous nutritional therapy

Intravenous Fat Emulsions
Caloric agent

Indications
Early initiation of nutritional support (within 24–48 h of
admission to the intensive care unit) is recommended in
critically ill patients unable to eat [1]. As acute renal failure
(ARF) most frequently occurs in the setting of multiple
organ dysfunction syndrome, and as isolated ARF per se is
associated with important metabolic and hormonal
derangements, this recommendation also applies to the
patient with ARF. Nutrition support should not be
restricted or delayed to prevent aggravation of uremia or
retard the initiation of renal replacement therapy.
In ARF patients with evidence of malnourishment,
nutritional support could be initiated regardless of the
patient’s ability to eat. Nutritional support is unnecessary
when a well-nourished patient tolerates oral nutrition or is
expected to resume a normal diet within 5 days.

Dosage
Nutritional support therapy is a treatment that needs to be
tailored to the specific energy requirements and biochemical measurements of the patient, and adjusted according
to the clinical evolution.

Determination of Energy Requirements

Predicting energy expenditure∗ for the critically ill patient
is a difficult task. Ideally, total energy expenditure (TEE)
should be measured by indirect calorimetry∗, a technique
that computes energy expenditure from O2 consumption,
CO2 production, and urinary nitrogen excretion rates.
In mechanically ventilated patients, resting energy
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expenditure (the sum of the resting metabolic expenditure
(RME) and the thermic effect of food) is practically equivalent to the TEE.
Since indirect calorimetry is not easily obtained in
many hospitals, RME can be estimated from one of the
many equations derived from calorimetric measurements.
The main determinants of RME in these equations are
body size, age, and gender, and an adjustment is made
for the type of injury. Reviewing these equations is beyond
the scope of this chapter, but it should be mentioned that
the Harris–Benedict equation is the most widely used
formula to estimate energy expenditure. As a rule of
thumb, the energy expenditure in critically ill patients is
generally 130% of the predicted energy expenditure in
healthy individuals.
While measurement of energy expenditure provides
information on the energy consumption, it is now widely
accepted that a state of relative underfeeding is desirable.
Although advocated by some authors, meeting or exceeding the energy expenditure can reduce, but does not halt,
catabolism, and is associated with adverse metabolic
effects such as increased fat deposition resulting in hepatic
steatosis, hypertriglyceridemia, hyperglycemia, and
increased CO2 production which might delay weaning
from mechanical ventilation.
Practically, the recommended energy provision is
25–30 kcal/kg body weight/day [1]. This may need to be
increased by 10–20% in systemic inflammatory response
syndrome. For overweight patients, ideal body weight
rather than actual weight should be considered for calculation. The same recommendations apply to the patient
with ARF.

Determination of Amino Acid and
Protein Requirements
In ARF, the 24-h urinary excretion rate of protein catabolism by-products (creatinine, urea, total nitrogen) is not
a reliable tool. Nevertheless, the protein catabolic rate can
be evaluated in patients with acute renal failure. Urea
nitrogen appearance (UNA) is the daily urea production
and can be used to assess protein equivalent of total
nitrogen appearance (PNA), which represent net protein
catabolism, thus estimating protein losses [2].
In acute renal failure, UNA is the sum of urinary urea
nitrogen (if diuresis is present), dialysate or ultrafiltrate∗
nitrogen, and the change in body urea nitrogen (CBUN).
UNA ¼ Urinary urea nitrogen ðg=day Þ
þ dialysate urea nitrogenðg=day Þ
þ CBUN ðg=dayÞ:
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CBUN is calculated as follows:
CBUN ¼ ½SUNf  SUNiðg=LÞ  BWi  0:6
þ½BWf  BWiðkg=dayÞ  SUNf ðg=LÞ
where i and f indicate initial and final measurements, SUN
is serum urea nitrogen (g/L), BW is body weight, and 0.6 is
the proportion of total body water.
Finally, protein equivalent of total nitrogen appearance is obtained from UNA. Several formulas are available;
the Bergstrom formula has been used in ARF and calculates PNA as follows:
PNA ¼ 15:1 þ 6:95  UNAðg=LÞ
þ dialysate and urinary protein lossesðg=dayÞ:
Nitrogen balance is the difference between protein
intake and protein losses. Protein catabolism is significantly increased in ARF. Moreover, this phenomenon can
be reduced, but not suppressed, by the administration of
nutritional support. Therefore, a negative nitrogen balance is virtually inevitable in the patient with acute renal
failure. While an insufficient protein provision is
undoubtedly deleterious, an excessive protein intake may
also be responsible for metabolic complications, such as
aggravation of uremia and hyperammonemia. Practically,
a protein intake of 1.2–2.0 g/kg/day is recommended in
critically ill patients [1]. Provision of 2.5 g/kg/day has been
advocated in ARF patients under special circumstances
and is considered a maximum.

Preparation/Composition
Enteral Versus Parenteral Nutrition
Nutritional support can be provided by the enteral or
parenteral route. Enteral nutrition is by far the preferred
route of feeding, including in patients with ARF. Besides
advantages related to preservation of intestinal immune
functions, the increase in splanchnic blood flow associated
with enteral feeding might be beneficial to renal function.
Gastrointestinal motility is frequently reduced in ARF.
To increase tolerance to enteral feeding and reduce the risk
of aspiration, head elevation (30 ) and prokinetics (e.g.,
metoclopramide) are recommended. Post-pyloric placement of the feeding tube should also be considered.
Standard enteral nutritional formulas should be used
in patients with acute renal failure [1]. Peptide-based
enteral formulas are acceptable but are more expensive
and have not shown benefit over polymeric (wholeprotein) formulas. In the presence of significant electrolyte
derangements, formulas designed for renal insufficiency,
with a modified electrolytes profile, may be used.
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However, these formulas are seldom required when
a patient is receiving continuous renal replacement therapy (CRRT).
Parenteral nutrition can be used in combination with
enteral nutrition in ARF patients when the nutritional
goal is not achieved by the enteral route, despite attempts
at maximizing enteral nutrition delivery. Parenteral nutrition is also warranted when there is a strict contraindication to enteral feeding.

Composition of Parenteral Nutrition
In acute renal failure, a balanced parenteral nutrition
preparation should provide 50–60% of total daily calories
from dextrose, 20–30% of calories from lipids, and
10–20% of calories from amino acids at initiation of
nutritional support [3]. The proportions of calories from
dextrose and amino acids then have to be adjusted
according to the evaluation of the patient’s requirements
and the impact of CRRT on nutritional parameters.

Volume
Volume overload may become a concern in oliguric
patients not receiving renal replacement therapy or in
patients on intermittent hemodialysis. Some enteral formulas allow the administration of nutrients in a reduced
volume. The parenteral solution may also be concentrated
to some extent in order to reduce the volume of liquid
received. Volume management is simplified when the
patient receives CRRT.

Trace Elements
Trace elements (zinc, copper, and especially selenium)
supplementation at the recommended daily allowance is
recommended during nutritional support in the critically
ill patient, including the patient with ARF. Although alterations in trace elements homeostasis are observed in ARF,
recommendations in this population result mostly from
extrapolation of the chronic renal failure literature. Selenium, zinc, copper, and chromium are cleared during in
vitro CRRT. However, the clearance of trace elements was
variable in clinical studies. Until more studies on the
consequences of trace elements depletion in ARF and the
effect of CRRTon trace elements serum levels are available,
the extent to which selenium, zinc, and copper should be
supplemented remains speculative [3].

is suggested for the critically ill patient. Due to losses of
water-soluble vitamins during CRRT, provision of
twice the recommended daily allowance of vitamin B6,
vitamin C, and folic acid has been proposed [4].

Glutamine
Glutamine should be added to enteral nutrition
(0.3–0.5 g/kg/day), if not already comprised in the selected
formula. Glutamine should also be included (0.5 g/kg/
day) in the parenteral nutrition solution. In ARF patients
receiving CRRT, the need for glutamine supplementation
appears greater in the first days of the treatment [5].

Contraindications
There is no formal contraindication to nutritional support
therapy in the critically ill patient with acute renal failure.
However, the hemodynamic status must be stabilized
before initiation of enteral or parenteral feeding. The fact
that nutritional support should never be postponed or
restrained in order to prevent deterioration of uremia or
retard the need for dialysis must also be emphasized.

Adverse Reactions
Infectious Complications
The technical and infectious complications associated
with central venous catheterization or feeding tube placement are not different in the uremic patient. Impairment
in gastrointestinal motility is a common problem in ARF
patients. Therefore, inclusion of gastric residual volumes
monitoring to the enteral feeding protocol and regular
oral care are warranted to reduce the risk of aspiration
pneumonia. In patients receiving parenteral nutrition,
early detection and adequate treatment of catheter-related
bloodstream infections are crucial.

Metabolic Complications
The designation «hyperalimentation» is incorrect since, as
previously mentioned, overfeeding is not advocated.
Besides the absence of benefit regarding protein catabolism and nitrogen balance, overfeeding has been associated
with increased fat deposition, hypertriglyceridemia,
hepatic steatosis, significant hyperglycemia, and insulin
resistance.

Refeeding Syndrome
Vitamins
Addition of antioxidant vitamins (including vitamin C
and vitamin E) to nutritional support is recommended.
As for trace elements, the optimal dosage is undefined,
and supplementation at the recommended dietary intake

Profound hypophosphatemia and hypokalemia (the
so-called refeeding syndrome) can be observed due to
intracellular shifting. This phenomenon occurs most
commonly when initiation of nutritional support has
been delayed or in the presence of significant preexisting
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malnourishment. Daily reevaluation of electrolyte
requirements and appropriate adjustment of their concentrations in the nutrition therapy (or in the replacement
fluid used for CRRT) are necessary.

Effects of Arginine Supplementation
The use of arginine supplementation is controversial and
its avoidance has been recommended in patients with
severe sepsis due to concerns regarding deleterious effects
on hemodynamic stability and a potential increase in
mortality [1].

Drug Interactions
Effects of CRRT on Nutritional Parameters
Continuous renal replacement therapies can impact significantly on metabolic parameters, due to high fluid
turnover and continuous exposure of the blood to the
extracorporeal circuit. However, if clinically indicated,
CRRT should not be postponed due to concerns regarding
its consequences on nutritional status.
Amino acids have a mean molecular weight of 145 Da
and a sieving coefficient∗ close to 1.0. During continuous
postdilutional hemofiltration, the losses can be estimated
from the blood concentration and the ultrafiltration volume. The added diffusive∗ component will further
increase the clearance of amino acids in continuous
hemodiafiltration. The daily losses of amino acids in
CRRT are usually in the range of 10–15 g/day, but may
reach up to 30 g/day [5]. Approximately 10% of infused
amino acids are lost in the ultrafiltrate with CRRT.
Lactate-containing replacement solutions, less popular
nowadays, may induce hyperlactatemia and metabolic
acidosis in situations of increased lactate production
(such as shock) or defective lactate utilization (such as
hepatic failure). Acidosis may aggravate protein catabolism. Furthermore, the continuous blood-membrane
interaction results in activation of the inflammatory
cascade, even when synthetic membranes are selected.
Such low-grade inflammation can promote protein degradation and contribute to the negative nitrogen balance
of ARF patients.
A significant proportion (up to 35–45%) of the glucose contained in the replacement fluid used for CRRT
may be absorbed [5]. To avoid the development of hyperglycemia, this glucose load must be considered in the
patient receiving nutritional support therapy. Therefore,
replacement fluids with low glucose concentration are
preferred.
With their small molecular weight and altered protein
binding in uremia, trace elements can easily cross the
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semipermeable membrane used for CRRT, although clinical studies showed variable clearances [3]. Moreover,
trace elements are absent or present in very low concentrations in replacement fluids. The combined effect of
filter clearance and dilution by replacement fluid is
responsible for the expected decrease in serum levels of
trace elements during CRRT. Phosphorus, potassium, and
magnesium serum levels are also reduced for the same
reasons, in addition to intracellular shift.
Due to their physicochemical properties, lipids and
liposoluble vitamins are not subject to any clearance during CRRT.

Other Sources of Nutrients
The caloric intake resulting from administration of lipidcontaining drugs (e.g., propofol) or drugs administrated
in dextrose solutions should be considered in the nutrition
therapy prescription.

Mechanisms of Action
Nutritional support therapy benefits critically ill patients
with acute renal failure by maintaining or improving
nutritional status, enhancing wound healing, improving
resistance to infection, and ultimately reducing mortality.
To better understand the role of nutritional support therapy in ARF patients, this section takes a closer look at the
mechanisms of metabolic alterations in critical illness and
ARF.
Any acute disease state is associated with a catabolic
stress response. This stress response is magnified in the
pro-inflammatory and pro-oxidative metabolic environment of ARF.

Protein Catabolism in ARF
Protein catabolism is a major feature of the metabolic
stress response, resulting in excessive release of amino
acids from skeletal muscle. The liver is the primary site
of proteolysis activation. Hepatic extraction of released
amino acids is increased, causing reduced serum concentrations of amino acids. Synthetic functions of the liver are
activated. Hepatic gluconeogenesis is increased. Synthesis
of various proteins, such as C-reactive protein and coagulation factors, is augmented, while albumin synthesis, as
a negative acute phase reactant, is inhibited. These phenomena are amplified in ARF, notably due to acidosis,
uremic toxins, and endocrine factors. In addition to
increased protein breakdown, defective amino acid transport and utilization in muscle cells result from the insulin
resistance observed in ARF. Provision of amino acids
through nutritional support therapy therefore prevents
the detrimental effect of sustained negative nitrogen
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balance. However, as previously mentioned, the alterations
in amino acids metabolism can only be mitigated – not
halted – by exogenous supply.

might result in decreased defenses against oxidative stress.
Vitamin C is also an antioxidant and its loss in CRRTraises
the same concerns.

Carbohydrate Metabolism in ARF

Glutamine in ARF

Hyperglycemia is frequent in the critically ill patient with
ARF. The main reason for this phenomenon is insulin
resistance, causing hyperglycemia with concomitant
hyperinsulinemia. Enhanced hepatic gluconeogenesis
also contributes to the hyperglycemia of ARF and is not
downregulated by an increment in glycemia. While necessary to reach nutritional goals, the glucose and amino acid
load of nutritional support therapy will further promote
hyperglycemia. Insulin requirements will increase accordingly in order to maintain tight blood glucose control in
patients with ARF.

As the most abundant amino acid in the body, glutamine
is involved in multiple physiologic functions. Glutamine
has a role in the maintenance of muscle and gut integrity.
Glutamine also modulates the immune system and antioxidant defenses. In acute disease states such as ARF,
utilization of glutamine by tissues with a high cell turnover
(immune cells, enterocytes) is in excess of the synthetic
potential of the organism. Glutamine is eliminated to an
appreciable level during CRRT. Considering the favorable
safety profile of glutamine and its potential benefits, glutamine supplementation has been advocated [1].

Lipid Metabolism in ARF
Lipid and fatty acid metabolism is altered in ARF. The
activity of lipoprotein lipase is decreased and the clearance
of long and medium chain triglycerides is typically
reduced by 50%. Frequent monitoring of serum triglycerides, and withholding of lipid emulsions if hypertriglyceridemia develops, is thus recommended in the ARF
patient receiving nutritional support therapy.

References
1.

2.

3.

Trace Elements and Vitamins in ARF
Trace elements and water-soluble vitamins are involved in
the regulation of multiple physiological functions. They
may also exert anti-inflammatory and antioxidant effects
in ARF patients. Since selenium is a cofactor for glutathione peroxidase enzymes, depletion in this trace element

4.

5.

McClave SA, Martindale RG, Vanek VW, McCarthy M, Roberts P,
Taylor B et al (2009) Guidelines for the provision and assessment of
nutrition support therapy in the adult critically ill patient. JPEN
J Parenter Enteral Nutr 33:277–316
Kopple JD, Jones MR, Keshaviah PR, Bergstrijm J, Lindsay RM,
Moran J et al (1995) A proposed glossary for dialysis kinetics. Am
J Kidney Dis 26:963–981
Wooley JA, Btaiche IF (2005) GoodKL metabolic and nutritional
aspects of acute renal failure in critically ill patients requiring
continuous renal replacement therapy. Nutr Clin Pract 20:176–191
Druml W (2009) Nutritional Support in the Critically Ill with Acute
Renal Failure. In: Ronco C, Bellomo R, Kellum JA (eds) Critical care
nephrology. Saunders Elsevier, USA, pp 727–731
Marin A, Hardy G (2000) Practical implications of nutritional
support during continuous renal replacement therapy. Curr Opin
Clin Nutr Metab Care 4:219–225

O
Occipitoatlantal Dislocation
▶ Occipitocervical Dissociation

Occipitoatlantal Dissociation
▶ Occipitocervical Dissociation

Occipitocervical Dislocation
▶ Occipitocervical Dissociation

Definition
The term “occipitocervical” derives from the Latin words
“ob + caput” (against + head = occiput) referring to the
posterior aspect of the skull and “cervix” referring to the
neck. Occipitocervical dissociation (OCD) occurs when
this intimate connection between the cranium and the
spine becomes separated or disconnected (dissociated).
Traumatic in nature, this dissociation leads to an unstable
relationship between the cranium and its connection to
the cervical spine. Alteration in this relationship requires
a high-energy mechanism, usually an acceleration–
deceleration event, to dissociate the normal arrangement
of the human head upon the neck.

Treatment
OCD is treated with open or closed reduction and surgical
fixation utilizing instrumented occipitocervical posterior
spinal fusion [1].

Evaluation

Occipitocervical Dissociation
TODD F. VANDERHEIDEN1, PHILIP F. STAHEL2
1
Department of Orthopaedic Surgery, Center for Complex
Fractures and Limb Restoration, Denver Health Medical
Center, University of Colorado School of Medicine,
Denver, CO, USA
2
Department of Orthopaedic Surgery and Department of
Neurosurgery, Denver Health Medical Center, University
of Colorado School of Medicine, Denver, CO, USA

Synonyms
Atlantooccipital dislocation; Atlantooccipital dissociation; Craniocervical dislocation; Craniocervical dissociation; Craniocervical vertical displacement; Craniocervical
vertical distraction injury; Craniospinal dislocation;
Craniospinal dissociation; Internal decapitation;
Occipitoatlantal dislocation; Occipitoatlantal dissociation; Occipitocervical dislocation; Occipitospinal dislocation; Occipitospinal dissociation

Classification
OCD is usually classified by the direction of displacement
of the occiput relative to the cervical spine. Type I is
anterior displacement. Type II is pure vertical displacement. Type II injuries are further subclassified based
on the disruption of the occipitocervical joints. If
occipitoatlantal joints are dissociated, this is considered
IIA. If atlantoaxial joints are dissociated, this is considered
IIB. Type III represents a posterior dislocation of the
cranium relative to the spine. This classification scheme
has little treatment or prognostic value. A dichotomous
approach is more preferable and should answer the following question with either YES or NO – “is the head
attached to the neck?” Although fractures may be associated, these injuries represent complete ligamentous
disruptions that require surgical intervention [1, 2].

Anatomy and Biomechanics
It is important to consider the occipitocervical junction as
a unique region of the spine separate from the subaxial
cervical spine. The main stabilizing structures of the
craniocervical junction are ligamentous in nature and run
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between the occiput and the axis with little connection to the
atlas. The bony anatomy in this region allows for significant
functional motion that simultaneously makes it inherently
unstable if its supporting ligamentous attachments are
disrupted. Ligaments are divided into external and internal
groups. The most important are the internal ligaments that
are comprised of the tectorial membrane (the rostral extension of the posterior longitudinal ligament), the transverse
atlantal ligament, the paired alar ligaments, and the apical
ligament. These attach the occiput to the spine. Contributing to stability are the stout occipitoatlantal and atlantoaxial
joint capsules. From an osteological perspective, it is important to understand the landmarks of this region. This
includes knowledge of the basion, clivus, opisthion, atlas
lateral masses, odontoid process, and axis pars
interarticularis bony regions. Flexion and extension
moments are checked by taught ligaments and bony
impingement while rotational and lateral bending movements are checked by the alar and apical ligamentous attachments running from the dens to the occipital condyles.
Distraction is prevented by capsular integrity and ligamentous stability.

Assessment

when physiological instability precludes CT imaging,
a lateral cervical plain X-ray in the trauma bay can elucidate
obvious vertical distraction injuries that should prompt
immediate reduction and halo-vest stabilization. CT evaluation should focus on craniocervical relationships and evidence of fractures heralding dissociation of the occiput from
the spine. These include Wackenheim’s line (Fig. 1), the
“Rule of Twelves” (Fig. 2), and Power’s ratio (Fig. 3), as
well as avulsion fractures of the occipital condyles or dens.
Additionally, the occipital condyles should be seated
within the atlas lateral masses without any diastasis
(Fig. 4). If any radiographic or exam abnormalities are
identified, an MRI should also be performed to check for
ligamentous injury and signs of neurological insult. T2weighted MRI images and short tau inversion recovery
(STIR) MRI images are especially useful to identify
ligament failure and significant craniocervical junction
edema indicative of OCD (Fig. 5). One should not ignore
the other spinal regions given the high incidence of
noncontiguous spinal injuries in this population. Therefore, total spine-advanced imaging is mandatory.

General Management Principles

Initial Assessment

Once an OCD has been identified, reduction must soon
follow. Cranial tongs and traction do not play a role as
they may lead to further catastrophic neurological injury.

Assessment of patients with OCD is often difficult due to the
high prevalence of associated injuries. Patients often have
craniofacial trauma, brain injuries, and impaired consciousness [3]. ATLS protocols should be followed focusing on the
airway, breathing, circulatory status, and presence of focal
neurological deficit, and full patient exposure (“ABCDE”).
All involved staff should assume that a spine injury is present
until proven otherwise. During secondary survey, a full spine
evaluation should be performed. Conscious patients may
complain of cranial instability, suboccipital neck pain, and
myriad neurological issues. Comatose patients need reliance
on radiographic studies for diagnosis of OCD. Log-roll precautions will help assess the entire spine while palpating each
segment checking for step-off, crepitation, wounds, and
hematomas. Detailed neurological exam should follow
which includes a focused cranial nerve exam in patients
with suspected high-cervical injuries. Neurological findings
can include complete and incomplete quadriplegia with
respirator dependency, fatal brain stem injury, and cruciate
palsy of Bell. Cranial nerve injuries VI–XII may also accompany this injury pattern.
Radiographic analysis should proceed straight to CT
scan as plain radiographs are difficult to interpret and
often lead to missed injuries. This is attributable to poor
craniocervical junction visualization using X-rays. However,

Occipitocervical Dissociation. Figure 1 Wackenheim’s line:
The clivus line should intersect or be tangential to the
odontoid process

Occipitocervical Dissociation
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0.70 cm
0.82 cm

a

b

Occipitocervical Dissociation. Figure 2 Rule of Twelves: The tip of the clivus should be within 12 mm of the tip of the odontoid
(a) as well as within 12 mm of the posterior axial line (b)

a halo-vest should be placed followed by repeat radiographic
analysis to assess for reduction adequacy. Definitive treatment should follow with occipitocervical fusion. This
usually takes on an instrumented form with occipital
plate and screw fixation linked to rods that are stabilized
within the cervical spine [1]. Cervical spine anchors can be
axis pars interarticularis or pedicle screws, or lateral mass
screws in the subaxial cervical spine, or both. Some surgeons may also elect to utilize atlas lateral mass screw
fixation. Following fixation are meticulous bone-grafting
techniques to ensure a solid occipitospondylodesis [5].
This often involves harvest of the posterior iliac crest.
Timing of surgical intervention is mandated by the
physiological status of the patient and by other injuries.
However, craniocervical stabilization should take precedence over other definitive orthopedic surgeries as well as
non-lifesaving general surgical interventions.

Case Example
Occipitocervical Dissociation. Figure 3 Power’s ratio: The
ratio of distance BC to distance AO should be less than 1 (BC/
AO < 1). Alterations in this ratio may represent occipitocervical
dissociation. A ratio greater than one describes an anterior
OCD (Type I)

Manual manipulation of the skull with a compressive force
coupled with a force opposite the sagittal plane displacement
will often lead to successful reduction. This should be
performed under fluoroscopic assistance. After reduction,

A 53-year-old female was involved in a high-speed, rollover motor vehicle collision. She sustained multiple injuries including occipitocervical dissociation. Initially seen
at an outside facility, CT and MRI images demonstrated
internal decapitation (Figs. 6 and 7). Upon arrival to
the treating facility, portable X-rays showed a vertical
distraction injury that was immediately stabilized in a
halo-vest in the trauma bay (Fig. 8). Once physiologically
stabilized, she was definitively fixated using instrumented
posterior occipitocervical fusion (Figs. 9 and 10). Although
she sustained multiple cranial nerve injuries and a mixed,
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Occipitocervical Dissociation. Figure 4 The occipital condyles should be well reduced in the lateral masses of the atlas on the
coronal CT image (a) and both the left and right parasagittal images (b)

Occipitocervical Dissociation. Figure 5 The left image demonstrates a T2-weighted MRI that shows maintained craniocervical
ligamentous relationships. The arrow points to an intact tectorial membrane. The right image demonstrates a STIR MRI image
in an uninjured patient. The star is positioned upon a normal posterior musculoligamentous complex that lacks the edema
expected in patients with OCD

incomplete spinal cord injury, the patient made a significant recovery and continues to make progress
with rehabilitation services. Her craniocervical junction
progressed to fusion without suboccipital pain.

After-care
Following occipitocervical fusion, patients should be
maintained in a cervical collar for 8–12 weeks. Serial
radiographic examinations should be performed to
confirm normal craniocervical relationships, implant

competence, and progression of fusion. Much of the care
associated with OCD injuries after reduction and fixation
is medical in nature. Patients often require lengthy intensive-care unit stays due to multisystem trauma followed by
long-term acute care and rehabilitation services due to
neurological sequelae.

Prognosis
Simply surviving a vertical distraction injury of the
craniocervical junction is a monumental feat. Most patients

Occipitocervical Dissociation
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Occipitocervical Dissociation. Figure 6 CT images immediately post-injury demonstrating a Type IIB internal decapitation. The
left image is a mid-sagittal CT reconstruction showing a pure vertical distraction injury through the atlantoaxial joint complex.
The double arrow shows loss of the normal clivus-dens relationship measuring >12 mm. The middle image is a coronal
reconstruction showing marked bilateral C1–C2 joint diastasis (left and right short, single-tipped arrows). The right image is
a parasagittal reconstruction denoting the significant facet joint widening (long, single-tipped arrow)

O

Occipitocervical Dissociation. Figure 7 MRI images immediately post-injury demonstrating extensive soft-tissue injury
associated with complete ligamentous disruption of OCD. The left image is a parasagittal STIR MRI reconstruction showing
large C1–C2 facet joint effusion and diastasis (arrow) with extensive posterior soft-tissue edema (small star). The right image
is a mid-sagittal STIR MRI reconstruction showing massive posterior soft-tissue edema (large star) and ligamentous disruption

with this injury die at the scene of the accident or in transport to medical facilities as a result of devastating neurological injury to the brainstem or proximal spinal cord. This
leads to rapid cardiorespiratory failure. In fact, up to 12% of

autopsies performed on pedestrians struck and killed by
vehicles, and up to 35% of postmortem analyses performed
on motor vehicle accident fatalities, show occipitocervical
dissociating injuries [4]. Recently, more of these injuries are
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Occipitocervical Dissociation. Figure 8 Portable X-ray images in the trauma bay demonstrating prereduction OCD injury and
postreduction image after halo-vest placement. The left image shows vertical distraction with C1–C2 displacement (long double
arrow). The right image shows well-reduced craniocervical relationships and normal C1–C2 alignment (short double arrow)

Occipitocervical Dissociation. Figure 9 Intraoperative fluoroscopic anteroposterior and lateral images demonstrating
maintained reduction and instrumented occipitocervical posterior fusion (Occiput – C4)

recognized in survivors speaking to the improvement in
emergency medical team response and transport capabilities
on an international level [2]. Those that survive often have
significant neurological damage that requires lifelong physical, occupational, and speech therapy. From a musculoskeletal standpoint, an occipitocervical fusion results in greater
than 50% loss of head flexion, extension, and rotation.
Motion loss is the negligible side effect of reattaching the
human head to the neck in patients with OCD.
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Occipitocervical Dissociation. Figure 10 Postoperative CT images of occipitocervical reduction and instrumentation. From left
to right, mid-sagittal, coronal, and right parasagittal reconstructions show well-reduced craniocervical junction and solid
internal fixation
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Oliguria in Children
STUART L. GOLDSTEIN
Department of Pediatrics, Baylor College of Medicine
Texas Childrens Hospital, Houston, TX, USA

Synonyms
Anuria; Decreased urine output; Oligura

Definition
The definition of olguria in children depends on the
clinical situation. In all instances, olguria should be
defined in context of the fluid requirements of
a particular patient. A standard definition commonly
taught to pediatric trainees [1] [less than 0.5 milliliter
per kilogram body weight per hour (ml/kg/h), or less
than 300 milliliter per meter square body surface per day
(ml/m2/day)] should not be used in the pediatric intensive
care setting, since many patients will receive large volumes
of fluid for resuscitation and thus should demonstrate
much higher rates of urine output to prevent volume
overload.
In general terms, oliguria can be defined as insufficient
urine output to maintain acceptable fluid balance homeostasis and prevent fluid overload.
Recently, new multidimensional definitions have been
developed to stratify the degree and intensity of acute
kidney injury. To date, only one of these systems, the
pediatric-modified RIFLE (pRIFLE) [2, 3] urine output
criteria, has been validated in children. The pRIFLE
system contains a stratification definition based on degree
and duration of oliguria (Table 1).

differences seen in patients with interstitial nephritis
(usually from medications), which tend to be nonoliguric forms of kidney failure. Oliguria can arise
from pre-renal, intrinsic renal, and post-renal causes.
Oliguria is rarely present in the absence of other
signs of acute kidney injury such as increased serum
creatinine, hyperkalemia, or uremia.

Cross Reference to Disease
▶ Acute Glomerulonephritis
▶ Acute Kidney Injury
▶ Acute Tubular Necrosis
▶ Pre-Renal Azotemia
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Oliguria, Clinical Significance
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Differential Diagnosis
The differential diagnosis of oliguria is nearly identical
to that of acute kidney injury, [4] with the major

Oliguria in Children. Table 1 Pediatric-modified RIFLE
(pRIFLE) acute kidney injury criteria
Pediatric modified RIFLE criteria
Estimated CCl (eCCl)

Urine output criteria

Risk

eCCl decrease by 25%

<0.5 ml/kg/h for 8 h

Injury

eCCl decrease by 50%

<0.5 ml/kg/h for 16 h

Failure

eCCl decrease by 75%
or eCCl <35ml/min/
1.73 m2

<0.3 ml/kg/h for 24 h or
anuric for 12 h

Synonyms
Anuria; Low urine output

Definition
Oliguria has been defined variably in literature as urine
volume ranging from 50 to 500 ml/day. Under normal
physiologic conditions, a minimum of 400 ml of urine
volume is required to excrete the metabolic solute load in
a healthy 70 kg man with normal muscle mass. However,
solute load varies as a function of diet and catabolic state
(e.g., critically ill patient) – see ▶ Physiology of Urine
Volume. In order to standardize the use of the term across
different studies and populations, Acute Dialysis Quality
Initiative (ADQI) adopted a definition of oliguria as urine

Oliguria, Clinical Significance

output less than 0.3 ml/kg/h over 24 h (www.ADQI.net).
Anuria, literally no urine, is generally defined as a urine
volume <50 ml per day in an adult. Early clinical recognition of oliguria requires a more rapid assessment
than can be achieved with a 24-h measurement. Thus,
oliguria should be suspected when the urine flow rate is
<0.5 ml/kg/h for two consecutive hours.

Differential Diagnosis
Urine output is a function of glomerular filtration rate
(GFR) and tubular secretion and reabsorption. The former is directly dependent on renal perfusion. Therefore,
oliguria generally indicates either a dramatic reduction in
GFR or a mechanical obstruction to urine flow. Neurohumoral systems play an important role in regulating renal
blood flow, perfusion, and GFR. The renin–angiotensin–
aldosterone system, antidiuretic hormone (arginine vasopressin), and sympathoadrenal system in response to
hypovolemia, hypotension decrease renal blood flow,
GFR, urine output, and sodium excretion by their vasoconstrictor actions. Prostaglandins, kinins, and natriuretic
peptides also influence urine flow by their vasodilator
action and effect on renal blood flow, GFR, and sodium
excretion.
Thus, the differential diagnosis for oliguria includes
conditions that effect renal blood flow (“prerenal”) are
related to kidney disease (“intrarenal”) and obstruction
to urine flow (“postrenal”) (Table 1).

Prerenal Oliguria
Prerenal oliguria occurs mainly due to altered renal perfusion. Renal perfusion is a function of circulating
volume, cardiac output, mean arterial pressure, and renal
vascular resistance. Hypovolemia can be secondary to
poor intake or loss of fluid. There can be an absolute loss
of fluid from the body (e.g., vomiting, diarrhea,
hemorrhage) or a shift of fluid from the vascular space
secondary to increased capillary permeability (e.g.,
inflammation) or decreased oncotic pressure (e.g.,
hypoalbuminemia) or both. However, there can also be
a relative loss of fluid where decreased venous return to the
heart is secondary to vasodilatation and venous pooling
and as seen in vasodilatory shock (e.g., sepsis, spinal cord
injury, anesthesia, adrenal disease). Vasodilatory shock
also causes decreased renal perfusion and oliguria by
directly decreasing renal perfusion pressure. This condition can also be a manifestation of impaired cardiac output (e.g., cardiogenic shock, cardiac tamponade, heart
failure). In liver cirrhosis, excessive diuresis, bleeding,
infections, and hypoalbuminemia can lead to renal failure
and oliguria. Hepatorenal syndrome is also a frequent
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Oliguria, Clinical Significance. Table 1 Differential Diagnosis
for Oliguria
Prerenal
(1) Hypovolemia:
(a) Decreased intake
Altered mental status, postsurgical
(b) Excessive fluid loss
(i) Blood loss/hemorrhage –
Trauma, bleeding, postoperative
(ii) Gastrointestinal – vomiting, diarrhea
(iii) Renal-excessive dieresis
(iv) Third spacing – hypoalbuminemia, burns, inflammation –
e.g., pancreatitis
(v) Postoperative – drains, shunts, inadequate fluid
replacement
(2) Decrease in renal perfusion:
(a) Vasodilatory shock
Sepsis, spinal cord injury, anesthesia, adrenal disease, excessive
sedative use(benzodiazepines)
(b) Cardiopulmonary –
Heart failure, cardiac tamponade, cardiogenic shock, pulmonary
hypertension, massive pulmonary embolism
(c) Liver – decompensated cirrhosis, hepatorenal syndrome
(d) Abdominal compartment syndrome
(e) Mechanical ventilation and positive end-expiratory pressure
(PEEP)
(f) Surgery and anesthesia – aortic cross clamping,
cardiopulmonary bypass, anesthesia
Intrarenal
(1) Renal vasculature obstruction :
embolism, thrombosis, atherosclerotic plaque, aneurysm,
dissection
(2) Interstitial nephritis:
Drugs-Nafcillin, Sulfamethoxazole-trimethoprim,
Cephalosporins, NSAIDs, Furosemide
(3) Sepsis-induced AKI
(4) Acute tubular necrosis:
(a) Ischemia –
untreated prerenal causes, hypotension, malignant
hypertension
(b) Toxins –
Contrast, rhabdomyolysis, hemolysis, crystals-uric acid (tumor
lysis syndrome), oxalates
Antibiotics (amino glycosides), Antifungal (amphotericinB)
(c) Glomerulonephritis and vasculitis
Postrenal
(1) Foley:
Obstruction or malposition
(2) Urethral:
Stricture, clots
(3) Bladder neck obstruction:
Prostatic hypertrophy
(4) Tubular-urethral obstruction:
Cancer, calculi, blood clots, external compression
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cause of renal failure in cirrhosis and may manifest as
oliguria.
In a postoperative patient, it is very important to
know the details regarding anesthetics, intraoperative
hemodynamic events, fluid status at the end of surgery,
the type of surgery and procedure involved. Regional
anesthesia (between T4 through T10) causes sympathetic
blockade. The blockade has to be carefully titrated in
ischemic heart disease and hypovolemic patients.
Almost all general anesthetics tend to decrease GFR and
urine flow.
Abdominal compartment syndrome (ACS) is an
under-recognized cause of oliguria and acute kidney
injury. It is most commonly seen after major abdominal
surgeries requiring large volume resuscitation (ruptured
AAA repair), emergent laparotomy with tight abdominal
wall closures, abdominal wall burns with edema, etc.
Renal vein and artery compression can alter the renal
hemodynamics and decrease GFR. Oliguria can occur at
intra-abdominal pressure >15 mmHg [1]. Mechanical
ventilation and PEEP especially in patients with acute
lung injury can cause a decrease in cardiac output
(decreased preload), redistribution of intrarenal blood
flow, and activation of neurohumoral systems. Hypoxia
and hypercapnia are also commonly seen in patients with
lung disease and both may decrease renal blood flow, GFR,
and urine output [2].

Intrarenal Oliguria
Intrinsic renal disease may manifest as oliguria but may
also be non-oliguric – see ▶ Acute Kidney Injury (AKI).

Postrenal
Oliguria may also occur secondary to mechanical obstruction distal to the kidneys and is termed “postrenal”
oliguria. Foley catheter obstruction or malposition is one
of the common causes in patients in the ICU and operating room. Urethral (stricture, clots), bladder neck obstruction (prostatic hypertrophy), tubular-urethral obstruction
(cancer calculi, blood clots, external compression) also
cause postrenal oliguria.

Cross-Reference to Disease

▶ Abdominal Compartment Syndrome
▶ Acute Kidney Disease
▶ Acute Kidney Injury (AKI)
▶ Approach to the Patient with AKD/AKI
▶ Heart Failure
▶ Investigation and Management of Oliguria
▶ Oliguria in Children
▶ The Concept of AKI
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Oliguria, Investigation and
Management
ADITYA UPPALAPATI, JOHN A. KELLUM
Department of Critical Care Medicine, University of
Pittsburgh School of Medicine, Pittsburgh, PA, USA

Synonyms
Anuria; Low urine output

Definition
See Clinical significance of oliguria

Evaluation/Assessment
A detailed history and physical examination can guide the
initial evaluation of the etiology of oliguria and guide the
relevant investigations (Fig. 1).

Clinical Assessment
In addition to vital signs (heart rate, blood pressure),
orthostatic changes, and routine physical examination,
several monitoring devices can be used to aid in the
diagnosis of tissue perfusion and volume status. Mean
arterial pressure is recommended to be maintained at
least 65 mmHg. Noninvasive devices such as LIDCO,
PICCO, and Flotrac can measure cardiac output and in
a mechanically ventilated and sedated patient, these technologies can also assess preload responsiveness (likelihood
that a patient will respond to a fluid challenge) by measuring the systolic pressure variation and pulse pressure
variation [1]. These parameters can be helpful to assess the
volume status and response to fluid therapy. Heart rate is
also a very important surrogate marker for hypovolemia.
Rapid heart rates also can drop cardiac output and consequently decrease blood pressure and tissue perfusion.
In the ICU, it is common to assume that one can
obtain a more accurate assessment of preload by measuring the central venous pressure (CVP) or pulmonary
artery occlusion pressure (PAOP). However, this is only
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Oliguria
Clinical history and examination
If patient has a Foley catheter check for patency --flush
If no catheter check for bladder distension, --place catheter
Consider renal ultrasound if suspicious for hydronephrosis
If abdomen distended and tense -check bladder pressure
Clinical assessment
Urine electrolytes, urine creatinine feNa, urine Osmolality

Pre-renal
Osm u (mOsm/kg) >500
Urine Na (mmol/L or meq/L) <20
FeNa (%) <1

Intra-renal
Osm u <400
Urine Na >40
FeNa (%) >2
Urine analysis
Muddy brown casts-ATN
Bacteria, wbc-pyelonephritis
Eosinophils- Interstitial nephritis
RBC Casts -Evaluate for vasculitis, glomerulonephritis
RBC- Consider renal artery or vein occlusion

Oliguria, Investigation and Management. Figure 1 Evaluation of oliguria

the case when these pressures are low (<10 mmHg). An
increased CVP or PAOP does not insure adequate filling
pressures. PA catheters are not routinely recommended for
guiding fluid therapy [2]. The mixed venous oxygen saturation (SvO2) can serve as a surrogate for cardiac output
but again does not define optimal filling. Bedside echocardiogram has become an important tool for the hemodynamic assessment of critically ill patient. A quick
bedside echocardiogram can give a good assessment of
preload and contractility. It can also rule out pericardial
effusion and tamponade and can be used to guide fluid
therapy [3].
In patients suspected with abdominal compartment
syndrome, catheterization of the bladder will also allow
for the measurement of bladder pressure – see ▶ Abdominal Compartment syndrome. Analyses of ▶ Urine Electrolytes and ▶ Urine Sediment are also important
elements of the evaluation of a patient with oliguria.

Treatment
The mainstay of treatment of oliguria is the identification
and correction of the precipitating factors, supportive
measures such as avoidance of nephrotoxic agents and
dose adjustment of renally excreted drugs and ensuring
adequate renal perfusion. An exhaustive discussion of
treatment for underlying conditions is beyond the scope

of this entry. However, general management principles are
discussed below.

Urinary Tract Obstruction
The first step in evaluation can also be therapeutic –
placement of a Foley catheter can relieve distal obstruction. If oliguria develops with a Foley catheter already in
place flushing the catheter with at least 50–60 ml of saline
may also remove small blood clots or obstruction but will
also indicate whether the catheter is in good position or is
kinked. If the bladder is empty, a renal ultrasound (US)
can be used to evaluate for hydronephrosis indicting more
proximal obstruction. Importantly, the obstruction may
be partial or unilateral and urine in the bladder does rule
out obstruction. Furthermore, hydronephrosis takes time
to develop and an US does not necessarily rule out
obstruction. If obstruction is present, prompt urological
evaluation is needed. Ureteral stents or nephrostomy
placement can relieve the obstruction and avoid permanent damage to the kidney.

Hypovolemia
Fluid resuscitation should always be directed toward
reversing hypovolemia not at treated oliguria per se. If
oliguria is due to AKI, and hypovolemia is not present,
further volume administration will only lead to fluid
overload and complications [4]. Indeed, fluid overload
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can cause or exacerbate AKI via multiple mechanisms.
First, fluid overload can lead to pulmonary edema which
may result in hypoxemia or require mechanical ventilation. Positive airway pressures can compromise preload
and lead to worsening renal perfusion. Increased myocardial wall stress can lead to cardiac dysfunction and reduced
cardiac output. Finally, fluid accumulation in the abdomen and pelvis can lead to abdominal compartment syndrome. Thus, fluid resuscitation should be guided by
hemodynamic monitoring.
There is controversy regarding the type of resuscitation fluid that is most appropriate for the treatment of
hypovolemia. Although a large trial comparing 4% albumin to 0.9% saline found no difference in outcome [5],
fluids, like any other drug, should always be customized to
patient needs. When correcting isotonic hypovolemia
crystalloids are considered first-line agents. However,
when large volume resuscitation is required, much greater
volume is needed to expand the intravascular space using
crystalloids compared to colloids. In addition, the acid–
base and electrolyte status of the patient should be considered since large volumes of saline will cause metabolic
acidosis and lactated Ringers solutions may be better in
such situations.

Vasopressors
In patients with vasomotor shock (e.g., sepsis), there is
functional hypovolemia and a need for fluid resuscitation
to maintain ventricular preload. However, once intravascular volume is restored further fluid administration
should be curtained and hypotension managed using vasopressor agents. A mean arterial pressure of 65 mmHg is
usually targeted. However, the patient’s baseline blood pressure should be taken into account and therapy titrated to
clinical end points. Norepinephrine is a first-line agent for
treatment of vasomotor shock. However, epinephrine and
dopamine are also often used although side effects (e.g.,
tachycardia, atrial arrhythmias) may be greater. Low dose
dopamine <5 mcg/Kg/min was once used as a treatment
for oliguric renal failure to increase renal perfusion. However, there is abundant evidence that low dose dopamine
does not afford any renal protection in oliguria [6].
In a post-hoc analysis, the VAAST study group found
that vasopressin added to norepinephrine therapy may
decrease the progression of patients at RIFLE-risk to
RIFLE-failure and loss [7] (see Acute Kidney Injury).
However, further randomized controlled trials are needed
to assess the effects of vasopressin on oliguric AKI. In
patients with hepato-renal syndrome vasopressin analogues may be effective in restoring renal perfusion [8].

The Role of Diuretic Therapy
Conventionally, diuretics have been used in the early
phases of oliguria to convert oliguric AKI to non-oliguric
AKI. However, although diuretics may be effective in
increasing urine output they have not been shown to
improve outcome in AKI and may in fact cause harm
[9, 10]. In general, diuretics should be viewed as treatment
for volume overload not oliguria per se [11].

Prognosis
Outcomes for patients with oliguria are determined
largely by the underlying condition responsible and by
how rapidly it is reversed. Oliguria is a survival mechanism to cope with hypovolemia and hypotension and the
normal kidney can tolerate minor manifestations of these
conditions reasonably well for short periods. When the
depth and/or duration of these abnormalities are severe,
however, AKI results. The same is true of obstructive
uropathy. When it is reversed rapidly, renal damage can
be avoided, whereas prolonged hydronephrosis will
invariably lead to renal failure.
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Omega-3 Fatty Acids
KONSTANTIN MAYER
Department of Internal Medicine II, University of Giessen
Lung Center, Giessen, Germany

Synonyms
Being the active part of “fish oil”; n-3 Fatty acids

Trade Names
Enteral: different preparations of capsules containing pure
fish oil. Pharmaceutical grade preparation of omega-3
fatty acid ethyl esters.
Enteral nutrition: Crucial®, Impact®, OxEPA®,
Stressen® are containing omega-3 fatty acids as fraction
of their lipids.
Parenteral nutrition: Omegaven®, pure fish oil lipid
emulsion; Lipoplus® = Lipidem®, SMOF® contain fish oil
as fraction of the lipid emulsion.

Definition
Omega-3 fatty acids are a subgroup within the polyunsaturated fatty acids. Omega-3 refers to the fact that the last
unsaturated double bound is between the third and fourth
carbon from the methyl end. Alpha-linolenic acid (ALA,
containing 18 carbon atoms, three double bonds with the
last in the omega-3 position, C18:3:3), eicosapentaenoic
acid (C20:5:3), and docosahexaenoic acid (C22:6:3) are
the most important fatty acids of the group. Omega-3
fatty acids are essential as they cannot be synthesized de
novo by the human body and humans rely on nutritional
intake. ALA may be desaturated and elongated with low
yield to both longer chain omega-3 fatty acids.
Fish oil capsules proving omega-3 fatty acids are used
as drugs in patients with coronary vessel disease or
hypertriglyceridemia. In addition, omega-3 fatty acids
are considered as an immune-modulating agent in concert
with other ingredients of enteral diets in intensive care
patients. For parenteral nutrition, fish oil containing lipid
emulsions are available as one compound in addition to
amino acids and glucose. A pure fish oil emulsion is used
as add-on to other lipid emulsions without fish oil.

Indications
The use of n-3 fatty acids needs to be split in groups.

– Fish oil capsules or omega-3 fatty acids ethyl esters
may be used for secondary prevention after myocardial
infarction as recommended reducing mortality

O

(American Heart Association (AHA) [1]). In addition
these substances are licensed in some countries for
their capability to treat hypertriglyceridemia.
– Being part of the enteral diet omega-3 fatty acids
(together with other immune-modulating agents
as arginine, glutamine, nucleic acids, and antioxidants) are recommended with Grade A to be used
perioperatively in patients with elective major neck
or abdominal cancer surgery or after severe trauma
(American Society of Parenteral and Enteral Nutrition
(ASPEN) [2], European Society of Parenteral and
Enteral Nutrition (ESPEN) [3]). The use of enteral
diets or tube feeds resulted in a reduced rate of postoperative complications and a decreased length of stay
in the hospital. The effect was found in multicenter
trials and confirmed in meta-analysis. In patients with
mechanical ventilation due to acute lung injury or
ARDS, a diet with omega-3 fatty acids including
gamma-linolenic acid and antioxidants has been
recommended with a Grade A (ASPEN [2]). This
recommendation is based on a multicenter and two
single-center trials showing decreased ventilation time
and improved oxygenation. Recently, a large multicenter trial bolus-feeding the active ingredients has been
stopped due to futility. It is currently not fully clear how
to integrate the unpublished results due to the differences of study designs (e.g., continuous vs. bolus application). In septic patients, diets including omega-3 fatty
acids together with other immune-modulating nutrients may be considered for use in patients with mild to
moderate sepsis (Grade B, ASPEN [2]) and with caution in severe sepsis (Grade B, ASPEN [2]).
– In parenteral nutrition and if available, omega-3 fatty
acids as in fish oil may be considered as a fraction of
the supplied lipid emulsion (Grade B, ESPEN [4]).
A reduction of length of stay in a multicenter
trial has been demonstrated in patients undergoing
major surgery when comparing parenteral nutrition
based on soybean oil-based versus fish oil-containing
lipid emulsions [5]. In critically ill patients, smaller
single-center studies have reported beneficial effects
on surrogate parameters when comparing fish oilcontaining lipid emulsions versus soybean oil-based
emulsions [6].

Dosage
For secondary prevention in patients with coronary vessel
disease 0.5–1.8 g/day EPA and DHA or 1.5–3.0 g/day ALA
are recommended. Triglyceride lowering may be achieved
with doses between 2.0 and 4.0 g/day omega-3 fatty
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acid ethyl esters of fish oil including 1.0–2.0 g/day EPA and
DHA.
In enteral nutrition for surgical patients and critical
care patients, fish oil is supplied as a part of the commercially available enteral diet or tube feed.
In parenteral nutrition, lipid emulsion at a dose of
0.7–1.5 g/kg/day infused over 12–24 h are regarded as
safe (Grad B, ESPEN [4]). It has been proposed that fish
oil may be supplied as a part (10–15% of total lipids,
0.07–0.20 g/kg/day) of the lipid emulsion.

Preparation/Composition
Fish oil capsules contain a defined amount of omega-3
fatty acids. Enteral diets are composed of different ingredients with a defined amount of omega-3 fatty acids
specific for each commercially available diet. Lipid emulsions either contain pure fish oil or fish oil as a fraction
(either 10% or 15%) of the total lipids.

Contraindications
Capsules: intolerance to ingredients.
Enteral Diets/Tube Feeds: general contraindications
against enteral nutrition as, for example, ileus. Intolerance
to indegredients.
Lipid Emulsions: general contraindications against
parenteral nutrition as, for example, shock, unstable metabolic conditions, hypertriglyceridemia. Intolerance to
fish-, soya-, or egg proteins.

Adverse Reactions
Capsules: most common adverse reaction is the fishy aftertaste. An incomplete list of other AR includes gastrointestinal symptoms, a possibly worsening glycemia in patients
with impaired glucose tolerance or diabetes, a rise of LDL
cholesterol, and a low risk of bleeding complications.
Enteral Diets/Tube Feeds: possible allergic reactions
against ingredients. Possible risk of increased bleeding.
Lipid Emulsions: possibly an increased risk of bleeding,
fishy taste.
While the risk of increased bleeding is included in the
information and direction for use, no increased risk of
major bleeding has been reported in the larger-scale studies on enteral or parenteral nutrition in critically ill
patients.

Drug Interactions
When used in combination with anticoagulants or inhibitors of thrombocyte function, omega-3 fatty acids may
possibly increase their action. As general recommendation, enteral diets should not be mixed with other drugs
when used as tube feeds as they may interfere with the

preparation and stability of the drug. From the same stand
point, due care should be taken if at all or when injecting
a second drug into a parenteral feeding line as stability and
compatibility issues may occur in addition to an increased
risk of infectious complications.

Mechanisms of Action
The beneficial effect of omega-3 fatty acids in patients with
coronary vessel disease may be in part due to a membrane
stabilizing effect and reduced cardiac arrhythmias. In
addition, anti-thrombogenic and anti-atherogenic effects
have been described.
The immune-modulating action of omega-3 fatty
acids is due to fact that inflammatory processes are partly
controlled by lipid mediators. “Regular” lipid mediators as
2-series prostaglandins and 4-series leukotrienes are generated from arachidonic acid an omega-6 fatty acid.
Eicosapentaenoic acid is metabolized to 3-series prostaglandins and 5-series leukotrienes with lower inflammatory potential in comparison with the arachidonic
acid-derived mediators. In experimental models of acute
lung injury or sepsis, reduced vascular leakage [7],
reduced leukocyte invasion [8], and improved bacterial
killing [9] were attributable to omega-3 fatty acids or their
derived mediators. In addition, inclusion of omega-3 fatty
acids into the cell membrane modulates lipid-based second messenger pathways (“lipid signalling”) as the
phosphoinositol-3 kinase – protein kinase B pathway,
generation of inositolphosphates, and the plateletactivating factor-pathway. Recently, resolvins and
protectins have been discovered. These new omega-3
fatty acid-derived mediators may play a major role in
repair and in resolution of inflammation that are now
considered to be tightly controlled processes [10]. In experimental models of aspiration pneumonia, abdominal sepsis, and severe colitis, application of Resolvin E1 and
Resolvin D2 has been shown to be protective and even
improve survival [9].
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Open Abdomen
CLAY COTHREN BURLEW, ERNEST E. MOORE
Department of Surgery, Denver Health Medical Center
and the University of Colorado Denver, Denver, CO, USA

Synonyms
Abbreviated laparotomy; Damage control laparotomy;
Staged laparotomy

Definition
The term open abdomen encompasses all patients in
whom definitive fascial or skin closure is not performed
following a laparotomy. The abdominal contents are not,
per se, left open to atmospheric elements and contamination, as a protective covering (termed a temporary closure) is employed prior to the termination of the operative
procedure.
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Evaluation/Indications
The most common etiologies that result in a patient
with an open abdomen are the abdominal compartment
syndrome (ACS), damage control surgery (DCS), and
staged laparotomy for general surgery. The ACS is typified by intraabdominal hypertension due to either
intraabdominal injury (primary) or following massive
resuscitation (secondary). Secondary ACS may be due to
any etiology requiring extensive resuscitation, including
extremity trauma, isolated head injury, chest trauma, or
even following post-injury related sepsis. The large volumes of crystalloid required to manage multiply injured
patients and the associated splanchnic hypoperfusion
results in resuscitation-associated bowel edema, retroperitoneal edema, or large quantities of ascitic fluid.
A diagnosis of intraabdominal hypertension cannot be
definitively made by physical examination, but is obtained
by measuring the intraabdominal pressure. The most
common method is to measure a patient’s bladder pressure after 50cc of saline is instilled into the bladder via the
aspiration port of the Foley catheter with the drainage
tube clamped; a three-way stopcock and water manometer
is placed at the level of the pubic symphysis [1]. Bladder
pressures are then measured on the manometer in cm of
water (Fig. 1) and correlate with the physiologic impact of
ACS. The ACS, however, is defined by intraabdominal
hypertension causing such end-organ sequelae as decreased
urine output, increased pulmonary pressures, decreased
preload, and subsequent cardiac dysfunction, and even
elevated intracranial pressure (ICP). Organ failure can
occur over a wide range of recorded bladder pressures;
there is no single measurement of bladder pressure that
prompts therapeutic intervention, except >35 mmHg.
Rather, emergent decompression, with a resultant open
abdomen, is warranted in the patient with intraabdominal
hypertension with end-organ dysfunction.
The concept of damage control surgery (DCS) is
to limit the operation to necessary interventions,
namely controlling hemorrhage and limiting enteric contamination, in patients who are physiologically deranged
ACS GRADE

Bladder Pressure (cm H2O)

I

10–15

II

16–25

III

26–35

IV

>35

Open Abdomen. Figure 1 The grade of intraabdominal
hypertension is measured in centimeters of water on standard
manometry
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and dying due to the lethal triad of hypothermia,
coagulopathy, and acidosis. Specific indications for considering abbreviating the laparotomy, and leaving the
abdomen open, include temperature <35 C, arterial pH
<7.2, base deficit <15 mmol/L (or <6 mmol/L in patients
over 55 years of age), and INR or PTT >50% of normal.
Aborting the operation enables one to return the patient
to the surgical intensive care unit (SICU) for resuscitation
and correction of coagulopathies and acidosis. Once physiologic restoration is complete, the patient is returned to
the operating room for definitive repair of injuries.
The final etiology of an open abdomen is the surgeon’s
decision that the patient warrants a second-look operation. Although typically done for the repeat evaluation of
questionable bowel viability, this can be done for a variety
of reasons. One option for closure in these patients is to
leave their abdomen open rather than performing fascial
closure only to have to remove these sutures upon planned
return to the operating room 24–48 h later. Particularly
with wound advent of vacuum assisted closure (VAC)
(Kinetic Concepts, Inc. San Antonio, TX) closure
containing retention fascial sutures, the patient may be
extubated if clinically appropriate while awaiting repeat
operative evaluation.

Treatment
Following DCS or decompressive laparotomy for ACS, the
surgeon leaves the abdomen open but the contents are
covered with a temporary closure device. Options for
temporary closure include Bogotá bag closure, 1010
steri-drap and Ioban closure, and vacuum-assisted closure
(VAC) dressing (Fig. 2). Bogota bag closure is a temporary
silo constructed from a sterile 3L GU irrigation bag. The
plastic is sutured to the skin, and easily contains the
edematous bowel. This technique provides excellent
decompression, but can be time-consuming to perform.
The most common technique of temporary closure after
the first operation is “ioban closure” of the abdomen. The
bowel is covered with a fenestrated, subfascial 1010 steridrape (3M Health Care, St. Paul, MN) and two JacksonPratt drains are placed along the fascial edges. This is
covered using an Ioban, allowing closed suction to control
reperfusion-related ascitic fluid egress while containing
the edematous bowel and providing excellent decompression. During the initial DCS stage, the 1010 drape is not
covered by a blue towel so that the status of the bowel and
hemorrhage control can be assessed. Subsequent management of the open abdomen entails use of the wound VAC
dressing to cover the enteric contents.
Several specific management points of the patient with
an open abdomen deserve mention. Despite a widely open

abdomen, patients can develop abdominal compartment
syndrome; therefore, bladder pressures should be monitored every 4 h, with significant increases in pressures
alerting the clinician to the possible need for repeat operative intervention and abdominal decompression. Development of secondary ACS is a particularly indolent
process; decreasing urine output and increasing peak airway pressures may herald the onset of intraabdominal
hypertension. Some clinicians have queried aggressive
intervention to prevent the development of ACS, such as
the role of limiting unnecessary crystalloid resuscitation
and the use of alternative fluids such as colloids; however,
the choice of albumin for fluid resuscitation in the intensive care unit has yet to be proven superior. Supranormal
goal resuscitation has been shown to obligate more crystalloid administration and to cause more ACS; therefore,
goal-directed therapy should aim for an oxygen delivery
index of 500 mL/min/m2 [2]. Although perhaps counterintuitive in the acute resuscitation of patients, early
administration of vasoactive agents to reduce the volume
of crystalloid administered might be a therapeutic alternative in these patients at risk for ACS with distributive
shock. In patients with acute renal failure, with minimal to
no urine output, judicious fluid administration, early use
of pressors, and institutional of renal replacement therapy
prior to fluid overload may also be warranted.
Patients with an open abdomen lose between 500 and
2,500 cc per day of abdominal effluent. Appropriate volume compensation for this albumin-rich fluid remains
controversial, both in the amount administered (replacement based on clinical indices vs. routine ½ cc replacement for every cubic centimeter lost) as well as the type of
replacement (crystalloid vs colloid/blood products).
Patients with abdominal packing in place, particularly
for liver lacerations, may rebleed from such injuries. In
these situations, the patient may begin to exsanguinate
from the abdomen through the JP drains placed under
the Ioban covering. Rapid clamping of the abdominal JP
drains with blood product resuscitation may provide
enough intraabdominal pressure and subsequent
tamponade to stabilize the patient for reoperation. Alternatively, bedside laparotomy with repacking of the liver is
an option. In patients suffering cardiac arrest from hemorrhage, removing the temporary abdominal closure
dressing at the bedside with aortic and portal triad
clamping is warranted.

After-care
The ultimate goal of the operative team in managing the
open abdomen is getting it closed. Ideally, fascial closure
at the first repeat laparotomy is performed. However,
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Open Abdomen. Figure 2 Temporary abdominal closure options: Bogotá bag (a), 1010 steri-drape and ioban (b-d), vacuum‐
assisted (e)
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significant visceral and retroperitoneal edema may preclude complete primary fascial reapproximation. Multiple
techniques have been introduced to obtain closure of the
open abdomen to minimize patient morbidity and cost of
care. The advent of VAC technology has revolutionized
delayed fascial closure. One technique reports 100% fascial approximation with closure sequentially performed
with the combination of a wound VAC as well as constant
fascial tension with sutures [3] (Fig. 3).
For patients whose fascia can not be closed, absorbable
meshes such as polyglactin (Vicryl) or polyglycolic acid
(Dexon) was historically used to bridge the fascial defect.
Permanent meshes such as polypropylene (Marlex) are
not advised due to the high rate of enterocutaneous fistula
and wound sepsis. After granulation of the open abdomen
wound, split-thickness skin grafts (STSG) can be placed if
necessary for coverage if skin cannot be mobilized. There
has been recent enthusiasm for use of biologics to span the
fascial defect, such as AlloDerm (LifeCell, Branchburg,
NJ) and Permacol (Tissue Science Laboratories, Inc.
Andover, MA). When using these, multiple pieces may
be required necessitating suturing these together as a
patchwork. Placement of the biologic mesh should be
subfascial, overlapping the fascia by 2–4 cm with a respectable amount of tension. Postoperative hernias may
be repaired in an elective and delayed fashion (typically

6–12 months). Another option for delayed closure is splitthickness skin grafts applied directly to the exposed bowel
for coverage. Granulation tissue over the bowel is typically
seen due to repeated applications of the VAC for
attempted primary fascial closure. Stomas and feeding
tubes should be placed extremely lateral on the abdomen
prior to grafting. Grafting technique, with meshing, is
similar to that performed on any other soft tissue surface.
Any enteric suture lines should not be directly grafted;
instead these should be positioned under other loops of
bowel or beneath the abdominal wall. A wound VAC
should be placed to keep the grafts stationary for the
5 days following the procedure. Removal of the skin grafts
is planned 9–12 months after the initial surgery, with
definitive repair of the hernia often done by component
separation. Component separation is typically reserved for
delayed fascial closure, and is not utilized in the acute
hospital stay. Following mobilization of subcutaneous
flaps (with perforating vessels intact), the external oblique
is incised just lateral to its insertion into the rectus sheath.
This lateral release allows the external oblique to separate
from the internal oblique and slide toward the midline.
The rectus sheath may be incised laterally and flipped
medially for additional length. Following midline closure,
JP drains are placed beneath the skin flaps to obliterate
dead space.

Skin is closed over
approximated fascia
At repeat laparotomy, fascia
is closed with interrupted sutures

White sponges are placed over exposed viscera

Sticky clear plastic VAC
covering is placed; center is cut out

Open Abdomen. Figure 3 Sequential fascial closure technique

Sutures are again placed
to prevent fascial retraction

Black VAC sponge is
placed and suction applied
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Prognosis

Definition

Damage control surgery and the recognition of the
abdominal compartment syndrome have improved
patient outcomes but at the cost of an open abdomen.
Over 20% of patients with an open abdomen suffer
a significant number of gastrointestinal complications
that prolongs their hospital course. Reported complications include intraabdominal abscess, bile leaks, enteric
fistula, and bowel perforations [4]. Management includes
operative or percutaneous drainage of abscesses, ERCP
and drainage of bilomas, and control of fistulas and nutritional support for bowel complications. Although patient
morbidity is due directly to the open abdomen, mortality
tends to correlate more with the underlying etiology
resulting in the open abdomen. Mortality rates following
DCS range from 9% to 30%, while mortality rates approximate 35% for trauma-related ACS and exceed 50% for
medical patients with secondary ACS [5].

Opioid toxicity can be defined as the triad of respiratory
depression, miotic “pinpoint” pupils and lethargy or coma
resulting from the ingestion, injection, transdermal
absorption or nasal insufflation of a drug, which is active
at the opioid receptor. These include drugs such as the
naturally occurring poppy (opium)-derived morphine
and codeine or the semisynthetic derivatives, diacetylmorphine (heroin) and oxycodone. Other well-known
synthetic derivatives with opioid activity include fentanyl,
methadone, meperidine, and others (see Table 1). The
term “opiates” is reserved for the substances morphine
and codeine derived from the opium poppy plant
(Papaver somniferum); “opioids” refer to all drugs active
at the opioid receptor and include the opiates and all of the
semisynthetic and synthetic derivatives.
Opioid toxicity can result from intentional or
unintentional excess of these medications, or from a
change in tolerance in a chronic user who becomes abstinent and then seeks drug use again after a drug hiatus.
Opioid toxicity must be managed with the goals of
treating respiratory depression while mitigating the risk
of significant complications such as opioid withdrawal, or
precipitation of untreated pain or unmasked co-toxicity
with other substances.
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Open Lung Biopsy
▶ Bronchial Fibroscopy and Lung Biopsy

Opioid Toxicity
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Synonyms
Heroin overdose; Methadone intoxication; Opioid/opiate
poisoning; “Oxy”contin/codeine overdose
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Differential Diagnosis
While other drug exposures may mimic opioid toxicity by
inducing lethargy and small pupils (clozaril, thioridazine),
few other agents induce the classic triad including respiratory depression. The imidazolidine drugs such as clonidine and guanabenz do cause a similar toxidrome with
respiratory depression, altered mentation, and pinpoint
pupils; however, they are not reliably reversed by the
Opioid Toxicity. Table 1 Commonly available opioids
Synthetic
derivatives
(Opioids)

Opium derived
(Opiates)

Semisynthetic
(Opioids)

Morphine

Diacetylmorphine
(heroin)

Fentanyl

Codeine

Oxycodone
(Percocet)

Methadone

Hydrocodone
Hydromorphone
(dilaudid)

Meperidine
Sufentanil
Propoxyphene
Alfentanil
Remifentanil
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opioid antagonist naloxone. Pontine hemorrhage, while
less likely in a young person with pinpoint pupils and
lethargy, becomes more likely in older patients who present with sudden onset of lethargy or coma, abnormal
respirations, and pinpoint pupils. Traumatic injuries are
quite common in patients with substance use. Computed
tomography scanning of the head should be considered in
patients who do not respond to titrated doses of naloxone
and may be at risk for intracranial bleeding.

Evaluation/Assessment
Patients suspected of opioid toxicity should have their
airway assessed immediately. Respiratory depression
and lethargy may contribute to airway obstruction or
hypoventilation, hypercapnea, and significant hypoxemia.
If airway interventions are needed, bag-valve-mask ventilation should be initiated immediately while intravenous
access is being established. Sometimes assisted ventilation
will improve oxygenation and subsequent altered mentation such that a patient may awaken and begin breathing spontaneously. Alternatively, as intravenous access
becomes available, a small dose of naloxone (0.1–0.2 mg)
can be administered to enhance wakefulness and improve
respiratory effort. Larger starting doses such as 1–2 mg
should be avoided initially, as these are more likely to
induce opioid withdrawal in the opioid tolerant user,
resulting in vomiting, abdominal pain, dysphoria, and
agitation complicating subsequent medical care.
Physical examination of the patient with opioid toxicity can reveal a spectrum of neurologic deficits ranging
from mild sedation to lethargy and coma. Respiratory
effects can also be dose dependent, ranging from minimal
respiratory depression with adequate oxygenation to
hypoventilation, hypoxemia, cyanosis, and apnea, which
can progress to respiratory and cardiac arrest. Opioids are
potent respiratory depressants; they decrease the sensitivity to hypercarbia, the main stimulus for ventilatory drive
but also depress sensitivity to hypoxemia. Synergy with the
respiratory depressant properties of concomitant ethanol
ingestion (or other substances such as benzodiazepines)
adds to morbidity and mortality. Other vital sign abnormalities may include bradycardia and hypothermia.
Physical examination should also include a thorough
inspection of the skin for scars (“track marks”) or recent
needle injection sites in patients utilizing intravenous opioids. Fentanyl transdermal patches, often used in patients
with malignancy or chronic pain, may be obscured under
clothing on the trunk or on the back and should be
removed promptly to reduce recurrent toxicity. The findings of pinpoint pupils are common but not universal
and are also occasionally masked in the setting of

polysubstance abuse (i.e., heroin and cocaine). Miosis
may result from a combination of opioid-induced parasympathomimetic output and enhanced light sensitivity
resulting in increased papillary constriction but it has not
been clearly delineated.

Treatment
Basic life support should be initiated as airway assessment
is occurring. Supplemental oxygen will assist with hypoxemia; however, assisted ventilation with bag-valve-mask in
the patient with hypoventilation or bradypnea will be
needed if the patient’s respiratory effort is minimal or
absent. Bradycardia or cardiac arrest should be treated
with advanced cardiac life support pharmacotherapy
(atropine, epinephrine) while oxygenation is provided.
Unfortunately, some patients are successfully resuscitated
from cardiopulmonary arrest but make a poor neurologic
recovery due to prolonged hypoxemia prior to cardiac
arrest.
If patients are stabilized with supplemental oxygen
and have persistent lethargy, small doses of naloxone
(0.1–0.2 mg) intravenously can be administered, which
should produce an enhanced respiratory effort and some
diminution in altered mentation. If that dose is tolerated
with some efficacy, it can be repeated and titrated to effect.
Patients with persistent somnolence following a longacting or large dose opioid exposure should be treated
with a naloxone infusion to continue safe, low-dose reversal. The naloxone infusion can be calculated by administering two thirds of the dose that the patient responded to
given over 1 h; i.e., if a patient with a history of a large
methadone ingestion became more awake and respiratory
rate increased from 8 to 14 breaths/min with 0.3 mg
naloxone, then the naloxone infusion should be administered at 0.2 mg/h. The infusion should be titrated to
clinical effect balancing between signs of respiratory
depression and symptoms of opioid withdrawal. Patients
should be observed closely for at least 1–2 h after the
naloxone infusion is stopped to identify and treat recrudescent toxicity.
Activated charcoal has a limited role in the management of opioid toxicity. It may be helpful following the
unintentional ingestion of an opioid in a toddler and may
decrease the absorbed dose enough to shorten a hospitalization or observation period. Additionally, adult patients
with large intentional opioid ingestions can also benefit
from the gut clearing effects of activated charcoal if they
are awake or treated with naloxone prior to decrease the
risk of vomiting or aspiration that may occur with activated charcoal therapy. Since many formulations of oral
opioids contain acetaminophen (Percocet, Tylenol #3),

Opioid Toxicity

acetaminophen levels should be measured whenever an
oral ingestion results in an opioid toxidrome.
Patients known or suspected to be “body packers” of
large quantities of opioids imported from other countries
may require medical attention emergently if a packet
bursts causing precipitous onset of massive lifethreatening opioid exposure. Abdominal radiographs
may confirm the diagnosis. These patients can be treated
with titrated doses of naloxone and ultimately a naloxone
infusion. Activated charcoal, followed by whole bowel
irrigation is needed to clear the gut of packets [1].

Laboratory Confirmation
Several assays exist to detect some commonly available
opioids; however, laboratory confirmation should never
delay clinical treatment of the patient. Laboratory confirmation is rarely necessary as patients who present with an
opioid toxidrome and improve with naloxone can often
reveal the additional history of heroin injection or opioid
ingestion after they are more alert. However, in cases of
malicious poisoning or pediatric opioid toxidromes, confirmation of opioid exposure may add appropriate impetus to investigate a potentially dangerous social situation
for a toddler or child. Additionally, in some cases when
naloxone is used to reverse opioid symptoms, knowledge
of the specific opioid exposure may have clinical implications for the planned duration of observation or duration
of naloxone therapy especially when long-acting opioids
such as methadone are involved. Urine drug screening by
enzyme immunoassay is the most readily available laboratory test. Typically, assays are directed at detecting morphine or codeine by structure and will detect some of the
semisynthetic derivatives as well. However, many of the
synthetic derivatives will not be detected, sometimes leading to great confusion. Many opioid screens distinguish
between heroin and morphine by detecting a specific heroin metabolite. Methadone can also be detected and
reported as a separate analysis.

Complications
A small number of patients with significant opioid toxicity
are at risk for developing pulmonary edema in the minutes
to hours after resuscitation. Gradual onset of dyspnea,
new hypoxemia, and acute lung injury with a normal
size cardiac silhouette on chest radiograph are the classic
findings. Although it is most often seen in patients with
hypoventilation and cyanosis who are treated with naloxone, it is unclear if this occurs as a complication of the
hypoxemia associated with respiratory depression or concomitantly secondary to naloxone therapy precipitating
opioid withdrawal and a surge of catecholamines invoking
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a mechanism similar to “neurogenic” pulmonary edema.
Supplemental oxygen, occasionally biPAP, and rarely intubation are needed. Diuretics are not effective.
The duration of effect of naloxone is approximately
1 h. Recurrent opioid toxicity may occur in patients after
a dose of naloxone if the opioid is long acting such as
methadone or fentanyl patch or after large doses of oral
opioids in overdose. Large doses of naloxone initially will
precipitate withdrawal in the opioid tolerant user and will
be accompanied by vomiting and diarrhea, abdominal
cramping, and dysphoria. If the vomiting occurs and the
patient has ingested other substances as well (benzodiazepines, ethanol), the withdrawal symptoms (especially
vomiting) may occur while the patient is still somnolent,
increasing the risk of aspiration. Initial doses of naloxone
should be in the range of 0.1–0.2 mg to prevent this from
occurring.

Disposition and After-care
The disposition of patients who have been treated for
opioid toxicity will depend on the duration of the patient’s
symptoms, the use of naloxone and the relative dose, route,
and anticipated duration of effect of the opioid exposure.
A fentanyl patch ingestion in a toddler can be expected to
cause recurrent symptoms over at least 1–2 days, mandating a longer observation and treatment period. A patient
with lethargy and hypoventilation after heroin injection
can be expected to improve promptly with naloxone therapy but is at some risk for recurrent symptoms after the
naloxone wears off. Additionally, patients with significant
hypoxemia and hypoventilation prior to naloxone may be
at risk for the subsequent development of acute lung injury
over the next few minutes to hours. Patients should be
observed for a minimum of 1–2 h after a dose of naloxone
to decrease the risk of recurrent opioid toxicity as the
naloxone wanes and to be able to treat acute lung injury
if it manifests.

Prognosis
The prognosis of any patient with opioid toxicity
will depend on whether respiratory depression and
hypoventilation became significant enough to cause hypoxemia and neurologic injury. Patients who are awake and
alert after an opioid ingestion or after naloxone are anticipated to do well if the above complications do not occur
(recrudescent toxicity, pulmonary edema).

Epidemiology
ED visits and hospitalizations for opioid toxicity have
increased greatly in the past decade [2] in the USA and
reflect an increase in the prescribing and diversion of
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prescription opioid drugs. Overprescribing as well as
a societal mandate in the last decade increased pressure
on health care providers to liberalize the use of opioids in
pain management. Subsequently, the number of US poisoning deaths secondary to opioids more than tripled
from 1999 to 2007, according to the National Vital Statistics System mortality data [3]. The methadone maintenance program was approved in the USA in the 1970s as an
opioid substitution therapy. The goal is to provide a longacting opioid to prevent withdrawal symptoms and
decrease the need and desire for frequent doses of heroin.
While definitely safer than heroin use, it continues to be
controversial [4].
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Oral Pain
▶ HIV-Related Disease of the Oral Cavity and Esophagus

Organ Donation
The process of donating vital organs after death. The
broad term includes donation of skin, bone, cornea, as
well as total body donation for research and teaching. The
term is more often used in the context of organ transplantation where large solid organs can be transplanted into
recipients. The declaration of death by neurological
criteria takes on special significance in the setting of transplantation because the majority of donors are declared
dead by neurologic criteria.

Organ Donation: Management of
the Potential Donor
CARRIE A. SIMS
The Trauma Center at Penn, Philadelphia, PA, USA

Synonyms
Gift-of-life management; Management of pre-transplant
organs; Medical management of brain death

Opioid/Opiate Poisoning
▶ Opioid Toxicity

Opportunistic Infection
▶ HIV, Fungal Infection

Optimal Hospital Resources for
Care of the Injured Patient (1976)
▶ American College of Surgeons Resources Document

Definition
Medical care provided to patients who are terminally ill or
neurologically devastated in order to provide the opportunity for organ donation and to improve the functional
outcome of the transplanted organs.

Characteristics
A major limitation to successful transplantation in the
USA is the availability of suitable organs. In the past
decade, the number of people needing a transplant has
doubled, while the supply of available organs has only
increased by a third. As a result, more people die each
year waiting for an organ transplant than those that will
ever receive one. Although the number of potential organ
donors in the USA is estimated to be as high as 27,000
annually, up to 25% of these potential organs are
lost because of medical mismanagement. Diligent and

Organ Donation: Management of the Potential Donor

systematic management of the potential donor using
goal-directed guidelines can dramatically decrease medical failures prior to donation, increase the number of
organs harvested per eligible donor, and improve the
functional outcome of the transplanted organs.

Who Is a Potential Organ donor?
All patients with a fatal or irreversible disease process,
regardless of age, should be considered as potential
organ donors. Organ Procurement Organizations
(OPOs) provide an invaluable resource when caring for
the potential organ donor and should be contacted in
a timely fashion in order to assess the suitability of potential
donation. Not only does early OPO involvement improve
donation rates, involvement is a federal mandate for hospitals receiving Medicare and Medicaid funding.
The OPO will take into consideration the patient’s history, diagnosis, height, weight, ABO group, hemodynamic
data, laboratory values including urinalysis, medications,
and culture results in order to determine potential suitability. Absolute contraindications to donation include: (1) systemic viral infections (e.g., human immunodeficiency,
human T-cell leukemia-lymphoma virus, measles, rabies,
adenovirus, enterovirus, parvovirus, and herpetic meningoencephalitis); (2) tuberculosis; (3) untreated septicemia;
(4) extracranial malignancies (excluding nonmelanoma
skin cancers); (5) intravenous drug use; and (6) and prion
disease). Infection with hepatitis B or C is not considered an
absolute contraindication. Hepatitis-infected organs may be
transplanted into similarly infected recipients or into those
requiring an immediate life-saving transplantation. Likewise, previous infection with cytomegalovirus (CMV) does
not preclude donation. Although efforts to transplant CMV
negative recipients with CMV negative organs are encouraged, antiviral prophylaxis has significantly reduced the
mortality and morbidity associated with CMV infection.
Although an increasing number of organs are donated
following cardiac death, the majority of potential organ
donors come to donation following ▶ brain death. The
American Academy of Neurology (AAN) has published
guidelines to assist with the practical determination of
brain death. In order for a patient to be declared brain
dead, there should be no clinical brain function and the
proximate cause must be known and irreversible. Specifically, the patient must be warm (90 F, but 97 F for the
apnea test), medical conditions that may confound the clinical diagnosis must be excluded (e.g., severe electrolyte, acid–
base, or endocrine disturbances), and there should be no
drug intoxication or poisoning. Clinically, brain death is
defined by coma, the absence of brainstem reflexes and
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apnea. The AAN recommends specific physical tests in
order to interrogate each of these variables (See Table 1). It
is recommended that patient undergo two clinical evaluations to determine brain death at least 6 h apart.
Although it is not specifically stated in the AAN guidelines, it is prudent to have two qualified physicians who are
not part of the transplant team perform the neurologic
examination. Because brain death is a clinical diagnosis,
confirmatory tests such as nuclear perfusion scans are
not mandatory but may be desirable when specific components of the clinical assessment cannot be reliably
performed.

Cardiovascular Management
Cardiovascular instability followed by cardiopulmonary
arrest is common after brain death. The cardiovascular
effects associated with brain death are biphasic. Initially,
there is an autonomic storm characterized by intense
systemic vasoconstriction as the brain attempts to maintain adequate perfusion pressure. With herniation and
subsequent loss of brainstem function, the sympathetic
overdrive is abruptly terminated resulting in profound
hypotension and frequent dysrhythmias. Anticipating cardiovascular derangements can improve organ retrieval
and optimize graft outcome.
Management guidelines should strive for normovolemia,
a normal blood pressure (mean arterial blood pressure
60 mmHg), and an optimized cardiac output. Because
hypotension is a frequent complication, supporting end
organ perfusion in the potential donor requires maintaining
a fine balance between volume and vasoactive medications.
Goal-directed therapy using a pulmonary artery catheter can
help navigate this balance and improve organ recovery.
Ideally, volume therapy should be adjusted to maintain
a pulmonary wedge pressure of 8–12 mmHg, a central
venous pressure (CVP) of 6–8 mmHg, and a cardiac index
above 2.5 L/min/m2. Packed red blood cells, rather than
crystalloid, should be transfused with a goal hematocrit of
30% in order to maximize oxygen delivery.
Because vasopressors can exacerbate organ
hypoperfusion and contribute to myocardial deterioration, they should only be used if hypotension persists
despite adequate volume resuscitation. Although highdose vasopressors are not typically required provided the
donor is adequately volume resuscitated, the need for
significant vasoactive support does not necessarily preclude successful donation. No specific agent, or combination of medications, has been proven clinically superior in
the management of the potential organ donor. Traditionally, dopamine has been the preferred vasoactive agent
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Organ Donation: Management of the Potential Donor. Table 1 The American Academy of Neurology guidelines for the
practical determination of brain death
Cardinal finding

Clinical response

Physical exam

Coma or
unresponsiveness

No cerebral motor response to pain in all
extremities

Nail bed pressure
Supraorbital pressure
No response to bright light
Size: midposition (4 mm) to dilated (9 mm)
Doll’s eyes: no occulocephalic reflex
Cold calorics: no deviation of eyes to irrigation of each
ear with 50 mL cold water (allow 1 min after injection
and at least 5 min between testing each side)
No corneal reflex to touch with swab
No jaw reflex
No grimacing to deep pressure on nail bed,
supraorbital pressure, or temporomandibular joint
No response to posterior pharynx stimulation with
tongue blade
No cough response with bronchial suctioning

Absence of brainstem Pupils unresponsive and fixed
reflexes
Ocular movement

Facial sensation and motor response

Pharyngeal and tracheal reflexes

Apnea

No respiratory movements  8 min
Arterial pCO2 60 mmHg (or 20 mmHg over
baseline) If systolic BP becomes 90 mmHg,
O2 saturation <90% or cardiac arrhythmias
develop, immediately draw an arterial blood
gas and reconnect patient to the ventilator.

Preoxygenate
Connect pulse oximeter and disconnect ventilator
Deliver 100% O2, 6 L/min into trachea
Look closely for respiratory movement
Measure arterial blood gas after 8 min
Reconnect ventilator

Prerequisites
Core temperature 36.5 C
Systolic BP 90 mmHg
Not under the influence of sedatives or narcotics
Euvolemia (positive fluid balance in previous 6 h)
Normal arterial pCO2 (40 mmHg)
Normal arterial pO2 (preoxygenate to 200 mmHg)

because of its minimal vasoconstrictive effects on the
splanchnic circulation. Recent studies, however, do not
support this purported beneficial effect of dopamine.
Moreover, the vasodilation experienced following brain
death may be, in part, the result of a vasopressin deficiency.
At low doses, arginine vasopressin (0.01–0.04 U/min),
a hormone normally secreted by the posterior pituitary
gland, appears to enhance vascular catecholamine sensitivity and decreases the need for additional vasopressor support. Consequently, the American College of Cardiology
recommends using vasopressin as an adjunct in the hemodynamic management of the potential organ donor.
Although controversial, several animal and human
studies have suggested that the hemodynamic instability
associated with brain death is secondary to a variety of
hormone deficiencies. In addition to low circulating
levels of vasopressin, deficiencies in cortisol and thyroid
hormone may contribute to the hypotension seen

following brain death. Supplemental hormone therapy
with corticosteroids and thyroid hormone can dramatically
improve cardiovascular stability in the potential donor.
Rhythm disturbances and conduction abnormalities
are also common, especially during and immediately
following brain stem herniation. Unfortunately, these
arrhythmias are highly resistant to standard therapies.
With brain herniation, the vagus nerve impulses are
lost and therapy with atropine is ineffective. If bradycardia
is associated with hypotension, isoproterenol or epinephrine can be used. Ventricular arrhythmias should be
treated with lidocaine or amiodarone. Because cardiac
arrest in the donor is more common in the setting of
hypovolemia, underlying fluid and electrolyte abnormalities should be identified and aggressively treated. Cardiac
arrest is not a contraindication to solid organ donation
and standard ACLS protocols should be instituted
promptly.

Organ Donation: Management of the Potential Donor

Evaluation of all potential cardiac donors should
include an electrocardiogram and echocardiogram in
order to evaluate cardiac structure and function. Additionally, cardiac angiography is often performed if the
donor is 45 years old, requires high inotropic support,
or has risk factors for coronary artery disease.

Pulmonary Management
Lung donation remains a significant challenge and successful donations are relatively infrequent (20% of
potential donors). In addition to the initial lung injury
and associated respiratory complications, the physiologic
changes associated with brain death can have a deleterious
impact on lung physiology. The profound systemic vasoconstriction associated with severe brain injury can lead to
acute left heart failure with the development of neurogenic
pulmonary edema. Additionally, iatrogenic pulmonary
injury can occur in the setting of large volume resuscitation and failed lung donation is commonly associated
with a markedly positive fluid balance. As such, the judicious use of a pulmonary artery catheter to guide fluid
administration with a goal pulmonary capillary wedge
pressure of 8–12 mmHg is associated with increased lung
donation rates. In the event of over-resuscitation, the
pulmonary artery catheter can also guide diuresis and
may help salvage potentially useable lungs.
Attention to “pulmonary toilet” and lung protective
ventilator strategies can minimize respiratory complications and improve the quality of the donated organ. Simple measures such as frequent suctioning, bronchoscopy,
and the routine use of inhaled albuterol prevent the accumulation of secretions and the development of atelectasis.
Additionally, supplemental high-dose corticosteroids have
been associated with improved lung function and subsequent improved lung donation rates. As such, the United
Network for Organ Sharing (UNOS) recommends
treating the potential donor with methylprednisolone
(15 mg/kg bolus daily).
Ventilator settings should minimize oxygen toxicity
and barotrauma. Optimally, the ventilator settings should
achieve a paO2 greater than 100 mmHg using the lowest
possible FiO2. The minute ventilation should be adjusted
to maintain the pCO2 between 30 and 35 mmHg.
A positive end expiratory pressure of 5–7.5 should be
used to promote alveolar recruitment and the end inspiratory plateau pressure should be limited to <30 cm H2O.

Management of Fluids and Electrolytes
Hypovolemia and hypernatremia are the most frequent fluid
and electrolyte abnormalities encountered in the potential
organ donor. Diabetes insipidis (DI) frequently occurs in
brain death and is associated with a large free-water diuresis.
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Because patients with severe brain injury frequently receive
therapies such as mannitol and diuretics, distinguishing DI
from drug-induced polyuria can be challenging. If the urine
output is less than 200 cm3/h, simple volume replacement
should be sufficient. With higher urine output, either lowdose arginine vasopressin or 1-desamino-8-D-arginine
vasopressin can be used.
Volume resuscitation should be geared toward achieving euvolemia and therapy should be guided by central
venous pressures or pulmonary artery catheter measurements. Because hydroxyethyl starch can lead to renal tubular epithelial damage and impaired early graft function, it
should not be used for volume expansion. According to
UNOS recommendations, colloids (e.g., albumin) rather
than crystalloids should be considered in order to prevent
pulmonary edema. Persistent hypernatremia in the potential donor has been linked with graft loss after liver
transplantation, and elevated serum sodium should be
rapidly corrected. Once euvolmia has been achieved,
hypotonic solutions such as lactated Ringer’s solution or
half-normal saline should be used to normalize serum
sodium (Na 150 meq/dL).
Significant fluid shifts in the potential donor can also
result in other electrolyte abnormalities (e.g., hypokalemia, hypomagnesiumemia, and hypophosphatemia).
Serum electrolytes should be monitored frequently (e.g.,
every 2–6 h) to guide electrolyte and fluid replacement.
Potassium should be replaced to 4.0 meq/dL and acidosis should be corrected to a goal pH of 7.35–7.45.
If necessary, sodium bicarbonate can be added sterile
water or half-normal saline to normalize the acid–
base status.

Hematologic Concerns
Patients with severe traumatic brain frequently develop
coagulation abnormalities with over 50% developing a
coagulopathy and/or thrombocytopenia. The coagulopathy
experienced in severely brain injured patients is multifactorial. In addition to factors such as hypothermia, acidosis,
and dilution, severe brain injury results in the release
of thromboplastin, cerebral gangliosides, and plasminogen-rich substrates into the systemic circulation. These
substances stimulate the development of disseminated
intravascular coagulopathy. Liberal blood product administration should be used to treat anemia (hematocrit
>30%) and correct coagulopathy (INR <1.5, platelet
count >80,000/cm3). Only cytomegalovirus-seronegative
blood products should be used and all blood should be
leukocyte filtered in order to decrease the risk of sensitization. In order to decrease the risk of hypothermia, blood
products should be warmed on infusion.
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Hormone Replacement and/or
Supplementation
Brain death results in hypothalamic–pituitary dysfunction, but the degree of hormonal insufficiency is variable.
A vasopressin deficiency is the most common endocrine
disorder and without treatment DI may lead to profound
volume and electrolyte disturbances. Because the anterior
pituitary has a different blood supply from the posterior
pituitary, some pituitary function may be preserved even
with brain herniation. If the anterior pituitary is affected,
thyroid indices and cortisol levels may also be suppressed.
Routine hormonal supplementation remains controversial. While some experts recommend only using hormonal
therapy in hemodynamically unstable donors, others suggest a broader application in order to maximize graft
procurement and function. The UNOS Critical Pathway
for the organ donor recommends treating all potential
donors with a methylprednisolone bolus (15 mg/kg
every 24 h, triiodothyronine (T3)) (4 mg bolus, then
3 mg/h infusion), arginine vasopressin (1 unit bolus, then
0.5–4 units/h infusion titrated to a systemic vascular
resistance of 800–1,200 dyn/s/cm) and insulin (infusion
1 unit/h minimum, titrate to blood glucose 120–180 mg/
dL). In a retrospective analysis of 10,292 brain-dead
donors, adherence to the UNOS hormonal replacement
protocol resulted in a 22.5% increase in the number of
organs transplanted per donor. Moreover, hormone supplementation has been shown to independently decrease
the risk of recipient death within 30 days and the risk of
early cardiac graft dysfunction.
The primary disadvantage associated with the routine
use of hormonal replacement is cost. It is estimated that strict
implementation of the UNOS recommendations increases
the cost of care by $3,000–$4,000 per donor. Placement
of a pulmonary artery catheter ($500–$1,000) and the infusion T3 ($1,500–$1,750) constitute the major expense. While
intravenous T4 is significantly less expensive than T3, it
requires peripheral conversion to the active T3. In high
catecholamine states, there is a preferential conversion of T4
to the inactive rT3 rather than the active T3. Given these
concerns, the Cardiac Consensus Conference Report and
UNOS recommend using intravenous T3. When T3 is not
available, T4 may be substituted with the caveat that the
conversion to active T3 may be capricious and the hemodynamic benefit may be delayed.
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Organic Brain Syndrome
▶ Encephalopathy and Delirium

Organizing Phase
Organizing phase of empyema formation is characterized
in patients with pneumonia by collagen deposition along
pleural membranes that forms loculations and a dense
pleural peel.

Orogastric Lavage
Is a technique intended to remove contents from the
stomach through a large diameter (32–40 French), fenestrated tube (aka., an Ewald tube) via alternating cycles of
isotonic fluid administration and aspiration. This invasive
procedure, presently performed in only the most consequential overdoses, is safest when a patient’s airway is
protected with an endotracheal tube.

OSHA
Occupational and Health Administration.

Osteomyelitis

Osmotic Diuretics
▶ Diuretics for Management of AKI

Osteomyelitis
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Synonyms
Bone infections

Epidemiology
The term osteomyelitis was first used by the French surgeon Edouard Chassaignac in 1852, who defined the disease as an inflammatory process accompanied by bone
destruction and caused by an infecting microorganism.
The infection can be limited to a single portion of the bone
or can involve several regions, such as the marrow cortex,
periosteum, and the surrounding soft tissue. Osteomyelitis can be due to contiguous spread from adjacent soft
tissues or to direct inoculation of microorganism into the
bone as a result of trauma or surgery. The latter accounts
for approximately 80% of all cases and occurs most commonly in adults. Generalized vascular insufficiency and
the presence of a foreign body are important predisposing
factors and make infection more difficult to cure. Hematogenous infection accounts for approximately 20% of the
cases of osteomyelitis and primarily affects children, in
whom the long bones are infected, and older adults and
intravenous drug users, in whom the spine is the most
common site of infection [1].

Classification
Because osteomyelitis is a complex disease state, various
classification systems have been described. However, there
are two major osteomyelitis classification schemes. Cierny
and Mader classified osteomyelitis based on the affected
portion of the bone, the physiological status of the host,
and the local environment. More simply, osteomyelitis can
be described as “acute or chronic” and “hematogenous or
contiguous,” according to the duration and source of
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infection, respectively, with chronic osteomyelitis being
arbitrarily defined as a long-standing infection that
evolves over months or over years (generally over
3 months). The extent of bone involvement is described
as medullary, superficial, localized, or diffuse (i.e., stages
1–4, respectively) depending on the depth of the infection
and the extent of bone destruction. This classification
lends itself to the treatment and prognosis of osteomyelitis. The stages in this system are dynamic and may be
altered by changes in the medical condition of the patient
(host), successful antibiotic therapy, and other treatments.
Waldvogel, on the other hand, classified osteomyelitis on
the basis of the duration of illness (“acute vs. chronic”),
the mechanism of infection (“hematogenous vs. contiguous”), and the presence of vascular insufficiency. In contrast to the Cierny and Mader classification, the Waldvogel
classification is an etiologic classification and does not
implicate a specific therapeutic strategy [1].

Microbiology and Origin
The organisms that are most commonly isolated from
patients with bacterial osteomyelitis are Staphylococcus
aureus (most frequent organism in any type of osteomyelitis), coagulase-negative staphylococci, Enterobacteriaceae, Pseudomonas aeruginosa (common in
nosocomial infections), and streptococci (associated with
human or animal bites, diabetic foot lesions, and
decubitus ulcers). In children not immunized against
Haemophilus influenzae, this organism is also a common
cause of osteomyelitis through hematogenous infection. S.
aureus is the most commonly isolated organism in contiguous-focus osteomyelitis without generalized vascular
insufficiency, but multiple pathogens are usually isolated
from infected bone, and these frequently include Gramnegative bacilli and anaerobic organisms. In contiguousfocus osteomyelitis with generalized vascular insufficiency
as bone infection in diabetic patients, multiple organisms
are usually isolated from the bone, with the most common
being coagulase-positive and coagulase-negative staphylococci, Streptococcus spp., Enterococcus spp., Gram-negative
bacilli, and anaerobic organisms. The number of cases
of mycobacterial osteomyelitis dramatically increased in
the late 1980s and 1990s, in parallel with the advancing
AIDS epidemic, whereas fungal osteomyelitis remains
an uncommon disease, often presenting in an indolent
fashion [2].

Laboratory
The WBC count, ESR, and CRP are frequently elevated
before therapy in the acute disease. In patients with
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chronic osteomyelitis, the WBC count rarely exceeds
15,000/mm3 and the leukocyte count is usually normal.
The ESR, CRP, and WBC leukocyte counts may fall with
appropriate therapy; however, these values may elevate
around each debridement surgery. An ESR and CRP that
return to normal during the course of therapy are favorable prognostic signs, but these laboratory determinations
are not reliable in compromised hosts, as these patients are
constantly challenged by minor illnesses and peripheral
lesions that may elevate these indices. Calcium, phosphate,
and alkaline phosphatase concentrations are normal in
osteomyelitis, in contrast to metastatic or some metabolic
bone diseases [1, 2].

Bacterial Identification and
Histopathological Examination
The identification of the causative microorganisms is
essential for making the correct diagnosis and designing
the most effective treatment. Sinus tract cultures are not
a reliable diagnostic tool for identifying organisms causing
osteomyelitis other than S. aureus. Surgical sampling or
a needle biopsy of infected tissue is the more effective
means of providing this indispensable information. The
microbiological study of non-bone specimens included
soft tissue biopsy, swabs from surgical wounds, pus
draining through sinus tracts or orifices left by orthopedic
pins, and pus aspirated from soft tissue surrounding the
infected bone. The diagnostic value of swab cultures compared to cultures of percutaneous bone biopsy specimens
have a good sensitivity, except for coagulase-negative
staphylococci, which were more prevalent in bone samples. Histological evidence of osteomyelitis includes bone
fragmentation or necrosis with associated infiltration by
leukocytes or other inflammatory cells. Gram-stained
specimens may reveal the presence of microorganisms
[1, 2].

Imaging Studies
The diagnosis of skeletal infection entails a variety of
imaging methods. In acute hematogenous osteomyelitis,
radiographic changes accurately reflect the destructive
process, but in terms of clinical condition of the patient,
they lag at least 2 weeks behind the process of infection.
The earliest visible changes include the swelling of soft
tissue, periosteal thickening or elevation, and focal
osteopenia. At least 50–75% of the bone matrix must be
destroyed before the radiographics show any lytic changes.
In chronic osteomyelitis, radiographic changes are subtle,
often found in association with other nonspecific radiographic findings. Both CT and MRI scans have excellent

resolution. In addition, CT scans provide excellent definition of the cortical bone and a fair assessment of the
surrounding soft tissues. Such scans are especially useful
for the identification of sequestra. MRI scans, however, are
more useful than CT scans for soft tissue assessment, and
they also reveal early bone edema; consequently, MRI
scans are most useful for the early detection of infection.
The presence of a ferromagnetic material in or near the
examined tissue is a contraindication to using MRI, but,
fortunately, most materials currently used in orthopedics
(such as titanium) do not interfere with MRI. Various
radiopharmaceuticals are currently used for bone scintigraphy, which is performed with technetium-99 m-labeled
diphosphonates. The test is extremely sensitive and can be
positive within 2 days after the onset of symptoms. With
an accuracy of more than 90%, three-phase bone scintigraphy may be the nuclear medicine test of choice for
diagnosing osteomyelitis in bones not affected by underlying conditions. Abnormalities visible on bone scans
reflect the rate of new bone formation in general and not
infection specifically. Consequently, fractures, orthopedic
hardware, and the neuropathic joint can all result in
a positive three-phase bone scan in the absence of infection, and in these circumstances, because of decreased
specificity, the bone scan is less useful. Bone scintigraphy is widely available, relatively inexpensive, easily
performed, and rapidly completed. Gallium scans show
increases in isotope uptake during an infection, sterile
inflammatory condition, and malignancy. One difficulty
with the gallium scan is that it does not show bone detail
particularly well, and it may not distinguish well between
bone and soft tissue inflammation. The overall accuracy of
bone/gallium imaging ranges between about 60% and
80%. Leukocyte scanning with radiolabeled blood cells
(leukocytes or granulocytes labeled with indium-111 or
technetium-99 m) or with specific antibodies has been
used for the imaging of infection with a reported high
sensitivity and, in particular, especially high specificity.
FDG-PET combined with CT scan appears to be particularly promising for the diagnosis of bone infections [3].

Antibiotic Treatment of Osteomyelitis
Without Implant Material
The initial choice of antibiotic inevitably depends on
the causal pathogen and its sensitivity pattern (Table 1).
The b-lactam class of antibiotics is frequently used for the
treatment of osteomyelitis. Several studies involving
the parenteral penicillinase-resistant penicillins and the
isoxazolyl penicillins have been reported. These drugs are
resistant to staphylococcal b-lactamases and are used

Osteomyelitis

Osteomyelitis. Table 1 Treatment of osteomyelitis by
etiology
Microorganisms

Antibiotics

Methicillin-susceptible
S. aureus

Oxacillin  rifampin
Amoxicillin/clavulanic acid 
rifampin
Ciprofloxacin or Levofloxacin
or Moxifloxacin + rifampin
Co-trimoxazole or
Minocycline  rifampin
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the emergence of resistance, especially among staphylococci, which are the most frequent etiological agents.
Antistaphylococcal options are rifampicin, fusidic acid,
minocycline, and co-trimoxazole. The effect of rifampicin
in combination with various antibiotics has been very
encouraging in clinical trials. Osteomyelitis caused by
methicillin-resistant S. aureus (MRSA) is primarily treated
by intravenous glycopeptides. Finally, linezolid and
daptomycin are the most recent therapeutic resources
that are also effective in the treatment of osteomyelitis
due MRSA [4].

Clindamycin
Methicillin-resistant
S. aureus

Teicoplanin or Vancomycin
 rifampin
Co-trimoxazole or
Minocycline  rifampin
Linezolid  rifampin
Daptomycin

Streptococcus spp.

Amoxicillin
Levofloxacin or moxifloxacin

Antibiotic Treatment of Osteomyelitis
with Implant Material
The conventional therapeutic approach to bone infections
associated with osteosynthesis is based on the premise that
microbial eradication is most readily achieved by removal
of the foreign material together with adequate antimicrobial therapy. This strategy usually requires the implantation of external fixation devices with additional
discomfort to the patient.

Ceftriaxone
Enterobacteriaceae

Clindamycin

Surgical Therapy

Ciprofloxacin or levofloxacin

The surgical therapy of osteomyelitis includes debridement of all necrotic tissue, bone stabilization, dead space
management, and soft tissue coverage [4, 5].

Ceftriaxone
P. aeruginosa

Cefepime or ceftazidime
Ciprofloxacin or levofloxacin
Piperacillin/tazobactam
Meropenem or imipenem

when methicillin-susceptible S. aureus (MSSA) is present
or suspected. The semi-synthetic penicillins are also
active against Streptococcus pyogenes and Streptococcus
pneumoniae, but they have no activity against Enterococcus
spp. or Gram-negative bacilli. Whereas, the experimental
data on the penetration of cephalosporins into the
bone are controversial. In contrast to cephalosporins,
clindamycin exhibits a consistently high penetration
into the bone and into synovial fluid in the presence of
relatively low serum concentrations. Fluoroquinolones
exhibit high bone/serum concentrations after oral administration and have a low side-effect profile. Several
studies conducted in the 1980s and 1990s demonstrated
a good efficacy of treatment of osteomyelitis with
fluoroquinolones as monotherapy. However, fluoroquinolone monotherapy of osteomyelitis is no longer considered to be acceptable because of the high risk of

Debridement
Chronic osteomyelitis generally cannot be eradicated
without surgical treatment, whereas patients with acute
hematogenous osteomyelitis (e.g., spondylitis) do not
need surgery. Debridement is aimed at removing all of
the infected or necrotic bone and soft tissue, which has
often been fully identified at the time of surgery. Inadequate debridement is one cause of the high recurrence
rates in chronic osteomyelitis. Endosteal infection (type
1 by the Cierny–Mader classification) can sometimes be
debrided with intramedullary reaming and canal irrigation. However, if infection extends into the metaphysis or
preoperative radiographs reveal endosteal scalloping,
intramedullary reaming is not adequate. In such situations, debridement of the intramedullary canal needs to
be done by means of a trough in the bone. Tissue obtained
at the time of debridement is sent for culture and pathology, including frozen section.

Bone Stabilization
The need for stabilization of the bone after debridement is
sometimes difficult to determine intraoperatively. As
a general rule, when 70% or more of the original cortical
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volume remains intact at the level of debridement, the risk
of iatrogenic fracture is low and stabilization is not necessary. If the extent of debridement leaves <70% of the
original cortical volume intact, the risk of iatrogenic fracture is great enough to make prophylactic stabilization
mandatory. In the presence of established infection, external fixation is most often the preferred method of stabilizing bone at risk while preserving the maximal local
vascular supply.

Dead Space Management
Successful surgery requires the obliteration of the potential dead space created by the debridement with excision of
the bone. Osseous defect reconstruction has involved
a variety of techniques, including healing by secondary
intention, closed irrigation and suction systems, temporary antibiotic laden polymethylmethacrylate (PMMA)
beads, autologous bone graft, vascularized free fibula or
iliac crest bone grafts, and also bone substitutes, sometimes mixed with antibiotic carriers for local treatment.
Soft tissue defects have been treated with skin graft, local
muscle flaps, or vascularized free flaps.

Soft Tissue Coverage
Adequate soft tissue coverage of the bone is necessary to
arrest osteomyelitis. Small soft tissue defects may be covered with a split-thickness skin graft. In the presence of
a large soft tissue defect or of an inadequate soft tissue
envelope, local muscle flaps and free vascularized muscle
flaps may be placed in one or two stages. Local muscle
flaps and free vascularized muscle transfers improve the
local biological environment by bringing in a blood
supply.

Hyperbaric Oxygen Therapy
Hyperbaric oxygen is also claimed to be helpful in refractory osteomyelitis. Animal experiments show an improved
healing of osteomyelitis compared with no treatment, but
the effect is no better than that with antibiotics alone, and
the two treatments have no synergistic effect [4].
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Overnutrition (or Overfeeding or
Hyperalimentation)
Overnutrition is the administration of calories and/or
macronutrients (lipid, glucose) at a rate overwhelming
the metabolic capacities of the subject. Overnutrition is
associated with metabolic complications increasing the
risk of infections through an impairment of immunity
and death. The metabolic complications are hyperglycemia,
hypertriglyceridemia, and liver fat overload (or steatosis).
Overnutrition is prevented by reaching an adequacy among
the nutritional needs and prescription, the control rate of
glucose and lipid administration, and an adequate glycemic
control (glycemia less than 10 mmol/L).

Overwhelming Postsplenectomy
Infection
Overwhelming postsplenectomy infection is a lethal syndrome of severe sepsis that develops in patients who are
without a spleen. Commonly associated with positive
blood cultures for encapsulated bacteria, e.g., Steptococcus
pneumoniae, haemophilus influenza, and Neisseria
meningitides.
▶ Overwhelming Postsplenectomy Sepsis

Overwhelming Post-splenectomy
Infection (OPSI)
▶ Splenectomy: Infectious Complications

Overwhelming Postsplenectomy Sepsis

Overwhelming Postsplenectomy
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Category

Disorder

Splenectomy

Trauma
Incidental
Hematologic condition (ITP,
hereditary spherocytosis)

Synonyms

Epidemiology
Although a clear association between splenectomy and
subsequent development of fulminant sepsis has long
been recognized, the precise incidence of OPSS remains
unknown. Furthermore, the majority of reports predate
the development and implementation of vaccination

Sickle cell disease
Thalassemia
Malignant histeocytosis

Gastrointestinal

Celiac sprue
Ulcerative colitis
Liver disease (portal hypertension,
alcoholism)

Definition
Overwhelming postsplenectomy sepsis (OPSS) is a rare,
rapidly evolving, life-threatening infection that occurs in
individuals who are either asplenic or hyposplenic.
Although the most common cause for the asplenic state
is prior splenectomy, splenic trauma, hematologic disorders, malignancy, and chronic toxin exposure may render
a patient functionally asplenic and therefore increase the
risk of developing OPSS. Conditions that predispose to
the hyposplenic state are listed in Table 1.
The association between impaired splenic function
and OPSS is believed to be due to the integral role of the
spleen in the immune response to infection. The spleen is
a component of the reticuloendothelial system, serving to
filter the complete circulating blood volume every 20 min.
The immunologic functions of the spleen may be divided
into three main categories: (1) clearance of unopsonized
particulate matter such as bacteria and parasitized blood
cells, (2) development and propagation of the early IgM
response to bacterial infection, and (3) production of
opsonins. Impaired clearance of bloodstream pathogens
following splenectomy places patients at particular risk for
infection with encapsulated bacteria. Lack of prior exposure to such organisms (and subsequent development of
IgG-mediated memory plasma cells) increases the reliance
of the immune response on IgM-mediated splenic clearance; this phenomenon is believed to explain both the
increased incidence and lethality of OPSS in children as
compared to adults.
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Overwhelming Postsplenectomy Sepsis. Table 1 Etiologies
of the hyposplenic state

Hematologic

Asplenia infection; Overwhelming postsplenectomy
infection; Postsplenectomy overwhelming sepsis;
Postsplenectomy sepsis syndrome

O

Immunologic

Systemic lupus erythrocytosis
Rheumatoid arthritis
Grave’s disease
Polyarteritis nodosa

Infiltrative

Sarcoidosis
Amyloidosis

Miscellaneous

Bone marrow transplant
Human immunodeficiency virus
infection
Total parenteral nutrition

ITP idiopathic thrombocytopenic purpura

against encapsulated bacteria. The overall reported prevalence of OPSS varies from 0.9% to 8.1%, with a reported
incidence between 0.5 and 0.7 cases per 1,000 person
years [1]. The risk of developing OPSS is influenced by:
(1) the age of the patient at the time of splenectomy,
(2) the indication for the splenectomy, and (3) the time
that has elapsed since splenectomy. Children are believed
to be at increased risk of OPSS as compared to adults
secondary to both underdevelopment of the immune system and a lack of prior exposure to encapsulated bacteria.
Whereas the reported prevalence of OPSS in adults ranges
from 0.3% to 0.9%, the reported prevalence in children is
4.4–8.5% [2].
Previously immunocompetent patients who undergo
splenectomy for trauma have a decreased risk of OPSS as
compared to patients who undergo splenectomy for
hematologic disorders [1]. The etiology of this disparity
is believed to be secondary to differences in underlying
immune function, as well as the high incidence of peritoneal seeding with splenic tissue following splenic trauma.
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The risk of OPSS decreases markedly as the time from
splenectomy increases. Over 70% of reported cases of
OPSS occur within 2 years of splenectomy. However, this
risk is never eliminated, and OPSS has been reported as
long as 40 years following splenectomy. The mortality of
OPSS also decreases as the time from splenectomy
increases; 80% of fatal infections occur within 2 years of
splenectomy.

Etiology and Microbiology
Although either meningitis or pneumonia accompanies
OPSS in approximately 50% of cases, the remainder of
cases lack an obvious portal of infection, and a cryptic
nasopharyngeal source has been postulated. OPSS occurs
most commonly following infection with encapsulated
bacteria, predominantly Streptococcus pneumoniae. Additional commonly isolated encapsulated bacteria include
Haemophilus influenzae (second in frequency) and
Neisseria meningitides (third in frequency). OPSS secondary to H. influenzae infection is particularly common in
children. Infection with non-encapsulated bacteria may
also produce OPSS; Escherichia coli, Staphylococcus aureus,
groups A and B streptococci, Salmonella spp., Bacteroides
spp., and Pseudomonas spp. have all been implicated as
etiologic agents. Capnocytophaga canimorsus (formerly
DF-2) has been reported to cause OPSS following dog
bites. Finally, OPSS may occur secondary to infections
caused by intra-erythrocytic protozoa, such as babesiosis
and malaria. This predisposition is believed to be secondary to the role of spleen in clearance of dysfunctional and
diseased red blood cells.

Treatment
Due to both the rapid onset and high lethality of OPSS,
fever in the asplenic patient should be treated as a medical
emergency. Patients should be counseled to seek medical
attention in the presence of fevers, chills, rigors, diarrhea,
abdominal pain, or malaise. Many experts also advocate
prescription of “stand-by” antibiotics for such instances,
which should be administered by the patient en route to
receiving medical care.
Patients in septic shock should be treated according to
established guidelines for goal-directed resuscitation [3].
Diagnostic tests should never delay institution of antimicrobial therapy. Antibiotic selection should mirror the
basic principles of broad-spectrum, empiric coverage
with eventual de-escalation based upon culture results.
Due to the recent epidemic of community-aquired
methicillin-resistant S. aureus (MRSA), coverage should
include an agent active against MRSA (e.g., vancomycin,

linezolid), as well as a second agent active against the
aforementioned encapsulated gram negative bacteria
(e.g., cephalosporin, quinolone, carbapenem). Further
tailoring should be influenced by local antibiograms. The
decision to include an agent active against either babesiosis or malaria should be based upon history and clinical
circumstance. There is no compelling evidence to support
a role for corticosteroids in the treatment of OPSS.
Primary prevention is paramount to the treatment of
OPSS and falls into four main categories: (1) education,
(2) vaccination, (3) chemoprophylaxis, and (4) splenic
salvage. Recent data indicate that the majority of patients
who have undergone splenectomy are unaware of the
immunologic consequences of the asplenic state. Asplenic
patients should be counseled regarding the importance of
seeking early medical attention if they are experiencing
any of the aforementioned symptoms of OPSS. Patients
should also be encouraged to wear a Medic-Alert tag.
Finally, asplenic patients should be warned about the
particular susceptibility to overwhelming infection following dog, tick, and mosquito bites.
Despite being highly effective, vaccination of asplenic
patients against S. pneumoniae, H. influenza, and N. meningitides is often overlooked. Because vaccination generates an IgG-mediated memory response, it affords
adequate protection against infection in the majority of
asplenic patients [4]. Although the response to vaccination may be more effective prior to splenectomy, definitive
evidence is lacking, and the oversight of preoperative
vaccination should not preclude postoperative vaccination. Vaccination may be administered as soon as possible
following splenectomy. Although some authors have
argued that the response to vaccination may be more
effective following resolution of postoperative immunosuppression, there is limited evidence to support this
hypothesis, and the decision to delay vaccination must
be weighed against the risk of loss to follow up. Although
vaccination is effective, it does not guarantee protection,
and some authors have recommended monitoring postvaccination antibody titers, with re-vaccination in the case
of a suboptimal response.
There is no current evidence to support the routine
use of prophylactic antibiotics in the asymptomatic,
asplenic patient. The recent emergence of multidrug resistant bacteria raises concern that such a strategy would only
increase the chance of infection with such organisms
should it occur.
An increased understanding of both splenic function
and the natural history of splenic injury has shifted
management paradigms in favor of non-operative
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management of splenic trauma. Splenic salvage, when
feasible, should be undertaken as opposed to splenectomy.
Splenic function is improved following partial splenectomy as compared to both autotransplantation and
splenic artery ligation [5]. Autotransplantation of splenic
tissue at the time of splenectomy is of unproven efficacy
and does not preclude the development of OPSS.

Evaluation/Assessment
Although OPSS is rapid in onset, a detailed history of
survivors suggests the presence of at least one symptom
in the 24–48 h preceding decompensation. This brief prodrome may include fever, headache, malaise, vomiting, diarrhea, abdominal pain, and rigors. Abdominal complaints
in the asplenic patient should raise concern for OPSS and
not be assumed to be due to a gastrointestinal source. These
symptoms devolve rapidly into hemodynamic instability,
shock, and organ failure. Disseminated intravascular coagulation often coexists, as dose adrenal insufficiency,
believed in the case of infection with either S. pneumoniae
or N. meningitides to be secondary to a hemorrhagic
adrenalitis (Waterhouse-Friderichsen syndrome).
Diagnostic workup involves analysis of both a peripheral blood smear and buffy coat for the presence of
bacteria. The peripheral blood smear may also reveal
Howell-Jolly bodies (nuclear remains in erythrocyte fragments usually removed by the spleen), thereby diagnosing
hyposplenism (Fig. 1). Cultures of blood, urine, sputum,
and cerebrospinal fluid should be obtained routinely, with
culture of additional organ systems dictated by clinical
circumstance. Evaluation of the presence and depth of
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shock, as well as response to therapy, should be performed
based on established markers of end-organ perfusion [3].

Prognosis
OPSS is a highly lethal event, with traditional mortality
rates approaching 75%. The risk of death from sepsis has
been estimated at 600 times that of a patient with normal
splenic function. The majority of patients who die do so
within 48 h of presentation. Fortunately, mortality from
OPSS appears to be improving. Recent data indicate
a survival from OPSS of nearly 90% following implementation of a patient education program and evidence-based
protocols for the management of septic shock. Furthermore, the incidence of OPSS appears to be decreasing,
particularly among children, following the widespread
implementation of vaccination against encapsulated bacteria. Sequelae of OPSS may include peripheral gangrene
necessitating amputation, deafness secondary to either
meningitis or mastoid osteomyelitis, and aortic insufficiency secondary to endocarditis.
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The Physiologic Model

Oxygen Supply Dependency
PIERRE SQUARA
CERIC – ICU, Clinique Ambroise Paré,
Neuilly-sur-Seine, France

Synonyms
Ascending part of the DO2/VO2 relationship; Oxygen
delivery (DO2) dependency; Oxygen uptake (VO2) below
the metabolic needs (or demand)
Oxygen debt or deficit, anaerobic metabolism, hypoxia, and dysoxia are close physiological concepts since
they are most often associated with an oxygen supply
dependency.
Shock and circulatory shock are also close clinical
concepts since they are most often related with an oxygen
supply dependency.

Definition
Oxygen supply dependency is a mismatch between oxygen
needs and supply. It can be observed for cells, tissues,
organs, and for the whole body.
This definition makes reference to the oxygen uptake
and supply relationship (Fig. 1). Oxygen supply dependency is a physiological situation where the VO2 is limited
(dependent) by the amount of oxygen delivered (supplied) and therefore insufficient to cover the metabolic
needs.

VO2

O2 supply
dependency

O2 supply
independency

EO2

Needed
VO2

Critical DO2

DO2

Oxygen Supply Dependency. Figure 1 Bilinear physiological
oxygen uptake (VO2)/oxygen delivery (DO2) relationship (black
line). The gray curve shows the corresponding oxygen
extraction rate (EO2)/DO2 relationship. In the supply
independency zone (right of the critical DO2 point) the VO2 is
equal to needs. In the supply dependency zone (left of the
critical DO2 point) the VO2 is below the needs, therefore
indicating an oxygen deficit

In isolated cells, a biphasic relationship between oxygen
utilization and resources has been established. When
intracellular oxygen partial pressure is higher than
a threshold value (around 5 mm Hg), VO2 remains stable,
but when intracellular oxygen partial pressure falls below
this threshold, VO2 quickly drops to zero. For whole
organisms, experimental and clinical studies of VO2
changes accompanying a decrease in DO2 have also
shown a biphasic curve, with a flat segment (oxygen supply independency) and a down sloping segment where the
VO2 cannot be maintained (oxygen supply dependency).
Oxygen supply dependency is associated with an increase
in blood lactate concentrations denoting activation of the
anaerobic pathway. The inflection between oxygen supply
dependency and independency is accepted as indicating
the critical level of oxygen delivery (DO2). The oxygen
extraction rate (EO2) is the VO2/DO2 ratio. The critical
DO2 also corresponds to an inflection point in the
EO2/DO2 curve. To the left of this point, the slower EO2
increase cannot compensate for the DO2 decrease and,
consequently, VO2 drops below its plateau level (Fig. 1).
From Fig. 1, we can see that oxygen supply dependency
is observed when DO2 is below its critical level (on the
X-axis) or when VO2 is below the needed value (on the
Y-axis). Therefore, “oxygen supply dependency” and
“oxygen uptake below the needs” are most often equivalent physiological concepts [1].

Treatment
Recovery from oxygen supply dependency and/or recovery of an oxygen deficit require an initial estimation of
VO2 needs followed by evaluation of all the variables
contributing to VO2 and/or DO2. To optimize all the
elementary variables that contribute to match VO2 or
DO2 with needs, clinicians must identify the best compromise among these variables. This compromise is specific of
each individual patient’s history, status, and disease.
Therefore, circulatory status must be adjusted to the metabolic needs in each individual patient, at each point in
time. Handling this large amount of information can be
difficult, and computer assistance has been proposed [2].
Once VO2 has been evaluated or estimated there are
two ways for improving oxygen supply dependency and/or
reducing the oxygen deficit: (1) reducing the needs,
(2) improving the supply [1].

Reducing the Oxygen Needs
The variables contributing to needed VO2 are age, gender,
metabolic activity, temperature, and the specific pathologic situation. For example, severe acute respiratory
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failure may increase oxygen needs by 20% due to increase
work of breathing. Peritonitis or severe skin burns may
increase the needs by 50% or more. VO2 needs are frequently met only by decreasing metabolic needs: cooling,
sedation, mechanical ventilation, decreasing drugs with
caloric effects, treating eventual independent cause of
hypermetabolism such as hyperthyroidism.

Increasing the Oxygen Supply (Delivery
and Uptake)
Oxygen supply can be derived for the whole body as
● DO2 = Cardiac output  arterial hemoglobin oxygen
content
● VO2 = Cardiac output  arteriovenous difference in
hemoglobin oxygen content
Then
● DO2 = Cardiac output  Hemoglobin concentration
 SaO2  1.34
● VO2 = Cardiac output  Hemoglobin concentration
 Sa-vO2  1.34
Where 1.34 is the oxygen content of 1 g of hemoglobin
saturated at 100%, SaO2 is the arterial hemoglobin oxygen
saturation, and Sa-vO2 is the arteriovenous difference in
hemoglobin oxygen saturations.
The basic principle is to increase one or several of these
components but at minimum energetic cost. The best
compromise is different for each patient according to his
specific status and situation, but the following schema can
be proposed.
Increasing oxygen supply and uptake can be reached
by checking first if the hematocrit and the oxygen saturation of the arterial blood (SaO2) can be increased.
Decreasing the venous blood oxygen saturation is also
a theoretical option to increase oxygen uptake but in
practice there is no rapid mean to do it.
If hemoglobin concentration and arterial blood oxygen saturation are adequate or if their improvement is
insufficient to increase properly oxygen delivery, cardiac
output must be increased. Again, for energetic reasons, the
following hierarchy can be proposed: check for adequate
heart rate, check for adequate heart anatomy that may lead
to specific intervention such as pleural or pericardial
drainage or heart valve repair, check for the use of arterial
vasodilators for decreasing afterload, check for the administration of intravenous fluids to increase preload. Finally,
inotropic agents and last vasoactive drugs can be used to
maintain blood pressure if all preceding options are
unsuccessful. This is only a schema. Reaching adequate
oxygen supply is one of the most difficult tasks in critical
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care medicine and may include consideration of mechanical ventilation parameters, abdominal pressure, heart–
lung interactions, and right/left ventricle interdependence.

Evaluation/Assessment
Although DO2 and VO2 can be calculated by spirometry or
indirect calorimetry, the reverse Fick method using
a pulmonary artery catheter (PAC) is the most popular
method for assessing the VO2/DO2 relationship in clinical
practice. DO2 and VO2 can be calculated using the
formulas seen above.
Assessment of the VO2/DO2 relationship is
a theoretical means of evaluating the gap between actual
VO2 and needed VO2. A DO2 challenge can be performed
easily at the bedside by increasing cardiac output [3].
When DO2 increases, an increase in VO2 argues for an
inadequate O2 supply. In contrast, a stable VO2 value when
DO2 increases suggests either that VO2 matches requirements, when associated with decreasing lactate levels or
that VO2 is limited by other mechanisms than O2 supply,
when associated with increasing lactate levels.

Pathophysiological Changes
Many studies have investigated the bedside use of oxygen
supply dependency in various critical situations. Five
mechanisms, acting locally or systemically, alone or in
combination, explain the changes observed in acute
disorders (Fig. 2) [1].

3
VO2

EO2

1

2

DO2

Oxygen Supply Dependency. Figure 2 Pathophysiological
changes in the VO2/DO2 relationship. Normal relationship:
solid black line. Abnormal relationships in dotted lines, 1:
Increased VO2 requirements; 2: impaired EO2; 3: other
mechanisms, including caloric effect, activation of nonoxidase systems, and conformance (see text). The gray curves
are the corresponding EO2/DO2 relationships
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Two of the mechanisms account for an upward and
rightward shift in the critical DO2 point. Oxygen deficit
(with covariation of VO2 and DO2) is not necessarily the
result of insufficient DO2 but may reflect either excessive
VO2 needs (uncoupling or increased metabolic activity),
so that the VO2 plateau is reached at a higher level of VO2,
or impaired O2 tissue diffusion (impaired microcirculation and/or impaired O2 mitochondrial utilization) that
delays achievement of the plateau by decreasing the slope
of the dependent part of the VO2/DO2 relationship.
Three other mechanisms can cause additional
increases in VO2 requirements. These mechanisms result
in an increase in VO2 as DO2 increases beyond the critical
point, so that the expected VO2 plateau is replaced by
a slight upward slope, usually of less than 5%. Although
more difficult, identification of the critical DO2 inflection
point remains possible when these mechanisms are operative, because the slope of the VO2/DO2 dependency segment ranges from 20% to 50%. The first mechanism
occurs during a DO2 challenge involving an increase in
CO because VO2 requirements increase in direct proportion to flow. The O2 requirements of the kidneys are
proportional to water reabsorption and, consequently, to
blood flow. Active gastric secretion increases linearly with
blood pressure and muscle O2 uptake is proportional to
blood flow when the normal autoregulation is lost.
Furthermore, infusion of inotropic agents increases myocardial O2 consumption. Another mechanism is additional oxygen uptake due to non-mitochondrial oxidase
systems. These systems have lower affinity for oxygen as
compared to the cytochrome oxidase systems. Therefore,
sufficient activity of the non-mitochondrial oxidase systems can occur only once the dysoxia has resolved. The last
mechanism, conformance, may play a role in acute disorders, although it is more likely to come into play in
chronic disease. Conformance is adaptation of VO2 to
a chronic decrease in DO2. It has been shown that cells
can decrease their metabolic needs in response to a gradual
decline in available O2. Although secondary to a chronic
change, this phenomenon has been observed in hepatocytes within 2 h of an insult. A substantial impact on
whole organisms is plausible. It has been shown that
a VO2 increase occurred in patients after aortic stenosis
valvuloplasty.

The Spurious “Pathological” Supply
Dependency
A controversy arose in the late 1970s from several studies
on acute respiratory distress syndrome and/or sepsis in
which the expected VO2 plateau was not observed in

patients who were recovering from shock and had DO2
values that are usually more than adequate. This was
interpreted as evidence of “pathologic O2-supply dependency” possibly related to a hidden oxygen deficit contributing to multiorgan failure and death. However,
increasing DO2 to supranormal values was beneficial in
some studies, but not in others. In other studies, the
clinical relevance of VO2 as assessed from a PAC was
challenged because the VO2 curve sloped upward although
simultaneous independent VO2 assessment showed
a plateau. It has been suggested that this so-called pathologic supply dependency may result from spurious
upsloping of the VO2/DO2 relationship due to mathematical coupling of measurement errors when VO2 and DO2
are calculated from common measured variables, that is,
CO, hemoglobin, and SaO2. From all these studies, it is
clear that a prerequisite for use of bedside VO2/DO2
assessment is an ability to discriminate between methodological errors and disease-related changes. This ability is
mainly based on the precision (variability due to random
errors of measurements) of the measurement devices.
Matching total body VO2 to VO2 needs does not
always necessitate VO2 and DO2 measurements. It has
been shown that rapid clinical improvement and/or
rapid improvement of blood lactate clearance are good
indicators of adequate resuscitation. In practice, VO2
requirements are usually met when the elevated lactate
levels decrease. However, the situation may be more
complex. First, VO2 requirements may vary across time.
Second, lactate levels can increase transiently despite
an improvement in dysoxia after catecholamine infusion
or tissue lactate washout. Last, clinical improvement
and/or lactate level reduction may be impossible to
achieve, despite optimization of usual measurements. In
these complex situations, VO2 needs, and elementary variables determining VO2 should be evaluated in order to
hierarchize goals and to monitor the effects of treatment
on VO2.
Continuous monitoring of cardiac output or mixed
venous hemoglobin oxygen saturation in order to target
preestablished values has been suggested to simplify the
clinical adjustment of VO2. More recently, a clinical algorithm including central venous hemoglobin oxygen saturation monitoring has proved clinically beneficial. [4]
However, reaching statistically preestablished values for
one or more variables does not prove that these values or
final total body VO2 meet the needs of the individual
patient. All hemodynamic variables are interrelated, and
ensuring that VO2 meets requirements is the only means
of ensuring that the global hemodynamic status is
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adequate. As an example, SvO2 can be under 0.7 despite an
adequate O2 supply in a patient with hypermetabolism,
CO limitation, or low hematocrit. In some conditions,
such as coronary disease, efforts to increase DO2 in order
to “normalize” SvO2 above 0.7 can be harmful. In addition, there is strong evidence that excessive O2 supply may
be deleterious, either via the useless metabolic cost of an
excessive increase in DO2, or via activation of nonoxidative systems. Failure to consider these last two mechanisms may also explain the poor results obtained in
studies targeting nonspecific “supranormal” values of
DO2. According to age, gender, metabolic conditions,
disease states, time from onset of the circulatory disorder,
and previous management, VO2 requirements may vary
from one- to threefold the basal metabolism. Therefore,
targeting a preestablished value should be done cautiously
and should be viewed as a first-line strategy aimed at
achieving the best possible hemodynamic status before
an experienced intensivist can conduct a comprehensive
assessment based on multiple variables.
Although VO2 and DO2 are clearly coupled, VO2/DO2
relationship assessment using new-generation analyzers is
appropriate for optimizing the achievement of these two
major targets. Normalization of blood lactate levels is
a reasonably reliable indicator that VO2 requirements
have been reached. Because lactate levels decrease only
some time after the O2 supply becomes adequate, DO2
is often increased above its critical value. By plotting
VO2/DO2 over time during a DO2 challenge, the critical
DO2 value can be evaluated rapidly as the inflection area
on the curve, and resuscitation efforts can then be limited
to what is strictly necessary. When lactate remains high
despite evidence that a VO2 plateau has been reached, it
can be the result of tissue lactate washout or catecholamine infusion, or the indication that there is a so severe
circulatory failure that VO2 requirements cannot be
reached. In this last situation, there is no argument that
over increasing DO2 is beneficial. Continuous efforts to
decrease O2 demand and to improve microcirculation
may be more appropriate.

Tolerance
Although treating an oxygen supply dependency turns in
providing enough oxygen to each cell as compared to
needs, there is some evidence that rapidly achieving this
goal is of critical importance [4, 5]. Late-stage hypoxia is
a far more complex situation involving not only the
macro- and microcirculation, but also cell metabolism
and the consequences of cell necrosis, which cannot be
corrected by restoring adequate circulation, adequate
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oxygen supply, and uptake alone. If oxygen supply dependency is not rapidly and completely treated, it results in
organ failure and death. Therefore, it is an emergency
situation.
A prerequisite for providing each cell with enough
oxygen supply is to provide enough oxygen to the whole
body. Therefore, it is necessary to stabilize the macro
circulation before looking at the microcirculation.

Effectiveness/Prognosis
Whereas there is a strong rationale for incorporating the
specific oxygen supply dependency of a patient into our
early goal-oriented management strategies, direct proof
that this improves patient survival in clinical practice is
lacking. However, this indication should not lead to discontinuation of bedside VO2 assessment because no studies have been designed specifically with enough power to
prove it and because indirect proofs exist.
Reaching a nonspecific DO2 value higher than its
critical level has been associated with favorable outcomes
in high-risk patients before and after surgery, in cardiogenic shock following myocardial infarction, and in acute
respiratory failure. In contrast, the chances of survival are
very small in patients whose DO2 and VO2 fail to increase
with treatment despite evidence of an oxygen deficit.
Thus, reaching a DO2 value ensuring that VO2 requirements are met seems of importance [5].
A paper from Rivers et al. [4] can also be considered as
a proof of concept. Even though oxygen supply dependency was not directly measured, the study protocol was
determined to minimize the oxygen supply dependency
and the oxygen deficit by checking sequentially the hemoglobin concentration, the blood oxygenation, and the
blood flow, which are the determinants of the VO2/DO2
as seen above.
Oxygen supply dependency is the final common pathway of any circulatory disorders. Its prognostic has not
been studied specifically. It is an emergency situation
where complete recovery is possible when rapidly
corrected. In practice, the prognosis depends of the origin
of the oxygen supply dependency. It can be very good in
case of hypovolemia, for example, or very severe in case of
complex septic shock or end-stage heart failure. Longlasting oxygen supply dependency is associated with cell
apoptosis, tissue dysfunction, and organ failure where
recovery is improbable.
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Synonyms
Analgesia; Pain control; Palliation

Definition
Pain is the sensory manifestation of afferent neural signals
triggered by tissue injury or noxious stimuli in the human
body. There are a wide variety of potential painful stimuli
in the critically ill ICU patient. These include postoperative tissue damage, invasive or noninvasive medical procedures and devices, traumatic injury, underlying disease
processes, and even seemingly mundane ICU practices like
positioning, dressing changes, phlebotomy, and bathing.
Since minimizing patient discomfort is an important part
of caring for the critically ill, the Joint Commission on
Accreditation of Healthcare Organizations (JCAHO) has
emphasized the importance of pain control in the critically
ill through the development of pain assessment and treatment standards. As such, task forces have been developed
among medical professional societies to adequately
address the issue of analgesia in the critically ill.
The treatment of pain in the ICU patient presents
unique challenges and requires the practitioner to

consider a multitude of important clinical variables. The
goals of ICU care may include aggressive, curative treatment of medical illness, palliation of pain and suffering, or
both. At times, the elements necessary to achieve one goal
may present distinct challenges to achieving the other. The
provider must carefully navigate between the beneficial
effects of analgesia and its potentially harmful side effects.
For example, the hemodynamic side effects associated
with aggressive opioid therapy may compound the hemodynamic instability of a critically ill patient. This raises
many pharmacologic, ethical, and social considerations
with which the provider must be familiar. In the setting
of an aging population, appreciating and understanding
the principles of pain management in the critically ill ICU
patient are keys to providing quality medical care to this
growing demographic.

Physiology of Pain
A basic understanding of pain syndromes is an important
starting point in the approach to treating pain. Tissue
injury causes stimulation of peripheral pain sensors, or
nociceptors. Triggered nociceptors generate a neural signal to cortical structures via brainstem and thalamic pathways. The experience of pain is the perception of this
nociception. The characteristics of noxious stimuli, the
pathways by which neural signals travel, and the discrimination of pain signals in neospinothalamic fibers result in
different types of pain experiences. Pain syndromes can be
divided into broad categories: somatic, visceral, and neuropathic. Visceral pain is a cramping or colicky pain.
Somatic pain is a well-localized, dull, and aching pain.
Of the pain syndromes, ICU patients probably suffer
from somatic pain most often. Neuropathic pain can be
described as a shooting, burning pain that often follows
radicular distributions [1]. Further complicating the process of pain signal transmission and perception is the
reality that each patient has a unique, subjective sensitivity
and response to pain. ICU patients in particular suffer
from chronic pain states resulting from long-standing
illness, repeated tissue injury, and the variety of stresses
inherent in ICU care.
Tissue destruction and inflammatory processes
cause the release of cytokines, which contribute to
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hemodynamic instability in the critically ill. These processes also cause pain. In addition to the uncomfortable
experience that pain signals generate, pain produces
a variety of systemic effects, which can be detrimental to
a patient’s clinical stability. Pain induces a catecholamine
release resulting in a general stress response. This sympathetic up-regulation causes objective physiologic effects
including tachycardia, increased bowel activity, tachypnea,
catabolism, and activation of the renin-angiotensinaldosterone system. Immune system dysfunction, labile
glycemic physiology, ischemia, increased myocardial
demands, acute respiratory alteration, and sleep cycle
disruption can also occur [1]. Severe pain that is left
untreated in the ICU patient can have a profoundly negative impact on a patient’s stability and recovery.
The mechanism of pain signal transmission is the
focus of research in the development of analgesic medications and the target of effective analgesic management in
the clinical setting. By influencing the transmission of pain
signals at the level of the spinal cord and supraspinal
locations, opioid receptors contribute to analgesia when
stimulated. Various opioid receptor subtypes (mu, kappa,
delta) play a role in the reduction of pain in the central
nervous system. Mu receptors respond to opioids such as
morphine and hydromorphone. Kappa receptors respond
to butorphanol, morphine, and naloxone. Delta receptors
respond to endogenous enkephalin ligands and provide
analgesia at a supraspinal level [1].
Judicious and effective analgesia can improve
a patient’s comfort level and simultaneously reduce the
physiologic complications of pain. Barriers to effective
pain management in the ICU setting include patients’
inability to communicate pain, practitioners’ failure to
identify patients’ analgesic needs, and misconceptions
among practitioners and patients about narcotic pain
medications [2]. A real limitation of opioid administration by a willing practitioner is a patient’s hemodynamic
stability and unwanted side effects of certain analgesics
and sedatives. Each receptor subtype has unique adverse
physiologic effects when stimulated. For example, agonist
action on mu receptors can result in sedation, respiratory
depression, and gastric dysmotility. The unwanted
effects of various receptor subtypes must be considered
when developing an analgesic plan for each critically ill
patient [1].

Evaluation/Assessment
Since pain and discomfort are pervasive in the ICU experience, practitioners must plan for a well-articulated pain
management and sedation plan. An approach to pain
management begins with an accurate assessment of pain,

anxiety, and discomfort in the critically ill patient. Since
the National Institutes of Health (NIH) considers patient
self-reporting of pain the most dependable and valid measure of discomfort, an attempt should be made, when
feasible, to obtain a patient’s assessment of their own
pain [3]. To accomplish this task, a number of unidimensional and multidimensional pain indicator scales are
available for use by ICU practitioners. Unidimensional
pain scales are popular in the assessment of acute pain
because they are easy to use and allow objective statistical
comparison and sequential evaluation. These include
the verbal rating scale (VRS), visual analog scale (VAS),
and numeric rating scale (NRS). An example of a
multidimensional pain assessment tool is the McGill
Pain Questionnaire (MPQ). When the patient is unable
to provide reliable assessment of their pain, the practitioner may be required to make a pain assessment by using
observational techniques [3] (Fig. 1).
The VAS is a popular pain measurement scale and has
been widely validated. The VAS is a line (usually 10 cm in
length) with descriptive phrases at both ends. These
phrases should be easy to comprehend and should span
the spectrum of pain intensity (e.g., “no pain” to “worst
pain”). Patients are prompted to place a mark along this
line to coincide with their level of discomfort. Sequential
evaluations on this scale can then be used to measure the
efficacy of interventions to reduce pain [3]. Demonstrating uniformity in response distribution among unselected
subjects and strong correlation between successive measurements of pain, the reproducibility of the VAS scale has
been confirmed [3]. Older ICU patients may exhibit trouble with the VAS due to auditory, visual, and motor
difficulties. Memory deficits may also complicate the
sequential application of the VAS scale in older patient
populations.
The NRS and VRS are other commonly used unidimensional pain assessment tools. The NRS consists of
a numeric scale, usually from 0 to 10 or from 0 to 100
(Fig. 2). The patient is asked to choose a number on the
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scale that most closely reflects the severity of their pain
experience. Patients can circle a number on a printed
numeric scale or simply state their numeric selection.
The VRS consists of phrases designed to reflect varying
degrees of pain intensity (Fig. 3). Patients select the phrase
that most accurately describes their pain experience.
Lastly, the faces pain rating scale is modeled after the
Wong–Baker FACES pain rating scale and consists of pictorial representations of pain, which correspond to
a numeric scale (Fig. 4). The patient selects the face that
best represents how they feel, allowing a numeric assessment of pain to be performed [1].
Multidimensional pain assessment tools go beyond
the evaluation of pain intensity by attempting to distinguish the quality of pain, the chronologic sequence of
pain, and the patient’s belief system. Like unidimensional
tools, the MPQ includes a numeric ranking of pain intensity on a scale from 0 to 5. Additionally, the MPQ uses
phrases to illustrate different qualities of pain such as
sensory, affective, evaluative, and miscellaneous. Each
term denotes a rank value and the sum of values determines the pain rating index. The number of terms selected
by the patient to describe the pain experience is incorporated as well. These indexes are combined to derive an
assessment of pain [3]. Although the MPQ and other
multidimensional tools have demonstrated consistency
and reliability in acute and chronic pain assessment, they
have not been validated in the ICU setting, and the time
needed to properly administer these tools may be
suboptimal in critical care settings [2].
When the patient is unable to provide a reliable
self-report of discomfort, the practitioner must rely on
behavioral, physiologic, and psychological responses
to assess pain. Obvious behavioral responses to pain
include body posturing, agitation, and facial expressions
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(e.g., grimacing, brow furrowing, etc.). Clinicians should
recognize patient movement and agitation as a possible
expression of pain. This may prompt an appropriate trial
of analgesics before the use of sedatives. Family members
of the critically ill patient may assist the clinician in
the assessment of pain. In fact, surrogates accurately identified the presence or absence of pain in 73.5% of
noncommunicative ICU patients [2]. Observable physiologic responses to pain include increased respiratory rate,
increases in heart rate and blood pressure, and gastrointestinal disturbances. Pain may contribute to an increase
in minute ventilation but must not be confused with other
causes for such respiratory variation. Other physiologic
causes of increased minute ventilation include thoracic
injury, abdominal distension, and underlying lung disease
resulting in reduced vital capacity, residual volume, and
functional residual capacity. As pain drives up sympathetic tone in the critically ill patient, the patient’s heart
rate and blood pressure may rise. Other autonomic
responses to pain may include nausea, vomiting, and
ileus. Less obvious but equally predictable neurohormonal
responses to the painful state include sodium and water
retention, as well as rising levels of blood glucose, lactate,
and ketones [3]. These adverse physiologic responses to
pain can be employed to recognize pain in the critically ill
patient, and they further underscore the importance of
pain control as a component of comprehensive medical
care in this patient population.
Due to a number of factors beyond the practitioner’s
control, complexities are inherent in pain assessment. The
physician must consider a patient’s underlying medical
illness, communication barriers, patients’ belief systems,
as well as psychological and emotional factors that affect
the pain experience. ICU practitioners must consider
these factors and decide which aspect of pain they want
to address before selecting a pain assessment tool.

Treatment

Pain Management. Figure 3 Verbal Rating Scale (VRS)
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Once the ICU practitioner has identified the presence of
discomfort in a critically ill patient, steps must be taken to
alleviate this discomfort. Analgesia eases patient suffering
and alleviates the unwanted physiologic consequences of
unmitigated pain. A multitude of interventions are available to treat pain, including pharmacologic and nonpharmacologic options. Practitioners must be cognizant
of analgesia availability, modes of delivery, potential side
effects, cost, and ease of use.

Non-pharmacologic Therapy
Simple non-pharmacologic options for treating pain
include fracture stabilization, body positioning, and the
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reduction and/or elimination of noxious stimuli (e.g.,
blood draws, endotracheal tube displacement, monitoring
devices). Sleep deprivation confers additional stress in
critically ill patients and may impair recovery. In the
ICU setting, patients can be disturbed and their sleep
disrupted by noise generated by staff and monitor alarms,
by interruptions for routine care, and by artificial lighting
that disturbs normal sleep patterns. Efforts to minimize
excess noise and to create a comfortable, restful ICU
environment should be exercised to improve patient comfort. Relaxation techniques, music therapy, and body massage can be considered in appropriate candidates. The
application of hot compresses or cold packs may also
help provide analgesia.

Pharmacologic Therapy
Common pharmacologic therapies for pain control
include opioids, acetaminophen, and nonsteroidal antiinflammatory drugs (NSAIDs). For most critically ill ICU
patients with significant analgesic demands, opioid medications are the cornerstone of pain relief. Opioid therapy
should be tailored to individual patient characteristics.
Factors such as prior opioid exposure, quality of pain,
onset of medication action, and adverse side effects should
be considered. The basic pharmacologic properties of
analgesics should be referenced by the provider prior to
administration.

Non-opioid Analgesics
Non-opioid agents alone can be considered for the treatment of pain, or they can be used in conjunction with
opioids as adjuvant therapy. These include NSAIDs, acetaminophen, cyclooxygenase enzyme (COX-2) inhibitor
drugs, clonidine, and ketamine. NSAIDs and/or acetaminophen alone may provide adequate analgesia for mild to
moderate pain syndromes. When used as adjuvant therapy, these non-opioid medications can reduce opioid
requirements by 20–40% in patients being treated for
moderate to severe pain [4].
Acetaminophen provides analgesia by a number of
proposed mechanisms including central inhibitory
effects on prostaglandin interactions, central serotonergic
effects, and nitric oxide physiology [4]. Acetaminophen is
currently available only in oral and rectal formulations
thus limiting its mode of delivery in critically ill patients.
Typical dosing for short-term acetaminophen therapy
ranges from 650 mg to 1 g per dose every 4–6 h. Caution
must be exercised when administering acetaminophen
due to its potential hepatotoxic properties. Acetaminophen is therefore contraindicated in patients with liver
disease [4].

NSAIDs confer analgesia via cyclooxygenase and prostaglandin inhibition. The NSAIDs most commonly used
for pain control in hospitalized patients are ibuprofen and
ketorolac. Ibuprofen is available for oral administration
while ketorolac can be administered IV or IM. Ketorolac
demonstrates effective analgesic properties at doses of
7.5–30 mg IV every 6 h. Ibuprofen is dosed from 400 mg
every 4 h to 800 mg every 6 h. Caution must be observed
when administering NSAID agents due to their potential
adverse effects on the renal, hematologic, gastrointestinal,
cardiovascular, and hepatic systems. NSAIDs may cause
acute renal failure in susceptible patients like those
with existing renal insufficiency and prerenal azotemia.
Patients may have gastrointestinal intolerance to NSAIDs
that can ultimately contribute to ulceration, bleeding, and
perforation. The ICU practitioner may elect to avoid
NSAIDs in patients at risk for bleeding as these agents
can have inhibitory effects on platelet function [4].
COX inhibitors and selective COX-2 inhibitors have
shown analgesic and anti-inflammatory potential without
some of the adverse renal and gastrointestinal effects
associated with conventional NSAID medications. These
may be considered in a multimodal approach to pain
management.
Clonidine achieves analgesia via alpha-adrenergic and
cholinergic activity. When combined with opioids, IV
clonidine can have potentiating effects. When administered in the intrathecal or epidural space, clonidine has
demonstrated potent analgesic properties. Ketamine has
shown effective postoperative pain control via spinal and
IV administration. Ketamine’s analgesic properties stem
from its central N-methyl-D-aspartate (NMDA) antagonist activity [4].

Opioid Analgesics
Morphine, hydromorphone, and fentanyl are commonly
used opioids in the critical care setting. Each agent has
distinct properties. Morphine is an effective analgesic for
many types of pain and is the agent of choice in the
treatment of acute pain, cancer pain, and dying ICU
patients. Morphine formulations are available for IV, IM,
oral, rectal, neuraxial, and subcutaneous delivery. The
loading dose for morphine is best started at 0.05 mg/kg
administered IV over 5–15 min followed by 4–6 mg/h for
most adults. A dose of 10 mg IV morphine in a 70 kg adult
produces peripheral plasma concentrations between 200
and 700 ng/mL, and effective analgesic concentrations
remain for 1–3 h. The same dose administered IM achieves
100% bioavailability but due to different redistribution
rates during drug absorption, plasma concentrations only
reach 30–60 ng/mL that may not provide adequate
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analgesia [4]. Therefore, IM morphine may require higher
or more frequent dosing. Morphine metabolism occurs
primarily in the liver and should therefore be used with
caution in patients with impaired hepatic function. The
primary metabolites of morphine, morphine-glucuronides,
are excreted by the kidneys: a fact that should evoke caution
when used in patients with renal failure.
For patients with escalating opioid demands, the
more potent hydromorphone may be preferable.
Hydromorphone is a synthetic derivative of morphine
available for IV, IM, spinal, and oral delivery. IV
hydromorphone is approximately seven times more
potent than morphine. It has an onset of analgesia of
5 min, peak effect within 8–20 min, and an average halflife of 2.4 h. Similar to morphine, hydromorphone
undergoes hepatic metabolism and renal excretion,
which confers the risk of drug and metabolite accumulation in patients with liver and/or kidney dysfunction.
Unlike morphine, which can trigger histamine releases
resulting in vasodilatation and even hemodynamic
depression, hydromorphone is not associated with this
potentially robust histamine release [4].
Fentanyl is a potent opioid available for IV, oral, spinal, and transdermal delivery. Due to its high lipid solubility, fentanyl has rapid onset of action but short duration
of action. It is 75–125 times more potent than morphine.
With shorter duration, fentanyl may require more frequent dosing to maintain adequate levels of analgesia.
Although its duration of action is short, its slow elimination from fat stores results in a longer half-life than morphine. This is important to consider when using fentanyl
in repeated or continuous dosing. While its analgesic
property may fade in short time, fentanyl plasma concentration may rise resulting in unwanted side effects like
respiratory depression [4]. Other synthetic opioids in
the fentanyl family include alfentanil, sufentanil, and
remifentanil.
Meperidine, methadone, codeine, oxymorphone, and
oxycodone are other opioid medications commonly used
for analgesia. However, they have a limited role in the
treatment of pain in the ICU patient. Meperidine is
a weak analgesic with many undesirable and dangerous
side effects stemming from its metabolite normeperidine.
It is a poor choice for analgesia in the critically ill. Codeine
has low analgesic potency and requires metabolic conversion to morphine. Oxycodone and oxymorphone are only
available in oral formulations. Although methadone is
a reasonable opioid option for patients with intractable
pain and has gained some popularity in the treatment of
postoperative pain syndromes, it is generally used in longterm treatment regimens for chronic pain. Methadone has
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a long half-life which results in drug accumulation and
unwanted intoxication. Therefore, the initiation and continuous administration of methadone in any formulation
is best done under the guidance of acute or chronic pain
specialists.
Morphine, hydromorphone, and fentanyl possess similar adverse side effects. These include hemodynamic,
respiratory, gastrointestinal, and central nervous system
(CNS) depression. In hemodynamically unstable ICU
patients, opioid medications can cause hypotension by
inhibiting sympathetic tone, mediating vagal bradycardia,
and triggering histamine release. Opioid-mediated respiratory depression is a major concern in the spontaneously
breathing patient. While critically ill patients often suffer
from slowed gastric emptying and ileus, opioids stimulate
intestinal mu receptors and can further contribute to
intestinal dysmotility [2]. While opioid-mediated CNS
depression can confer the benefits of anxiolysis and sedation in some ICU patients, CNS depression may contribute to hallucinations and agitation in others. Generally
speaking, the unwanted side effects of opioids are predictable and can be easily avoided or managed with vigilant
observation and caution. When titrating opioids to
achieve adequate analgesia, dosing and administration
intervals should be titrated to pain relief without dangerous side effects. The amount of opioid administered
should be determined by the patient’s tolerance to the
medication and the presence of pain. Since each patient
may have a different “ceiling dose” for opioids, “liberal
and anticipatory modifications in dosage” may be necessary in some patients with refractory pain [1]. Both morphine and hydromorphone have active hepatic
glucuronide metabolites, which may accumulate in the
setting of renal failure [1]. Therefore, for prolonged
administration of analgesics in recipients with severe
renal or hepatic dysfunction, rotation among different
analgesic agents may help prevent unwanted accumulation of metabolites. The ICU practitioner must remember
that although opioids may help provide some degree of
anxiolysis and sedation, they lack significant amnestic and
dissociative properties. Critically ill ICU patients who are
on ventilators or upon whom invasive procedures are
performed may require additional sedative therapy.

Modes of Analgesia Delivery
Parenteral Opioid Analgesia – Parenteral administration is
the most common mode of analgesic delivery in the ICU.
IV opioid analgesics can be administered continuously, in
conjunction with sedation, at regularly scheduled intervals
or on an “as needed” basis. Since every patient has unique
physiologic characteristics and requirements, titration of
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Pain Management. Table 1 Equianalgesic opioid dosing
Opioid

Equianalgesic IV dose

Morphine

10 mg

Hydromorphone

1.5 mg

Fentanyl

50–100 mcg

systemic opioid analgesics is the cornerstone of pain management in the critically ill patient. Dosages and dosing
intervals should be titrated to achieve adequate levels of
comfort (to the degree that side effects allow). Rapid
titration is best achieved by using small, frequent doses
of IVopioids until a patient’s analgesic needs are identified
and met. Familiarity with equianalgesic dosing schedules
is helpful when titrating opioid medications and
transitioning between medications (Table 1).
Patient-controlled analgesia (PCA) – PCA devices
allow awake and alert patients to participate in the administration of their pain medications. Advantages include
immediate access to analgesia when the patient experiences pain and the psychological benefit of exercising
some degree of control over their pain [4]. When
establishing a PCA protocol, the practitioner must consider (1) type of analgesic, (2) dosing, (3) lockout interval,
and (4) dose limits. Morphine and hydromorphone are
the most commonly employed opioids for PCA. Practitioners should consider the cost of medication, the
patient’s history of medication exposure, and the patient’s
response to medication when selecting an opioid for PCA.
Dosing of a PCA helps identify dose efficacy while
avoiding dose-limiting side effects. Significant interpatient variability exists in effective opioid starting doses.
In healthy, opioid-naı̈ve subjects, studies have shown that
1–2 mg of morphine or morphine equivalents is a reasonable starting dose [4]. Obviously, careful titration is
required in critically ill patients who may exhibit substantially different physiologic characteristics from a healthy
adult. Lockout interval is the minimum period of time
allotted between consecutive doses of PCA analgesic. Since
the time to peak effect for many analgesics is approximately 10 min, common lockout periods range from
10 to 15 min. Dose limits establish the maximum amount
of medication that can be delivered in 1- or 4-h time
intervals. While 4-h dose limits allow for more flexibility
in patient-demand dosing during periods of increased
need (e.g., awake periods, periods of activity), 1-h dose
limits offer greater safety in case of programming errors
[4]. Second-generation PCA devices permit the simultaneous administration of a continuous basal rate of opioid.
The theoretical advantages of this feature are preventing

fluctuations in plasma concentrations of medication and
allowing drug delivery during periods of sleep. Simultaneous continuous opioid infusions, however, have been
associated with increased opioid use, increased frequency
of opioid-related side effects, and no improvement in
patient satisfaction [4].
Neuraxial Analgesia – Central neuraxial analgesia, or
“spinal analgesia,” includes epidural or intrathecal administration of opioids in combination with analgesic concentrations of local anesthetics. Neuraxial analgesia
provides pain relief via nociceptive interference at the
level of the spinal cord dorsal horn. Neuraxial analgesia
is particularly attractive in high-risk patients because it
allows the delivery of analgesia to precise anatomic
regions. Furthermore, due to the proximity of medication
delivery to the CNS, the use of different classes of medications including anesthetics is permitted. The unwanted
sensory, motor, and sympathetic inhibition associated
with local anesthetics and parenteral opioids is thereby
mitigated [4]. Spinal analgesia should be considered in
patients suffering from postoperative pain, trauma pain,
cancer pain, and certain types of nonsurgical pain (e.g.,
herpes zoster). ICU practitioners should consult with
a specialty pain service to discuss spinal analgesia for
appropriate patients.
Epidural analgesia involves accessing the epidural
space where medication can be infused in close proximity
to spinal nerve roots. Infused opioids and local anesthetics
(e.g., bupivacaine) block nociceptive transmission at the
level of the spinal nerve root allowing analgesia in selective
areas of the body. The level of epidural drug delivery
determines the dermatomal distribution of pain relief.
Epidural analgesia is particularly helpful in surgical interventions or injuries involving the upper and lower extremities, thorax, pelvis, and abdomen. It is also successfully
used and should be considered for the treatment of pain
associated with posttraumatic rib fractures. Intrathecal
analgesia involves administration of opioid and anesthetic
medication directly into the cerebrospinal fluid space.
When compared to epidural analgesia, intrathecal analgesia provides pain relief more rapidly and with lower doses
of medication. Intrathecal analgesia is typically performed
as a single-dose administration with analgesia lasting up to
26 h. Patients undergoing intrathecal analgesia must be
monitored for 24 h due to the risk of delayed respiratory
depression [4].
A meta-analysis of randomized controlled trials comparing epidural analgesia to parenteral opioid analgesia
for postoperative pain control found superior pain relief
in patients receiving epidural analgesia. Epidural analgesia
provided greater postoperative pain relief at all time

Pain Management

points when compared to parenteral opioids (p < 0.001).
Epidural analgesia using local anesthetic (with or without
opioid) provided better pain control than parenteral opioid therapy after thoracic, abdominal, pelvic, and lower
extremity surgeries (p < 0.001) [5]. Side effects of epidural
analgesia with local anesthetics include motor block, pruritus, nausea, vomiting, and hypotension. Although rare,
complications of this invasive mode of medication delivery include bleeding (i.e., epidural hematoma) and local
or CNS infection. Lower rates of nausea, vomiting, and
pruritus were seen with the use of local anesthetics, with or
without opioid, compared to epidural opioid alone.
Although the overall incidence of hypotension was low,
thoracic epidural analgesia was associated with increased
rates of hypotension when compared to parenteral opioid
therapy [5].

Peripheral Neural Blockade
Peripheral nerve blocks can provide effective and selective
analgesia in patients with pain at a specific site or anatomic distribution. With a single directed injection of local
anesthetic (e.g., bupivacaine), transmission of pain signals
from peripheral nociceptors is inhibited. Long-acting
local anesthetics can be used to provide long-lasting local
analgesia or continuous peripheral neural blockade can be
achieved using anesthetic infusion via catheter placement.
Common sites for continuous neural blockade are the
brachial plexus, lumbar plexus, femoral nerve, sciatic
nerve, and thoracolumbar paravertebral spaces. Peripheral
neural blockade should be performed by a physician specializing in these procedures [4].

Special Considerations: Cancer Pain and
Palliative Care
Cancer patients and palliative care patients in the ICU
present unique pain-management issues that require special consideration by the ICU team caring for them.
Cancer Pain – The treatment of cancer pain can be
challenging due to its highly variable and often refractory
characteristics. Cancer pain constitutes a spectrum of pain
intensity, timing, location, and pathophysiology. Cancer
patients experience constant pain, break-through pain,
intermittent pain and the discomfort associated with specific activities, or “incident pain.” The pain syndromes
experienced by patients fighting cancer include somatic,
neuropathic, and visceral pain. Pain can originate from
mass effect, metastatic processes (bone infiltration), CNS
irritation (e.g., nerve compression), and treatment regimens (e.g., chemotherapy).
Prostaglandins and other cytokines are produced by
the osseous disturbance associated with bony metastases.
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As such, NSAIDs and steroid therapy may be effective in
treating bone pain in cancer patients. Pressures exerted on
the periosteum and the development of pathologic fracture may cause additional skeletal pain. Palliative radiation may assist in shrinking tumor burden and analgesic
modalities (i.e., opioids) may be necessary if analgesic
demands exceed the relief provided by NSAIDs.
Myofascial pain is commonly seen in cancer patients
with bony metastases. Trigger point injection, physical
rehabilitation, orthotic devices, and pharmacologic therapy are useful in these cases.
Nervous system involvement in cancer patients can
result in headache, back pain, and plexopathies. These
conditions are often the result of leptomeningeal metastases, meningeal carcinomatosis, and local tumor invasion. Radiation, intrathecal chemotherapy, and steroids
can play a role in treating the pain resulting from
CNS involvement. Patients who experience brachial
plexopathies may experience analgesia from opioids, tricyclic antidepressants (TCAs), and anticonvulsants. Lumbosacral plexopathies appear to respond to intrathecal
analgesia with opioids, local anesthetics, and clonidine
[4]. The ICU practitioner should always be attentive to
any signs or symptoms concerning for spinal cord compression in the setting of malignancy as this constitutes
a surgical emergency requiring immediate imaging and
surgical decompression.
Cancer treatment itself may be the source of significant
discomfort in cancer patients. Chemotherapy is often
associated with intense polyneuropathies, surgical resection results in postsurgical pain, and radiation therapy can
cause burns, mucositis, postradiation syndrome, and
osteoradionecrosis. Polyneuropathies may respond to opioids, TCAs and anticonvulsants. Postsurgical pain syndromes after mastectomy, radical neck dissection, and
amputation respond to similar analgesic options. Patients
with polyneuropathy or postsurgical pain refractory to
these conventional modalities may require intrathecal
analgesia, spinal cord stimulation, or peripheral nerve
stimulation [4].
When the treatment of cancer pain with opioid medication causes intolerable side effects or inadequate analgesia, the ICU practitioner should consider opioid
rotation. Opioid rotation consists of sequential therapeutic trials, substituting one opioid for another, in an effort
to discover an analgesic agent with the most favorable
effects. Repeated administration of an opioid may result
in tolerance such that higher doses of medication are
required to achieve the same level of analgesia in
a patient. Activation of N-methyl-D-aspartate receptors
(resulting in hyperalgesia), the effects of opioid receptor
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pharmacokinetics, and the formation of anti-analgesic
metabolites can result in decreasing efficacy of a single
opioid. When the ICU practitioner identifies inadequate
analgesia or excessive side effects in a patient, they may
consider changing route of administration of the same
opioid, switching to a different opioid altogether, or
both. Oral administration of morphine results in higher
concentrations of morphine metabolites. Therefore,
a switch to parenteral morphine could reduce the formation and accumulation of metabolites and diminish undesirable side effects. The accumulation of toxic metabolites
can also be diminished by changing the opioid agent. For
example, in cancer patients with mild renal impairment,
a switch from morphine to hydromorphone was associated with improvements in myoclonus, hallucinations,
and agitation [6]. Finally, the ICU practitioner may consider changing both the route of administration and the
opioid agent. For example, transdermal fentanyl offers
improved bowel function, less nausea and vomiting, and
better sleep quality in patients who report intolerable side
effects from oral morphine therapy [6].
Palliative Care/End of Life – A palliative approach may
be selected in ICU patients for whom continued aggressive
curative measures are futile or for patients who elect to
forgo these measures to avoid prolonging the dying
process. Once the decision to pursue a palliative approach
has been made by the patient, their loved ones, and healthcare providers, comprehensive palliative care should
be initiated. Comprehensive palliative care requires
a multidisciplinary team and a multimodal approach to
treatment, which includes the alleviation of discomfort
and suffering through aggressive pain management. Ethical and legal concerns about hastening death through the
use of pain medications may contribute to reluctance
among ICU practitioners to administer such medications.
But if analgesic medications are used with the sole and
primary intent to treat the pain and suffering of a dying
patient, the clinician is justified in using medications that
could theoretically hasten death. The “doctrine of double
effect permits adequate and aggressive palliation of pain to
be differentiated from active hastening of death based on
the intent of the provider” [1]. Interestingly, studies do
not support the claim that aggressive palliative measures
hasten death and may actually show that such care
improves quality and length of life in these patients. This
seems logical since unmitigated pain and suffering has
negative physiologic and emotional consequences on the
patient [1].
The use of pharmacotherapy to treat pain at the end of
life requires the identification of discomfort in a patient
and understanding of pain syndromes in advanced illness,

as outlined earlier in this entry. The World Health Organization advocates a three-tiered approach to treating
advanced cancer pain. A modified approach can be
applied to pain syndromes in many types of advanced
illness; (1) mild pain can be treated with non-opioid
medications such as aspirin, acetaminophen, and
NSAIDs; (2) more intense pain can be treated with oral
opioids, replaced by parenteral opioid analgesics when
oral analgesics do not relieve pain adequately; and
(3) intense pain that remains refractory to these measures
may respond to adjuvant therapy or more invasive techniques such as neuraxial analgesia, nerve blockade, and
neurostimulation [6].
The opioids most commonly used in palliative care are
morphine, hydromorphone, fentanyl, oxycodone, and
methadone. Morphine is often the first-line opioid analgesic used in treating the pain of advanced illness but
its side effects (i.e., intolerable pruritus, dysphoria, nausea) place limitations on the use of this medication.
Hydromorphone may provide more potent analgesia and
fewer side effects in severe pain syndromes. Fentanyl offers
a wide range of administration routes, which may prove
useful in certain states of advanced illness. For example,
patients who are unable to swallow and require longacting analgesic therapy may benefit from transdermal
fentanyl, also known as the “fentanyl patch.” Opioidnaı̈ve patients must be evaluated for their 24-h opioid
requirement to allow proper transdermal fentanyl dosing,
and patients who are initially treated with transdermal
fentanyl must be monitored closely because of the strong
potential for overdosing. Methadone has a role in the
treatment of chronic severe pain due to its long half-life
but its role in the ICU is limited for critically ill patients at
the end of life [6].
Adjuvant medication therapy should be considered to
treat the pain associated with advanced illness. Corticosteroids can be useful for treating neuropathic and bone
pain syndromes. Dexamethasone is a popular choice
because it has the least mineralocorticoid activity.
Bisphosphonates can also be administered to treat bone
pain associated with metastatic bone disease and multiple
myeloma. Anticonvulsants such as carbamazepine and
clonazepam are useful for the treatment of neuropathic
pain. Antidepressants such as tricyclics can also be used to
treat severe neuropathic pain syndromes but these require
careful titration and monitoring in patients with advanced
illnesses. If time and resources permit, the ICU practitioner should also consider physical therapy, massage,
aromatherapy, acupuncture, transcutaneous nerve stimulation, and music therapy as adjuncts to pharmacotherapy
to treat pain at the end of life [6].
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Synonyms
Infected pancreatic pseudocyst = pancreatic abscess

Definition
Pancreatic infections are bacterial or fungal
infections involving inflamed or necrotic pancreatic or
peripancreatic tissue or fluid collections as
a complication of ▶ acute pancreatitis. These can be
divided into ▶ infected pancreas necrosis which is an
infection of amorphous semisolid or highly viscous
inflamed or necrotic tissue and debris in or adjacent to
the pancreas and ▶ infected pseudocyst, sometimes
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referred to as pancreatic abscess, which is an infection of
a round or oval, well-circumscribed, usually low viscosity
collection of inflammatory fluid and pancreatic secretions
in or around the pancreas [1].
Pancreatic infections are primarily due to microbial
translocation from the gut but can also be nosocomial
from intravenous lines and urinary or other indwelling
catheters. Of course patients with acute pancreatitis, especially of greater severity, can experience other types of
infections, e.g., intravenous line sepsis, pneumonia, and
urinary sepsis.
Common organisms involved in pancreatic infections
are as follows:
E. coli
Klebsiella
Pseudomonas
Staphylococcus
Streptococcus
Anaerobic bacteria
Fungi

Treatment
Prevention
Infected pancreatic necrosis typically presents a week or
more after hospital admission and is most likely to occur
when contrast-enhanced computed tomography (CT)
demonstrates pancreatic necrosis (or, at least, impaired
microcirculation) involving 30% of the pancreas as
evidenced by failure of that amount of pancreatic tissue
to take up intravenous contrast. Because of the substantial
morbidity and mortality associated with pancreatic
infections, much attention has been focused on developing effective means to prevent these infections.
The approaches tried have included enteral feeding to
maintain the integrity of the intestinal mucosa and prevent microbial translocation, selective decontamination of
the gut with nonabsorbable antibiotics, and administration of prophylactic antibiotics systemically [2].
Some individual trials, as well as a meta-analysis,
comparing patients with severe acute pancreatitis fed
enterally compared with those fed parenterally demonstrated a reduction in infections associated with enteral
feeding. Patients with predicted severe acute pancreatitis
should be started on enteral feeding through a
nasojejunal feeding tube within 48–72 h following hospital admission.
Because microbial translocation from the gut is the
primary source of pancreatic infection, use of
nonabsorbable antibacterial and antifungal agents to
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decontaminate the gut selectively is an appealing therapeutic concept. However the clinical data supporting this
approach is very limited, and this practice has not been
widely adopted.
Most of the efforts in trying to prevent pancreatic
infections have been directed at the prophylactic administration of systemic antibiotics. The antibiotics used in
clinical trials have included imipenem, meropenem,
ceftazidime, amikacin, metronidazole, and colistin. The
value of prophylactic antibiotics remains controversial
with clinical studies, meta-analyses, and guidelines from
professional societies yielding conflicting results [2–4].
Given the equivocal evidence for benefit and the risk of
secondary infection with resistant bacteria or fungi,
a strong case can be made for withholding prophylactic
antibiotics but having a low threshold for starting
treatment if infection is suspected, as antibiotic therapy
is difficult to withhold from patients with severe acute
pancreatitis who appear clinically to be septic with fever,
leukocytosis, and in some cases, organ failure. For these
patients antibiotic therapy is appropriate while a thorough
investigation for a source of infection is pursued. If
no source is identified, antibiotic therapy should be
discontinued.
However, despite the uncertainty of the benefits from
prophylactic antibiotics, they are still frequently administered, particularly if contrast-enhanced CT demonstrates
lack of contrast enhancement involving 30% of the
gland. If a decision is made to administer a prophylactic
antibiotic, those clinical trials reporting a benefit suggest
that a 14-day course of a carbipenem (imipenem or
meropenem) would be the optimal choice.

Diagnosis and Treatment of Infected
Pancreatic Necrosis
Infected pancreatic necrosis should be suspected when,
usually a week or more after hospital admission, patients
have a persisting sepsis-like appearance with fever, leukocytosis, and organ failure, or when, after initial improvement, patients experience clinical deterioration (e.g.,
worsening pain, nausea, and vomiting), fever (often
>39.5 C), or leukocytosis (frequently >20,000/mL).
Once infected pancreatic necrosis is suspected, contrastenhanced CT should be urgently performed and fluid
collections in or adjacent to the pancreas aspirated and
samples sent for culture and, most importantly, for
evaluation of gram-stained smear. The presence of both
polymorphonuclear leukocytes and bacteria is strongly
indicative of infected pancreatic necrosis.
For patients with infected pancreatic necrosis who are
clinically stable, antibiotic therapy alone (usually initiated
with meropenem or imipenem and adjusted, if necessary,
based on results of cultures) may be sufficient. Patients
who are or become clinically unstable or who fail to
respond to antibiotics require extensive debridement and
drainage (Table 1). Patients who initially improve on
antibiotic therapy but later develop signs of possible
recurrent infection should undergo repeat CT-guided
fine needle aspiration for gram stain and culture to evaluate for possible superinfection with resistant organisms,
particularly fungi.
Extensive open operative debridement and drainage
has been the standard of care for infected pancreatic
necrosis. However recent reports have suggested that, for
clinically stable patients, a more conservative approach is

Pancreatic Infections. Table 1 Drainage options for pancreatic infections
Operative

Infected pancreatic necrosis – debridement (necrosectomy) and drainage
Pseudocyst

Internal drainage
Cystgastrostomy
Cystduodenostomy
Cystjejunostomy
Partial pancreatic resection
External drainage

Endoscopic

Infected pancreatic necrosis – debridement and drainage
Pseudocyst

Transmural drainage into stomach or duodenum
Transpapillary drainage
Combined transmural and transpapillary drainage

Radiologic

Infected pancreatic necrosis and pseudocyst – external drainage through one or more catheters placed
under CT or ultrasound guidance
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associated with better outcomes. Continued management
using antibiotics and nutritional support permits the
acute inflammatory process in and around the pancreas
to subside and the necrotic material to organize, which
may enable use of endoscopic debridement and drainage
or percutaneous catheter drainage. Even if operative
debridement and drainage is ultimately required, a delay
in performing surgery may allow the use of less invasive
operative approaches and decrease the amount of
intraoperative bleeding and loss of still viable pancreatic
tissue, reducing morbidity, mortality, and the risk of
exocrine and endocrine pancreatic insufficiency.
As an alternative to operative debridement and drainage of infected pancreatic necrosis, some centers specializing in advanced therapeutic endoscopy have reported
endoscopic techniques using a transmural approach
across the gastric or duodenal wall [5]. Endoscopic ultrasound is of great assistance in this process by identifying
the optimal location to puncture the gastric or duodenal
wall while avoiding major blood vessels. A variety of
methods have been utilized to complete the removal of
infected necrotic debris, including lavage through irrigation tubes placed through the nose, or by percutaneous
endoscopic gastrostomy or direct endoscopic debridement using grasping forceps or baskets. Multiple sessions
are often needed to achieve success.
Another potential alternative is placement of percutaneous drainage catheters under radiologic guidance by CT
or ultrasound [6]. However this approach is limited by the
accessibility of the infected necrotic debris and by its
consistency, the more solid or viscous the material, the
less successful percutaneous catheter drainage is likely
to be. Because infected pancreatic necrosis is often
a multiloculated mixture of solid and highly viscous material, multiple catheters with multiple side holes may be
required along with close management of therapy by the
interventional radiologist to unclog or reposition catheters as needed. Percutaneous catheter drainage can also be
employed as an initial step to try to stabilize patients
considered to be at too high a risk for immediate operative
or endoscopic drainage, with more definitive debridement
and drainage to be performed if the patient survives.

Diagnosis and Treatment of Infected
Pancreatic Pseudocyst
Patients with an infected pancreatic pseudocyst typically
present 1 month or more after the onset of acute pancreatitis with abdominal pain, fever, and leukocytosis.
Generally they are not as ill-appearing or as likely to be
clinically unstable as are patients with infected pancreatic
necrosis. The diagnosis usually is best made by CT-guided
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aspiration of the pseudocyst for gram stain and culture.
Treatment is with an antibiotic (e.g., meropenem, with
antibiotic coverage adjusted, if appropriate, based on results
of culture) and drainage of the pseudocyst (Table 1).
Because of the low viscosity of the fluid typically present
in a pseudocyst, percutaneous catheter drainage by radiologic guidance is often highly effective, if the pseudocyst is
accessible by a percutaneous approach [6]. If successful
percutaneous catheter drainage cannot be achieved, internal drainage to the stomach, duodenum, or Roux limb of
jejunum by open or laparoscopic techniques or endoscopic
internal drainage to the stomach or duodenum can be
performed [5, 7]. External operative drainage should be
avoided, if possible, because of a high risk of pseudocyst
recurrence and of pancreaticocutaneous fistula.

After-care
Following successful treatment of infected pancreatic
necrosis as demonstrated by resolution of symptoms,
signs, and laboratory findings of infection and of the
collection of infected, necrotic debris on CT, patients
should be transitioned back to an oral diet and monitored
for signs of pancreatic exocrine or endocrine insufficiency,
particularly if contrast-enhanced CT demonstrated a very
large amount of pancreatic necrosis or if the patient
required extensive debridement and resection of pancreatic tissue. Pancreatic exocrine insufficiency should be
treated with pancreatic enzyme replacement therapy and
diabetes mellitus with insulin. Patients treated for infected
pancreatic pseudocyst should undergo subsequent imaging by ultrasound or CT to evaluate for resolution of the
pseudocyst. If the etiology of the episode of acute pancreatitis resulting in pancreatic infection is not evident, every
effort should be made to identify etiologic factors which
can be eliminated to prevent recurrent acute pancreatitis.

Prognosis
Prior to the use of CT-guided fine needle aspiration to
enable the earlier diagnosis and treatment of infected
pancreatic necrosis, mortality as high as 70–80% was
reported. The current approach to diagnosis and treatment has reduced this mortality to 10–20%, although
many patients who survive do so only after a prolonged
period of hospitalization in an intensive care unit setting
with multiple complications. The morbidity and mortality
associated with an infected pancreatic pseudocyst is
much lower.
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Pancreatic Insufficiency
▶ HIV-Related Diseases of the Pancreas, Biliary Tract, and
Liver

Pancreatic Necrosis
▶ HIV-Related Diseases of the Pancreas, Biliary Tract, and
Liver

Pancreatitis
▶ HIV-Related Diseases of the Pancreas, Biliary Tract,
and Liver

Pancreatitis, Acute
JAMES H. GRENDELL
Division of Gastroenterology, Hepatology, and Nutrition,
Winthrop University Hospital, Mineola, NY, USA
School of Medicine, State University of New York, Stony
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Definition

▶ Acute pancreatitis is an inflammatory process involving
the exocrine pancreas, usually of sudden or rapid clinical

onset, and typically presenting as upper abdominal pain
with elevated levels of pancreatic enzymes (e.g., amylase,
lipase) in the blood. If a patient with acute pancreatitis
survives the episode, then the function of the pancreas and
its appearance on imaging studies returns to normal, at
least insofar as it is routinely clinically tested. This differentiates acute pancreatitis from chronic pancreatitis.
A number of etiologies can result in acute pancreatitis
as follows:
Gallstone disease
Chronic excessive alcohol use
Drug (e.g., azathioprine, mercaptopurine, didanosine,
pentamidine,
valproic
acid,
sulfonamides,
5-aminosalicylates, furosemide, methyldopa, sulindac,
L-asparaginase, stibogluconate, and tetracycline)
Infections (e.g., ascariasis, clonorchiasis, mumps,
toxoplasmosis, coxsackie virus, cytomegalovirus,
tuberculosis, and Mycobacterium avium complex)
Blunt or penetrating abdominal trauma
Surgery
ERCP (endoscopic retrograde cholangiopancreatography)
Hypertriglyceridemia
Chronic hypercalcemia
Pancreatic or ampullary neoplasms
Abnormalities of the bile or pancreatic ducts (e.g.,
choledochocele and pancreas divisum)
Sphincter of Oddi dysfunction
Duodenal disease (e.g., peptic ulcer, Crohn’s disease, celiac
disease, and periampullary diverticula)
Toxins (e.g., organophosphate insecticides and scorpion
venom)
Vasculitis (e.g., polyarteritis nodosum, systemic lupus
erythematosus, and thrombotic thrombocytopenic
purpura)
Genetic disorders (e.g., mutations in SPINK-1 or CFTR
genes)
Idiopathic
However gallstone disease and chronic excessive
alcohol use are the two most common etiologies. Acute
pancreatitis appears to be initiated by the inappropriate
activation of zymogens within the pancreas. These
▶ zymogens are inactive precursors of digestive enzymes
which are not physiologically activated until they are
secreted into the duodenum. This results in cellular injury
and necrosis in the pancreas leading to leakage and
activation of additional potentially destructive enzymes
and to adverse microcirculatory changes in the gland.
The subsequent production of oxidative stress and release
of inflammatory mediators initiates a marked influx of
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polymorphonuclear leucocytes and macrophages into the
pancreas leading to inflammation and edema of the
pancreas and peripancreatic tissues.
Acute pancreatitis can be categorized according to its
severity [1]. For about 80% of patients with acute pancreatitis, the inflammatory process remains localized and
generally has a relatively brief and uncomplicated course.
This end of the disease spectrum is often referred to as
mild, interstitial, or edematous acute pancreatitis. The
other 20% of patients have a more prolonged, complicated
course with significant risk of mortality, referred to as
severe, necrotizing, or, somewhat inaccurately, hemorrhagic
acute pancreatitis. In addition to the localized inflammatory process involving the pancreas and peripancreatic
tissue, these patients have a severe systemic inflammatory
response mediated by release of cytokines and other factors which can result in circulatory collapse, multiorgan
failure (particularly pulmonary and renal), and metabolic
complications (e.g., hypocalcemia, hypoglycemia or
hyperglycemia, and hyperlipidemia). Another major
cause of morbidity and mortality in patients with severe
acute pancreatitis is infection. Areas of pancreatic necrosis
or inflammatory fluid collections (pseudocysts) can be
infected by bacterial translocation from the gut or
nosocomially from intravenous lines and urinary or
other indwelling catheters. Other types of infections
(e.g., intravenous line sepsis, pneumonia, and urosepsis)
are also potential major problems.

Treatment
Diagnosis
The combination of acute abdominal pain with an elevation in serum amylase and/or lipase at least three times the
upper limits of normal is highly indicative of acute pancreatitis. Amylase or lipase elevations less than three times
normal are nonspecific and can be due to a variety of
intra-abdominal or pelvic disease processes as well as to
acute or chronic renal insufficiency. Computed tomography (CT) with intravenous contrast is not necessary for all
patients with acute pancreatitis but is invaluable in differentiating severe acute pancreatitis from other potentially
catastrophic intra-abdominal processes such as a perforated viscus, intestinal ischemia, or ruptured ectopic pregnancy. Abdominal sonography is useful in evaluating
for gallstones as an etiology for acute pancreatitis but is
not very sensitive in confirming the diagnosis of pancreatitis because studies are frequently technically inadequate
due to intestinal gas preventing adequate visualization of
the pancreas.
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Assessment of Severity
Numerous approaches have been taken to try to differentiate the patients destined for severe pancreatitis from the
great majority who will have a mild disease course. These
have included the results of individual laboratory tests as
well as predictor scores based on clinical and laboratory
parameters or on CT findings [2]. The APACHE II score
has the advantage of being calculable and valid on hospital
admission and useful in following a patient’s course
throughout the hospitalization. An APACHE II score 8
is predictive of severe acute pancreatitis. Of the individual
laboratory tests, a C-reactive protein >150 mg/L at
48 h after hospital admission is the most useful and readily
available predictor of severe acute pancreatitis. For
patients with an APACHE II score 8 or with evidence
of organ failure, a contrast-enhanced CT should be
obtained at about 72 h after hospital admission. The
finding of >30% nonenhancement of pancreatic tissue
(often termed pancreatic necrosis) is associated with
more severe pancreatitis and a higher probability of complications such as infected necrosis and pancreatic fluid
collections.

Treatment of Mild Acute Pancreatitis
Patients with mild acute pancreatitis will generally have
a brief, uncomplicated course requiring only bed rest, no
oral intake, intravenous hydration, and analgesics. In the
past meperidine was recommended as the analgesic of
choice because of reports that it was less likely to raise
sphincter of Oddi pressure than other opiates. However
the clinical relevance of this was never established, and
meperidine has largely been replaced by other narcotic
analgesics because of its potential adverse effects.
Oral feeding should be initiated once abdominal pain
has subsided, nausea (if present) has resolved, and serum
amylase and lipase values have begun to return to normal.

Treatment of Severe Acute Pancreatitis
The goals of therapy of severe acute pancreatitis are to
provide supportive care including analgesia and to prevent, identify, and treat complications (Table 1). Patients
with predicted severe acute pancreatitis (e.g., those with
APACHE II scores 8 or with evidence of evolving organ
failure) should be treated in an intensive care unit or
similar setting. Initially, vigorous resuscitation with intravenous hydration and electrolytes is the most critical
aspect of care [3]. Volume requirements may be staggeringly large, with the goal of maintaining an adequate
blood pressure and urine output and reversing signs of
hemoconcentration as reflected in the hematocrit and
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Pancreatitis, Acute. Table 1 Complications of acute
pancreatitis
Local complications
Pancreatic

Inflammatory (phlegmon)
Peripancreatic effusions
Pseudocyst
Infected pancreatic necrosis

Nonpancreatic

Gastrointestinal ileus
Bile duct obstruction
Pancreatic ascites and
pleural effusions
Splenic vein thrombosis
Portal vein thrombosis

Systemic complications
Cardiovascular

Hypovolemia
Hypotension or shock

Renal

Oliguria
Azotemia or renal failure

Pulmonary

Hypoxemia
Atelectasis
Pleural effusion
Respiratory failure

Metabolic complications

Hypocalcemia
Hyperglycemia
Hypertriglyceridemia
Metabolic acidosis

Gastrointestinal bleeding

Stress gastritis
Pseudoaneurysm
Bleeding into a pseudocyst
Gastric varices

Other complications

Peripheral fat necrosis
Encephalopathy

BUN. The failure over the first 24 h to reverse signs of
hemoconcentration indicates either inadequate volume
resuscitation or “leaky capillaries” as part of a systemic
inflammatory response syndrome. Central venous pressure monitoring may be helpful in assessing adequacy of
volume resuscitation. Large amounts of intravenous narcotic analgesics are often needed for adequate pain control. Nasogastric suction relieves nausea and vomiting and
severe abdominal distension caused by functional
gastroparesis and ileus but is otherwise not necessary or
helpful.
Pulmonary and renal function should be monitored
closely and supported as needed, including mechanical

ventilation and renal replacement therapy. The presence
of either pulmonary or renal failure markedly increases
mortality rates. However both are reversible if the underlying pancreatic inflammation subsides and other complications such as sepsis do not supervene.
Recent studies have indicated that enteral feeding via
a feeding tube placed in the proximal jejunum, if tolerated,
is as efficacious as total parenteral nutrition in providing
nutrition with a lower risk of complications such as
catheter sepsis. In addition enteral feeding may reduce
the risk of other pancreatitis-associated infectious complications by maintaining the integrity of the intestinal
mucosa and preventing bacterial translocation. Enteral
feeding should be instituted within the initial 48–72 h of
hospitalization for those patients who do not appear likely
to be able to resume an oral diet within 3–5 days. If jejunal
feeding is not tolerated or feasible for other reasons,
then total parenteral nutrition should be instituted. Oral
feeding (starting with clear liquids and advanced to
a moderately low-fat diet, as tolerated) should not be
restarted until any major complications have been effectively treated, the patient is free of abdominal pain and
nausea, and blood amylase or lipase concentrations have
returned to normal. If pain, nausea, biochemical evidence
of recurrent pancreatitis, or expansion of pancreatic/
peripancreatic fluid collections occur with oral feeding,
disruption or obstruction of the pancreatic duct should be
suspected and oral feeding stopped until further evaluation for the cause of the problem is completed.
The value of prophylactic antibiotics in preventing
infectious complications of acute pancreatitis remains
controversial, with both clinical studies and guidelines
from professional societies yielding conflicting results
[2, 4]. Given the equivocal evidence for benefit and the
risk of secondary infection with resistant bacteria or fungi,
a strong case can be made for withholding prophylactic
antibiotics but having a low threshold for starting
treatment if infection is suspected. However prophylactic
antibiotics, typically a carbipenem such as imipenem or
meropenum, are still frequently administered, particularly
if contrast-enhanced CT demonstrates pancreatic necrosis
involving >30% of the gland.
Another somewhat controversial issue is the role of
early ERCP (endoscopic retrograde cholangiopancreatography) in patients suspected of having gallstone pancreatitis. ERCP should be performed for patients with
findings suggestive of cholangitis, with worsening liver
tests, or if other imaging studies (e.g., transabdominal
sonography, CT, MRCP (magnetic resonance cholangiopancreatography), or endoscopic ultrasound), demonstrate the presence of choledocholithiasis. At this
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time clinical studies do not suggest a benefit of ERCP
for patients with gallstone pancreatitis without evidence
of cholangitis or obstructive jaundice by laboratory
testing because these patients have probably already
passed the gallstone which incited the episode of acute
pancreatitis.
▶ Infected pancreatic necrosis is a life-threatening
complication of acute pancreatitis which typically presents a week or more after hospital admission as clinical
deterioration (e.g., worsening pain or nausea), fever (often
>39.5∘C), or leukocytosis (frequently >20,000/mL). If
infected pancreatic necrosis is suspected, contrastenhanced CT should be urgently performed and fluid
collections in or adjacent to the pancreas aspirated and
samples sent for culture and, most importantly, for evaluation of gram-stained smears. The presence of both bacteria and polymorphonuclear leucocytes is highly
indicative of infected necrosis. For patients who are clinically stable, antibiotic therapy alone (usually initiated
with meropenem or imipenem and adjusted, if necessary,
based on results of cultures) may be sufficient. Patients
who fail to improve on antibiotics or who become clinically unstable require extensive debridement and drainage. This is usually performed operatively but has been
successfully performed in select patients with endoscopic
techniques. Percutaneous drainage has also been
employed although the viscous nature of the material in
areas of infected pancreatic necrosis frequently makes
it ineffective.

Treatment of Pancreatic Pseudocysts
Most patients with acute pancreatitis will have fluid collections (peripancreatic effusions) observed on imaging
studies early in the course of the disease. These acute
fluid collections typically do not require treatment, and
most will resolve as the pancreatitis improves. However
about 15% of patients will develop a ▶ pseudocyst,
a round or oval encapsulated collection of inflammatory
fluid and pancreatic juice. Pseudocysts less than 6 cm in
diameter rarely require treatment, and larger ones can be
followed without treatment if truly asymptomatic. However pseudocysts which are increasing in size on serial
imaging studies or pseudocysts resulting in complications
(e.g., pain, infection, obstruction of a hollow organ)
require drainage. In the past the standard approach was
open internal drainage into the stomach, duodenum, or
a Roux loop of jejunum. More recently drainage has been
successfully accomplished by minimally invasive (laparoscopic) surgery, percutaneous catheter drainage, and
endoscopic drainage into the stomach or duodenum.
Because the contents of pseudocysts are not viscous,
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percutaneous catheter drainage is highly successful in the
treatment of infected pseudocysts.

Treatment of Thrombotic and Hemorrhagic
Complications
Splenic vein thrombosis may result from acute pancreatitis or pancreatic pseudocysts. Because variceal bleeding
in this setting is unusual, anticoagulation is not
recommended during an episode of acute pancreatitis,
and spontaneous resolution of the thrombus may occur
when pancreatic inflammation subsides or a pseudocyst is
drained. However anticoagulation may be required if
propagation of the thrombus into the superior mesenteric
vein or portal vein results in mesenteric ischemia or
hepatic dysfunction, respectively. Clinically significant
hemorrhage is a rare complication of acute pancreatitis
but can result from stress gastrititis, pseudoaneurysm in
the peripancreatic arterial circulation, bleeding from small
vessels in the wall of a pseudocyst into the cyst contents, or
gastric varices due to splenic vein thrombosis. Patients
with stress gastritis or gastric varices usually present with
hematemesis, melena, and a falling hemoglobin concentration and are diagnosed by upper GI endoscopy. Hemorrhage from a pseudoaneurysm or pseudocyst may not
communicate with the gastrointestinal tract and is then
best diagnosed with contrast-enhanced abdominal CT.
However if the bleeding lesion communicates with the
pancreatic duct (hemosuccus pancreaticus), blood or
clot may be seen in the region of the duodenal papilla
during upper gastrointestinal endoscopy without any
luminal lesions to account for it. Angiographic embolization is highly effective in controlling bleeding from
pseudoaneurysms, and surgery should be reserved for
angiographic failures.

After-care
For patients with acute pancreatitis, every effort should be
made to identify etiologic factors which can be eliminated
to prevent recurrence. Patients with mild gallstone pancreatitis should undergo cholecystectomy at the time
they would otherwise be ready for hospital discharge following treatment for acute pancreatitis. Those patients
with severe gallstone pancreatitis should have cholecystectomy delayed until any complications have been successfully treated unless it can be safely performed during
surgery needed to treat a complication. ERCP with
sphincterotomy and stone extraction should be performed
for stones in the common bile duct. Patients with alcoholic acute pancreatitis should be enrolled in alcohol
treatment programs. Metabolic causes of acute pancreatitis such as hypertryglyceridemia and hypercalcemia
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require aggressive and persistent management. If a drug is
believed to be a likely cause of acute pancreatitis, it should
be stopped. Rechallenge should be considered only if there
is no other effective option to treat a serious medical
condition.
For 20–30% of patients, no likely etiology is discovered
for an initial episode of acute pancreatitis despite a
thorough medical history, abdominal sonography, and
measurements of serum calcium and triglyceride concentrations. These patients are considered to have idiopathic
or unexplained acute pancreatitis. Patients with an initial
episode of acute pancreatitis of unknown cause usually do
not require additional testing except for, if over 40 years of
age, a contrast-enhanced CTof the abdomen if not already
performed during the initial hospitalization to evaluate
for pancreatic neoplasms presenting as acute pancreatitis.
Patients with two or more attacks of unexplained acute
pancreatitis should undergo repeat abdominal sonography and evaluation of the pancreas and bile ducts by
MRCP or endoscopic ultrasound. Depending on the clinical circumstances, biliary drainage procedures to look for
cholesterol or calcium bilirubinate crystals may be
performed, followed by elective cholecystectomy, if positive, or cholecystectomy undertaken presumptively without biliary drainage. If the etiology remains unknown,
additional more invasive testing such as ERCP (e.g.,
looking for choledochal cysts or pancreas divisum) or
sphincter of Oddi manometry (evaluating for papillary
stenosis or sphincter dysfunction) may be useful but
carry additional procedure-related risk. Rare causes of
idiopathic acute pancreatitis which can be diagnosed by
serologic testing include celiac disease (diagnosed by tissue
transglutaminase IgA antibody) or autoimmune pancreatitis (suggested by an elevation in IgG4). Genetic testing
for patients with unexplained acute pancreatitis should be
reserved for those with a strong family history or with
onset prior to 30 years of age without a likely cause.

morphology on imaging studies typically return to
normal. However patients with what appears to be alcoholic acute pancreatitis frequently have underlying
chronic pancreatitis due to chronic alcohol use and may
have symptoms and imaging abnormalities related to
this. Additionally patients who develop a stricture of the
pancreatic duct due to duct injury from severe
acute pancreatitis may develop chronic symptoms
and morphologic changes to the pancreas as a consequence of the stricture.
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Panendoscopy
▶ Gastrointestinal Endoscopy

Paramedicine
▶ Prehospital – Emergency Medical Services

Prognosis
Because the great majority of patients with acute pancreatitis have mild disease, the overall mortality in large,
population-based studies is about 2–3%. However
patients with persisting multiorgan failure may have
a mortality approaching 50%. Older series of patients
with infected pancreatic necrosis demonstrated a mortality as high as 70–80%. However earlier diagnosis using
contrast-enhanced CT and fine-needle aspiration of suspicious fluid collections and more aggressive and effective
therapies have reduced this mortality to 10–20%.
Following recovery from an episode of acute pancreatitis, pancreatic exocrine and endocrine function and

Parapneumonic Effusion and
Pleural Space Infections
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Synonyms
Empyema

Parapneumonic Effusion and Pleural Space Infections

Definition
Pleural space infections are defined by the presence of
bacterial or fungal pathogens in pleural fluid. Often the
presence of pleural pathogens is assumed from clinical and
laboratory evidence of infections rather than direct detection of microbes themselves. The etiologies of pleural
space infections vary depending on the clinical setting
with routes of infection coming from the lung, nonpulmonary organs and structures adjacent to the pleural
space, and bloodstream, and direct pleural innoculation of
pathogens by trauma or surgery. ▶ Parapneumonic
effusions are intrapleural fluid collections that develop in
patients with pneumonia. If not appropriately treated,
pleural space infections and parapneumonic effusions
may progress to an empyema, which is defined by the
presence of pus in the pleural space.
Clinical conditions that cause pleural space infections
are as follows:
● Community-acquired and health-care associated
pneumonia
● Post-obstructive pneumonia
● Rupture of a lung abscess into the pleural space
● Bronchiectasis
● Chest and abdominal trauma
● Iatrogenesis
● Thoracic and abdominal surgery
● Thoracentesis, esophagoscopy with esophageal
rupture, and other interventional procedures
● Primary pleural infection from bacteremia or
fungemia
● Extension of infection from neck, abdomen, spine,
mediastinum
Parapneumonic effusions progress through three
stages en route to an empyema. In the early ▶ exudative
phase, sterile protein-rich fluid enters the pleural space
across the visceral pleura, which has increased membrane
permeability from the inflammatory effects of an adjacent
pneumonia. The fluid is free-flowing and initially sterile,
although it can become rapidly infected by the etiologic
pathogen of the pneumonia. The ▶ fibrinopurulent phase
is characterized by the deposition of fibrin along pleural
membranes that forms loculations and increased opacity
and viscosity of pleural fluid. Most fibrinopurulent
parapneumonic effusions contain pathogens, although
they may be difficult to detect in pleural fluid. The ▶ organizing phase occurs when pleural fluid becomes purulent,
and fibrotic peels form on pleural membranes creating
a trapped lung that cannot re-expand if fluid is drained.
▶ Uncomplicated parapneumonic effusions are
defined by complete resolution of the pleural fluid with
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antibiotic therapy alone directed at the underlying pneumonia. Parapneumonic effusions are termed complicated
if they require an intervention to drain infected fluid, lyse
adhesions, or debride pleural peels to allow lung reexpansion and resolution of pleural fluid. Because these
are post hoc definitions, characteristics of pleural fluid are
used to predict likely clinical outcome and categorize
effusions as uncomplicated or complicated (see below).
Advanced empyemas can erode through the chest wall,
which defines an ▶ empyema necessitans.

Treatment
Parapneumonic effusions require antibiotic therapy with
empiric antibiotic selection guided by clinical practice
guideline recommendations for community-acquired
and health-care associated pneumonia. Antibiotics for
the underlying pneumonia prevent uncomplicated
parapneumonic effusions from becoming infected and
complicated parapneumonic effusions from progressing
to frank empyemas. Pleural fluid samples may refine antibiotic selection if pleural pathogens are grown in culture.
Patients with established frank empyemas may have
a broad range of etiologic bacteria and fungi. Anaerobic
pleuropulmonary infections are suspected when patients
present with a subacute and chronic course with associated weight loss, poor dentition, risk factors for aspiration,
and multilocular effusions. Initial antibiotic coverage for
anaerobic bacteria is indicated in these settings.
▶ Complicated parapneumonic effusions and empyemas by definition require prompt and complete drainage
of infected pleural fluid. Multiple approaches exist to
drain infected pleural space. Regardless of the approach
adopted, the key principle remains that infected fluid
must be drained completely and as early in the patient’s
course as possible.
Surgical insertion of a standard intercostal tube without image-guidance is no longer considered appropriate
therapy for parapneumonic effusions because of the low
success rate (<20–50%)[1] and high risk for complications, including misplacement of the tube distant
from infected pleural fluid locules and into thoracic or
abdominal viscera.
Interventional radiologists can place small-bore intercostal catheters percutaneously by Seldinger or trocar
techniques. Although most catheters commonly used are
between 8 and 12 Fr in size, catheters up to 28 Fr can be
placed percutaneously for draining especially viscous
fluid. Although in vitro studies demonstrate that viscous
pus drains poorly through smaller catheters, small-bore
catheters have success rates for managing complicated
parapneumonic effusions and empyema that range
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between 70% and 100%. Success is attributable to imageguidance, which allows precise placement into locules,
daily assessment and saline irrigation to prevent catheter
obstruction, and prompt replacement of malfunctioning
or misplaced catheters. Regular post-insertion imaging
with standard radiographs, ultrasound, or computerized
tomography monitors adequacy of drainage. Locules that
fail to drain indicate a need for insertion of larger catheters, insertion of new catheters into locules distant from
the initial catheter, fibrinolytic therapy, or referral of the
patient for surgical drainage. These decisions should be
made within the first 3–5 days after catheter insertion
depending on circumstances.
Instillation of fibrinolytic drugs through intercostal
catheters has been proposed to improve the success of
catheter drainage for patients with loculated effusions.
Fibrinolytic drugs have the potential to lyse fibrin adhesions and breakdown locules but do not alter the viscosity
of pleural fluid. Several small studies that used streptokinase or urokinase demonstrate more rapid resolution of
radiographic evidence of pleural fluid and shorter length
of hospitalizations, but none demonstrates a survival
advantage or ability to avoid surgery. The largest randomized controlled trial, the MIST-1 Study, demonstrated no
efficacy with a single dose of intrapleural instillation of
streptokinase [2]. This study, however, had multiple
design limitations, and many patients have antibodies to
streptokinase, which neutralizes the drug. Moreover, all
patients with parapneumonic effusions received streptokinase therapy rather than subsets of patients with
loculations, who are the most likely to benefit. Urokinase
and Streptokinase are no longer available, so some interventional radiologists now instill recombinant tissue plasminogen activator (rTPA) to lyse fibrin adhesions. No
randomized controlled trials exist to support the use of
rTPA, but one recent case series demonstrated dramatic
improvement of extensive intrapleural loculations that
appeared to prevent the need for surgery among patients
treated with small-bore catheters [3]. A Cochrane Review
recommended empiric use of fibrinolytic drugs for
patients with loculations who fail catheter drainage, especially if they are poor surgical candidates [4]. Definitive
therapy with surgical drainage, however, should not
be delayed for more than 5–7 days in appropriate
surgical candidates.
Techniques for surgical drainage include medical
thoracoscopy, video-assisted thoracoscopic surgery
(VATS), and thoracotomy with or without decortication.
In skilled hands, ultrasound or CT can guide the medical
thoracoscopist to the most superficial and largest volume
of intrapleural fluid for insertion of the medical

thoracoscope. Medical thoracoscopy has been used for
fibrinopurulent effusions with good results. Advantages
include the absence of need to deflate the ipsilateral lung
for patients with limited respiratory reserve. The disadvantage is the limited reach of the thoracoscope with
a single insertion port, the inability to perform extensive
decortication for trapped lungs, and the limited availability of medical thoracoscopists. Most surgeons reserve
VATS for patients with fibrinopurulent effusions,
although recent reports describe approaching initially all
pleural infections, including organized empyemas, with
VATS converting to thoracotomy those patients whose
lungs fail to re-expand to the chest wall. Success rates for
VATS range from 60% to 10% for fibrinopurulent effusions and 40% for all patients, including those with organized empyemas. Advantages of VATS include drainage of
the pleural space, mechanical lysis of adhesions, and accurate placement of chest tubes under direct visualization.
Disadvantages include the need for intubation with
general anesthesia, deflation of the ipsilateral lung, invasiveness, and inability to drain adequately loculations
adjacent to the mediastinum.
Limited, muscle-sparing thoracotomy provides wide
access to the lung for patients with extensive loculations
or trapped lungs that require extensive decortication.
Patients with pyopneumothorax require thoracotomy for
closure of the underlying bronchopleural fistula.
No large population, adequately designed randomized
controlled trials exist to establish evidence-based management algorithms to select patients for different modes of
pleural drainage. Chest US and CT have limited ability to
predict the need for specific therapy, although loculations
along the mediastinum indicate a likely need for thoracotomy. The drainage approach selected is usually based
on available expertise with more interventional procedures selected for more advanced pleural space infections
with loculations, pleural thickening, and purulent fluid.
Patients with advanced empyemas may not experience
lung reexpansion to the chest wall and obliteration of the
empyema cavity despite surgical decortication. These
patients require chronic open drainage with surgical resection of segments of two adjacent ribs to form an ostomy
over the empyema space for chronic drainage.

Evaluation/Assessment
Every patient at risk for a pleural infection should undergo
prompt chest imaging to detect a pleural effusion and
determine the need for thoracentesis. Patients hospitalized
with pneumonia require careful assessment of the standard
radiograph for signs of pleural fluid. Indeterminate images
should be evaluated by decubital views or portable US
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depending on availability. Detected fluid should be sampled by thoracentesis unless the volume of fluid is extremely
small. Thoracentesis should be ideally performed with US
guidance. Portable US is especially valuable for the intensive care unit because pleural fluid is difficult to detect on
portable radiographs and patients may need to undergo
thoracentesis in supine positions [5].
Both the American College of Chest Physicians and the
British Thoracic Society have published guidelines to assist
patient selection for pleural drainage (Tables 1 and 2)
[6, 7]. Recommendations are based largely on expert
opinion and have not been adequately validated. The
advent of small-bore catheter drainage allows patients
with borderline or uncertain indications for drainage to
undergo drainage with minimal risk. It is better to drain
more borderline effusions than to risk allowing undrained
effusions to progress to an empyema.
Evidence of loculated effusions almost always indicate
a need for drainage, which is guided by US or chest CT
imaging. Although these images may not dictate the optimal drainage approach, they do provide a roadmap for
the surgeon to direct drainage efforts to the regions of
loculations.

Epidemiology and Economics
Epidemiologic studies report an increasing incidence of
empyema in North America during the last two decades.
In Washington state, hospital discharge data demonstrate
that the empyema incidence rate increased by 2.8% per
year from 1987 to 2004 [8]. The age-adjusted empyema
incidence rate increased by 12.4% in Canada from 1995 to
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2003 with highest rates of increase noted in the young and
very old [9]. An aging population, longer survival for
immunocompromised patients and those with comorbid
diseases, and changing virulence of pleural pathogens
suggest that these incidence trends will continue.
The average length of stay for a patient with empyema is
14  12 (SD) days with an average cost of care of $27,400
$34,600 [8].

After-care
After recovery from pleural infections due to pneumonia,
patients benefit from measures to prevent a recurrence of
pneumonia, including pneumococcal and influenza vaccinations. Patients recovering from anaerobic empyemas
benefit from assessment for aspiration and institution of
aspiration precautions. Poor dentition is a source of
anerobic bacterial colonization and should be remedied.

Prognosis
Case series report mortality rates between 7% and 33% for
patients with established empyema [10] and higher
mortality rates above 50% among older patients with
comorbidities [11]. The highest mortality occurs in
patients with underlying lung cancer. The infectionrelated mortality rate of complicated parapneumonic
effusions or empyema in the ICU is 40%[12]. The potential lethality of advanced empyema underscores the
importance of early detection and prompt drainage,
when indicated, of parapneumonic effusions before pleural organization occurs. With appropriate management,
the prognosis of parapneumonic effusions is determined

Parapneumonic Effusion and Pleural Space Infections. Table 1 American College of Chest Physicians staging system for
empyema
Pleural fluid
Pleural space anatomy microbiology

Pleural fluid pH

Drainage

1

Minimal free-flowing
effusion (<10 mm on
lateral decubital view)
AND

Pleural fluid pH
unknown because
thoracentesis not
indicated

No

2

Small to moderate free- Negative culture and
flowing effusion (<50% Gram stain AND
hemithorax) AND

pH  7.20

No

3

Large, free-flowing
effusion (50%
hemithorax) OR

Positive culture or
Gram stain OR

pH < 7.20

Yes

4

Any

Pus

Any

Yes

Stage

1665

Culture and Gram stain
results unknown
because thoracentesis
not indicated AND

Note: Stages 1 and 2 require all three criteria and Stage 3 requires any one of the three criteria.
Modified from reference [6].
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Parapneumonic Effusion and Pleural Space Infections. Table 2 British Thoracic Society stages of parapneumonic effusion with
drainage recommendations
Fluid characteristics

Uncomplicated
parapneumonic

Complicated
parapneumonic

Empyema

Macroscopic appearance

● Clear

● Clear or cloudy/turbid

● Pus

Fluid analysis

● pH > 7.20

● pH < 7.20

● pH, LDH, glucose assay not
indicated
● May be positive on gram
stain or culture

Management

● LDH < 1,000 IU/l

● LDH > 1,000 IU/l

● Glucose > 40 mg/dl

● Glucose < 40 mg/dl

● No organisms on gram
stain or culture

● May be positive on gram
stain or culture

● Usually resolves with
antibiotics alone

● Requires chest tube
drainage

● Requires chest tube
drainage

● Perform chest tube
drainage for symptom
relief if required
Modified from Ref. [7].

by the prognosis of the underlying pneumonia and
patient comorbidities.
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Parapneumonic Effusions
Parapneumonic effusions are exudative intrapleural fluid
collections that develop in patients with pneumonia.

Parenteral Nutrition
RONAN THIBAULT1,2, CLAUDE PICHARD2
1
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Synonyms
Intravenous nutrition

Parenteral Nutrition

Definition

P

Parenteral nutrition (PN) is a technique of nutritional
support, which consists in the intravenous administration
of macronutrients (glucose, amino acids, and triglycerides), micronutrients (vitamins and trace elements),
water, and electrolytes. PN can be the unique route of
nutrients delivery or can be administered together with
enteral (EN) or oral nutrition and is called “supplemental
parenteral nutrition” (SPN).

recommend to combine PN and EN, whenever the energy
target cannot be reached by EN alone 3 days after admission into the ICU [2, 4]. Indeed the optimization of the
nutritional support is now seen as a strategy to temper the
ICU-related catabolic state in order to protect the lean
body mass, itself associated with many body functions
such as muscle force, immune competence, etc., and ultimately with the clinical outcome and the capacity to
recover after the ICU stay.

Brief History of PN in Intensive Care
Medicine

Necessity for Reconsidering PN as
a Nutrition Support in ICU Patients

PN was developed in the late 1950s. Known as “hyperalimentation,” the use of PN rapidly increased both in
surgery and in intensive care unit (ICU) patients. Macronutrients, i.e., glucose, lipids, and amino acids, were
administered separately at variable flow rates throughout
the day. The extensive and systematic utilization of PN
was based on the paradigm that the higher the energy
prescribed, the better the clinical outcome. As a result,
excessive intravenous administration of calories was
associated with massive overfeeding. This period of systematic and overenthusiastic use of PN corresponded to
the beginning of the modern intensive care medicine,
characterized by a very high rate of death within the
first days of the ICU stay due to shock, kidney failure,
multiple organ failure, and acute respiratory distress
syndrome. The impact of the nutritional support was
therefore minor. A decreased rate of death was progressively observed as a consequence of the remarkable technical progresses (e.g., better mechanical ventilator,
antibiotherapy, vasoactive amines, etc.). This new setting
has allowed to analyze the relationship between severe
metabolic and infectious complications observed during
the ICU stay and the use of PN. PN was suddenly thought
to be dangerous and its use decreased very much. It is
frequently forgotten that most of these infectious complications and overmortality were associated with massive hyperglycaemia and hypertriglyceridemia related to
the prevalent overfeeding [1] and to the discontinued
administration of substrates.
In the early 1980s, EN was shown to be more physiological than PN and progressively replaced by PN as the
gold standard of nutritional therapy in ICU patients. Early
EN is now recommended by guidelines as the priority
feeding route in ICU patients [2–4]. However, a large
number of studies have demonstrated that EN alone is
often unable to fully cover the nutritional needs, thus
inducing a cumulated protein-energy deficit during the
ICU stay which is associated with a worse clinical outcome. On this basis, the latest ESPEN guidelines

The medical environment and the patients are changing:
the improvement of medical technology (e.g., better
mechanical ventilation, infection control, and hemodynamic management); aging (in 30 years, ICU patients are
20 years older); increase in chronic diseases such as obesity, cancer, degenerative neurological diseases, organ
insufficiency, etc., and sedentarity. Patients with
preexisting undernutrition and/or lean tissue depletion
(e.g., sarcopenic obesity) are prevalent. As these conditions aggravate the consequences of the ICU stressinduced catabolism and jeopardize optimal healing and
recovery, the prevention of their onset or their worsening
is warranted.
The presumed disadvantages of PN (Table 1) have lead
to its replacement by early EN as the gold standard
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Parenteral Nutrition. Table 1 Advantages and disadvantages of parenteral nutrition in ICU patients
Advantages
– Increase coverage of energy target
– Improvement of protein-energy balance
– No risk of gastrointestinal intolerance (vomiting,
gastroesophageal reflux, diarrhea, etc)
– Reduced risk of aspiration and pneumonia
Disadvantages
– Loss of intestinal trophicity (never demonstrated in
humans)
– Increased risk of infections
– Lower maintenance of immune and gut-barrier function
– Increased risk of overnutrition and its metabolic
complications (hyperglycaemia, insulinoresistance,
hypertriglyceridemia, liver steatosis)
– Increased risk of renutrition syndrome
– Increased costs
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nutritional therapy in ICU patients. However, recent studies have shown that EN alone is frequently associated with
severe protein-energy deficit, itself related with increased
morbidity, mortality, length of stay, and global therapeutic
cost. Clearly, accumulative evidences support the concept
that the earlier the optimization of the nutritional therapy
the lower the prevalence of negative energy balance, and
the better the clinical outcome is.
Recent data has suggested that PN has not been as
detrimental as previously reported. In the past 20 years,
it has been extensively demonstrated that PN could induce
metabolic disorders, such as hyperglycaemia, hypertriglyceridemia and liver steatosis, endocrine dysfunction,
impairment of immunity, infections, and increase in mortality [1]. PN was thought to be responsible for inducing
intestinal mucosa atrophy, which in turn led to bacterial
translocation from the gut to the bloodstream and to an
increase of the incidence of infections and sepsis. However, clinical studies have found that PN given in the
setting of complete bowel rest did not result in any intestinal atrophy, even after a month of no enteral intake.
Furthermore, there is a lack of evidence that the risk of
bacterial translocation is increased by PN. Thus, PN has
been associated with a number of theoretical and actual
complications, leading to restriction of its use and to the
almost exclusive use of EN.
The industrial PN solutions have considerably evolved
during the last 2 decades, and the “all-in-one” solutions
are now widely available. They allow a constant load of
substrates, reducing the risks of hyperglycaemia, hypertriglyceridemia, and liver fat overload. The composition of
lipid emulsions has also evolved. The increased use of
mixtures of long- and medium-chain triglycerides and of
olive oil-enriched lipid emulsions has considerably
reduced the risk of PN-related metabolic and liver complications. Also, it has recently been shown that glycaemic
control, avoiding hyperglycaemia by appropriate nutritional support along with insulin administration, reduces
mortality and morbidity in ICU patients. We consider that
most studies made before 1990 do no longer reflect the
current clinical practice. Therefore, PN can be administered safely, by a trained team, should the energy delivery
be adapted to the energy target, after obtaining a reasonable glycaemic control [5], and if EN or oral intake is
resumed as soon as tolerated.
Altogether, these observations support the concept of
“supplemental PN” with the aim to optimize EN when the
latter does not allow covering the energy target. The early
optimization of nutritional therapy by combining EN with
supplemental PN allows preventing the protein-energy
deficit, improving the clinical outcome, and promoting

better chances of recovery after the ICU stay. Randomized
controlled clinical trials are underway to verify this
hypothesis and the economic impact of this combined
nutritional strategy.

Indications of PN in ICU Patients
The recommendations for the use of PN are indicated in
Table 2. Recent meta-analyses have shown that PN is
associated with slightly more infectious morbidity than
EN. PN is mainly beneficial in surgical patients with
preexisting malnutrition at their ICU admission, but ultimately PN is related to a reduced mortality rate in ICU
patients. Therefore, PN is indicated as the first choice
route of nutrition support only for patients with an absolute contraindication to EN such as in case of intestinal
occlusion. In all other situations, PN should be limited to
patients who are not expected to be on normal nutrition
within 3 days after admission into the ICU, or if EN is
non-feasible or insufficient (i.e., <60% of energy needs).
In case EN is unable to cover protein-energy needs, the
European Society for Clinical Nutrition and Metabolism
(ESPEN) recommends the use of SPN within 48 h [2, 4],
although the American sister society (ASPEN) recommends to wait up to 7–10 days [3]. Clinical trials focussing
on clinical outcome are needed to identify the best timing
to introduce SPN in ICU patients.

Parenteral Nutrition. Table 2 Recommendations from the
European Society for Clinical Nutrition and Metabolism
(ESPEN) about the use of parenteral nutrition (PN) in ICU
patients
Recommendations

Level

PN must be avoided in patients tolerating EN and A
receiving adequate nutritional intake with regard to
their energy needs.
PN has to be initiated in the 24–48 h following ICU C
admission in all patients unable to cover their
nutritional needs by oral intake in the 3 days
following their admission, if EN is contraindicated or
not tolerated.
Supplemental PN is indicated for all patients
C
receiving EN which fails to target energy needs after
48 h.
Source: Adapted from [2, 4]
Levels of recommendations; A = meta-analysis of randomized controlled trials, or at least one randomized controlled trial; B = controlled,
non-randomized trials, or well-designed descriptive studies; C = expert
opinions
EN enteral nutrition

Parenteral Nutrition

PN: Administration and Formulas
Route of Access
The majority of PN solutions are hyperosmolar (1,200–
1,800 mOsmol/L) and are to be delivered through a central
venous catheter. The use of a single lumen polyurethane or
silicone catheter is preferable to multilumen catheter,
unless one lumen is exclusively assigned to PN administration to avoid interactions between nutrients and drugs
(e.g., PN solutions and antifungal agents administered at
the same time). The site for central venous catheter insertion associated with the lower infectious and colonization
rates is the subclavian vein.
PN administration expected not to exceed a week may
also be given by peripherally inserted venous catheters.
Teflon or polyurethane catheter should be chosen, placed
in an upper extremity site preferably, and changed daily or
every 48–72 h to minimize the risk of phlebitis. Peripheral
PN is generally designed to cover up to 60% of the energy
needs. Indeed, the solutions manufactured for peripheral
PN are diluted to reach an osmotic level tolerable
(700–850 mOsm/L) by the peripheral veins. As a result,
the nutrients concentration is lower than in central PN
solutions and full provision of nutritional needs is only
possible if 3.0–4.5 L/day of solutions can be tolerated. In
most patients, peripheral PN is used for a short period of
time either to complete EN intakes or before a central PN
is prescribed.
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must not exceed 23 mg/kg/min or 60% of the total energy
input. In addition, 24 h continuous administration of
PN solutions reduces the risk of metabolic complications.
The composition of lipids emulsions has evolved
during the last 2 decades. The increased use of mixture
containing long- and medium-chain triglycerides and of
olive oil-enriched lipid emulsions has considerably
reduced the risk of PN-related metabolic and liver complications. However, there is still no consensus regarding
the daily ideal quantity of lipid for ICU patients. An initial
supply of 0.5–1 g/kg body weight/day of long-chain triglycerides (LCT) seems to be the best; this can be increased
up to a maximum of 2 g/kg/day as long as plasma
lipid clearance is regularly monitored (i.e., triglyceridemia
<4–6 mmol/L, no serum lactescence). The controversy
remains about the possible immunosuppressive effect of
standard LCT-based lipid emulsions in the acutely ill
patient. In case of severe trauma or sepsis, lipid supply
should be limited to 30–40% of the total energy prescribed.

All-in-One PN Solution
All-in-one (ternary) PN bags, containing protein, carbohydrate, lipid, supplemented with trace elements, vitamins, and electrolytes, are generally recommended for
their convenience, good metabolic tolerance, and costeffectiveness. All-in-one PN is generally well tolerated:
initiation, interruption, and termination of PN perfusion
do not require specific procedures except in patients with
labile glycaemia.

Energy and Nutrients
Undernutrition and overnutrition are both negatively correlated with poor clinical outcome. ESPEN recommends
to prescribe 20–25 kcal/kg body weight /day during the
acute phase corresponding to the first 3 days following
ICU admission and 25–30 kcal/kg body weight /day during the post-acute phase. In obese or overweight patients,
the energy requirements could be estimated at 15 kcal/kg
actual body weight /day or 20 kcal/kg ideal body
weight /day. Protein needs vary between 1.3 and 1.5 g/kg
body weight/day. In obese or overweight patients, the ideal
body weight should be used to calculate protein needs.
Nitrogen sources are provided by a balanced mixture
of amino acids (AA). There are no convincing arguments
to recommend the use of branched-chain AA.
Energy sources are glucose and triglycerides. Glucose
and triglycerides administration should be adjusted
according to the energy needs (see above) and any excess
should be avoided to prevent complications related to overfeeding. The recommended quantity of glucose is up to
6 g/kg body weight/day and must not be administered at
a rate exceeding 5 mg/kg/min in ICU patients. Lipid supply
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Pharmaconutrition
In inflammatory conditions such as injury and sepsis,
glutamine becomes a conditionally essential amino acid
and the preferred fuel for rapidly dividing cells such as
lymphocytes, macrophages, and enterocytes. Several
randomized controlled trials indicate that the supplementation of PN solution with glutamine improves the clinical
outcome (reduced mortality, length of ICU and hospital
stay, and duration of mechanical ventilation) of abdominal
surgery and trauma in ICU patients. ESPEN recommends
the use of PN supplementation with 0.2–0.4 g glutamine/
kg/day for these specific patients (grade A).
Arginine, while putatively advantageous in situations
of stress, is already present in standard amino acid solutions. However there is no firm clinical outcome evidence
to support additional supplementation in ICU patients.
During severe sepsis (APACHE II >15), arginine supplementation may be deleterious.
Omega-3 polyunsaturated fatty acids (PUFA), derived
from fish oils, give rise to 10–100-fold less platelet activation and thrombogenesis compared with omega-6 PUFA
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(derived from vegetable oils), the usual component of
standard lipid emulsions. Therefore, omega-3 PUFAs
are less liable to induce an inflammatory response to the
activation of target cells by cytokines. Recent data
has suggested that the association of PN with 0.1 and
0.2 g/kg/day omega-3 fatty acids can improve the respiratory parameters in patients with acute respiratory distress
syndrome (ARDS), and even reduce the length of stay in the
ICU (grade B). In ARDS, the use of PN solution containing
increased proportions of lipids and less carbohydrate to
reduce carbon dioxide production is not recommended.
In ICU patients, routine daily supplementation of
micronutrients (vitamins, trace elements) has been
recommended. For patients with severe burns, a higher
level of supplementation with antioxydants, such as zinc,
selenium, and copper, has been found highly beneficial by
reducing morbidity, mortality, and length of stay.

Complications of PN: Description and
Management
Written protocols for PN prescription and administration
are highly recommended to improve the quality of care
and reduce the frequency of complications. They should
be periodically updated by the nurses and the residents, as
well as communicated to all new staff members.

Catheter-Related Sepsis (CRS)
The risk of catheter infections is the most serious complication of PN. Therefore, the indications of PN should be
reevaluated every day, and PN administration should not
be lengthened unnecessarily.
The insertion, the nursing care of the central catheter,
and the connection of PN solution to the catheter require
strict adherence to aseptic and antiseptic protocols in order
to reduce the risk of CRS. In particular, the tubing
connecting the PN bag to the patient’s catheter should
be changed daily to prevent microbial contamination.
Routine replacement of central catheters on a new site
or by guide wire exchange increases the risk of mechanical
complications and of CRS and is no longer recommended.
The prevention of CRS also includes the prevention of
hyperglycaemia and the overnutrition-related complications.
Rigorous measures of infection control are mandatory
in all patients receiving PN. Body temperature and catheter insertion sites (including peripheral) must be carefully monitored. A low-grade fever, in the absence of an
obvious source of infection, or a dirty, inflamed, or purulent insertion site is a likely sign of catheter infection.
If CRS is suspected to be the cause of severe sepsis, the
catheter must be removed immediately, PN temporarily
interrupted, blood and catheter cultures obtained, and

intravenous antibiotic treatment initiated and adapted as
early as possible to the isolated germ and the antibiogram.
In case of mild infection, to avoid unjustified central
venous catheter removal and the risks associated with
the placement of a new catheter, two options are discussed:
guide wire exchange for quantitative culture of the catheter tip, or taking cultures in situ, as well as in situ antibiotic
treatment (antibiotic lock).

Other Catheter-Related Complications
Complications associated with catheter insertion, such as
air embolism, injury to thoracic structures (lung, pleura,
veins, arteries, thoracic duct, etc.), and cardiac arrhythmias, are not uncommon. General safety guidelines, not
specific to PN, should be strictly applied. Catheter thrombosis can occur any time after the insertion and is often
associated with catheter infection. Heparinization of
PN bags or solutions is sometimes advocated, but not
supported by convincing clinical trials.

Metabolic Complications
Hyperglycaemia is frequently observed in the ICU, especially in patients with infection, liver dysfunction, pancreatic dysfunction, diabetes mellitus, and those receiving
drugs such as corticosteroids and cephalosporins. Therefore, blood and urine glucose values should be checked
daily or more often if needed. The association between
hyperglycemia and adverse outcome in postoperative
(mainly post-cardiac surgery) patients has been underlined.
A blood glucose control lower than 10 mmol/L with
insulin can dramatically improve morbidity and/or
mortality of surgical/medical ICU patients. Indeed, the
NICE-SUGAR multicentric randomized studies has
recently indicated that the maintenance of a “reasonable”
glycaemia (<10 mmol/L) is associated with a reduced
mortality rate as compared with a “tight” glycaemic control (4.5–6 mmol/L) [5]. Thus, the glycaemic control is
necessary in medical critically ill patients treated with PN,
but not as tight as previously indicated by van den Berghe
et al. However, it remains to confirm whether a tight
glycaemic control should be indicated in surgical patients.
Hypoglycaemia is less common than hyperglycaemia,
but its immediate neurological consequences are much
more dangerous. Hypoglycaemia is frequently observed
because of inadequate insulin administration, but may
be caused by the sudden cessation of a high administration
rate of glucose, the onset of a sepsis, or the combination of
various factors.
Hyperlipidemia is generally due to an excessive administration of lipid (erroneous calculation of the energy
target, inadequate administration rate) or a decreased
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rate of lipolysis (e.g., at the onset of a sepsis).
Overproduction of lipid can result in an overload of carbohydrates and is associated with hepatic steatosis.
A fraction of patients have preexisting hypertriglyceridemia at ICU admission and will show abnormally
high values throughout the duration of PN.
Triglyceridemia should be monitored at least twice a
week in ICU patients receiving PN.

Liver Enzymes Abnormalities
Liver enzymes abnormalities are usually multifactorial,
and can be caused by sepsis, hypoxaemia, ischaemia,
drugs, and PN. More than 60% of ICU patients receiving
PN for more than 2 weeks have abnormal liver function
tests. These abnormalities are usually benign but may
herald the onset of MOF. An increase in gammaglutamyl-transpeptidase and alkaline phosphatases
without an increase in bilirubin is frequent during PN
administration. The differential diagnosis of ICUjaundice is often difficult due to these numerous possible
etiologies. Abnormal aspartate aminotransferase, alanine
aminotransferase, gamma-glutamyl-transpeptidase and
alkaline phosphatases, and bilirubin should be checked
three times a week.
Sludge in the biliary tract and stasis in the biliary ducts
causing chronic acalculous cholecystitis may be
associated with prolonged PN and may be prevented by
the administration of a small volume of enteral feeds
(100–200 mL/day). Gangrenous cholecystitis is a rare but
often severe, life-threatening complication of TPN in
mechanically ventilated patients that has been described
in patients with liver dysfunction.

Refeeding Syndrome
Patients with severe protein-calorie undernutrition (body
weight loss 20%) are at high risk of refeeding syndrome
and other metabolic disturbances during the first 3–5 days
on PN. Mainly electrolytes abnormalities and vitamins
deficits have to be prevented. As soon as the nutrition
support is started in a severely undernourished patient,
the intracellular demand for potassium, magnesium, and
phosphate is massively increased due to enhanced glycolysis and stimulation of Na/K-ATPase pump. The electrolyte deficit could lead to heart insufficiency, severe
neurological disorders, and death. Reversal of acidaemia
following the establishment of mechanical ventilation
may result in hypophosphataemia due to a shift of
phosphate from the extracellular to the intracellular compartment. In practice, the rate of potassium, magnesium,
and phosphate infusion should increase from 80–120 to
120–200 mmol K/day, 8–12 to 24–36 mmol Mg/day, and
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15–30 to 30–60 mmol PO4/day. Potassium, magnesium,
phosphate, and calcium should be closely monitored as
long the values are abnormal/unstable, and supplemented
as needed.
Administration of PN, which contains 150–300 g of
glucose, may result into lactic acidosis, beriberi, and/or
Wernicke’s encephalopathy in severely malnourished
patients. Prevention is mandatory by prescribing high
dose of vitamin B1 (e.g., 300 mg/day) before (or at the
latest during) PN or any hypertonic glucose solution.

Economic Aspects of PN
Indirect cost of undernutrition in ICU patients is massive
as it is related to the cost of overmorbidity related to
complications such as prolonged mechanical ventilation,
infections, delayed healing, and prolonged ICU stay.
Direct cost of PN ranges from €100 to €250 /day according
to local practice (i.e., prescription, monitoring), products,
and devices costs. Therefore, the choice of an optimal
nutrition support in ICU patients should take into
account economical aspects. The cost-effectiveness of PN
in comparison with EN has never been carefully evaluated
in the setting of ICU. The optimal use of EN in lieu of
PN has been associated with significant cost savings in
the ICU. However, the costs of nutritional therapy have to
be counterbalanced with the costs of manpower (EN is
more time consuming to implement than PN) and
nutritional support-related complications or side effects.
For example, the prevalence of diarrhea may vary from
2% to 95% in ICU patients and the administration of EN
is often complicated with diarrhea. One could speculate
that diarrhea-related costs (materials, nurse, and medical
time) could increase the EN global costs. Thus, it is necessary to initiate study protocols with the aim to evaluate
the cost-effectiveness of the different nutrition support
techniques, or their combination (EN + SPN), in the
setting of ICU.
The choice of the nutritional strategy should be based
on efficacy, safety, and medico-economic data.

Conclusion
Many ICU patients have a high level of vulnerability
toward stress-related catabolism because of their advanced
age, chronic diseases, and preexisting malnutrition at the
time of their admission into the ICU. Optimal nutrition
support can reduce the catabolism of the lean body mass,
malnutrition-associated with overmorbidity, and improve
recovery after the ICU stay.
Recent evidence has indicated that “all-in-one” PN is
not as detrimental as previously suspected, and could have
a positive impact on mortality in ICU patients.
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EN remains the gold standard of nutritional therapy in
ICU patient. Because of PN-associated infectious and
metabolic complications, PN should be restricted to the
contraindications to EN or inability of EN to cover the
protein-energy target. Supplemental PN together with
insufficient EN could optimize the nutritional therapy by
preventing the onset of early energy deficiency.
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Synonyms
Straight leg raise

Definition
The passive leg-raising maneuver consists of passively
lifting the inferior limbs from the horizontal plane up to
45 . It has been developed as a test for detecting ▶ volume
responsiveness in patients with an acute circulatory
failure.

Pre-existing Condition
Predicting which patients with an acute circulatory failure
will respond to fluid by a significant increase in cardiac
output is a daily challenge, in particular in the setting of
intensive care units. For this purpose, the first method that
has been proposed consists of observing the effects of
mechanical ventilation on stroke volume or some of its
surrogates. Nevertheless, the respiratory variation of
stroke volume cannot be used in cases of spontaneous
breathing, cardiac arrhythmias, or low tidal volume. In
such problematic cases, the passive leg raising (PLR) test
has been proposed for solving the problem of volume
responsiveness prediction.

Hemodynamic Changes During PLR
In a lying subject, raising the legs from the horizontal
position passively transfers blood from the lower part of
the body to the trunk and, in particular, to the cardiac
chambers. Some old physiological works demonstrated
that the blood volume mobilized by this maneuver is
quite large. In fact, it was shown that a reduction of
about 150 mL of the blood volume of the calves was
induced by the postural maneuver in human subjects
[1]. In other words, PLR partially empties the venous
tank and converts a part of the unstressed volume to
stressed volume. In turn, PLR increases the mean circulatory pressure and the venous return.
In the case when the right ventricle is preload responsive, the increase in systemic venous return increases
the right ventricular outflow. After the few seconds
that are necessary for crossing the pulmonary vasculature, the increased flow is transmitted to the left part of
the circulation, and the left ventricular preload could
theoretically rise. A number of clinical studies reported
that the blood transfer induced by PLR is of sufficient
magnitude for the increase of right and the left cardiac
preload [1].
Eventually, the increase in left cardiac preload should
result in an increase in cardiac output depending upon the
degree of ▶ preload responsiveness of the left ventricle.
Importantly, the increase in cardiac preload induced by
PLR totally reverses once the legs are laid back to the
supine position. In other words, PLR acts as a reversible
and short-lived “self ” fluid challenge [1].

Passive Leg Raising Test

At this point, it is important to state that the volume of
blood transferred to the heart during PLR could vary
depending upon the nature of postural change (see
below) and upon the ability of the venous reservoir to be
recruited. In cases where the veins are constricted, as
during hypovolemic and cardiogenic shock states, the
venous reservoir is already reduced so that the volume
recruited by the PLR is expected to be smaller. By contrast,
in a patient with a vasodilatory state like septic shock,
a higher unstressed volume is expected to be recruited by
PLR. Based on this hypothesis, PLR should theoretically
increase right ventricle preload to a lesser extent in
patients with hypovolemic than in those with septic
shock. However, in patients with a high degree of volume
responsiveness, even a moderate increase in preload can
result in a significant change in cardiac output.

P

1673

output. This is however, not always the case owing to the
curvilinear shape of the Frank–Starling curve [2]. In cases
when the patient’s heart is operating on the initial and
steep part of the curve, the increase in cardiac preload by
fluid administration will actually result in a significant
increase in cardiac output. By contrast, when the patient’s
heart is operating on the terminal and flat part of the
curve, increasing preload will not affect cardiac output
and the patient will be “unresponsive” to fluid therapy
[2] (Fig. 1). In the latter case, fluid administration could
result in an excessive increase in left ventricular filling
pressure with the inherent risk of worsening of lung
edema in the case of acute respiratory distress syndrome.
This has accounted for the development of methods
aimed at predicting fluid responsiveness at the bedside [2].
Because the static markers of cardiac preload fail to
predict fluid responsiveness, dynamic tests using the concept of “preload challenge” have been developed. This
simply consists in observing the resulting effects on stroke
volume of any change in preload. If a significant and
transient change in preload positively affects the stroke
volume or any of its surrogates, a fluid administration is

Application
Testing Fluid Responsiveness with PLR
In the case of acute circulatory failure, fluid administration is expected to induce a significant increase in cardiac

Stroke
volume

b′

Preload reserve
Family of curves

a′

No preload reserve

b
a

A

B

Cardiac preload

Passive Leg Raising Test. Figure 1 Functional assessment of the Frank–Starling curve with the passive leg raising (PLR). In
patients with circulatory failure, it is not possible to predict the response to volume administration from a single estimation of
cardiac preload because not only one but also numerous curves relate stroke volume and cardiac preload. PLR induces a change
in preload that enables to challenge the relationship. If the increase in cardiac preload occurring during the test (from A to B)
produces a large increase in stroke volume (from a0 to b0 ), the patient should respond to fluid administration. If the increase in
stroke volume during the test is of small amplitude (from a to b), preload responsiveness is unlikely and fluid administration
should be avoided
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Passive Leg Raising Test. Figure 2 Prediction of fluid responsiveness by the effects of passive leg raising (PLR) on pulse contourderived cardiac output. In these patients (all with spontaneous breathing activity or cardiac arrhythmias), observing the effects of
PLR on the pulse contour-derived cardiac output allowed distinguishing between responders and nonresponders to fluid
infusion. If the PLR-induced changes in cardiac output were larger than 10%, fluid responsiveness could be predicted with a good
accuracy (Adapted from [3])

assumed to have the same significant effect (Fig. 1). This
concept, which has been called “functional hemodynamic
monitoring” [3] has led to the development of heart–lung
interaction indices such as stroke volume or pulse pressure
variation. However, heart–lung interaction indices can be
utilized only in specific conditions (regular sinus
cardiac rhythm, full adaptation of the patient to the
ventilator) [2].
The PLR, with its “self volume challenge effects,” is an
alternative way for predicting the hemodynamic response
to fluid administration [1]. Importantly, since the duration of PLR encompasses several cardiac and respiratory
cycles, its hemodynamic effects are not influenced by
arrhythmias or by ventilator triggering. Therefore, the
PLR can be utilized in circumstances where heart–lung
interaction indices are misleading.
The validation of PLR as a test for predicting fluid
responsiveness has been first provided by a study including shocked patients monitored by esophageal Doppler
[4]. In these patients, PLR increased the aortic flow time –
a marker of left cardiac preload – in the same proportion
in responders and in nonresponders, suggesting that this
test was actually performed as a volume challenge. The
changes in the descending aortic blood flow observed
during PLR were closely correlated with those induced
by the subsequent volume expansion. Moreover, this

study showed that if an increase in aortic blood flow by
more than 10% during PLR, predicted an increase in
aortic blood flow greater than 15% after the subsequent
fluid administration with high sensitivity and specificity
[4] (Fig. 2). In the subgroup of patients fully adapted to
their ventilator, the response to PLR performed equally to
pulse pressure variation in predicting volume responsiveness [4]. Importantly, in the subgroup of patients who
triggered their ventilator or who experienced arrhythmias,
the aortic blood flow response to PLR kept its predictive
value of fluid responsiveness while pulse pressure variation was no longer reliable [4]. These findings established
the PLR test as an alternative for predicting the response to
fluid in situations where the respiratory variations of
stroke volume can be misleading.
These seminal results were confirmed by ensuing studies including patients fully adapted to their ventilator as
well as patients with spontaneous breathing. Different
hemodynamic devices (esophageal Doppler, pulse contour cardiac output monitor, echocardiography, and
transthoracic ultrasonography) have been used for following the real-time cardiac output response to PLR. The
cutoff values of PLR-induced increase in cardiac output
(or surrogates) found in these studies ranged between
10% and 15% and were not different from one to another,
enhancing the confidence into the test reliability (Fig. 2).
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Practical Aspects of the PLR Test
The postural change used for the PLR test is important to
consider [1]. The initial position from which the PLR test
is started could be the supine or the semi-recumbent
position. A recent study investigated whether these two
methods could induce different hemodynamic effects [5].
Interestingly, when PLR was started from the 45 semirecumbent position, the induced-increase in central
venous pressure was significantly higher than when PLR
started from the supine position. This was explained by
the fact that starting PLR from the semi-recumbent position enables mobilization of the splanchnic venous compartment toward the intrathoracic compartment in
addition to the venous blood volume of the legs. Consequently, the maneuver starting from the semi-recumbent
position was more sensitive for detecting fluid responsiveness than the maneuver starting from the supine position.
Another advantage of starting PLR from the semirecumbent position is that it is very easy to perform by
using the automatic pivotal motion of the patient’s bed
[1]. It also allows performing PLR without inducing any
hip flexion and painful femoral catheters motion.
Another important point concerns the method that
can be used for assessing cardiac output changes during
PLR. First, it must be a real-time cardiovascular assessment able to track hemodynamic changes in the time
frame of PLR effects, that is, 30–90 s. Indeed, the effect
of PLR on cardiac output – when it occurs – is not always
sustained when the leg elevation is prolonged. This is
particularly true in septic patients in whom capillary leak
may account for attenuation of the PLR effects after
around 1 min. Second, the limits of precision of the
technique must be far below the 10–15% increase in
cardiac output found as a predicting cutoff value. In
this regard, the PLR-induced changes in the descending
aorta blood flow, in the pulse contour-derived stroke
volume, or in the Doppler-derived velocity–time integral
have been proposed to be used for that purpose [1].
Importantly, the PLR-induced changes in arterial pulse
pressure were demonstrated to be less accurate than
the PLR-induced changes in descending aorta blood flow
[4] to predict fluid responsiveness. This is probably
explained by the fact that the arterial pulse pressure is
only a rough surrogate of stroke volume. It also depends
upon the arterial compliance, a parameter that might
change during the postural maneuver. In our practice,
the pulse contour estimation of cardiac output is the
easiest-to-use method for assessing the PLR effects. Moreover, the reproducibility of this method is very high,
allowing assessing the cardiac output changes during
PLR with a reasonable confidence.
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Finally, it should be advised to ensure that preload
actually changed in response to PLR before looking at
the resulting change in cardiac output. Indeed, if cardiac
preload does not change, fluid responsiveness could not be
tested. Thus, significant changes of a marker of cardiac
preload should be a prerequisite for a correct interpretation of the PLR test. Central venous pressure, duration of
the aortic flow measured by esophageal Doppler, or enddiastolic dimensions at echocardiography could be used
for this purpose.

Limitations of the PLR Test
Beyond its reliability and easiness to be performed, some
limitations of the PLR test must be acknowledged. First, as
detailed above, its hemodynamic impact cannot be
assessed by simply observing the arterial pressure changes
and using a more or less invasive device for estimating
cardiac output. Second, the test requires that the patient
could be mobilized and the trunk could be horizontalized.
Therefore, the test can hardly be used in the perioperative
period. It should also be advised to refrain performing the
PLR test in cases of head injury or increased intracranial
pressure [1]. Finally, elastic compression stocking may
also alter the venous volume recruited by the PLR.

Conclusion
PLR induces a transient and significant increase in cardiac
preload that can be used as an endogenous fluid challenge.
It is now well established that PLR can predict fluid
responsiveness in critically ill patients, including those
for whom cardiac arrhythmias, spontaneous breathing
activity, and low tidal volume ventilation preclude using
the respiratory variation of stroke volume for predicting
the hemodynamic response to fluid infusion. Optimal
utilization of the test requires a real-time assessment of
cardiac output capable to detect the short-term hemodynamic response. Finally, the postural change should be
started from the semi-recumbent rather than from the
supine position.
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Patient–Ventilator Asynchrony
Poor patient–ventilator interaction.

Patient–Ventilator Interaction
Ability of a mechanical ventilator to deliver respiratory
assist in tandem with patient effort (timing and
magnitude).

Patient–Ventilator Interactions
CHRISTER A. SINDERBY, JENNIFER BECK
St. Michael’s Hospital, Toronto, Canada

Synonyms
Patient–ventilator synchrony; Synchronized assist; Synchronized ventilation

Definition
The term “▶ patient–ventilator interaction” refers to the
ability of a mechanical ventilator to deliver respiratory
assist in tandem with patient effort. In other words, it
is the ventilator’s ability to deliver the required flow,
pressure, and/or volume in time with inspiratory effort,
and to remove the assist when inspiratory effort has
ended. Poor patient–ventilator interaction has three
general categories: (1) a mismatch between the start of
the assisted breath in relation to the beginning of the
patient’s neural inspiratory effort, (2) a mismatch
between the end of the assist in relation to the end of
inspiratory effort, and (3) a mismatch between the level
of assist provided in relation to the varying respiratory
demand of the patient.
Patient–ventilator interaction describes the partnership between two pump systems: The first system is the
patient’s respiratory system under neural control and
influenced by the respiratory system mechanics. The second is the mechanical ventilator, which at one extreme can
also be neurally controlled by the patient or at the other
extreme can be adjusted to deliver assist with an imposed
timing at levels controlled by the clinician. The performance of the mechanical ventilator is influenced by the
function of sensors and flow valves. Patient–ventilator

synchrony is achieved when the two pumps are matched
in time and share the work of breathing throughout every
phase of the breath. This synchrony should be achieved
without causing overdistension or de-recruitment of the
lungs, while maintaining adequate gas exchange.
Poor patient–ventilator interaction can cause patient
discomfort, increased work of breathing, impaired sleep,
prolonged time on mechanical ventilation, and time to
home dismissal [1, 2]. In infants, ▶ patient–ventilator
asynchrony has been associated with increased incidence
of pneumothorax.

Characteristics of Patient–Ventilator
Interaction
In order to understand the characteristics of patient–
ventilator interaction, knowledge about spontaneous
breathing is important.
Spontaneous breathing is guided by central controllers
that affect both the timing and the amplitude of
the breathing effort. Pulmonary mechano-receptors –
sensitive to lung and airway stretch and irritation – and
chemoreceptors – sensitive to arterial blood gas tensions –
feedback to the respiratory centers, which, in turn, neurally activate the respiratory muscles in order to maintain
adequate ventilation, while protecting the lungs and not
jeopardizing the respiratory reserves.
During acute respiratory failure, the respiratory
reserves are consumed by impaired respiratory mechanics,
poorer respiratory muscle function, and/or impaired gas
exchange, such that breathing becomes a compromise
between the patient’s ventilatory demand and respiratory
muscle supply, typically resulting in a rapid shallow
breathing pattern and insufficient ventilation.
In the past, mechanical ventilation was applied in
order to substitute the patient’s ventilation completely.
There was little or no regards paid to a patient’s own
breathing effort, which if necessary, could be controlled
by profound sedation and paralysis.
Recently, clinical practice has changed toward a more
restricted use of paralytic agents as well as increased application of noninvasive ventilation. This has reincorporated
the patient’s respiratory function into the application of
mechanical ventilation, and has introduced a demand for
modes of partial ventilatory assist (rather than controlled
mechanical ventilation). Consequently, mechanical ventilators have evolved from being simple time-controlled air
pumps, to sophisticated machines designed to deliver
assist in tandem with the patient’s own inspiration. One
of the most frequent reasons for instituting mechanical
ventilation in critically ill patients is to decrease the
patient’s work of breathing, unloading respiratory
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muscles, and improving ventilation and gas exchange; all
of which require good synchronization between the
patient and the ventilator.
Patient–ventilator asynchrony is caused by both
patient factors (abnormalities of respiratory drive and
abnormal respiratory mechanics) and ventilator factors
(triggering, flow delivery, breath termination criteria,
and the level and mode of ventilator support).
Assuming that a patient is making spontaneous
neural efforts to breathe, the primary factor controlling
patient–ventilator interaction is the ventilator technology
and its settings. That is, the technology that is used to
control the ventilator should be able to deliver assist in
time and with an adequate dosage in relation to the
patient’s inspiratory effort. Crucial to detection and treatment of patient–ventilator asynchrony is a means to detect
it at the bedside.
Given that the patient in acute respiratory failure is
typically characterized by increased respiratory mechanical loads (increased elastic recoil, flow resistance, and
intrinsic ▶ PEEP) and impaired respiratory muscle function, their ability to generate sufficient ventilation (flow
and volume) is restricted. Moreover, patients are frequently sedated to ensure acceptable comfort, which in
itself may further reduce respiratory drive.
Modern ventilators offer a multitude of algorithms for
triggering, cycling, and modes. Depending on these
modes, there are many options for adjusting the variables
or sensitivities of the ▶ trigger, ▶ cycling-off criteria, level
of assist, rise time, flow delivery and flow pattern, etc.
Despite the many ways in which ventilators can potentially
be adjusted, severe asynchrony still affects at least one
quarter of patients on pneumatically controlled mechanical ventilation [1, 2], testifying that there is need for
better care.
In understanding the principles of patient–ventilator
asynchrony, it is helpful to know how changes in ventilator
settings affect breathing. One example is that of prolonged
delivery of assist following the end of neural inspiration.
Vagal reflexes sensitive to lung inflation result in
prolonged neural expiratory time.
Besides interfering with breathing pattern, patient–
ventilator asynchrony also influences the efficiency of
assist delivery. When delivered timely to neural inspiratory efforts, a positive pressure ventilator will add pressure
to the lungs at the same time as the inspiratory muscles
generate negative pressure around the lungs (Fig. 1).
The sum of patient- and ventilator-generated pressures –
the transpulmonary pressure – constitutes the force acting
to distend the lungs. This synchronous delivery of assist
with patient effort can be considered to be efficient.
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If the respiratory system is not in distress, increasing
ventilator assist is anticipated to down-regulate respiratory drive, reducing the patient’s pressure generation and
unloading inspiratory muscles while maintaining the
transpulmonary pressure. When the respiratory system is
in distress, increasing ventilator assist can be anticipated
to down-regulate respiratory drive to a lesser extent for the
benefit of increasing transpulmonary pressure and to
improve ventilation at a given energy expenditure.
If the assist is not delivered timely to the neural inspiratory effort, the efficiency to generate transpulmonary
pressure and inflate the lungs will be reduced (Fig. 1) such
that the assist level and/or patient effort has to be higher
than when assist is synchronized with neural inspiration.
The level of assist should ensure an adequate tidal
breath without overdistending the lungs or excessively
unloading the respiratory muscles. Generally, increased
inspiratory pressure levels increase the risk of damage to
the lungs and respiratory muscles. Ventilatory assist can
abolish respiratory drive and inactivate respiratory muscles, which may be associated with rapid atrophy of respiratory muscles [3]. Excessive assist could also be injurious
to the lungs (baro- or volutrauma) and the cardiovascular
system.
Finally, to prevent de-recruitment during the neural
exhalation period it is frequently required to apply
a positive end-expiratory pressure (PEEP), especially in
patients ventilated via an endotracheal tube, which
inhibits the upper airways from regulating end-expiratory
lung volume.
It is therefore a very intricate task to decide what type
and level of assist is required to adequately inflate the
lungs and what level of assist is required to ensure an
adequate end-expiratory lung volume, especially when
the lungs, respiratory system mechanics, and respiratory
muscles are impaired and patients are intubated (no upper
airway function). From a respiratory muscle perspective,
it is crucial that partial assist is titrated to ensure prevention of respiratory failure without being excessive. Again,
the lack of appropriate monitoring systems has made this
a challenging task.
Failure to deliver assist in response to patient need
may result in agitation, patient fighting the ventilator,
and increased metabolism and work. This situation is
often associated with increased sedation levels to increase
the patient’s tolerance to asynchrony or to prevent them
from fighting the ventilator. A consequence of increased
sedation is reduced respiratory drive, i.e., less inspiratory
contribution by the patient, which thus increases the need
for higher assist levels, and in turn can be a cause for
worsened patient–ventilator asynchrony.
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Patient–Ventilator Interactions. Figure 1 Schematic illustration of the effect of patient–ventilator interaction on efficiency of
pressure delivery. Transpulmonary pressure (Ptp) is the driving force to generate flow and volume. During mechanical ventilation
synchronized assist (left panel) adds the ventilator pressure (Pvent) to the patient mechanical effort (Pes), such that their sum
generates an increased Ptp. During asynchrony, the ventilator’s assist delivery is not timed to patient effort, and hence there is no
summation of Pvent and Pes generating a lower Ptp relative to the synchronized breath

How to Monitor Patient–Ventilator
Interaction
A requirement for improving patient–ventilator interaction is bedside monitoring and detection of patient–
ventilator asynchrony. An ideal monitoring system for
patient–ventilator interaction is one that provides information or a signal about patient breathing effort simultaneously with a signal about the ventilator’s assist delivery.
The monitoring system should demonstrate whether the
assist is delivered in time with patient effort, and also if the
assist in itself affects the patient’s neural and mechanical
inspiratory efforts.

Monitoring Timing of Patient’s Neural
Inspiratory Effort and Assist Delivery
Most ventilators are equipped with monitors that display
in real time, the respiratory circuit pressure, flow, and
volume. By visually analyzing these waveforms with

respect to time, it is possible to deduce some important
information about how synchronized the ventilator
delivers assist in relation to the patient’s neural inspiratory
effort. For a detailed review see Nilsestuen [4]. Providing
further insight, a simple overlay or superimposed neural
signal on the ventilator assist signal can provide a visual of
patient–ventilator interaction.
The neural activation of inspiratory muscles represents the onset and termination of central motor output.
In patients with functioning neuromuscular transmission,
the diaphragm’s electrical activity reflects its neural activation and thus provides information on the timing of the
patient’s neural inspiratory effort.
One thing to keep in mind is that although the
diaphragm is the principal inspiratory muscle and
critical to efficient ventilation, alternating activity
between respiratory muscles groups is possible and may
induce phase shifts between neural activation of the
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diaphragm and neural activation of the rib cage and/or
accessory muscles.

Monitoring Magnitude of Neural Inspiratory
Effort/Respiratory Drive
One of the most important – but often neglected –
evaluations about patient–ventilator interaction is the
simple determination of whether or not the patient has
a respiratory drive and whether this respiratory drive
responds to interventions. Several questions could be
asked: Is the patient breathing? What is the magnitude of
unloading and suppression of the respiratory drive when
changing the assist level? Does the patient respond to
changes in assist? How much assist does the patient require?
Patients with acute respiratory failure are characterized by poor efficiency to generate ventilation. This is due
to weak inspiratory muscles, and impaired chest wall
configuration in combination with increased load due to
reduced lung compliance, increased airway resistance, and
intrinsic PEEP. Despite a high neural inspiratory drive, the
resulting airway flow and volume may be small. On the
other hand, healthy subjects demonstrate a lower respiratory drive, which efficiently translates into adequate flow
and volume. Consequently, the efficiency with which neural inspiratory effort can be transformed into lung
expanding pleural pressure (neuromechanical coupling)
and subsequently into airway pressure, flow, and volume
(neuroventilatory coupling) is related to the degree and
pathogenesis of the respiratory impairment.

Monitoring Respiratory Drive with Flow and
Volume Signals
Observing flow and volume tracings during nonassisted
breathing can provide information that a patient is actually breathing or capable of breathing spontaneously and
reveals what lung volume is being generated. However,
during assisted breathing, flow and volume waveforms
cannot reveal what the neural inspiratory effort is. Flow
and volume waveforms do not indicate the level of
unloading or how much neural respiratory drive is
suppressed when assist is delivered.

Monitoring Respiratory Drive with Trigger
Indicators
It is often misunderstood that when the ventilator monitor displays a respiratory rate that is higher than the set
back-up rate, the patient is spontaneously breathing. Also,
it is assumed that a patient is spontaneously breathing
when the ventilator indicates triggering of the breath (on
some ventilators, this is simply a light indicator flashing
when the ventilator inspiratory valve opens). A word of
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caution in interpreting this as spontaneous breathing: it
may be invalid in the case of auto-triggering. As well, the
patient may only make the slightest effort to trigger and
may not be “spontaneously breathing” throughout the
entire assist delivery period. Figure 2 demonstrates an
example where no diaphragm activity is present, but the
ventilator is being triggered.

Monitoring Respiratory Drive with P0.1
Measurements of “P0.1” – the extrapolation of the rate of
decrease in respiratory circuit pressure prior to assist
starting – has been incorporated into ventilators as
a measure of changes in respiratory drive. Since this measurement is affected by changes in respiratory mechanics
and changes in muscle function or weakness, the accuracy
of P0.1 can be limited.

Monitoring Respiratory Drive with
Respiratory Rate
One of the most utilized methods to monitor respiratory
drive in spontaneously breathing patients on mechanical
ventilation is respiratory rate. Note that in order to rely on
the respiratory rate, one must ensure that there is no
ineffective triggering or auto-triggering. In the past, when
patients were ventilated more frequently with volume- and
pressure-targeted modes and generous tidal volumes,
respiratory rates well below 30 breaths/min would be considered to reflect a adequate respiratory drive. Recently,
studies showing improved synchrony and outcomes with
lower tidal volumes in the 6 mL/kg range have necessitated
acceptance of respiratory rates at 30 breaths/min.

Monitoring Respiratory Drive with
Esophageal Pressure
Monitoring of esophageal pressure (reflective of pleural
pressure) is also available for bedside use of respiratory
drive evaluation. Esophageal pressure reflects the mechanical effort to expand the chest wall and can thus be indicative of the onset and persistence of an inspiratory effort
during ventilatory assist. Following are some of the limitations: If expiratory muscles are activated, their relaxation may induce esophageal pressure waveform changes
that can be mistaken for inspiratory muscle activation.
Also, during mechanical ventilation, esophageal pressure
may be dissociated from neural inspiratory drive, for
instance, when changes in end-expiratory lung volume
occur during dynamic hyperinflation. During synchronized mechanical ventilation, the esophageal pressure
swings can be completely abolished by complete
unloading of the diaphragm, despite the presence of neural inspiratory drive.
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Patient–Ventilator Interactions. Figure 2 Figure shows a sequence of breaths during pneumatically triggered and cycled-off
pressure-targeted ventilation (pressure support) in an adult patient. From top to bottom, the tracings illustrate ventilator
pressure, flow, volume, and diaphragm electrical activity that were monitored and obtained at the bedside. The period of
assist delivery is indicated by the shaded areas. Negative deflections in ventilator pressure tracings prior to assist delivery suggest
an inspiratory effort taking place, however, there is only minute diaphragm electrical activity suggesting that the ventilator
was auto-triggering the assist and that the assist is excessive

Monitoring Respiratory Drive with
Diaphragm Electrical Activity
The diaphragm electrical activity (▶ EAdi) is measured
transesophageally at the level of the diaphragm. The EAdi
represents the integrated motor output to the diaphragm.
It is modulated by neural feedback and thus shows how
neural inspiratory breathing pattern is affected by changes
in metabolic demand, respiratory muscle function, respiratory load, and changes in the ventilatory assist. Also,
EAdi allows bedside monitoring of how sedatives and
analgesics affect respiratory drive. When expressed in percentage of maximum inspiratory effort, e.g., maximal
inspiration, EAdi reveals the relative activation of the
diaphragm, normally below 10% in healthy subjects.
EAdi can also be elevated during the neural exhalation
period, so-called tonic EAdi, in order to compensate for
insufficient PEEP levels when intubated. This phenomenon is mainly observed in infants.
Adding EAdi to the analysis of airway pressure flow,
and volume, makes it possible to distinguish the patient’s

neural effort from the ventilator’s assist delivery and determine the response to altered assist.

Description of Different Types of Patient–
Ventilator Asynchronies
Asynchrony Related to Triggering
(Initiating) the Assist
The aim of the trigger is to ensure that ventilatory assist
starts at the onset of inspiratory effort, i.e., when the
inspiratory neurons and muscles begin to be activated.
There are three main pneumatic triggering systems
(using pressure, flow, and volume) and one neural trigger,
either separately or in combination:
● The pressure trigger uses a device that measures pressure changes in the ventilator or the respiratory circuit
and starts assist at a set pressure level below PEEP.
● The flow trigger uses a device to measure changes in
flow in the ventilator or the respiratory circuit and
starts assist at a set flow level.

Patient–Ventilator Interactions

● The volume trigger uses the time integral of flow (bias
flow subtracted) and triggers the assist at a set volume.
● The neural trigger uses the EAdi signal and starts the
assist when a change in EAdi (expressed in uV) surpasses a set threshold.
Most ventilators have variable trigger sensitivities,
which can be adjusted by the caregiver. Obviously, adjustment of trigger sensitivity plays a role in patient–ventilator
interaction.

Delayed or Ineffective Triggering
Delayed triggering represents a situation where assist starts
late after the onset of inspiratory effort.
Ineffective triggering is the presence of an inspiratory
effort in absence of assist delivery.

Pneumatic Trigger
Too late triggering as well as failure to trigger assist can
occur when pneumatic trigger settings are too insensitive.
Also, combinations of sedation, weak muscles, and
impaired respiratory mechanics, respiratory circuitry,
and leaks may hamper the generation of a detectable
pneumatic signal in critically ill patients. Dynamic
hyperinflation delays the patient’s inspiratory flow generation relative to the onset of the neural effort such that
pneumatic trigger systems are inherently delayed with
regards to neural onset of inspiration in presence of
intrinsic PEEP.

P

Ineffective triggering can be detected during the expiratory period as an abrupt drop in respiratory circuit
pressure simultaneous to a flow decrease, not followed
by a period of assist. In PSV only, ineffective triggering
could also happen during the inspiratory period but
related to a flow increase. The presence of EAdi or negative
defections in esophageal pressure that do not result in
assist delivery indicate ineffective triggering (Figs. 3
and 4).

Auto-triggering
Auto-triggering represents a situation where assist is initiated in the absence of inspiratory effort, indicating that
the ventilator delivered a breath that was not triggered by
the patient.

Pneumatic Trigger
Auto-triggering of assist can occur when trigger settings
are too sensitive or leaks are present in the respiratory
circuit. Also, nonbreathing-related pneumatic disturbances, for example induced by cardiac contractions
compressing the lungs and airways or fluid in the respiratory circuit, may trigger assist when trigger sensitivity is
too high.
Pressure triggering is less influenced by a leak in the
respiratory circuit or in the interface between the patient
and the ventilator. However, a pressure trigger may autotrigger when the leak reaches a magnitude such that the
ventilator cannot uphold the positive end-expiratory pressure (PEEP) during exhalation.

Neural Trigger
EAdi trigger requires a given change in EAdi before
starting the assist delivery, hence low drive and an insensitive trigger setting may delay the EAdi trigger. Since EAdi
triggering does not exclude that other inspiratory muscles
are activated prior to the diaphragm, inspiratory flow can
be generated by other muscles than the diaphragm prior to
the EAdi trigger signal. To overcome this problem, the
EAdi trigger can be combined with pneumatic trigger to
trigger on a “first-come, first-served” basis.

How to Detect
Delayed triggering is difficult to detect and quantify by
inspecting pneumatic signals alone; however, a distinct
drop in pressure or increase in flow prior to the onset of
assist delivery is indicative of a trigger effort. Delayed
triggering is easily detected when EAdi or esophageal
pressure is monitored as the time delay between the onsets
of EAdi and ventilator pressure (Figs. 3 and 4). Note that
a negative deflection in airway and esophageal pressures
can be induced by expiratory muscle relaxation.

1681

Neural Trigger
Electrical disturbances from external sources, e.g., pacemakers, cell phones, or other powerful transmitters, as
well as electrical signals from other muscles (heart and
esophagus) can cause triggering that is not associated with
diaphragm excitation. Neural trigger is not affected by
leaks (Fig. 5).

How to Detect
Auto-triggering with pneumatic triggers can be detected
as a period of ventilator assist occurring without a prior
airway pressure decrease. Using EAdi or esophageal pressure monitoring, auto-triggering can be detected as
a period of ventilator assist occurring in absence of EAdi
or esophageal pressure deflection. Examples where autotriggering may have occurred are presented in Figs. 2
and 5. In Figs. 3 and 4, mandatory breath delivery in the
absence of prior airway decrease and EAdi are also
presented. Auto-triggering with a neural trigger can be
detected by performing an end-expiratory hold (occlusion
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Patient–Ventilator Interactions. Figure 3 This figure shows a sequence of breaths during pneumatically triggered volumetargeted ventilation (volume control) in an adult patient. From top to bottom, the tracings illustrate ventilator pressure, flow,
volume, and diaphragm electrical activity that were monitored and obtained at the bedside. The period of assist delivery is
indicated by the shaded areas. Different types of asynchronies are labeled: “a” auto-trigger (in this case a mandatory breath
delivery), “b” delayed trigger, “c” ineffective triggering, “d” delayed cycling-off. Note, in five breaths, that the assist period was
initiated too late and occurred at the peak of diaphragm electrical activity; those breaths also cycled-off long after diaphragm
electrical activity had ceased (labeled bd). In two breaths, the assist started in the absence of diaphragm electrical activity due to
a set mandatory rate (labeled “a”). There are also four ineffective trigger efforts indicated by arrows and labeled “c.” While
ventilator pressure, flow, and volume reveal little information with regards to distinguishing between delayed triggering and the
mandatory breaths, the addition of diaphragm electrical activity reveals the degree of asynchrony and allows differentiation
between delayed trigger and auto-triggered breaths. Two of the four ineffective efforts are characterized by a slight negative
deflection in ventilator pressure and positive deflection in flow

of the inspiratory line). If the suspected non-EAdi signals
are not associated with a negative deflection in airway
pressure they are probably atifactual in nature.

Neural Trigger
Sudden decreases in respiratory drive may decrease EAdi
temporarily causing the ventilator to cycle-off and then
re-trigger.

Double Triggering (Stacked Breaths)
How to Detect
Pneumatic Trigger
Insufficient pressure and/or flow rate and too early
cycling-off may result in patient effort persisting, and
therefore re-triggers the assist.

Double triggering with pneumatic triggering is characterized as two cycles separated by a very short expiratory
time, defined as less than one half of the mean inspiratory time, the first cycle being patient triggered.
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Patient–Ventilator Interactions. Figure 4 This figure shows a sequence of breaths in an infant during pneumatically
triggered pressure-targeted ventilation (SIMV [pressure control] + pressure support). From top to bottom, the tracings illustrate
ventilator pressure, flow, volume, and diaphragm electrical activity that were monitored and obtained at the bedside. The period
of assist delivery is indicated by the shaded areas. The sequence shows persistent severe asynchrony as indicated by breaths
where assist starts late and ends too early during pressure support breaths (labeled PS), as well as breaths that start late and
end late during pressure control breaths (labeled PC). Also, there are several neural efforts that did not trigger a breath.
Waveforms of ventilator pressure, flow, and volume do not provide much information to the extent of asynchrony unless
observed in combination with diaphragm electrical activity. Note also that diaphragm electrical activity does not return to
baseline between breaths, and this is the so-called tonic EAdi

EAdi and esophageal pressure will reveal two consecutive assist periods during the same inspiratory effort,
which is not the case during double neural triggering
(Fig. 6).

Asynchrony Related to Cycling-Off (Ending)
the Assist
Termination of the assisted breath can be decided upon by
time criteria, volume or flow criteria, or neural criteria
obtained by devices measuring inspiratory time, volume,
and flow:
● Time-cycling terminates period of assist at a set
duration
● Volume-cycling terminates period of assist at a set
inspired volume

● Flow-cycling terminates assist when flow has
decreased to set level or to a set percent of the peak
inspiratory flow
● Neural cycling terminates assist when EAdi has
decreased by a given percentage relative to its peak
value in that breath
Similar to triggering of assist, cycling-off the assist can
occur too early or too late. Needless to say time-cycling
can be either too early or too late depending on the
relation between the set duration for inspiration and the
actual neural inspiratory effort, the latter, which can vary
significantly from one breath to the next.
Volume-cycling is also difficult to match to the cessation of neural inspiratory effort since spontaneous tidal
volume also varies from one breath to the next.

P

Ventilator pressure

Patient–Ventilator Interactions. Figure 5 Figure demonstrating impact of leaks on patient–ventilator interaction during NAVA (left), and conventional ventilation with flow
triggering (mid panel), and pressure triggering (right panel). Left panel: Severe leak during NAVA. From top to bottom, the tracings illustrate ventilator pressure, flow, volume,
and diaphragm electrical activity. The period of assist delivery is indicated by the shaded areas. Since the timing diaphragm electrical activity is not affected by pneumatic
artifacts, e.g., leaks, the start and end of assist delivery can be maintained in time with patient neural inspiratory effort, even during a large leak. If the leak increases respiratory
demand, diaphragm electrical activity will increase, which in turn will increase the assist delivery and partially substitute for the increased demand. Mid panel: Severe leak
during flow-triggered and cycled-off pressure support ventilation. Due to the leak, assist is triggered irrespective of neural inspiratory efforts and cycles-off when time criteria
are reached, then the entire cycle repeats itself. Right panel: Severe leak during pressure-triggered and flow cycled-off pressure support. When the leak is too large, the positive
end-expiratory pressure (PEEP) level cannot be maintained such that pressure drops below the set PEEP level and auto-triggers the ventilator. Leaks can also dampen the
pressure signal such that the inspiratory pressure deflection is not sensed by the trigger. Similar to the depiction in the middle panel, due to the large leak, the ventilator flow
cycling-off is inhibited and breath continues until time-cycled-off
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Patient–Ventilator Interactions. Figure 6 From top to bottom, the tracings illustrate ventilator pressure, flow, volume, and
diaphragm electrical activity that were monitored and obtained at the bedside during volume control mode. The period of assist
delivery is indicated by the shaded areas. Left panel: Sequence describes “a” a neural effort not starting assist delivery (ineffective
triggering), followed by “b” a mandatory breath starting before neural effort and ends before the peak of diaphragm electrical
activity such that “c,” a second assist period (double triggering) is initiated during the same neural effort and ends late after neural
activity has ceased, and lastly “d” a severely delayed assist delivery despite clearly distinguishable neural effort. Note that
ventilator pressure, flow, and volume reveal little information about severity of patient–ventilator asynchrony except for the
double-triggered breath unless combined with diaphragm electrical activity. Right panel: Two consecutive breaths during NAVA.
First breath “e” is undisturbed, whereas the second breath “f” is ended by a temporary fluctuation in the EAdi and a third breath
“g” is restarted after insufficient relaxation and expiration period (a neural double triggering). Note that the synchrony between
patient and ventilator is not disturbed

Matching of flow-cycling to cessation of neural inspiratory efforts depends on several factors, including the
set assist level, the patient’s inspiratory effort, neural
inspiratory time, and respiratory system mechanics.
Since no parameters except the assist level are usually
known it is difficult to accurately adjust flow-cycling to
match cessation of the neural inspiratory effort. As a rule
of thumb, relative to cessation of neural inspiratory
effort, flow-cycling terminates too late in obstructive
patients and too early in pediatric patients with low
compliance.
Neural cycling-off occurs when the EAdi waveform
begins to decline (by a percentage) beyond the peak
value. Thus, the EAdi will cycle-off the assist just after
the diaphragm starts to relax. Depending on various factors, this relaxation of the diaphragm may not exactly
coincide with the onset of expiratory flow; hence sudden
periods of zero flow and pressure fluctuations can be
observed. A pressure cycling-off algorithm is applied in
conjunction with neural off-cycling to avoid delays in
opening of the expiratory valve.

Premature Cycling-Off
Pneumatic System
If the inspiratory duration is set too short or volume is set
too low this would terminate the assist prior to the cessation of neural effort. Too high settings of flow off-cycling
(usually expressed as percent of peak inspiratory flow) also
cause premature off-cycling. The flow cycling-off occurs
earlier in relation to cessation of neural effort when airway
resistance is high, compliance is low, and/or assist levels
are low. Since the rise time affects peak inspiratory flow, it
also affects the flow cycling-off delay. As mentioned above,
premature cycling-off can result in double triggering.

Neural Cycling-Off
By definition neural cycling cannot cycle-off prematurely
since the cycling-off criteria is a percentage after peak of
neural inspiration. Ventilatory assist should disappear
when neural inspiration has ended. Random fluctuations
in EAdi do, however, occur and may cause cycling-off to
appear as occurring too early.

P
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How to Detect

Neural System

Too early cycling-off is difficult to detect when using
pneumatic signals by themselves. The presence of double
triggering is an indication for too early cycling-off. With
the availability of the EAdi waveform, premature cyclingoff is indicated when the assist cycles-off before the peak of
the EAdi (waveform) as illustrated in Figs. 4 and 6.

Leaks do not affect cycling-off with a neural system. In the
unlikely case that diaphragm activity would persist for
longer time than the time criteria has been reached, the
ventilator will end the breath.

Delayed Cycling-Off
Delayed cycling-off can be defined as continuation of
ventilatory assist into neural expiration.

How to Detect
Ineffective cycling-off will result in equal and long periods
of assist and could demonstrate similar features as during
delayed cycling-off (Fig. 5).

Assist Delivery
Pneumatic System
If the inspiratory duration is set too long or volume is set
too high this would prolong the assist after the cessation of
neural effort. Too low settings of the cycling-off criteria
also cause delayed off-cycling. The flow cycling-off also
depends on the time constant of the respiratory system,
and/or if assist levels are high. Since the rise time affects
peak inspiratory flow, it also affects the flow cycling-off
delay.

Neural System
In situations when respiratory system compliance is low
(i.e., the respiratory system time constant is short), the
reversal of flow from inspiration to expiration can occur
sooner than the neural cycling-off criteria. This cycles-off
the assist and opens the expiratory port. Hence, due to
relaxation of the inspiratory muscles, increased elastic
recoil can induce an increase in respiratory circuit pressure
before the expiratory port opens. If the pressure increase
exceeds a few cmH2O, it will be cycled-off by pressure
criteria and open the expiratory port.

How to Detect
Delayed cycling-off can be identified as a pressure overshoot during the later part of assist delivery. EAdi monitoring would reveal that assist continues while EAdi is
decreasing or has ceased, as illustrated in Figs. 3–5. Note
that prolonged assist delivery reduces respiratory rate.

Ineffective Cycling-Off
Ineffective cycling-off can be defined as the ventilator’s
inability to cycle-off the assist.

Pneumatic System
With pneumatic cycling-off, large leaks may prevent flow
sensors from detecting a sufficient drop in flow to cycle-off
the breath. This will cause the assist to persist until time
criteria have been reached.

Patient–ventilator interaction not only describes the
timing between the patient’s neural effort and the delivered ventilator breath, but also describes how well the
assist meets the patient’s ventilatory demand, without
exceeding it.
There are several methods used to deliver assist to
a patient:
● Positive end-expiratory pressure (PEEP and CPAP)
● Volume-targeted modes, e.g., volume control ventilation, assist control ventilation
● Pressure-targeted modes, e.g., pressure support ventilation (PS) and pressure control ventilation (PC)
● Proportional assist ventilation (▶ PAV)
● Neurally adjusted ventilatory assist (▶ NAVA)
PEEP and CPAP provide a set baseline pressure level
when the ventilator is in the expiratory phase. When the
patient increases his or her effort, the ventilator’s flow
delivery will increase to maintain the targeted pressure,
such that it provides some flow support in response to the
increased effort.
Volume targeted modes deliver a preset volume, typically by delivering a set level of constant flow for a set
duration regardless of patient demand. Volume-targeted
modes can be triggered. A hybrid of volume- and pressuretargeted modes exists. The so-called pressure-regulated
volume control (PRVC) uses an algorithm that adjusts
pressure to target a set tidal volume. Thus, if the patient’s
contribution to the set tidal volume increases (i.e.,
increased effort), then less pressure will be delivered by
the ventilator. In essence, due to its design, PRVC downregulates pressure with increasing patient effort.
Pressure-targeted modes deliver a set level of pressure
regardless of patient demand. When the patient increases
his or her effort the ventilator’s flow delivery increases to
maintain the targeted pressure, such that it provides some
flow support in response to the increased effort. Since the
pressure delivered by the ventilator is constant, the patient
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must assume the remaining pressure needed to generate
a sufficient transpulmonary pressure for the breath. Pressure-targeted modes can be cycled-off by time, flow, or
pressure.
PAV delivers assist in proportion to inspiratory flow
and volume. The principle is that a change in flow or
volume generated by the patient changes the assist to
assume a relative fraction to the change in flow or volume.
By incorporating knowledge about elastic and resistive
load, PAV can describe the relative contribution of the
ventilator’s assist in relation to the respective loads.
NAVA controls pressure delivery by the ventilator in
order to match respiratory drive. An amplification constant referred to as the NAVA level (units are cmH2O per
uV) is used to adjust the amount of pressure that should
be delivered for a given level of EAdi. Hence, NAVA
delivers pressure to assume a relative fraction of the respiratory demand.
As described by the listing of ventilator modes above
ventilatory assist is mainly delivered according to two
principles: (1) by imposing constant flow, volume, or
pressure, or (2) by providing sufficient flow, volume, or
pressure to meet patient need, on a breath-by-breath basis.
Breathing represents one of the most dynamic physiological systems of the human body. It is influenced by
metabolic demand, load, and efficiency to satisfy the
requirements, lung recruiting and protective functions,
such as sighs and cough. Breathing is influenced by emotions, such as stress and pain, and is synchronized to allow
speech, drinking, and eating. Within limits, breathing is
under voluntary control, however, if limits are exceeded,
involuntary control systems take over (e.g., duration of
breath holding is restricted).
Variability in breathing pattern and breathing efforts is
normal and can be anticipated also in patient with acute
respiratory failure. In fact, it may be easily detected that
not two breaths (unassisted) have identical flow and volume trajectories since the neural recruitment and forcegenerating patterns are uniquely tailored during each
breath.

Methods of Assist That Are “Nonresponding”
to Patient Effort
Intuitively, delivering assist by imposing constant flow,
volume, or pressure to a spontaneously breathing patient
cannot always suffice the patient needs, which are varying
over time. Depending on the variability in the patient’s
ventilatory demand the set level of flow, volume, or pressure can be either insufficient or excessive, or hover
between.
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In volume-targeted modes using constant flow, active
inspiratory efforts resulting in the patient flow rate
exceeding that of the ventilator will induce lowering of
respiratory circuit pressure and indicate that the patient
demands higher flow (Fig. 7, right panel). On the other
hand, if the pressure curve is undisturbed this may not
guarantee adequate assist, since the diaphragm activity of
the same patient can be abolished by same assist delivery
(Fig. 7, left panel).
Pressure-targeted modes (unless EAdi or esophageal
pressure monitoring is applied) reveal little information
about how the assist meets patient demand or what is the
patient’s contribution to the inspiration.
Since both volume- and pressure-targeted modes
deliver the same assist regardless of patient effort, as long
as the patient is able to trigger the assist, these modes are
rather insensitive to the effects of excessive levels of assist
and sedation on respiratory drive.
In both volume- and pressure-targeted modes, too low
volume, pressure, or inspiratory time settings may result
in double triggering and stacked breaths resulting in volumes substantially above the set tidal volume. Too high
assist can induce delayed triggering, delayed cycling-off,
and ineffective triggering. It should also be noted that
auto-triggering in combination with excessive assist can
easily be misinterpreted for a stable spontaneous breathing pattern when in fact, respiratory drive is absent.
Since both volume- and pressure-targeted modes
impose a fixed level of assist, by definition, they cannot
be considered as “synchronized” to inspiratory effort as
illustrated in Figs. 3 and 4. Rather, it becomes the clinician’s responsibility to adjust assist levels to meet the
patient’s demand. New developments in the family of
pressure-targeted modes have introduced algorithmdriven systems for adjusting assist to meet predicted
demand or comfort, e.g., Smartcare, ASV.

Methods of Assist Delivery That Respond to
Patient Effort
From a patient–ventilator interaction viewpoint, it could
be expected that to achieve optimal synchrony to patient
effort, a ventilator’s assist profile should be tailored on
a breath-by-breath basis to accommodate the patient’s
inspiratory demand. In other words, one could argue
that the ventilator should act as a respiratory muscle
prosthesis.
Both PAV and NAVA are designed for dynamic delivery of assist to share the patient’s inspiratory effort both
within and between breaths – and are fundamentally
different from modes that do not respond to patient

1687

P

P

Patient–Ventilator Interactions

EAdi (a.u.)

300

200

100

Flow (l/s)

0
1

0

–1

Volume (L)

0.5
0.25
0
40
Paw (cmH 2O)

1688

20

0
10 s

10 s

Patient–Ventilator Interactions. Figure 7 From top to bottom: Diaphragm electrical activity (EAdi), flow, volume, and airway
pressure in a patient with respiratory failure ventilated on volume control. The left and right panels illustrate measurements in
the same patient 40 min apart. As indicated in the left panel, the diaphragm is neurally apneic. Forty minutes later the diaphragm
is very active, indicating increased inspiratory efforts; however, the ventilator mode does not allow the patient to change his
tidal volume regardless if he makes inspiratory efforts or not (From [6])

effort [5]. PAV and NAVA empower the patient’s ability
to generate flow and volume, while increasing the variability of tidal volumes. By allowing the patients to
control both their own inspiratory pressure effort and
the ventilator’s assist delivery, the transpulmonary pressure and volumes can be limited by the patient when the
gain levels are increased. This allows tidal volume and
respiratory rate to be regulated by the patient’s respiratory
feedback loops and in response to ventilatory demand,
rather than being imposed by a preset fixed volume
or pressure.
Given the dynamics of PAV and NAVA, it is important
to identify whether or not the patient has an appropriate
physiological response during mechanical ventilation.

Needless to say, addition of dead space, e.g., extra tubing
will cause unnecessary increases of respiratory drive, tidal
volumes, and work of breathing. On the other hand,
patients on NAVA and PAV are more affected (than pressure- or volume-targeted modes) by sedation and medications that suppress respiratory drive. Of note, is that
both NAVA and PAV have back-up features in the case of
central apnea, suppression of respiratory drive, or in the
case of NAVA, loss of the EAdi signal due to catheter
displacement. Both NAVA and PAV are equipped with
upper pressure limits to prevent excessive delivery of pressure in the case of large inspiratory efforts.
Although similar in the nature that they deliver assist –
within each breath – to relieve a fraction of the
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the ventilator’s own flow generation can force the system
out of control when providing too high levels of
unloading. PAV relies on pneumatic controllers and therefore is affected by leaks, since the leak may be interpreted
as patient effort.
The pressure delivered during NAVA follows the
EAdi within a breath and between breaths, and is therefore synchronized to patient neural inspiratory effort
(Fig. 8). NAVA is based on the assumption that due to
the neural feedback loops, the output from respiratory
centers – and thus the EAdi – will increase if demand
increases, i.e., due to weakened respiratory muscles,
increased respiratory load, and/or increased metabolism.
A reduced EAdi with increasing NAVA levels should indicate that the neural feedback loops are intact and the
respiratory failure is reversed by applying synchronized
ventilatory assist.
NAVA depends on the presence of neural transmission;
hence any muscle-degenerating disease that alters the
number of excitable muscle fibers will change the relation

Ventilator pressure

instantaneous respiratory demand, the platforms for PAV
and NAVA are fundamentally different.
PAV is based on the assumption that inspiratory flow
and/or volume increases as respiratory demand increases.
This may not be true in all conditions of respiratory
pathology. For example, dynamic hyperinflation may
limit the patient’s ability to generate flow by imposing
a threshold load (intrinsic PEEP) and by impairing the
force-generating capacity of the diaphragm due to its
shorter length (deficient chest-wall configuration and
muscle function). Thus, dynamic hyperinflation or any
other situation that affects the effectiveness with which
neural inspiratory effort is translated into lung expanding
pressure will decrease the flow signal, despite maintained
or even increased neural inspiratory effort.
PAV uses the patient’s flow and its time-integral volume to control the ventilator’s assist at the same time as
the ventilator delivers flow and volume to the patient. Due
to this design, it is inherent to PAV that an additive
feedback loop where the ventilator’s assist is driven by
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Patient–Ventilator Interactions. Figure 8 The figure shows breathing during NAVA. From top to bottom, the tracings illustrate
ventilator pressure, flow, volume, and diaphragm electrical activity. Note patient–ventilator synchrony in terms of timing as
well as the adjustment of pressure assist to match diaphragm electrical activity
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between central inspiratory drive and measured EAdi.
Also, inappropriate function of the neuromuscular junction as with Guillain–Barre syndrome, paralysis, or other
conditions that rapidly alter the neural transmission/
conductivity, could dissociate the central respiratory
drive from the measured EAdi signal.

Conclusion
Patient–ventilator interaction is a growing area of
research and of increasing importance due to the high
prevalence of patient–ventilator asynchrony and its negative clinical outcomes. Detection of poor patient–
ventilator interaction by monitoring pneumatic signals
is limited as these signals represent a mix of the patient
and the ventilator and are influenced by leaks, the
nature and severity of the patient’s pathology, and level
of sedation. Bedside monitoring of diaphragm electrical
activity makes it possible to dissociate between the
ventilator’s assist delivery and the patient’s neural
inspiratory effort, providing new insight into asynchrony
and determining the response to unloading. New modes
that synchronize ventilatory assist to patient demand
can reduce the prevalence of poor patient–ventilator
interaction.
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Synonyms
Blunt injury; Crush injury; Mangled extremity; Motor
vehicle collision; Nonpenetrating trauma; Penetrating
trauma

Definition
Injuries are most commonly categorized by their mechanism, intent, and place of injury. Mechanism refers to
a specific object or activity that causes the injury (e.g.,
stab, fall from standing, etc.). Intent is classified as
unintentional (or accidental), intentional (e.g., personal
or interpersonal violence), or intent undetermined. Lethal
intentional injuries can be further categorized into homicide or suicide. The classification globally used to describe
mechanism and intent is the International Classification
of Disease (ICD) created by the World Health Organization (WHO) [1]. The indicator used to quantify the loss of
healthy life due to disease is the disability-adjusted life year
or DALY. This accounts not only for the years of life lost
from premature death but also for the years of life lived
with disability [2]. Globally, injury is the leading cause of
lost DALY.
Clinically, injuries are categorized differently for management and treatment purposes. When an injured
patient is evaluated by a physician, the injury is divided
into penetrating or nonpenetrating. Penetrating trauma
occurs when an object pierces the skin and tissues of the
body. This object may come out the way it entered, leave
through a different path, or remain within the tissue.
Nonpenetrating, or blunt trauma, can be categorized
into two categories: direct impact and deceleration/acceleration. Direct impact refers to a force applied by an object
that causes injury without piercing or penetrating the skin
whereas deceleration/acceleration refers primarily to the
force applied from an abrupt change in speed as in
a whiplash injury [1].
A special category which can be considered a mix of
penetrating and nonpenetrating injury are blast injuries
which can cause related crush injuries or mangled extremities. Blast injuries are the result of an explosion resulting
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in a blast wave. There are two components to a blast wave:
a shock wave of high pressure followed by a blast wind.
The pressure from the blast wave can damage organs at
air-fluid interfaces resulting in nonpenetrating injuries
[3]. However, the wind accompanied with the blast wave
can propel fragments and objects piercing the skin
resulting in penetrating injuries as well.

Characteristics
Trauma is a major global health concern with the brunt of
the burden carried by low- and middle-income countries.
With the exception of motor vehicle injuries, premature
death and long-term morbidity are often overlooked in
developing nations, in part because of infectious disease
and malnutrition. Moreover, of the more than five million
deaths worldwide related to global injury, the leading
category of deaths are road traffic collisions and over
90% of those injuries occur in low or middle income
countries [2]. Road traffic collisions, suicides, and homicides make up more than half of all injury deaths
worldwide.

Injury Patterns by Mechanism (Fig. 1)
Road Traffic Injuries
Worldwide, 25% of all trauma-related mortalities are due
to road traffic collisions. It is estimated that one million
people die annually and about ten million are seriously
injured on the world’s roads [4]. Additionally, over 50% of
global mortality due to road traffic injuries occurs among
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Patterns of Injury. Figure 1 Patterns of injury (From [2])
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young adults 15–44 years old. Mortality rates for motor
vehicle injuries in males are three times higher than
females worldwide. The highest mortality rates in
women are found in Africa and India at nearly 20% [2].
Not all injuries are fatal but yet can result in significant
morbidity and disability as measured by DALYs lost.
Transportation remains an important cause of not only
trauma, but also disability. Road traffic injuries lead the
way with the highest DALYs lost, accounting for approximately 22%, followed by other unspecified types of injuries (23%), falls (11%), and suicides (11%) [2, 4]. Males in
China and India carry the heaviest road traffic injury
burden of disability.

Suicides and Homicides
Suicides and homicides together make up another 26%
of trauma-related mortality globally. Interpersonal violence among victims ages 15–44 account for over 60% of
homicides worldwide. The highest mortality rates are
found in low- to middle-income males in the Americas.
Conversely, the highest rates in females are found in
Africa. When comparing suicides and homicides, there
is a considerable difference in the populations affected.
The highest mortality rates in males are found in lowand middle-income European countries while Chinese
women have twice the suicide rate compared to women
worldwide [2].

Others
Drowning and war make up an additional 9% and 6%,
respectively. In contrast to the high mortality rates of over
20% in road traffic collisions, the lowest mortality rates are
in fires, falls, and war with 4%, 5%, and 5% respectively.
These figures underscore the lethality and volume of injuries involving road traffic collisions and fire arms [2].

Injury Patterns by Place
The incidence and patterns of injury vary widely across
different countries and regions. South East Asia not only
accounts for the highest proportion of road traffic injuries
with 35%, but they also account for the highest number of
fire-related deaths worldwide (53%).
It is generally well accepted that homicide rates are
higher in central cities when compared to rural communities. Thus, it is not surprising that the Americas have the
highest deaths due to interpersonal violence or homicide
with almost a third of all deaths globally. Interestingly,
Africa has the highest female homicide rates when compared to other females worldwide despite the continent
being very rural.

P

1692

P

PAV

In regard to suicide deaths, there is wide variability.
The Western Pacific region accounts for 42% of all suicide
deaths, the European Region and South East Asia accounting for 23% and 21% respectively. However, Africa and the
Eastern Mediterranean Region account for 3% of all suicide deaths globally. Women in China have suicide rates
that are twice that of women in other parts of the world.
An associated subset of suicides and homicides are deaths
related to poisonings. The European region alone
accounts for approximately one third of all poisoning
deaths worldwide, followed very closely by the South
East Asia at 26% [2].

Conclusion
Worldwide injuries account for one in ten deaths with
road traffic collisions, homicides, and suicides leading all
categories. Rates and patterns of injury clearly vary by
country and region, with some regions of the world having
a high incidence of globally uncommon injuries.
Trauma remains a major public health problem with
high mortality rates that primarily affects the low- and
middle-income countries of the world. Understanding the
epidemiology of injuries provides a better understanding
of how to develop solutions for improved trauma prevention systems thus hopefully decreasing trauma-related
global mortality and morbidity.
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Definition
A pediatric patient is any one from birth to 18 years.
Children are further stratified due to anatomic, growth,
development, and physiologic changes that occur with
maturation and aging: neonate (up to 30 days of life),
infant (1 month to 1 year), toddler (1–3 years), children
(3–12 years), adolescent (13–18 years). Trauma may be
intentional or non-intentional. Death from injury is the
leading cause of death in children between the ages of
1 and 18 years according to data from the National Center
for Injury Prevention and Control.

Epidemiology
Injury is a significant socioeconomic problem for children
in the USA. In a review of pediatric injury in the USA,
Guice found that mortality from unintentional injury
within the USA for individuals 1–17 years of age
accounted for nearly 10,000 deaths in 2003. Deaths occurring from traumatic injuries exceed the total number of
children dying from the next nine leading causes of death.
Nearly 20% of emergency room visits related to injury are
children under the age of 18 years. The direct medical costs
attributed to injury regardless of age represent approximately 10% of all medical expenditures and the lifetime
costs of injury within a single year in the USA approaches
400 billion dollars annually [1].
Peaks of trauma-related injury are observed in the
infant, toddler, child, and adolescent age groups but with
differing peaks of injury mechanism type. Childhood
injury is affected not only by age, but also by gender,
development, and environment. Falls most often account
for the mechanism of injury in younger children, but as
children transition to further autonomy pedestrian, sportrelated injury increase in frequency and in adolescence
motor vehicle crash-related injury becomes the most frequent mechanism of injury. As in adults, males appear
more commonly affected than females of the same age and
blunt injury mechanisms predominate. Socioeconomic
status adversely affects the prevalence of injury within
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children and it appears that the poor are disproportionately at risk for intentional and non-intentional injury.
Fortunately, most injured children suffer mild injury
as reflected by a low injury severity score (ISS <15).
Extremity fracture is the most common type of single
system injury incurred. The overall risk of death from
trauma in children is approximately 1%. Of children
who die most suffer multisystem injury or fatal traumatic
brain injury.

Relevant Anatomy and Physiology
Anatomy: Due to their relatively small body mass as compared to adults, a child has diminished ability to dissipate
the forces and as a result greater energy is transferred to
internal organs upon impact. In children, the head size is
disproportionately increased relative to body size. With
aging, head size relative to body surface area transitions
from approximately 20% in infants to 15% in young
children to 10% in adolescents and adults. The skull and
scalp are thin providing little protection to the brain. The
muscles of the neck are weak and the ligaments lax.
Together these factors render children vulnerable to head
injury.
Similarly, the chest is underdeveloped relative to
adults. The skin is thin, subcutaneous tissue decreased,
muscles mass is lower, and the ribs are flexible reducing
the ability to dissipate energy and provide protection to
internal organs.
Significant internal injury may be present in children,
even in the absence of external signs of injury. The ribs
offer little protection due to decreased ossification and
increased flexibility. Rib fractures indicate a high transmission of force. Contemporary series of injured children
with rib fractures demonstrate a high incidence of
multisystem injury and death, but the cause of death is
most often from associated traumatic brain injury not
intrathoracic injury. The mediastinum is mobile. In tension pneumothorax significant mediastinal shift may
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compromise the contralateral lung further aggravating
the loss of the ipsilateral lung function.
Abdominal organs are relatively larger and more
exposed. Like the chest, the abdominal wall affords little
protection and ability to dissipate force. Lower fat content,
elastic attachments, and thin capsules of internal organs
predispose children to organ injury. The liver and spleen
are the most commonly injured organs in blunt abdominal trauma. The bladder, like the liver, is more exposed in
young children and susceptible to a direct impact to the
lower abdomen leading to rupture.
Long-bone fracture is the most common injury in
children. Femur or pelvic fractures indicate significant
mechanism of injury and force. Fractures may be present
in the absence of significant deformity. This is in part due
to an elastic, thick, periosteum that limits displacement
and may result in a characteristic, “greenstick” fracture or
“torus” fracture. Fractures can occur at the physis (growth
plate) of the bone. Injury at this location can cause growth
failure, shortening, and abnormal angulation.
Physiology: Due to differences in development with
age, the neurologic assessment may be difficult.
A modified Glascow Coma Score (GCS) for ages <4 is
utilized (Table 1). For older children, the standard GCS is
used. A GCS <8 indicates a severe brain injury and infers
potential airway compromise. The most common etiology
of pediatric arrest is impaired oxygenation and ventilation. In immature systems, errors most often arise in
the management of the airway or chest injuries during
the prehospital phase, ED phase, and hospital phase. In
the comatose child simple maneuvers to alleviate upper
airway obstruction include a finger sweep to rule out
foreign body obstruction, elevating the mandible forward
and up utilizing the “jaw thrust” or “chin lift.” If spontaneous breathing is absent then definitive management of
the airway should be performed. The normal respiratory
rate in infants and young children is increased (20–40)
relative to older children and adults (14–20). Tachypnea

Pediatric Trauma. Table 1 Modified Glascow Coma Score for children less than 4 years of age
Eye opening (maximum 4)
Open spontaneously

Verbal response (maximum 5)
4

Motor response (maximum 6)

Coos and babbles

5

Moves spontaneously and
purposefully

6

Open in response to verbal stimuli

3

Irritable cries

4

Withdraws to touch

5

Open in response to pain only

2

Cries in response to pain

3

Withdraws in response to pain

4

No response

1

Moans in response to pain

2

Abnormal flexion to pain

3

No response

1

Abnormal extension to pain

2

No response

1
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may indicate impending respiratory failure and/or
hypovolemic shock. Gastric distention can limit diaphragmatic excursion and interfere with respiration. Gastric
distention should always be considered and early decompression performed especially in the setting of respiratory
distress.
Normal indices of blood pressure, pulse rate, and
respiratory rate are age dependent (Table 2). If mechanical
ventilation is needed, a tidal volume of 7–10 cm3/kg and
rate of 20–40 should be used with adjustments made based
on arterial blood gas determinations and/or end tidal CO2
and pulse oximetry measurements. Young children compensate for acute blood loss with increased vasoconstriction and redistribution of blood flow to vital organs.
Unlike adults, blood pressure may be maintained despite
a loss of 25–40% of blood volume. Hypotension in a child
indicates an advanced stage of shock and other signs of
hypoperfusion should be sought prior to cardiovascular
collapse. Tachycardia, narrow pulse pressure, skin pallor,
and delayed capillary refill all indicate reduced intravascular blood volume. Hypotension is an ominous finding
and requires prompt intervention.
The estimated blood volume of children is approximately 70–80 ml/kg. Once vascular access has been
achieved, 20 ml/kg intravenous bolus of isotonic saline is
administered and may be repeated if after reassessment
there is little or no improvement in perfusion and vital
signs. If ongoing fluid administration is needed, the child
is likely bleeding and type-specific blood should be
administered in 10 ml/kg bolus until hemorrhage is controlled and perfusion restored. Conversely, excessive fluid
administration should be avoided once the child is adequately resuscitated. Over-resuscitation is among the most
common errors in the resuscitative phase of children,
particularly in non-pediatric centers. The Broselow pediatric emergency tape is a useful tool in the management of
injured children, providing normal physiologic indices by

weight, size appropriate guides for instrumentation, and
weight-based dosing of various fluids and medications.
Children are prone to hypothermia, which may mimic
hypovolemia. The child’s temperature should be
maintained above 36.5 C. Once the secondary survey is
completed warming measures (radiant heating lights,
forced air warming, blankets, heated ventilator circuits,
and IV fluids) should be instituted and the child kept
covered. The trauma room should be kept warm, traffic
minimized, and if present, the door closed.
Recent studies demonstrate the success of restrictive
blood transfusions in critically ill adults. Frequent and
large sample blood tests can lead to iatrogenic anemia.
To reduce the need for transfusion phlebotomy should be
minimized and blood sampling only performed when
indicated. Recent evidence suggests that a restrictive
blood transfusion strategy in children who are critically
ill appears safe. The TRIPICU study group found that in
the subgroup of 124 postoperative children randomized to
a restrictive (Hgb <7 gm/dl) or liberal (Hgb <10 gm/dl)
blood transfusion strategy there were no significant differences in new or progressive multiple organ dysfunction
(8% vs. 9%) or 28-day mortality (2% vs. 2%) [2]. Thus, in
the stable injured child, even in the setting of solid organ
injury, transfusion should be based on clinical symptoms
of anemia or evidence of ongoing hemorrhage rather than
an absolute value of hemoglobin. Currently it appears
a transfusion trigger of Hgb <7 gm/dl is safe and applicable in children.
In children who require massive transfusion (>50%
blood volume/3 h or >100% blood volume/24 h), the
current recommendations in adults of 1:1:1 or 1:2:1 ratios
of red blood cell unit to fresh frozen plasma unit to platelet
unit should also be employed in children. The transfusion
of plasma and platelets with PRBCs at defined ratios
appears more effective in reversing the coagulopathic
cycle than selective replacement utilizing coagulation

Pediatric Trauma. Table 2 Normal ranges of vital signs in children
Weight (Kg)

Pulse (beats/min) Systolic BB (mmHg)

Respiration (breaths/min)

Newborn

1–4

95–145

60–90

Infant

4–10

125–170

75–100

30–60

Toddler

10–14

100–160

80–110

24–40

Preschool

14–18

70–110

80–110

22–34

School age

18–36

70–110

85–120

18–30

Adolescent

36–70

55–100

95–120

12–16

Adapted from Advanced Trauma Life Support, American College of Surgeons, 7th Edition
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studies like platelet count, PT/PTT. In the child requiring
significant fluid resuscitation it must be remembered
that abdominal compartment syndrome occurs in children as well. Bladder pressure measurements should be
performed. Abdominal compartment syndrome should be
suspected when bladder pressure measurements exceed 25
mmHg or if there is compromise in ventilation, renal
function, or tissue perfusion in the setting of a distended
abdomen. Pressures in excess of 35 mmHg mandate
decompressive laparotomy. In damage control or ACS,
the abdomen should be left open and planned second
look laparotomy performed once the patient is rewarmed;
coagulopathy, metabolic acidosis corrected; and/or the
abdomen is suitable for closure.

Specific Injuries and Management
Children suffering penetrating injury to the chest or
abdomen rarely require other imaging and should be
transported to the operating room expeditiously. For children with blunt torso injury we advocate the use of FAST
(focused abdominal ultrasound) to evaluate the abdomen
for intraperitoneal fluid. We have found it to be a useful
triage tool in the unstable patient but like others do not
rely on the exam to diagnose intra-abdominal injury in the
stable patient. If FAST is the only imaging modality used,
we found that approximately, 30% of solid organ injuries
will be missed due to the minimal bleeding that cannot be
detected by the exam [3]. In contrast, significant intraperitoneal fluid detected by FAST in the hypotensive child
suggests hemorrhagic shock and a child who may benefit
from direct operative intervention rather than delay with
further imaging. Tepas found that the risk of death or
disability from a significant injury increased with a GCS
score, motor component, of less than 5; systolic blood
pressure of less than 90 mmHg. At risk children demonstrated a mortality of 5.9% compared with 0.02% for those
not at risk. In those requiring an operative procedure,
mortality increased to 12.1% compared to 5.1% in those
who did not undergo operation [4]. Thus, the need for
surgery is a major determinant of outcome and delay must
be avoided.
In stable children, computed tomography is the most
commonly utilized modality to assess the brain, cervical
spine, and abdomen. Rapid scan acquisition times and
image quality make this an ideal modality for trauma
evaluation. Intravenous contrast should be given for the
evaluation and accurate grading of solid organ injuries.
The use of oral contrast to increase the sensitivity of CT
scan is controversial, potentially delays the study, and risks
aspiration of contrast with administration. We therefore
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do not recommend routine administration of oral contrast in children. In radiology, the patient may undergo
additional selected imaging but the time in radiology
should be minimized, the patient’s resuscitation continued, and hypothermia avoided.
CNS injury is the leading cause of death among injured
children and is a principal determinant of outcome. Children tend to sustain injuries that produce diffuse edema
rather than those that cause focal space-occupying lesions.
Approximately 5% of children suffer epidural hematoma
or subdural hematoma but subdural is more often associated with other significant injury to the brain (contusion,
diffuse axonal injury, edema). Lesions associated with
mass effect should be evacuated. Poor prognostic factors
include a presenting GCS score of less than 8, unilateral
dilated pupil, and transventricular gunshot wound with
reported mortality in excess of 70%.
Therapy is directed to evacuation of a mass lesion, if
present, and minimizing secondary brain injury resulting
from the primary insult. Hypotension and hypoxia are
among the principle determinants of early secondary
brain injury and result in significant increases in morbidity and mortality. The goal of initial resuscitation is to
limit secondary brain injury by maximizing cerebral perfusion and oxygen delivery while reducing intracranial
pressure (ICP). ICP monitoring is recommended in children with a GCS score of 8 or less. Current first-tier
treatment of elevated ICP includes CSF drainage, sedation, neuromuscular blockade, mannitol, and hypertonic
saline. Hyperventilation (pCO2 <30) is avoided due to the
vasoconstrictive effects of hypocapnea. The only
recommended role for hyperventilation is in the setting
of acute increases in ICP to attempt to reduce brain
swelling while other definitive measures are sought.
Second-tier therapies include hypothermia, barbiturate coma, and decompressive craniectomy. These therapies are generally reserved for elevated ICP refractory to
first-tier therapies. Posttraumatic seizures occur in up to
30%, and if present must be treated to decrease metabolic
demand and elevation of ICP that may worsen the initial
brain injury.
Spinal cord injury is relatively uncommon in the pediatric population nevertheless, a cervical spine injury must
be presumed until excluded. The most common cause of
spinal cord injury (SCI) in the pediatric population is
motor vehicle collision, accounting for about 40% but
injuries can also follow falls or sports activities. The most
common cervical fracture involves the first two vertebrae
in young children, while the lower cervical spine appears
more commonly affected in older children and
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adolescents. Spinal cord injury without radiologic abnormality (SCIWORA) syndrome results from an immature
vertebral column and reduced ligament strength that
allows transient deformation and stretch or contusion of
the cord or nerve roots without bony injury. The hallmark
of this syndrome is documented neurologic deficit in the
absence of a radiologic abnormality and has been reported
in 10–20% of children with SCI. MRI should be performed
in this setting to confirm or exclude injury. Controversy
continues regarding the use of methylprednisolone for
children with SCI. Current guidelines do not recommend
routine use of corticosteroids in the management of acute
SCI in children.
Penetrating injury occurs less frequently in children
than those from blunt mechanisms but the lethality of
penetrating injuries is about three times that of blunt
injury. Injuries associated with systolic blood pressure
<90 mmHg are associated with worse outcome. Like
adults, children with penetrating torso injuries and loss
of vital signs upon arrival may benefit from ED thoracotomy with survival rates of up to 30% in those suffering
stab wounds. The management principles of specific organ
injury following penetrating injury in children do not
differ from adults. Moreover, damage control techniques
used commonly in adults should also be employed in
children, particularly in the setting of coagulopathy, hypothermia, hemorrhage, and metabolic acidosis.
Thoracic injury occurs in about 5% of children hospitalized for trauma. Blunt trauma, particularly from motor
vehicle crash, is responsible for most thoracic injuries in
children. Due to the pliability of the pediatric rib cage and
mediastinal mobility, significant intrathoracic injury may
exist in the absence of external signs of trauma. Pulmonary
contusion and pneumothorax are the most common injuries observed. Although thoracotomy is rarely performed
in injured children, a large volume of blood with tube
thoracostomy (20% EBV) or evidence of continued bleeding (>2 ml/kg/h  4 h) is an indication for exploration.
Delayed thoracotomy or VATS is most often performed for
clotted hemothorax or empyema.
In pulmonary contusion or parenchymal injury of the
lung treatment is directed to maintaining adequate oxygenation and ventilation. Supplemental oxygen and/or
mechanical ventilation may be needed until the lung
recovers from injury. Approximately 90% of blunt pediatric thoracic injuries can be managed conservatively or
with tube thoracostomy alone. Rib fractures in children
younger than 2 years in the absence of witnessed trauma
is predictive of child abuse and mandates a complete
evaluation for nonaccidental trauma (NAT) [5]. Blunt

tracheobronchial injury, great vessel injury, diaphragm
injury, and esophageal perforation are rare and the diagnosis, management similar to that utilized in adults.
Due to the increased compliance of the chest wall in
children, a significant crush can produce a unique constellation of findings in children characterized as traumatic asphyxia. Compression of the chest, sudden airway
obstruction, and high pressure in the superior vena cava
results in petechiae of the upper torso and subconjunctival
hemorrhage. Associated symptoms if present are generally
due to associated intrathoracic injury or transient CNS
dysfunction. Though dramatic in presentation, the injury
in itself is self-limiting and a full recovery is typically
observed if no other injuries are present.
Abdominal injury is present in approximately 5% of
children sustaining blunt abdominal trauma. The management of injury to solid organs (liver, spleen, kidney)
has evolved from frequent operative exploration to observation with few children undergoing operative management of their injury. Over 90% of cases are successfully
managed nonoperatively and the decision to operate is
based on evidence on ongoing bleeding as determined by
clinical and laboratory observations. Intervention for liver
injury in the absence of bleeding may be needed for
significant bile leak from ductal injury or hemobilia.
Guidelines for the management of pediatric solid
organ injury have been proposed and demonstrate
a reduction in the frequency of nontherapeutic laparotomy in children. Moreover, the success of this approach
does not seem influenced by multisystem injury, traumatic brain injury, or multiple solid organ injury.
Transfusion may be necessary but volumes in excess of
40 ml/kg suggest ongoing hemorrhage and should be
considered an indication for operation. In stable children,
the hemoglobin nadirs at 72 h post-injury and slowly
returns to normal with the need for transfusion thereafter
unlikely. Once discharged the child and parents are
instructed to avoid contact sports or other activities that
risk recurrent injury for a length of time to permit healing
of the injury. Recommendations are based on injury grade.
Children are reevaluated in the outpatient setting but
follow-up imaging is rarely indicated in asymptomatic
patients.
The nonoperative management of pancreatic injury,
unlike other solid organ injury, is somewhat controversial.
Injury to the pancreas without pancreatic duct injury can
be managed conservatively. Nonoperative management of
pancreatic ductal injury has been reported with success
but at a cost of prolonged hyperalimentation and
extended hospital stay. For injuries of the pancreatic duct
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in the body or tail, distal pancreatectomy with spleen
conservation appears to reduce hospital stay and associated complications of nonoperative management. Endoscopic retrograde cholangiopancreatography (ERCP)
should be performed in children suspected with ductal
injury to guide management decisions. Percutaneous
drainage of traumatic pseudocyst is usually successful,
unless there is significant disruption of the pancreatic
duct. Timely identification of blunt hollow visceral injury
is imperative, particularly with the greater emphasis upon
nonoperative management of solid organ injury. Hollow
visceral injury should be suspected in any child with
a history of lap belt restraint and abdominal wall ecchymosis on physical examination. Children below 40 kg and
restrained without a booster seat are particularly at risk.
The seat belt is designed to be secured over the pelvis but
in children inappropriately restrained, the device shifts
upward over the mid-abdomen and in a motor vehicle
crash the hollow viscera become impinged by the seat belt
and spine. The presence of an abdominal wall ecchymosis
suggests an approximate 30% risk of intestinal injury, 30%
risk of solid organ injury, and a 30% risk of vertebral
column injury (chance fracture).
There are several mechanisms of injury to the
bowel including rupture of a distended loop of bowel,
perforation of the bowel following impingement, or
devascularization due to disruption of the mesentery
with delayed perforation. Initial examination should
focus on the presence of peritonitis indicated by tenderness, rebound tenderness, and guarding. CT imaging
may demonstrate pneumoperitoneum, bowel wall thickening, mesenteric stranding, or intraperitoneal fluid
without evidence of associated solid organ injury. All
suggest the potential of intestinal injury. However,
only pneumoperitoneum is an absolute indication for
operation but is present in less than 50% of cases. Free
fluid without solid organ injury alone does not reliably
predict hollow visceral injury and should not be solely
used as a determinant for laparotomy. If observation
is planned, a high index of suspicion must be maintained,
serial examinations performed, and in selected patients
with unreliable examinations (head injury or distracting
injury) adjuncts like laparoscopy or diagnositic peritioneal
lavage should be considered. Unlike adults, children
appear to tolerate brief periods (<8 h) of diagnostic
delay without significant increase in morbidity or mortality [6].
Hollow visceral injuries regardless of mechanism are
generally repaired primarily. Only in the setting of damage
control laparotomy is bowel repair delayed. Injuries to
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the stomach, colon, and rectum are rare but appear amenable to primary repair without creation of diversion. The
exception is penetrating injury to the rectum that occurs
below the peritoneal reflection, where it appears diverting
colostomy until healing of the injury is safest. A somewhat
unique intestinal injury in children is duodenal hematoma. Like other blunt injury to the intestine it results
from a significant blunt force to the abdomen with concomitant intramural hemorrhage within the wall of the
duodenum leading to obstruction. The management of
duodenal hematoma is nonoperative and entails decompression of the stomach until normal passage through the
duodenum can be observed. Most intramural duodenal
hematomas resolve over the course of 1–3 weeks with
gastric decompression and parenteral nutritional until
oral feeding can resume. In selected cases, surgical evacuation of the hematomas may be necessary for those that
fail to resolve. Successful laparoscopic evacuation of duodenal hematoma has been reported.
Vascular injury in children required early diagnosis to
prevent serious sequelae. An injury to a major artery in
a child’s extremity can result in ischemia and growth
retardation of that limb if not detected in a timely manner.
Iatrogenic injury is the most common mechanism of
vascular injury in children. Orthopedic injuries, such as
supracondylar fracture or long-bone fracture, are the next
most frequent cause of vascular injury in children. The
presence of hard signs (pulsatile bleeding, expanding
hematoma, absent pulses, cold limb, and bruit/thrill)
mandates operative exploration and repair. If soft signs
of vascular injury (abnormal arterial pressure index, proximity, history of absent distal pulse) are present, CT angiography or arteriography should be considered. Delay in
diagnosis of vascular injury may lead to prolonged ischemia, compartment syndrome, Volkmann contractures,
and long-term disability.
Orthopedic injury is common in children. Approximately 30–45% of children with multiple injuries have at
least one skeletal fracture. Careful evaluation of every
extremity is essential, and deformity suggests an underlying fracture. Splinting of fractured limbs effectively
reduces pain, hemorrhage, and the risk of fat emboli
syndrome. The limb is evaluated for the presence of pulses
distal to the fracture. Adequate documentation of intact
sensation is critical. Pediatric bone is relatively soft and
prone to incomplete fracture, such as greenstick type.
Therefore, the presence of pain, bruising, or swelling are
additional indications for imaging.
Child abuse includes physical abuse, sexual abuse,
emotional abuse, and child neglect. Child abuse involves
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children of all ages and crosses all socioeconomic boundaries, although poverty, a young single parent, and substance abuse contribute to the risk factors. Most abused
children are younger than 3 years, with one-third being
younger than 6 months.
Because signs and symptoms of abuse can be subtle,
the clinician must maintain a high level of clinical awareness when evaluating these children. The history and
mechanism of alleged trauma must be consistent.
A history inconsistent with identified injuries or unusual
patterns of injury suggest child abuse. Infants and children
younger than 2 years are more likely to suffer closed-head
trauma as a result of child abuse. Older children are more
likely to sustain physical abuse as a form of discipline, so
abdominal trauma, skeletal trauma, and cutaneous injuries are more commonly observed. Adolescents are at risk
for sexual abuse and are less likely to report such assaults.
Complete evaluation in infants and children includes
fundoscopic examination for retinal hemorrhages and
radiographic skeletal survey for fractures in various stages
of healing.
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PEEP
Positive End-Expiratory Pressure (PEEP).

Pelvic Arterioemblization
▶ Musculoskeletal Trauma, Pelvic Angioembolization

Pelvic Binders
Temporary stabilization devices for pelvic fracture management that entail circumferential wrapping and compression of the pelvis.

Pelvic Fracture Packing
▶ Musculoskeletal Trauma, Preperitonal Pelvic Packing

Pelvic Packing
▶ Musculoskeletal Trauma, Preperitonal Pelvic Packing

Pelvic Ring Fracture
▶ Musculoskeletal Trauma, Pelvic Ring Disruption

Pelvic Ring Injury
▶ Musculoskeletal Trauma, Pelvic Ring Disruption

Penetrating Abdominal Trauma
▶ Abdominal Trauma

Penetrating Injuries
▶ Penetrating Wounds

Penetrating Trauma
▶ Penetrating Wounds
▶ Patterns of Injury
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Synonyms
Penetrating injuries; Penetrating trauma

Definition
Penetrating wounds are caused by objects that penetrate
the body, that is, they pierce the skin and lacerate, disrupt,
destroy, or contuse adjacent tissue, thus creating an open
wound. Penetrating injuries can have multiple etiologies;
the most common are gunshot wounds and sharp instruments. The material and anatomic properties of the host
and the ones of the injuring element determine the extent
of tissue damage.
Some of the instruments involved in penetrating
wounds include:
● Firearms: Method that uses a powder charge to fire
a projectile.
● Sharp instruments: Knifes, razors, swords, icepicks,
or any pointed instruments (e.g., chisel or broken
glass).

Epidemiology and Etiology
An estimated 50,000 persons die annually in the USA as
a result of violence-related injuries. Homicide is the second leading cause of death for persons aged 15–24 years,
the third leading cause for persons aged 25–34 years, and
the fourth for persons aged 1–14 years. Suicide is the
second leading cause of death for persons aged
25–34 years and the third leading cause for persons
aged 10–24 years. Only unintentional injury, malignant
neoplasms, and congenital anomalies are more common. Suicides (n = 8,599 and 55.9% violence-related
deaths) accounted for the highest rate of violent deaths
(10.9 per 100,000 population) followed by homicide/legalintervention deaths. Firearms accounted for 48.2% of total
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injury violence-related deaths. Suicide in males was nearly
four times greater than that for females. Males aged 35–
64 years accounted for 55.6% of suicide deaths. Firearms
were used in the majority (51.3%) of suicide deaths. Firearms were used in 65.8% of homicides, followed by sharp/
cutting instruments. The crime most often causing penetrating trauma was robbery (37.0%), followed by assault,
burglary, drug-related incidents, rape/sexual assault, or
motor-vehicle theft.
Otherwise, an estimated 31,000,000 persons are evaluated and cared for in the Emergency Departments annually in the USA with nonfatal injuries. Nonfatal injuries are
40% higher for males than for females. Males 15–19 years
old have the highest nonfatal injury rate. Of the total
nonfatal injuries, 6.4% are violence-related, including
assaults (5.5%), intentional self harm (0.7%), and legal
interventions (0.2%). Of an estimated of 1,973,000 violence-related nonfatal injuries, 66% are physical assaults
injuries. Firearms-related injuries are the most common in
this group.
Nonmilitary firearms commonly available in the
USA include handguns, rifles, and shotguns. According
to the Federal Bureau of Investigation (FBI) Uniform
Crime Reports for 2008, about 72% of firearms associated
with murders are handguns, with shotguns accounting
for 4.5% and those classified as rifles as 4.4%. Otherwise
there were 1,791 homicides in 2007 by knives and
other sharp/cutting objects, representing 17.7% of the
homicides.

General Concepts
Kinematics is the branch of mechanics that studies the
motion of a body or a system of bodies without consideration given to its mass or the forces acting on it. Most of
the injuries are related to the interaction between the host
and a moving object, and in fact, all of them are governed
by Basic Newtonian Mechanics. Newton simplifies his
concepts in three physical laws.
Newton’s first law explains the inertia theory and
postulates that every object will remain at rest or in
uniform motion unless compelled to change its state by
the action of an external force. His second law born of
the first explains how a force can change the direction
and velocity of a moving object. This law explains the
conservation of momentum (mass of an object times its
velocity), and states that the total momentum of a system
will remain constant unless acted upon by an external
force. The third law states that for every action, there is
an equal and opposite reaction. Another important
concept introduced by Joule described the first law of
thermodynamics which simply states that energy is
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constant, meaning it is neither created nor destroyed, so it
must be exchanged.
The type of energy describing the movements of
objects is kinetic energy (Ke). It is defined as mass times
velocity squared (Ke =1/2 mv2), so, the amount of kinetic
energy is proportional to the square of the velocity. The
amount of tissue damage is determined by the energy
exchange that occurs between the moving object and the
host. This means that the final damage is proportional to
the velocity with which the object strikes the host. Stab
wounds generally do not cause as much tissue damage as
missiles; therefore our efforts are concentrated in
explaining how missiles cause tissue damage.

Ballistics
Ballistics is the study of the dynamics of a missile
(i.e., bullet) traveling through the barrel of a firearm, its
subsequent trajectory through the air, and its final complicated motion after striking a target (wound ballistics).
Knowledge of the principles of ballistics is crucial to the
evaluation of gunshot wounds and their treatment.
Trauma surgeons that understand the principles of ballistics will more easily anticipate potential injuries, identify
organs injured, and rapidly make decisions regarding
whether exploration is appropriate, what cavities should
be explored and the sequence of exploration.
Basically a cartridge has a primer, propellant, and
a missile. They are then loaded in the chamber of the
weapon they are ready to be fired. The hammer on the
weapon strikes the primer, resulting in sparks that ignite
the propellant in the chamber. As the propellant particles
ignite in the chamber, they are volatilized and converted
into gas. The expanding volume of gas increases the energy
of the propellant (kinetic energy pressure) in the chamber
and subsequently overcomes the inertia of the missile, thus
accelerating the missile through the barrel of the weapon
until it exits.
All missiles leave the weapon from which they were
fired with certain amount of kinetic energy imparted to
them as they are fired. A portion of this energy is lost to
friction during its travel through air. The remaining Ke is
changed upon impact with living tissue. The amount of
damage to impacted tissues is determined by the energy
exchange that occurs between the missile and the organ
that it strikes. Tissue damage is proportionate to the Ke of
the missile on entrance into the living tissue minus the Ke
with which it exits.
“Caliber” for handguns and rifles generally refers to
the diameter of the bullet used or the barrel of the firearm.
Handguns are the most common type of firearm seen in
nonmilitary gunshot wounds (GSW). There are a wide

variety of handguns available, which are divided into two
large categories: pistols and revolvers. A pistol is a handgun that, when fired, cycles the weapon to reload from an
internal magazine. These firearms are often called semiautomatic as a missile is fired every time the trigger is
pulled. A revolver is a handgun that has a cylinder which
contains five or six cartridges. When a chamber containing
the cartridge is aligned to the barrel it may then be successfully fired. Only one cartridge is fired at a time. Rifles
are firearms that are most commonly fired from the shoulder and are more accurate than handguns. In general, they
fire projectiles that are more aerodynamic than handgun
bullets at a higher speed (velocity) than those of handguns.
Agents causing penetrating wounds:
I. Weapons:
Handguns: Pistols and revolvers
Long guns: Rifles, shotguns and machine guns
Air guns: Pneumatic, spring, and other weapons fired
with carbon dioxide cartridges
II. Crossbows and bows
III. Hand-driven weapons (knives, swords, needles, ice
picks, etc.)
IV. Impalement: Usually occurs secondary to a fall onto
a piercing object; machinery or pneumatic tools.

Wound Ballistics
Wound ballistics is the study of missile motion and damage produced when the final target is animal/human tissue. The energy exchange between the missile and living
tissue displaces tissue away from the point of impact.
A major determinant of the amount of energy exchanged
is the number of living tissue particles involved. The
greater the number of living tissue particles displaced or
hit, the more they are set in motion away from the path of
the missile and the greater the energy that is lost by such
missile. It follows that organs of greater density (i.e., more
tissue particles/volume of tissue) have more of their particles impacted and therefore sustain greater injury
corresponding to greater dissipation of Ke. For example,
when a missile impacts air containing tissues such as the
lung, fewer tissue particles are impacted and less tissue
damage is sustained than in fluid-containing organs such
as muscle, solid organs, and blood vessels. Denser structures such as bone receive the greatest transfer of energy
and damage.
Tissue elasticity is a more significant determinant than
energy transmitted to the tissue when accounting for
actual damage. The actual destruction of the permanent
cavity and stretch caused by the temporary cavity are
better tolerated by more distensible tissues such as lung
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as opposed to a more rigid (elastic) tissue like bone.
Wounds caused by knives are of very low energy and
cause only a permanent cavity. With little energy transferred to the tissue, serious injury is caused by directly
striking vital structures such as the heart, major vessels,
lung, or abdominal organs.
I. Gunshot wounds
As a missile impacts dense objects, such as bone, buttons,
or metal in buckles worn by the victim, the missile may
fragment to create multiple secondary missiles. Secondary
missiles can become more destructive than primary missiles and often follow unpredictable courses. Bony fragments or spicules can also cause considerable damage to
soft tissue. Similarly, fragments of clothing may be carried
into permanent cavities created by the missile.
A cavity is created by the missile as it strikes living
tissue and displaces tissue particles. A missile that has low
energy produces a cavity of slightly larger size than its
diameter, whereas a missile of high Ke pushes a large
volume of tissue away from its track, thus generating
a bigger cavity and causing more extensive tissue damage.
This cavity is also enlarged by the amount of expanding
gases. This allows energy to be transmitted into larger
areas. In the case of high-velocity missiles, the cavity
continues to enlarge even after the missile has traversed
it. As a cavity is formed by the missile, tissue damage
occurs by stretching, compressing, and shearing tissue.
Organs that are more distensible can better withstand
these forces and sustain less damage than organs that are
relatively nondistensible.
Increasing the frontal area of the missile by modifying
its nose creates a larger surface with which the missile can
impact the target. This alteration can be done by creating
a small cavity within the nose of the missile. As heated
gases accumulate within this cavity, the energy level
within· the cavity increases and allows the missile to
expand or flatten on contact. A full or a partial jacket
placed around the missile can “mushroom out” or expand
on contact. Similarly, a plastic covering can be attached to
the tip of a missile, covering its hollow point and allowing
the heated gases within the hollow point to increase in
temperature, which shatters the missile into smaller secondary missiles possessing greater energy and produces
greater tissue destruction.
Tumbling is the action of forward rotation around the
center of mass of the missile. Tumbling is best described by
imagining a missile performing cartwheels. Yaw represents
the deviation of the missile in its longitudinal axis from
the straight line of flight. Yaw can best be described by
imagining the missile dipping its nose and then raising it
again along its entire trajectory. These mechanisms may
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cause the missile to impact with its entire length instead of
the nose. This larger area of impact produces more rapid
dissipation of Ke, a greater volume of cavitation, and
greater tissue wounding.
As a missile fragments into several fragments, the total
frontal area presented to the tissue increases, therefore
maximizing the opportunity for energy dissipation. As
these fragments travel over wider areas, the possibility of
energy dissipation on organs and other adjacent tissues
increases. Soft missiles that have built-in grooves which
fragment easily cause greater damage; jacketed missiles
with grooves on the outside of the jacket achieve the
same effect. Shotgun shells and fragmentation grenades
represent the ultimate fragmentation weapons, causing
very extensive tissue damage.
A shotgun fires a projectile, or shell, that consists of
a charge and a plastic cup or wad, which contains multiple, small, round balls made of lead or steel called shot.
The wad is designed to split away quickly after leaving the
barrel of the shotgun and scatter the shot. These multiple
missiles impact a fairly large area of tissue, providing a
greater opportunity for energy dissipation and wounding.
Shot varies in size depending on its purpose.
A cartridge with many small pellets, called birdshot, creates a broad scatter pattern of injury. However, at
a distance, each individual pellet impacts with lower
energy due to losses from air friction. A cartridge with
a few heavy pellets, called buckshot, tends to deliver much
higher energy than birdshot, therefore creating highly
lethal injury patterns.
Shotgun wounds may be lethal, depending on the
range from which they are fired. The kinetic energy of
shot dissipates rapidly when traveling through air. Tissue
damage is proportional to the distance from the shotgun
to the host. The standard classification system used for
shotgun wounds is helpful in determining the surgical
management of these injuries, but clinical judgment is of
the utmost importance. Listed below is a classification
describing shotgun injuries and the tissue damage produced by them correlated with range:
Type I: Injuries occur at long range, generally more than 7
yards (>21 ft). Wounds are usually scattered, and the
shot has less ability to penetrate tissue. Many of these
injuries can be observed. If surgical management is
required, it is generally limited to soft tissue
debridement.
Type II: Injuries are sustained at intermediate ranges of
3–7 yards (9–21 ft). In general, many deep structures
sustain significant damage, and in most cases, these
injuries warrant surgical intervention.
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Type III: Injuries occur at close ranges of less than 3 yards
(<9 ft). These injuries are often immediately lethal. If
the patient survives, there will be extensive tissue
damage that warrants immediate life-saving operative
interventions. Often, wadding, fragments of the
patient’s clothing, foreign material, and necrotic tissue
are found within the tissues, requiring extensive tissue
debridement.
II. Crossbows and bows
Crossbows are usually used for hunting. Velocities reached
by bolts range from 61–84 m/s. Bolts are usually unable to
go through weight-bearing bone, but easily penetrate the
ribs, sternum, posterior vertebral elements, and the calvarium. Treatment is similar as impalement injuries.
Bows can generate arrow velocities of 74 m/s. Treatment is similar as impalement injuries.
III. Hand-driven weapons
They can be classified as:
Stab type: Most represent low-speed penetrations with
knife points piercing the skin and tissue directly. May
leave only a small skin wound. Size of the skin wound
does not correlate to the depth of penetration or
internal injury.
Slash type: Low Ke, typically long laceration of relatively
shallow depth. Wounds tend to gape, allowing easy
visual inspection of wound depth.
Impalement type: Weapon usually plunged into victim
along long axis of blade. Wound size does not correlate
to the depth of wound or wound trajectory.
IV. Impalement
Usually are secondary to falls onto piercing objects.

Treatment
Prehospital Treatment
Since the 1980s paramedics began to implement Advanced
Life Support measures in the pre-hospital settings. It is
well known that endotracheal intubation and intravenous
(IV) line placement benefit blunt trauma victims with
prolonged transportation time. Otherwise, evidence is
much less convincing for critical patients sustaining penetrating injuries in the urban setting that need rapid transport to the hospital. Patients sustaining critical injuries
from penetrating trauma in urban settings and close to
Level I Trauma Centers should be rapidly transported with
minimal prehospital interventions known as “scoop and
run.” Improved prehospital treatment has significantly
reduced the overall morbidity and mortality in urban
areas with short transportation times.

Prehospital care should be directed to avoid preventable deaths caused by uncontrolled hemorrhage, tension
pneumothorax, acute airway compromise, and hypothermia. Civilian prehospital trauma care is based in some
important aspects, adequate medical supplies, usually
based around an ambulance, online and offline medical
control, adequate number of providers, a stable and secure
accident scene, and relatively rapid evacuation to a nearby
hospital.

Hospital Treatment
After arriving at Trauma Centers trauma patients are
usually managed by institutional protocols. Missiles
that are easily accessible should be removed utilizing
meticulous surgical technique so as not to damage the
missile. Digital extraction is the preferred method.
Attempting to remove the missile with hemostats or
other surgical instruments usually creates grooves in
the metal of the missile, thereby modifying its structure. No change to the missile should be made by the
surgeon that would create difficulty in matching the
missile with the offending weapon. Missiles that are
inaccessible and require extensive dissection to be
removed should be left alone. Remember that all
removed missiles must be turned over to the authorities
as forensic evidence.
Missiles should be removed if they are found within
a cardiac chamber, within the lumen of a blood vessel, or
within an intra-articular surface. Missiles that are near
major blood vessels, those that come in direct contact
with the vessel wall as the vessel transmits its pulsatile
flow should be removed as these missiles have been
known to erode into the vessel lumen, causing
pseudoaneurysms, missile emboli, and hemorrhage.
A missile embolus is a missile that has penetrated
a vascular conduit and has traveled within this conduit
to an area remote from the site of entrance. Missile emboli
have been reported in both the arterial and venous circulations. They can travel great distances, even traversing the
heart. Missile emboli should be removed to prevent organ
damage and infarction.
Although many assume that all missiles are sterile
because of the heat generated by combustion and friction,
this is not always true. Bacteria can be carried on the
surface of missiles. After the missile implants in an area
of devitalized tissue surrounded by hematoma, it can be
a source of bacterial contamination. When missiles traverse hollow viscera, particularly the colon and/or small
bowel, and are implanted in areas of hematoma or
devitalized tissue, abscesses can and do form.

Pericardial Drainage Procedure

Staphylococcus aureus is known to survive on the surface of missiles and has been cultured from missile tracks.
In patients sustaining missile injuries of the large bowel,
Escherichia coli and Enterobacter cloacae have been cultured from missile abscesses. Blastomyces dermatitidis has
been rarely cultured.
Missile tracks are managed based on the extent of
tissue damage. Low-velocity missiles generally do not
cause much tissue destruction, but higher-velocity missiles
may create much devitalized tissue. Any significant amount
of devitalized tissue must be removed. The area must be
carefully debrided, hemostasis should be maintained, all
foreign particles removed, and the area must be copiously
irrigated. Failure to do so will result in infection.
Low-velocity missiles are defined as those traveling less
than 1,200 ft/s. High-velocity missiles travel more than
2,000 ft/s. Most hand guns are considered low velocity.
Because a missile’s kinetic energy is proportional to mass
and the square of velocity, high-velocity missiles cause the
greatest tissue destruction. Military assault rifles have the
ability to create the greatest tissue destruction because
their missiles have significant mass and are ejected at
velocities of approximately 3,000 ft/s.
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Perched Facet Joint Dislocation
▶ Traumatic Spondylolisthesis
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Percutaneous Needle Aspiration/
Tube Pericardiostomy
▶ Pericardiocentesis

Percutaneous Pericardiocentesis
▶ Periocardiocentesis

Percutaneous Tracheostomy
▶ Tracheostomy

Percutaneous Transcatheter
Arterial Embolization
▶ Renal Angioembolization

P
Perfusion
▶ Capillary Refill

Pericardial Aspiration
▶ Periocardiocentesis

Pericardial Drainage Procedure
▶ Pericardiotomy
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Synonyms
Cardiac tamponade

Definition
Pericardial tamponade is an emergency situation defined
as a collection of fluid (e.g., blood, effusion, pus, etc.)
within the pericardial space impeding diastolic filling
and cardiac output. Few entities in trauma/critical care
demand more immediate attention than acute pericardial
tamponade. Early recognition and treatment is lifesaving.
This entry will discuss the pathophysiology and diagnosis
of tamponade, while subsequent entries will review the
treatment.

Etiology
In considering the causes of pericardial tamponade, it is
useful to divide them into acute “surgical” causes such as
trauma and iatrogenic, and chronic “medical” causes such
as neoplasm, congestive heart failure, uremia, tuberculosis, and connective tissue disease [1]. In trauma, the incidence of penetrating cardiac injury is <1% of all trauma
admissions; however, tamponade complicates almost 70%
of cardiac stab wounds with extremely poor survival
without immediate surgical intervention. In percutaneous
coronary interventions, the incidence of iatrogenic
tamponade is 0.12% and is significantly associated with
the use of atheroablative devices. [2] In cardiac surgery,
the use of preoperative anticoagulants, valve surgery, and
female sex are all associated with higher rates of postoperative tamponade.
The pericardium consists of a thin, inner visceral layer
and a thick, stiff outer parietal layer. Between the two
pericardial layers is a potential “space” that normally contains up to 50 mL of a plasma-like pericardial fluid. [3]
Accumulation of fluid within this pericardial space causes
elevation of intrapericardial pressure (IPP). The time
interval for the accumulation of pericardial fluid is as
important as the magnitude of accumulation in determining the degree of cardiovascular embarrassment. [4] The
rapid accumulation of pericardial fluid that occurs following trauma causes impairment at much lower volumes
than chronic “medical” effusions that are slower to accumulate and have resultant higher volumes. In either case

once this threshold is exceeded, compliance is extremely
limited, as illustrated by Fig. 1.

Pathophysiologic Changes
An elevated IPP compresses the heart and impairs filling of
the cardiac chambers during diastole and venous pressure
must increase in order to maintain cardiac filling. With the
ventricles deprived of preload, cardiac output is decreased.
Stroke volume is reduced and the body compensates to
maintain cardiac output via increased sympathetic and
catecholamine stimulation; this results in increased contractility, tachycardia, and vasoconstriction. Once the normal compensatory mechanisms to maintain cardiac
outputs are exhausted, hypotension ensues eventually
leading to cardiovascular collapse if tamponade is not
released.

Treatment
The treatment algorithm for pericardial tamponade
begins with the assessment of whether the patient has an
acute or chronic accumulation and whether the patient is
hemodynamically stable or unstable.
Chronic/Stable: A pericardial effusion that is chronic
in nature and hemodynamically insignificant is best
treated medically. Consultation with a cardiologist is
recommended and the underlying cause should be sought.
Volume status and inotropy should be maximized and
ultrasound-guided needle pericardiocentesis may be
performed on a semi-urgent basis. Needle pericardiocentesis should not be attempted in stable trauma patients,
as the underlying cause will almost certainly require operative repair.
Acute/Unstable: In the patient who presents with
pulseless pericardial tamponade, left anterolateral thoracotomy should be performed immediately to decompress
the pericardium. Remember that external compressions
are useless in this patient as the heart cannot fill. Once vital
signs return, the patient should then be taken to the
operating room for definitive repair.
Acute/Semi-stable: If the patient has a palpable pulse,
consideration should be given for transportation and
decompression in the operating room. If time allows, an
arterial line and adequate central access will be immensely
helpful. Etomidate or ketamine are the induction agents of
choice, as they cause the least amount of cardiovascular
depression. Hypovolemic patients will benefit from preload optimization, however overzealous resuscitation can
precipitate hemodynamic collapse. Inotropy may be augmented using dobutamine, although endogenous inotropic cardiac stimulation is usually already maximal.
Intubation should occur after surgical prep and drape as
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Pericardial Tamponade. Figure 1 Cardiac Tamponade Pericardial pressure–volume (or strain–stress) curves are shown in which
the volume increases slowly or rapidly over time. In the left-hand panel, rapidly increasing pericardial fluid first reaches the limit
of the pericardial reserve volume (the initial flat segment) and then quickly exceeds the limit of parietal pericardial stretch,
causing a steep rise in pressure, which becomes even steeper as smaller increments in fluid cause a disproportionate increase in
the pericardial pressure. In the right-hand panel, a slower rate of pericardial filling takes longer to exceed the limit of
pericardial stretch, because there is more time for the pericardium to stretch and for compensatory mechanisms to become
activated. (New England Journal of Medicine. . . need permission to reproduce!)

induction will eliminate the sympathetic drive which is
often the only thing overcoming the impaired preload and
positive pressure ventilation will further decrease cardiac
output. A median sternotomy is the optimal incision for
operative exposure. The surgeon should be prepared to
perform a left anterolateral thoracotomy should the
patient crash on induction of general anesthesia.

Evaluation/Assessment
Clinical Findings
The first diagnostic exam performed should always be the
physical exam; however, most signs and symptoms are
nonspecific. Tachypnea, dyspnea, or air hunger combined
with tachycardia in a patient with a compatible mechanism of injury should heighten the suspicion. Hypotension is a late manifestation; a normal blood pressure
should not be used as evidence of absence of tamponade.
Beck’s trial (jugular venous distention, muffled heart
sounds, and hypotension), while classically described in
textbooks, is relatively rare, occurring in only 11% in one
series of patients with confirmed tamponade. Once hypotension develops, however, JVD is almost universal
(Fig. 2).

Another clinical finding is pulsus paradoxus, an inspiratory decrease in systolic blood pressure greater than the
normal 10 mm Hg seen in healthy adults. This pathological response is secondary to the complex respiratory
effects on cardiac output and is an ominous sign of imminent hemodynamic collapse. In the extreme form, the
pulse can be felt to cyclically disappear on palpation during inspiration. When present, this sign may aid in the
diagnosis, however one should recall and rule out the
other causes of a paradoxical pulse, including pulmonary
embolus, RV infarction, severe reactive airway disease, and
pneumothorax.

EKG
In stable patients, the EKG may show diffuse low-voltage
and nonspecific ST changes. The only true pathognomonic sign of tamponade is electrical alternans, which is
defined as repetitive alternating P and QRS amplitudes.
Laboratory investigations reveal that the cause is the
swinging of the heart within the fluid-filled pericardial
sack. In caring for unstable patients, the clinician should
not waste precious time obtaining a 12-leak EKG in
a patient with advanced pericardial disease, as other diagnostic modalities are faster and are more sensitive.
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After-care
After cardiac repair, it is standard practice to leave the
pericardium open and place mediastinal closed suction
drains. It is reasonable to remove these drains once the daily
output is less than 100 cc/24 h. The decision to perform
follow-up echocardiography is based on multiple factors
(e.g., preexisting disease, nature of the injury, intraoperative
findings, and postoperative course) and is left to the clinician’s discretion. Medical patients undergoing needle
pericardiocentesis should routinely receive follow-up imaging to assess for reaccumulation of pericardial fluid.

Prognosis

Pericardial Tamponade. Figure 2 Jugular venous distention

Plain Films
When investigating a stable patient, a CXR showing clear
lung fields and cardiomegaly (with a “water bottle”
shape), may suggest the diagnosis and prompt further
investigation. At least 200 mL of pericardial fluid must
accumulate before the cardiac silhouette is affected. [4]
Other diagnostic modalities are more accurate and time
should not be wasted obtaining a CXR in an unstable
patient.

Echocardiography
Echocardiography is the most useful imaging modality for
the initial evaluation of suspected pericardial tamponade.
A formal ultrasound performed by a certified technician
with cardiologist interpretation is unnecessary in the acute
setting. The subxiphoid view is a key component of the
focused assessment with sonography for trauma (FAST)
and has been shown to be equally sensitive for detecting
clinically significant pericardial effusions. Findings
include a circumferential fluid layer and compressed cardiac chambers. During inspiratory preload augmentation,
both the ventricular and atria septa will move sharply
leftward, reversing on expiration. As mentioned above,
each side of the heart fills at the expense of the other,
owing to the fixed intrapericardial volume. Limitations
of the echocardiography include confusion between pleural and pericardial fluid and loculated fluid collections
that require multiple views to detect.

The prognosis for pericardial tamponade is highly dependent upon the etiology. In medical patients presenting
with an idiopathic pericardial effusion, the prognosis is
favorable and survival does not appear to be different from
the general population. Should a tamponade occur after
percutaneous intervention, however, the available evidence reports a mortality rate of 42% [2]. Finally, in
victims of penetrating cardiac injury presenting with pericardial tamponade, the overall mortality rate is 66.3% [5].

Cross Reference

▶ Cardiac Tamponade
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Periocardiocentesis. Table 1 Etiologies of pericardial
effusion
Idiopathic
Traumatic
– Postsurgical
– Post-myocardial infarction, rupture of ventricular
aneurysm, dissecting aortic aneurysm

Synonyms

– Radiation

Cardioparacentesis; Percutaneous pericardiocentesis;
Pericardial aspiration; Pericardial tap

Infectious

Definition
Pericardiocentesis is an invasive procedure in which
a needle is inserted into the pericardial sac to aspirate
fluid. The two indications of pericardiocentesis are diagnostic and therapeutic. Diagnostic pericardiocentesis is an
elective procedure performed to diagnose the cause of
pericardial effusion; a therapeutic pericardiocentesis is
performed urgently or emergently to relieve ▶ cardiac
tamponade.

– Viral (e.g., coxsackievirus, adenovirus, Epstein-Barr virus,
echovirus, cytomegalovirus, infectious mononucleosis,
parvovirus B19, influenza, mumps, varicella, hepatitis B,
HIV)
– Fungal (e.g., histoplasmosis, aspergillosis, blastomycosis,
coccidioidomycosis, Candida sp., Nocardia sp.)
– Bacterial (e.g., staphylococci, streptococci, pneumococci,
Haemophilus influenzae, Mycoplasma sp., Neisseria sp.,
Borrelia burgdorferi, Chlamydia sp., Legionella sp.,
Salmonella sp., Mycobacterium tuberculosis, M. avium)
– Rickettsial
– Parasitic (toxoplasmosis, amebiasis)

Pre-existing condition
The pericardial sac normally contains 15–50 mL of fluid,
which is a lubricant between the visceral and parietal layers
of the pericardium. When a larger amount of fluid collects
in this space it constitutes a pericardial effusion. There are
numerous causes of pericardial effusion (Table 1). Each of
the etiologies listed can result in acute pericarditis and
pericardial effusion, which can cause cardiac tamponade
or constrictive pericarditis.
A diagnostic pericardiocentesis is performed as an
elective procedure, ideally by a person trained in and
experienced with the technique. The aspirated fluid is
sent for analysis to make the diagnosis. Reported diagnostic accuracy is approximately 24% [1].
A therapeutic pericardiocentesis is performed to
relieve or temporize the effects of cardiac tamponade.
Cardiac tamponade, a life-threatening condition, occurs
when a pericardial effusion becomes large enough to
restrict filling of the heart with subsequent decrease in
stroke volume, decreased cardiac output, and potential
cardiac collapse. Pericardiocentesis will relieve tamponade
in nonhemorrhagic effusions 60–90% of the time [1].
Cardiac tamponade often presents with nonspecific
symptoms. It is possible to have tamponade with as little
as 60–100 mL of fluid in the pericardial space. Patients
may complain of chest pain, cough, dyspnea, hoarseness,
or hiccups. The classic presentation of hypotension,
distended neck veins, and muffled heart sounds, known
as Beck’s triad, may be seen on physical exam. A friction

Autoimmune
– Sarcoidosis
– Scleroderma
– Dermatomyositis
– Amyloidosis
– Rhuematoid arthritis
– Systemic lupus erythematosus
– Polyarteritis nodosa
– Temporal arteritis
– Myasthenia gravis
Neoplasm
– Metastatic (e.g., lung or breast carcinoma, lymphoma,
leukemia, melanoma)
– Primary (e.g., rhabdomyosarcoma, lipoma, teratoma,
fibroma, fibrosarcoma, angioma, angiosarcoma,
mesothelioma)
Medications
– Procainamide, Hydralazine, Coumadin, Heparin,
Thrombolytics, Isoniazid, Cyclosporine
Iatrogenic
Uremia
Hypothyroidism

rub may be heard on auscultation. The patient may have
a narrow pulse pressure or pulsus paradoxus.
Electrocardiogram (EKG) may show low voltage or
electrical alternans. Electrical alternans occurs in large
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pericardial effusions, and is thought to be due to mechanical oscillations of the heart [2]. A chest radiograph (CXR)
may show cardiomegaly, if 200–250 mL has accumulated.
The most reliable clinical sign of pericardial tamponade
is an elevated central venous pressure (CVP) (>15) in
association with hypotension and tachycardia [3]. The
diagnosis of cardiac tamponade is best made by echocardiography (ECHO). On 2D ECHO, in addition to large
pericardial effusion, early diastolic collapse of the right
ventricle and late diastolic right atrial inversion are diagnostic. Abnormal ventricular septal motion and variation
in ventricular size with respiratory variation may also be
seen [2].
The incidence of acute cardiac tamponade is approximately 2% in patients who suffer from penetrating
chest trauma, and is more common with stab wounds
than gunshot wounds. Tamponade is rarely seen after
blunt chest trauma. It is important to remember that
a negative pericardiocentesis, in a trauma patient with
clinical signs of tamponade, does not rule out hemorrhagic tamponade. There is a 20–40% false-negative (no
blood aspirated) rate in this setting, which is thought to be
due to clotted blood in the pericardium [2].

Application
Contraindications to pericardiocentesis are aortic dissection, uncorrected bleeding diathesis, thrombocytopenia
(<50,000), loculated pericardial effusion, and posteriorly
located effusion.
The initial treatment of cardiac tamponade includes
volume infusion, aiming to augment right heart function
by increasing filling pressure to overcome the pericardial
constriction. This is done while preparing for invasive
treatment of underlying cause. Additionally, laboratory
studies including CBC and coagulation studies should be
sent for analysis.
The use of ultrasound (US) guidance for pericardiocentesis is quickly becoming the standard of care. On
ultrasound a pericardial effusion will appear as an
anechoic area surrounding the heart (Fig. 1). The
subxiphoid and the parasternal views are also used. To
obtain the subxiphoid view the probe is placed transversely at the left costal margin in line with the xiphoid,
and is aimed toward the patient’s left shoulder. In this
view, the liver is used as a landmark, and will border the
right ventricle. For the parasternal view, the transducer is
placed along the left sternal border between the second
and fourth ribs and aimed toward the patients’ right
shoulder. This provides a four-chamber view [4].
After ensuring that all equipments are available at the
bedside (Table 2), the patient is ideally positioned sitting

Periocardiocentesis. Figure 1 Echocardiogram of cardiac
tamponade showing large pericardial effusion restricting the
filling of the right ventricle

Periocardiocentesis. Table 2 Pericardiocentesis supplies
18 or 20 gauge cardiac needle
Three-way stopcock
Multi-orifice catheter if continued drainage is desired
Various sized syringes
Specimen collection tubes
Antiseptic solution
EKG monitor
Small gauge needle for local anesthetic
1% Lidocaine
Sterile gloves and gown
Sterile drape
Surgical blades
Sterile saline for confirming placement
Emergency medications
Ultrasound and sterile sheath
Defibrillator and cardiac monitor

at a 30–45 angle, which will allow the pericardial fluid to
pool inferiorly. The patient is then prepped and draped in
the standard surgical fashion. Lidocaine is instilled for
local anesthesia. An 18 or 20 gauge long cardiac needle is
introduced where the left costal margin meets the xiphoid
process of the sternum. The needle is then advanced with
either ultrasound (US) guidance or using EKG. When

Pericardiocentesis

Periocardiocentesis. Table 3 Complications
Myocardial laceration

3.
4.

Myocardial perforation
Coronary vascular laceration
Coronary vascular perforation

5.
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Pneumothorax
Cardiac arrhythmia
Peritoneal puncture
Laceration of abdominal viscera, especially liver
Internal mammary artery fistulae

Pericardiocentesis

Purulent pericarditis

MATTHEW KUTCHER, M. MARGARET KNUDSON
Department of Surgery, University of California,
San Francisco, CA, USA
using EKG, the needle is inserted and slowly advanced
under constant aspiration, aiming toward the patients’
left shoulder at an angle of 15–20 . Alternatively, needle
advancement may be monitored on ultrasound. Confirmation of entrance into the pericardial space is done by
using pulsed saline and watching for air bubbles on US.
Once flashback is obtained the syringe and needle are held
steady while pericardial fluid is aspirated. If desired,
a multi-orifice catheter can then be passed over a guide
wire to permit continued drainage.
Pericardiocentesis is never a definitive treatment in
hemorrhagic tamponade. While patients may have
a dramatic response to treatment, thoracotomy must be
performed to find and repair the cause of bleeding. In
all cases, the patient’s vital signs should be closely monitored. A postprocedure CXR to evaluate pneumothorax
and an ECHO to evaluate cannula position and fluid
reaccumulation should be done.
Complications after pericardiocentesis are listed in
Table 3. It is estimated that the use of ultrasound guidance
has reduced morbidity from 50% to <1% and morality
from 10% to nearly 0 [5]. A large prospective study found
that effusions were caused by malignancy (34%), postoperative (25%), and a complication of catheter-based procedure (10%). They reported a 97% success rate with
a complication rate of 4.4%. Major complications were:
death (1), cardiac laceration (5), vessel laceration (1),
pneumothorax (5), infection (1), and sustained ventricular tachycardia (1) [2].
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Synonyms
Percutaneous needle aspiration/tube pericardiostomy

Definition
Pericardiocentesis is the percutaneous aspiration of
pericardial fluid, typically utilizing a needle. Pericardial
needle placement may be guided by formal echocardiography, bedside ultrasound, fluoroscopy, or chest computed tomography (CT), or may be performed using
anatomic landmarks alone. The procedure may be
performed as a onetime aspiration, or a pericardial
drain may be placed to allow for ongoing continuous or
intermittent drainage. The intent may be diagnostic as for
establishing the etiology of a pericardial effusion, or therapeutic as for symptomatic pericardial effusion or cardiac
tamponade.

Pre-existing Conditions
Pericardial effusion is the anatomic presence of excess
fluid between the visceral and parietal leaves of the pericardium. The fluid may be transudative (e.g., due to
congestive heart failure, nephrosis, or hypothyroid myxedema), exudative (e.g., tuberculous, or spread from an
adjacent empyema or abscess), hemorrhagic (secondary
to penetrating cardiac trauma or iatrogenic perforation during heart catheterization), or malignant. In the
absence of pathology, the pericardial space contains
roughly 20 mL of straw-colored fluid. Acute accumulation of more than 100 mL of pericardial fluid is sufficient to affect cardiac filling and precipitate tamponade,
while chronic effusions may reach up to 2,000 mL without significant hemodynamic effect. Echocardiography
may reveal loculations, fibrinous debris, or clot.
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Effusions of less than 200 mL are generally not visible by
plain chest radiography.
Cardiac tamponade is a life-threatening clinical syndrome in which elevated intrapericardial pressure causes
cardiac compression, leading to reduction in atrial diastolic volume, an increase in atrial diastolic pressure, and
failure of forward flow [1]. Elevated intrapericardial pressure may be due to blood, pus, effusion (exudative or
transudative), or air. The diagnosis is classically associated
with Beck’s triad of hypotension, elevated jugular venous
pressure, and muffled heart sounds, although these findings are present in only 10–40% of cases. The clinical
presentation is notable for dyspnea, tachycardia, hypotension, and peripheral vasoconstriction; other findings
include pulsus paradoxus (a fall in systolic blood pressure
greater than 10 mmHg with quiet inspiration) and electrical alternans (inter-beat alternation of QRS amplitude
or electrical axis). Echocardiography reveals abnormal
septal motion, right-sided diastolic collapse, and reduced
respiratory variation of caval diameter. The mainstay
of management is emergent evacuation of the pericardial space via either pericardiocentesis or surgical
pericardiotomy.

Application
Indications
The principal diagnostic indication for pericardiocentesis
is to determine the etiology of a pericardial effusion.
Therapeutic indications for pericardiocentesis include
relief of cardiac tamponade and symptomatic pericardial
effusion.
Several conditions exist in which open surgical access
to the chest is the more appropriate maneuver [2].
Patients with acute tamponade physiology after penetrating (and rarely, blunt trauma) should undergo immediate thoracotomy either in the emergency department
(if in extremis) or in the operating room if time permits;
pericardiocentesis is inappropriate in these setting unless
emergency surgical support is unavailable. Pericardial
effusions associated with nontraumatic aortic dissection
should be evaluated by a surgeon for approach in the
operating room prior to consideration of percutaneous
drainage.
Percutaneous drainage is ineffective in cases of
loculated effusions, clotted pericardial blood, and purulent pericarditis. Pericardial effusions less than 2 cm wide
at the planned puncture site are higher risk for percutaneous drainage. These cases should be considered for
surgical subxiphoid pericardiostomy (see entry for
▶ Pericardiotomy).

Preparation and Monitoring
Appropriate preparation and monitoring depend on the
setting and level of urgency. In the most elective setting
and stable patient, pre-procedural right heart catheterization or Swan–Ganz catheter placement is performed to
measure pericardial, right atrial, and pulmonary capillary
wedge pressures. A formal echocardiogram should demonstrate an effusion of sufficient size to allow safe access by
needle aspiration with no areas of loculation (see Fig. 1);
otherwise, open surgical drainage should be considered.
A complete blood count (CBC), coagulation panel, and
blood urea nitrogen (BUN) should be drawn, and thrombocytopenia, coagulopathy, and uremia corrected. In an
urgent ICU or emergency department setting with
a hemodynamically stable patient, continuous electrocardiogram and hemodynamic monitoring should be quickly
initiated.
Formal echocardiographic or bedside ultrasound visualization of the pericardium during the procedure is provided by either a subxiphoid or parasternal view,
complementing the needle approach. Injection of agitated
saline may confirm pericardial needle or drain placement
by visualization of bubbles. If available (e.g., in the cath lab
setting), fluoroscopy may provide sufficient or additional
visualization; radio-opaque contrast injection confirms
placement. Reports also exist of pericardial drainage
under CT guidance in selected circumstances.
For the patient with acute tamponade physiology,
nothing should delay the immediate relief of pericardial
pressure. When in extremis without immediate access to
bedside imaging, the increased technical complication and
mortality rates (50% and 6%, respectively [3]) of “blind”

Pericardiocentesis. Figure 1 Echocardiogram
demonstrating a pericardial effusion
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compared with image-guided pericardiocentesis are considered acceptable, and more formal evaluation may proceed once hemodynamic stability is established.

Equipment
Most serous and serosanguinous effusions are easily aspirated with a standard beveled 18-gauge needle. A needle
length of 10 cm is sufficient in adults. Smaller needle gauge
and length may be used in the pediatric population; for
neonates, a butterfly needle may be sufficient. The longer
bevel angle found on lumbar puncture-type needles
increases the risk of myocardial injury, making these
needles poorly suited for pericardiocentesis. Some
pericardiocentesis kits contain a needle surrounded by
a polytetrafluoroethylene (PTFE) sheath, allowing continued drainage after needle removal. The needle or sheath
may be attached directly to a syringe for aspiration, or to
both a syringe and manometer via three-way stopcock for
intrapericardial pressure measurement.

Anatomy
The left sternocostal angle exists at the junction of the
xiphoid process and sternal body, with a short path
connecting this point to the inferior border of the pericardium for the sternocostal approach. In patients who
have undergone median sternotomy or high midline laparotomy, this angle may be altered or the xiphoid may
have been excised.
Three additional structures are relevant to a parasternal
approach to the pericardial space. The left internal mammary artery runs parallel to the sternal body approximately
1 cm lateral to the sternal border, and sends perforating
branches medially; a percutaneous access site lateral to this
should be chosen to avoid arterial injury. The anterior
intercostal neurovascular bundle runs along the inferior
aspect of each rib, beginning at the sternal edge; access
along the superior rib edge avoids damage. The anterior
border of the left lung is apposed to the chest wall approximately 3–5 cm lateral to the sternal border along the fifth to
sixth intercostal space, forming a span of pericardium with
no lung tissue between it and the chest wall (referred to as
the “cardiac notch”); needle access in this area avoids pleural entry and pneumothorax.

Technique: Sternocostal Approach
The patient is placed supine or with the head of bed
slightly elevated; the subxiphoid skin is prepped and
draped. The needle is inserted at the left sternocostal
angle 3–4 mm below the costal margin, angled 15 off
the chest wall and 45 to the left of the sternum, roughly
toward the patient’s left shoulder (see Fig. 2). Once

Pericardiocentesis. Figure 2 Schematic representation of
the appropriate needle placement and direction for
sternocostal and parasternal pericardiocentesis

the needle depth has traversed the costal margin, the
needle angle may be directed more superiorly and parallel
to the chest wall by lowering the hub. Using gentle aspiration for negative pressure, the needle is advanced until
fluid is encountered.

Technique: Parasternal Approach
The patient is similarly positioned and prepped. The needle is inserted at the left fourth or fifth interspace 2–3 cm
lateral to the sternal edge and just superior to the rib edge,
angled 45 off the chest wall roughly toward the patients
right shoulder (see Fig. 2). Care must be taken on the
medial side to avoid the internal mammary artery and
on the lateral side to avoid pleural entry and pneumothorax. The needle is again advanced under gentle aspiration
until fluid is encountered.

Technique: Drain Placement
Once the pericardial space is accessed, the syringe is
removed and a flexible J-wire is gently advanced via the
needle using Seldinger technique. The wire is directed
along the posterior wall of the pericardium, monitored
by ultrasound or fluoroscopy. The needle is then removed,
the skin nicked with a scalpel at the wire entry site, and the
tract is dilated appropriately to allow advancement of
a multiple side-hole pigtail drain over the wire. Ideally,
the drain lies posteriorly with the tip at the level of the
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atrial appendage. Once placement is confirmed, the wire is
removed and the drain is sutured to the skin surface.

Pitfalls

● In the case that blood is aspirated from the needle,
hemopericardium and intraventricular blood may be
differentiated by intrapericardial blood’s inability to
clot due to fibrinolytic enzymes present in the pericardium. In the setting of acute hemorrhagic effusion,
however, fibrinolysis may be overwhelmed and the two
may be difficult to differentiate.
● To monitor for myocardial puncture, an electrocardiogram lead may be connected to the needle: a large
ST segment elevation in the needle lead indicates myocardial contact. The needle lead must be well grounded
to avoid electrical conductance to the myocardium
and resultant fibrillation with needle contact. Routine
use of a needle lead may be misleading and cumbersome, and is not generally recommended.

Complications
Overall complications when performed under echocardiographic guidance occur in 4.7% of procedures [4]: major
complications occur in 1.2% and minor complications in
3.5% as shown in Table 1.

removed in increments of less than 500 mL at a time to
avoid the rare complication of acute right ventricular
dilatation. Repeated aspiration or continuous drainage
with serial pressure measurement should continue until
pericardial pressure is negative during inspiration.
Drains are generally left to gentle continuous bulb
suction; a three-way stopcock allows additional access
for intermittent aspiration and flushing. In order to
avoid fibrinous plugging of the drain, it may need to be
flushed as often as hourly; flushing with a solution of
urokinase in saline may be attempted to clear fibrin from
the drain. The drain is left in place for at least 24–48 h, and
removed once echocardiography confirms resolution of
the effusion and spontaneous drainage is <50 mL/day.
An occlusive dressing should be placed over the drain
site for 48 h after removal to avoid pneumopericardium.

Acknowledgments
The views expressed in this article are those of the author
and do not necessarily reflect the official policy or position
of the Department of the Navy, Department of Defense,
nor the U.S. Government.

References
1.

Subsequent Management

2.

In acute tamponade, the removal of even 50 mL of fluid is
frequently sufficient for hemodynamic improvement.
In large, chronic effusions, pericardial fluid should be

3.
4.

Pericardiocentesis. Table 1 Potential major and minor complications of pericardiocentesis
Major complications

Minor complications

Pneumothorax requiring
chest tube

Small pneumothorax

Ventricular injury requiring
repair

Transient ventricular entry

Ventricular tachycardia

Non-sustained ventricular
tachycardia

Intercostal injury requiring
repair

Pleuropericardial fistula

Acute right ventricular
dilatation

Pericardial catheter
occlusion

Acute left ventricular failure

Pneumopericardium after
drain removal

Bacteremia related to drain

Vasovagal episode

Fatal ventricular puncture
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Synonyms
Pericardial drainage procedure; Subxiphoid pericardial
window

Pericardiotomy

Definition
A surgical opening made in the pericardial sac in order to
drain pericardial fluid, exudates if infectious in nature, or
blood to relieve tamponade and restore normal cardiac
physiology.
A surgical procedure that entails making an opening in
the pericardial sac in order to diagnose penetrating cardiac
injury.

Pre-existing Condition
Cardiac tamponade is a hemodynamic emergency requiring prompt treatment in order to avoid a fatal outcome. It
can complicate a number of medical conditions and it
is important therefore that practitioners are aware of
its presentation, diagnosis, and management. Cardiac
tamponade occurs when the intrapericardial pressure
exceeds the intracardiac pressure producing progressive
reduction in diastolic ventricular filling and a consequent
reduction in stroke volume and cardiac output. The normal pericardial space contains 15–50 ml of fluid, but
depending on the etiology of the fluid increase and the
rapidity of its accumulation, tamponade may occur with
as little as 150 ml. Conversely, the pericardium may stretch
to accommodate up to 2 l of fluid without significant
symptoms developing if the accumulation is gradual
such as in chronic renal insufficiency.
The clinical features of cardiac tamponade include
hypotension, arterial pulsus paradoxus, jugular venous
pressure elevation and consequent jugular venous distension, and muffled heart tones. However, these symptoms
and signs may be absent or blunted depending on the
acute or chronic nature of the fluid accumulated. In fact,
only approximately 30% of patients presenting with cardiac tamponade post-injury will manifest this constellation of clinical signs known as “Beck’s Triad.” Pericardial
effusions and pericardial tamponade may be seen in
benign medical conditions such as pericarditis and other
infectious processes, uremia, radiation, and connective
tissue disorders [1]. Effusions may also be seen in malignancies either as a malignant effusion from metastatic
disease or from a primary cardiac tumor, or they may be
idiopathic.
In trauma, the vast majority of patients sustaining
penetrating cardiac injuries succumb to those injuries
prior to transport to the hospital. For the small subset of
patients reaching the hospital, they typically arrive with
clinical signs of cardiac tamponade or excessive hemorrhage requiring urgent surgical intervention. However,
approximately 20% of patients who reach the hospital
will have no obvious signs or symptoms of cardiac injury
[1]. Asymptomatic patients with potential cardiac injuries
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pose a diagnostic dilemma. Observation of these patients
with CVP monitoring falsely predicts cardiac injuries
in some patients and fails to uncover the injuries in
others. Diagnostic pericardiocentesis is reported to have
false-positive and false-negative rates of about 25% [2].
Placement of pericardial drainage catheters following
pericardiocentesis has also been shown to lead to complications due to clots in the pericardium or iatrogenic
cardiac injury [3]. Routine thoracotomy is very reliable, but is morbid and may be unnecessary in some
patients. Diagnostic subxiphoid pericardial window
(pericardiotomy) has been proposed as a safe, less-morbid
alternative as a means to diagnose cardiac injuries in
patients with penetrating chest trauma and no evidence
of tamponade, and to decompress the pericardium in those
with cardiac injuries thus avoiding the onset of
tamponade while setting up for definitive chest exploration and repair.

Technique
Subxiphoid pericardial window (pericardiotomy) may be
performed as a single procedure or in conjunction with an
exploratory laparotomy in a multiply injured patient. The
subxiphoid surgical approach to relieve pericardial effusion was first described in 1829 by Dominique Larrey, one
of the founders of military surgery, who had previously
been a surgeon in Napoleon’s army. He had been the first
to take first aid treatment to casualties on the battlefield
with the introduction of “flying” ambulances and introduced the concept of triage in the evacuation of his
patients. Although he had previously performed several
pericardiotomies via a left anterior approach through the
ribs, he devised the subxiphoid surgical approach by
performing stab wounds on cadavers and studying the
direction and points of entry into the heart, concluding
that the subxiphoid approach was the most direct route to
the heart and pericardium [4]. Although some have advocated performing this procedure in the emergency department under local anesthesia, we recommend that the
procedure be performed under general anesthesia in the
operating room by surgeons competent to repair an injury
they may encounter. The patient is placed in the supine
position and is sterilely prepped and draped for both
a laparotomy and a median sternotomy incision; that is,
neck to groin, bedsheet to bedsheet. If the pericardiotomy
is not performed in conjunction with an exploratory laparotomy for other injuries, a vertical incision is made in
the midline extending from above the xiphosternal junction to a point approximately 6–8 cm below the tip of the
xiphoid. The linea alba is identified, and is opened, but the
peritoneum is not entered. The xiphoid is identified and is
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either elevated with a retractor or is excised to the sternal
junction with bone cutters or a ronguer. A plane is developed between the posterior wall of the sternum and the
anterior diaphragm using blunt finger dissection while
retracting upward on the sternum. Using the tip of
a finger the anterior pericardium is palpated and is incised
between two Allis or Kocker clamps (Fig. 1).
Alternatively, stay sutures may be placed and the pericardium opened between the sutures. A 1–2 cm longitudinal incision is made initially, with meticulous care being
taken to avoid iatrogenic injury to the underlying myocardium. If it is difficult to palpate the pericardium, the
patient may be placed in semi-Fowler position or reverse
Trendelenberg position to allow gravity to bring the pericardium closer to the surgeon’s finger. A suction catheter is
placed into the pericardium and aspirated. If blood or
clots are encountered, the incision can easily be converted
to a median sternotomy, or a left-sided anterolateral thoracotomy can be performed, as this presence of blood,
indicates that a cardiac injury is present and mandates
exploration and repair of the causal injury. During the
definitive repair of the cardiac injury, the entire pericardium will be inspected, cleared of fluid, and appropriately
drained with a mediastinal drainage tube. If straw-colored
pericardial fluid is encountered in a pericardiotomy for
trauma, it is considered a negative study and no further
interrogation of the pericardium is warranted. If the
pericardiotomy was performed for an acute or chronic
effusion associated with malignancy or pericarditis, the
fluid should be sent for gram stain culture and cytology.
For effusions not related to cardiac injury, loculations
should be broken up either with the examining finger or

the suction catheter especially in the posterior aspect of the
pericardium. A 3  3 cm piece of the pericardium should
be removed to facilitate drainage and a 20 F drainage tube
should be left in the pericardium and brought out through
a separate stab incision in the left upper quadrant to
prevent the fluid from re-accumulating and tamponade
from recurring. For a pericardiotomy performed in conjunction with an exploratory laparotomy, the peritoneum
is by definition already open and the pericardium can be
reached either using the approach already described, or by
going trans-diaphragmatic incising the central tendon of
the diaphragm to expose the pericardial surface and then
entering the pericardium between clamps or stay sutures
as above. This approach is most often used when a patient
begins to exhibit tamponade physiology while undergoing
an exploratory laparotomy for trauma to rule out a missed
cardiac injury [2].

Complications
The types of complications associated with the procedure
depend upon whether the pericardiotomy was positive or
negative for the presence of blood. For patients with
a positive pericardiotomy performed to rule out cardiac
injury, the complications are related more to the definitive
procedure rather than the window procedure. Complications occurring with a negative window in the trauma
setting or with windows performed for chronic effusions
include wound infections, atelectasis, empyema,
hemothorax, pneumothorax, and postoperative or residual chest pain. In a paper by Brewster et al., the authors
noted that even in patients with gastrointestinal injuries
who underwent subxiphoid pericardiotomies to rule out
cardiac injury, they did not see any patients with postoperative suppurative pericarditis [1].

Outcome
Xiphoid

Pericardium
retracted

Diaphragm

Pericardiotomy. Figure 1 Courtesy Mayor-Davies [4]

In trauma patients, the surgical outcome is based on the
severity of the underlying cardiac injury and the adequacy
of the treatment and not the pericardiotomy per se.
Moores et al. looked at the outcome of pericardiotomy
in 155 patients and found that in patients treated for
nontraumatic etiologies, the 30-day postoperative mortality was 20% overall. If the patients were subdivided by
benign v malignant etiologies of their effusions, the mortality was 5.4% and 32.9%, respectively [5]. None of the
postoperative deaths were attributed to the surgical procedure. Only four patients required reoperation for recurrent tamponade demonstrating that this is a safe and
effective treatment for pericardial effusions as well as
a lifesaving technique for diagnosing penetrating cardiac
injury (Fig. 2).

Pericarditis, Acute

Pericardiotomy. Figure 2 Photo of completed pericardial
window (pericardiotomy)
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Pericarditis, Acute
ANA CRISTINA DIOGO
Intensive Care Unit, Hospital dos Capuchos, CHL-ZC,
E.P.E, Lisbon, Portugal

Synonyms
Inflammation of the pericardium

Definition
Acute pericarditis is defined as the inflammation of the
pericardium, usually lasting less than 6 weeks, and is
a condition that makes part of a group of diseases called
acute pericardial diseases. It is a common disorder in

P

everyday practice, but, however, its exact incidence and
prevalence are still unknown and remain a challenging
problem for all the physicians. As suggested by
a prevalence of about 1% in autopsy studies, pericarditis
is frequently subclinical [1]. Acute pericarditis may be
secondary to several causes, owing to the fact that the
pericardium may be involved in a large number of systemic disorders that spread between Cardiology, Nephrology, Rheumatology, Oncology, etc.
The causes of this pathology may be subdivided into
infectious (more frequently viral), noninfectious, and idiopathic (most idiopathic causes are undiagnosed viral
infections). In the set of infectious causes, the viral is the
most common, responsible for 1–10% of all cases. The
most frequent agents are Influenza virus, Echovirus, and
Coxsackievirus. Bacterial agents account for 1–8% of all
cases and the most frequent are Streptococcus pneumoniae
and Staphylococcus, among the Gram-positive bacteria;
isolated Gram-negative includes Proteus, Escherichia coli,
Pseudomonas, Klebsiella, etc. Mycobacterium tuberculosis
accounts for about 4% of all cases and should be considered in high-risk groups, like HIV-positive patients,
elderly patients in nursing homes, or patients from countries where tuberculosis has a high prevalence. Other
infectious agents, less common, include fungal organisms,
usually in immunocompromised patients, and parasitic
organisms, in patients from endemic areas or, like in the
fungal infections, immunocompromised.
The noninfectious causes includes autoimmune
diseases (rheumatoid arthritis, systemic lupus
erythematosus, Behçet disease, Ankylosing spondylitis,
polymyositis, etc.) and other conditions like scleroderma,
rheumatic fever, sarcoidosis, Sjögren syndrome, Reiter
syndrome, Wegener granulomatosis, etc. In the group of
metabolic disorders, we find the renal failure, hypothyroidism, and cholesterol pericarditis. The cardiovascular
diseases, like the myocardial infarction, aortic dissection,
Dressler syndrome, are another group of possible causes of
pericarditis. Last, but not least, neoplasms, which account
for 5–17% of all cases, are another important underlying
cause to be excluded. There are also another causes, like
the direct injury of the pericardium, by trauma or in the
context of postpericardiotomy syndrome, the irradiation,
and the use of certain drugs like penicillin, anthracycline
antineoplastic agents, procainamide, hydralazine, isoniazid, phenytoin, minoxidil, and an analgesic wide spread
used, tramadol [2].
In the clinical presentation of acute pericarditis, the
chest pain is the cardinal symptom, which is retrosternal
and often pleuritic, accentuated by the inspiration,
coughing, and sometimes swallowing. It can relieve with
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the upright posture. The pericardial friction rub is considered the pathognomonic specific physical finding of
acute pericarditis. It is frequently evanescent, positional,
and may vary characteristics and intensity even during
a day [3]. Other symptoms that may be present are fever,
dyspnea, tachypnea, and tachycardia.

Treatment
The natural course of acute pericarditis is commonly
benign and, therefore, management is supportive. If
a specific cause is identified, treatment should be directed
to the underlying cause, including for any infectious
organism, and if there is associated empyema or
parapneumonic effusions, those ones should be drained.
In the non-complicated cases, the drugs of choice are
nonsteroidal anti-inflammatory drugs (NSAIDS), which
are effective for the treatment of fever, pain, and inflammation. Among the NSAIDS, ibuprofen and aspirin are
the preferred ones, due to the fact that indometacin,
despite effective for the pain relief, reduces epicardial
coronary flow [4].
If there is persistence of the symptoms, colchicine
should be added. It is also the drug of choice in patients
who are intolerant to the NSAIDS. The use of corticosteroids remains controversial until the date, since is very
useful in patients with pericarditis secondary to M. tuberculosis, reducing the effusion and consequently the incidence of constriction, but in non-tuberculosis pericarditis,
although effective in reducing symptoms and recurrent
episodes, should be reserved for severe cases that are not
easily controlled with colchicine and NSAIDS, because
of their side-effect profile and a hypothetical risk of
reactivating infection, or even an increase in the incidence
of chronic pericarditis [4]. In these cases, azathioprine or
cyclophosphamide can be added to maintain remission
while reducing steroid requirements. Intrapericardial
injection of steroids may be also effective, while reduces
the side effects of systemic administration.
Most patients have, as said before, a benign course of
the disease. However, complicated cases should be
followed carefully, and if necessary, admitted in an Intensive Care Unit to ensure that the tight surveillance is
achieved. There are two situations that may require emergent treatment. The first one is the pericardial effusion,
which occurs in any form of pericarditis due to exudative
secretion, lymphatic obstruction, or transudates. Once an
effusion exceeds the pericardial reserve volume, intrapericardial pressure increases and chamber collapse might
occur. Actually, after a pericardial effusion, one of two
different scenarios may be present: an effusion without
tamponade or an effusion with tamponade. The second

one, as expected, is a more serious condition, and classically it is clinically presented by the Beck’s triad: hypotension, quiet heart sounds, and raised jugular venous
pressure. There is also a compensatory tachycardia and
a pulsus paradoxus (inspiratory fall in systolic blood pressure greater than 10 mmHg), due to the interdependence
between respiratory movements and ventricular filling. In
this condition, emergent pericardial drainage is indicated
(other indications for drainage are purulent effusion or
recurrent/large idiopathic effusions with hemodynamic
compromise). Echocardiographically guided percutaneous pericardiocentesis should be performed by a trained
operator, and the approach will depend on the location of
the effusion. This is a procedure that as any other has
complications, such as ventricular or coronary laceration.
The second situation to be referred as a severe complication of pericarditis is the constrictive pericarditis, which
is defined by the thickening due to chronic fibrosis, with
calcification, of the pericardial sac. Although constriction
is typically a chronic process, it also can develop in an
acute way (within days), or subacutely (3–12 months),
after the initial insult, particularly after cardiac surgery.
The clinical presentation is usually a chronic right-heart
failure, but symptoms can be variable, and constriction
may also present with myocardial ischemia, due to constriction of coronary arteries. In this situation, the management includes to consider surgical pericardiectomy,
although medical therapy with diuretics is a choice in
the meanwhile [4].

Evaluation/Assessment
The patients with symptomatology that suggests acute pericarditis should perform a number of exams, like laboratory
studies, which includes CBC count that may show leukocytosis, sedimentation rate, C-reactive protein levels, creatinine
levels, and uremia, and cardiac biomarkers for associated
myocarditis or myocardial infarction (troponin I). Other
laboratory studies may be performed according to the clinical presentation, like blood cultures, viral protein chain
reaction, tuberculin testing with sputum for acid-fast bacilli
if the hypothesis of tuberculosis is strong, autoimmune
diseases study and thyroid function.
Other exam to be performed is the electrocardiogram,
which in classic acute pericarditis evolves through four
stages. In the first one, there is a diffuse concave upward
ST elevation. In the second one, several days later, the ST
segment returns to the baseline and T waves become flat.
In the third one, T waves become inverted. And finally, in
the fourth one, the ECG returns to the prepericarditis
baseline weeks to months after the onset. The T wave
inversion may persist if there is chronic inflammation.

Perihepatic Packing

The imaging studies includes the chest radiography,
that usually shows an enlargement of the cardiac silhouette, echocardiography, recommended in all cases and to
be performed urgently if tamponade is suspected, computed tomography (CT) scanning to easily detect effusions and magnetic resonance imaging ( MRI), indicated
to detect pericardial effusion and loculated pericardial
effusion and thickening.
After evaluation of the symptoms and the complementary exams, it is important to determine in every
patient whether significant effusion or tamponade is present and to be able to select patients at high risk of
complications who really need hospitalization. After
a review in the literature, the group of investigators Imazio
et al., from Turin, Italy, tried to develop a protocol for
acute pericarditis triage on a day-hospital basis and for
outpatient management of low-risk cases, and conclude
that the low-risk cases can be treated safe and efficacious
on a day-hospital basis, which reduces the management
costs since reduces the hospitalization rates [5]. Also concludes that a lack of initial response to aspirin can identify
a group of patients at greater risk of relapses and complications. However, this is a single study in one singlecenter, despite being the largest survey of patients with
acute pericarditis who were stratified by clinical risk and
evaluated for out-of-hospital treatment of low-risk cases,
which means that a largest multicentric study should be
necessary to achieve a protocol that could be used
widespread.
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successful, possibly due to persisting epitopes in the
pericardium.

Prognosis
Usually, acute pericarditis is a condition with good prognosis, with the mortality and morbidity depending greatly
on etiology. The mortality rate in untreated purulent
pericarditis, for example, can achieve 100% [3], whereas
it is virtually nonexistent in acute viral or idiopathic
pericarditis. The morbidity will, beside the etiology,
also depend on the development or not of complications.
In conclusion, the most important is try to find the
etiology underlying and, if possible, start treatment soon,
maintaining a very careful monitor for possible
complications.
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After-care
As referred exhaustively in this entry, usually acute pericarditis has a benign course. However, in about 30% of
the patients, there is a recurrent pericarditis with severe
pain, accompanied by pericardial rub, fever, raised of
inflammatory markers in the blood [4]. This episodes
may occur for several years and is one of the most
troublesome complications of acute pericarditis. It is considered an autoimmune phenomenon and therefore
should response well to anti-inflammatory and immunosuppressive drugs. The treatment of recurrent pericarditis
is largely supportive, with the NSAIDS being helpful,
but colchicine offers the best prophylaxis against recurrent
episodes and reduces symptoms during acute attacks.
In some patients, it is even necessary to add corticosteroids in high doses and cyclophosphamide or azathioprine
should be reserved for patients who do not respond to
high-dose prednisone or who present severe complications. In the cases of difficult medical management,
another approach to be thought is the pericardiectomy,
which can be considered as a last resort but is rarely
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Synonyms
Liver tamponade

Definition
Direct application of pressure over a bleeding site is
a time-honored technique for hemostasis. Although this
technique has been typically applied for extremity or softtissue torso injuries, many patients with potentially lethal
intraabdominal injuries have been salvaged with either
a short-term pack or a long-term pack. This treatise
emphasizes the techniques for utilizing the temporary
pack and the long-term pack, which requires later removal
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Pack

Pack
Retractor

Perihepatic Packing. Figure 1 Materials used to achieve
hemostasis by liver packing include the gauze plug, the
condom plug, fluff gauze, Kerlix roll, fine mesh gauze, and lap
sponge

at a subsequent operation [1–5]. The materials used for
liver packing are readily available in the operating suite
(Fig. 1).

Pre-existing Condition
Temporary Liver Packing
Both blunt and penetrating wounds in the right upper
quadrant may cause life-threatening liver hemorrhage
[1]. The patient with life-threatening hemoperitoneum
usually is best explored through a long midline incision.
Upon entering the peritoneal cavity, all four quadrants are
rapidly packed with lap sponges to contain hemorrhage
and reestablish stability while assessment of the source of
bleeding is performed.

Application
When the bleeding is primarily from the liver, the right
upper quadrant lap sponges are repositioned and placed
inferior, anterior, and superior to the liver. They can be
held in place by a retractor (Fig. 2) [1, 2]. These packs are
left in place while the packs in the other three quadrants
are slowly and sequentially removed to make sure that
there is not a second source of hemorrhage or massive
spillage, which needs to be contained while right upper
quadrant hemostasis is maintained by the liver packs.
Effective placement of the temporary liver pack is facilitated by dividing the round ligament and the falciform
ligament along with its extension to the right triangular
ligament. When the liver rupture does not involve the
bare surface at the diaphragm, this division can be

Perihepatic Packing. Figure 2 Schematic showing pack
superior to liver beneath diaphragm and inferior to liver with
compression maintained by a retractor

accomplished quickly by combination of scissors dissection guided by palpation of the triangular ligament. Once
the other three quadrants are cleared of bleeding and
spillage, the viscera are returned to the peritoneal cavity
to allow better exposure of the liver.
The greatest challenge occurs when the bleeding is
emanating from the right lobe where digital compression
is often ineffective. Once the right upper quadrant
parahepatic packs are removed, large excavating livers of
both the right and left lobe can be contained by placing
packs over the liver defect and on the opposite side
of the liver with pressure maintained manually (Fig. 3).
This temporary manual containment allows for simultaneous mobilization of the right or left lobe of the liver to
be completed by dividing the right and left triangular
ligaments [1–3]. When the bare area of the liver is injured,
mobilization of the right triangular ligament must be done
carefully to avoid injury to the diaphragm and the nearby
right hepatic vein. Once mobilization of the right triangular ligament has been completed, full mobilization of
the right lobe is more readily achieved, thereby allowing
for strategically positioning of the packs to augment
proper compression. After extensive mobilization, large
packs can be placed between the liver and the diaphragm
followed by additional large packs under the liver. The
infrahepatic packs are then retracted toward the diaphragm, thus giving excellent compression and hemostasis of most injuries to the right lobe (Fig. 3). Hemostasis
from large excavating wounds or long linear tears can
usually be contained by placing lap packs between the
liver and the dome of the right diaphragm and inferior
to the liver with pressure maintained manually at first and
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Perihepatic Packing. Figure 3 Long, deep wound of left
medial segment contained with pack superior and inferior to
the liver with manual compression

by means of a broad bell-shaped retractor forcing the
inferior surface of the liver toward the dome of the diaphragm (Fig. 3). Usually, this technique will maintain
sufficient hemostasis without requiring porta hepatis
occlusion by means of a Pringle maneuver. A similar compression of the left lobe can be achieved by placing the
suprahepatic packs just anterior to the esophagus with the
infrahepatic packs placed under the left lobe after the left
triangular ligament has been divided. These packs are
then held in place by one of the assistants while the
surgeon and first assistant direct their attention to other
intraabdominal injuries and potential sources of bleeding.
The anatomy of the left lateral segment does not permit
the same type of retractor compression of packs placed
inferior and superior to the liver. The left lobe, once
mobilized, is much easier to compress manually with lap
sponges, thereby obtaining temporary hemostasis (Fig. 2).
Sometimes the temporary pack, which has been in place
for 15–30 min, provides definitive hemostatis and no
further hemostatic procedures on the liver are required
after the lap sponges are removed.
When recurrent oozing emanates from a missile tract
following release of the packed compression, repeat hemostasis might be achieved by a gauze plug, which fills the
tract, or by rapid hepatotomy to unroof the tract and
obtain direct hemostasis of the cross-linking vessels
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Perihepatic Packing. Figure 4 Schematic showing fine mesh
gauze compression of the liver margins during control of deep
cross-linking vessels at the time of hepatotomy.
(a) Reapproxiimated liver after ligation of artery. (b) Open
wound with ligated artery

(Fig. 1) [4]. Alternatively, internal compression of the
missile tract may be achieved by placement of a long,
narrow, condom-like balloon through the tract; the balloon is then inflated with saline (Fig. 1). The gauze sponge
or the condom-like balloon exerts centripedal circumferential compression of liver tissue without actually tearing
the parenchyma. When temporary hemostasis is again
achieved and the patient is stable with normal temperature and coagulation, a hepatotomy may be performed
down to the compressed missile tract. During the
hepatotomy continued fine mesh gauze compression of
the lateral margins of the divided liver will maintain
hemostasis from the smaller vessels while the deeper,
cross-linking vessels are identified for division (Fig. 4a)
and tying or suture ligation (Fig. 4a). The authors prefer
not to use clips on these cross-linking vessels, since the fine
mesh gauze often becomes entangled with one of the clips
so that the clip is yanked off the injured vessel while
repositioning or removing the fine mesh gauzes [1].
Once the deeper cross-linking vessels have become hemostatic, reapproximation of the liver sides, with deep
interrupted liver sutures of 2.0 chromic swedged onto
a blunt tipped 2-in. liver needle, will augment postoperative hemostasis.
The omentum may also be used as a living pack
(Fig. 5). The omentum is freed up as a viable pedicle,
which can easily reach up to the diaphragm [5].
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Perihepatic Packing. Figure 5 Vascularized omental pedicle
used to occlude deep longitudinal crevice following
deceleration injury. The parenchyma is approximated over the
omentum with interrupted 2–0 chromic sutures swedged on
to a blunt tipped needle

This viable pack has utility in those patients who have just
undergone hepatotomy for ligation of deeper crosslinking vessels, as described above, or for those patients
who have deceleration injuries that present as a
longitudinal deep tear often just to the right of the
falciform ligament. The omental pedicle is packed into
the crevice and then maintained in that position by placement of the deep interrupted 2.0 chromic parenchymal
sutures to approximate the side of the crevice. Care must
be taken to ensure that this living pedicle is receiving
adequate blood supply at the conclusion of its
intracavitary placement. Vascular compromise to this
pedicle of omentum will lead to omental necrosis and to
an intracavitary liver abscess; subsequent reoperation with
resection of the pedicle and drainage of the cavity becomes
necessary.
Certain injuries are prone to rebleed following the
removal of packs. These include large through-andthrough rifle wounds and the deep stellate lacerations of
the right lobe seen after a rapid deceleration mechanism in
motor vehicle crashes. The through-and-through gunshot
wounds sometimes can be made temporarily hemostatic
by placement of a condom catheter, which is inflated, or
the gauze plug within the tract (Fig. 1). When the tract is
of short length, fine mesh gauze can be pulled through the
tract with lateral pressure maintaining hemostasis. The
large, deep, stellate crevices of the liver can be filled with

fluff gauze or Kerlix rolled gauze and covered by lap
sponges with external pressure applied superiorly and
inferiorly to the liver (Fig. 1). When these additional
packs have been in place for more than 15 min, hemostasis
is usually achieved and the packs can be successfully
removed; hemostasis for recurrent bleeding can be
achieved with repacking. When refractory bleeding occurs
from a deep cavity, the fluff gauze or Kerlix gauze can be
left in place within the cavity and buttressed by lap
sponges above and below the liver when the abdomen is
closed.
Effective control of an intrahepatic cavity involving
the left lobe is not as easily accomplished with packs
above and below the liver. In this circumstance, fine
mesh gauze can be placed within the cavity and the liver
closed around the gauze (Fig. 6). The fluff gauzes that are
used to fill a liver cavity may be secured by suturing the
surrounding liver tissues with the 2.0 chromic liver
sutures. At the second operation, permanent hemostasis
can usually be achieved by electrocoagulation when the
gauzes are removed.
Using the above techniques, most actively bleeding
liver wounds can be made hemostatic so that none of the
packs have to be left in place; this avoids a second operation. While attempting to achieve this aim, however, one
must always take into account the overall hemorrhagic
insult as evidenced by the amount of blood and plasma
required, the temperature, the acid–base balance, and the
coagulation status. When the achievement of hemostasis
by some more definitive technique is not proceeding in an
expeditious manner, one can simply replace the temporary pack, allow the anesthesiologist to fully restore the
patient’s perfusion, and correct any coagulation abnormalities before, again, removing the pack. The surgeon
must realistically assess whether further hemostatic efforts
will be fruitless because of a developing hypothermic
coagulopathy. When this occurs, the packs that have
achieved temporary hemostasis should be left in place
and the abdomen closed.
When the patient is bleeding from an isolated injury to
the liver, and the operation is to be concluded by leaving
packs in place, the abdomen can usually be closed with
appropriate fascial approximation. The authors believe
that closure of the fascia, with reopening at the time of
the next operation to remove liver packs and obtain definitive hemostasis, will be associated with a much higher
success at getting primary fascial approximation following
the operation that achieves definitive liver hemostasis.
When the hemorrhagic shock insult, or when associated
injuries to hollow-viscera with subsequent bacterial
spillage, has caused the inevitable extravascular fluid
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sequestration to involve the full-thickness abdominal
wall and the walls of the viscera, primary fascialapproximation is potentially hazardous from necrotizing
fasciitis or the abdominal compartment syndrome. An
abdominal wall pack with silk and fluff gauzes supported
by extraperitoneal retention sutures is recommended in
this setting. During reoperations for control of liver bleeding, the abdominal wall pack is changed and tightened so
that closer fascial approximation is achieved. By the third
or fourth operation, primary fascial closure can be
achieved.

Long-Term Packing
All of the above techniques, which are useful to provide
temporary hemostasis prior to obtaining definitive hemostasis during the first operation, can be utilized as a longterm pack while the patient is further resuscitated and has
correction of hypothermia, acidosis, total body perfusion,
and coagulopathy. Injuries to the anterior and superior
surface of the right lobe are particularly amenable to
successive long-term packing. The packs, which are placed
between the diaphragm and the liver and between
the ribcage and the liver, provide excellent compression
without causing parenchymal necrosis. Likewise, the
intracavitary packs using the fine mesh or Kerlix gauze,
which extends into all of the tiny crevices, is well tolerated
during this interval. The longer roles of Kerlix gauzes are
also ideal for tucking into large cavities and can be also
used as the packs between the diaphragm and the liver and
between the ribcage and the liver.
When the patient has been properly resuscitated,
reoperation and pack removal can be performed any
time 12 to 72 h later. The timing of operation is determined by successful correction of the acidosis and
coagulopathy. During reoperation, the packs should be
removed gingerly in order to avoid shear injury as the
pack is lifted off the injured parenchyma. Likewise, shear
injury is minimized by being careful to remove only the
superficial portions of the pack prior to removal of the
gauze, which is packed more deeply into the cavity. Whenever a portion of the pack is resistant to extraction, there is
probably a more superficial portion of the gauze that is
blocking removal. This may be difficult to recognize since
everything is soaked with blood. Circumventing the problem of gauze adherence to parenchymal cells may be
achieved by placing a sheet of rayon or silk into the cavity
so that the gauze is less apt to become stuck to the underlying parenchyma. The authors find that this is usually not
necessary.
As indicated above, the left lobe and particularly the
left lateral segment cannot be easily buttressed or packed
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against firm unmovable tissue. Thus, the placement of fine
mesh gauze within a left lobe cavity followed by closure of
the parenchyma over the fluff gauze is particularly suited
to these injuries (Fig. 6). During reoperation, the hepatic
sutures are removed and the fluff gauze pack gently
extracted. Usually, the cavity will be dry. Minor oozing
can be controlled by electrocoagulation or suture ligation
of small vessels. Following removal of packs during this
second operation, or even during a third operation, recurrent bleeding is usually easily controlled by the more
commonly used hemostatic procedures, namely,
electrocoagulation, suture ligature, and occasionally partial hepatectomy performed in a stable patient with normal coagulation.
The use of hepatic dearterialization in conjunction
with packing, however, should be discouraged. Hepatic
dearterialization markedly reduces hepatic sinusoidal
pressure; the unpacked liver still receives adequate oxygenation from the low-pressure portal venous flow. When
packing is added to hepatic dearterialization, the resultant
sinusoidal perfusion pressure is reduced so that liver oxygenation by way of the portal vein is compromised. This
leads to hepatic necrosis, which often is lethal.
Finally, patients with unusual causes of bleeding, such
as a liver injury after biopsy of a hepatic hemangioma, will
have recurrent bleeding every time the gauze is removed
from the site of the bleeding hemangioma. When this
recurs at a second, or even third, operation, one can
place an absorbable mesh directly on top of the liver

P
Sponges

Perihepatic Packing. Figure 6 Schematic showing
intrahepatic packing of the left medial segment following left
lateral segmentectomy. The pack is maintained within the
cavity by approximating the two edges of the liver around the
intraparenchymal pack
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with the lap sponges placed on top of this absorbable
mesh. At the time of reoperation when all packs are
removed, the absorbable mesh is left in place. A closed
Jackson-Pratt drain should be placed inferior to the liver
in order to accommodate any inflammatory fluid, which
may form in the presence of this foreign body prior to its
complete absorption.
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Synonyms
Diagnostic peritoneal tap

Definition
DPL is a diagnostic procedure in which the peritoneal
cavity is sampled for the presence of markers of intraabdominal injury. It was introduced more than 50 years
ago as a tool to diagnose intraperitoneal bleeding requiring surgical management. It has a high sensitivity (ranging
from 90% to 100%), but reported specificity is lower
(73–100%) when used to evaluate blunt trauma.
DPL should not be confused with diagnostic peritoneal aspirate, which can be used to diagnose several intraabdominal diseases.

Pre-existing Condition
Indications
Over time, indications for and use of DPL have changed
significantly, especially since the introduction of the CT
scan and focused abdominal sonography for trauma
(FAST) and the introduction of nonoperative management for solid organ injuries in trauma patients. Now it
is only rarely used in selected patients with either blunt or
penetrating trauma. Especially for the diagnosis of GI tract
perforation, the sensitivity and specificity of DPL is superior to ultrasound and CT.
When imaging techniques such as CT scan or ultrasound are not available, DPL is the only alternative to
quickly evaluate the abdomen for injuries. DPL also has
some value to diagnose GI tract injury when CT findings
are equivocal.
When hollow viscus perforation is suspected, but the
DPL is negative, the catheter can be left in place, and the
DPL can be repeated later.

Contraindications
Absolute: Indication for emergency laparotomy.
Relative: Prior abdominal surgery, morbid obesity, pregnancy, pelvic hematoma, and liver cirrhosis. The open
technique (see below) may be preferred in these indications.

Application
Instruments
The procedure should be performed by an experienced
physician under strict aseptic conditions. Before the procedure, both the stomach and urinary bladder should be
decompressed. The abdomen should be surgically prepared, and a local anesthetic should be used.

Procedure
Both an open and a closed technique can be applied. The
choice will be based on local guidelines and the surgeon’s
experience.
● The Open Technique: An incision is made on the
midline, below the umbilicus at about one third the
distance from the umbilicus to the symphysis pubis.
The subcutis is incised and after visualization of the
fascia, it is grabbed with clamps, and incised under
direct vision. After identification and incision of the
peritoneum, the peritoneal dialysis catheter is
introduced.
● The Closed Technique: The closed technique uses
a Seldinger technique. At the same level below the
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umbilicus, the skin is grasped with a forceps or hand,
and the needle is introduced until resistance is noticed
(the fascia). The needle is then introduced in the
peritoneal cavity for about 1 cm. The guidewire is
passed through the needle, and then the dialysis catheter is carefully introduced over the guidewire. After
removal of the guidewire, the catheter can be used.
● The Semiclosed Technique: In the semiclosed technique, the dialysis catheter is inserted blindly in the
peritoneal cavity. The catheter in this technique has
a needle that serves as a trocar.
In all three techniques, a syringe is attached to the
catheter, and the peritoneal cavity is sampled for blood.
If more than 10 mL of gross blood is present, the DPL is
considered positive. If no or less than 10 mL of blood is
aspirated, 10 mL/kg or 1 L of warm saline is infused in the
peritoneum, and the abdomen is manipulated in order to
evenly distribute the fluid in the abdomen. After waiting
for 5–10 min, the empty lavage fluid bag is put on the floor
until the instilled amount of fluid is evacuated. A sample
is sent to the laboratory. When >100,000 RBC/mm3
or >500 WBC/mm3 are present, the DPL is positive. The
presence of fibers on direct examination or the presence of
bile denotes GI tract perforation.
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Pitfalls

● No or incomplete effluent volume: sometimes all or
part of the fluid is retained in the abdomen. Other
diagnostic tools should be used to evaluate the
abdomen.
● Do not rely on the macroscopic aspects of the fluid,
unless more than 10 mL blood or overt bowel content
is present.

Complications

● Hemorrhage leading to a false-positive result
● Preperitoneal insertion of the catheter when using the
closed technique
● Laceration of the bladder
● Hollow viscus perforation
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Synonyms
Abdominal sepsis; Intra-abdominal infection; Intraperitoneal infection

Definition
Peritonitis is defined as an inflammation of the peritoneum – the serosal membrane that lines the abdominal
cavity and the visceral organs within. Peritonitis usually
presents acutely, as a localized or a generalized process and
usually is the result of an infectious (bacterial or fungal)
process, though may also be of noninfectious origin,
caused by chemical irritants like pancreatic enzymes,
gastric acid, or bile. There are four types of peritonitis:
primary (spontaneous), secondary (anatomic), tertiary,
and peritoneal dialysis–related peritonitis.

Types of Peritonitis
Primary (spontaneous) bacterial peritonitis (▶ SBP) is an
acute bacterial infection of the ascitic/intra-abdominal
fluid and peritoneum without evident or easily identifiable intra-abdominal or surgically treatable source. SBP
may occur in adults with cirrhosis, congestive heart
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failure, Budd-Chiari syndrome, gastrointestinal (GI)
bleeding, or low albumin levels, and also in children with
nephrosis or systemic lupus erythematosus with or without ascites. Most patients who present with SBP have
cirrhosis; 3.5% remain asymptomatic, while 10–30%
require hospitalization.
A possible mechanism of SBP suggests that enteric
bacteria cross the intestinal lumen, infecting mesenteric
lymph nodes and traveling hematogenously to the
ascitic/intra-abdominal fluid causing peritoneal infection.
Three main mechanisms are thought to contribute to
bacterial translocation: (1) alteration in the local immune
defenses, (2) intestinal bacterial overgrowth, and
(3) impaired intestinal barriers. More than 90% of cases
of SBP are caused by a single species of bacteria that may
include various Gram-negative (Escherichia coli [40%],
Klebsiella pneumoniae [7%], Pseudomonas species, Proteus
species) and Gram-positive organisms (Streptococcus
pneumoniae [15%], other Streptococcus species [15%]
and Staphylococcus species [3%]), with anaerobic bacteria
occurring less frequently. While still high, ranging from
40% to 70% in adults with cirrhosis to less than 10% in
children with nephrosis, mortality from SBP may be
decreasing due to earlier diagnoses and available
treatments.
Secondary peritonitis (▶ SP) refers to the most common form of peritonitis encountered clinically. It is caused
by a perforation or necrosis of a hollow organ leading to
a microbial inoculation and spillage of chemical irritants
(e.g., gastric contents) into the peritoneal cavity. Among
a wide array of potential risk factors are gastrointestinal
malignancies, ischemic and inflammatory bowel disease,
ulcer disease, diverticulosis, and trauma. SP can present as
either a localized (abscess) or diffuse (generalized peritonitis) disease process. Infections caused by gastrointestinal
perforations tend to be polymicrobial, although the types
of organisms vary with the location of the perforation.
Perforation of the stomach results in the release of facultative Gram-positive salivary bacteria (lactobacilli and
streptococci) and fungi (Candida species), although in
patients who are treated with proton pump inhibitors or
H2 blockers, Enterococcus species may be seen. Small bowel
flora typically contains salivary organisms, but in conditions of stasis (e.g., obstruction, impaired motility, or
ileus), colonic flora (Escherichia coli, enterococci, and
Bacteroides fragilis) may appear. Finally, distal ileum
and colon perforations release mainly anaerobes like
Bacteroides fragilis, Peptostreptococcus, and Clostridium
species, and a fairly consistent set of aerobic Gramnegative pathogens, most commonly Escherichia coli.
Overall, most cases of SP are considered community-

acquired infections, unlike tertiary peritonitis, discussed
in the next section, which is always a health-care associated intra-abdominal infection.
Tertiary peritonitis (▶ TP) represents a recurrence or
persistence of a peritoneal infection following treatment of
a prior infection that was considered to be adequate. TP
may develop as a failure of the host inflammatory
response, due to a superinfection, or a new breach in the
wall of a hollow viscus, and can present as an abscess,
multiple infected fluid collections, or disseminated infection in patients with complicated peritoneal infections. TP
more frequently develops in patients who are immunocompromised or have comorbid conditions and leads
almost invariably to a systemic inflammatory response,
significantly increasing length of hospital stay and mortality risk. Most commonly these patients are being managed in the ICU when TP presents, and the most common
organisms are nosocomial, frequently resistant, and
include Enterococcus species, Candida species, Staphylococcus epidermidis, and Enterobacter species.
Peritoneal dialysis–related peritonitis. With the adoption of better peritoneal dialysis techniques, the rate
of peritonitis in patients with peritoneal dialysis (PD)
catheters has significantly decreased from more than
6 episodes to 1 episode per patient-year. Although PD
catheter contamination has declined, 45% of patients are
still diagnosed with peritonitis at least once during their
initial 6 months of dialysis treatment and 60–70% experience it during their first year. Contamination of the PD
catheter may be secondary to: (1) common skin organisms
or (2) enteric pathogens acquired via transmural migration through an intact intestinal wall after the
introduction of hypertonic PD solution into the peritoneum. Gram-positive organisms including Staphylococcus
epidermidis, Staphylococcus aureus, Streptococcus species,
and diphtheroids cause 60–80% of PD catheter infections.
Gram-negative organisms including Escherichia coli, Klebsiella species, Enterobacter species, Proteus species, and
Pseudomonas aeruginosa are responsible for 15–30% of
infections, while Acinetobacter species, Candida albicans,
and anaerobic bacteria are less common, but reported.
PD-related infections tend to be monomicrobial; as
a result, when polymocrobial peritonitis is encountered,
peritoneal dialysis patients should be evaluated for,
and if necessary, treated for, secondary peritonitis.
Polymicrobial peritonitis in peritoneal dialysis patients
may be a complication of PD catheter placement or
erosion, or from a primary intestinal process (e.g., diverticulitis), associated with intestinal perforation and
requiring surgical exploration to determine the origin
and treatment.
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Treatment
Upon clinical suspicion of peritonitis, treatment with
broad-spectrum antibiotics, source eradication, and
resuscitation measures should be initiated without delay
to reduce patient mortality. Four general principles should
guide the treatment: (1) early source control, (2) elimination of bacteria and toxins, (3) preservation of organ
function, and (4) management of the inflammatory process. Early source control through operative or nonoperative measures is imperative, and may include
nonsurgical treatments such as CT or ultrasound-guided
percutaneous drainage of abscesses and percutaneous or
endoscopic stent placements. Percutaneous treatments
may be definitive, although often they merely postpone
surgical interventions during the initial acute process
allowing surgery to be performed under elective circumstances. Empiric antibiotic therapy is another essential
component of the initial treatment of a patient with peritonitis. The exact choice of agents for empiric treatment is
based on numerous factors, including the organ of origin
of contamination, local antibiograms and resistance rates,
and patient-specific factors such as previous antibiotic
usage and hospitalizations. In all cases, appropriate antimicrobial therapy must be combined with adequate
source control in order to be maximally effective. Antibiotics should also be de-escalated upon return of culture
results. Further details for each kind of peritonitis are
given below.
Primary (Spontaneous) Bacterial Peritonitis. Relatively
broad-spectrum Gram-negative antibiotics, such as thirdgeneration cephalosporins, including cefotaxime, are
warranted in patients with suspected ascitic fluid infections until the results of susceptibility testing are available.
Alternate antibiotics may be used, such as a combination
of ampicillin and gentamicin, although cephalosporins are
preferred, especially in patients with chronic liver disease
who are at an increased risk for nephrotoxicity. Ultimately,
antibiotic choice will depend on the local resistance patterns and antibiograms; however, if those are unknown, it
is not unreasonable for patients at high-risk for resistant
or unusual organisms to receive broader coverage with
piperacillin/tazobactam or meropenem, or fluconazole if
Candida albicans is likely. Recent data has suggested that
although Gram-negative bacteria, especially Escherichia
coli, remain the primary pathogens associated with SBP
infections, Gram-positive bacteria may play a far greater
etiologic role than previously thought. In light of this
evidence, broadened coverage with vancomycin or
linezolid may be added to Gram-negative antibiotics if
resistant Gram-positive bacteria are of concern based on
prior infections or local epidemiology. In patients with
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uncomplicated SBP, oral agents such as levofloxacin may
be effective, and patients should be treated between 5 and
10 days or until 48 h after resolution of signs and symptoms of infection. In complicated infections or infections
associated with bloodstream infection, treatment should
continue for at least 10–14 days.
Interestingly, patients with alcoholic hepatitis regularly develop fever, leukocytosis, and abdominal pain,
sometimes mimicking SBP. These patients should always
be presumed to have peritonitis (SBP) and treated appropriately empirically. Their treatment may be discontinued
after 48 h if ascitic fluid, blood, and urine cultures demonstrate no growth.
Secondary (Bacterial) Peritonitis. Surgical or interventional correction of the underlying cause, combined with
antimicrobial treatment, is the proper management of SP.
The mechanical intervention aims to eradicate the source
of infection, eliminating the ongoing microbial contamination and creating a local environment that is less hospitable for microbial growth and tissue invasion. The
definitive treatment of SP depends on the type of bacterial
contamination present at the time of the operation (location of perforation) and the length of time before treatment is initiated. Precise methods of surgical intervention
are beyond the scope of this manuscript and will only be
discussed generally below.
In cases where inflammation does not extend beyond
the wall of the organ of origin, most commonly
nonperforated appendicitis or cholecystitis, a 24-h (or
shorter) course of antibiotics encompassing resection of
the organ is sufficient. Perforation of the stomach or
duodenum due to an ulcer or any perforation of the
gastrointestinal tract due to trauma that is repaired within
12 h can be treated with 24 h of antimicrobials, since
a dense, prolific inflammatory response in the peritoneum
will not have occurred. In cases where repair is delayed
beyond 24 h, no matter the origin, the initial source
control procedure should be followed by a 5–7-day course
of appropriate antibiotics. For resistant bacteria or more
complex infections, the duration of antimicrobial therapy
should likely be extended to a 10 or 14-day course or until
resolution of systemic signs and symptoms, including
leukocytosis and fever. Where source control is imperfect,
such as in the debridement of infected, necrotic pancreatic
tissue, even longer durations of treatment may be
warranted.
A large number of antimicrobial regimens are available
for treatment of mainly polymicrobial intra-abdominal
infections, with emphasis on activity against enteric
Gram-negative organisms (especially Escherichia coli),
and for infections originating from the distal small bowel
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or colon, B. fragilis and other anaerobes. Metronidazole
combined with a quinolone or cephalosporin is an example of appropriate empiric combination therapy, while
many agents that provide effective monotherapy are available, including the carbapenems, moxifloxacin, and
piperacillin/tazobactam. As already noted, however,
empiric antibiotics should be based on the most likely
organisms determined by the site of perforation (stomach,
duodenum, ileum, appendix or colon), the patient’s history of resistant pathogens, and local antibiograms,
followed by the appropriate adjustments made after culture results return. Finally, when resolution of symptoms
does not occur after an appropriate length of treatment,
further investigations should be completed to assess for
the adequacy of source control, usually involving cross
sectional imaging of the abdomen.
Tertiary peritonitis. In TP, persistent or recurrent intraabdominal infections should be evaluated for a missed
source of microbes, such as additional intra-abdominal
abscesses or bowel perforations. Once diagnosed,
improved source control should be attempted (frequently
requiring percutaneous drainage) and aggressive treatment with broad-spectrum antibiotics that cover previously treated pathogens and healthcare-associated,
resistant, or even unusual organisms (fungi, Enterococcus
species,
Pseudomonas
aeruginosa,
Staphylococcus
epidermidis, etc.) should be considered. These infections
continue to be associated with the need for multiple interventions, a long complicated treatment course, and a high
mortality.
Peritoneal dialysis–related peritonitis. Most patients
with PD-related peritonitis may be treated as outpatients
intraperitoneally, since no therapeutic advantage has been
seen with intravenous antibiotic administration. Only
patients who are severely ill or are unable to manage
their administration of intraperitoneal antibiotics are hospitalized. In general, empiric antibiotics should cover
Gram-positive and Gram-negative bacteria with deescalation upon return of peritoneal culture results. Initial
antimicrobial therapy should be based on the Gram stain
or the most likely pathogens, frequently using vancomycin
or cephalosporins for Gram-positive bacteria and thirdgeneration cephalosporins or aminoglycosides for Gramnegative organisms. Vancomycin is usually preferred to
cephalosporins due to a high frequency of beta-lactamase
resistance in staphylococci. The length of therapy
should range from 10 days to 3 weeks, with clinical
improvement seen within 48–96 h after antibiotic initiation. If the signs and symptoms persist after 96 h of therapy, patients should be reevaluated and infection with
resistant or unusual pathogens should be considered

(fungi, mycobacteria). Patients with fungal peritonitis
should be treated with amphotericin B, although when
a fungal infection fails to respond to therapy, the PD catheter should be removed and fluconazole initiated. Additionally, when a PD infection is secondary to Pseudomonas
aeruginosa, the organism should be covered with
a combination of agents and the catheter should be
removed.
Removal of the catheter may be necessary in 10–20%
of patients with PD infections considering the following
indications: persistent skin exit-site or tunnel infections;
fungal, fecal, or mycobacterial peritonitis; Pseudomonas
peritonitis; persistent or recurrent peritonitis; intraperitoneal abscess; and catheter malfunction (poor flow). Topical mupirocin may be beneficial in patients who are nasal
carriers of Staphylococcus aureus and, therefore, at an
increased risk for PD peritonitis.
Finally, in the case of polymicrobial PD peritonitis,
surgical consultation should be obtained due to the possibility of hollow viscus perforation (secondary peritonitis), which may require operative exploration for diagnosis
and treatment.

Evaluation/Assessment
The diagnosis of peritonitis should begin with a thorough
clinical evaluation, which may often be nonspecific,
including signs and symptoms of abdominal pain, tenderness, fever, chills, encephalopathy, hypotension, vomiting,
and nausea. The vast majority of patients present with
some degree of abdominal discomfort, often beginning
as a dull and poorly localized ache secondary to the
affected visceral peritoneum, then progressing to
a steady, severe, and more localized pain due to focal
irritation of the parietal peritoneum. If the infectious
process is not contained, the pain may become diffuse.
The differential diagnosis in patients with symptoms and
signs of peritonitis is broad and includes pneumonia,
sickle cell anemia, herpes zoster, diabetic ketoacidosis,
lupus erythematosus, and uremia, as well as the already
mentioned infectious and inflammatory causes. On physical exam, patients may appear unwell, in acute distress
with abdominal wall rigidity and tenderness, distension,
hypoactive-to-absent bowel sounds, and can quickly progress to sepsis or even septic shock. A high index of
suspicion must be maintained in order to appropriately
diagnose the patient with peritonitis, particularly when
the presentation is late and symptoms of severe sepsis,
including mental status changes and shock, may overshadow abdominal discomfort.
Primary (Spontaneous) Bacterial Peritonitis. In an
individual with cirrhosis and ascites presenting with
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abdominal pain and fever, paracentesis is indicated. Infection has been typically defined as a neutrophil (PMN)
count  250 cells/mm3, which is considered diagnostic
even when the ascitic fluid culture is negative (culturenegative SBP), occurring in up to 40–60% of cases. As
noted, the bacteria in SBP are most often of normal intestinal flora and over 92% are monomicrobial, most frequently caused by aerobic Gram-negative bacteria
(commonly Escherichia coli or Klebsiella pneumoniae).
Another variant of SBP is bacterascites, defined as the
presence of bacteria in the ascetic fluid in the absence of
clinical evidence of SBP and a PMN count <250 cells/
mm3, essentially representing colonization of ascitic fluid
with bacteria. Once bacterascites is confirmed and treatment with antibiotics has begun, paracentesis should be
repeated to potentially reveal (1) PMN count of  250
cells/mm3 or (2) bacterial growth, both of which would
require continued treatment with antimicrobials. The
only patients that do not require antibiotic treatment are
those with a combination of no bacterial growth and
a PMN count <250 cells/mm3, implying that the intraabdominal infection has resolved (Table 1).
Secondary peritonitis. Once the diagnosis of peritonitis
is established, attempts should be made to identify the
source of the infection, with SBP left as a diagnosis of
exclusion. Several radiologic modalities, including plain
films, ultrasonography, computerized tomography (CT),
and surgical methods (laparoscopy and laparotomy) have
a role in evaluating intra-abdominal infections, with CT
scanning emerging as the diagnostic method of choice.
Supine, upright, and lateral decubitus plain films of
the abdomen are often the first imaging studies obtained
to evaluate small and large bowel distension, widening of
the space between adjacent bowel loops suggesting inflammatory exudates and edema of the intestinal wall, and,
most importantly, free intraperitoneal air. Although
abdominal plain films lack sensitivity, specificity, and
anatomic definition in this setting, there are two circumstances in which they remain a reasonable first study:
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(1) confirmation of free air in patients with clinical features indicating operative intervention and (2) to rule out
an unexpected positive finding in a patient with a very low
index of suspicion for peritonitis. Abdominal ultrasound
may be helpful in evaluating specific organs, particularly
the liver and biliary tree and gynecological structures,
although the examination may be limited due to patient
discomfort, bowel gas interference, and abdominal distension. Pathology seen on ultrasound includes: perihepatic
abscesses, cholecystitis, biloma, pancreatitis, pancreatic
pseudocyst, tubo-ovarian abscess, and ovarian cysts. In
the hands of an experienced ultrasonographer, a diagnostic accuracy of greater than 85% can be expected. Nonetheless, the diagnostic modality of choice is a CT scan of
the abdomen and pelvis, allowing for detection of small
quantities of fluid, areas of inflammation, abscesses, GI
perforations, and other intra-abdominal pathologies with
an almost 100% sensitivity. CT scanning is usually indicated in patients where the diagnosis cannot be established
on the basis of a clinical examination and abdominal plain
films. For best results, enteral and IV contrast should be
administered, and occasionally rectal contrast may be
needed as directed by the physical examination.
A negative CT scan of the abdomen and pelvis virtually
exclude any significant surgical pathology. An additional
advantage is that intra-abdominal abscesses and other
fluid collections can be aspirated for diagnosis and
drained under CT or ultrasound guidance. CT scanning
is not necessary in all patients with abdominal pain, however, specifically where a decision to operate has already
been made, as is often the case with appendicitis.
Laparoscopic surgery may play an important diagnostic and therapeutic role in evaluating intra-abdominal
infections. Due to its minimally invasive nature, it is
believed that laparoscopy is safe and feasible in terms of
early outcomes, including pain and wound infection
risk, and reduces the need for unnecessary laparotomy.
Laparoscopy has become accepted among surgeons for
elective and emergent pathologies including cholecystitis,

Peritonitis: Definitions of Primary, Secondary, and Tertiary. Table 1 Comparing results of ascitic laboratory values and
bacterial cultures between SBP, culture-negative SBP, bacterascites, and secondary peritonitis
SBP

Culture-neg SBP

Bacterascites

Secondary peritonitis

PMN count (cells/mm3) >250

>250

<250

>250

Culture

Monomicrobial

None

Monomicrobial

Polymicrobial

Protein

Usually low

Usually low

Usually low

Usually >1 g/dl

LDH

Normal

Normal

Normal

High

Glucose

Normal

Normal

Normal

Low
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appendicitis, perforated ulcers, and small bowel obstruction. With surgical expertise and the correct selection of
patients, laparoscopic surgery can reveal a definitive diagnosis and treat the underlying infection 93% and 86% of
the time, respectively.
Tertiary peritonitis. Tertiary peritonitis can be difficult
to detect, since the most commonly affected patients are
ICU-bound and sedated. With a high index of suspicion in
a patient exhibiting ongoing or new evidence of sepsis and
organ dysfunction, a diagnosis can be made utilizing careful clinical examination (including open wounds and
stomas), additional CT scanning, and occasionally
re-laparotomy or laparoscopy.
Peritoneal dialysis–related peritonitis. In patients who
present with a constellation of clinical findings including
abdominal pain and tenderness (60–80%), nausea and
vomiting (30%), fever (10–20%), diarrhea (10%), and
a cloudy effluent, PD-related peritonitis should be
suspected. The dialysate will usually contain leukocyte
count greater than 100 WBC/mm3, with at least 50%
neutrophils. Eosinophils may be present in fungal infections or simply reflect an allergy to the tenckhoff catheter.
Approximately 9–50% of the time, Gram staining will
reveal an organism, while 5–10% of the time, cultures
will be negative for bacteria.

After-care
Primary (spontaneous) bacterial peritonitis. Controlling
ascites through salt restriction, diuretic administration,
and avoidance of hepatotoxic agents in chronic liver disease may prevent development of additional episodes of
SBP. For patients with ascitic fluid protein concentration
less than 1 g/dl, variceal hemorrhage, or a previous episode
of SBP, prophylactic antibiotics, usually a quinolone, are
often utilized and are thought to prevent recurrence of
SBP. Up to 70% of patients who survive an episode of SBP
have a recurrent episode within 1 year, with the mortality
from SBP nearly doubling for recurrent cases.
Secondary peritonitis. SP cannot be effectively
prevented through interventions or screening methods.
Patients with specific diagnoses of peptic ulcer disease or
diverticulosis/diverticulitis can be encouraged to pursue
Helicobacter pylori eradication or high fiber diet, respectively. Additionally, effective control or eradication of
other digestive diseases, such as Crohn’s disease or
C. difficile colitis, will reduce the risk of SP. However,
there are no specific diagnostic modalities that can be
employed to avoid the development of SP.
Tertiary peritonitis. In order to prevent TP, adequate
source control and appropriate treatment with antibiotics
must be established during the initial episode of

peritonitis. Although unproven, it is logical that meticulous
medical care of these patients, including the prevention of
subsequent hospital-acquired infections and avoiding
the use of unnecessary antimicrobials, should decrease the
likelihood of TP with highly resistant pathogens.
Peritoneal dialysis–related peritonitis. Recurrent peritonitis occurs in 20–30% of patients with PD catheters,
being one of the most common reasons for discontinuation of peritoneal dialysis. There are also patients who
have an unusually high frequency of peritonitis likely
secondary to a faulty sterile technique during selfadministration of PD. Hygiene improvements, regular
treatment of catheter’s exit site, antibiotic lock therapy,
and removal of nasal Staphylococcus aureus have been
associated with a reduction of infectious episodes in PD
patients.

Prognosis
Spontaneous bacterial peritonitis. Since SBP is often
accompanied by end-stage cirrhosis, overall associated
patient mortality has been reported to be as high as 95%,
with 10–40% of deaths attributable to SBP. Patients with
the poorest prognosis have renal insufficiency, hypothermia, hyperbilirubinemia, and hypoalbuminemia. However, the outcome, ranging from complete recovery to
overwhelming sepsis and death, will ultimately depend
on the underlying cause, duration of symptoms before
treatment, and overall health of the patient.
Secondary peritonitis. In patients with SP, outcomes are
most dependent on the rapidity and adequacy of source
control. However, additional factors like patient’s age,
comorbid conditions, infecting organisms, presence of
foreign material (bile, barium, etc.), preexisting conditions (emphysema, heart failure, diabetes), and the exact
nature of the primary intra-abdominal process affect the
survival of the patient. Interestingly, very young patients
are more likely than adults to be affected by diffuse peritonitis, because their walling off process is less effective
due to a smaller omentum. Mortality can range from 3.5%
in patients with penetrating abdominal trauma to 60% in
those with established intra-abdominal infections and
secondary organ failure.
Tertiary peritonitis. TP has not been found to be an
independent predictor of mortality, but rather a marker of
overall disease severity. Patients with TP have an overall
mortality of approximately 30% with outcome predictors
including cerebrovascular disease, malignancy, hemodialysis, liver disease, and the severity associated systemic illness.
Peritoneal dialysis–related peritonitis. The prognosis in
dialysis patients with peritonitis is very favorable with
a mortality of less than 1 %.
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Pharmaconutrition
Pharmaconutrition is the use of nutrients for their abilities
to modulate inflammatory and/or immune response,
healing or endocrine function, independently from their
nutritional properties. Pharmaconutrients are arginine,
glutamine, antioxidant micronutrients, omega-3 unsaturated fatty acids, and nucleotides.

Pharyngeal Reflex
▶ Gag Reflex
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Synonyms
Jugular
thrombophlebitis;
Lemierre
syndrome;
Necrobacillosis; Postanginal septicaemia; Septic phlebitis;
Septic thrombophlebitis; Suppurative thrombophlebitis

Definition

PET
Positron emission tomography, functional imaging technique based on the measurement of the activity emitted by
a radioactive compound administered to a subject.
▶ Positron Emission Tomography

PET/CT
Positron emission tomography/computed tomography,
functional imaging technique combining positron emission tomography with computed tomography.
▶ Positron Emission Tomography

▶ Septic phlebitis, also known as ▶ septic thrombophlebitis, can occur in almost every vein. If localized in
a peripheral vein it usually presents as a benign localized
lesion. Depending on the location, disease outcome varies.
▶ Suppurative thrombophlebitis consists of perivascular
inflammation and suppuration (pus) of the vein wall, and
may lead to life-threatening disease. Symptoms of peripheral vein suppurative thrombophlebitis include fever and
rigors and local redness, pain, tenderness, and sometimes
draining pus from the involved vessel. In case of
suppurative thrombophlebitis of the superior or inferior
vena cava, edema distal to a thrombus may be seen,
while local symptoms are not present. Suppurative
thrombophlebitis may cause septic emboli, resulting in,
for example, endocarditis, arthritis, or pneumonia [1].
▶ Lemierre’s syndrome is a severe form of suppurative
thrombophlebitis of typically the internal jugular vein
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(IJV) complicated by septic emboli and high mortality,
and will therefore be described separately further below.
Septic and suppurative thrombophlebitis are usually
caused by an intravenous catheter, but burns,
venapuncture, intravenous injection, a damaged skin,
and direct invasion from adjacent nonvascular infections
(for example, septic pelvic vein thrombophlebitis due
to postpartum endometritis) are also known causes.
Catheter-associated phlebitis is most frequent after cannulation of limb veins and veins at the groin, and the
highest incidence has been found in patients with
burns, decreased immune system (e.g., steroids, diabetes),
and intravenous drug abuse. Most cases of phlebitis due
to intravenous catheters are not complicated by suppuration within the vein wall; it is estimated that approximately one fourth of long-term central venous catheters
result in septic phlebitis of deep veins. Staphylococcus
aureus is the most common pathogen to cause suppurative thrombophlebitis of a peripheral vein. Also, streptococci, Enterobacteriaeceae, mycobacteria, Klebsiella,
Pseudomonas aeruginosa, and less often fungi have
been isolated. In burn patients, the infection can be
polymicrobial.
It is estimated that 24% of ICU patients with central
venous catheters and 9% of those with peripheral catheters develop fever and bacteremia. At least 12% of surgical
patients develop a septic phlebitis due to intravenous
catheters. Septic phlebitis due to intravenous catheters is
one of the most common causes of fever after the third
postoperative day.
Blood cultures, cultures of the tip of the intravenous
catheter, aspiration of localized phlebitis, venography,
ultrasonography, and CT-scanning help to make the
diagnosis, depending on the localization of the involved
vein.
Most cases of septic phlebitis are benign and restricted
to one location and, therefore, do require minimal intervention. However, intracranial septic thrombophlebitis
may be fatal in more than one third of cases. Treatment
depends on which veins are involved and on the etiology
and causative organism [2]. The more aggressive types of
septic thrombophlebitis require rapid treatment. In general, treatment consists of removal of the initiating focus
of infection, prompt start of high-dose intravenous
antibiotics and surgical consultation for ligation of the
focus (especially for peripheral vein suppurative thrombophlebitis). When results of blood cultures are not yet
known, empiric therapy consists of vancomycin combined
with an aminoglycoside to cover both Staphylococcus and
Enterobacteriaceae. The use of anticoagulation is still

controversial, except for vena cava septic thrombosis. Septic thrombophlebitis of deep veins may fail to respond to
even the most aggressive therapy.

Lemierre’s Syndrome and Clinical
Manifestations
Lemierre’s syndrome, first well characterized by Lemierre
in 1936, is also known as postanginal septicaemia, septic
thrombophlebitis, or ▶ necrobacillosis. It is a potentially
life-threatening disease secondary to a head and neck
infection, usually of the oropharyngeal cavity, resulting
in lateral pharyngeal space infection and suppurative
thrombophlebitis of the internal jugular vein (IJV) [3, 4].
It is frequently complicated by septicaemia and by
metastatic infections, usually in the lungs and joints, but
also liver, spleen, kidney, peritoneum, meninges, heart,
bone, muscle, and skin may be involved. Involvement of
the carotid sheath vessels may occur. Symptoms include
a sore throat caused by pharyngotonsillitis or peritonsillar
abscess followed by ipsilateral painful swelling of the neck,
typically along the anterior border of the sternocleidomastoid muscle, fever, odynophagia, dysphagia, trismus, and symptoms of metastatic foci. Metastatic
infections in the lungs are most common and manifested
by dyspnea, pleuritic chest pain, or haemoptysis, and
metastatic infections in the joints by arthritis. The pharyngitis or tonsillitis may have cleared before the onset of
neck pain and metastatic symptoms. The microorganism
most frequently identified as causative agent is
Fusobacterium necrophorum, an obligate anaerobic gramnegative rod, part of the normal flora of the oropharynx.
In the preantibiotic era, it was a common disease with high
mortality. Since the introduction of antibiotics, the incidence and mortality have decreased. Lemierre’s syndrome
is now referred to as a forgotten disease as this disease is
rare and therefore often not recognized at early
presentation.
Cases of Lemierre’s syndrome may present in an
unusual way [5].

Incidence
Lemierre’s syndrome is a rare disease with an estimated
incidence of approximately 1 per million persons per year,
without a seasonal variation, and may be rising [3, 4]. The
time interval between primary infection and thrombophlebitis with sequelae is 4–8 days, but can be as long as
2 weeks. Typically, patients are young, previously healthy
adults between the ages of 16 and 25 years, but can also
occur in younger or older patients. The ratio males to
females is 2:1. The mean age of patients with Lemierre’s
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syndrome following tonsillitis is 19 years, odontogenic
infections occur more frequently in older patients (mean
age 45 years).

Causative Agent
In most cases of Lemierre’s syndrome, Fusobacterium
necrophorum is the causative agent [3, 4, 6]. Other pathogens that have been isolated in cases of Lemierre’s syndrome include other Fusobacterium species, Bacteroides
species, group A, B, and C Streptococcus, Proteus mirabilis,
and Enterococcus species. A polymicrobial bacteraemia is
present in 10–30% of cases. A significant association
between detection of Fusobacterium necrophorum subspecies funduliforme and group C streptococci was found in
tonsillitis.
Fusobacterium necrophorum can be part of the normal
flora of the oropharynx, gastrointestinal tract and female
genital tract. Usually, it does not invade intact mucosal
surfaces. How it invades the mucosa in Lemierre’s syndrome is not fully understood. A preceding bacterial or
viral pharyngitis or an interaction with other bacteria or
viruses may facilitate penetration by reducing the host
mucosal defense in immunocompetent hosts. Lemierre’s
syndrome is also associated with Epstein–Barr virus
pharyngitis.
Fusobacterium species may display primary pathogenic potential; its lipopolysaccharide endotoxin is capable of causing an intense systemic sepsis. Furthermore,
Fusobacterium species possess haemolysin, which appears
to contribute to abscess formation, hemagglutinin, of
which the relevance to pathogenesis of human infection
is uncertain, and adhesions for attachment to host cells via
fimbriae. Fusobacterium species also possess the capability
to cause platelet aggregation, which may help to promote
a favorable anaerobic environment for survival of the
organism in abscesses.

Pathophysiology
The progression of Lemierre’s syndrome consists of three
steps [3, 4]. First, primary infection occurs, most often
involving the throat. Second, invasion of surrounding
tissue through the lateral pharyngeal space may lead to
the development of thrombophlebitis of the IJV. Third,
there is a metastatic spread of bacteria, which may be
associated with systemic coagulopathy.
Suppurative thrombophlebitis of the IJV often results
from infection of the parapharyngeal space. It might
also result from an anterograde extension of thrombophlebitis of the peritonsillar veins into the IJV.
Peritonsillar tissue is by far the most common site of
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primary infection, but also parotitis, sinusitis, mastoiditis,
otitis, and dental infections have been reported. Complications of the otogenic variant of Lemierre’s syndrome
include thrombosis of the ipsilateral sinus, thrombosis of
the cavernous sinus, meningitis syndrome, and osteolysis
of the temporal bone.
Not all Fusobacterium necrophorum infections result in
Lemierre’s syndrome. Fusobacterium necrophorum causes
a variety of localized infections, especially in the head and
neck region; it has been found in otitis media, parotitis,
sinusitis, tonsillitis, peritonsillar abscesses, and cervical
lymphadenitis with abscess formation. It is not known
how often localized Fusobacterium necrophorum infections
progress into Lemierre’s syndrome.

Diagnosis
Diagnosis is established by typical symptoms, radiological
findings, and blood cultures [3, 4]. When septic emboli are
suspected, Lemierre syndrome should be actively considered. Contrast-enhanced computed tomography (CT) is
the first choice to reveal a thrombus in the IJV or an
abscess in the neck, as well as metastatic septic emboli in
lungs and abdomen. Ultrasonography is also used frequently to detect a thrombus in the IJV, but thrombi
below the clavicle may be missed. A chest radiograph
may reveal multiple infiltrates, cavitation, pleural effusion,
and sometimes pneumothorax. Cultures can be taken
from blood, pus, or pleural fluid. Positive blood cultures
can be found as soon as 1–3 days after inoculation.
When Fusobacterium necrophorum has been isolated
from blood cultures, but there are no clinical symptoms pointing toward thrombosis of the IJV, further
radiological testing for thrombophlebitis of the IJV
may be useful [7].

Prognosis and Treatment
In case of Lemierre’s syndrome, antibiotic treatment
should be started immediately and consists of penicillin,
though treatment failures with penicillin have been
reported [3, 4]. Clindamycin, metronidazole, and cephalosporins are alternatives. Fusobacterium necrophorum
is not susceptible to aminoglycosides. Combined treatment with high-dose penicillin and metronidazole is
recommended. A prolonged duration of antibiotic therapy is required, as is usual in endovascular infections, but
exact duration is still debated and varies from 3 to 6 weeks.
The role of anticoagulation is not clear. It is generally
not recommended, only in case of retrograde extension
of the thrombus to the cavernous sinus. Case studies
have not been performed to investigate the benefit of
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anticoagulation. A review on anticoagulation in patients
with septic thrombophlebitis, including Lemierre’s syndrome, suggested that heparin is a useful addition to
antimicrobial treatment with a low incidence of hemorrhage, but the lack of comparative trials does not allow
to draw definitive conclusions. Thrombophilia may be
a factor in some cases of Lemierre’s syndrome, but the
prevalence needs to be more fully elucidated. Given the
lack of specific evidence and guidelines on anticoagulation
in these patients, we only use this therapy in patients with
extension of the thrombus or with inherited or acquired
thrombophilia.
Ligation or excision of the thrombosed IJV is rarely
necessary. It should be considered in case of persistent
septic emboli under adequate medical therapy. Despite
appropriate therapy, mortality can be as high as 4–18%.
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Physiology of Urine Volume
NEETA KANNAN, JOHN A. KELLUM
Department of Critical Care Medicine, University of
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Synonyms
Renal water excretion and reabsorption; Urine output

Definition
Urine volume refers to the quantity of urine produced
per unit of time. Typically, this volume is expressed per
day or some fraction of a day (e.g., 8 h, 12 h) or, particularly in the ICU, hourly. Urine volume is therefore
used a vital sign and recorded along with other parameters such as body temperature, heart rate, and blood
pressure.
In addition to serum creatinine, urine volume is used
to define acute kidney injury.

Characteristics
Determinants of Urine Volume
Urine volume is determined by the need to maintain
homeostasis in terms of fluid balance, solute clearance,
and plasma osmolarity. When there is an increase in blood
volume, a counteractive fluid loss is induced by the atria in
two ways. First, the increase in atrial stretch elicits reflex
dilation of kidney arterioles leading to an increase in
glomular filtration. Simultaneously, the atria send signals
to the hypothalamus, resulting in a decrease in antidiruetic hormone (ADH) and thus a decrease of water
reabsorption at the tubules. The result of both effects is
an overall increase in urine excretion. Second, the
increased stretch in atria induces the cardiac muscle fibers
to release atrial natriuretic peptide (ANP) into the circulation. At the kidneys, ANP causes small increases in the
glomular filtration rate and decreases in collecting-duct
sodium reabsorption, yielding an increase in both sodium
and water excretion. In both cases, the increase in fluid
excretion helps to mitigate excess blood volume.
The renal vasculature also assists in maintaining fluid
homeostasis through sympathetic input. Increases in sympathetic activity (e.g., from blood loss) decrease the
glomular filtration rate through constriction of the
renal arterioles, increased tubular sodium and water
reabsorption, and rennin, angiotensin II and aldosterone
release, all of which also increase reabsorption at the renal
tubules and counteract the fluid loss.

Physiology of Urine Volume

Plasma osmolarity is controlled by the osmoreceptorADH feedback system. Osmoreceptor cells are specialized
nerve cells located in the anterior hypothalamus near the
supraoptic nuclei. Increases in plasma osmolarity lead
osmoreceptors to shrink, which in turn causes them to
send signals to the supraoptic nuclei which then relay
these signals to the posterior pituitary inducing the release
of ADH. ADH enters circulation and, at the kidneys water
permeability of the distal nephron segments increases,
leading to an increase in water reabsorption and a reduced
amounts of concentrated urine. Thus, water is conserved
and sodium is excreted leading to a dilution of the solutes
in blood plasma restoring its osmolarity. In the event
osmolarity significantly drops, the opposite occurs,
whereby less ADH is formed and, thus, more water is
excreted than reabsorbed.
Sodium, chloride, and water all usually undergo more
than 99% tubular reabsorption at the renal corpuscle. In
order to control extracellular fluid volume, filtered water
is passively reabsorbed in the proximal tubule and loop of
Henle down an osmotic gradient that is created by sodium
chloride transport.
Excretory rates of sodium chloride can vary over a
wide range, depending on an individual’s daily salt intake.
Human diets vary widely in terms of sodium ingestion
from as much as 20–25 g of sodium chloride/day to as little
as 0.05 g [1]. The kidney can adjust salt and urine excretion
to this drastic range of salt intake. Since such a high
percentage of the excretory products are reabsorped,
most renal ATP energy is used for this purpose.

Sodium Reabsorption
Renal sodium reabsorption is an active process controlled
by sodium–potassium-adenosine triphosphatase (Na–KATPase). For an individual with average salt intake, 65% of
filtered sodium is reabsorbed by the proximal tubule, 25%
by the loop of Henle, and almost 10% by the distal convoluted tubule and collecting-duct system. Thus, final
urine contains just under 1% of the filtered sodium [2].
Na–K-ATPase pumps enable the active transport of
sodium from cell to interstitial fluid. These pumps maintain an intracellular sodium concentration that is lower
than that of the extracellular environment. The inside of
the cell is negatively charged compared to the lumen,
creating an electrochemical gradient that enables luminal
sodium ions to passively enter the cell.
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chloride reabsorption for each location are the same as
those for sodium reabsorption. The transport of chloride
from luman to cell is an active process driven by luminal
membrane chloride transporters. Using energy, these
transporters move chloride against its electrochemical
gradient from the lumen to cell.

Water Reabsorption
Water reabsorption is driven by osmosis and is secondary
to the reabsorption of solutes, particularly sodium and
chloride. When there is a large volume of water present,
the kidney responds by producing a large volume of urine
with an osmolality much lower than in blood plasma
(dilute). In cases of dehydration, the renal response is
opposite and low-volume concentrated urine is produced.
Because ingestion and loss of salt and water are not always
linked, and urine osmolality can vary over a wide range,
renal function must be able to independently control the
reabsorption of solute and water.
The proximal tubule reabsorps about 65% of filtered
water, while the descending thin limb of Henle’s loop
reabsorps about 10%. The fraction of reabsorped filtered
water varies significantly in the collecting-duct system.
Luminal membranes of the proximal tubule and
descending thin limb of Henle’s loop have high water
permeability while the luminal membrane of the ascending limbs of Henle’s loop and luminal membranes of distal
convoluted tubule are always relatively impermeable to
water. These account for the high percentage reabsorption
of water in the descending thin limb and proximal tubule.
The luminal membrane of the collecting-duct system is
not very permeable to water, but its permeability can be
increased as needed, allowing for the high variance in
percentage reabsorped.
Approximately 600 mOsm/day of urea, sulfate, phosphate, and other waste products need to be excreted. Thus,
the minimal volume needed to dissolve these products is
0.43 L, the daily amount of obligatory water loss. This can
vary under different physiological states, and can contribute to dehydration with low water intake. The concentration of urine is also affected by the presence of ADH,
leading to a high urine osmolality and water conservation,
or absence of ADH, leading to a low urine osmolality and
water excretion. Urine osmolaltiy can vary from
a minimum of 40–100 mosmol/kg to a maximum of
900–14,000 mosmol/kg in normal adults [3].

Chloride Reabsorption

Pathophysiological States Altering Urine
Volume

Chloride reabsorption is both passive and active and is
coupled with sodium reabsorption in order to maintain
electroneutrality. Therefore, the relative percentages of

Alterations in urine volume and osmolarity can be caused
by numerous conditions and disease states. The speed at
which some conditions result in altered urine volume
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explains why urine volume is monitored as a vital sign in
critically ill patients. Increased urine volume is called
polyuria and decreased urine volume is known as oliguria,
or if it is nearly absent, anuria.
Clinical condition Urine volume
Dehydration

Urine osmolality

Oliguria

Increases

Decreased cardiac Oliguira
output

Increases

High solute load

Polyuria

Decreases

Tubular injury

Injury phase:
Oliguira

Injury phase:
Increases

Recovery phase:
Polyuria

Recovery phase:
Significantly
decreases (may
result in
hypokalemia)

Obstruction
(sterile urine)

Oliguria

No change, but
maximum and
minimum
osmolality
decrease.

Obstruction
(bacteriuria)

Oliguria

Decreases
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The PiCCOTM (PULSION Medical Systems AG, Munich,
Germany; http://www.pulsion.com) is a multiparametric
advanced hemodynamic monitor, which monitors continuous cardiac output (CCO), (volumetric) preload,
▶ fluid responsiveness, and extravascular lung water
(Fig. 1). The PiCCO is connected to a central venous line
(for the injection of a cold bolus) and a thermistor-tip
systemic arterial catheter. The PiCCO employs the
▶ transpulmonary thermodilution (TTD) technique for
the measurement of ▶ cardiac output (CO), the amount
of blood that the heart is ejecting each minute (liters per
minute) ▶ global end-diastolic volume (GEDV), and
▶ intra-thoracic blood volume (ITBV), which are volumetric parameters of preload, and the ▶ extravascular
lung water (EVLW), which quantifies the amount of pulmonary edema at the bedside. The ▶ pulse contour analysis provides, in addition, continuous CO (CCO) as well as
▶ pulse pressure variation (PPV) and ▶ stroke volume
variation (SVV), which are used for the assessment of
fluid responsiveness in mechanically ventilated patients.
Other derived parameters reflecting myocardial performance and pulmonary vascular permeability are calculated as well. Additional parameters such as central
venous oxygen saturation (ScvO2) can be measured by
the latest model (the PiCCO2TM). The combination of
CO, preload, fluid responsiveness, and lung water offers
the necessary components for decision making in critically
ill and high-risk surgical patients.

PiCCO
AZRIEL PEREL1, SAMIR G. SAKKA2
1
Department of Anesthesiology and Intensive Care, Sheba
Medical Center, Tel Aviv University, Tel Aviv, Israel
2
Department of Anesthesiology and Intensive Care
Medicine, Medical Center Cologne-Merheim, University
Witten/Herdecke, Cologne, Germany

Synonyms
Pulse contour (invasive) continuous cardiac output;
Transpulmonary thermodilution with integrated pulse
contour analysis

PiCCO. Figure 1 The PiCCO2 monitor

PiCCO

Characteristics
General
It has been repeatedly shown that clinical evaluation alone
is inaccurate and unreliable for the hemodynamic assessment of critically ill patients and that adequate resuscitation cannot be based on the normalization of vital signs
alone. Similarly, it has been repeatedly shown that estimates of intravascular volume based on any given level of
filling pressure do not reliably predict a patient’s response
to fluid administration. And yet, hemodynamic monitoring is essential for proper decision making in critically ill
and high-risk surgical patients. With the declining use of
the pulmonary artery catheter as an ▶ advanced hemodynamic monitoring technique, the PiCCO has become the
major advanced hemodynamic monitor in many, mainly
European, ICUs and ORs. The PiCCO system requires
a central venous catheter for the injection of the bolus
cold indicator (e.g., normal saline) and an arterial
thermistor-tipped catheter for downstream temperature
measurement. The TTD provides the measurement of the
CO and its further analysis provides unique parameters
that assess preload volumetrically (GEDV, ITBV) and quantify the degree of extravascular lung water accumulation
(EVLW). The pulse contour analysis enables the display of
beat-by-beat CCO, SVV, and PPV (see below).

Cardiac Output
The cardiac output measured by the TTD technique is
based on the same Stewart–Hamilton formula which is
used during pulmonary thermodilution. However, unlike
pulmonary thermodilution, the cardiac output is determined by the cold indicator that is detected in a systemic
artery after having passed the right heart, the pulmonary
circulation, the left heart, and the aorta. Normally in
adults, 15 mL of cooled saline (<8 C) is injected through
the central venous line for the measurement of CO. Lower
amount of indicator (10 mL), or even the use of room
temperature injectate, has been reported to allow the
correct measurement of CO as well. Mostly, femoral arterial access has been used in the TTD validation studies, but
similar reliability has been shown for the axillary, brachial,
and radial (long catheter) accesses as well.
The CO measured by the TTD is measured over
a longer duration than pulmonary thermodilution and
reflects LV output. As a result, TTD CO is less affected by
the cold-induced transient lowering of the heart rate
during cold indicator injection and by the respiratory
variations in CO. The longer distance between the injection
and sampling sites may theoretically increase indicator loss
and effects of recirculation. Yet about 96–97% of the
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indicator that reaches the pulmonary artery is recovered
in the aorta. In addition, the effects of indicator loss and
indicator recirculation tend to cancel one another. The
indicator loss during TTD may be increased when the
EVLW is elevated, necessitating an increase in the amount
of the injectate (automatically prompted by the PiCCO).
The differences between the two thermodilution
methods do not seem to have clinical significance, since
an excellent degree of correlation has been found between
these two techniques in multiple experimental and clinical
settings, including cardiac surgery, burn, septic, and other
critically ill patients. Recently CO measured by TTD was
shown to correlate well with CO measured by pulmonary
thermodilution in patients with severe left ventricular
(LV) dysfunction. Thus, for all practical purposes, the
CO measured by the PiCCO and that measured by the
pulmonary artery catheter are interchangeable. The CO
measured by the TTD technique has also been validated
against other reference techniques like the Fick method
even in very small children [1]. In addition, TTD CO has
been shown to be reliable during one-lung ventilation and
during veno-venous renal replacement therapy in hemodynamically stable patients.
Although central venous oxygen saturation (ScvO2) is
beyond the scope of this text, it is important to note that
this parameter, which can be measured by the PiCCO2
with the aid of a fiberoptic catheter threaded through an
existing central venous line, is an important addition to
the CO in many instances. On the other hand, in sepsis
and other situations where the oxygen extraction ratio is
low, a normal or high ScvO2 does not exclude the presence
of tissue hypoperfusion and the CO may be more useful to
guide hemodynamic management.

Pulse Contour Analysis
The pulse contour analysis technique that is used by the
PiCCOTM measures continuous cardiac output (CCO)
from the arterial pressure waveform, which is typically
recorded in a large artery. The algorithm that is used by
the PiCCO is a modification of the original Wesseling
principle, by which LV stroke volume (SV) is computed
by dividing the measured area under the systolic portion
of the arterial pressure waveform by the aortic impedance.
Since the arterial pressure waveform results from the
interaction between the SV and the mechanical characteristics of the systemic vascular tree, the PiCCO’s new pulse
contour algorithm measures continuously the resistance
(the vascular tone that determines mean arterial pressure
for a given flow), the compliance (pressure change per
volume change), and the characteristic impedance at the
site of detection. An intermittent TTD CO, which is

1735

P

1736

P

PiCCO

measured simultaneously with continuous arterial pressure
measurement, is utilized to calibrate the pulse contour
analysis to each individual patient’s aortic compliance
function.
The PiCCO’s CCO has been validated extensively
against intermittent pulmonary thermodilution and intermittent TTD in a variety of patient populations. Changes
in vascular tone, for example, b-blocking agents and vasopressors, or periods of hemodynamic instability, have
been shown to not markedly influence the reliability of
the PiCCO’s pulse contour analysis, which has also been
shown to perform well even with very small stroke
volumes. In addition, our own data suggest that acute
changes in the patient’s position from supine to prone
do not influence the reliability of the PiCCO’s pulse
contour derived cardiac output. In cardiac surgical
patients subjected to several interventions, for example,
changes in fluid status, airway pressures, and catecholamine treatment, reliability of pulse contour derived
CCO was reported to be maintained for a time period of
24 h. Unlike other monitors that provide mainly CO
measurements, each intermittent bolus thermodilution
done by the PiCCO produces other equally important
hemodynamic parameters (GEDV, EVLW, etc.). Thus,
intermittent thermodilution measurement, which
calibrates the CCO signal automatically, is being frequently done whenever the patient’s status seems unstable
or when the response to therapeutic measures needs to be
reassessed. When such measurements are not frequently
done, the common recommendation is to recalibrate the
CCO at least every 8 h or when hemodynamic instability
suddenly occurs. Recalibration is also recommended
during significant changes in vascular tone.

Volumetric Preload Parameters
In contrast to filling pressures (CVP, PAOP) that are
notoriously inaccurate for the estimation of preload, the
PiCCO provides more reliable preload assessment by the
volumetric parameters global end-diastolic volume
(GEDV), which is the sum of the end-diastolic volumes
of all heart chambers, or alternatively by the intrathoracic
blood volume (ITBV), which is the GEDV plus the
pulmonary blood volume, that is, all the blood contained
within the chest cavity. These volumetric parameters of
preload are derived from a more advanced analysis of the
TTD curve. The underlying principle of this volumetric
analysis is that multiplying the CO by the mean transit
time of the (cold) indicator provides the total volume of
distribution between the site of injection and the site of
detection. Historically, the transpulmonary doubleindicator (thermo-dye) dilution technique was used for

the determination of these volumes. In the double indicator dilution technique the injectate consists of two indicators in the form of cold dye (indocyanine green, ICG).
While the cold indicator equilibrates with the extravascular space, the dye is rapidly bound to proteins and remains
in the intravascular space. As a consequence, the distribution volume of the cold yields the intrathoracic thermal
volume (ITTV), while the distribution volume of the dye
yields the intrathoracic blood volume (ITBV). The difference between these two volumes is the extravascular lung
water (EVLW) (see Fig. 1 in the entry on ▶ Extravascular
Lung Water).
The double indicator dilution has been replaced by the
single indicator (cold) methodology, which is applied in
the PiCCO monitor. This important technological development has become possible with the introduction of
a GEDV-based algorithm [2]. Basically, as already
described in the 1950s, the largest compartment in
a chain of mixing chambers will predominantly determine
the slope of the downstream indicator dilution curve.
Since the pulmonary thermal volume (the pulmonary
blood volume and the EVLW) is the largest chamber in
the heart–lung volume system, it can be measured by
multiplying the downslope time of the TTD curve by the
CO (i.e., measured by the same TTD). Subtracting the
resulting pulmonary thermal volume from the intrathoracic thermal volume (ITTV) produces the GEDV. Experimentally a nearly constant ratio was found by Sakka et al.
[2] and by others, between the GEDV and the ITBV
(ITBV = 1.25 GEDV). This ratio, therefore, allows the
calculation of ITBV from GEDV by the single indicator
TTD method, and consequently the calculation of the
EVLW (ITTV–ITBV). Since there is a fixed ratio between
the GEDV and the ITBV they can be used interchangeably.
Although it seems that ITBV is mathematically coupled
with the CO, this has been repeatedly refuted [3].
The GEDV and the ITBV have been shown to be
superior to filling pressures with respect to estimation of
cardiac preload in high-risk surgical patients, in patients
with pancreatitis, subarachnoid hemorrhage and critically
ill patients in septic shock [3]. Hence, when functional
hemodynamic parameters cannot be used for the direct
assessment of fluid responsiveness, the GEDV or the
ITBV, like the end-diastolic area obtained by echocardiography, may be the best solutions for the assessment of the
preload status.

Dynamic Markers of Fluid Responsiveness
(PPV, SVV)
Fluid responsiveness is the degree by which the CO
responds to fluid administration. Hence, a patient that
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will increase his CO (e.g., by 10–15%) following an
increase in preload is termed “responder,” while a smaller
or no change in CO will characterize a “nonresponder.”
This dynamic parameter, which reflects the slope of the LV
function (Frank Starling) curve, is by definition a better
predictor of the response to fluids than any static preload
parameter (including the volumetric ones). It is quite
commonly advocated to use a ▶ fluid challenge for the
determination of fluid responsiveness, with the fluid
challenge being defined as “a provocative test in which
fluid is administered over defined intervals and the effect
on right-sided filling pressures is quantified.” However,
a fluid challenge as a primary diagnostic approach in
hemodynamically unstable patients has important clinical
drawbacks: (1) Only 50%(!) of critically ill patients who
are considered to be in need of fluids, based on clinical
examination and conventional monitoring alone, are
indeed preload responsive (“responders”); (2) It delays
primary therapy in a setting where delayed appropriate
treatment has consequences for survival; (3) A volume
challenge in a “nonresponder” may worsen or precipitate
heart failure and pulmonary and other organs edema.
Furthermore, ineffective fluid challenges often lead to
additional boluses, culminating in a grossly edematous
patient who may still be hypotensive and oliguric. Thus,
it is obvious that any tool allowing a reliable a priori
assessment of fluid responsiveness is superior to the fluid
challenge method.
In mechanically ventilated patients, the hemodynamic
effects of the mechanical breath can be used as a “challenge” to assess fluid responsiveness, as the main hemodynamic effect of a mechanical breath is normally a
decrease in venous return (and in LV preload). In this
regard, the mechanical breath acts in the opposite direction of the fluid challenge, and is in addition immediate,
repetitive, and most of all, reversible. In a patient who is a
“responder,” the LV SV (or any of its surrogates) will
decrease with every mechanical breath, while in a
“nonresponder” the decrease in the LV SV will be small or
minimal. Hence, using the mechanical breath as a stimulus
and quantifying its effects on the arterial pressure waveform
has been the source of a number of functional hemodynamic parameters like the pulse pressure variation (PPV)
and the stroke volume variation (SVV). Using its pulse
contour analysis capabilities, the PiCCO monitor has been
the first commercially available monitor to continuously
calculate and display the PPV and the SVV. Indeed most of
the seminal studies on the clinical usefulness of functional
hemodynamic parameters have been done using the PiCCO.
The PPV is calculated as the difference between the
maximal and minimal values of the pulse pressure during
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one mechanical breath divided by the mean of the two
values. Similarly, the SVV is the difference between the
maximal and minimal SVs during one mechanical breath
divided by the mean SV. The PPV and SVV have been
shown in dozens of studies to be the most sensitive parameters for the assessment of fluid responsiveness in a variety
of patients populations both in the ICU and the OR, and
to be superior to any static preload parameter in patients
who are on fully controlled mechanical ventilation. The
mean threshold values for the detection of fluid responsiveness are 11.6%  1.9% for the SVV and 12.5%  1.6%
for the PPV, the latter being recognized as the most reliable
functional hemodynamic parameter.
And yet, the use of these parameters has a number of
limitations, the main one being that they cannot be used in
patients who are breathing spontaneously or who are on
partial ventilatory support. In the presence of spontaneous breathing, the use of passive leg raising has been
advocated for the detection of fluid responsiveness. The
effects of this maneuver can be easily detected with the
CCO of the PiCCO. Similarly, the effects of a teleexpiratory pause, which has also been suggested as
a mean to detect fluid responsiveness, can also be easily
detected by the CCO of the PiCCO. The PPV and the SVV
can be also affected by other factors like the presence of
irregular cardiac rhythm, reduced chest wall compliance,
and the magnitude of the tidal volume (TV) that is
employed. When the TV <8 mL/kg the PPV has been
shown to be less specific and less sensitive, while high
TV’s may produce false-positive results.

Extravascular Lung Water (EVLW)
One of the most important parameters that is offered by
the PiCCO, and certainly the most unique, is the ability to
measure extravascular lung water (EVLW) at the bedside
[4]. As previously described, the current single (cold)
indicator employed by the PiCCO stems from the
thermo-dye (double indicator) dilution technique, which
has been successfully validated against the postmortem
gravimetric determination of EVLW. EVLW measured by
the thermo-dye dilution technique was also validated
against radionuclide and quantitative computed tomography techniques. According to our data, the EVLW that is
measured by the PiCCO with the single (cold) indicator
TTD has been shown to be closely related to that
measured by the double indicator technique with slight
overestimation when EVLW is in the normal range
(<7 mL/kg) [2]. However, in the clinically more relevant
pathological range, a close agreement between both
techniques was found, as well as high reproducibility,
emphasizing that single thermodilution is accurate
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enough for the estimation of EVLW in clinical practice.
Additionally, the EVLW measured by the PiCCO has also
been found to closely correlate with gravimetrically measured EVLW, which is supposed to be the “gold standard,”
in animals during both cardiogenic and noncardiogenic
pulmonary edema [5].
The EVLW that is measured by the TTD technique
may be underestimated when the cold indicator is
excluded from significant lung regions, either due to a
massive pulmonary embolism, very low CO, or very high
PEEP. In addition, single thermodilution may somewhat
overestimate EVLW measured by the double-indicator
dilution, attesting to the fact that some heat loss nonpulmonary structures may occur. However, the measurement of EVLW is not influenced by pleural effusion.
The importance of EVLW measurement in critically ill
patients cannot be overestimated, since all other clinical
methods for quantifying extravascular lung water are
either insensitive or nonspecific (e.g., chest X-ray, oxygenation). EVLW as determined by the PiCCO is therefore the
best pulmonary specific index of disease severity and predictor of outcome available to us in patients with ALI/
ARDS [6, 7]. In our own retrospective analysis of 373
critically ill patients, mortality rate was 65% in patients
with an EVLW >15 mL/kg and 33% in patients with an
EVLW <10 mL/kg. Univariate logistic regression analysis
showed that EVLW at baseline, acute physiology, and
chronic health evaluation scores were significant predictors of mortality. As would be expected, patients with
ARDS had a significantly higher EVLW level than other
patients. Also, a subgroup analysis indicated that among
septic patients, the nonsurvivors had a significantly higher
EVLW than survivors. Other studies have shown that an
increased EVLW on day 1 after trauma could differentiate
between patients who developed sepsis and those without
such complication. Other cardio-circulatory variables, for
example, CVP, PAOP, and pulmonary vascular resistance,
did not enable such prediction. In view of the recognized
inadequacy of the current definition of ARDS it is understandable why an increased level of EVLW (>7 mL/kg) has
been suggested as one of the criteria for the definition of
ARDS. This is further supported by studies that have
shown that a considerable number of patients who fulfill
all ARDS diagnosis criteria have normal extravascular lung
water, while patients who are not diagnosed as having
ARDS may have increased EVLW.
In addition, the measurement of EVLW may be of
great help during fluid management of the critically ill. It
is well recognized that fluid resuscitation may cause
pulmonary edema. Since all other diagnostic techniques
for the assessment of extravascular lung water are so

insensitive, it is only the measurement of EVLW that can
detect when and how much fluid starts accumulating in
the lungs. The importance of EVLW measurement is further supported by studies that have shown that positive
fluid balance is independently associated with worst outcome and that conservative fluid management is preferable in patients with ARDS. Moreover, improved outcome
has been shown in critically ill patients when fluid management was guided by EVLW compared to management
guided by the pulmonary artery catheter [8].

Pulmonary Vascular Permeability (PVPI)
The PVPI is a parameter that can differentiate between
cardiogenic and non-cardiogenic pulmonary edema. The
PVPI is the ratio between EVLW and the pulmonary blood
volume, that is, between the extravascular and the intravascular fluid compartments of the lung. Earlier, the PVPI
has been calculated also as the ratio EVLW/ITBV. The
underlying principle behind this measurement is that
a similar increase in the intravascular blood volume will
cause a markedly more pronounced increase in EVLW
when permeability is increased. Hence, in the presence of
increased EVLW, a high ratio will signify increased permeability while a low ratio (high pulmonary blood volume or
high ITBV) will signify cardiogenic pulmonary edema. In
animals, the PVPI during oleic acid-induced ARDS was
much higher than during cardiogenic pulmonary edema
induced by left atrial balloon [5]. A recent clinical study
has shown that patients with cardiogenic pulmonary
edema have a significantly lower PVPI and lower left
ventricular ejection fraction than patients who have
increased EVLW due to ARDS. Thus the TTD employed
by the PiCCO can also determine the mechanism of
pulmonary edema in the critically ill.

Cardiac Function Index (CFI)
As a mathematical construct, the quotient between cardiac
output and global end-diastolic volume (CO/GEDV) has
been recently found to be a reliable bedside estimate of left
ventricular function (contractility). Like the LV ejection
fraction the CFI is not affected by volume expansion but
increases significantly following dobutamine infusion.
Therefore, a change in CFI can alert the physician to the
need to perform an echocardiography for diagnostic
purposes.

Global Ejection Fraction (GEF)
The global ejection fraction (GEF) is another estimate of
cardiac systolic function assessed by the transpulmonary
thermodilution technique. Compared with the CFI, it
does not include heart rate and it takes into account the
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fact that the global end-diastolic volume (GEDV) reflects
the volume of the four cardiac chambers. It is calculated as
stroke volume/(global end-diastolic volume/4). The GEF
has been shown to correlate well with left ventricular ejection fraction and other parameters of cardiac contractility.

PiCCO-Guided Hemodynamic Management
The PiCCO is a unique hemodynamic monitor that
combines TTD and pulse contour analysis to provide
information about CO, preload, fluid responsiveness,
extravascular lung water, cardiac contractility, and pulmonary vascular permeability. This abundance of information, which is achieved by a single thermodilution
measurement necessitating central venous and arterial
lines only, produces a nearly complete cardiopulmonary
picture that facilitates decision making in high-risk surgical and critically ill patients. The PiCCO is especially
designed to face the challenges presented by these patients
or any patient in whom a wrong decision may carry critical
consequences. These patients include those undergoing
high-risk surgery with expected hemodynamic instability,
major surgery in patients with a history of impaired cardiac function, sepsis, ALI/ARDS, multiorgan failure, cardiogenic shock with or without pulmonary edema, etc.
A number of algorithms have been already used for
PiCCO-guided hemodynamic management. In cardiac
surgery patients a PiCCO algorithm in which the GEDV
was the first parameter to be optimized, followed by CO
and EVLW, has been shown to allow earlier discharge from
the ICU and significantly lower use of vasoactive drugs
(epinephrine and norepinephrine). In another study in
patients undergoing off-pump coronary artery surgery,
a PiCCO-guided management resulted in early recognition of hypovolemia and myocardial depression, better
titration of fluid, and inotrope/vasopressor therapy,
and shorter hospital length of stay. In patients with
subarachnoid hemorrhage, a goal-directed hemodynamic
management using GEDV, CO, and EVLW resulted in
reduced frequencies of vasospasm and cardiopulmonary
complications compared with patients who were managed
with standard therapy. In this study, like in many others,
fluid responsiveness was better predicted with the GEDV
than with pulmonary artery occlusion pressure or the
CVP. Interestingly, in this distinct group of patients, CO
values on admission were abnormally elevated while
GEDV values were abnormally low, denoting severe vasoconstriction and contracted blood volume. Under PiCCOguided management, CI progressively decreased and
GEDV was normalized by fluid administration aimed
at normovolemia. Hence, unlike other monitors that
measure CO only, the combination of CO and reliable
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preload assessment offer better understanding of the
hemodynamic status. The addition of PPV/SVV in
mechanically ventilated patients makes this combination
of CO, preload, and fluid responsiveness even stronger,
obviating the need for fluid challenges that prove to be
unnecessary in half the patients and that often result in
potentially damaging fluid overload.
The possibility to measure EVLW at the bedside makes
the PiCCO especially suitable for managing patients with
ALI/ARDS and patients who may have subclinical lung
injury or previous impairment in cardiac function that are
in danger of developing pulmonary edema as a result of
overzealous fluid resuscitation. These patients include
patients with large fluid shift due to major and prolonged
surgery, severe sepsis, burns, ALI/ARDS, multiple transfusions, organ transplantation, etc. The ability to follow
EVLW provides therefore the ability to conduct fluid
resuscitation in a controlled and safe manner. This is
especially important in view of the evidence that positive
fluid balance is independently associated with increased
mortality and that conservative fluid management is
preferable in patients with ARDS.
It is well recognized that patients with ALI/ARDS may
benefit from a management guided by EVLW [4]. The
availability of EVLW helps identify those patients who
may benefit from negative fluid balance while maintaining
hemodynamic stability. Indeed, EVLW-guided management of patients with ARDS has been shown to reduced
duration of mechanical ventilation and length of ICU stay
[8]. This fact is of major importance since there are many
patients who are diagnosed as having ALI/ARDS while
having absolutely normal EVLW values. In addition, in
patients with ALI, EVLW was suggested to be useful in
deciding when to switch from controlled mechanical
ventilation to an assisted spontaneous breathing mode
(EVLW <11 mL/kg).
The scope of the parameters that are offered by the
PiCCO makes this monitor to be especially useful in
managing patients who present therapeutic conflicts.
A therapeutic conflict is defined as a “conflict of interest”
of specific organ systems. The most common therapeutic
conflict in critically ill patients is the heart–lungs conflict,
as can be seen in hemodynamically unstable patients with
pulmonary edema, ARDS, or sepsis. The combination of
EVLW, CO and preload allows, for example, the not infrequent diagnosis of hypovolemia and low CO in patients
who are in pulmonary edema. In most cases, such therapeutic conflict will be solved by giving fluids to the patient
in spite of his pulmonary edema, which in most cases, has
a non-cardiogenic origin (high PVPI). Obviously, making
a diagnosis of hypovolemia and pulmonary edema would
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be much harder with other monitoring techniques.
Another common example of such conflict is the patient
with severe ARDS, borderline hypoxemia on 100% oxygen
and maximal ventilatory support, who has inadequate CO
and has diminished preload. In such cases the physician
may decide to solve the conflict by adding an inotrope to
increase the CO and not take the risk of further pulmonary
deterioration due to fluid administration. In such a case
normalization of the GEDV, which is the first step in the
PiCCO algorithms used in cardiac surgery patients,
should not be done and the patient should be kept relatively hypovolemic if CO and peripheral perfusion can be
otherwise stabilized. Other patients with severe ARDS,
severe hypoxemia, and hemodynamic instability may
seem to be hypovolemic based on hypotension, tachycardia, and a low CVP, and yet the PiCCO measurements may
reveal high GEDV and low SVR, which explain the hemodynamic picture. Such patient should receive noradrenaline to increase his blood pressure and at the same time be
started on diuretics, rather than receive detrimental fluids
as “dictated” by the CVP.
Hence, our personal philosophy is that there is no one
PiCCO-derived algorithm that may fit all patients. The
correct steps in using the PiCCO in cases of potential
therapeutic conflict should therefore be the following:
1.
2.
3.
4.
5.

Is there a problem?
Identify the problem(s).
Which seems to be the most critical problem?
Is there a therapeutic conflict?
Out of your potential therapeutic options, which
decision will cause most/least damage in case of error?
6. Make your decision and follow results.
7. Go back to (1).

2.

3.

4.

5.

6.

7.

8.
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PiCCO Monitor
An advanced hemodynamic monitor that uses the
transpulmonary dilution technique to measure cardiac
output, volumetric parameters of preload and extravascular lung water.

Summary
The PiCCO is a multi-parametric advanced cardiopulmonary monitor that provides all the important parameters
that are necessary to make even the most critical decisions
in the critically ill. The intermittent measurement of the CO
by TTD coupled with a robust pulse contour analysis software offers automatic calibration of the CCO, as well as
accurate assessment of volumetric preload (GEDV), fluid
responsiveness (PPV, SVV), and extravascular lung water,
the latter being measured by the PiCCO alone. PiCCOguided algorithms have been shown to improve the management of high-risk surgical and critically ill patients.

References
1.

Tibby SM, Hatherill M, Marsh MJ, Morrison G, Anderson D,
Murdoch IA (1997) Clinical validation of cardiac output

Pigment Nephropathy
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Synonyms
Rhabdomyolysis- or hemolysis-induced acute kidney
injury (AKI)

Definition
Pigment nephropathy (PN) represents one of the most
severe complications of rhabdomyolysis or hemolysis.

Pigment Nephropathy

Rhabdomyolysis-induced PN is far more common,
accounting for about 7–10% of all cases of AKI in the
USA [1, 2].
Myoglobin or hemoglobin has no nephrotoxic effects
on renal tubules unless the urine is acidic. Both hemoglobin and myoglobin are heme proteins. They contain
iron, as ferrous oxide (Fe2+), which is a prerequisite for
the binding of molecular oxygen. There are three main
mechanisms that account for heme protein toxicity: renal
vasoconstriction with impaired renal circulation,
intraluminal cast formation, and direct heme proteininduced cytotoxicity. Molecular oxygen can facilitate
the oxidation of Fe2+ to ferric oxide (Fe3+), leading to
the formation of hydroxyl radicals. Free hemoglobin or
myoglobin promotes uncontrolled generation of reactive
oxygen species, which in turn cause cellular injury. Current belief holds that free iron-generated hydroxyl radicals
are crucial mediators of tubular damage. Moreover,
hemoglobin and myoglobin demonstrate peroxidase-like
enzyme activity that gives rise to oxidation of various
biomolecules. Although oxidative injury is a major contributor to PN, (severe) AKI is more frequent when additional aggravating factors such as hypovolemia or sepsis
are present.
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is no randomized, controlled trial to advocate the evidence-based use of mannitol. Moreover, high doses of
mannitol (>200 g/day or accumulated doses of >800 g)
have been linked to osmotic nephrosis, caused by renal
vasoconstriction and tubular toxicity. Bicarbonate to
alkalize the urine is used to prevent crystal formation
and thus to minimize AKI after rhabdomyolysis or hemolysis. Clinical benefits of alkalinization versus simple volume repletion are not well proven. Both normal saline and
sodium bicarbonate seem to be reasonable alternatives for
fluid resuscitation in patients with rhabdomyolysis. Urine
pH, serum bicarbonate, calcium, and potassium levels
need to be monitored during the administration of bicarbonate. If the urine pH fails to increase within 4–6 h of
treatment, or if symptomatic hypocalcemia develops,
bicarbonate infusions should be discontinued and hydration continued with normal saline.
The application of furosemide and other loop diuretics
is controversial. However, it is well accepted that the use of
diuretics should be limited to fluid-resuscitated patients,
converting anuric to oliguric AKI.
Administration of free-radical scavengers aims at
reducing the nephrotoxic effects associated with the
release of hemoglobin or myoglobin and subsequent

Treatment
Unfortunately, recommendations for prevention and
treatment of PN (Table 1) are largely based on either
experimental data or only small clinical studies, most of
them only retrospective.
In an attempt to preserve renal function, initial treatment of severe rhabdomyolysis or hemolysis includes stabilization and resuscitation of the patient. Some
retrospective studies have shown that early aggressive
fluid replacement with 0.9% NaCl seems to reduce the
occurrence of AKI. Patients can require as much as 10 L of
fluid/day. The amount of fluid required depends on the
severity of the rhabdomyolysis. There are no prospective
randomized trials that have assessed fluid repletion in
patients with rhabdomyolysis from massive trauma.
Nonetheless, most studies have demonstrated that
patients with PN had a longer delay in receiving supportive therapy than patients without PN [3]. Thus, timely and
aggressive volume repletion is of utmost importance in
patients with rhabdomyolysis.
Mannitol and bicarbonate are also frequently used
during the initial resuscitation. Mannitol is thought to be
protective through its diuretic effects and subsequent
reduction of intratubular heme pigment deposition.
Mannitol also acts as a free-radical scavenger and renal
vasodilator and reduces blood viscosity. However, there

Pigment Nephropathy. Table 1 Measures to prevent, assess,
and treat pigment nephropathy
Assess patient’s volume status, central venous pressure, and
urine output
Measure serum CK levels
Measure serum and urine creatinine, serum potassium
(frequently) and sodium, BUN, total and ionized calcium,
magnesium, phosphorus, and uric acid and albumin; assess
acid–base status, blood-cell count, and hemostasis
Urine dipstick test and examine the urine sediment
Volume repletion with normal saline, while monitoring
clinical response, for example, central venous pressure.
Maintain euvolemia. Avoid potassium, calcium, and lactatecontaining solutions
Correct hypocalcemia only if clinically symptomatic (e.g.,
tetany or seizures) or if in context of severe hyperkalemia
Check urine pH repeatedly. If urine pH <6.5, alkalize with
either IV or p.o. bicarbonate
Consider treatment with mannitol (up to 200 g/day and
cumulative dose up to 800 g). Follow plasma osmolality.
Stop if diuresis (>20 mL/h) cannot be achieved
Consider renal-replacement therapy if there is resistant, lifethreatening hyperkalemia, volume overload, or resistant
metabolic acidosis (pH <7.1)
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generation of oxygen radicals. Pentoxyphylline is
a xanthine derivative that increases microvascular blood
flow and decreases inflammatory neutrophil adhesion as
well as cytokine release. vitamin E (a-tocopherol), vitamin
C (ascorbic acid), lazaroids (21-aminosteroids), as well as
minerals such as zinc, manganese, and selenium all possess
antioxidant activity.
Electrolyte abnormalities associated with hemolysisor rhabdomyolysis-induced acute kidney injury require
prompt treatment. Correction of hyperkalemia, which
occurs very early in the course of the disease, is especially
crucial. Hypertonic glucose together with insulin and bicarbonate is only temporarily effective, as they promote
a shift of potassium from the extracellular compartment
to the intracellular compartment. The only efficacious
measures to remove potassium from the body are diuresis,
intestinal potassium binders, or renal replacement therapy
(see below). Hypocalcemia does not warrant treatment,
unless it becomes symptomatic or it occurs together with
severe hyperkalemia (see below).
Despite all preventive efforts, some patients will
develop severe AKI and require (temporary) renal replacement therapy (RRT). RRT will remove urea and potassium
that are released from damaged erythrocytes or muscles.
As conventional RRT does not remove myoglobin effectively because of the size of myoglobin, “renal indications”
dictate the timing of RRT. Achievement of normokalemia
is a high priority, as hyperkalemic cardiac arrest is
a life-threatening, early complication of hemolysis or
rhabdomyolysis. Peritoneal dialysis is considered inadequate to clear the large solute loads arising during PN.
Plasma exchange is not beneficial in the removal of hemoglobin or myoglobin. Up to 30% of all patients with PN
develop significant hypercalcemia during the recovery
phase. Therefore, patients with PN should not receive
Ca-containing solutions, unless they experience symptomatic hypocalcemia or severe hyperkalemia.

Evaluation/Assessment
Clinical presentation of rhabdomyolysis represents the
“classic” triad of muscle pain, weakness, and dark urine.
However, the initial clinical sign of rhabdomyolysis may
be the appearance of discolored urine.
Hemolysis and rhabdomyloysis lead to a classic pattern of hyperkalemia and hyperphospatemia as well as to
pigmented granular casts and reddish-brown urine supernatant. Frequently, electrolyte abnormalities that arise as
a consequence of the release of cellular components determine the severity of PN. As they often precede clinical
findings of AKI, electrolyte levels should be measured in

a serial fashion as soon as rhabdomyolysis is evident.
Hypercalcemia associated with recovery of renal function
is a unique finding in patients with PN. Hypercalcemia
results from the mobilization of calcium that was
previously deposited in muscle, the normalization of
hyperphosphatemia, and an increase in calcitriol. Urine
can range from pink-tinged, to cola-colored, to dark black.
Together with disseminated intravascular coagulopathy,
PN represents a late complication of rhabdomyolysis,
developing 12–72 h after the initial injury.
Rhabdomyolysis is characterized by a significant rise in
creatine kinase (CK), at least five times the normal value.
The CK isoenzyme found in striated muscle (CK-MM)
predominates. The rise in CK occurs within 12 h of muscle
injury, peaks in 1–3 days, and finally declines after
3–5 days, if no further muscle injury occurs. A CK level
of 5,000 U/l or greater is related to AKI. However, the risk
of AKI in rhabdomyolysis is usually low as long as serum
CK is less than 15,000–20,000 U/l. With CK values as low
as 5,000 U/l, AKI only occurs when coexisting conditions
such as sepsis, hypovolemia, and acidosis are also present.
Acute kidney injury due to rhabdomyolysis is usually
associated with a more rapid increase in plasma creatinine
than other forms of AKI.
Another characteristic feature of PN is the frequent
finding of a low fractional excretion of sodium (<1%),
possibly due to the larger degree of pre-glomerular vasoconstriction and tubular occlusion compared to tubular
necrosis.
Both AKI and the increased release of creatinine from
skeletal muscle raise the serum concentrations of blood
urea nitrogen (BUN) and creatinine. Serum creatinine
elevation is relatively greater than that of BUN, narrowing
the normal 10:1 BUN-creatinine ratio to 6:1 or less. Myoglobin and hemoglobin are detectable in the urine. Urine
dipsticks are helpful for initial screening (qualitative test)
for both hemoglobinuria and myoglobinuria. Dipsticks
have been developed to detect hemoglobin at concentrations of 0.3 mg/l. Because of the underlying assay characteristics, one can assume similar concentrations for
myoglobin. Further typical serum findings of hemolysis
and rhabdomyolysis include hyperkalemia, hypocalcemia,
hyperphosphatemia, and hyperuricemia as well as elevated levels of other muscle enzymes, such as lactate dehydrogenase, aldolase, aminotransferases, and carbonic
anhydrase III.

After-care
Etiology of underlying hemolysis or rhabdomyolysis needs
to be identified and corrected. If complete recovery of PN,

Plasmapheresis

no further long-term follow up is required. If only incomplete or lack of recovery, long-term follow-up by nephrologist becomes necessary.

Prognosis
Mortality data vary widely according to the study population and setting and the number and severity of
coexisting conditions. However, long-term survival
among patients with PN is reported to be close to 80%,
and the majority of these patients recover renal function
[4, 5].
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Synonyms
Apheresis; Plasma separation;
exchange (TPE)

Therapeutic

plasma

Definition
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Plasma Separation
▶ Plasmapheresis

Plasma Substitutes
▶ Intravenous Fluids

Plasma Volume Expander (PVE)
▶ Colloids
▶ Intravenous Fluids

Plasmapheresis entails the process of separating and
removing the plasma fraction of whole blood from the
body of a donor, either for the collection of different blood
products in a blood bank, or for therapeutic purposes. The
term itself derives from the Greek word “aphairesis,”
which means taking out or removal. Plasmapheresis is
synonymously called therapeutic plasma exchange and
both terms will be used interchangeably in this text.

Pre-existing Condition
Therapeutic plasma exchange is being used in a wide variety
of conditions. The majority of procedures are performed
for the treatment of autoimmune and hematologic disorders. Plasmapheresis works by nonselective removal of large
molecular weight substances from plasma, which cannot be
cleared by conventional hemodialysis or hemofiltration.
Examples of toxic proteins linked to disease include autoantibody, cryoglobulins, immune complexes, and lipoproteins. Given the long half-life of many pathologic proteins
in plasma, it has been demonstrated that their immediate
removal via plasmapheresis in conjunction with drug therapy to halt or slow production of pathologic substances is
beneficial. One classic example is Goodpasture syndrome,
where the quick removal of anti-GBM antibody via plasma
exchange may halt the progression kidney and lung damage
if instituted in time.
There is a paucity of randomized controlled trials
showing clear evidence in favor of plasmapheresis in many
diseases, when it has been used in many instances as
“heroic” treatment or last-ditch effort. The most valuable
resource guiding responsible and cost-effective use of therapeutic plasma exchange is a collaborative effort of the
American Association of Blood Banks (AABB) and
the American Society for Apheresis (ASFA) [1].
Table 1 summarizes their recommendations, which are
based on extensive literature review. Four different levels
of recommendations exist:
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Plasmapheresis

Plasmapheresis. Table 1 Modified to only show Category
I and II recommendations and plasma exchange (excluded
cytapheresis and immunoadsorption)
Disease

Category
recommendation

Antiglomerular basement membrane
antibody disease

I

Rapidly progressive
glomerulonephritis

II

Familial hypercholesterolemia

II

Cryoglobulinemia

II

ABO-mismatched marrow transplant
(recipient)

II

Thrombotic thrombocytopenic
purpura (TTP)

I

Posttransfusion purpura

I

Myeloma, paraproteins, or
hyperviscosity

II

Myeloma or renal failure

II

● Category IV. Therapeutic apheresis has been demonstrated to have a lack of efficacy. Clinical applications
should be undertaken only under an approved
research protocol.

Common Indications
Neurologic
Guillain–Barre disease (GBS) and myasthenia gravis figure
among the most commonly encountered antibody-mediated
conditions leading to therapeutic plasma exchange. Therapeutic plasma exchange has been validated in controlled
trials in both diseases. Intravenous gamma globulin is an
acceptable alternative treatment option for severe GBS. Plasmapheresis is also being used in acute flares of multiple
sclerosis (MS) when standard treatment fails, albeit controversially, as patients continue to experience relapse. Less
commonly, plasma exchange is used to remove autoantibodies involved in myasthenia secondary to Lambert–
Eaton Syndrome.

Lambert–Eaton myasthenic syndrome

II

Hematologic

Acute inflammatory demyelinating
polyradiculoneuropathy
(Guillain–Barre)

I

Myasthenia gravis

I

Acute central nervous system
inflammatory demyelinating disease

II

Demyelinating polyneuropathy with
IgG and IgA

I

Sydenham’s chorea

II

Polyneuropathy with IgM (with or
without Waldenstrom’s)

II

PANDAS (pediatric autoimmune
neuropsychiatric disorders)

II

Thrombotic thrombocytopenic purpura (TTP) is a classic
indication of therapeutic plasma exchange, leading to
a dramatic improvement in morbidity and mortality compared to historic controls. It has been estimated to
improve survival rates from 10% to >75%. Replacement
fluids should consist of fresh frozen plasma (FFP). Treatment involves daily plasma exchange with monitoring of
platelet count, LDH, and schistocytes. The success of
plasma exchange in TTP has been linked to the removal
of antibody to von Willebrand factor and replacement of
the von Willebrand factor-cleaving zinc metalloprotease
(ADAMTS13).
Another well-described indication is the removal of
IgM antibodies in hyperviscosity syndrome associated
with Waldenstrom disease. Plasmapheresis is able to
decrease viscosity within hours, whereas chemotherapy
cannot produce this immediate response.

● Category I. Therapeutic apheresis is standard and
acceptable, either as primary therapy or as a first-line
adjunct to other initial therapies. Efficacy is based on
controlled or well-designed clinical trials or a broad
base of published experience.
● Category II. Therapeutic apheresis is generally
accepted in a supportive role.
● Category III. Therapeutic apheresis is not clearly indicated based on insufficient evidence, conflicting
results, or inability to document a favorable risk-tobenefit ratio. Applications in this category may represent heroic or last-ditch efforts on behalf of a patient.

Metabolic
Plasmapheresis is being used in familial hypercholesterolemia for the removal of low-density lipoproteins (LDL).
Another rare indication is Refsum disease, where phytanic
acid can be removed with plasma exchange.

Sepsis and Septic Shock
Multiple small trials have been conducted to assess a
potential benefit of therapeutic plasma exchange in sepsis
[2]. To date, there is no randomized controlled trial showing benefit of cytokine or endotoxin removal via plasmapheresis and it is therefore not a recommended treatment.

Plasmapheresis

In summary, for plasmapheresis to be a rational therapeutic choice, the pathologic substance involved must
have a long half-life, be acutely noxious, be of a large
molecular size, and not treatable by conventional drug
treatment alone.

Application
Instruments
The majority of plasmapheresis devices in use today work
by automated continuous centrifugation of whole blood
after removal via a large bore access, resulting in separation of cells and plasma. The technology stems from
experience gained in blood banking. Instead of centrifuging blood it is also possible to separate blood cells and
plasma through specialized large pore filters [3].
Automated apheresis instruments use microprocessor
technology to draw blood, containing disposable plastic in
the blood path. Anticoagulants containing citrate or combinations of citrate and heparin that do not result in clinical
anticoagulation of the patient or donor are being used.

Schedule
The necessary frequency and duration of plasmapheresis is
based on a first-order kinetic model (exponential decline
in plasma concentration over time). Immunoglobulins
serve as a typical model for understanding the kinetics
of large molecular weight substances in plasmapheresis.
Although there is a significant extravascular pool of
the immunoglobulin classes, approximately 60% for
IgG and IgA and 20% for IgM, radioisotopic studies
demonstrate a daily exchange of only 25% between
the extra and intravascular compartments. Therefore,
only 1–2% of the extravascular pool of immunoglobulins will enter the intravascular space during
a 1–2 h procedure.
The exponential decline of large molecular weight
substances coupled with slow transfer from extra- to intravascular space explain why usually only one to one and
a half plasma volumes need to be removed during each
session. The individual amount of plasma volume can be
easily estimated by assuming an average plasma volume of
40 mL/kg body weight in the adult or using the formula:
0.07 times weight (kg) multiplied by (1-hematocrit).
Thus, most plasma exchanges will consist of 5–7 exchanges of 1–1.5 plasma volumes each, either daily or
with an interval of 1–2 days between procedures.

Access
Typical flow rates in therapeutic plasma exchange range
from 30 to 80 mL/min. This can be easily achieved with the
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use of standard large bore central venous catheters (e.g.,
a standard dialysis catheter). Two large bore peripheral
venous catheters will also suffice for this purpose.

Exchange Fluid
A variety of replacement fluids have been successfully used,
chiefly to avoid intravascular volume depletion, which is
inherent to therapeutic plasma exchange. Among them are
combinations of crystalloids and colloids such as albumin
and fresh frozen plasma. A typical ratio would be 60–80%
colloid and 20–40% normal saline solution. The choice will
mainly depend on institutional preference and concerns
about cost and safety. One important exception is thrombotic thrombocytopenic purpura (TTP). Studies support
the use of fresh frozen plasma or cryoprecipitate-poor
plasma as a specific therapeutic replacement fluid for
TTP [4].
Fresh frozen plasma (FFP) also offers the advantage of
replacement of lost proteins such as coagulation factors
and immunoglobulins. One should bear in mind the rare
risk of anaphylaxis and viral transmission with FFP.
Albumin offers the advantage of lack of risk of infection and extremely low risk of anaphylactic reactions.
Overall, no single replacement fluid combination has
been shown to be superior.

Monitoring
Patients receiving plasmapheresis require hemodynamic
monitoring similar to patients undergoing hemodialysis.
Depending on the intensity of the schedule, practitioners
will follow-up on complete blood count, electrolytes
(especially calcium, see below), and coagulation studies.
Due to dilution effects a 5–15% decrease in hematocrit
and a 20–30% decrease in platelet count can be expected.

Complications
In general, plasmapheresis is well tolerated. Complications
can be divided into those stemming from catheter placement and those from the apheresis itself [5]. Well-known
issues with central venous access include pneumothorax,
bleeding, nerve injury, arterial puncture, arrhythmia, and
infection. The amount of morbidity and mortality will
undoubtedly depend on the expertise of the individual
performing the procedure.
There are reports of serious cardiac and pulmonary
complications during plasmapheresis in critically ill
patients who may tolerate volume shifts poorly. The operator may influence the severity of these complications by
adjusting the amount of volume repletion, flow rates, and
watchful monitoring similar to strategies employed in
hemodialysis or hemofiltration.
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Plateau Pressure

Another usually benign complication is related to citrate-induced hypocalcemia (citrate is a commonly used
anticoagulant during plasmapheresis, which causes chelation of calcium). It typically manifests as paresthesia
or abdominal cramps during the procedure. Treatment
consists of slowing the flow rate and/or calcium supplementation, either orally or intravenously. Seizures and
arrhythmia are rare events.
Flushing and hypotension during plasma exchange
have been described and attributed to the effects of ACE
inhibitors taken within 48–72 h of an apheresis procedure.
This reaction is less common than hypocalcemia.
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Plateau Pressure
Pressure measured during constant flow mechanical ventilation with an inspiratory occlusion maneuver for the
duration of 2–5 s, reflecting the static elastic recoil of the
total respiratory system, depending on volume and compliance of both lung and chest wall.
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Synonyms
Lung ultrasonography;
ultrasonography

Lung

ultrasound;

Pleural

Definition
Pleural and pulmonary ultrasonography is the evaluation
of the lung surface and lung for pathologic abnormalities.

Characteristics
Pleural and pulmonary ultrasonography has largely been
developed by critical care and emergency physicians seeking
rapidly available, noninvasive, dynamic information about
pleural and lung pathology at the bedside of patients
with time-critical illnesses. In comparison to clinicianperformed bedside ultrasonography, traditional radiologic
imaging studies are time consuming, resource intensive,
require removal of the patient from the resuscitation area,
involve ionizing radiation, and do not provide dynamic
assessment. Pleural and pulmonary ultrasonography is
used for thoracentesis guidance, diagnosis of pneumothorax, lung edema, and lung consolidation. It is currently in
a period of intensive and wide-ranging investigation, giving
rise to evolving concepts of its accuracy, test characteristics,
utility, and role in various diseases and critical care settings.

Normal Sonographic Anatomy and
Technique

Platelet Function Analyzer 100
(PFA-100®)
Platelet function analyzer 100 (PFA-100®) is useful in the
diagnosis of von Willebrand’s disease and overall platelet
function.

Plethysmography
▶ Pulse Oxymetry and CO2 Monitoring

In the healthy state, the pleural surface is an interface
between predominantly aqueous (chest wall) and air-filled
(pulmonary) tissues. Most pathologic conditions result in
increased water content of the lung. Ultrasound is an ideal
tool to detect such changes because ultrasound is scattered
almost entirely by air and transmitted easily through fluid.
Pleural and lung ultrasound rely on the recognition of
artifacts that are present at the normal pleural surface
and how they are altered by the presence of pathology.
Sonographic evaluation of the pleura and lung must
be accomplished via the intercostal spaces. Scanning is
performed by placing the transducer in a longitudinal
orientation perpendicular to the ribs so that the echogenic
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parietal pleura is visualized between and just deep to them
(Fig. 1). Ribs absorb and reflect almost all ultrasound
waves resulting in characteristic shadows (Fig. 2). A complete pleural evaluation involves interrogation of each
rib-space from apex (or clavicle anteriorly) to diaphragm
in midclavicular, midaxillary, and scapular lines. More
focused exams are frequently used depending on particular circumstances, as discussed below.
The choice of transducer and depth and gain settings
depend on the primary focus of the exam. When the
identification of lung sliding is the primary goal, a highfrequency linear array probe is optimal, with depth settings only needed to include a centimeter or two of lung.
For assessment of B-lines and consolidations, a small footprint tightly curved array probe is preferable, and depth
settings should be set to about 15 cm in order to distinguish B- and Z-lines (see below) or identify the deep
margins of consolidations. However, with a clear understanding of the goals of the examination and potential
pitfalls, either of these transducers as well as phased array
or general abdominal probes will be sufficient in most
circumstances. M-mode and color-flow Doppler are used
in specific situations outlined below.
A number of reverberation artifacts that originate at
the level of the pleura have been described. In the interest
of clarity, there has been a recent initiative among
sonologists to limit the variety of terms used to describe
these findings, so in the following discussion, they will be
referred to in descriptively with avoidance of jargon where
possible.

Pleural and Lung Ultrasound. Figure 1 Scanning technique.
A linear array probe on the anterior chest showing
stabilization of the probe with the fingertips to minimize chest
wall motion artifact
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Pleural Line Reverberation Artifacts
Thin horizontal echoic lines parallel to the pleural line and
at depths that are a multiple of the distance between the
skin and transducer are caused by the impedance
mismatch and specular reflectivity of the pleural surface
immediately abutting air-filled tissues. They are seen in
normal aerated lung as well as pneumothorax, but will be
lost in the presence of pleural fluid or subpleural consolidation (Fig. 2). These are referred to as “A-lines” by some
authors [1].

B-Lines
B-lines (Fig. 3) are vertically oriented reverberation artifacts created by thickened and/or fluid-filled interlobular
septae interspaced with gas-filled alveoli. They are most
frequently seen with interstitial edema (from any cause),
but may also occur with chronic conditions such as interstitial fibrosis. B-lines have the following characteristics:
1. They arise from the pleural line.
2. They are oriented perpendicular to the transducer
surface (radially with curved array, vertically with
linear array transducers).

P

Pleural and Lung Ultrasound. Figure 2 Normal lung pattern.
Top: normal B-mode image showing soft tissue (ST), ribs (R)
with rib-shadowing (RS), pleural line (P), and the normal
aerated lung (A) which is indistinct from the scattering of
ultrasound that occurs in air. Bottom: normal M-mode image
showing ST, P, and A over time. Notice that since the tissue
planes in the ST do not move much with respiration, they
appear as horizontal lines. The artifact in A does move with
pleural sliding during respiration and appears grainy like sand.
This normal pattern of horizontal lines over the grainy aerated
lung has been referred to as the seashore sign as it appears
similar to horizontal waves crashing onto a sandy beach
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setting of around 15 cm is needed to establish the persistence of a B-line compared to a Z-line. Since they arise
from minor pleural defects, they may occasionally be
independent from lung respiratory movements if the
arise from the parietal pleura.

Pneumothorax

Pleural and Lung Ultrasound. Figure 3 B-lines. These
vertical reverberation artifacts have the following
characteristics: 1 – arise from the pleural line; 2 – radially
oriented from the pleural line (roughly vertical); 3 –
hyperechoic artifact (isoechoic to the pleural line); 4 – welldefined artifact (laser-beam-like); 5 – spreading up to the edge
of the screen without fading; 6 – erasing the physiologic
A-lines; 7 – move with lung sliding (not seen in the still image
here). This pattern defines B-lines. Note that some B-lines
appear wider than others. This has led to techniques that
“weight” B-lines by estimating their width as a fraction of the
rib-space that it occupies and multiplying by 10 (see text). This
patient has cardiogenic pulmonary edema resulting from
a CHF exacerbation

3. They are hyperechoic (isoechoic to the pleural line).
4. They are usually well-defined (laser-beam-like) unless
confluent.
5. They spread downward to the lower margin of the
image.
6. They obliterate horizontal pleural reverberation artifacts (A-lines).
7. They move with lung sliding.
The number of B-lines increases with interstitial
edema, but it is not uncommon to find isolated B-lines
in the basolateral intercostal spaces of normally aerated
lung [2]. The presence of B-lines also excludes pneumothorax [1].

Z-Lines
Z-lines do not have any clinical significance, but their
presence should be recognized and distinguished from
B-lines which usually signify pathology. Z-lines are similar
in appearance to B-lines except for the fact that they fade
rapidly as they extend downward, and do not reach the
lower margin of the image screen. As noted, a depth

Ultrasound is more accurate than chest x-ray but less so
than chest CT in the detection of pneumothorax. The
superiority of ultrasound is more pronounced in supine
patients [3]. There are two primary techniques to rule in
the presence of pneumothorax: absence of lung sliding
and identification of a lung point. Two findings exclude
the presence of pneumothorax under the transducer: the
presence of lung sliding and/or the presence of B-lines.
Lung sliding is a dynamic finding that arises from
normally functioning pleura. In the healthy state, the
“pleural line” actually represents the apposition of two
layers: the parietal pleura and the visceral pleura. With
respiration, the movement of the latter (attached to lung)
with respect to the chest wall and parietal pleura appears
as a shimmering motion of the pleural line known as “lung
sliding.” In patients without pleural disease, its absence
indicates an area of pneumothorax under the transducer.
Regrettably, processes that cause pleural adhesions, reduce
pleural mobility, or prevent air movement can result in
a false-positive examination due to obliteration of lung
sliding [1]. Right mainstem bronchial intubation has this
effect over the patient’s left hemithorax. This finding has
been used to assess appropriate endotracheal tube placement. Additionally, any other cause of bronchial occlusion
(mucous plug, tumor, foreign body) will result in the
absence of lung sliding.
The second sonographic finding that rules in pneumothorax is the “lung point” sign. The lung point occurs
in partial pneumothoraces at the transition between
expanded lung (with normally apposed pleura and lung
sliding) and collapsed lung (without lung sliding). This
point will be seen to move under the transducer with
respiration. Although this sign is 100% specific for
pneumothorax, the sensitivity is much lower because it
depends on the presence of a partial pneumothorax which
happens to have a transition point at the exact location of
the probe [1].
The signs that exclude PTX in any given location are
the identified presence of lung sliding or B-lines. The
presence of lung sliding is highly sensitive in excluding
the presence of pneumothorax at the level of the transducer on the patient’s chest [1]. The fact that excluding the
diagnosis of pneumothorax involves the process of ruling
it out in multiple individual locations has several
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consequences. First, the sonologist must bear in mind that
the findings of lung sliding and/or B-lines only exclude
pneumothorax under the probe. Second, pneumothoraces
in locations that cannot, or are not, evaluated (the diaphragm, the back in the standard exam) will be missed.
For supine patients without pleural disease, this is not
usually a problem since gravitational effects cause the
lung to be displaced posteriorly with a resultant anterior
pneumothorax. Third, the smaller the pneumothorax, the
more likely it is to be overlooked. Fourth, the more spaces
that are evaluated, the more likely a small pneumothorax
is to be identified.

Technique
The basic screening exam for pneumothorax usually interrogates all the rib-spaces in the midclavicular line in the
supine patient. On the left side, the operator may encounter the heart in the midclavicular line and will have to slide
laterally in order to visualize the pleural line. The relative
size of a pneumothorax can be estimated by noting the
thoracic topography of expanded lung (areas with sliding
present). Additional rib-spaces laterally and dorsally can
be evaluated if a small pneumothorax or pleural adhesions
are suspected. Since the amplitude of sliding is greater at
the lung bases and minimal at the apices, it is easier to
appreciate basally. Careful attention and optimal settings
for depth (<8 cm), focus (at the pleural line), and gain
(lung parenchyma as dark as possible while retaining the
pleural line as completely white) are needed, especially at
the apices. Any pleural sliding at all rules out pneumothorax at that location only [1]. The sonologist must be
meticulous about anchoring the transducer to the
patient’s skin with the fingertips to prevent chest wall
motion masquerading as pleural sliding (Fig. 1). This is
especially important with dyspneic patients. Some authors
advocate the use of Color Power Doppler to help in the
detection of subtle lung sliding. In cases of doubt, the
opposite hemithorax can be compared; however, this technique should be used with great caution since it frequently
results in the failure to identify bilateral pneumothoraces.
M-mode ultrasound images can be utilized to document lung sliding if video documentation is not possible.
Normal lung sliding will result in a grainy appearance of
the lung deep to the pleura with horizontal lines
representing the static tissues of the chest wall. This
appearance has been referred to as the “seashore sign”
(Fig. 4) [1]. When a pneumothorax is present, M-mode
imaging results in horizontal lines extending across the
entire screen both above and below the pleural line giving
an appearance that has been termed the “stratosphere
sign” (Fig. 4) [3].

Pleural and Lung Ultrasound. Figure 4 Pneumothorax. Top:
B-mode images of the soft tissue (ST), ribs (R), and (RS) do not
appear any different with a pneumothorax (PTX) than in
normal subjects. Lung sliding at the pleural line (P) will not be
present, which is not evident in a still image. Bottom: since the
artifacts deep to P will not move with respiration, a PTX is
detectable in M-mode as horizontal lines deep to P

Pulmonary Edema
B-lines reflect pulmonary interstitial edema and correlate
with the “ground glass” appearance on CT scan (Fig. 3).
The presence of multiple B-lines in each intercostal space
across the entire anterolateral chest wall is seen in the
presence of diffuse interstitial edema. In both ICU and
ED settings, the presence of this artifact has been used to
accurately distinguish between cardiogenic causes of acute
dyspnea, such as congestive heart failure, and pulmonary
causes, such as chronic obstructive pulmonary disease.
Receiver operating characteristic curves have not yet
been developed to determine the number of B-lines that
most accurately distinguishes the presence or absence of
pulmonary edema; however, studies on the subject suggest
that a bilateral pattern of diffuse and extensive B-lines is
sensitive and specific for this condition [2]. In volumeoverloaded dialysis patients, B-lines have been found to
resolve rapidly with the attainment of euvolemia,
suggesting that the technique may also be useful in monitoring the response to therapy in patients with acute
cardiogenic pulmonary edema.

Technique
B-line assessment can be accomplished with any ultrasound machine with B-mode capability. Any transducer
can be used; however, a 3–5 MHz microconvex or curvilinear probe is optimal. The focus should be set at the level
of the pleural line with screen depth set to about 15 cm.
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The transducer is held in a plane perpendicular to the ribs.
The anterior and lateral hemithoraces are scanned bilaterally with the patient in the supine or near-supine position. At this time, no clear-cut superiority can be ascribed
to any one of the variety of protocols that have been
advocated regarding the number and location of ribspaces to be evaluated. One protocol that has been investigated in both ICU and ED settings divides each
hemithorax into four quadrants: two upper and two
lower zones separated by the anterior axillary line.
A total of eight zones comprised of four quadrants on
each side of the chest are scanned for the presence of
B-lines. This protocol suggests that if at least two zones
in each hemithorax have two or more B-lines, the scan is
positive for diffuse interstitial edema [2]. When B-lines
appear wide or confluent, some authorities advocate that
their base width be estimated as a fraction of the rib-space
that they occupy and multiplied by 10. Thus, a B-line that
occupies 40% of a rib-space would be counted as four
B-lines, and the maximum number of B-lines possible in
any rib-space is ten.

Consolidation
Normal aerated lung scatters ultrasound waves so that the
parenchyma is not visible beyond the pleural line; however, lung consolidation allows the transmission of ultrasound, rendering it sonographically visible when it abuts
the pleural surface adjacent to a rib-space. Consolidations
adjacent to the mediastinal or diaphragmatic pleura will
be sonographically occult. Notwithstanding this potential
flaw, some authorities have found that 98% of consolidations have at least some contiguity with the chest wall.
Similarity with the appearance of liver has led to the
sonographic pattern of consolidation being referred to as
“hepatization.” The differential diagnosis of a lung consolidation includes pneumonia, atelectasis, pulmonary
infarct, contusion, and tumor. The characteristics of the
margins of the consolidation and color-flow Doppler
interrogation combined with the clinical setting can
often distinguish these (Fig. 5) [3].
With pneumonia, the deep extent of a consolidation is
usually jaggedly irregular and gives rise to comet-tail artifacts (“shred sign”), although in instances where it abuts
a lobar fissure, a well-demarcated deep margin may be
seen. Color-flow Doppler reveals normal or increased
vascular flow. In most cases, the bronchial tree remains
patent, resulting in hyperechoic air bronchograms that
can be recognized as tubular by their continuity through
respiratory motion may be seen [4]. If the bronchial tree
is devoid of air, as in advanced consolidation, postobstructive pneumonia, or atelectasis, fluid rather than

Pleural and Lung Ultrasound. Figure 5 Lung consolidation.
When lung consolidation abuts against the pleura (P), air no
longer scatters the ultrasound waves, and the lung becomes
sonolucent. The lung appears similar to liver tissue, leading to
the term “hepatization.” Air in the bronchi is visible as air
bronchograms (AB). The interface between consolidated and
air-filled lung is seen as an irregularly echogenic region giving
rise to comet-tail reverberation artifacts deep to the
consolidation

air bronchograms may be seen. Contusions are usually
shallower than infiltrates with less serrated deep margins
that also give rise to comet-tails. Tumors tend to be
rounded, with a variable vascular pattern, although a characteristic intense color-flow pattern (“vascular inferno”)
may be seen. Pulmonary infarcts due to emboli are usually
multiple, with clear margins and absence of vascular flow.
Abscesses or regions of necrosis may be suggested within
regions of consolidation by the presence of fluid-filled
avascular regions with surrounding augmented color-flow.
Although CT is superior in identifying and differentiating
among consolidations, the previously discussed advantages
of ultrasound may make it preferable in unstable patients,
or those requiring serial evaluations [3].

Technique
Similar considerations regarding equipment obtain for
consolidations as those previously described for B-line
assessment, although a phased array transducer is less
disadvantageous in the evaluation of consolidation. To
the extent possible, each rib-space should be scanned
from sternum to paravertebral region. Some authorities
advocate three lines of scanning in the midclavicular,
midaxillary, and scapular lines. If the patient is able to
sit, the dorsal exam can be facilitated by abduction and
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medial rotation of the shoulders. Special attention should
be paid to any area where the history and/or physical exam
suggests the presence of disease.

Pleural Effusion
Ultrasonography is well suited for the detection of pleural
effusions, and is significantly superior to lateral decubitus
films in detecting pleural fluid (Fig. 6) [5]. Very small
effusions are detectable and can usually be distinguished
from pleural thickening by dynamic gravitational effects.
This makes ultrasound especially useful in identifying
small effusions for diagnostic thoracentesis [4]. The
appearance and dynamic behavior of an effusion may aid
in identifying its cause and type. Free flowing effusions
will layer posteriorly in the supine patient and inferiorly in
the sitting patient. Effusions that are completely anechoic
are usually transudates. Exudates and hemorrhage may
demonstrate a homogenous echogenicity, but more often
are heterogeneous, sometimes with a swirling pattern or
fluid-fluid layers in highly pyogenic conditions such as
empyema [4]. Fibrin strands are often seen and appear as
thin echogenic lines waving with cardiac or respiratory
motion. Resolving exudates often give rise to complex
echogenic septae resulting in loculation and loss of gravitational dependency. The presence of septations is associated with an increased duration of chest tube drainage

Pleural and Lung Ultrasound. Figure 6 Pleural effusion. This
pleural effusion (E) is bounded by the diaphragm (D) and
spleen (S) inferiorly and the collapsed atelectatic lung (L)
superiorly. The heart (H) is deep to the effusion, and the pleural
line (P) is seen just superficial to the effusion. Notice two sets of
calipers have measured the approximate depth of P and the
mid-depth of the effusion to assist with procedural guidance
for thoracentesis
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and hospital stay as well as the need for intervention such
as surgical debridement, although the role for ultrasound
in predicting the need for invasive therapy is still under
investigation. With any significant effusion, the displaced
lung is typically atelectatic and can be seen moving within
the effusion [5]. Pleural effusions are often found incidentally posterior to the liver or spleen when scanning the
abdomen or posterior to the descending thoracic aorta in
parasternal views of the heart.
The use of ultrasound guidance in thoracentesis
reduces the rate of both pneumothorax and the rate of
pneumothorax requiring thoracostomy. This holds true in
both large and small effusions. Ultrasound guidance also
increases success rates after failed attempts with traditional methods. Most clinicians use ultrasound to identify
the ideal location for the procedure, then proceed with
traditional methods at the marked site. Ultrasound guidance confers no benefit when a patient is transferred to an
imaging suite for localization, and then returns for the
procedure at a later time: The clinician should locate
the site at the bedside, and then immediately perform
the procedure without moving the patient [5].

Technique
Similar considerations regarding equipment obtain for
effusions as those previously described for consolidations.
A high-frequency linear transducer may be limited by its
inability to completely characterize the depth of the pleural effusion or locate its surrounding structures. Phased
array and microconvex transducers have the advantage of
being able to fit between ribs better than other probes,
while curvilinear transducers have the advantage of visualizing several intercostal spaces at one time with clear
resolution and deep penetration.
Sonographic examination is ideally performed with
the patient sitting on the edge of the bed with the trunk
flexed and the arms and head supported by a bedside table.
The transducer is held in the longitudinal orientation, and
the posterior hemithorax of concern is scanned from the
diaphragm to the superior extent of the effusion. For
patients who are unable to sit, a similar technique is used
with the patient in a lateral decubitus position. To avoid
obstruction from the mattress, it may be helpful to place
the patient’s torso temporarily on a board.
The first step is to establish that the procedure is
feasible. Most authorities suggest an effusion with
a depth of >15 mm from any underlying structures and
visible over at least three adjacent rib-spaces, although
those with extensive experience frequently access smaller
collections without difficulty [5]. The sonologist should
identify the superior, inferior, medial, and lateral extents
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of the effusion and note the location of the deepest pocket.
The operator should also note the excursion of the diaphragm and mark its superior extent during the respiratory cycle. Once the deepest pocket of fluid that is free of
surrounding organs is identified, the operator may mark
the site for thoracentesis. The ultrasound exam is completed by obtaining a frozen image at a moment when the
lung is in closest proximity to the pleura, and measuring
the depth of the pocket and the thickness of the chest wall
to the pleural line. At this point, the clinician can either
prep and drape the patient and proceed with a traditional
blind technique, or a sterile cover may be placed on the
ultrasound probe and the procedure may be performed
with direct sonographic guidance. With either technique,
the depth of the fluid pocket should be kept in mind, and
the needle should not be advanced more than half the depth
of the effusion to minimize the risk of complications.

References
1.
2.

3.

4.

5.

Lichtenstein DA (2009) Ultrasound examination of the lungs in the
intensive care unit. Pediatr Crit Care Med 10(6):693–698
Volpicelli G, Cardinale L, Garofalo G, Veltri A (2008) Usefulness of
lung ultrasound in the bedside distinction between pulmonary
edema and exacerbation of COPD. Emerg Radiol 15(3):145–151
Reissig A, Gorg C, Mathis G (2009) Transthoracic sonography in the
diagnosis of pulmonary diseases: a systematic approach. Ultraschall
Med 30(5):438–454
Beckh S, Bolcskei PL, Lessnau K (2002) Real-time chest ultrasonography. A comprehensive review for the pulmonologist. Chest 122
(5):1759–1773
Feller-Kopman D (2006) Ultrasound-guided thoracentesis. Chest
129(6):1709–1714

Pleural Blood
▶ Hemothorax

Pleural Disease and
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Definition
Pleural diseases, either as part of a primary disease process
or as an iatrogenic complication, are common in the
intensive care unit (ICU). Although, rarely a cause for
ICU admission, they may negatively impact on pulmonary
physiology and are causes of significant morbidity and
mortality in critically ill patients. This review will focus
on the pathophysiology, clinical features, and treatment of
pleural collections and pneumothorax.

Characteristics
Pathophysiology and Effects on Lung
Mechanics
Pleural effusion is defined as an excessive amount of fluid
in the pleural space, reflecting an imbalance between pleural fluid production and removal. Accumulating amounts
of pleural fluid with the pleural cavity can result in atelectasis of the adjacent lung parenchyma, leading to
decreased alveolar ventilation. The interplay between
lung collapse and local factors such as hypoxic vasoconstriction and vascular compression results in ventilation/
perfusion mismatch and increased shunt fraction.
The amount of lung volume reduction is, however,
dependent on the compliance of the chest wall. If the
chest wall is compliant, it can expand and accommodate
a greater proportion of the pleural fluid volume, mitigating its effects on lung mechanics. This is in contrast to
a stiff chest wall where the same volume of fluid will exert
a greater compressive effect on the lungs.
Air leaks are defined as extrusion of air from a normal
gas-filled cavity. In the ICU, clinically significant conditions include pneumothorax, pneumomediastinum,
pneumopericardium, pneumoperitoneum, and subcutaneous emphysema. For the purpose of this review, discussion will be limited to pneumothorax. This is defined as
the presence of air in the pleural cavity with an associated
lung collapse.
In contrast to pleural effusion, pneumothorax tends,
more commonly, to compress the lungs and mediastinum.
In a tension pneumothorax, the resultant positive
intrapleural pressure, mediastinal shift, and vascular torsion impede venous return and cause hypotension.
Coupled with a collapsed lung, the patient rapidly progresses to respiratory insufficiency, cardiovascular collapse, and death if the condition is left unrecognized and
untreated.

Synonyms

Pleural Effusion

Barotrauma; Chylothorax; Hemothorax; Pleural effusions; Pneumothorax

The incidence of pleural effusions in the ICU varies
accordingly with screening methods, from approximately
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8% based on bedside examination to more than 60% with
the use of routine ultrasonography.
Aggressive fluid administration during resuscitative
phase of therapy, hypoalbuminemia, atelectasis, as well
as heart, hepatic, or renal failure can contribute to the
occurrence of pleural effusions in the ICU.
Using the Light’s criteria [1], pleural effusions are
categorized as transudative or exudative in nature. In
general, a transudate is a result of an imbalance between
hydrostatic and oncotic pressures across a normal pleura,
whereas an exudate suggests structural pleural involvement (Table 1).
Other types of pleural fluid collections commonly
encountered in the ICU include blood (hemothorax)
and lymphatic fluid (chylothorax). Both these conditions
may be related to trauma or arises as an iatrogenic complication from a surgical procedure.

Pneumothorax
Pneumothorax can be classified into spontaneous, traumatic, or iatrogenic. Spontaneous pneumothorax can be
further divided into primary (with no underlying lung
disease) and secondary (complicating a preexisting lung
pathology). This subclassification helps in the approach to
management of spontaneous pneumothoraces for the
clinician.
In the ICU setting, however, most pneumothoraces
encountered can be broadly grouped as
(i) Pneumothorax secondary to barotrauma.
(ii) Traumatic pneumothorax secondary to either traumatic injuries or iatrogenic, arising from procedures. These procedures include thoracocentesis,
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central venous line placement, bronchoscopy,
pericardiocentesis, and tracheostomy.
The reported incidence of pneumothorax in patients
receiving mechanical ventilation ranges from 4% to 15%.
Common causes of secondary pneumothorax are summarized in Table 2.

Evaluation and Assessment
Pleural Effusion
Physical examination of pleural effusion includes inspection, palpation, percussion, and auscultation. Auscultatory percussion has been demonstrated to detect
effusions as little as 50 mL in non-ICU patients. Chest
radiographs (CXR) are performed to confirm the presence
of pleural effusions. A volume of 200 mL is visible on
a posteroanterior CXR, while lateral views can show
blunting of the costophrenic angle with 50 mL of fluid.
The classical findings of an erect CXR include blunting of
the costophrenic angle, homogenous opacification with
no air bronchogram, and a meniscus sign (Fig. 1).
In the ICU, however, patient positioning and chest
wall edema can hamper the ability to detect pleural effusions by bedside examination alone. The problem is further compounded by suboptimal imaging obtained from
portable anteroposterior CXR. While computed tomography (CT) scans for pleural effusions are highly sensitive, its
use, at present, is limited by safety and logistical issues
related to transporting critically ill patients out of the ICU.
In recent years, bedside thoracic ultrasound (US) is
increasingly used in the ICU [2]. The utility of US is not
limited to detecting the presence of pleural fluid. Characteristics of the pleural effusions such as volume, presence
of fibrinous stranding or pleural thickening can be

Pleural Disease and Pneumothorax. Table 1 Causes of
pleural effusions in the ICU
Transudates

Exudates

Common causes

Pleural Disease and Pneumothorax. Table 2 Causes of
secondary pneumothorax in the ICU
Disease process

Iatrogenic complication

Acute respiratory distress
syndrome (ARDS)

Positive pressure mechanical
ventilation

Obstructive airways disease
(COPD, Asthma)

Central venous line insertion

Pneumonia

Bronchoscopy/
thoracocentesis/
thoracoscopy

Uraemic pleuritis

Trauma

Tracheostomy

Chylothorax

Interstitial lung disease

Surgeries involving the neck
and thorax

Congestive heart failure

Parapneumonic effusion

Hepatic hydrothorax

Pulmonary embolism

Nephrotic syndrome

Connective tissue disease

Peritoneal dialysis

Malignant effusion

Less common causes
Myxoedema

Pancreatitis

Urinothorax

Tuberculosis

Boerhaave’s syndrome
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Pleural Disease and Pneumothorax. Figure 1 Left pleural
effusion
Pleural Disease and Pneumothorax. Figure 2 Left tension
pneumothorax

determined. In addition, the site for thoracocentesis can be
localized under US guidance, especially in cases of loculated
pleural effusion. The use of US-guided thoracocentesis can
reduce the incidence of a “dry” tap as well as its associated
morbidity in mechanically ventilated patients.

Light’s Criteria
An exudative pleural effusion can be differentiated from
a transudative effusion by comparing the protein and
lactate dehydrogenase (LDH) concentrations of the pleural fluid to those of the serum.
If one or more of the following criteria is met, the fluid
is classified as an exudate. In contrast, a transudate is
diagnosed if it does not satisfy any of the criteria.
(i) The ratio of pleural fluid protein to serum protein
is >0.5.
(ii) The ratio of the pleural fluid LDH to serum LDH
is >0.6.
(iii) Pleural fluid LDH is more than two thirds the normal upper limit for serum LDH.
The Light’s criteria differentiate exudates from transudates with a negative predictive value of 96% and
a sensitivity of 98%. It should be noted, however, that up
to 25% of transudates can be mistakenly identified as
exudative pleural effusions. One such example would
be in patients on diuretics, which itself is a commonly
used medication in the ICU. Various other biochemical
variables such as pleural fluid albumin, cholesterol,

triglycerides, bilirubin, amylase, and pleural fluid pH
have been proposed to be useful in the diagnosis of
an exudative pleural effusion. In the setting of a
parapneumonic effusion, pleural fluid pH, glucose,
LDH, Gram stain, and culture are useful for differentiating
an empyema from an uncomplicated effusion.

Pneumothorax
Similarly, the bedside examination of a critically ill patient
for signs of decreased chest excursion, tracheal excursion,
hyperresonance, and diminished breath sounds is
fraught with difficulties. While changes in ventilator
parameters (increased airway pressures) may suggest presence of a pneumothorax, these changes are nonspecific
and may be found in other situations, e.g., a blocked
endotracheal tube.
In a supine, semirecumbent patient on invasive
mechanical ventilation, a pneumothorax on a CXR may
manifest as lucent upper quadrants of the abdomen, sharp
demarcation of the superior surface diaphragm, or inferior surface of a consolidated lung or the deep sulcus sign
(Fig. 2). Mediastinal shift can sometimes be detected by
lateral displacement of the central venous pressure (CVP)
line, endotracheal, or nasogastric tubes.
CXR, however, misses a fair proportion of
pneumothoraces in the critically ill, requiring CT scans
for confirmation. In contrast, thoracic US has been

Pleural Disease and Pneumothorax

increasingly shown to be able to provide accurate and early
diagnosis [2]. This ability to obtain immediate information by the bedside gives US a clear advantage over “traditional” radiography.

Treatment
Pleural Effusion
The goals of pleural effusion aspiration/drainage in the
ICU can be broadly divided into diagnostic and therapeutic purposes.
In a study on routine thoracocentesis in the ICU [3],
the procedure is associated with a 7% risk of pneumothorax in mechanically ventilated patients. The incidence of
a pneumothorax is inversely related to the experience of
the operator. Of note, up to 45% of the diagnoses were
revised following a diagnostic thoracocentesis with 35%
having an impact on the clinical management of the case.

Parapneumonic Effusions
All pleural effusions associated with an adjacent pneumonia should be aspirated, with a view to rule out
a complicated parapneumonic effusion. A purulent aspirate, positive gram stain for organisms, low pleural fluid
pH (<7.2), glucose (<2.2 mmol/L), or significantly elevated LDH (>1,000 IU/L) are indications for prompt chest
tube drainage, in addition to appropriate antibiotics. Surgical approaches such as video-assisted thoracoscopy or
open thoracotomy with a view for debridement/toilette or
decortication can be considered if drainage is deemed
inadequate.

Chylothorax
Disruption of the major lymphatic trunks may lead to
the accumulation of chyle in the pleural cavity. This is
a rare occurrence but is known to be associated with
surgical procedures such as esophagectomy and trauma.
While a conservative approach may have a role in small
chylothorax, therapeutic thoracocentesis with chest tube
drainage is indicated in large chylothorax causing respiratory distress. Adequate nutritional support is essential for
this group of patients as their nutritional status worsens
early, following the development of a thoracic duct leak.
Hypovolemia, protein, and electrolytes deficiencies need
to be replaced aggressively.
In general, a surgical approach is indicated if medical
management fails. Clinical parameters include chyle
leak >1.5 L/day or a drainage >1 L/day for a duration
of 5 or more days. Prompt surgical intervention is also
indicated in posttraumatic or postsurgical chlothoraces
with proponents advocating that such an approach is
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associated with lower mortality rates as compared to conservative management.

Hemothorax
Hemothorax is described as blood in the pleural cavity,
and is normally related to traumatic chest injuries or
surgical procedures. Occasionally, blood may track into
the pleural cavity from the retroperitoneal region. The
diagnosis is confirmed when the measured pleural fluid
hematocrit is more than or equal to 50% of serum
hematocrit.
Early drainage is essential. Insertion of a chest tube
serves to evacuate blood within the pleural cavity and
monitor any ongoing blood loss. The resultant reexpansion
of the lung parenchyma limits any ventilation–perfusion
mismatch or shunt fraction. This reexpansion can, also,
help tamponade any venous sites of bleeding. As blood, by
itself, is a medium for bacterial growth, early drainage
will minimize the chances of developing an empyema
subsequently.
Indications for surgical exploration include an initial drainage of more than 1,500 mL and/or drainage
>200 mL/h.

Pleural Effusions Associated with
Hypoxemic Respiratory Failure
The drainage of pleural effusions in critically ill patients
with respiratory failure remains controversial. Intuitively,
drainage of pleural effusions in patients with acute respiratory distress syndrome (ARDS) and hypoxemic respiratory
failure may improve oxygenation, dynamic compliance,
and ventilator mechanics. This improvement, however, is
difficult to predict due to the variability of lung compliance
between different patients. Detailed description of the
impact of pleural fluid drainage in mechanically ventilated
patients can be found elsewhere [4].

Pneumothorax
While small iatrogenic pneumothoraces in spontaneously
breathing patients with normal cardiac and pulmonary
reserves can be treated with high flow oxygen and monitored, the same cannot be said for critically ill patients in
the ICU. These patients are usually on positive pressure
mechanical ventilation with impaired cardiac and pulmonary reserves. As such, significant morbidity and mortality
can be associated with the development of an iatrogenic
pneumothorax.
In a ventilated patient, the possibility of developing
a tension following a pneumothorax remains. Thus, it is
generally recommended that a chest tube must be inserted,
regardless of the size of the pneumothorax. In the event
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that a tension pneumothorax is diagnosed, a needle
thoracocentesis for rapid decompression should be
performed first, followed by the insertion of a formal
chest tube.
Generally, chest tubes can be removed after 24 h if lung
reexpansion is rapid and no further air leaks are
documented.

physiology, mechanics, and decrease associated morbidity,
if not mortality.
On the other hand, pneumothoraces caused by barotrauma, tension pneumothorax, or with concomitant septic shock have been shown to be significant and
independent predictors for death in the ICU. The success
rate of chest tube removal is higher in patients with procedure-related pneumothoraces [5].

Bronchopleural Fistula
A bronchopleural fistula (PBF) is a persistent air leak or
failure of lung reexpansion 24 h following a chest tube
insertion. It suggests a communication between the bronchial tree and pleural space. Causes include barotrauma,
blunt or penetrating chest injuries, iatrogenic complications arising from procedures, or complications related to
underlying lung pathology such as necrotizing pneumonia
or pulmonary infarcts.
While a large air leak through a PBF may aid carbon
dioxide elimination in a mechanically ventilated patient,
its negative effects include the inability to deliver target
tidal volumes and derecruitment with the loss of positive
end expiratory pressure (PEEP) and atelectasis.
The main goal in treating a PBF is to reduce the
pressure gradient across the fistula and allow the leak to
heal. Weaning to a spontaneous mode of respiration and/
or liberation from mechanical ventilation would aid this
healing process.
When this is not possible, other measures include the
following:
1. Decrease intrapulmonary pressure
For example, decreasing airway pressures, tidal volumes, allowing permissive hypercapnia, avoiding
auto-PEEP, minimizing PEEP or use of zero-end expiratory pressure (ZEEP), wherever possible
2. Increase intrapleural pressure
For example, stop chest tube suction
3. Correct the pleural defect
For example, fibreoptic bronchoscopic occlusion or
surgical repair
The use of unconventional ventilation such as highfrequency oscillatory ventilation (HFOV) or differential
lung ventilation has been reported with some success.
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Pleural Peel
An inelastic membrane composed of fibroblasts that
develops during the organization stage of a parapneumonic effusion and encases the lung, thus limiting
its functional capability and resulting in trapped lung.

Pleural Space Infection
▶ Empyema

Prognosis
Pleural disease is common in the ICU. While the author is
not aware of any studies that look specifically at ICU
patients’ outcomes with pleural collections, it is reasonable (by extrapolating data from non-ICU patients) to
conclude that prompt diagnosis of pleural collections
and appropriate therapy may aid in improving lung

Pleural Ultrasonography
▶ Pleural and Lung Ultrasound

Pneumonia, Aspiration

Pneumoccocal HUS
▶ Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura

Pneumomediastinum
Air in the mediastinum. The mediastinum has organs
which will contain air, such as the esophagus or trachea.
Pneumomediastinum occurs when air is seen outside
these structures. The cause can be esophageal injury, trachea/lung injury, or sternal dehiscence indicating
mediastinitis. It can be observed by CT scan or X-ray.

Pneumonia
▶ Burns, Pneumonia
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overlap between these two syndromes they are distinct
clinical entities. This entry will focus on the pathophysiology, clinical features, and management of aspiration
pneumonia.
Aspiration pneumonia develops after the aspiration of
colonized oropharyngeal contents. Aspiration of pathogens from a previously colonized oropharynx is the primary pathway by which bacteria gain entrance to the
lungs. Indeed, Haemophilus influenzae and Streptococcus
pneumoniae first colonize the naso/oropharynx before
being aspirated and causing community acquired
pneumonia (CAP). However, when the term aspiration
pneumonia is used, it refers to the development of
a radiographic infiltrate in the setting of patients with
risk factors for increased oropharyngeal aspiration. Any
condition which increases the volume and/or bacterial
burden of oropharyngeal secretion in the setting of
impaired host defense mechanism may lead to aspiration
pneumonia. Indeed, in stroke patients undergoing swallow evaluation there is a strong correlation between the
volume of the aspirate and the development of pneumonia
[2]. The clinical setting in which pneumonia develops
largely distinguishes aspiration pneumonia from other
forms of pneumonia.

Treatment

Pneumonia, Aspiration
PAUL E. MARIK
Pulmonary and Critical Care Medicine, Thomas Jefferson
University, Philadelphia, PA, USA

Synonyms
Bronchopneumonia; Lobar pneumonia

Definition
Aspiration is defined as the misdirection of oropharyngeal
or gastric contents into the larynx and lower respiratory
tract [1]. An assortment of pulmonary syndromes may
occur following aspiration depending on the quantity
and nature of the aspirated material, the frequency of
aspiration, as well as the nature of the host’s defense
mechanisms and the host’s response to the aspirated
material. The most important syndromes include “aspiration pneumonitis” or Mendelson’s syndrome which is
a chemical pneumonitis caused by the aspiration of gastric
contents and “aspiration pneumonia” an infectious process caused by the aspiration of oropharyngeal secretions
colonized by pathogenic bacteria [1]. While there is some

Antimicrobial therapy is indicated in patients with aspiration pneumonia. The choice of antibiotics should
depend on the setting in which the aspiration occurs as
well as the patient’s premorbid condition. However,
antimicrobial agents with gram-negative activity such as
third generation cephalosporins, fluoroquinolones, and
piperacillin are usually required. Penicillin and
clindamycin the “standard” antimicrobial agents for aspiration pneumonia provide inadequate activity in the
majority of patients with aspiration pneumonia. Antimicrobials with specific anaerobic activity are not routinely
warranted and may only be indicated in patients with
severe periodontal disease, patients expectorating putrid
sputum, and patients with a necrotizing pneumonia or
lung abscess on chest radiograph [3].
The management of patients with dysphagia requires
the coordinated expertise of a number of health care professionals, including the patients’ primary care physician,
pulmonologist, speech and language pathologist (SLP),
clinical dietician, occupational therapist, physiotherapist,
nurse, oral hygienist, dentist, as well as the patients’ primary caregivers. The goal is to optimize the safety, efficiency, and effectiveness of the oropharyngeal swallow, to
maintain adequate nutrition and hydration and to
improve oral hygiene. Enhanced quality of life, wherever
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possible, should direct management. This would be to
maximize oral versus non-oral nutritional intake and
hydration.
The management plan is developed according to the
clinical and instrumental assessment results. Compensatory
strategies for increasing eating and swallowing efficiency, and
for reducing the risk of aspiration, may involve modifying
food and liquid consistencies and volumes, as well as altering
the bolus presentation. Dietary modification is a common
management approach. Patients vary in their ability to
swallow thin and thick liquids, semi solids, and solids.
The consistency of the patient’s food should be individualized according to the findings from clinical testing. Dehydration in the elderly is one of the leading problems in nursing
homes and long term care facilities. Caution should therefore
be taken with regard to the modification of fluids, as compliance with thickened liquids is often reduced. Treatment
techniques include compensatory strategies (postural
maneuvers) and indirect therapy (exercises to strengthen
swallowing musculature). These techniques alter the physiology of the swallow, to achieve improved efficiency or
a safer swallow.

Tube Feeding
Tube feeding is not essential in all patients who aspirate.
As clinicians treating patients with dysphagia, we make
every attempt to encourage oral intake, considering
the safety, as well as the efficiency to sustain our patients.
The practice of tube feeding in the end-stages of
degenerative illnesses in the elderly should be carefully
reconsidered. Finucane et al. found no data to suggest
that tube feeding of patients with advanced dementia
prevented aspiration pneumonia, prolonged survival,
reduced the risk of pressure sores or infections, improved
function, or provided palliation [4].
Short-term tube feeding, however, may be indicated in
elderly patients with severe dysphagia and aspiration in
whom improvement of swallowing is likely to occur.
Nakajoh and colleagues demonstrated that the incidence
of pneumonia was significantly higher in stroke patients
with dysphagia who were fed orally compared to those
who received tube feeding (54.3 vs 13.2%, p < 0.001),
despite the fact that the orally fed patients had a higher
functional status (higher Barthel index) [5]. The FOOD
trials consisted of two large randomized studies that
enrolled dysphagic stroke patients [6]. In the first trial,
patients enrolled within 7 days of admission were randomly allocated to tube feeding or no tube feeding. Early
tube feeding was associated with an absolute reduction
in risk of death of 5.8%. The second trial allocated
patients to early nasogastric feeding or early feeding via

a percutaneous endoscopic gastrostomy (PEG) tube. PEG
feeding was associated with an absolute increase in the
risk of death of 1% and an increased risk of death or
poor outcome of 7.8%. Patients with a PEG were less
likely to be transitioned to oral feeding than the NG
group and were more likely to be living in an institution.
These two factors may in part explain the higher mortality of the PEG-fed patients. Furthermore, it was interesting to note that PEG-fed patients were more likely to
develop pressure sores, suggesting that these patients
may have been nursed differently. The FOOD trials
clearly demonstrate that dysphagic stroke patients who
“fail a swallow examination” should be fed early via
a nasogastric or feeding tube and transitioned to oral
feeding as their dysphagia resolves. Those patients
whose dysphagia does not resolve may be candidates for
placement of a PEG tube.
Colonized oral secretions are a serious threat to
dysphagic patients and feeding tubes offer no clear protection. There is no data to suggest that patients fed with
gastrostomy tubes have a lower incidence of pneumonia
than patients fed with nasogastric tubes. Similarly, the
incidence of aspiration pneumonia has been shown to be
similar in stroke patients with postpyloric as compared to
intragastric feeding tubes. Over the long term, aspiration
pneumonia is the most common cause of death in
gastrostomy tube–fed patients.

Pharmacologic Management
The neurotransmitter, Substance P, is believed to play
a major role in both the cough and swallow sensory
pathways. Angiotensin converting enzyme (ACE) inhibitors prevent the breakdown of Substance P and may theoretically be useful in the management of patients with
aspiration pneumonia. A number of studies have demonstrated a lower risk of aspiration pneumonia in stroke
patients treated with an ACE inhibitor compared to
other antihypertensive agents. These studies provide compelling evidence that patients with oropharyngeal dysphagia should be considered for treatment with an ACE
inhibitor (even if normotensive).
Sedative medication has been demonstrated to
increase the risk of pneumonia in residents of long term
care facilities and should therefore be avoided. The prescription of phenothiazines and haloperidol should be
very carefully considered, as they reduce oropharyngeal
swallow coordination, causing dysphagia. Medications
which dry up secretions, including antihistamines and
drugs with anticholinergic activity, make it more difficult
for patients to swallow and should therefore also be
avoided.
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Epidemiology
Aspiration pneumonia has been reported to be the second
most frequent principle diagnosis among hospitalization
of Medicare patients [7]. Several studies list “aspiration
pneumonia” as the cause of community acquired pneumonia (CAP) in 5–15% of cases. CAP is a major cause of
morbidity and mortality in the elderly and it is likely that
aspiration is the major cause of pneumonia in these cases.
Epidemiological studies have demonstrated that the incidence of pneumonia increases with aging, with the risk
being almost six times higher in those over the age of 75,
compared to those less than 60 years of age. Furthermore,
the mortality from pneumonia increases strikingly with
aging. The attack rate for pneumonia is highest among
those in nursing homes.

Risk Factors for Dysphagia and Aspiration
Pneumonia
Dysphagia is particularly common following a stroke. In
patients with an acute stroke, the incidence of dysphagia
ranges from 40% to 70%. Approximately 40–50% of
stroke patients with dysphagia, aspirate. Dysphagic
patients who aspirate are at an increased risk of developing
pneumonia. Specifically, the development of pneumonia
is seven times greater in stroke patients who aspirate, as
compared to those who do not. Although dysphagia
improves in most patients following a stroke, in many
the swallowing difficulties follow a fluctuating course
with 10–30% continuing to have dysphagia with aspiration. Elderly patients are at risk of silent cerebral infarction. Nakagawa et al. demonstrated that elderly patients
with silent cerebral infarction have a fivefold higher risk of
developing pneumonia than elderly patients with normal
head computed tomographic scans [8].
Almost all patients with degenerative diseases of the
central nervous system develop dysphagia. In patients
with Alzheimer’s disease, amyotrophic lateral sclerosis
(ALS), and Parkinson’s disease, dysphagia usually occurs
early in the course of the disease and the severity of
dysphagia does not necessarily relate to the overall severity
of the neurological disease. Considering the high incidence of cerebrovascular and degenerative neurological
diseases in nursing home residents it is not surprising
that the reported incidence of dysphagia in this population is between 50% and 75% and explains the extremely
high attack rate of pneumonia in these patients.
Patients who have undergone major surgical procedures particularly cardio-thoracic surgery are at a high
risk for aspiration and should undergone routine swallow
evaluation [9]. Similarly, ICU patients after tracheal
extubation are at high risk of aspiration because of
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swallowing dysfunction related to alterations of upper
airway sensitivity, glottic injury and laryngeal muscular
dysfunction. Alteration in the swallow reflex can be
detected in patients who have been intubated for as short
as 24 h. This abnormality usually recovers within 48 h. We
recommend withholding feeding for at least 6 h after
extubation (in case reintubation is required), followed by
a pureed and then soft diet for at least 48 h. A formal
swallow evaluation is suggested in cases of traumatic intubations and in patients with anatomical or functional
abnormalities of the upper airway.
Some types of malignancy, especially esophageal and
head and neck cancer, are associated with an increased risk
of aspiration, which may be due to an obstructive lesion or
a treatment complication. Almost half of the patients who
undergo concurrent chemotherapy and radiation for head
and neck cancer develop severe dysphagia leading to an
increased risk of aspiration pneumonia. The manifestations of aspiration in this group may be insidious because
of the depressed cough reflex.

Factors Which Increase the Risk of
Pneumonia in Patients Who Aspirate
While the presence of dysphagia and the volume of the
aspirate are key factors which predispose patients to aspiration pneumonia, a number of other factors play an
important role. Colonization of the oropharynx is an
important step in the pathogenesis of aspiration pneumonia. The elderly have increased oropharyngeal colonization with pathogens such as Staphylococcus aureus and
aerobic gram-negative bacilli (e.g., Klebsiela pneumoniae
and Escherichia coli). Although this increased colonization
may be transient, lasting less than 3 weeks, it underlies the
increased risk in the elderly of pneumonia with these
pathogens. The defects in host defenses that predispose
to enhanced colonization with these organisms are uncertain, however, dysphagia with a decrease in salivary clearance and poor oral hygiene may be major risk factors.
Edentulous patients have a lower risk of aspiration pneumonia than dentate patients.

Evaluation and Assessment
In patients with aspiration pneumonia the episode of
aspiration is generally not witnessed. The diagnosis is
therefore inferred when a patient with known risk
factors for aspiration has an infiltrate in a characteristic
bronchopulmonary segment. In patients who aspirate in
the recumbent position the commonest sites of involvement are the posterior segments of the upper lobes and the
apical segments of the lower lobes. Patients who aspirate
in the upright or semi-recumbent position the basal
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segments of the lower lobes are favored. The usual picture
is that of an acute pneumonic process, which runs a course
similar to that of a typical CAP. Untreated, however, these
patients appear to have a higher incidence of cavitation
and lung abscess formation. Gram-negative pathogens
and S. aureus are the likely pathogens in patients with
CAP due to aspiration pneumonia.
All elderly patients with CAP as well as patients with a
recent cerebrovascular accident as well as those with
degenerative neurological diseases should be referred to a
SLP for a formal swallow evaluation and for the development and implementation of a management program.
A clinicians bedside assessment of the cough and gag
reflex is unreliable in screening for patients at risk of
aspiration. The SLP can reliably identify those patients
who aspirate by performing a bedside swallowing evaluation supplemented by either a videofluoroscopic swallow
study or a fiberoptic endoscopic evaluation of swallowing
(FEES). This evaluation identifies those patients who
require further behavioral, dietary and medical management to reduce the risk of aspiration. In hospitalized
patients, nasogastric or feeding tubes are frequently
removed prior to the swallow evaluation. Due to scheduling difficulties this may lead to a prolonged period of
starvation. However, Leder and colleagues demonstrated
that a FEES can be performed with a NG tube in place and
that the presence of such a tube does not affect the results
of the swallow evaluation [10].

After-care
Due to the underlying cause of their dysphagia patients
who are hospitalized with aspiration pneumonia will
frequently return to or will require treatment in an
extended care facility. These patients will require ongoing
evaluation and treatment of their swallow dysfunction, as
well as ongoing assessment of the necessity for tube
feeding. Occupants of residential homes have been
shown to have poor oral hygiene and rarely receive treatment from dentists and oral hygienists. An aggressive
protocol of oral care will reduce colonization with potentially pathogenic organisms and decrease the bacterial
load, measures likely to reduce the risk of pneumonia.
Furthermore, a number of studies have demonstrated
that a protocol of aggressive daily oral care among elderly
nursing home patients resulted in a significant improvement of the swallow and cough reflex with a lower incidence of pneumonia.

Prognosis
The prognosis of patients with aspiration pneumonia is
largely dependent on the underlying disease responsible

for the dysphagia as well as the presence and number of
comorbidities. For most elderly, incapacitated and institutionalized patients, aspiration pneumonia is the mode
of death.

Economics
Katzan and colleagues reported that the incremental hospital cost of stroke patients who developed aspiration
pneumonia was $14 836, with these patients being much
more likely to require extended care [11]. While the societal costs of aspiration pneumonia are unknown, in the
USA over one million patients are hospitalized annually
with community acquired pneumonia with hospital costs
in excess of $10 billion [12]. It is likely that a large percentage of these patients suffer from aspiration pneumonia. With the graying of the population and the increasing
number of patients with cerebrovascular and neurodegenerative diseases and it is likely that the societal burden of
aspiration pneumonia will increase. Furthermore, these
costs do not take into account the “after-care” of patients
treated for aspiration pneumonia nor the human costs of
this disease in terms the personal and familial burdens of
this disease.

Conclusion
Dysphagia is the major pathophysiologic mechanism
leading to aspiration pneumonia. Dysphagia has a
negative impact on the quality of life for those suffering
from it. All elderly patients with clinical signs suggestive of
dysphagia and pneumonia should be referred for
a swallow evaluation. Patients with dysphagia require
a multidisciplinary approach to swallowing management,
aggressive oral care, and consideration for treatment with
an ACE inhibitor.
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Definition
The thoracic infection with Actinomyces is an indolent,
slow process involving the pulmonary parenchyma and
pleural space.

Symptoms
The infection accounts for 15–30% of actinomycosis cases
and often results from aspiration of infective material
from the oropharynx, and rarely following esophageal
perforation, by extension into the mediastinum from the
neck, or by spread from an abdominal site, and hematogenous spread to the lung [1, 2]. The infection often spreads
from pneumonic focus across lung fissures to involve the
pleura and the chest wall, with eventual fistula formation
and drainage containing sulfur granules [3]. The mediastinum, pericardium, and myocardium may also rarely
be affected through extension of the infection. The extension of the infection can cause tracheoesophageal,
chest wall muscles and soft tissues sinus tracts and skin
fistulas, pericarditis, myocarditis, or endocarditis. Posterior mediastinal involvement can lead to the epidural
space with spinal cord compression, vertebral infection
with bone destruction, or disease of paraspinal muscles
and soft tissues.
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Granules rarely are present in the sputum [4]. The
incidence of this complication, as well as the destruction
of thoracic vertebrae and adjacent ribs, has declined in the
antibiotic era [5].
Patients generally present with a chronic, indolent,
slowly progressing pneumonia with or without pleural
involvement. Patients’ complaints with thoracic actinomycosis are nonspecific. The most common one are
chest pain, a productive cough, dyspnea, weight loss, and
fever. Physical examination reveals diffuse rales and rhonchi. Decreased breath sounds can be appreciated if
a pleural empyema is present and the patient appears
chronically ill.
Anemia, mild leukocytosis, and an elevated sedimentation rate are relatively common. A history of underlying
lung disease is common, and patients rarely present in an
early stage of infection. The pulmonary lesion is either
a mass lesion or pneumonitis and may resemble tuberculosis, especially when cavity formation occurs, and blastomycosis, which may destroy ribs posteriorly but rarely
forms sinuses. Nocardiosis, bronchogenic carcinoma,
cryptococcosis, aspiration pneumonia, pulmonary infection, and lymphoma can also mimic thoracic actinomycosis. Pleural thickening, effusion, or emphysema are
common [6].

Evaluation/Assessment
Predisposing conditions include risk factor for aspiration,
alcohol or drug intoxication, altered mental neurological
status.
Appropriate microbiological and pathological studies
are essential for proper diagnosis. The high index of suspicion should be communicated to the microbiology diagnostic laboratory, along with material from draining
sinuses, from deep-needle aspiration, or from biopsy specimens. The most appropriate material to be sent for
culture or pathological studies is pus; tissue or sulfur
granules and swabs should be avoided [7]. Transbronchial
biopsies are less successful in providing a diagnosis and
surgical approach may be required. The specimen should
be expeditiously transported to the laboratory in media
supportive of anaerobic growth. It is advisable to avoid
antimicrobial therapy prior to obtaining a specimen.
Anaerobic culture is required, and no selective media are
available to restrict overgrowth of the slow-growing Actinomyces by associated microflora. The presence, in pus or
tissue specimens, of non-acid-fast, gram-positive organisms with filamentous branching is very suggestive of the
diagnosis. The characteristic morphology of sulfur granules and the presence of gram-positive organisms within
are helpful. In tissue sections stained with hematoxylin
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and eosin, sulfur granules are round or oval basophilic
masses with a radiating arrangement of eosinophilic terminal “clubs.” However, Actinomyces species are infrequently visible in sections stained with hematoxylin and
eosin; visualization is facilitated by special stains such as
Gomori methenamine silver, p-aminosalicylic acid,
McCallen-Goodpasture, and Brown-Benn. Multiple
biopsy sections from different tissue levels are
recommended to improve histopathologic diagnosis. The
granules must be distinguished from similar structures
that are sometimes produced in infections and that are
caused by Nocardia, Monosporium, Cephalosporium,
Staphylococcus (botryomycosis), and others. Actinomyces
and Arachnia generally can be differentiated from other
gram-positive anaerobes by means of growth rate (slow),
by catalase production (negative, except Actinomyces
viscosus), and by gas-liquid chromatographic detection
of acetic, lactic, and succinic acids produced in peptoneyeast-glucose broth. Direct fluorescent antibody conjugates and immunofluorescence testing can be used but
are not readily available to clinical microbiology laboratories. It is plausible that as 16S rRNA gene amplification
and sequencing becomes readily available the ability of
diagnosing the infection will increase.
Radiographic findings have the appearance of
pneumonitis or a mass lesion, and, frequently, a pleural
effusion is present and hilar adenopathy can be observed.
Imaging studies such as conventional radiography, computed tomography, and magnetic resonance imaging
(MRI) do not provide a specific diagnosis but allow
more accurate definition of the dimensions and extension
of the infection.

Treatment
Extended antimicrobial therapy (i.e., 6–12 months) has
typically been recommended for patients with all clinical
forms of actinomycosis, to prevent disease recrudescence.
However, individualization of courses of therapy is
recommended, where the duration of antibiotics depends
on the initial burden of disease, the site of infection, and
the clinical and radiologic response to treatment [8].
Proper drainage is needed if abscesses are present. The
use of antibiotics has greatly improved the prognosis for
all forms of actinomycosis. Currently, cure rates are high
and neither deformity nor death is common.
Penicillin G is the drug of choice for treating an infection caused by any of the Actinomyces. It is given in high
dosage over a prolonged period because the infection has
a tendency to recur. Most deep-seated infections can
be expected to respond to intravenous penicillin G,
10–20 million units/day given for 2–6 weeks, followed by

an oral phenoxypenicillin in a dosage of 2–4 g/day. A few
additional weeks of oral penicillin therapy may be adequate for uncomplicated cervicofacial disease; complicated cases and extensive pulmonary or abdominal
disease may require treatment for 12–18 months.
Acquired resistance to penicillin G by Actinomyces during
prolonged therapy is rare. The combination of a penicillin
(i.e., amoxicillin, piperacillin) and a beta-lactamase inhibitor (i.e., clavulanate, tazobactam) offers the advantage of
coverage against penicillin-resistant aerobic and anaerobic
co-pathogens. Some of these co-pathogens can produce
the enzyme beta-lactamase that can “shield” Actinomyces
from penicillin [9]. Alternative first-line antibiotics
include amoxicillin, tetracycline, erythromycin, chloramphenicol, and clindamycin. First-generation cephalosporins, ceftriaxone, and imipenem also have been
employed successfully. Metronidazole, aminoglycosides,
aztreonam, co-trimoxazole (TMP-SMX), penicillinaseresistant penicillins (e.g., methicillin, nafcillin, oxacillin,
cloxacillin), and cephalexin and antifungal drugs are
not active against these organisms. The data concerning
the fluoroquinolones (ciprofloxacin, gatifloxacin, and
moxifloxacin) are insufficient. In vitro antibiotic sensitivity testing of Actinomyces is difficult, and the results may
not be predictive of antibiotic activity in vivo [10].
The need to use combination antibiotic therapy to
cover also microorganisms that are isolated in association with Actinomyces has not been established. However,
since many of these organisms are known pathogens,
coverage may be required for them as well. This approach
is particularly important in lower abdominal infections.
Surgical removal of infected tissue may also be necessary
in some cases, especially if extensive necrotic tissue or
fistulas are present, if malignancy cannot be excluded,
and if large abscesses cannot be drained by percutaneous
aspiration.
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Synonyms
Intensive care
pneumonia

unit–treated

community-acquired

Definition
Pneumonia is an infection of the pulmonary parenchyma
caused by bacteria, viruses, fungi, or protozoa, and community-acquired pneumonia (CAP) is the leading cause of
infectious death in the United States. Pneumonia is typically classified according to the site of acquisition of the
infection, but this classification has been modified somewhat over the last few years. Rather than being considered
simply as either community-acquired or hospitalacquired infection, a third category has been introduced,
referred to as health-care associated pneumonia (HCAP).
The reason for this is the recognition of a subgroup of
pneumonia patients whose infection is typically caused by
pathogens which more closely resemble those of nosocomial than community origin and which are more likely to
be multidrug resistant. Pneumonia is now therefore generally regarded as being either community-acquired,
health-care associated or hospital-acquired/ventilator
associated. This classification has been helpful in designing strategies for the management of pneumonia patients
and particularly for developing empirical antibiotic regimens for the initial treatment of such patients.
CAP can be further broken down into those patients
treated as outpatients and those requiring hospitalization.
The latter includes non-intensive care unit (ICU) and
ICU-managed patients. An approximation of the relative
percentages in each category is: outpatients, 80%;
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hospitalized non-ICU patients, 18%; and hospitalized
ICU patients, 2%.
The obvious question is where exactly does severe CAP
fit in? The difficulty in providing a definitive answer to this
lies in the fact that there is no universally accepted definition of severe CAP. It is often, however, regarded simply
and pragmatically as CAP requiring admission to the ICU.
Such patients include those with one of two major criteria
or with three or more minor criteria as suggested in the
joint CAP guidelines of the Infectious Disease Society of
America (IDSA) and the American Thoracic Society
(ATS) [1]. These criteria are given in Table 1.

Evaluation and Assessment
It is extremely important to be able to identify patients
with severe CAP. ICU facilities, resources, and personnel
are relatively limited in most hospitals, and the inappropriate admission to the ICU of patients not requiring such
care may prevent a deserving patient from receiving
proper management. Also, the subsequent transfer of
patients with CAP to the ICU for delayed onset of respiratory failure or septic shock who were first admitted to
a hospital ward is associated with increased mortality. An
accurate prediction rule that permits identification of
severe CAP patients early in the course of illness facilitates
their appropriate initial management and antibiotic treatment and is an important strategy for mortality reduction
[2]. Various criteria and prediction rules have been developed over the years with the two best known being
the Pneumonia Severity Index (PSI) and various CURB
indices [3].
The PSI was originally developed to identify patients
well enough to be sent home and as such is not a true
severity score. Patients are assigned points based upon
predetermined variables and then are allocated to one of

Pneumonia, Community-Acquired. Table 1 Criteria for
severe community-acquired pneumonia
Minor criteria

Major criteria

●
●
●
●
●
●

● Invasive mechanical
ventilation
● Septic shock with the
need for vasopressors

Respiratory rate  30/min
PaO2/FIO2  250
Multilobar infiltrates
Confusion
Uremia (BUN  20 mg/dl)
Neutropenia (<4,000 cells/
mm3)
● Thrombocytopenia
(<100,000 cells/mm3)
● Hypothermia (<36 C core)
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five classes. This approach, however, is heavily age
weighted and may result in an underestimation of severity
in younger patients. It is also quite complex and involves
20 variables.
CURB is an acronym standing for Confusion, Urea,
Respiratory Rate, and Blood Pressure, and CURB-65
includes age 65 years. It is a true severity index, is very
easy to use, but does not account for comorbidity. Both
rules are therefore somewhat flawed when it comes to
predicting the need for ICU admission, and a recent
study suggested that neither was particularly accurate for
predicting the need for ICU care.
The major criteria suggested by the IDSA/ATS CAP
guidelines for severe CAP have been recently validated in
a study by Liapikou, and the minor criteria for this entity
were validated in a study by Phua.
Another severity assessment tool is “SMART-COP”
which claims to predict the need for intensive respiratory
or vasopressor support. It is also an acronym and represents low systolic blood pressure, multilobar chest radiographic involvement, low albumin, high respiratory rate,
tachycardia, confusion, poor oxygenation, and low arterial
pH. Five of these eight criteria are consistent with the
minor severity criteria in Table 1, but the study has yet to
be corroborated by independent investigators.

Diagnosis
Essentially there are two questions to be answered when
confronted with a patient with possible CAP. These are:
(1) is this pneumonia versus some other entity and (2) if it
is pneumonia, what is the pathogen? Unfortunately, gold
standards are nonexistent in both cases.
Instead the diagnosis is made by combining information from a careful history, physical examination, and
certain laboratory tests and procedures and then making
an informed “guesstimate.” For cases of severe CAP, the
data on microbiological diagnosis are somewhat better
than for other types of CAP since more aggressive and
invasive tests are typically used.
A detailed history may reveal certain risks for specific
pathogens based upon epidemiological clues or patient
related details such as prior splenectomy. The findings
on physical examination, however, are not necessarily
helpful as the sensitivity and specificity of such findings
range from an average of 58–67%, respectively.
Of the various laboratory tests and procedures, the
chest X-ray may well be the most important to help
differentiate CAP from other possible conditions. It may
also act as a baseline and indicate risks for increased
severity if findings such as cavitation or multilobar
involvement are noted.

The sensitivity and specificity of the sputum gram
stain and culture are quite variable, and even in cases of
proven bacteremic pneumococcal pneumonia, the yield of
positive culture is less than or equal to 50%. For those
patients admitted to the ICU and intubated, a deep suction aspirate or bronchoalveolar lavage sample should be
sent off as soon as possible. The greatest benefit from the
identification of respiratory secretions is if they alert the
physician to unsuspected and/or resistant pathogens
thereby allowing antimicrobial treatment to be modified
appropriately.
The yield from blood cultures is in general disappointingly low with CAP, and only about 5–14% are positive in
hospitalized CAP patients. Despite this, they should be
obtained routinely from all patients with severe CAP as the
return is somewhat higher in this subgroup of patients and
there is a greater likelihood of finding a pathogen that is
resistant to usual antimicrobial therapy.
Urine antigen tests for Legionella and Streptococcus
pneumoniae are recommended and, in cases of suspected
influenza infection, rapid point of care diagnostic tests
should also be employed.
Generally, polymerase chain reaction techniques are
not available for routine use, and serology as a diagnostic tool for identifying atypical pathogens is to be
discouraged.

Biomarkers
Various biomarkers have been proposed to help with the
diagnosis and prognosis of pneumonia. Two of the best
known of these are procalcitonin and C-reactive protein
(CRP). The former is the precursor peptide of calcitonin,
and it is known that bacterial infection can induce the
release of this molecule from many tissues and cell types.
CRP on the other hand belongs to a family of proteins
called pentaxins and is an acute phase reactant produced
by the liver in response to IL-6 and tumor necrosis factor.
While there are data to suggest that with severe CAP
increased PCT and CRP levels may be useful as prognostic
indicators, the ideal biomarker has yet to be found. The
exact roles for PCT and CRP have still not been delineated
but, at best, they are currently only complementary tools
to be used in conjunction with the usual clinical and
microbiological approaches to severe CAP.

Treatment
Epidemiology and Etiology
Since pneumonia is not a reportable disease, we do not
have exact figures, but it is estimated that approximately
four million CAP cases occur annually in the United
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Pneumonia, Community-Acquired. Table 2 Recommended initial empiric antibiotics for severe CAP (IDSA/ATS)
A beta-lactam (cefotaxime, ceftriaxone, ampicillin-sulbactam,) plus either azithromycin or a fluoroquinolone
Special concerns
● If Pseudomonas is a consideration
● An antipneumococcal, antipseudomonal b-lactam (piperacillin/tazobactam, cefepime, imipenem, meropenem) plus either
ciprofloxacin or levofloxacin (750 mg dosage)
or
● The above b-lactam plus an aminoglycoside and azithromycin
or
● The above b-lactam plus an aminoglycoside and an antipneumococcal fluoroquinolone (for penicillin-allergic patients,
substitute aztreonam for b-lactam)
or
● If CA-MRSA is a consideration, add linezolid or vancomycin

States. Of these, roughly 2% or 80,000 patients have severe
CAP requiring management in an ICU setting. Although
multiple risk factors have been found for pneumonia, high
alcohol intake (>100 g/day for men and >80 g/day for
women) is an independent risk factor for severe CAP and
there is a trend for steroid use (20 mg/day) to be associated with severe CAP.
The most likely pathogens to be encountered are
S. pneumoniae, community-associated methicillinresistant Staphylococcus aureus (CA-MRSA), gramnegative enteric bacilli, and Pseudomonas aeruginosa.
Atypicals such as Legionella species must also be considered. Ten percent or more of severe CAP patients may have
mixed etiologies [4].

Antimicrobial Treatment
The initial antimicrobial treatment of severe CAP utilizes
an aggressive and broad-spectrum approach. The basic
premises underlying such an approach are that such
patients are very ill, have a high risk of dying, and may
be infected by multiple and possibly antimicrobialresistant pathogens. Therefore, combination therapy is
recommended even if pseudomonas is not a consideration. If it is a possibility, then two agents active against
this pathogen should be given. If CA-MRSA is
a possibility, either linezolid or vancomycin should be
added to the initial antibiotic combination. Risk factors
for Pseudomonal pneumonia are structural lung diseases,
frequent steroid and/or antibiotic use, and recent antibiotic treatment. Risk factors for staphylococcal pneumonia
include IV drug abuse, end stage renal disease, recent
influenza infection, and recent antibiotic therapy.
The treatment regimens recommended by the IDSA/
ATS and the European Respiratory Society [5] are given in
Tables 2 and 3. While the IDSA/ATS and ERS guidelines
differ somewhat in their approaches to the antimicrobial

Pneumonia, Community-Acquired. Table 3 Treatment
options for patients with severe CAP (ERS)
No risk factors for P. aeruginosa
● Non-antipseudomonal 3G cephalosporin + macrolide or
● Non-antipseudomonal 3G cephalosporin + (moxifloxacin
or levofloxacin)
Risk factors for P. aeruginosa
● Antipseudomonal cephalosporin or
● Acyl ureidopenicillin/b-lactam inhibitor or carbapenem +
ciprofloxacin
3G cephalosporin third-generation cephalosporin

treatment of CAP outpatients and those requiring hospital
admission but not ICU management, they are quite close
in their suggested management of severe CAP. The one
obvious difference is the lack of mention of CA-MRSA in
the ERS statement.
Although the fluoroquinolones are important drugs
for the treatment of pneumonia, there are insufficient data
to support the use of monotherapy with a fluoroquinolone in severe CAP. Monotherapy with a beta-lactam or
macrolide would be inappropriate as well for initial
empiric treatment of such cases. A study by Rodriguez
showed that combination antimicrobial treatment
improves survival in severe CAP patients with shock but
not in those without shock [6].
There has been some debate regarding the optimal
treatment of bacteremic pneumococcal pneumonia. Several studies have suggested that dual therapy may be
advantageous, particularly when one of the antibiotics is
a macrolide. However, with one exception, these studies
were all retrospective and did not necessarily include
patients who met the criteria for severe CAP. This question
is probably best answered on an individual basis by taking
into account the patient’s clinical response and status at
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the time that the pathogen is identified. Possible explanations for the better results include the possibility of
an additive or synergistic effect, the role of antimicrobial tolerance, coverage of “other pathogens,” and
immunomodulation. Such an effect may extend to severe
CAP as well.

Adjuvant Measures
As part of the response to severe infection, both inflammation and thrombosis can contribute to the increased
morbidity and mortality. Activated Protein C (APC) and
Tissue Factor Pathway Inhibitor (TFPI) are both endogenous modules exhibiting anti-inflammatory and anticoagulant properties. It was found that with patients with an
APACHE II score of 25, the greatest reduction in mortality rate when using drotrecogin alpha activated was for
S. pneumoniae–infected patients [7]. No significant effect
was found if it was used for patients with severe CAP
caused by pathogens other than S. pneumoniae and if
appropriate antibiotics were used. A recently completed
trial with TFPI in severe CAP failed to show a significant
reduction in mortality.
As far as steroids are concerned, there are some data to
suggest that they improve outcomes in vasopressordependent patients with septic shock exhibiting an inappropriate cortisol response to stimulation. As a general
rule, however, available studies do not support the use of
steroids as a standard of care for patients with severe CAP.

After-care
Patients may in some cases require additional care and
management once the infection has resolved. Depending
upon the severity of the infection, the length of time spent
in the ICU, the age of the patient, and comorbid illnesses,
the type of after-care can vary from a relatively routine
recovery on a hospital ward and at home to a protracted
course of rehabilitation in a specialized unit.
Various comorbid conditions must be addressed and
deconditioning should be aggressively dealt with using
appropriate physical therapy and rehabilitation measures.
Any possible predisposing conditions such as alcoholism
or the need for steroid use must also be dealt with.

Prognosis
The mortality rate due to severe CAP has shown little
improvement over the past 3 decades, remaining between
25% and 40%. It is now also appreciated that older
patients who survive an episode of CAP hospitalization
whether in the ICU or not have a greater chance of dying
in the subsequent months. A rapid diagnosis and early and
appropriate management of patients with severe CAP in

an ICU setting using specific measures such as antimicrobials and supportive and adjunctive measures may help to
reduce morbidity and mortality in certain patients.
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Synonyms
Bronchopneumonia; Community-acquired pneumonia
(CAP); Health-care-associated pneumonia (HCAP);
Lobar pneumonia

Definition
Pneumonia is a respiratory illness characterized by
inflammation of the lung parenchyma (i.e., the alveoli,
excluding the bronchi) with congestion caused by viruses,
bacteria, fungi, or irritants. A diagnosis of pneumonia is
confirmed by the presence of clinical features (i.e., cough,
fever, sputum production, and pleuritic chest pain) and
supporting evidence on lung imaging, usually chest radiography. Radiographic evaluation is necessary to differentiate pneumonia from other processes presenting with
similar clinical features, such as bronchitis, and may provide evidence of alternate diagnoses, complications, or
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prognostic data. While the sensitivity of CT scans may be
superior to chest radiography, the clinical significance
(when chest radiography is negative) is uncertain. Physical
examination findings are less sensitive and less specific
than radiography and both clinical features and exam
findings may be absent in elderly patients or those with
altered mental status.
Community-acquired pneumonia (CAP) occurs when
individuals who have not recently had contact with the
health-care system develop an infection of the lungs
(pneumonia). CAP is a common illness and can affect
people of all ages. Symptoms of CAP often include difficulty breathing, fever, chest pain, and cough.
Health-care-associated pneumonia (HCAP) is defined
as pneumonia in patients with recent close contact with
the health-care system as follows:
1. Hospitalization for 2 or more days within the preceding 90 days
2. Residence in a nursing home or extended care facility
3. Home infusion therapy (including antibiotics)
4. Chronic dialysis within the preceding 30 days
5. Home wound care
6. Family member with multidrug-resistant pathogen
Hospital-acquired pneumonia (HAP) is defined as
pneumonia that arises 48 h or more after hospital admission (excluding those that were incubating at the time of
admission).
Ventilator-associated pneumonia (VAP) is defined as
pneumonia that occurs 48–72 h after endotracheal
intubation.
This entry will focus on the initial management of
CAP and HCAP. Management of HAP and VAP are
beyond the scope of this entry.

Treatment
Initial management of patients with pneumonia is largely
determined by the form of pneumonia present and an
assessment of illness severity. Generally speaking, pneumonia can be classified into one of four categories (listed
in order of increasing likelihood of multidrug-resistant
pathogens): Community-Acquired Pneumonia (CAP),
Health-Care-Associated Pneumonia (HCAP), HospitalAcquired Pneumonia (HAP), or Ventilator-Associated
Pneumonia (VAP).
Perhaps the most important decision regarding the
care of patients diagnosed with pneumonia in a clinic or
emergency department setting is whether or not the
patient requires hospital admission (patients with HAP
and VAP are, by definition, admitted patients at the time
the diagnosis is made) [1]. The cost of hospital admission
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accounts for the majority of the estimated $8.4–$10 billion
in annual cost of treatment for CAP in the USA alone [1].
Unfortunately, little data exists to assist clinicians with the
admission decision for patients with HCAP and therefore
clinicians must rely on clinical judgment. However, in the
case of CAP, clinicians can utilize validated severity of
illness scores, such as the CURB-65 [2], or prognostic
models, such as the Pneumonia Severity Index (PSI) [3]
to identify patients who may be eligible for outpatient
treatment. Furthermore, for those patients requiring
hospital admission, these tools can aid the clinician in
deciding the proper site of care (medical ward or intensive
care unit).
The CURB-65 score is made up of the sum of
the presence of the following variables (one point for
each criteria met): confusion, BUN level >7 mmol/L
(20 mg/dL), respiratory rate 30 breaths/min, hypotension (systolic <90 mmHg or diastolic 60 mmHg, and
age 65 years). The CURB-65 investigators recommend
that patients with a score of 0–1 be treated as outpatients
(30-day mortality of 0.7% and 2.1%, respectively), those
with a score of 2 be admitted to a medical ward (30-day
mortality of 14.5%), while those with scores of 3 require
ICU care (with 30-day mortality rates of 40% or more) [2].
While the CURB-65 criteria are easy to remember
(and therefore use), the PSI has been better studied but
is more difficult to implement because it includes 20 variables. The PSI score consists of points assigned on the basis
of characteristics of the presenting illness and comorbid
conditions. The total PSI score stratifies patients into five
mortality classes that are associated with the risk of death
at 30 days. Class I and II patients are candidates for
outpatient treatment. Class III patients are best treated as
inpatients (either an observation unit or short hospitalization). Class IV and V patients should be treated as
inpatients [3]. It is always important to note when
discussing clinical decision rules that physician judgment
should supersede the rule if there is concern. Patients
deemed to be candidates for outpatient therapy may still
require admission if they are unable to tolerate oral medications, have concomitant exacerbations of other disease
processes, or have complications of the pneumonia itself
(such as hypoxia).
Once the diagnosis has been confirmed, the classification of pneumonia established (CAP, HCAP), and the
disposition determined, further diagnostic testing and
treatment decisions easily follow. The most common pathogens for CAP treated as an outpatient include (in order
of descending prevalence) Streptococcus pneumoniae,
Mycoplasma pneumoniae, Haemophilus influenzae,
Chlamydophila pneumoniae, and respiratory viruses. For
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CAP treated on the medical ward, the most common
etiologies include S. pneumoniae, M. pneumoniae,
C. pneumoniae, H. influenzae, Legionella species, aspiration, and respiratory viruses. For CAP patients requiring
ICU admission, the most common etiologies include S.
pneumoniae, Staphyloccocus aureus, Legionella species,
Gram-negative bacilli, and H. influenzae. Little data is
available regarding the etiology of HCAP in patients who
are not mechanically ventilated. However, it appears that
the pathogens responsible for HCAP resemble those of
late-onset HAP and VAP (i.e., S. aureus, enteric gramnegative rods, S. pneumoniae, and Pseudomonas species)
[4]. Empiric antibiotic therapy, based upon form of pneumonia and site of admission, targets these pathogens,
respectively. Therefore, diagnostic testing should be
selectively employed only for patients with clinical and
epidemiologic clues for alternative pathogens whose presence would significantly alter patient management [1].
The risk of clinical failure and death increase with inappropriate antibiotics and therefore this point cannot be
overemphasized.
For CAP patients deemed appropriate candidates for
outpatient therapy, no further diagnostic testing is necessary. CAP patients being admitted to a medical ward
should have additional diagnostic testing. Pre-antibiotic
blood cultures should be obtained for those with cavitary
lesions on chest radiography, leukopenia, alcohol abuse,
chronic severe liver disease, asplenia, positive pneumococcal urinary antigen testing (UAT), or pleural effusions.
Sputum samples should be obtained for Gram stain and
culture for those patients failing outpatient antibiotic
therapy, cavitary lesions, alcohol abuse, severe obstructive/structural lung disease, positive Legionella UAT, positive pneumococcal UAT, or pleural effusions. Legionella
UAT should be performed for those failing outpatient
antibiotic therapy, alcohol abuse, recent travel (within
past 2 weeks), or pleural effusions. Pneumococcal UAT
should be performed for those failing outpatient antibiotic therapy, leukopenia, alcohol abuse, chronic severe
liver disease, asplenia, or pleural effusions. Fungal and
tuberculosis cultures should be obtained in the setting of
cavitary lesions. Thoracentesis and pleural fluid cultures
should be obtained for those with pleural effusions. Each
of these diagnostic tests should be performed for CAP
patients requiring ICU admission. Additionally, for those
requiring endotracheal intubation, endotracheal aspirates
should be sent for Gram stain and culture [1]. For HCAP
patients requiring admission, blood and lower respiratory
tract samples should be obtained for culture [4]. It is
worth noting here that the utility of sputum Gram stain
and culture is highly variable among institutions and is

dependent upon proper techniques along the continuum
of the process, including specimen collection, transport,
processing, use of cytologic criteria, absence of prior antibiotic therapy, and skill level of the interpreting technician. UAT for both Legionella and pneumococcus is easy to
perform, rapid, remains positive after antibiotic administration, and remains positive for days (pneumococcus) to
weeks (Legionella). The benefits of UAT in the initial
management are unclear, as positive testing has not been
shown to be adequate for narrowing the antibiotic
spectrum [1].
Proper antibiotic therapy is the mainstay of pneumonia treatment. As noted previously, empiric antibiotic
therapy is aimed at the most likely pathogens, stratified
by site of treatment. Outpatient treatment for CAP among
previously healthy patients with no antibiotic use within
the prior 3 months consists of a macrolide or doxycycline.
For patients with comorbidities (including chronic heart,
lung, liver, or renal disease, diabetes, alcoholism, malignancies, asplenia, immunosuppression, or antibiotic use
within the prior 3 months), a respiratory fluoroquinolone
(such as moxifloxacin, gemifloxacin, or levofloxacin) or
a beta-lactam and a macrolide should be used. For patients
with antibiotic use within the prior 3 months, an antibiotic of a different class than what had been used should
be prescribed. For regions with >25% rates of infection
with high-level (MIC 16 mg/mL) macrolide-resistant
S. pneumoniae, a respiratory quinolone or beta-lactam/
macrolide regimen should be considered [1].
CAP patients admitted to a medical ward (non-ICU)
should be empirically treated with a respiratory quinolone
or a beta-lactam/macrolide regimen [1].
CAP patients requiring ICU admission should be
treated with a beta-lactam (ceftriaxone, cefuroxime,
or ampicillin-sulbactam) plus either azithromycin or
a respiratory quinolone. For patients with penicillin
allergies, a respiratory quinolone plus aztreonam is
recommended. For patients with risk factors for Pseudomonas infection (including structural lung diseases such
as bronchiectasis, repeated exacerbations of severe
COPD and frequent steroid and/or antibiotic use,
or prior antibiotic therapy), an antipneumococcal,
antipseudomonal beta-lactam (piperacillin-tazobactam,
cefepime, imipenem, or meropenem) is recommended in
addition to one of the following: antipseudomonal quinolone (ciprofloxacin or levofloxacin), an aminoglycoside
and azithromycin, or an aminoglycoside and an antipneumococcal fluoroquinolone. For penicillin-allergic
patients, aztreonam can be substituted for the betalactam. If the patient is at risk for community-acquired
methicillin-resistant S. aureus (CA-MRSA) (including
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end-stage renal disease, injection drug use, prior influenza, and prior antibiotic therapy, particularly with
fluoroquinolones), vancomycin or linezolid should be
added to the antibiotic regimen [1].
The currently recommended antibiotic regimen for
hospitalized HCAP consists of double coverage for
Pseudomonas with an antipseudomonal cephalosporin
(cefepime, ceftazidime) or an antipseudomonal
carbapenem (imipenem, meropenem) or a beta-lactam/
beta-lactamase inhibitor (piperacillin-tazobactam) plus
and antipseudomonal fluoroquinolone (ciprofloxacin,
levofloxacin) or aminoglycoside (amikacin, gentamicin,
tobramycin). Additionally, MRSA coverage with either
linezolid or vancomycin is recommended [4]. A recent
survey of hospitalists, internists, emergency physicians,
and intensivists found that while the respondents reported
being aware of these guidelines, only a minority (9%)
would have provided guideline-concordant antibiotic
therapy for hypothetical HCAP cases, as opposed to 78%
of the time for hypothetical CAP cases [5]. This may
reflect the controversy and uncertainty regarding the
need for broad-spectrum antibiotic therapy for patients
who meet HCAP criteria but are clinically stable. The
Infectious Disease Society of America and the American
Thoracic Society are scheduled to release updated treatment guidelines for HCAP in the near future, which may
clarify this issue.
Regulatory agencies and insurers have recently paid
a great deal of attention to the time to first antibiotic dose
(with recommendations/measures calling for antibiotics
within 4–8 h from initial presentation) for patients admitted with CAP via an emergency department as a quality
measure. However, this topic remains highly controversial
due to the retrospective nature and issues of internal
consistency of the initial studies in support of rapid antibiotic administration and contradictory data from other
studies with respect to antibiotic timing and its association with mortality, time to clinical stability, or length of
hospital admission, and the unintended consequences that
accompany efforts to increase compliance with such
a measure. In their most recent joint CAP management
guidelines, the Infectious Disease Society of America and
the American Thoracic Society take a metered approach to
this issue and simply recommend that antibiotics be
administered as soon as the pneumonia diagnosis is considered likely (preferably while the patient is still in the
emergency department) [1].
Other therapeutic interventions may be required
depending on the patient’s clinical status and response to
initial therapy. Pneumonia is the leading underlying infection in patients with severe sepsis and septic shock. Patients
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with severe sepsis or septic shock (heralded by persistent
hypotension despite adequate intravenous fluid administration (20 ml/kg), elevated lactate levels, or evidence of
multiorgan failure) should be considered as candidates for
aggressive sepsis resuscitation bundles. These treatment
bundles may include vasopressor therapy, monitoring of
mixed venous oxygenation, serial lactate levels, inotropic
agents, blood transfusions, mechanical ventilation with low
tidal volumes, drotrecogin alpha activated, tight glycemic
control, and screening for adrenal insufficiency. Several of
these interventions, however, remain controversial and
studies are underway to clarify their utility.

Evaluation/Assessment
It is estimated that 6–15% of hospitalized CAP patients fail
to respond to empiric antibiotic administration and up to
45% of patients with CAP who ultimately require ICU
admission were initially admitted to a non-ICU setting.
Mortality among these nonresponders is elevated multiple
times over those who respond. Use of the CURB-65 or PSI
may improve upon a clinician’s ability to admit patients to
the proper site of care at the outset. Nonresponse among
hospitalized patients can be divided into two separate
categories. Patients with progressive disease or clinical
deterioration leading to respiratory failure and/or septic
shock generally within the first 72 h constitute the first
category. The second category is made up of those with
persistent or nonresponding pneumonia, defined as the
absence of or delay to clinical stability (or achieving
a temperature 37.8 C, heart rate 100 beats/min, respiratory rate 24 breaths/min, systolic blood pressure
90 mmHg, arterial oxygen saturation 90%, ability to
maintain oral intake, and normal mental status). Studies
have found that the median time to clinical stability is
3 days, and thus practitioners should reserve therapeutic
escalation for those failing to respond after 72 h (unless
there is clinical deterioration or culture data suggests
a change in therapy). Finally, a study evaluating patients
with non-resolving infiltrates (>30 days) found that up to
20% had diseases other than CAP [1].

After-care
Patients treated as outpatients should be educated as to
signs of treatment failure or clinical deterioration and
should be advised to seek immediate medical assistance if
these should occur. Otherwise, these patients should follow
up with their primary care physicians. These patients should
ultimately be screened for candidacy for influenza vaccination, pneumococcal vaccination, and smoking cessation.
According to the Center for Disease Control and Prevention
(CDC), influenza vaccination is recommended for those
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50 years of age, those considered at high risk for influenza
(chronic cardiovascular or pulmonary disease, chronic metabolic disease, diabetes, renal dysfunction, hemoglobinuria,
immunocompromised states, compromised respiratory
function, pregnancy, long-term care facility residents, and
those 18 years of age on aspirin therapy), household
contact of high-risk persons, health-care providers, and
children 6–23 months of age. The CDC recommends pneumococcal vaccination for those 65 years of age, those at
high risk of pneumococcal infection (chronic cardiovascular, pulmonary, renal, or liver disease, diabetes, cerebrospinal fluid leaks, alcoholism, asplenia, immunosuppressive
conditions, Native Americans and Alaska natives, and
long-term care facility residents), and current smokers.
Patients admitted to the hospital should be screened for
influenza and pneumococcal vaccination status at hospital
admission and receive these vaccinations if candidates prior
to discharge or during outpatient follow-up. Hospitalized
patients who smoke should receive smoking cessation
counseling during their admission. All patients with pneumonia should be educated with respect to proper respiratory hygiene, including hand hygiene and tissues for those
with cough in order to minimize the spread of disease [1].

Prognosis
CAP, together with influenza, is the seventh leading cause
of death in the USA, with an estimated incidence of more
than 915,000 cases per year in adults 65 years of age
alone. Mortality due to pneumonia has not significantly improved since penicillin became available [1].
As noted previously, use of the CURB-65 criteria or PSI
classification can assist clinicians with predicting mortality upon initial evaluation. By using this information,
clinicians are better able to determine the appropriate
site of treatment and choice of initial therapy. Proper
initial antibiotic selection, more so than the timeliness of
antibiotic administration, has been associated with mortality. It is hoped that incorporation of the initial risk
stratification, empiric antibiotic administration (based
upon form of pneumonia, initial illness severity, epidemiologic clues, and incorporation of local susceptibility
data), smoking cessation, influenza and pneumococcal
vaccination administration, and judicious use of appropriate diagnostic testing can lead to reductions in
mortality.
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Synonyms
Health-care-acquired pneumonia

Definition and Rationale
Pneumonias have traditionally been classified as community
or hospital acquired. However, out-of-hospital care is
becoming more complex, and an increasing number of
patients now reside in nursing homes, receive outpatient
parenteral therapy, attend hemodialysis clinics, and receive
domiciliary care. As a result, the classical distinction between
community-acquired and hospital-acquired pneumonia has
become less clear. In this regard, pneumonia occurring
among patients in close contact or exposure to the health
environment system has recently been termed “healthcareassociated pneumonia” (▶ HCAP) [1, 2]. This new
category of respiratory infection has been documented
in the 2005 American Thoracic Society/infectious Diseases
Society of America (▶ ATS/▶ IDSA) guidelines [3].
In general, patients with HCAP are considered to be at
increased risk of infection caused by multidrug-resistant
bacteria and require a targeted approach when selecting
empirical antibiotic therapy.
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Characteristics
Criteria for HCAP
According to the ATS/IDSA guidelines [3], HCAP
includes any patient who was hospitalized in an acute
care hospital for two or more days within 90 days of
infection; resided in a nursing home or long term facility;
received recent intravenous therapy, chemotherapy,
or wound care within the past 30 days of the current
infection; or attended a hospital or hemodialysis clinic.
Other studies of HCAP have also included immunocompromised patients [4]. The definition of immunosuppression included the following criteria: daily
administration of corticosteroids (at least 5 mg per day
of prednisone or an equivalent drug); seropositivity for
human immunodeficiency virus; having received either
solid organ transplant or bone marrow transplant; treatment with radiation therapy or chemotherapy for an
underlying malignancy during the 6 months prior to hospital admission; and having an underlying acquired
immune deficiency disorder (hypogammaglobulinemia,
combined variable immunodeficiency) [4].

Epidemiology
The reported incidence of HCAP among patients admitted to hospital for pneumonia ranges from 17% to 67%,
depending on the geographic area, the population
enrolled, and the study methods used [1, 2, 4, 5]. Overall,
the prevalence of HCAP relative to community-acquired
pneumonia (▶ CAP) in persons presenting to the hospital
with pneumonia has been found to be higher in the USA
[1, 4] than in Europe [2, 5]. Hospitalization within 90 days
before pneumonia, attending a hemodialysis clinic, and
residing in nursing homes or long-term facilities are the
most common criteria for HCAP. Compared with patients
with CAP, patients with HCAP are older, have greater
comorbid conditions, are more frequently classified into
high-risk pneumonia severity classes, and are less likely to
be black [1, 2, 4]. In a multicenter Italian study [5],
patients with HCAP had higher mean Sequential Organ
Failure Assessment scores and were more frequently malnourished than did those with CAP. Comorbid conditions
that are particularly frequent among patients with HCAP
include diabetes mellitus, chronic obstructive pulmonary
disease, chronic cardiovascular disease, cerebrovascular
disorders, and cancer [1, 2, 4, 5].

Clinical Manifestations
The clinical presentation of HCAP is frequently unusual
and nonspecific as a consequence of different conditioning factors, including advanced age, the presence of
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neurological disorders, and/or multiple chronic comorbid
conditions. HCAP is associated with a reduced prevalence
of symptoms as compared to CAP, especially regarding the
febrile response (chills and sweats) and for symptoms
of pain (pleuritic chest pain, headache, and myalgia)
[5]. Conversely, impaired consciousness at presentation
is particularly frequent among elderly patients with HCAP
[2]. Patients with HCAP have frequent bilateral and
multilobar involvement on chest radiography [2, 5].
The presence of pleural effusion is documented in
19–45% of cases [2, 5]. Respiratory failure is relatively
common. Approximately half of patients with HCAP
have leukocytosis. Septic shock at onset has been
documented in 5% of cases [2].

Causative Organisms
HCAP may be caused by a wide spectrum of bacterial
pathogens and is rarely due to viral o fungal pathogens
in immunocompetent hosts [3]. Common etiologies in
HCAP include Streptococcus pneumoniae, Haemophilus
influenzae, Staphylococcus aureus (including methicillinresistant strains), Pseudomonas aeruginosa, and other
gram-negative rods. Conversely, Legionella pneumophila
and other atypical agents are less frequently identified as
causative agents.
Streptococcus pneumoniae is a frequent causative agent
in patients with HCAP [2]. Moreover, drug-resistant
pneumococci are commonly isolated from these patients.
This fact is probably related to the prior use of antimicrobials, which is particularly frequent in patients with
HCAP. Interestingly, the risk of invasive pneumococcal
disease has been found to be fourfold higher in adults
residing in long-term care facilities as compared
with older adults from the community. Outbreaks of
multidrug-resistant pneumooccal pneumonia among
nursing home residents have been described. Among
Haemophilus influenzae strains causing HCAP,
b-lactamase production has been detected in 20% of
isolates [2].
Aspiration pneumonia is relatively common in
patients with HCAP [2]. A significant number of
these patients are old, have cerebrovascular diseases, and
impaired consciousness. Difficulty swallowing is relatively
common among patients with these conditions, and it has
been shown that they are more prone to aspiration,
increasing the likelihood of acquiring resistant microorganisms. Nevertheless, the recognition of aspiration
pneumonia requires a careful clinical evaluation when
macroscopic aspiration is not observed. Moreover, the
results of microbiological studies are often negative
because the invasive procedures necessary to obtain

P

1772

P

Pneumonia, Healthcare-Acquired

a reliable diagnosis are not usually performed. Therefore,
the real incidence of aspiration pneumonia may have been
underestimated in retrospective studies [1, 4].
Importantly, patients with HCAP are at increasing
risk of infection caused by multidrug-resistant pathogens
such as methicillin-resistant Staphylococcus aureus
(▶ MRSA), highly resistant Pseudomonas aeruginosa, and
other gram-negative rods [1, 2, 4]. The incidence of
multidrug-resistant bacteria is particularly high in the
USA, where the microbiology of HCAP closely resembles
that seen in hospital-acquired pneumonia and ventilatorassociated pneumonia. In this country, Staphylococcus
aureus is the leading cause of HCAP, with MRSA accounting for 20–30% of cases [1, 4]. Several risk factors have
been associated with MRSA pneumonia, including prior
antibiotic therapy, nasal colonization, poor infection
control practices, and antecedent viral infection.
On the other hand, Pseudomonas aeruginosa has been
found to be a predominant pathogen of HCAP in some
studies [1, 4], accounting for 25% of cases. Compared
with CAP, patients with HCAP are also more likely to be
infected with other resistant non-lactose fermenting gramnegative rods such as Acinetobacter spp. and Stenotrophomonas maltophilia, and other Enterobacteriaceae [1,
4]. Moreover, gram-negative bacteremia occurs more frequently in patients with HCAP than in patients with CAP
[2]. Although infections due to extended-spectrum blactamase-producing Escherichia coli are steadily increasing in many countries, these resistant organisms have
rarely been identified as a cause of HCAP.

Diagnosis
All patients with suspected HCAP should have
a comprehensive medical history obtained and undergo
physical examination to define the severity of pneumonia,
to exclude other potential sources of infection, and to reveal
the presence of specific conditions that can influence the
likely etiologic pathogens [2]. Chest radiography, preferably posteroanterior and lateral, is always needed to define
the presence of a new pulmonary infiltrate, the severity of
pneumonia (multilobar or not), and the presence of complications such as pleural effusions or cavitation. In case of
doubt or relevant disagreement between the clinical presentation and the radiological findings, it is recommended
to perform a computed tomographic scan.
Basic chemistry, hematology test, and arterial blood
gas determinations should be obtained. Assessment of
certain serum biological markers such as C-reactive
protein and procalcitonin may be useful to identify
patients with a higher risk of deterioration and poor
prognosis. Extensive microbiological testing to overcome

the high prevalence of multidrug-resistant pathogens in
HCAP is recommended. All patients should have two
blood cultures drawn and if possible, sputum collected
from the lower respiratory tract for Gram-stain and
culture before antibiotics are initiated. A diagnostic
thoracocentesis should be performed in patients with
large pleural effusion to rule out the presence of empyema.
Gram staining and culture for aerobic and anaerobic bacteria should be performed in the pleural fluid. Urinary
antigen tests for Streptococcus pneumoniae and Legionella
pneumophila should be determined. For patients with
severe HCAP resulting in respiratory failure and intubation, either endotracheal aspirates with Gram stain and
cultures, or quantitative bronchoalveolar lavage or
protected specimen brush, may provide greater diagnostic
specificity. It is imperative that quantitative sampling be
carried out before antibiotics, but this should not significantly delay the initiation of appropriate antibiotic
therapy. Nasopharyngeal swab for the determination of
respiratory viruses should be obtained whenever viral
pneumonia is clinically suspected.

Treatment
It has been shown that patients with HCAP are likely to
receive an initial inappropriate antibiotic treatment. To
overcome this problem, HCAP was included in the 2005
ATS/IDSA guidelines for the treatment of nosocomial
pneumonia, with the recommendation that all such
patients receive empiric therapy with a multidrug regimen
directed against drug-resistant organisms [3]. However,
patients with HCAP are a heterogeneous group, with some
at risk for multidrug-resistant organisms, and other not.
Therefore, for many patients, the routine use of a broad
spectrum, multidrug regimen is unnecessary and may lead
to overuse of antibiotics with potential side effects,
increased cost, and negative ecological impact [6].
The selection of empirical antibiotics for HCAP
should carefully take into consideration the patient’s risk
factors and medical history, and the geographical prevalence of multidrug-resistant pathogens. Patients with
nonsevere illness and absence of risk factors for resistant
pathogens can be treated with either a fluoroquinolone
(levofloxacin or moxifloxacin) or a b-lactam (ceftriaxone,
cefotaxime, or ertapenem) in combination with a
macrolide. Antibiotics with specific anaerobic activity
(amoxicillin-clavulanate, piperacillin-tazobactam or
a carbapenem) should be indicated for patients with
suspicion of aspiration pneumonia, severe periodontal
disease, putrid sputum, or radiological evidence of
necrotizing pneumonia or lung abscess. Broad-spectrum
antibiotic therapy should be administered to patients with
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severe illness (need for mechanical ventilation or intensive
care unit [ICU] admission) or with other risk factors for
resistant pathogens (hospitalization within the past
3 months, antibiotic therapy within the past 6 months,
poor functional status, and immune suppression) [6]. In
these cases, therapy should include an antipseudomonal
b-lactam with either an antipseudomonal fluoroquinolone or an aminoglycoside, as well as coverage for MRSA
with either vancomycin or linezolid [6]. De-escalation of
antibiotics based on the patient’s clinical response
and microbiological results is crucial to improving
patient outcomes by reducing unnecessary exposure to
antibiotics.
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recently been shown to reduce pneumonia severity, respiratory failure rates, length of hospital stay, and mortality
among hospitalized adults with pneumonia. In the same
regard, prior influenza vaccination among patients admitted to an acute hospital with pneumonia during influenza
season has been associated with a diminished risk of
in-hospital all-cause mortality.
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Prognosis
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Synonyms
Bronchopneumonia; Hospital-acquired pneumonia;
Intubation-associated pneumonia; Lobar pneumonia;
Nosocomial
pneumonia;
Ventilation-associated
pneumonia

Definition
Ventilator-associated pneumonia (VAP) is a hospitalacquired infection that develops following tracheal
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intubation [1]. VAP that occurs before 4 days of mechanical
ventilation (MV) is defined as early onset in order to differentiate from late-onset VAP that develops thereafter. The
term “ventilator-associated pneumonia” is a misnomer,
since the mechanical ventilator is not the main risk factor
for colonization of the lungs and pneumonia. The endotracheal tube (ETT) seems to play the most important role in
the pathogenesis of VAP. The ETT creates a direct conduit for
bacteria to reach lower airways and greatly impairs host
defenses. Interestingly, studies have demonstrated that
mechanical ventilation could also increase risk of pneumonia. Indeed, lungs become highly susceptible to bacterial
colonization when injurious ventilatory settings are applied,
i.e., with high tidal volumes and low positive end expiratory
pressures (PEEP).
Therefore, either “ETT-associated pneumonia” or
“ventilation-acquired pneumonia” could be better terms
to describe pneumonia in tracheally intubated and
mechanically ventilated patients, in order to emphasize
the role of ETT and mechanical ventilation in the pathogenesis of such pneumonia. “Ventilation-acquired pneumonia” would additionally allow physicians and scientists
to maintain the current acronym “VAP” [2].

Characteristics
Epidemiology
The exact incidence of VAP is difficult to obtain because of
overlapping lower respiratory tract infections and the
difficulty of a correct diagnosis of VAP. Overall, the incidence of VAP ranges between 10% and 30%. Incidence
highly depends on the type of studied population, the
presence or absence of risk factors for colonization by
multidrug-resistant pathogens and the type and intensity
of preventive strategies applied. Tracheal intubation and
mechanical ventilation are the main risk factors causing
the highest rates of ventilator-associated pneumonia during the first week of ventilation (approximately the risk
was assessed at 3% per day in the first week of mechanical
ventilation). A 1-day point-prevalence study conducted in
1,417 intensive care units in Western Europe countries
have reported that ventilator-associated pneumonia was
the most common ICU acquired infection and mechanical
ventilation was associated with a threefold increased
risk of developing pneumonia [3]. Studies conducted in
different states of the European Union have shown different incidence density rates ranging approximately
between 9 and 25 cases for 1,000 ventilation days. Epidemiological studies on a large US database including medical, surgical, and trauma patients have shown an
incidence of VAP of 9.3%. Importantly, when North

American epidemiological data from the last 2008
National Healthcare Safety Network (NHSN) report are
compared with data from the 2003 National Nosocomial
Infections Surveillance (NNIS), pneumonia incidence
densities are overall slightly lower showing that new preventive strategies applied throughout the years might have
had a positive effect.

Etiologic Agents
The most common microorganisms implicated as causative agents of VAP are Pseudomonas aeruginosa (24%)
Staphylococcus aureus (20%), and enterobacteriaceae
(14%) [1]. An increasing resistance of Staphylococcus
aureus to methicillin/oxacillin has been reported throughout the last decades, approaching almost 60% in latest
studies [4]. Often, multiple etiologic agents are present.
All bacteria implicated in the etiology of VAP are reported
below:
Gram-negative:
● Pseudomonas aeruginosa
● Enterobacteriaciae spp. (Klebsiella spp. Enterobacter
spp. Proteus spp. Serratia spp.)
● Stenotrophomonas spp.
● Acinetobacter baumannii
● Haemophilus influenzae
Gram-positive:
● Staphylococcus aureus, including methicillin-resistant
Staphylococcus aureus
● Streptococcus spp.
● Streptococcus pneumonia
Several differences in the etiology of early and lateonset pneumonia can be recognized, with the former
mainly caused by pathogens with enhanced antibiotic
susceptibility and better outcome, such as Haemophilus
influenzae and Streptococcus pneumonia. Anaerobic bacteria play a minor role in the pathogenesis of VAP. Theoretically, patients that develop VAP within 4 days may have
aspirated oropharyngeal contents colonized by anaerobic
bacteria, but the need to administer drugs with antianaerobic activity has not been clearly established. Overall,
viruses and fungi are usually potential cause of VAP only
in immunosuppressed patients.

Risk Factors for Multidrug-Resistant
Pathogens
Susceptibility to antibiotics of microorganisms that cause
VAP presents several differences between patient
populations, hospitals, and intensive care units. Latest
American Thoracic Society guidelines [5] have listed the
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following risk factors for colonization and infection with
multidrug-resistant bacteria:
● Antibiotic treatment within the last 90 days
● Current hospital admission or within the last 90 days
>5 days
● High frequency of multiresistant organism in the hospital/unit
● Presence of risk factors for healthcare-associated
pneumonia (hospitalization for 2 days or more in the
preceding 90 days; residence in a nursing home or
extended care facility; home infusion therapy; chronic
dialysis within the last 30 days; home wound care;
family members carriers of multidrug-resistant
bacteria)
● Immunosuppressive disease and/or treatment
Following publication of the latest American Thoracic
Society guidelines [5], several reports have challenged
recommendation for routine use of empiric broad spectrum antibiotics for all patients with one or more of the
aforementioned risk factors. Those studies have in particular focused on patients with healthcare-associated pneumonia, but several conclusions could be extended to
patients with VAP. In order to provide appropriate
empiric antibiotic therapy and avoid overuse of antibiotics, further studies are mandatory to validate and to
assess weight of each risk factor at predicting presence of
multidrug-resistant pathogens.
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flora and there is still controversy regarding the primary
source of infection (i.e., oropharynx, stomach); however,
it is well acknowledged that in critically ill patients the oral
flora shifts early to a predominance of aerobic gramnegative pathogens, Pseudomonas aeruginosa and MRSA.
Following bacterial aspiration and colonization of the
proximal airways, the occurrence of VAP mainly depends
on the size of the inoculum, functional status, and potential defenses of the host.

Risk Factors and Preventive Strategies
The “Ventilator and VAP Bundles”
Due to the high morbidity and mortality of VAP, and the
associated burden for the healthcare systems, many efforts
have been done in the last decades in order to prevent the
disease. Accordingly, preventive strategies have focused on
reducing/avoiding cross transmission, pulmonary aspiration across the cuff and bacterial load in the oropharynx
(Table 1). Several strategies that have proven efficacy on

Pneumonia, Ventilator-Associated. Table 1 Currently
recommended preventive strategies to reduce risks for
ventilator-associated pneumonia
1

Alcohol-based hand disinfection

2

Noninvasive positive-pressure ventilation

Pathogenesis

3

Orotracheal rather than nasotracheal intubation

Tracheally intubated patients can be colonized via exogenous and endogenous bacterial sources. In healthy, nonintubated patients, when bacteria gain access into the
lower respiratory tract, colonization is prevented through
several defense mechanisms such as cough, mucus clearance, cellular and humoral immune responses. Critical ill
patients are already at high risk of infection for the underlying critical illness, comorbidities, and malnutrition. The
tracheal tube creates a direct conduit for bacteria to reach
the airways, impairs cough, compromises mucociliary
clearance, and bacterial adhesion to the airways is facilitated because of the cuff-related injury to the tracheal
mucosa. High-volume low-pressure cuffs of endotracheal
tubes, commonly used during prolonged mechanical ventilation, are not leak-proof and micro and macro aspiration of bacteria-laden oropharyngeal secretions often
occurs. Patients are colonized from exogenous bacterial
sources via the hands and apparel of healthcare personnel,
contaminated aerosols, and invasive devices, i.e., tracheal
aspiration catheter and fiber-optic bronchoscope. Often,
pathogens are acquired from the patient’s endogenous

4

Avoid re-intubation

5

Tracheal tubes with novel cuffs that reduce folds
formation (i.e., polyurethane cuffs)

6

Internal pressure of tracheal tube cuff maintained
between 25 and 30 cm H2O

7

Continuous aspiration of subglottic secretion via
dedicated tracheal tubes

8

No routine change of ventilatory circuits. Prevent
inhalation of colonized condensate

9

Elevation of the head of the bed to 30–45

10

Assessment of enteral nutrition residual volumes,
enteral acidification, postpyloric tube placement

11

Daily “sedation vacation” and daily assessment of
readiness to extubated

12

Modulation of oropharyngeal colonization via
antiseptics or topical antibiotics (with or without
short course,3–4 days, of parental antibiotics)

13

Silver-coated endotracheal tubes

14

Development of evidence-based preventive
protocols and educational programs for ICU staff
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reduction of morbidity and mortality related to mechanical ventilation were grouped as “Ventilator Bundle.” The
Institute for Healthcare Improvement has developed and
recommended the use of the Ventilator Bundle, which
consist of four preventive strategies:
1. Elevation of the head of the bed to 30–45
2. Daily “sedation vacation” and daily assessment of
readiness to extubated
3. Peptic ulcer disease prophylaxis
4. Deep venous thrombosis prophylaxis
Although the aforementioned bundle was not specifically designed to prevent VAP, effects of body position,
sedation vacation, and assessment of readiness to extubate
have proven significant reduction on VAP rates. The bundle was implemented to address in particular VAP prevention and the two following additional strategies were
incorporated:
5. Daily oral use of Chlorexidine
6. Subglottic secretion drainage

Endotracheal Intubation
Intubation and mechanical ventilation is undoubtedly
associated with increased risk of VAP and therefore should
be avoided whenever possible. Noninvasive positivepressure ventilation (NPPV) is an attractive alternative
for patients with acute exacerbations of chronic obstructive pulmonary disease (COPD) or acute hypoxemic
respiratory failure. Therefore, NPPV should be used
whenever possible in selected patients with respiratory
failure. Several efforts should be made in order to reduce
duration of intubation and mechanical ventilation. Particularly, the daily interruption or lightening of sedation
can decrease time on mechanical ventilation, as well as the
avoidance of paralytic agents also recommended to not
depress defense mechanisms. Re-intubation should be
avoided, if possible, as it increases the risk of VAP.
Orotracheal intubation should be preferred over
nasotracheal intubation in order to prevent nosocomial
sinusitis and to reduce risk of VAP.

Tracheal Tube, Ventilatory Circuit, and
Gases Conditioning
Most of the endotracheal tubes used in the ICU comprise
a high-volume, low-pressure (HVLP) cuffs. The internal
volume of standard HVLP cuffs can exceed by even 40%
the internal diameter of the trachea; therefore, when
inflated, HVLP cuffs seal the trachea without being
stretched and their internal pressure closely reflects pressure
exerted against the tracheal wall. Nevertheless, longitudinal

folds invariably form, hence bacteria-laden oro-pharyngeal
secretions easily leak along these folds, increasing risks for
airways infection and pneumonia. Cuffs made of new materials, i.e., polyurethane, have been developed. Those cuffs
during inflation form smaller folds and can prevent or
highly reduce aspiration of secretions above the cuff.
Reduction of leakage of oropharyngeal contents across
the ETT cuff has been also obtained via a novel endotracheal tube, which allows continuous aspiration of
sub-glottic secretions (CASS Tube). Such strategy has
significantly reduced the incidence of pneumonia, particularly early-onset VAP and should be used if available.
Moreover, it is mandatory to maintain the internal
pressure of the endotracheal tube cuff pressure between
25 and 30 cm H2O, particularly when no PEEP is applied,
in order to prevent leakage of contaminated secretions
across the cuff into the lower airways and tracheal injury.
Ventilatory circuit can become colonized and facilitate
bacterial inoculation. The frequency of ventilator circuit
change does not affect the incidence of VAP, but condensate collected in the ventilator circuit can increase risk for
exogenous and endogenous bacterial colonization. Therefore, the inadvertent flushing of contaminated condensate
into the lower airway should be avoided through careful
emptying of ventilator circuits.
There are no consistent data showing reduction in
the incidence of VAP and better outcome using either heat
and moisture exchangers or heated humidifiers. Currently
neither humidification strategy can be recommended as
a pneumonia prevention tool; however it is rationale to
deliver inspiratory gases at body temperature or slight
below and at the highest relative humidity in order to
prevent loss of heat and moisture from the airways and
more importantly change in rheologic properties of secretions and impairment of mucociliary clearance.

Gastric Colonization and Body Position
Gastric sterility is maintained via an acidic environment.
In critically ill patients, use of antacids for stress ulcer
prophylaxis and enteral nutrition alkalinize gastric contents and facilitate bacterial colonization of the stomach.
Finally, retrograde colonization of the oropharynx and
pulmonary aspiration across the ETT cuff causes bacterial
colonization of the lower respiratory tract and pneumonia. Guidelines recommend elevating the head of a
patient’s bed 30–45 above horizontal to reduce gastroesophageal reflux and incidence of nosocomial pneumonia [5]. Differences between the semi-recumbent and
horizontal positions have been reported in one randomized clinical study. Drakulovich M.B. et al. [6] showed that
the semi-recumbent position (45 ), in comparison to
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supine horizontal position (0 ) lowered risk for the onset
of nosocomial pneumonia to 78%, primarily preventing
the “gastro-oropharyngeal route” of pulmonary infection.

Enteral Nutrition
Enteral nutrition in patients positioned supine with the
head of the bed not elevated is a risk factor for the development of VAP, mainly because of an increased risk of
aspiration of gastric contents. Residual volume should be
carefully monitored and enteral nutrition should be withheld in case of consistent large volumes in order to reduce
risks of aspiration. Enteral nutrition acidification and
post-pyloric tube placement are strategies that could theoretically reduce gastric colonization and risk of gastroesophageal reflux; however, investigators have reported
inconsistent results.

Stress Ulcer Prophylaxis
Gastric sterility is maintained via an acidic environment
within the stomach. A gastric pH higher than 4 facilitates
bacterial colonization mostly with gram-negative bacteria.
However, the majority of critically ill patients are at
higher risk for gastrointestinal (GI) bleeding during
mechanical ventilation; hence stress ulcer prophylaxis is
mandatory. Anti-acids, histamine-2 receptor antagonists
(H2 blockers), and proton pump inhibitors (PPI) are
commonly administered to prevent GI lesions. Sucralfate
do not change gastric acidity and prevent GI bleeding
protecting gastric mucosa. Several randomized clinical
trials and meta-analysis have investigated rates of VAP
using gastroprotective agent (sucralfate) versus agents
that alkalinize gastric juice (antiacids, H2 blockers, PPI)
and overall have yielded conflicting results and additional
risk for GI bleeding using sucralfate. Therefore, the use
of sucralfate, as VAP preventive strategy should be
recommended in patients with lower risk of GI bleeding.

Oropharyngeal and Digestive Tract
Colonization
In tracheally intubated patients, oral flora rapidly shifts
from a predominance of aerobic gram-positive bacteria
and anaerobes to a majority of aerobic gram-negative
pathogens. Oropharyngeal decontamination can be
achieved through topical administration of antiseptics
such as chlorhexidine. It has been shown a reduction in
VAP incidence using chlorhexidine in cardiac postsurgical
patients and patients requiring mechanical ventilation for
at least 48 h. Despite the reduction in nosocomial pneumonia, no survival benefits were demonstrated.
Selective oropharyngeal decontamination (SOD)
and subglottic area can be obtained via topical

P

1777

administration of nonabsorbent antibiotics. Several regimens have been described and overall the most frequently
used antibiotics are polymixin E, tobramycin/gentamycin,
and amphotericin B, which provide antimicrobial activity
against all aerobic gram-negative pathogens. An additional short course of systemic third-generation cephalosporins, such as cefotaxime or ceftriaxone, has also been
used as selective digestive decontamination (SDD) to prevent early infections caused by Haemophilus influenzae
and Streptococcus pneumonia. Several randomized clinical
trials and meta-analyses have shown reduction of bacterial
colonization and VAP; however, effects on ICU length
of stay and mortality are inconsistent. Several concerns
have dampened the enthusiasm for this preventive strategy: possibility of emergence of antibiotic-resistant bacteria, no consistent survival benefits demonstrated by
randomized clinical trials, and ultimately increased
healthcare costs. Latest large randomized clinical trial on
5,939 patients has shown an absolute reduction in mortality of 2.5 and 3.5 percentage points with SOD and SDD,
respectively, without evidence of increased emergence of
antibiotic resistance [7].

Bacterial Biofilm
Bacterial biofilm is a highly structured, matrix-enclosed
bacterial community. Sessile bacteria encased within the
matrix express genes in a different pattern from their
planktonic counterpart in order to achieve a survival
advantage in a hostile environment. Studies have shown
evidence that following tracheal intubation bacterial biofilm is formed early within the internal surface of the
endotracheal tube. Those sessile communities develop
resistance to antibiotics to cellular and humoral immune
defenses and are cause of persistent infection. Bacteria
from within the biofilm can be dislodged mechanically
i.e., through tracheal suction catheters or airflow and can
ultimately increase risk for VAP. Coating medical devices
(i.e., intravascular and urinary catheters) with antimicrobial agents such as silver is a widely applied method to
reduce incidence of device-associated infections. In the
last decade, several in vitro and in vivo laboratory studies
have tested efficacy and safety of silver-coated ETTs, demonstrating reduction in bacterial colonization of the ETT
without associated adverse effects. However, results from
animal studies have also emphasized that antibacterial
effect may not last beyond 24–48 h, mainly due to
mucus accumulation within the ETT. Recently a large
randomized clinical trial comparing bactericidal effects
of a silver-coated tracheal tube in comparison to standard
tube has shown a relative risk reduction for VAP development of 36% and greatest efficacy within the first 10 days
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of mechanical ventilation [8]. Silver-coated ETT are an
appealing approach to decrease risk of pneumonia and
further studies should be performed in order to improve
antimicrobial efficacy and assess limitations of the
strategy.

Treatment
Pharmacologic Management
Once clinical diagnosis of VAP has been made and after
microbiological sampling, empirical antibiotic therapy
should promptly be administered. The choice of the
antibiotics should be based on detailed knowledge of
predominant pathogens present in the unit, local antibiotic susceptibility patterns, previous antibiotic therapies,
and potential drug-related adverse effects (Fig. 1).
In order to administer proper empirical therapy,
patients can be classified into two groups based on timing
of onset of pneumonia and risk factors for infection
caused by multidrug-resistant antibiotics [5]:
Patients with early-onset pneumonia and without risk
factors for colonization by multiresistant microorganisms:
Patient should receive a beta-lactam antibiotic
without antipseudomonal activity, i.e., third-generation
cephalosporin (ceftriaxone or cefotaxime); ertapenem;
amoxicillin-clavulanate or a quinolone (levofloxacin or
moxifloxacin).
Patients with late-onset pneumonia and risk factors for
colonization by multiresistant microorganisms:
Patients should receive an anti-pseudomonal cephalosporin (ceftazidime or cefepime); piperacillin-tazobactam
or a carbapenem (imipenem or meropenem) plus either
an anti-pseudomonal quinolone (i.e., Ciprofloxacin,
Levofloxacin) or aminoglycoside (i.e., Amikacin. Gentamicin, Tobramycin). The choice of a beta-lactam antibiotic should be based on the in vitro susceptibility of
P. aeruginosa in the ICU, prevalence of ESBL-producing
enterobacteriaceae, results of prior cultures and prior
antibiotics administered to the patient.
The choice to add an anti-MRSA antibiotic, i.e., Vancomycin or Linezolid, depends on the prevalence of the
MRSA in the ICU and the severity of infection. In geographic areas with documented presence of communityacquired MRSA, severe pneumonia with radiologic images
of cavitation, or the presence of gram-positive cocci in
sputum, empiric linezolid, or vancomycin may be appropriate. Overall, quinolones should not be administered as
first line of treatment, based on latest reports that show
increasing resistance of gram negative and positive bacteria, particularly in Europe.

Adjustment of Therapy
After 48–72 h, when microbiological results are available,
the treatment should be changed, adjusted, de-escalated or
withdrawn based on the results, in order to properly treat
the causative microorganisms and reduce overuse of antibiotics (Fig. 1). The initial beta-lactam antibiotic should
be maintained or changed based on the microorganism
susceptibility. Empiric antibiotic treatment should be
withdrawn when sample have proven no growth and the
patient has improved. In settings where gram-negative
pathogens present high rates of resistance, dual therapy
(beta-lactam antibiotic plus either amynoglicoside or
quinolone) should be preferred. A combination therapy
decreases probability of initial inadequate treatment and
may control increase of emerging resistance. The bactericidal activity of aminoglycosides and quinolones leads to
a rapid reduction in the bacterial load during the first
days of treatment. After 3–5 days, mono-therapy against
gram-negative bacteria may be sufficient. Early shift to
monotherapy would decrease emergence of resistant
mutants and minimize drug-related adverse effects.
Duration of antibiotic treatment: In most cases, VAP
can be successfully treated with a 7-day course of antibiotics. It is important to assess clinical improvement/
worsening after 48–72 h. Patients who do not present
improvement may need an adjustment of antibiotic
therapy or a different source of infection should be considered. In patients with clinical suspicion of ICU pneumonia who have a clinical pulmonary infection score,
CPIS lower than 6 on the third day of treatment, the
treatment may be withdrawn. In this setting, the patient
probably did not have pneumonia or the pneumonia was
sufficiently mild such that prolonged antibiotic treatment
was not required. When the causative microorganism is
a nonfermenting gram-negative bacillus, treatment might
be extended beyond 7 days to increase likelihood of
eradication.

Evaluation and Assessment
Pharmaco-economics
Patients who develop VAP during their hospital stay present longer ICU and hospital length of stay; moreover the
increased level of care and need for additional invasive
procedures drastically increase healthcare costs. It has
been reported that each case of VAP is associated
with additional hospital costs that range from $20,000 to
more than $40,000. In order to reduce extra costs of VAP,
many hospitals have developed and implemented several
evidence-based prevention protocols and educational
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programs for physician and nurses. Those strategies have
often improved quality of care and efficiently reduced
incidence of VAP.

Diagnosis
Ventilator-associated pneumonia is an infection that predominantly affects the dependent parts of the lower lobes
as showed from several postmortem pathology studies.
A multifocal, inhomogeneous pattern of infection has
been reported and several differences in histology and
microbiology results can be identified within the same
infected region. Unfortunately, VAP diagnosis still lacks
of a true “gold standard” and differential diagnosis in
critically ill, mechanically ventilated patient can be
extremely challenging. Clinical and microbiologic strategies to diagnose VAP have been described [5]. VAP is
usually suspected in a tracheally intubated patient, developing new or progressive chest x-ray pulmonary infiltrates, with associated clinical signs. Microbiology
studies of tracheal aspirates or lower respiratory tract
samples are often performed in order to identify etiologic
cause, confirm clinical suspicions, and administer/adjust
appropriate antibiotic therapy (Fig. 1).

Clinical Strategy
Clinical diagnosis is based on the presence of a pulmonary
infiltrate on chest x-ray plus two of three following
criteria: leukocytosis or leukopenia, purulent respiratory
secretions, and fever or hypothermia. The etiologic cause
is usually identified via semiquantitative microbiologic
analysis of tracheal aspirates with or without initial microscopic evaluation. Each clinical criterion has a low specificity, especially in patients with acute respiratory distress
syndrome or chronic obstructive pulmonary disease.
However, when criteria are combined, the diagnostic
yield significantly increases. The clinical pulmonary
infection score (CPIS) assigns points to the patients,
from 0 to 2, for each of the six clinical assessments
(Table 2). When it was firstly described a score higher
than 6 has shown good accuracy (93% sensitivity, 100%
specificity). Nevertheless, following studies have shown
a moderate performance. Moreover, due to intrinsic
methodological limitations of the scoring system throughout the years, several modifications have been introduced;
also a discrete inter-observer variability has been reported.
When clinical diagnosis is employed almost all patients
that require antibiotic treatment for pneumonia are
treated. However, the drawbacks of the strategy are the
overuse of antibiotics due to the high sensitivity of
the approach and the possibility of not considering other
foci of infections.

Microbiologic Strategy
When VAP is diagnosed using a microbiologic strategy
following clinical suspicion of lung infection, samples of
lower respiratory tract are collected and quantitative cultures are performed. Pathology studies have clearly shown
that the sensitivity of microbiological studies is drastically
reduced when antibiotics are administered; therefore new
antibiotics should be administered after sampling. Specimens can be obtained noninvasively via a tracheal suction
catheter or invasively through a fiberoptic bronchoscope
(FOB). When FOB is used pathogens from the lower
respiratory tract are retrieved mainly through bronchoalveolar lavage (BAL) or protected specimen brush (PSB).
Several modifications of those techniques have been
developed, such as mini-BAL and blind PSB sampling.
During pneumonia, pathogens colonize the lower respiratory tract at concentration of 105–106 colony-forming
units/mL (cfu/mL). Considering the sample size for each
technique, the commonly accepted diagnostic threshold of
PSB, BAL, and tracheal aspirates are 103, 104–105, and
105–106 cfu/mL, respectively. Most of the current debate
regarding VAP diagnosis still regards invasive vs. noninvasive sampling techniques. Five randomized clinical trial
have attempted to demonstrate difference in outcome
comparing invasive vs. noninvasive techniques; only
one study showed significant survival benefit using invasive sampling techniques. However, it is important to
emphasize that appropriate initial empiric antibiotic therapy is the main factor that affects mortality; therefore it is
difficult to prove a survival benefit, unless the pathogen
causing pneumonia and its antibiotic susceptibility can be
assessed early, irrespective of the diagnostic strategy
applied.

Microscopy Analysis
Tracheal aspirates and BAL fluids can be microscopically
examined. Samples are usually processed as soon as they
are obtained and Giemsa and Gram stains are often used.
Routine use of microscopic analysis has proven reduction
of use of antibiotics and survival benefit. However, when
patients present signs of severe sepsis, empiric antibiotic
therapy should not be withheld irrespective of microscopic results.

New Inflammatory Biomarkers
Several new biomarkers have been studied, in order to
improve diagnostic and prognostic accuracy of VAP. Biomarkers should be obtained early according to clinical
suspicion of VAP and in addition to clinical variables
can be used to identify patients that require prompt empiric
antibiotic therapy. Moreover, results should be followed up
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Pneumonia, Ventilator-Associated. Table 2 Clinical pulmonary infection score, as originally reported
Points
0

1

2

1

Temperature

36.5  38.4

38.5  38.9

39  36

2

Blood leukocytes mm3

4,000  11,000

<4,000 > 11,000

<4,000 > 11,000 + Band
Forms  500

3

Volume tracheal secretionsa

<14

14

14 + purulent secretions

4

Oxygenation PaO2/FIO2
mmHg

>240

5

Pulmonary radiography

No infiltrate

6

Culture of tracheal aspirates
Pathogenic bacteria
Pathogenic bacteria
(Semiquantitative 0-1-2 or 3+) cultured  1+ or No growth cultured  1

240 and no evidence of
ARDS
Diffuse (patchy) infiltrate

Localized infiltrate
Pathogenic bacteria
cultured > 1+ and same
bacteria seen on the Gram
stain > 1+

Total points varies from 0 to 12
a
Quality (purulent or not) and quantity of tracheal secretions. Volume of each tracheal aspirate was estimated assigning a value from 0 to +4 and
then summing all +values per day

during the course of the infection to assess response to the
antibiotics and need to either intensify or withdrawn ongoing therapy. Studies have mainly focused on assessing
advantages and drawbacks of C reactive protein (CRP),
procalcitonin (PC), and soluble triggering receptor
expressed on myeloid cells (s-TREM) -1. Although additional studies are required, promising results have been
reported.

Prognosis
Crude VAP mortality ranges between 20% and 70%,
depending on comorbidities, severity of illness, pathogens,
and quality of antibiotic treatment [1]. However, several
patients have died with VAP rather than for VAP. Although
mortality rates vary from one study to another and its
prognostic impact is debated, it is well recognized that one
third to one half of all VAP deaths are directly attributable
to the disease. Late-onset VAP has the worst prognosis in
comparison to early-onset pathogens and hospital mortality can be as high as 65% when VAP is caused by highrisk pathogens (Pseudomonas aeruginosa, Acinetobacter
spp. Stenotrophomonas maltophilia).
Several risk factors are associated to mortality. The
most important prognostic factor is an initial appropriate
antibiotic treatment. The percentage of inadequate treatment varied in the literature and ranges between 22% and
73%. Multidrug-resistant microorganisms, such as Pseudomonas aeruginosa, Acinetobacter spp. and MRSA are the
pathogens more commonly found not susceptible to initial antibiotic therapy.

A four-variable score for mortality risk stratification,
based on the patient’s predisposition to the disease, gravity
of the “insult,” host’s response, and related organ dysfunction (PIRO score) has been recently introduced [9]. The
score has proven efficiency in assessing VAP severity and
predicting ICU mortality and has shown worse outcome
in patients with a score higher than 2.
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Pneumonic Tularemia
Refers to pulmonary disease caused by Francisella
tularensis. Clinically, it is characterized by fever, dry
cough, and pleuritic chest pain. Chest X-ray shows bilateral pulmonary infiltrates and hilar adenopathy. This form
of tularemia has the highest mortality.
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Synonyms
Collapsed lung

Definition
A pneumothorax is a collection of gas within the
pleural space in the thoracic cavity due to a variety of
primary and secondary causes. Pneumothorax is typically caused by a laceration in the visceral pleura that
allows gas to escape from the alveoli and collect within
the potential space between the visceral and parietal
pleura. Pneumothorax may also be caused by external
insufflation of gas (CO2 during laparoscopy) into the
pleural space or rarely by infection with gas-producing
microorganisms.

Classification
Pneumothorax can be further classified on the basis of
etiology into primary or secondary. Further classification
of pneumothorax can be based on the spectrum of
severity.

Primary pneumothorax
Primary pneumothorax frequently occurs after spontaneous rupture of a subpleural bleb. Blebs are small emphysematous sacs that are most frequently found at the apex
of the lung. The tendency for blebs to be located at the
apex of the lung is related to the increased alveolar distention pressure at the apex in comparison to the base. Body
habitus is felt to be a contributing factor, with a greater
likelihood to develop in persons that are tall, thin, and/or
with long upper torso length.
There are multiple inheritance patterns that are associated with development of spontaneous pneumothorax.
Spontaneous pneumothorax appears to be inherited as an
autosomal dominant trait, more commonly in males than
in females. Other genetic associations include Marfan
syndrome, homocystinuria, and Birt-Hogge-Dubé
syndrome [1].
One of the most common risk factors for development
of spontaneous pneumothorax is a history of cigarette
smoking. Although the pathophysiology is incompletely
understood, the association may be related to a chronic
inflammatory process, particularly at the apex of the lung,
with subsequent bleb formation.
Although rare, catamenial pneumothorax is a spontaneous pneumothorax that has been observed to occur in
females around the time of menstruation. The etiology of
catamenial pneumothorax has been hypothesized to be
related to diaphragmatic defects and endometriosis.
Aside from pneumothorax associated with mechanical ventilation in infants with neonatal respiratory distress syndrome, spontaneous pneumothorax may
occur with full-term or post-term infants, particularly
males. It is more likely to develop in infants who have
required perinatal airway management, typically associated with a respiratory etiology such as aspiration. The
origin is thought to be secondary to the fragility of
the neonatal lung coupled with high alveolar distention
pressure as the lung is being expanded with the first
breaths of life.

Secondary Pneumothorax
Secondary pneumothorax can be further divided into
spontaneous and non-spontaneous. Spontaneous secondary pneumothorax may be associated with any preexisting
lung abnormality. The most frequent underlying cause is
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chronic obstructive pulmonary disease. Other disease processes that have been associated with development of
spontaneous pneumothorax include Pneumocystis jirovecii
infection (which is commonly seen in patient with
immune deficiency), malignancy (either primary or metastatic), tuberculosis, and other inflammatory or infectious pulmonary conditions.
Non-spontaneous pneumothorax accounts for the
majority of cases seen and is most commonly due to
injury, either iatrogenic or traumatic. Invasive procedures
account for a large percentage of iatrogenic injuries and
have been reported with vascular access procedures,
thoracentesis, lung or pleural biopsies, tracheostomy,
bronchoscopy, gastric and enteric tube placement, endotracheal intubation, and various surgical procedures.
Some of these procedures may result in direct injury to
a bronchus or to the visceral pleura, while other procedures inadvertently instill gas into the pleural space.
Of special note is the potential for development of
pneumothorax arising from barotrauma while on
mechanical ventilation. Strategies that minimize airway
pressures are, in part, successful because they reduce
barotrauma. Adult lungs can withstand transpulmonary
pressures of up to 60 cmH2O while neonatal lungs
have been noted to rupture at 45 cmH2O in animal
models [1]. Thus, limitation of high airway pressures is
recommended to minimize risk of ventilator-associated
iatrogenic pneumothorax, particularly in patients with
respiratory distress and increased peak airway pressures
(e.g., adult respiratory distress syndrome). The diagnosis
of pneumothorax in mechanically ventilated patients can
be difficult, owing to the low sensitivity of plain radiographs combined with subtle clinical signs and symptoms, requiring a high level of vigilance in this patient
population.
Pneumothorax occurs commonly after trauma and
has been estimated as high as 20% in some series [1].
Regardless of blunt or penetrating mechanism of injury,
the pathophysiology typically involves a laceration of the
visceral pleura with release of gas from the alveoli into the
pleural space.

Spectrum of Pneumothorax Severity
Occult pneumothorax is a small pneumothorax that is
undetectable by plain radiograph, usually identified on
CT scan.
Simple pneumothorax indicates that the pleural space contains gas alone and is of low to moderate severity, without
mediastinal shift. Simple pneumothorax should be detectable on plain radiograph, distinguishing it from occult
pneumothorax.
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Open pneumothorax is a pneumothorax associated with an
open chest wound. If the open wound is larger than 75%
of the patient’s tracheal diameter, air may preferentially
enter the thoracic cavity through the wound instead of the
trachea. This may increase the size and severity of the
pneumothorax, and the patient may present with profound respiratory distress secondary to hypoventilation
and/or hypoxemia.
Hemopneumothorax describes the presence of both gas and
blood within the pleural space, typically a result of trauma
or an invasive procedure.
Tension pneumothorax is a physiologic phenomenon in
which the pneumothorax effects shift of the mediastinal
structures impeding venous return to the heart. Tension
pneumothorax is a life-threatening emergency that
requires immediate attention and can result in death if
untreated.

Treatment
Treatment of pneumothorax varies depending on etiology,
severity, symptoms, and patient physiology. One of the
primary goals of treatment is prevention of tension pneumothorax. Other rationales for treatment include correction of abnormal patient physiology (hypoxemia or
hypoventilation) and evacuation of blood or other associated fluid to prevent infection, empyema, and/or development of fibrothorax. Treatment modalities available
include observation, supplemental oxygen, aspiration,
thoracostomy, chemical or mechanical pleurodesis, and
minimally invasive or open surgical techniques.
Spontaneous reabsorption of pneumothorax occurs
only when the visceral pleural injury is sealed, albeit
slowly, at a rate of 1.25% per day [1]. This may be expedited by supplemental oxygen, which decreases the
inhaled partial pressure of nitrogen, thereby increasing
the reabsorption gradient between the pneumothorax
(typically air with high concentration of nitrogen) and
the surrounding vasculature.
Small pneumothoraces can be managed expectantly
with serial radiographic follow-up to evaluate for progression. In the event of spontaneous primary pneumothorax,
catheter aspiration with serial radiographs has been
recommended, as the pleural rent frequently heals spontaneously. The requirement of positive pressure ventilation in a patient with small or occult pneumothorax does
not mandate intervention, but it does oblige keen vigilance with standard hemodynamic and respiratory monitoring in a critical care setting and serial radiographs.
If any observed pneumothorax progresses (e.g., simple
pneumothorax >20%) or becomes symptomatic, consideration should be given to aspiration or tube
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thoracostomy to evacuate the pneumothorax and allow
pulmonary re-expansion.
Hemopneumothorax is typically treated with tube
thoracostomy to evacuate both blood and fluid from the
fluid space, and if thoracostomy is inadequate, may
require either thoracoscopic or open evacuation. Open
pneumothorax should be treated with an occlusive dressing over the wound to prevent influx of air into the thoracic
cavity with subsequent placement of tube thoracostomy.
Tension pneumothorax should be decompressed expeditiously to prevent cardiovascular collapse. This may be
done with needle thoracostomy or thoracentesis followed
by formal tube thoracostomy or with tube thoracostomy
alone [2].
Other treatment options consist of advanced surgical
options such as thoracoscopy or open thoracotomy with/
without mechanical or chemical pleurodesis, direct repair,
or resection. Such methods may be required for recurrent
pneumothorax or bronchopleural fistula.

Evaluation/Assessment
Physical Examination
Physical findings in patients with pneumothorax are
variable. Classically, there may be diminished breath
sounds on auscultation in the midaxillary line or
hyperresonance to percussion. Tracheal deviation may be
observed, but this varies depending on severity. Although
simple pneumothorax is associated with ipsilateral
deviation and tension pneumothorax is associated with
contralateral deviation, these physical findings are variable
and nonspecific. With increasing compression of the
mediastinum, venous inflow may be impeded, resulting
in jugular venous distention. Other typical signs and/or
symptoms of respiratory distress may be present. Subcutaneous emphysema may develop as a result of a defect
in the parietal pleura, and this may be palpable in the torso
or neck. In extreme cases, a patient may present with
signs of respiratory distress such as labored breathing
and cyanosis.

Imaging Studies
Computed tomography (CT) of the chest provides the
highest sensitivity and specificity for the diagnosis of
pneumothorax and is considered the gold standard imaging study to evaluate for pneumothorax [3]. Pneumothorax appears as a space of low attenuation within the
pleural space, consistent with air density. Plain radiographs, although inferior in terms of sensitivity, can detect
pneumothorax with high specificity and are frequently
utilized to establish the diagnosis of pneumothorax or as

a serial examination in follow-up. Plain radiograph findings include a visible pleural line that is separate from the
chest wall; caudal depression of the ipsilateral diaphragm
(so-called “deep sulcus sign”); mediastinal deviation; subcutaneous emphysema; or pneumomediastinum. Ultrasound is increasingly being recognized as a reliable
imaging modality to evaluate pneumothorax in the emergency department and the intensive care unit. In the hands
of the trained observer, ultrasound has a high degree of
sensitivity and specificity. In a normally expanded lung,
ultrasound can be used to visualize the lung moving inside
the chest wall either directly using B mode or by color
Doppler [4]. Failure to visualize these normal findings is
diagnostic of pneumothorax provided there is no ventilation abnormality such as airway obstruction or mainstem
intubation.

After-care
Aftercare of pneumothorax is dependent on the severity of
pneumothorax and the treatment required. If tube
thoracostomy is required, radiographs are frequently
obtained upon removal of the tube to document resolution of the pneumothorax. Repeat imaging studies are
typically obtained on an individual basis depending on
symptoms and clinical scenario. Consideration should be
given to restricting air travel for 2 weeks after radiographic
resolution of pneumothorax, as there is potential that
the atmospheric pressure changes could result in
reaccumulation of the pneumothorax.

Prognosis
Resolution of pneumothorax is dependent on its size,
etiology, and clinical scenario. Recurrence should be
expected to be uncommon, provided the underlying
cause is corrected either spontaneously or surgically
(e.g., bleb resection, spontaneous healing of pulmonary
laceration). The estimated recurrence of primary spontaneous pneumothorax is 40–50%, and this rate increases to
over 50% after the first recurrence [5]. Urgent decompression of tension pneumothorax is indicated as this condition may lead to death if untreated. The prognosis of
trauma-related pneumothorax is largely related to the
associated injuries, particularly in blunt trauma.

Cross Reference

▶ Pleural Disease and Pneumothorax
▶ Tension Pneumothorax
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Synonyms

Point of Care (POC) Coagulation
Analyzers
Point of care (POC) coagulation analyzers are diagnostic
tests performed at or near the bedside where clinical care is
delivered.

Catheter port allocation; Choice of catheter lumen; Port
selection; Usage of central venous catheter port

Definition
Port designation refers to a well-considered and standardized use of central venous catheter (CVC) lumens by
healthcare personnel to avoid potential complications
associated with their use [1].

Characteristics

Polymerase Chain Reaction
A laboratory technique to exponentially amplify a few
copies of a specific DNA, using DNA-specific primers
and repeated cycles of heating (to separate DNA strands)
and cooling, during which time enzymatic replication
takes place.

Rationale
The underlying rationale for CVC port designation is
to ensure uniform use of the catheter lumens among all
staff who are providing any kind of treatment through
CVCs [1].

Types of Central Venous Catheters

Popliteal Artery Aneurysm
▶ Vascular, True Aneurysms

Population Based
Population based means that data about a particular condition or disease under study is representative of and
extractable to the entire population in which it was studied
because all cases that occur in the population are included.

Porcine Heparin
▶ Heparin

Single-Lumen CVC
A single-lumen CVC has one lumen ending in a hub, which
can be capped and used for either intermittent or continuous infusions of medication or fluid. Its use is indicated
when infusion of medication or fluid into a large central
vein is needed, particularly when (potentially) irritating
viscous or hyperosmolar solutions are prescribed [2]. This
type of catheter may be used in an acute care setting or to
provide long-term access to a central vein for nutritional
support, antimicrobials, or chemotherapy. Sometimes
these catheters are even used for a prolonged time period,
however, in the latter case mostly tunneled to reduce the
risk of line-related infection. Conclusively, a single-lumen
CVC should be preferred unless clear indications for
a multi-lumen CVC exist.

Multi-lumen CVC
As compared to a single-lumen CVC, a multi-lumen CVC
multiplies its advantages [3]. The total number of lumens
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may vary from two to five and allows for administrating
different treatments at the same time, and this through one
large venous access site. As with single-lumen CVCs, they
are inserted in a large central vein, and the therapy given
may be intermittent or continuous. The different ports
allow the (simultaneous) infusion of medications, blood
or blood derivates, fluid, sampling of blood, hemodynamic
monitoring, and in specific types of catheters even visualization of cardio-vascular anatomy. Multi-lumen CVCs are
most frequently used in an acute care setting.

Port Designation
Regardless of the number of lumens (two-, triple-, four-,
or five-lumens, respectively), the ports of a multi-lumen
CVC should be labeled for designated use. The selection of
lumen depends on the clinical needs of the patient. Subsequently, the information must be entered in the patient
chart. The main reason for appropriate port designation is
to make consistent use of lumens irrespective of the
healthcare provider who is administering intravenous
treatments. Yet, there is no scientific literature available
to support the choice of which lumen to choose for what
type of purpose. Therefore, most choices have been made
using deductive reasoning [1, 3–5].

Proximal Port
The proximal port is often designated for sampling blood
through a catheter. This choice is made because the rapid
blood flow in the vena cava superior quickly carries the
infusates from the more distal lumens, which might affect
laboratory test results, away from the proximal port. As an
additional safeguard against erroneous lab results, it is
recommended that, if possible, all other infusions should
be turned off prior to sampling.

Distal Port
In general, the distal port is used for hemodynamic monitoring and measurement of the central venous pressure.
The reasons given for this choice are that the distal lumen
is the largest lumen in terms of diameter and it is closest
to the heart. Nevertheless, theoretically the other lumens
can be used for this purpose as well. If central venous
pressure monitoring is not necessary, the lumen with the
largest diameter is generally used for high-flow or viscous
infusions.

purpose such as infusion of medication, fluids, blood or
blood derivates, and withdrawal of blood specimens. The
reason for this designation is to prevent development of
line-related infection. When a triple-lumen CVC is used,
the median port is most frequently used for this.

Fourth Port
When a four-lumen CVC is used, the fourth port is most
commonly used for infusion of medication or fluid
treatment.

Fifth Port
Although used rarely, a five-lumen CVC allows the simultaneous administration of all of the above mentioned
treatments, including chemotherapeutic agents.

Pre-existing Condition
This procedure applies to all adult patients with a CVC in
place.

Application
Data Collection
Collect patient and CVC data.
Inform about the condition and clinical needs of the
patient in order to select the appropriate type of CVC
(number of lumens needed), follow decision tree (Fig. 1).

Port Usage
1. Proximal port
(a) Medication
(b) Blood sampling
2. Distal port
(a) Medication
(b) Blood sampling
(c) High volume or viscous fluids
(d) Colloids
(e) Hemodynamic monitoring
3. Medial port
(a) Medication (only if hyperalimentation is not
anticipated)
(b) Total parenteral nutrition
4. Fourth port
(a) Medication
(b) Fluids

Medial Port
There is widespread consensus to reserve one lumen exclusively for hyperalimentation, that is, the administration of
total parenteral nutrition. Additionally, it is recommended
not to use the designated hyperalimentation port for other

Documentation
The designation of each individual CVC port should be
documented in the patient chart and on the information
sheet/computer at the bedside.

Port Designation
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Patient
admission

Yes

Peripheral catheter
present?

Peripheral catheter
sufficient?

No

Peripheral catheter
sufficient?

No

No

Insert CVC

Yes

Single-lumen
sufficient?

Insert 1-lumen
CVC

CVC still
necessary?
No

Yes
No

Short expected
hospital stay?

No

Possibility to bridge
short hospital stay
with 1-lumen
CVC?

Yes

No

Insert pheripheral
catheter
remove CVC

CVC still
necessary?

No

Yes

Triple-lumen
sufficient?

No

Yes

Change to
single-lumen
CVC

Insert 3-lumen
CVC

Insert 4-lumen
CVC

Too many
lumens?

Port Designation. Figure 1 Decision tree for choosing the most appropriate type of CVC
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Port Selection
▶ Port Designation

Characteristics
The equation of motion (Eq. 1) assumes that during
a spontaneous breath the pressure applied to the respiratory system (Papp) is generated only by the patient’s respiratory muscles (Pmusc) to overcome the elastic and
resistive load of the respiratory system (Eq. 2).

Portal Hypertension
Describes elevated pressure in the portal vein relative to
the hepatic vein. Clinically relevant portal hypertension
develops when the gradient exceeds 12 mmHg. Cirrhosis
remains the commonest cause of portal hypertension.

Papp ¼ Pel þ Pres

ð1Þ

Papp ¼ Pmusc

ð2Þ

∗

Pmusc have to also overcome intrinsic peep – PEEPi
whenever present.
By knowing that Pel is equal to the product of
elastance  volume (EV) and Pres is equal to resistance 
flow, Eq. 2 can be turned into Eq. 3.
Pmusc ¼ elastance  volume þ resistance  flow

Portal Triad Clamping
▶ Pringle Maneuver

Portuguese Man-of-War
▶ Jellyfish Envenomation

Positive Pressure Ventilators
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Synonyms
Mechanical ventilators

Definition
A mechanical ventilator can be considered as a series of
consecutive functions that turn an input (energy) into an
output (ventilatory variable), such as pressure, flow, or
volume. It can transfer energy by applying positive pressure to the airways, acting as a positive pressure ventilator,
or by applying subatmospheric pressure externally to the
chest, acting as a negative pressure ventilator [1–4].

ð3Þ

where Papp = pressure applied to the respiratory system;
Pmusc = pressure applied by the patient’s respiratory muscles; Pel = pressure to overcome the elastic recoil of the
respiratory system; Pres = pressure to overcome the resistive component of the respiratory system.
When the equation of motion (1) is applied to
a positive pressure ventilator (PPMV), which partially
or totally control the natural function of breathing
(Pmusc), Eq. 3 may be rewritten as Eq. 4 or 5. In Eq. 4,
the only ventilator is participating to generate
the transrespiratory pressure as in a paralyzed
patient/(controlled mandatory breath); in Eq. 5 both
the patient and the ventilator are participating to generate the transrespiratory pressure (assisted controlled
breath).
Pvent ¼ elastance  volume þ resistance  flow

ð4Þ

Pmusc þ Pvent ¼ elastance  volume þ resistance  flow
ð5Þ
Given these principles of physiology, PPMV’s functioning is based on some fundamental elements as
shown in Table 1.
Pneumatic system
The gas source of the pneumatic systems is defined in
Table 2.
Based on the gas source and oxygen blending, PPMVs
can practically be divided into three categories as defined
in Table 3 (Fig. 1):
Category 1 PPMVs are driven by oxygen and air at high
pressure. Pressure inside the ventilator is then reduced to
atmospheric pressure by a “pressure reducer device” to
allow the patient to inhale. Gases are blended using an
internal blender driven by a proportional valve. The preset

Positive Pressure Ventilators

Positive Pressure Ventilators. Table 1 Fundamental
elements of a positive pressure ventilator
1. Pneumatic system
2. Inspiratory and expiratory valves and output variable
control
3. Phase variables: trigger, cycling off, and limit (ventilation
modality)
4. Control system
5. User interface
6. Safety and alarm systems
7. Monitoring system
8. Respiratory circuit

Positive Pressure Ventilators. Table 2 Gas source
(a) External high-pressure gas (centralized gas system or
tanks)
(b) Internal compressor
(c) Turbine or piston
(d) Combination of (a + c) or (a + b)

Positive Pressure Ventilators. Table 3 Category of positive
pressure mechanical ventilators
Category 1 PPMVs working with oxygen and air at high
pressure (4 atm [400 kPa])
Category 2 PPMVs working with oxygen at high pressure
(4 atm [400 kPa]) and atmospheric air
Category 3 PPMVs working only with atmospheric air

oxygen tension is constant, whatever is the minute volume. Most of these ventilators have an internal battery
that can, in some cases, power an internal compressor.
Category 2 PPMVs are driven by oxygen at high pressure
(4 atm) plus atmospheric air.
In these ventilators, a piston or turbine sucks atmospheric air from the environment.
The preset oxygen tension is constant, whatever is the
minute volume because oxygen is provided at high pressure. PPMVs of category 2 are also suitable for critical care
use. Most of category 2 as well as category 3 ventilators
have a very long-lasting internalbattery (4–9 h).
Category 3 PPMVs are driven by only atmospheric air. As
in category 2, PPMVs’ piston or turbine sucks atmospheric air from the environment. Oxygen can be provided only at low pressure in a dedicated inlet, in the
ventilator circuit or in the noninvasive patient interface.

P

In spite of the FiO2 may read by an internal oxygen
sensor, oxygen delivery is not constant and FiO2 cannot
reach 100%. Therefore, these ventilators are not suitable
for critical care use.
Turbine-driven ventilator of category 2 and 3 can be
divided into two sub-categories as shown in Table 4.
Although in the past constant-revolution blower
systems had a clear responsiveness advantage over
dynamic blower systems, recent developments show
that dynamic blowers with a small blower wheel diameter
and a very high revolution rate per minute are also
extremely responsive to patient demand.
Inspiratory and expiratory valves and output variable
control
The inspiratory valve is meant to control respiratory cycle
phases, along with the expiratory valve. In category 1 and
in some category 2 PPMVs, a proportional inspiratory
valve manages the output of the ventilator. The proportional valve can function as either a flow or a pressure
controller.
Differently in many category 2 PPMVs, the inspiratory
valve has only an on–off function: both pressure and flow
depend on the mechanical system (the piston or the rotational speed of the turbine).
The expiratory valve can be a simple valve that closes in
counterphase with the inspiratory one (a mushroom or
diaphragm valve as in most PPMVs of categories 2 and 3)
(Fig. 2), or a proportional valve in ventilator of category 1
(Fig. 3). Usually, expiratory valves also control the baseline
phase, which can be atmospheric pressure or the positive
end-expiratory pressure (PEEP). The inspiratory and expiratory valves can be labeled as “active expiratory valves”
when they make possible for the patient to breathe spontaneously even during a pressure-limited mandatory
breath.
Phase variables: trigger, cycling, and limit
Three phase variables define inspiration as shown in
Table 5.
Trigger variable
It defines the modality of breath initiation during
mechanical ventilation. The “trigger” begins inspiration
as shown in Table 6.
A time-triggered breath means that the operator sets
a given respiratory rate on the ventilator resulting in
a given duty cycle. Differently from time-triggered breaths
the others form of breath initiation start according to
patient’s effort.
The goal of a good inspiratory trigger (The term
“trigger” is often used only to define the inspiratory
synchronization system that detects any patient inspiratory effort and activates a mechanical breath during
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Positive Pressure Ventilators

a

b
c
Positive Pressure Ventilators. Figure 1 (a–c) Show ventilator of categories 1, 2, and 3, respectively

Positive Pressure Ventilators. Table 4 Subcategories of
turbine-driven PPMVs
 Constant-revolution blower systems (turbine rotates at
a constant speed driven by a proportional valve)
 Dynamic blower systems (which change speed to reach
the preset ventilatory output)

partial ventilatory assistance (assisted breath).) during an
“assisted breath” is to reduce as much as possible the
duration (inspiratory trigger delay) and intensity of the
muscular effort that comes before the mechanical support,
while avoiding autotrigger. It has been generally suggested
that an inspiratory trigger during an “assisted breath”
must have a response time <100 ms.
While pressure triggering allows detection of
a pressure drop within the circuit due to the patient’s
inspiratory effort, flow triggering is achieved with the
measurement of flow by using a pneumotachograph at
the airway opening or inside the ventilator (Fig. 3). Some
flow triggers work with the so-called flow-by system, which
provides a continuous bias flow into the circuit with
triggering occurring when the difference between the
flows entering and exiting the respiratory double-limb
circuits equals the trigger sensitivity. This bias flow may
be automatically adjusted when increasing flow trigger
sensitivity or else is manually adjusted.

Positive Pressure Ventilators. Figure 2 A single-limb
circuit with a mushroom expiratoty valve (full black arrow).
The valve is driven by the pressure coming from the pipe
(dotted arrow)

Positive Pressure Ventilators

Inspiratory proportional valve

P

1791

Expiratory proportional valve
Inspiratory and expiratory flow

Inspiratory flow

Expiratory flow

a

Y-piece

b

Positive Pressure Ventilators. Figure 3 Measurement of flow by using a pneumotachograph inside the ventilator (a) or at the
airway opening at Y-piece (b). The black arrows show where inspiratory and expiratory flow is measured

Positive Pressure Ventilators. Table 5 Phase variables
define inspiration

Positive Pressure Ventilators. Table 7 Modality of a “breath”
cycling

● The “trigger” that begins inspiration

● Pressure

● The “limit” that cannot be exceeded during inspiration
(pressure, volume, and flow)

● Volume

● The “cycling-off” criteria

● Flow

Positive Pressure Ventilators. Table 6 Modality of breath
initiation during mechanical ventilation
● Time (timed mandatory breaths initiated and cycled by
the ventilator and set by the operator)
● Pressure (assisted breath pressure triggered)

● Time

P
Positive Pressure Ventilators. Table 8 Limit variable
● Pressure: pressure-limited ventilatory support
● Volume: volume-limited ventilatory support

● Flow (assisted breath flow triggered)
● Volume (assisted breath volume triggered)
● Diaphragmatic activity (neurally adjusted ventilatory assist
[NAVA])

Any inspiratory trigger delay may be overcome by
using a neural trigger obtained by means of a dedicated
nasogastric tube with a multiple array of electrodes placed
in the distal esophageal portion (NAVA).
Cycle variable
A breath can be pressure, time, volume, or flow cycled
(Table 7).
While a pressure, a time, or a volume breath is terminated when a given pressure, time, or volume is reached,

a breath in a flow-cycled ventilation mode is ended when
inspiratory flow reaches a given threshold value (default at
25% of peak flow in most PPMVs, but adjustable in
others). The aim is to detect the very end of patient
inspiration through inspiratory flow measurement.
Its goal is to optimize synchronization between spontaneous patient and ventilator inspiratory time.
Limit variable
Mechanical ventilators apply positive pressure at the airways with different modalities as shown in Table 8.
With volume-limited ventilatory support, the independent variables (ventilatory output) are flow and its
integral over time, that is volume. The dependent variable
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is pressure, which varies according to the respiratory system impedance. With pressure-limited ventilatory support, the independent variable is pressure, while flow
and volume (dependent variables) are consequent to ventilatory impedance.
Control system
The control system controls or servo-controls output variables and activates safety systems. It can work with either
a pressure or a flow feedback. All category 1 and 2 ventilators use a closed-loop control that maintains a constant
ventilatory output by using output as a feedback signal
that is compared with the operator-set input.
User interface
The control panel allows the user to interact with the
ventilator in order to set ventilator parameters and verify
through monitoring that they are correctly applied. Some
parameters are set directly, whereas others are derived
from measurements. With the current generation of
PPMVs, the user interface is commonly a touch pad and/
or rotary encoder with or without a touch-screen control.
Ventilators dedicated for home-care use have the possibility to block all the clinical operativity of the ventilator
to avoid any kind of inadvertent manumissions.
Safety and alarm systems
The ventilator safety system aims at avoiding any damage
to the patient due to ventilator malfunction as in the case
of electrical failure or overpressure.
All ventilators in a critical care area should have alarms
as shown in Table 9.
There are default values for alarm thresholds, beyond
which an audible alarm and/or a visual indicator will go
off, but these values should be set case by case according to
clinical situation, ventilation mode, kind of interface, and
possibly modified whenever these conditions change.
Monitoring system
In any ventilator, directly measurable variables are the
pressure applied to the airway and the flow, while other
parameters can be derived from the analysis of these
signals. Direct visualization of flow–time and pressure–
time waveforms provides valuable information about the
quality of ventilator–patient interaction.
Respiratory circuit
The circuit is not a true part of a ventilator and it is often
sold separately. In spite of being a device positioned externally to the PPMV, its features may change among different ventilators.
Double-limb respiratory circuit
The double-limb circuit is composed of an inspiratory and
an expiratory limb whose proximal ends are connected to
the inspiratory and expiratory ports, while the distal parts
are connected to the so-called Y-site. The Y-piece can be

Positive Pressure Ventilators. Table 9 Alarms for a critical
care PPMV
● Electrical failure
● Compressed gas supply problems
● Patient disconnection from the ventilator
● Changes in airway pressure (in volume-targeted mode)
● Changes in tidal volume (in pressure-targeted mode)
● Changes in minute ventilation (in volume- or pressuretargeted modes)
● Changes in Fi,O2

Y-piece

Positive Pressure Ventilators. Figure 4 A double respiratory
circuit connected to the ventilator and to a testing baloon
at Y-piece. Dotted and full black arrows indicate inspiratory
and expiratory limb, respectively

Positive Pressure Ventilators. Table 10 Types of single-limb
circuit
Type 1 Single circuit with an active nonrebreathing
expiratory valve (e.g., a mushroom valve driven by
ventilator)
Type 2 Single circuit without an active nonrebreathing valve
(intentional leak circuit)

then connected to the catheter mount with or without
a proximal sensor (Fig. 4).
In some PPMVs the pneumotachograph is positioned
at the Y-piece as shown in Fig. 3. Flow and pressure

Positive Pressure Ventilators
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(Whisper TM)

Plateau valve TM

b

a

c

d

C

Positive Pressure Ventilators. Figure 5 A single limb intentional leaks circuit. The intentional leak is provided through a
“hole” in the circuit proximal to the airways (a) or a “venting system” in series in the circuit always positioned proximally to
the airways (b and c), Differently the intentional leaks are provided through slots or holes in the interface (d) . The arrows
indicates where air is flowing out

Positive Pressure Ventilators. Table 11 Modalities of CO2
venting in intentional leak circuits
● Venting system build-up in the interface (vent slots or
holes) or in the circuit proximally to the airway
● Venting connector
● Plateau valvea
a

This valve is a reusable exhalation device that provides a continuous
leak path in the patient circuit when used with Respironics continuous
positive airway pressure (CPAP) and bilevel systems. Although it is not
an active valve it does not allow CO2 rebreathing

function of this valve is often an on–off function, which
may also work as a PEEP valve.
Type 2 (intentional leak circuit) is not a real active
expiratory valve as in the Type 1. CO2 is vented out
through three modalities, as shown in Table 11 and in
Fig. 5. The amount of rebreathing may increase when
patient expiratory flow exceeds clearance of the vent system in the presence of increased interface dead space or for
PEEP level less than 8 cmH2O.
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Synonyms
PET; PET/CT

Definition
Positron emission tomography (▶ PET) is a functional
imaging technique, which relies on the detection of photons generated by the annihilation of a positron emitted
by an instable isotope labeling a compound administered
to a subject.

Pre-existing Condition
In the daily clinical practice PET is used, in the vast
majority of cases, for cancer staging and follow-up. PET,
however, is an extremely flexible technique, that allows
the in vivo imaging of several physiologic processes,
depending on which tracer is used; for this reason PET
has been applied, mainly for research purposes, to a large
number of different diseases in both the clinical and preclinical setting. In the field of intensive care medicine most
of the focus has been on acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS).

Application
Instrumentation
A PET scanner is basically constituted by a ring of detectors surrounding the patient. The imaging procedure
requires the administration of a biologically active molecule substituted in one atom with an unstable isotope,
which decays with the emission of a positron. The positron is the antiparticle of an electron; thus, as soon as the
positron encounters one electron of the surrounding matter the two particles annihilate, and the masses are
transformed in two photons, traveling in two opposite
directions on the same line. When two photons are
detected simultaneously (or, more appropriately, within
a delay of nanoseconds) by two detectors of the ring an
“event” is registered along the line connecting the detectors. After having collected several millions of events it is
possible, in analogy to a computed tomography (CT)
acquisition, to reconstruct a planar image of the spatial
distribution of the tracer, by using the “classical” filtered

back-projection, or, more recently, the ordered subset
expectation maximization (OSEM) iterative algorithm.
A modern PET scanner is constituted by a number of
adjacent rings, so that a field of view 15–20 cm wide can
be imaged at once. PET scanners are often coupled with
CT (▶ PET/CT) so that anatomical and functional images
of the same regions of interest (ROIs) can be obtained.
However, the feature unique to PET does not reside
much in the acquisition equipment, but in the tracers
employed. Indeed the isotopes commonly used are 11carbon, 13-nitrogen, 15-oxygen, and 18-fluoride (which
can be used as a substitute for hydrogen). It is thus possible
to label virtually any molecule without altering its
structure and, consequently, its biological properties; consequently PET can be used to image virtually any physiological process that can be individuated by following the
spatial and temporal kinetic of a selected biological molecule. In the last decades, hundreds of tracers have been
developed and applied, mainly for research purposes. It
would however be impossible to summarize entirely, in
this entry, the results obtained; we will thus review some of
the results obtained by PETaccording to their relevance for
the critically ill patient, with a specific focus on ALI/ARDS.

Studies Employing [18F]FDG

[18F]fluoro-2-deoxy-D-glucose is an analog of glucose,
missing one oxygen atom and with one hydrogen atom
substituted by radioactive 18-fluoride. It is uptaken by
cells by the same transporters and at the same rate of
glucose; the molecule undergoes the first reaction of the
glycolytic process, that is, phosphorylation. However due
to the absence of one oxygen atom the [18F]FDG cannot
proceed any further toward Krebs cycle and it is trapped in
the cells. This is not the case only in hepatocytes, where
[18F]FDG can be dephosphorylated and leave the cell. In
this way the accumulation of [18F]FDG detected by PET is
proportional to the intensity of glycolytic metabolism of
the cells. Because of this property PET was originally
devised for the study of brain metabolism, which heavily
depends on glucose; however, the burst of PET into clinical practice has been promoted by the fact that [18F]FDG
is actively up taken by neoplastic cells from many different
tumors, making PET an invaluable tool for staging and
differential diagnosis of neoplasm.
In order to quantitate the uptake of [18F]FDG, two
methods have been mainly used. The first, “semiquantitative,” routinely used in the clinical practice, relies on the
use of the standardized uptake value (▶ SUV), defined as
the tissue concentration of tracer as measured by a PET
scanner divided by the activity injected divided by body
weight. The second class of methods is quantitative, based
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on the application of mathematical multi-compartmental
models, fitted to the tracer time course. The Solokoff
model assumes the presence of three compartments for
[18F]FDG (blood, tissular precursor for phosphorylation
and phopsphorylated), with three time constants,
expressing the rate of passage of [18F]FDG among the
different compartments. Later, the simplified Patlak’s
graphical analysis was proposed: the ratio tissue/plasma
activity is plotted as a function of the ratio of the integral
of plasma activity normalized to plasma activity. The
experimental points are fitted with a linear regression
whose slope represents the net uptake of [18F]FDG
(▶ Ki) and the intercept represents the initial volume of
distribution (Fig. 1). It is important to underline that both
models have been devised for the brain and subsequently
used in other organs, including the lungs, although their
applicability in this context might be debatable, due to the
important anatomical differences. For this reason more
sophisticated models have been specifically developed for
the lung by the group of Venegas in Boston, MA.
An increased [18F]FDG signal has been reported in the
course of several experimental and clinical inflammatory
processes in the lungs. The uptake of [18F]FDG occurs
primarily by activated neutrophils, whose metabolism
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Positron Emission Tomography. Figure 1 Example of
Patlak’s graphical analysis of [18F]FDG kinetics. The activity of
[18F]FDG in the tissue normalized by plasmatic activity is
plotted as a function of the integral of blood activity
normalized by blood activity. The slope of this relationship (Ki)
is an estimate of the net cellular influx of [18F]FDG, while the
intercept is proportional to the initial volume of distribution.
Notice the higher uptake of [18F]FDG in the lungs of a patient
with acute respiratory distress syndrome (ARDS) (filled
symbols) in comparison with a control subject (empty symbol)
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(especially during the respiratory burst triggered by the
rolling and adhesion phases) is heavily dependent on
anaerobic glycolysis, requiring an elevated uptake of glucose. Microautoradiographic studies confirmed that, after
in vivo administration of [18F]FDG or ex vivo incubation
with [3H]DG (deoxyglucose labeled with tritium) the only
type of cells emitting radiation was neutrophils, even if
other cell types such as macrophages were numerically
more abundant. In keeping with this finding it has been
shown that, in a model of ventilator induced lung injury
(VILI) the depletion of neutrophils, without affecting
other cellular types, causes, basically, a disappearance of
the [18F]FDG signal [1].
PET with [18F]FDG has been used to evaluate the
inflammatory response in a number of experimental
models of lung injury, including the administration of
oleic acid, endotoxin, and bleomycin, ventilator induced
lung injury (VILI), and smoke inhalation.
In an ovine model of VILI, in which one of the two
lungs was injured by promoting alveolar overexpansion
(by means of high peak pressure) and collapse (by means
of a negative end-expiratory pressure) the injured lung
showed a pronouncedly increase uptake of [18F]FDG in
comparison with the uninjured lung after only 90 min of
injurious ventilation; at this time point, despite the
marked loss of aeration in the injured lung, gas exchange
was only modestly deranged, probably because, as shown
by the ventilation perfusion PET scan (see below) in most
animals, the perfusion had been redirected to the noninjured lung by the mechanism of pulmonary hypoxic
vasoconstriction [1].
PET with [18F]FDG has been used in humans to image
lung metabolic activity (likely to reflect inflammation) in
the course of several types of lung disease, including
asthma, chronic obstructive pulmonary disease (COPD),
infection, and rejection of lung’s transplant. In all
such conditions PET allowed the imaging of lung’s
inflammation.
Among eight patients at risk for the development of
ALI, three of the four patients subsequently developing
ALI had a “diffuse” uptake of [18F]FDG (i.e., involving
both non-aerated or poorly aerated and normally aerated
regions on CT), while in the patients subsequently not
developing ALI the uptake of [18F]FDG was confined to
the regions of poor or absent aeration. Moreover, we have
shown in a cohort of ten mechanically ventilated patients
with ALI/ARDS that the metabolic activity of the lungs
was markedly increased and that it did correlate with the
derangement in oxygenation. The inflammation was not
confined to the regions with density abnormalities on
the CT scan, but also involved the regions appearing
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“normally aerated”; this supports the evidence that ALI/
ARDS affects the whole lung, although some regions,
appearing “normally aerated,” are spared from collapse
and/or consolidation. When looking at the regional distribution of [18F]FDG uptake and its relationship with
regional aeration two distinct patterns were observed
(Fig. 2): while in some patients the [18F]FDG uptake was
highest in the regions with highest density and progressively decreased in regions of lower density, in the remaining
patients the areas of normal or poor aeration bore [18F]FDG
uptake similar to or greater than that of areas of higher
density [2]. The mechanisms underlying the presence of
these two distinct patterns have not been yet elucidated.
In healthy volunteers, after endobronchial instillation
of bacterial endotoxin, PET showed an increased [18F]
FDG uptake in the area of the instilled bronchus; this
was associated with an increased neutrophils count in
the bronchoalveolar lavage fluid. This model, resembling

under many aspects, the inflammatory reaction characteristic of ALI (although confined to a small region of the
lung), has been used to test the anti-inflammatory properties of some drugs. Indeed a significant reduction of
[18F]FDG uptake was obtained following the administration of lovastatin, but not of recombinant human activated protein C [3]. As proposed by the authors, this work
provides evidence of the potential use of PET with [18F]
FDG as a biomarker for neutrophilic inflammation and
suggest that this tool may be useful during the early
phases of drug development to test the clinical efficacy of
novel therapies.
Finally, PET with [18F]FDG has been used to localize
the site of infection in critically ill patients with suspected
infection, in whom routine clinical assessment had provided inconclusive results. Dr. Simons and coworkers
reviewed the results of 35 PET/CT studies. The area of
interest ranged between the proximal femora and the base
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Positron Emission Tomography. Figure 2 Representative images of cross-registered computed tomography (CT) (acquired
during apnea at mean airway pressure) and [18F]FDG PET from two patients with acute lung injury (ALI)/ARDS showing two
distinct regional patterns of [18F]FDG uptake. Positron emission tomography (PET) images represent the average pulmonary [18F]
FDG concentration over the last 20 min of acquisition (from 37 to 57 min since [18F]FDG administration); the color scale represents
radioactivity concentration. In the patient depicted in panel a [18F]FDG uptake has a distribution similar to that of the opacities
detected by CT, being the highest uptake in the regions of collapse/consolidation. On the contrary patient in panel b shows
intense [18F]FDG uptake both in “poorly” and “normally” aerated regions (square 1), while the signal is lower in the dorsal,
“non-aerated” areas of both lungs (square 2) (Reproduced with permission from [2])
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of the skull and the study was considered positive if one or
more sites of abnormal [18F]FDG accumulation were
detected. Brain, heart, and kidney were not assessed due
to the high physiological accumulation of the tracer in
such organs. Based on the subsequent diagnostic followup, none of the 11 negative scans was considered as a “false
negative,” while there were only 3 “false positive” out of
the 24 positive scans; in five cases PET/CT scan results had
yielded a direct therapeutic consequence. Thus, in
a selected ICU population, the sensitivity of PET with
[18F]FDG was 100% and specificity 79%. For this reason,
in patients with an inconclusive diagnosis based on the
regular diagnostic strategy, PET/CT with [18F]FDG
appears a useful and promising tool.

Studies Employing [13N]N2
Labeled nitrogen can be delivered to the subject both by
inhalation and, when dissolved in saline solution, by intravenous injection. Nitrogen has a low solubility, with
a partition coefficient lwater/air of 0.015. For this reason,
after inhalation of nitrogen at a steady concentration by

Mean regional activity (μCi/mL)

20

P

1797

a closed circuit, the regional activity will be proportional
to the gas content of that region.
The use of [13N]N2 dissolved in saline was initially
proposed as a continuous intravenous infusion during
constant ventilation, yielding a regional signal directly
proportional to the ventilation/perfusion rate. Dr. Venegas
and his group at Massachusetts General Hospital in
Boston later reappraised (and widely applied) the use of
intravenous saline-dissolved [13N]N2 by developing the
single bolus technique (Fig. 3). With this approach, applicable both to human and animal studies, a single bolus of
[13N]N2 gas dissolved in saline solution (approx. 30 mL) is
infused intravenously over 3–5 s while holding the subject
apneic for 30–60 s. As soon as the tracer reaches the
alveoli, the nitrogen leaves the blood moving to the gaseous alveolar phase where it accumulates proportionally
to the regional perfusion. However in the case of shunting
blood flow (i.e., blood perfusing non-aerated units) the
regional activity, after a peak due to the passage of the
bolus of [13N]N2 in the pulmonary vessels, will decrease,
allowing the imaging of shunting blood flow. When
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Positron Emission Tomography. Figure 3 Tracer kinetics of infused [13N]N2 after unilateral ventilator-induced lung injury in the
injured (filled symbols) and in the control (empty symbols) of one animal. After the intravenous injection of a bolus of [13N]N2
dissolved in saline solution (arrow), positron emission tomography frames were acquired during 60 s of apnea and in the 3 min of
ensuing ventilation (right of vertical dotted line). [13N]N2 kinetics during apnea in the injured lung (filled symbols) show a peak in
tracer activity, corresponding to arrival of the bolus of tracer with pulmonary blood flow, followed by an exponential decrease
toward a plateau. This decrease of activity indicates the presence of shunting alveolar units, which do not retain [13N]N2 during
apnea. On the contrary, in the control lung (open symbols), after rising at the arrival of the bolus of tracer at the beginning of
apnea, the tracer diffuses from blood into the alveolar gas and the activity remains virtually constant throughout the apnea
phase, indicating normal gas exchange. After resumption of ventilation, the washout of tracer is slower in the injured lung,
indicating that specific ventilation is lower than in the control one (Reproduced with permission from [1])
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ventilation is resumed, the rate of nitrogen washout will be
proportional to the regional specific ventilation. After
a period of ventilation (usually lasting 5 min) if activity
is still present in a lung region this will indicate a region of
gas trapping, that is, the presence of gas excluded from
ventilation. In comparison with other techniques available
to measure Va/Q ratios the use of the single bolus of [13N]
N2 has the advantage of providing, in addition to the
quantitative measurements, a topographical distribution
of perfusion, ventilation, and shunting blood flow. The
reliability of the technique has been demonstrated by the
fact that it is actually possible to predict the arterial blood
gases from the ventilation/perfusion images in different
types of lung injury.
This technique has been applied both to asthmatic
human subjects and to experimental models of ALI. In
this setting the data provided by PET aided to clarify the
relationship between the impairments in lung aeration
and gas exchange. Indeed in model of ALI obtained by
surfactant depletion, while at a global level it was impossible to establish a systematic relationship between lung’s
gas fraction and shunt fraction, it has been shown that, at
a regional level a tight linear relationship exists between
aeration and shunting blood flow (Fig. 4). Interestingly,
this relationship held true even if positive end-expiratory
pressure (PEEP) was changed. The authors interpreted
this relationship suggesting the existence of a “quantal”
loss of gas-exchanging units: in other words, below
a certain threshold alveolar units do not loose uniformly
aeration, rather some of them become atelectatic, while
the remaining units preserve aeration and gas exchange
ability. As a consequence, the increase in regional
shunt fraction could be due to an increase in the ratio
of shunting alveoli to normally aerated ones. Moreover,
as demonstrated by the authors, since each region
contributes to global shunt fraction proportionally to its
perfusion, it is possible to predict global shunt fraction
only if regional perfusion is taken into account [4].
PETwith [13N]N2 has been used to gain insights on the
physiopathological impact on gas exchange of several
diseases (such as VILI, smoke inhalation, asthma, and
pulmonary embolism) and of several therapies (such as
pulmonary vasodilators, prone position, and recruitment
maneuvers).

Studies Employing Other Tracers
Several tracers have been described and used for studying
lung function (Table 1) [5]. Given the number and the
variety of tracers employed in PET scanning of the lung it
would be impossible to synthesize in this entry the whole
body of obtained results.
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Positron Emission Tomography. Figure 4 Relationship
between regional shunt (FS) and gas (FG) fractions in five
horizontal regions of interest (ROIs) at lower (solid symbols)
and higher (open symbols) levels of positive end-expiratory
pressure (PEEP). The plot pools data from five animals. Shunt
fraction increases rapidly when gas fraction decreases below
0.5, suggesting a “quantal” loss of alveolar units below this
threshold. A single equation could describe this relation:
FS = 1.27 · FG + 0.77; r =  0.90, P < 0.0001 (solid line)
(Reproduced with permission from [4])

However, it is certainly worth to recall the results
obtained in a cornerstone study by Dr Schuster’s group
from St. Louis, MO, who demonstrated that, during
ARDS, despite lung density had a pronounced vertical
gradient (as opposed to control subjects), the lung permeability (measured by pulmonary transcapillary escape rate
of 68Ga-transferrin) was abnormally high but evenly distributed along the vertical axis. This result gave a direct
evidence that ARDS affects the entire lung, independently
of the patchy distribution of aeration loss. The same group
used labeled water ([15O]H2O) to perform imaging of
perfusion and extravascular lung water during experimental acute lung injury.

Conclusion
PET has provided new insights into the physiopathology
of ALI/ARDS. While, due mainly to the short half-life of
the tracers the technique application is rather complex, its
great flexibility makes PET a most interesting investigational tool.
The increased diffusion of PET scanners and the
development of new tracers will probably provide further
applications in the near future; whether PET will remain
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Positron Emission Tomography. Table 1 Reports some of the tracers that have been described and used for studying lung
function
Tracer

Imaged function

11

Presence of macrophages (specifically binds benzodiazepine peripheral receptors)

13

Regional perfusion and gas exchange (i.e., regional ventilation shunting blood flow, gas
trapping)

13

Regional aeration and ventilation

14

Regional blood volume

15

Regional perfusion and extravascular lung water

C-PK11195
N-N2 (injected)
N-N2 (inhaled)
C-CO
O-H2O

18

Glycolytic activity of the cells

18

Collagen deposition

18

Pulmonary angiotensin converting enzyme (ACE) expression, binding and inhibition

68

Endothelial permeability

F-fluoro-2-deoxy-D-glucose
F-fluorproline
F-fluorcaptopril
Ga-transferrin

a unique research tool or if it will become part of the
clinical management of critically ill patients remains, at
the present time, undefined.
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to a space within the lung, or, more precisely, a pulmonary
pneumatocele. In the setting of trauma, these cavities are
thought to arise from three different potential mechanisms. First, an intraparenchymal lung laceration from
chest wall compression with subsequent recoil may produce an air and fluid-filled space at the site of injury [1].
Second, a pulmonary contusion may produce an area of
devitalized lung that is secondarily replaced by gas. Third,
a gas-filled space can form adjacent to a ruptured airway as
the result of high energy blunt force, a missile, a fractured
rib, or barotrauma. These etiologies separate a post traumatic pneumatocele from one occurring after infection,
though these entities may be superimposed in the injured
patient.

Diagnosis
Pulmonary pneumatoceles are typically identified on routine imaging of an injured patient in the first 2 weeks
following injury. They may be multiloculated or spherical
and variably contain fluid. They are typically asymptomatic. Computed tomography affords the most precise
characterization.

Treatment/Outcomes

Post Traumatic Pneumatocele
JEFFREY JOHNSON
Denver Health Medical Center, University of Colorado
Denver, Denver, CO, USA

Generically, a pneumatocele describes a gas-filled space in
any part of the body. Most commonly, this is in reference

Pneumatoceles characteristically have a benign course,
and expectant management with serial radiographs is
a safe approach [2]. There are two notable conditions
that may require intervention. First, some pneumatoceles
will have a persistent connection to an airway. These are at
risk of expansion (“tension pneumatocele”) or rupture
through the visceral pleura with resultant pneumothorax.
Second, some will become secondarily infected, and
require drainage either percutaneously or surgically [3].
Should expansion or infection occur, subsequent
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Postanginal Septicaemia

intervention may convert the lesion to a bronchopleural
fistula, which may require endobronchial techniques or
resection to manage.
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Synonyms
Cerebral abscess

Postanginal Septicaemia
▶ Lemierre’s syndrome
▶ Phlebitis, Septic

Postdilution
The postdilution mode consists in the infusion of the
replacement fluid in the venous line (post-filter) during
hemofiltration or hemodiafiltration therapy.

Posterior Spinal Cord Syndrome
▶ Spinal Cord Injury Syndromes

Postexposure Prophylaxis
A course of HIV medications shown to reduce the risk of
acquiring HIV from a health-care-related exposure to the
HIV virus. The aim of this prophylaxis is to prevent the
replication of the initial inoculum of HIV virus and prevent infection.

Post-gamma Protein
▶ Cystatin C

Definition
Brain abscess is a focal intracerebral infection that begins as
a localized area of cerebritis and develops into a collection
of pus surrounded by a well-vascularized capsule. Patients
usually present with focal neurological deficits and may or
may not have a fever or peripheral signs of infection or
symptoms due to increased intracranial pressure like headache or nausea and vomiting. Brain abscess can follow
craniotomy, craniectomy, ventriculostomy, ventriculoperitoneal shunt placement, Halo traction or intracranial
monitor placement. The most common post-neurosurgical
pathogens include Staphylococcus species, Enterobacteriaceae, and Streptococcus species.
Subdural empyema is located in the potential space
between the dura and the arachnoid, spreads rapidly due
to the lack of anatomical boundaries, and shows therefore
less mass effect than brain abscess. Symptoms begin with
fever, focal neurological deficit (mainly hemiparesis),
nuchal rigidity, headache, and seizures. Four percent of
subdural empyemas develop after neurosurgery. Postneurosurgically isolated pathogens are Streptococcus
pneumoniae (if CSF leaks are present), staphylococci, coliforms, and Pseudomonas aeruginosa [1].

Evaluation/Assessment
Brain abscesses and subdural empyema are detected by
computer tomography scanning or magnetic resonance
imaging.
Tissue should be obtained to confirm the diagnosis
and to identify the pathogen, i.e., by needle aspiration for
thin walled or multiple lesions or by surgical excision of
mature abscesses. Lumbar puncture is typically abnormal
but cultures are often negative in brain abscess. Furthermore, lumbar puncture risks transtentorial herniation.
Despite low rates of positive findings, blood cultures

Post-neurosurgical Meningitis

must be taken in every patient who has signs of symptomatic infection.

Treatment
Initiate antibiotic therapy is needed regardless which management is chosen. Medical treatment alone is more successful if the treatment is begun before complete
encapsulation, if the lesion is small (0.8–2.5 cm in diameter) or if the abscess is located in a critical localization.
Indications for surgical treatment are a significant mass
effect, proximity to ventricle, poor neurological condition,
foreign material or bone fragments, or fistulas. Empiric
antibiotic therapy of post-neurosurgical brain abscess
should include a staphylococcal active drug like vancomycin (21 g/day) or fosfomycin (35 g/day) plus a
third-generation cephalosporin (e.g., cefotaxime 34 g)
optionally plus metronidazol (30.5 g/day). Five to twenty
percent of abscesses recur within 6 weeks of discontinuing
antibiotics. The use of corticosteroids is still being debated.
A subdural empyema is an emergency and needs
surgical debridement and drainage. This can be done either
by burr-holes and irrigation in the early course as pus is
more fluid or by craniotomy if loculations and septations
are present. The choice and duration of antibiotic therapy,
i.e., about 6 weeks is similar to the therapy of a brain abscess.

Prognosis
The mortality of brain abscess in the post-CT era was
reduced to 10%. Seizure is a long-term risk in 30–50% of
patients. It is not uncommon to suffer other neurological
sequelae including hemiparesis and cognitive dysfunction.
The mortality of subdural empyema ranges between
10% and 20% and morbidity includes persistent seizures in
up to 34% and residual hemiparesis in up to 17% of patients.

References
1.

P

of the skin and microorganisms can easily contaminate the
operation site. Most infections occur during the procedure
while the wound is open and easily becomes transferred
from the patient’s own flora.
Besides the antiseptic preparation of the skin, antimicrobial prophylaxis reduces the microbial burden of contamination. Accurate postoperative monitoring is necessary
since even with strict adherence to prevention measures
patients may develop infection. The monitoring helps to
identify post-neurosurgical CNS infection in sufficient time
to initialize immediate medical and/or surgical treatment.
SSIs after craniotomy occur with a frequency of
2.6 SSIs per 100 operations according to the National
Healthcare Safety Network report. SSIs after shunt procedures are reported with a frequency of 4.7 SSI per 100
ventricular shunt operations [1].
Most of these infections are superficial SSIs. Although
they have little effect on mortality, they have to be taken
seriously since they may lead to deeper, intracranial SSI
[2]. Postoperative intracranial SSIs such as meningitis,
brain abscess, subdural empyema, infections related to
external ventricular drainage (EVD), and shunting procedures will be discussed in the entries given below.
▶ Post-neurosurgical Meningitis
▶ External Ventricular Drainage (EVD)-Related CNS
Infection
▶ Shunt-Related CNS Infection
▶ Post-neurosurgical Brain Abscess and Subdural
Empyema

References
1.

Edwards JR, Peterson KD, Andrus ML, Dudeck MA, Pollock DA,
Horan TC, National Healthcare Safety Network Facilities
(2008) National Healthcare Safety Network (NHSN) Report, data
summary for 2006 through 2007, issued November 2008. Am J Infect
Control 36:609–626

Greenberg BM (2008) Central nervous system infections in the
intensive care unit. Semin Neurol 28:682–689

Post-neurosurgical Meningitis
Post-neurosurgical CNS Infection
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Patients undergoing neurosurgery always have a risk of
developing a postoperative surgical site infection (SSI).
Even simple incisions can affect the physiological barrier
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Synonyms
Postoperative or post-procedure meningitis
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Postoperative or Post-procedure Meningitis

Definition
Post-neurosurgical meningitis is an inflammation of the
coverings of the brain following cranial procedures
like craniotomy, stereotactic biopsy, and stereotactic
craniotomy or ventriculoperitoneal shunt placement.
Besides the superficial SSI, post-neurosurgical
meningitis is the second most common CNS infection
after craniotomy. Post-neurosurgical meningitis occurs
in 1–6% of cranial procedures.
Risk factors for postoperative meningitis are concomitant incision infection, cerebrospinal fluid (CSF) leakage,
duration of surgery, emergency surgery, and early
reoperation. Also EVD and intraventricular shunting
increase the risk of post-neurosurgical meningitis (see
also ▶ External Ventricular Drainage (EVD) Related
CNS Infection and ▶ Shunt-Related CNS Infection).
Pathogens causing post-neurosurgical meningitis are
mainly staphylococci (Staphylococcus aureus, coagulase
negative staphylococci (CoNS)), gram-negative bacilli
(Escherichia coli, Klebsiella spp., Pseudomonas aeruginosa,
and increasingly Acinetobacter spp.) and rarely Candida
spp. Staphylococci are the causing pathogens particularly
in case of intracranial devices. Pneumococci may cause
infection in patients with cochlear implants or in direct
approaches to the sphenoid sinus.

Evaluation/Assessment
Patients with post-neurosurgical meningitis may present
with fever, impairment of consciousness, and often nausea
and vomiting. Once there is suspicion of acute bacterial
meningitis, diagnostic tests of the liquor should include
CSF and blood glucose concentration, CSF and blood
protein concentration, CSF leukocyte count, CSF lactate
concentrations, Gram stain, CSF culture, and latex agglutination. Interpretation of CSF analysis should be accomplished thoughtfully since CSF abnormalities as elevated
protein and increased white cells may be due to aseptic
inflammation or underlying diseases, especially very early
after an operation.
Blood samples must be obtained for culture. A delay in
the initiation of therapy introduces the potential for
increased mortality and neurological sequelae.

Treatment
Empiric antimicrobial therapy and adjunctive therapy
must be started immediately after taking blood cultures.
Therapy of post-neurosurgical meningitis should include
vancomycin (21 g/day) plus meropenem 32 g/day or
plus ceftazidime 32 g/day. But, penetration of intravenously administered vancomycin into CSF is poor, even in
the presence of meningeal inflammation. To overcome this

pharmacokinetic drawback, intrathecal instillations with
vancomycin doses of 5–20 mg have been used. The use of
adjunctive dexamethasone (0.15 mg/kg q6h) for 2–4 days
with the first dose administered 10–20 min before, or at
least concomitant with, the first dose of antimicrobial
therapy is recommend in adults with suspected or proven
pneumococcal meningitis. Adjunctive dexamethasone
should not be given to adult patients who have already
received antimicrobial therapy, because administration of
dexamethasone in this circumstance is unlikely to improve
patient outcome.

Prognosis
Mortality of post-neurosurgical meningitis is described
with high fatality rates up to 40%. In one study, meningitis
due to cutaneous bacteria showed a significant lower mortality in comparison to meningitis due to non-cutaneous
bacteria (6.0% versus 27.0%) [1]. Mortality is significantly
associated with inappropriate antibiotic use, concurrent
nosocomial infection, Glasgow Coma Scale (GCS) score<
10, and CSF glucose level30 mg/dL.
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Postoperative or Post-procedure
Meningitis
▶ Post-neurosurgical Meningitis

Postsplenectomy Overwhelming
Sepsis
▶ Overwhelming Postsplenectomy Sepsis

Postsplenectomy Sepsis
Sepsis occurring in asplenic patients at some point in time
remote from the splenectomy. Usually used in reference to
a serious and overwhelming infection that is worse
because of the absence of the spleen.
▶ Splenectomy: Infectious Complications
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Postsplenectomy Sepsis
Syndrome
▶ Overwhelming Postsplenectomy Sepsis

Postsplenectomy Vaccination
The practice of vaccinating patients with splenic injury or
who have had splenectomy against common organisms
thought to be particularly virulent in asplenic individuals.

Posttraumatic DIC
▶ Coagulopathy

Potassium-Sparing Diuretics
▶ Diuretics for Management of AKI

Poxvirus
▶ Biological Terrorism, Smallpox

PRAM (Pressure Recording
Analytical Method)
▶ MostCare Monitor

Pre-/Postdilution
The site where ultrafiltered plasma water is replaced. If
replacement occurs before the filter, the process is called
predilution (blood is diluted before being filtered). If after
the filter, it is called postdilution.

P

1803

Predicted Body Weight (PBW)
Males: PBW (kg) = 50 + 2.3 (height (in) – 60); Females:
PBW (kg) = 45.5 + 2.3 (height (in) – 60).

Prediction Models
▶ Acute Coronary Syndrome: Risk Stratification

Predilution
The predilution mode consists in the infusion of
the replacement fluid in the arterial line (prefilter) during hemofiltration or hemodiafiltration therapy. The
predilution mode decreases the risk of filter clotting and
allows a greater ultrafiltration rate, increasing the convective clearance. However, the diffusive clearance is reduced
in hemodiafiltration, due to dilution of the solutes. (See
▶ Postdilution.)

Pregnancy, Infectious
Complications
HRISHIKESH S. KULKARNI, KALPALATHA K. GUNTUPALLI,
BEHROUZ ZAND
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Definition
Maternal death: Death of a woman while pregnant or
within 42 days of termination of pregnancy, irrespective of
the duration and site of the pregnancy, from any cause
related to or aggravated by the pregnancy or its management but not from accidental or incidental causes (WHO).
Puerperium: The time period up to 42 days
postdelivery or abortion.
Organ dysfunction (synonym: organ failure): A score
of equal to or greater than 3 points on the SOFA (Sequential Organ Failure Assessment) score for each organ
system.
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Chorioamnionitis: It is the inflammation of the
amnion and/or chorion occurring prior to delivery.
Puerperal sepsis: The infection of the genital tract
occurring at any time between the onset of the rupture
of membranes or labor and the 42nd day postpartum in
which fever and one or more of the following are present:
pelvic pain, abnormal vaginal discharge, abnormal odor of
discharge, and delay in the rate of reduction of the size of
the uterus (WHO).
Primary bacteremia: Clinical manifestations of
sepsis with a positive blood culture in the absence of any
pulmonary, urinary, abdominal, or uterine sources of
infection.

Introduction
The anatomic and physiological changes in pregnancy
necessitate a tailored approach for managing the critically
ill obstetric patient. The presence of a developing fetus
demands further prudence. The incidence of an ICU
admission in pregnancy ranges from 2% to 10%. Developing countries have a much higher rate that of the developed; the latter often report an incidence of <2% [1]. Of
these admissions, 55–80% have obstetric causes. These
causes are illnesses that would not have occurred in the
absence of the pregnant or puerperal state. Nearly three
out of four admissions are postpartum and a majority of
those admissions occur within the first 24 h of delivery.
Multiple pregnancies, increased parity, treatment in minor
teaching hospitals and consultations at hospitals other
than where admitted for delivery are factors which are
associated with an increased risk of an ICU admission in
an obstetric patient. The mortality rates in these ICU
admissions are also much higher in areas with a lower
socioeconomic status. Up to 20% of all maternal deaths
can be due to infections.
The infectious complications in pregnancy can be
divided into obstetric and medical. The content of this
entry will primarily focus on infections that can be severe
enough to warrant an ICU admission. Obstetric complications are those that are a direct result of the pregnancy or
puerperal state. Medical complications are those that can
occur even in nonpregnant patients. Sepsis is the most
common infectious cause of an ICU admission in an
obstetric patient. Foci of infection include the lung, urinary tract, pelvic organs (uterus and placenta) and less
commonly, the central nervous system or the abdomen.
Tropical countries deal with a substantial patient population with viral hepatitis, malaria, dengue, leptospirosis,
miliary tuberculosis, and tetanus which are often cumulatively more common in such patients than pelvic sepsis,
respiratory and urinary infections; the latter are more

common in developed countries [1]. Predisposing factors
for infections include poor preexisting nutritional status
and anemia, immunosuppression, low socioeconomic status, lack of access to appropriate antenatal health care,
delivery at home in unhygienic conditions, instrumentation and operative interventions such as abortions and
caesarean sections. Prolonged rupture of membranes and
prolonged labor are also important considerations. These
factors complicate preexisting changes, such as ureteral
dilation and pressure on the bladder, altered vaginal pH,
and gastric stasis [2]. Delay in seeking treatment and
inadequate perinatal care also contribute to severe infection. The grave impact of severe infection in pregnancy is
highlighted by the fact that sepsis and viral hepatitis in
pregnant women have a worse outcome compared to
other obstetric reasons for ICU admission such as eclampsia [1]. Thus, early diagnosis and aggressive management
is essential and can be lifesaving.

Sepsis in Pregnancy
Definition
The spectrum of “sepsis” is discussed in depth in other
entries. The illness ranges from a systemic inflammation
secondary to bacteremia, to septic shock with multiorgan
dysfunction depending on the severity of the host
response. Sepsis has been reported in up to 10% of admissions to an obstetrics and gynecology in-patient service.
A caesarean delivery is the most common risk factor for
maternal sepsis [2]. It complicates the scenario in
a significant number of patients with chorioamnionitis,
endomyometritis, septic abortion, pneumonia, and pyelonephritis, thus warranting a high level of clinical suspicion
in these patients. Nearly one-fifth of the cases are due to
hospital or ICU-acquired infections presenting after 48 h
and can be prevented. Septic abortion is a steadily decreasing yet important cause especially with a history of uterine
manipulation. While the source of infection is often polymicrobial, the predominant organism involved regardless
of the source of infection is Escherichia coli, the Gramnegative aerobe [2]. This is followed by Gram-positive
aerobes and anaerobes; Enterococci are often coexistent
and have the additional problems of drug resistance.

Treatment
The treatment of sepsis should begin as soon as possible,
not necessarily awaiting an ICU admission. Fetal wellbeing is largely dependent on early and effective maternal
resuscitation [2]. The management team should always be
prepared for labor in any patient with sepsis. While electronic fetal monitoring is helpful, non-reassuring fetal
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heart rate patterns are better managed first by ensuring
adequate maternal oxygenation and circulation, rather
than an immediate caesarean delivery. Due to paucity of
evidence-based recommendations, we have commented
on the management on severe sepsis in pregnancy by
extrapolating the guidelines of the Surviving Sepsis keeping in mind the physiological changes in pregnancy and
the effects on the fetus. Readers are advised to refer to the
entry on management of sepsis for a detailed discussion.
While certain goals are recommended, the management
should be based on a combination of the clinical response
and oxygenation parameters (Table 1).

Evaluation/Assessment
Critically ill septic obstetric patients may present with
nonspecific symptoms such as malaise, nausea, headache,
vomiting or diarrhea; tachycardia (HR > 90), tachypnea
(RR > 20), fever (T > 38 C) or hypothermia (T < 36 C),
though not specific, may be pointers toward a septic
pathology. Yet, altered mental status is the most common
presenting manifestation among critically ill obstetric
patients, followed by bleeding, fever, dyspnea, seizures,
and jaundice. Fever and leukocytosis in a pregnant patient
should increase the suspicion for systemic inflammation
and prompt a search for an infection. Physical examination findings – if present – and a pelvic and rectal exam
may help to localize the source. The lower vascular tone in
pregnancy may mask the hypotension of early sepsis. This
predisposes to a rapid deterioration in pregnant patients,
whose blood pressure is dependent on an increased
cardiac output secondary to decreased vasomotor tone,
especially in those with preexisting cardiovascular disease.
A decrease in blood pressure in the left lateral position or
an increased capillary filling time may be an impending
sign of severe sepsis as may be the change in the baseline
variability in fetal heart rate and new onset late decelerations on electronic fetal monitoring. Impaired myocardial
contraction is a common feature of sepsis in pregnant
patients along with a low systemic vascular resistance
commonly seen in septic shock. The coexistence of HIV
is an important risk factor for widespread and severe
infection.
The initial evaluation includes blood counts, glucose
and electrolytes, arterial blood gases, serum lactate levels,
basic liver and renal function tests, a coagulation profile
and plain radiographs of chest and abdomen. Studies have
shown a serum pro-calcitonin level of greater than two
standard deviations above the normal levels as a specific
marker to differentiate SIRS due to infection from
noninfectious sources within 3–6 h of an infection. Its
half-life of 24 h makes it useful later on to document
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response to antibiotics. A septic screen can be started
with cervical smears for Gram staining and blood, urine,
and cervical cultures. At least two blood cultures are
needed over a 24-h period, ideally from a peripheral site
and a central line sample, and at least 10 mL blood should
be collected per bottle. The samples should be ideally
collected before starting antibiotics, but should not delay
the start of therapy. For fungal infection, 50–60 mL blood
is cultured on an appropriate medium. Urine cultures and
placenta samples should be used for the diagnosis especially in the absence of positive blood cultures and an
unknown focus of infection. Studies have shown the
most common sources of the infection, especially postpartum, are in the genital tract. Hence, immediate attempts to
find out the source such as endometritis, pelvic abscesses,
necrotizing fasciitis, or septic thrombophlebitis using
either ultrasonography or magnetic resonance imaging
can help reduce the organism burden and control the
infection. Disease progression should be monitored, as
acute lung injury and renal failure have occurred in these
patients. Pregnant patients are also more prone to DIC
due to hypercoagulability.

After-care
Generally, the obstetric patient with sepsis has a good
prognosis if managed early. The mode of delivery depends
on the maternal and fetal condition and their response to
resuscitative measures. While the methods for ensuring
fetal viability vary as per the gestational age, operative
intervention is considered as the last resort unless absolutely necessary; it does not improve maternal nor fetal
survival exclusively in sepsis to the point that peri-mortem
caesarean sections are being considered as the last resort
[2]. In case the need for a preterm delivery arises, corticosteroids should be given to accelerate fetal lung maturity
between 24 and 34 weeks of gestation and are acceptable in
such an ICU setting regardless of the presence of sepsis.
Finding the focus of sepsis is of major importance for
source control, to avoid recurrences, and be aware of
future complications that may arise.

Prognosis
The case-fatality rate for sepsis in the nonpregnant population ranges from 20% to 60% depending on severity of
organ dysfunction. While bacteremia may be common,
the diagnosis of shock is seen in a much smaller subset of
the population (0–10%) and the observed mortality
ranges around 3%. Fetal survival is good, particularly
when the fetus reaches viability, in spite of severe sepsis
in the mother. The postulated reason is an immature
immune system promoting a greater endotoxin resistance,
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Pregnancy, Infectious Complications. Table 1 Specific issues in the management of severe sepsis in pregnancy [2]
Issues

Treatment recommendations

Goals

Fluid resuscitation

● A bolus of 20–40 cc/kg of fluids
needs to be given initially to
check whether the
hypotension improves

● CVP: 8–12 mmHg (up to
● The patient must be in the
15 mmHg allowed in those on
left lateral position or with
mechanical ventilation)
a roll placed under the right
chest and thigh to avoid vena
caval compression

Refractory shock

Aspects specific to pregnancy

● If responsive, often up to 6–10 L ● PCWP: 14–16 mmHg
of fluid may be needed

● The CVP is often normal in
pregnancy in spite of left
ventricular dysfunction or
pulmonary edema or may be
elevated in absence of
pulmonary edema

● A PAC may be necessary in those ● Urine output >0.5 mL/kg/h
at an increased risk of pulmonary
edema (i.e., severe preeclampsia,
cardiac dysfunction) or with
coexisting multiorgan
dysfunction (e.g., ARDS)

● Periodic monitoring for fluid
overload is necessary as these
patients are prone to
pulmonary edema

● Advisable when fluid
resuscitation is inadequate to
maintain blood pressure and
renal perfusion

● SBP > 90 mmHg or MAP >
65 mmHg

● Medications: IV dopamine
(starting at 10 mcg/kg/min) or IV
norepinephrine (5–15 mcg/min)
● Refractory cases: Low-dose
vasopressin (0.01–0.04 U/min)
● Coexisting cardiac dysfunction:
consider dobutamine (maximum
dose: 20 mcg/kg/min)
Oxygenation and
blood transfusion

Mechanical
ventilation

● If the above two measures are
unable to ensure adequate
oxygenation in 6 h and Hct is
low, packed red blood cells
(preferably leukoreduced)
should be used

● SvO2 > 70%

● When there is unresolving
maternal or fetal hypoxia

● Tidal volume: 6 mL/kg

● Progesterone predisposes to
decreased lower esophageal
sphincter tone in pregnancy
resulting in greater risk of
aspiration. Ensure bed is

raised to 45

● Use cricoid pressure and rapidsequence intubation

● PEEP <30 mm H2O

● Observe for fetal tachycardia
and late decelerations using
continuous EFM

● FiO2 as low as possible with
adequate oxygenation

● Ensure that permissive
hypocapnia if used in the
mother, does not lead to fetal
acidosis

● PaO2 > 93%
● PaCO2 around 30 mmHg
● Hct > 30%
● Hb > 7–9%

● Hemoglobin levels of 7–9 g/
dL, platelet counts of <5,000/
mm3 or <50,000/mm3 in
those who will be taken up
soon for surgery warrant
earlier transfusion
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Pregnancy, Infectious Complications. Table 1 (Continued)
Issues

Treatment recommendations

Goals

Antibiotics and
source control

● Start with empiric broad● Start within the first hour of
spectrum antimicrobials (with IV
admission
ampicillin + gentamicin +
clindamycin/metronidazole) due
to poly-microbial nature of
illness

● As the focus of infection is
often in the genital tract,
immediate detection and
evacuation of infected tissue
is extremely useful in
reducing organism load,
controlling the infection, and
improving survival

● Suspected S. aureus infections:
penicillinase-resistant betalactams or vancomycin

● Mentioned antibiotics are
relatively safe in pregnancy
and are beneficial given the
life-threatening status of the
patient

● The antibiotics need to be
continued for at least 7–
10 days; may need to be
extended depending on the
response and comorbidities
in the patient

Aspects specific to pregnancy

Adjuvant measures
● Steroids

Useful in those especially with poor
response to vasopressors

50 mg IV hydrocortisone q6h is
safe and effective in pregnancy
for short-term use (5–7 days).
Maximum daily dose: 300 mg

● Activated protein Useful in patients with two or more
C
sepsis-related organ failures

Safety and efficacy not well
established in pregnancy.
A recent surgery (e.g., caesarean
section) or active bleeding to be
ruled out

● Blood glucose

Maintain between 80 and 180 mg/
dL with continuous insulin drip if
necessary

PAC pulmonary artery catheter, CVP central venous pressure, PCWP pulmonary capillary wedge pressure, SBP systolic blood pressure, MAP mean
blood pressure, SvO2 mixed venous oxygen saturation, Hb hemoglobin, Hct hematocrit, PEEP positive end-expiratory pressure, FiO2 fraction of
inspired oxygen, EFM electronic fetal monitoring

thus mitigating the effects of the inflammatory cascade. It
also depends on the gestational age and vertical transmission. A younger age, an absence of an underlying serious
medical condition, and a localized source of infection
amenable to medical or surgical intervention (such as
the pelvis) indicate a better prognosis.

Obstetric Infectious Complications in
Pregnancy
Chorioamnionitis (Synonym: Intra-amniotic
Infection)
It is the inflammation of the amnion and/or chorion, most
commonly secondary to bacterial invasion. The most
common routes are ascending; the membranes may be
intact. Five to ten percent of these cases develop bacteremia. Risk factors include – those common to all obstetric

infections; multiple vaginal examinations, premature and
prolonged rupture of membranes, prolonged labor, and
urogenital infections (including sexually transmitted
infections). Diagnosis is considered with fever of more
than 100.4 F with no other identifiable causes. Any two
of the following strongly increase the accuracy of diagnosis: maternal leukocytosis >15,000/mm3, tachycardia
(HR > 100/min), uterine tenderness or foul vaginal discharge, and fetal tachycardia (HE > 160/min). All of the
above may or may not be reported initially. The most
commonly implicated organisms are E. coli and Group
B streptococcus.
In patients of higher socioeconomic status and good
antenatal care, there are more obstetric concerns of
chorioamionitis such as premature rupture of membranes, preterm and dysfunctional labor. When the
patient has not received adequate health care, there are
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greater chances of progressing to sepsis. A combination
therapy of intra-partum ampicillin 2 g IV every 6 hourly
and gentamicin 1.5 mg/kg IV every 8 hourly in patients
with normal renal function is usually started. Acetaminophen should be used as the antipyretic as it improves fetal
acid–base balance and outcomes. If the patient is not in
labor, prompt induction is indicated. Amniotic fluid
chemistry and Gram stain (ideally obtained via amniocentesis) may help in identifying the organism; culture is
the gold standard. Continuing the antibiotics through
delivery followed by a single dose of each agent plus
900 mg clindamycin at the time of cord clamping is the
most efficacious regimen. An ICU consult is advisable
with worsening status, signs of sepsis or impending septic
shock. If the patient has a persistent fever especially less
than 39 C in spite receiving broad-spectrum antibiotics
and both the mother and the fetus are otherwise healthy,
drug fever secondary to epidural analgesia should be ruled
out. Persistent fetal tachycardia and decreased variability
on monitoring may necessitate intrauterine resuscitation.
Chorioamnionitis puts the mother at an increased risk of
postpartum hemorrhage, wound infection, pelvic abscess,
and postpartum endometritis, which can lead to more
serious illnesses. A caesarean section is indicated for
obstetric reasons and the ACOG advises addition of an
antibiotic such as clindamycin (metronidazole or a thirdgeneration cephalosporin) to cover anaerobes at such
times. Neurological damage in the fetus has been reported
despite antibiotic use – investigations are under way for
the role of anti-inflammatory agents such as steroids due
to proposed mechanisms of neurological insult.

Postartum Endomyometritis
A majority of these cases of puerperal sepsis – which most
commonly occurs 24 h after delivery, often when the
patient is discharged – are due to endometritis or
endomyometritis, infections due to ascending flora from
the lower genital tract. Besides the risk factors mentioned
for chorioamnionitis, operative or traumatic deliveries,
retained products of conception and postpartum hemorrhage are known risk factors for endometritis, with caesarean section being the most significant risk factor. While
the organisms may be nosocomial, exogenous or endogenous, the most common are anaerobes, streptococci,
gonococci, Chlamydia, mycoplasma, and Gardnerella.
The incidence of group A streptococci has decreased but
needs to be ruled out. Group A and Group B streptococci
can cause serious infections, including necrotizing fasciitis
and toxic shock syndrome. Treatment needs to be
promptly initiated on the assumption that a polymicrobial infection exists.

Treatment
Besides the general management of the patient, including
admission to the intensive care unit when organ dysfunction is present, intravenous combination antibiotics are
advised to tackle the poly-microbial nature of the illness.
A 2004 Cochrane Review found the standard regimen of
clindamycin (900 mg q8h) and gentamicin (5 mg/kg single
daily dose) more effective and safe than other regimens.
Clindamycin helps to target anaerobes and Group
A streptococci. If another regimen is necessary, it should
preferably include a drug with activity against bacteroids
and other penicillin-resistant anaerobic bacteria that have
not been used in the patient recently. Therapy should be
continued for 48 h after the patient is afebrile, unless she
has had a positive blood culture [3]. In such cases, oral
therapy should be used to complete a 7–10 day course.
Pharmacoeconomic data studies are lacking for intrauterine infections and are areas of potential research. A poor
response to therapy with spiking fevers warrants a work up
for pelvic abscess. A persistent low grade-fever should
prompt a search for alternative foci such as pelvic thrombophlebitis, connective tissue disease, or drug fever.

Evaluation/Assessment
The differential diagnosis includes pelvic abscesses,
wound infections, episiotomy infections, vaginal or cervical lacerations, septic thrombophlebitis, and other sources
of infection (lungs, heart, liver, urinary tract, breast, intravenous line infections) [3]. The paucity or absence of
lochia does not rule out the diagnosis. The uterus is
often soft, indurated, tender, and larger than expected
for normal puerperium. Cervical motion tenderness is
a strong pointer toward the diagnosis. Endocervical cultures can help identify the organisms involved. While false
positives may occur, the identification of a group A betahemolytic streptococcus can help tackle a severe infection
early on. Blood cultures help to identify systemic spread
and to guide antibiotic therapy.

Prognosis
If not treated early, the infection may spread to the
parametria, pelvic walls, and peritoneum ultimately
leading to septic shock. Life-threatening situations may
necessitate a hysterectomy. Sequelae may include chronic
pelvic pain, pelvic inflammatory disease, and infertility.

Septic Abortion
Septic abortion continues to be a significant cause of
maternal mortality in those countries where abortion is
illegal or inaccessible. Abortion-related deaths are predominantly from sepsis. Young, unmarried women who
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go through procedures with an incomplete evacuation of
the uterus are at the greatest risk. The best way to prevent
fatal illness is to have a high degree of suspicion. Any
woman in the reproductive age group with fever, lower
abdominal pain, and vaginal bleeding needs a urine pregnancy test. This stays positive up to 6 weeks after the
termination of pregnancy. If the history of abortion is
obtained, the material used for abortion should be
ascertained. Soap solutions like cresol and phenol have
much higher chances of multiorgan failure. Thorough
abdominal examination for peritonitis and its extent,
pelvic and rectal examination for injuries, discharge, and
masses needs to be performed. An upright X-ray of
the abdomen is essential to rule out perforation and
foreign bodies. Blood, urine, and cervical specimens are
sent for culture. Depending on the severity and disease
progression, the uterus may need to be carefully evacuated
and the contents sent for Gram stain and culture. Evacuation should be ideally done surgically by a vacuum curettage under local anesthesia that may additionally need an
ovum forceps in second trimester. Medical means
(oxytocin or carboprost tromethamine) are used in midtrimester abortions but only if immediate curettage is not
possible. Complete evacuation should be eventually
confirmed surgically. The patient should be started on
empirical antibiotics for a poly-microbial infection.
A recommended regimen is IV penicillin 5 MU q6h + IV
clindamycin 900 mg q8h + IV gentamicin/tobramycin
2 mg/kg loading dose and adjusted appropriately. Infection with Clostridium species is a major concern. History
of adequate tetanus vaccination should be observed. Tetanus toxoid  immunoglobulin is given as needed.
A discolored, woody appearing uterus, pelvic abscess, tissue crepitus, radiographic evidence of free air within the
peritoneum or bowel wall or evidence of uterine perforation need immediate surgical intervention.

Septic Thrombophlebitis
It is an uncommon cause of puerperal fever, but should
raise a suspicion in persistent fever especially in women
who have undergone a caesarean section. Patients complain of flank and lower abdominal non-colicky, constant
pain that may or may not radiate; yet these patients are
often not severely ill. Physical exam may demonstrate
a tender lower abdominal “rope-like” mass or a mass
palpable on pelvic examination [3]. CT or MRI confirms
the diagnosis. If clinical suspicion is high but diagnostic
workup has proved negative, a therapeutic trial of heparin
may be considered; this also reduces the risk of pulmonary
embolus, the biggest concern and at times, the first sign of
illness. Treatment with antibiotics and anticoagulation for
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5–7 days with APTT maintained at 1.5–2.5 normal. Oral
anticoagulation is recommended for extension into the
iliac veins or pulmonary embolus.

Necrotizing Fasciitis
Necrotizing fasciitis is a complication of both vaginal
deliveries and caesarean sections. It is a poly-microbial
infection, though the most common organisms isolated
are S. aureus and group A beta-hemolytic streptococcus. It
presents classically with pain out of proportion to the
physical findings. In widespread cases, there is swelling,
erythema, discoloration, bullae, and crepitus at the site
of injection. Pus is conspicuously absent; a brownish
discharge is characteristic. These features are often
superimposed on signs of sepsis and multiorgan dysfunction. Treatment consists of a combination of the antimicrobial regimen described for sepsis plus urgent, wide
surgical debridement. The need for surgery often overrides the general condition of the patient, since without
intervention, the mortality rate is extremely high.

Non-obstetric (Medical) Infectious
Complications in Pregnancy
Among these, acute pyelonephritis, viral hepatitis, pneumonia, and tropical infections like malaria carry the
greatest morbidity and mortality. Appendicitis, cholecystitis, meningitis, and infective endocarditis are other infections that should be ruled out; their management is
similar to that in non-obstetric patients while considering
drug safety and other physiological changes in pregnancy.

Acute Pyelonephritis in Pregnancy
Definition
Acute pyelonephritis is defined as the inflammation of
the renal parenchyma, calyces, and pelvis, strongly
associated with significant bacteriuria. Pregnant women
with bacteriuria have a much greater susceptibility to
pyelonephritis – even more so in those with a prior history
of urinary tract infection, diabetes, and anatomical
abnormalities of the urinary tract in addition to the
general risk factors for infections described above.
Pyelonephritis complicates 0.5–5% of all pregnancies
and can occur in all trimesters.

Treatment
Over the last few years, the management of acute pyelonephritis has focused on attempting to efficaciously triage
the less serious patients to outpatient therapy, even in
pregnancy. The current evidence points toward admitting
all obstetrically ill patients who have passed 24 weeks of
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gestation due to risks of preterm labor and those under
24 weeks with respiratory insufficiency, evidence of sepsis
and/or multiorgan dysfunction. For those less than
24 weeks gestation, ambulatory treatment is satisfactory
unless the patient is toxic and warrants in-patient therapy.
However, one needs to ensure that the patient can take oral
antibiotics, has no evidence of evolving sepsis or respiratory insufficiency, and is willing to follow-up appropriately. A 24-h observation period may be prudent. The
route of antibiotic administration is independent of
therapeutic success, which is mainly dependent on local
patterns and sensitivity profiles. Intravenous antibiotics
are started empirically until the patient has been afebrile
for 48 h. The patient is then switched to oral antibiotics
prior to discharge to complete the 10–14 day course [4].
Failure of the fever to resolve by 72 h should prompt
search for a resistant organism, renal stones, obstruction,
or a perinephric abscess. The latter can be pursued using
magnetic resonance imaging. A 2003 Cochrane review
was unable to identify a single therapeutic regimen with
clear benefits. Currently, a combination of IV ampicillin
2 g q4h + IV gentamicin 1.75 mg/kg q8h or singledrug therapy (IM ceftriaxone 1 g q24h) are effective. The
new beta-lactam antibiotics (piperacillin–tazobactam
or ticarcillin–clavulanate) can also be used in severe
pyelonephritis. Pharmacoeconomic data is lacking.
Aminoglycosides achieve high renal parenchymal concentrations and congenital anomalies or major nephrotoxic
effects have not been reported with the single daily dose
(5 mg/kg), especially when hydration is well maintained.
Hydration is a very important aspect of the management
of pyelonephritis.

Evaluation and Assessment
The presentation of acute pyelonephritis is similar to that
in nonpregnant women, the most common complaints
being chills associated with back or flank pain, spiking
fevers, nausea, and vomiting. Costovertebral angle
tenderness is pathognomonic. A reliable single voided
midstream urine sample or a clean, intermittent
catheterized sample containing 105 colony forming
units/mL of a single known uropathogen as a part of the
urinalysis is adequate for diagnosis. Lower counts may be
considered if the clinical suspicion is strong. Pyuria (>10
WBC per high power field) is a strong pointer. For quick
results, a dipstick test to both nitrite and leukocyte esterase
has excellent negative predictive value; positive needs
further confirmation. Definitive diagnosis requires culture
and sensitivities, which may take up to 48 h. The
most common organisms isolated are Gram-negative aerobes like E. coli and Gram-positive organisms such as

Staphylococcus saprophyticus and Group B streptococcus
(S. agalactiae) [4]. Serum creatinine and complete blood
counts should be done; anemia is common. Hemolysis is
often seen in these patients. A sickle cell trait should be
evaluated in susceptible populations. A blood culture is
suggested for a temperature of greater than 38.5 C and/or
evidence of sepsis. If the fever does not resolve in 48 h,
a repeat urine culture and imaging studies are warranted.

Prognosis
Acute pyelonephritis, if untreated, can lead to anemia,
chronic renal insufficiency, and life-threatening complications like septic shock and ARDS in the mother. It is
associated with miscarriage, preterm labor, low birth
weight, and chorioamnionitis. However, if treated early,
a majority of the patients have a successful recovery. These
patients need follow-up to ensure there is no recurrence.

Pneumonia in Pregnancy
Definition
The increased maternal oxygen consumption and decrease
in the functional residual capacity in pregnancy diminish
the ability to compensate for respiratory illnesses. Community-acquired pneumonia (CAP) is the most common
type. Nosocomial pneumonia is especially common in
those who have been intubated, have had a seizure, or
have received corticosteroids. Viral pneumonias, especially varicella and influenza, account for 5% of all cases.
Approximately 10% of all adults are susceptible to primary
varicella infection, and interstitial pneumonitis can occur
in 0.1–18.3% of these cases. Pneumocystis carinii pneumonia is often the first clinical presentation of HIV even in
pregnancy.

Treatment
Treatment centers on adequate oxygenation, eliminating
the infection and managing comorbidities if any. For both
maternal and fetal well-being, supplemental oxygen can be
used to ensure maternal SaO2 stays above 90% with a PaO2
of more than 65 mmHg using the lowest possible FiO2;
positive end-expiratory pressure is effective. Continuous
positive airway pressure can be used in those with inadequate oxygenation but adequate ventilation (PaCO2 of
< 35 mmHg) and an intact cough reflex. Intubation is
advisable. The ATS guidelines are useful in pregnant
patients as well [5] – erythromycin/azithromycin (but
not clarithromycin) work well in mild illnesses; treatment
failures are mainly with multi-lobar involvement and valvular heart disease. Beta-lactam antibiotics are added
to the macrolide in severe cases such as acute lung injury.
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An addition of an aminoglycoside is advised for nosocomial or aspiration pneumonia in pregnancy to cover Pseudomonas and enteric Gram-negative bacteria. The patient
can be switched to an oral regimen once she is clinically
improving, can take oral medication and has normal GI
motility. The regimen lasts for 5–7 days.
Pregnant women with varicella infection should be
treated with oral acyclovir 800 mg five times daily for
7 days and be monitored for hypoxemia; if pneumonia is
present, intravenous acyclovir is given at 10 mg/kg q8h for
7 days. Amantadine and rimantadine shorten disease
course and decrease mortality in patients with influenza,
especially when started within 48 h. Yet, these drugs have
not been proven completely safe in pregnancy, and data is
lacking to make a clear recommendation. They should
preferably be avoided in the first trimester, unless necessary and should be given when the benefits will outweigh
the risks. Studies are showing effectiveness for oseltamivir
and a 5-day course of 75 mg BD PO should be started as
soon as possible in severe cases. IV hydrocortisone 200 mg
IV q6h for 48 h have improved survival in severe pneumonia due to varicella and influenza. Mild fungal
infections may resolve on their own, while disseminated
fungal infections carry a mortality rate of up to 30%
which warrant treatment with intravenous amphotericin
B followed by oral fluconazole postpartum; long-term
fluconazole at doses >400 mg/day especially in the first
trimester has been associated with congenital anomalies;
there is paucity of data with lower doses. For PCP, TMPSMX is effective both oral (2 double strength tablets q8h)
or via intravenous route (15 mg/kg/day) for 21 days, with
steroids added when persistent hypoxemia below
70 mmHg. TMP-SMX is a Category C drug and folic
acid should be supplemented. Blood glucose should be
monitored in patients on steroids.
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indicate a more severe respiratory dysfunction than
expected. Fetal viability is evaluated similar to that
described under sepsis. Various risk stratification scores
are available; a retrospective study has confirmed that the
ATS guidelines correctly identify pregnant patients with
a complicated course [5]. Indications for ICU admission
are listed below.
Indications for ICU admission for critically ill obstetric patients with pneumonia
1. Inadequate oxygenation (PaO2 of <60 mmHg or SaO2
of <85% on FiO2 of 0.6)
2. Inadequate ventilation (PaCO2 of >50 mmHg)
3. Compromised airway (especially unresolving reactive
airway disease)
4. Severe sepsis
5. Persistent metabolic acidosis
Complete blood count, blood glucose, liver and renal
function tests should accompany a sputum examination
for Gram stain and culture. The most common pathogens
for CAP are Streptococcus pneumoniae and Hemophilus
influenzae, similar to the nonpregnant population, an
organism may not be isolated in up to 60% of the cases.
Urine and serum antigen tests can be ordered based on the
risk factors for specific etiological agents (Mycoplasma
and Legionella). A history of previous varicella infection,
previous vaccination, or serum varicella IgG rules out risk
of developing the disease from exposure; in the absence of
these, household contact attack rates approach 90%. Bilateral military nodular patterns and/or calcifications in
these settings are a strong diagnostic pointer for current
or previous varicella injection. Fungal pneumonia should
be ruled out in immunocompromised patients, especially
with known travel history to endemic areas, as should
Pneumocystis carinii in patients with risk factors.

Evaluation/Assessment

Prognosis

A cough, especially if associated with sputum, dyspnea
and/or pleuritic chest pain or other risk factors warrants
a chest radiograph; a negative radiograph on admission
with strong clinical suspicion warrants a repeat. The radiation exposure with a single skiagram is only 0.05% of the
allowed limit of 2 rad in a pregnant patient. Preexisting
medical conditions like asthma, cystic fibrosis, and immunosuppression as well as smoking, alcohol, and cocaine
use are risk factors for pneumonia in pregnancy. Pulse
oximetry and arterial blood gases help determine maternal
oxygen status. Preexisting levels of PaO2 and PaCo2 levels
in pregnancy are 104–108 and 27–32 mmHg respectively.
Hence, deviations from these ranges – which are often
within normal ranges for nonpregnant patients – may

Complications of pneumonia in pregnancy include
respiratory failure needing mechanical ventilation, empyema (10–20%), bacteremia (16%), pneumothorax, atrial
fibrillation, and pericardial tamponade. The maternal
mortality from community-acquired pneumonia is 4%;
patients with preexisting cardiorespiratory dysfunction
are at a maximum risk. Fetal complications include preterm labor and low birth weight. Teratogenic effects may
be seen in untreated varicella infection in the first trimester. Neonatal infection, which occurs especially with
maternal infection around delivery, can be reduced considerably with varicella zoster immunoglobulin. In all
cases of severe pneumonia, delivery is advocated for
obstetric reasons.
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SARS and H1N1 in Pregnancy
Both SARS and the avian flu virus (H1N1) often present
nonspecifically within a week of exposure with acute respiratory or flu-like illness, but can progress to respiratory
failure. Chest radiographs show a generalized interstitial
infiltrate; coexistent lab abnormalities like leukopenia,
thrombocytopenia, elevated creatine kinase, and elevated
hepatic transaminases may be clues to the diagnosis of
SARS which is ultimately confirmed by either PCR on two
separate specimens, seroconversion or viral culture. Of
these, RT-PCR is the most sensitive in early cases but is
often not immediately available. The overall mortality
rate for SARS is 3%, but there is a considerable mortality
in the mother (25% case-fatality rate) and the fetus.
A combination of antiviral medication and corticosteroids
has shown to decrease mortality. Ribavirin is a Category
X drug and is not effective against SARS in vitro. Interferon-alpha is a Category C drug, and may be combined
with corticosteroids. It has been found to be effective
against SARS in vitro, but more definitive data is needed
in humans.
While data is sparse on the new H1N1 infection in
pregnancy, the CDC recommends that pregnant women
with close contact to someone with a confirmed,
suspected, or probable exposure to a case of H1N1 should
be tested. These women, including HIV-infected pregnant
women with confirmed, probable, or suspected novel
influenza A (H1N1) infection should receive antiviral
therapy with oseltamivir 75 mg OD (preferable) or
zanamivir for 10 days. If the patient has a confirmed
infection, 5-day therapy with 75 mg oseltamivir BD PO
should be initiated as soon as possible, regardless of the
duration since symptom onset. This is also the regimen for
influenza. Antipyretics such as acetaminophen help
reduce the fever that can cause harmful effects on the
fetus. Amantidine and rimantidine are not effective. The
benefits of the neuraminidase inhibitors in pregnancy
outweigh the risks. Breastfeeding can be continued during
the infection and through treatment if possible.

the lower socioeconomic status may be an explanation for
these findings. Hepatitis A and E can be transmitted
among household contacts, with an incubation time of
2–8 weeks. As a detailed description of the epidemiology,
pathogenesis and prophylaxis is beyond the objective of
this entry, the discussion mainly focuses on issues important to obstetric patients admitted to the ICU.

Treatment
Management of patients with viral hepatitis – unlike those
with pregnancy-associated acute liver disease such as
severe preeclampsia, acute fatty liver of pregnancy, and
HELLP syndrome – is mainly supportive. In cases of
fulminant hepatitis, an ICU consult is advised when the
patient has markedly decompensated liver function with
non-resolving altered mental status, hypoglycemia, elevated prothrombin time, severe jaundice, and multiorgan
dysfunction. Where possible, liver transplantation service
should be involved in the management.

Evaluation/Assessment
The evaluation of these patients is based on distinguishing
normal pregnancy changes in liver function from pathology (Table 2) and secondly, distinguishing viral hepatitis
from other forms of pregnancy-associated acute liver disease (PAALD). The presence of hypertension, ascites,
encephalopathy, oliguria, elevations in serum creatinine,
and a thrombocytopenia tend to favor PAALD over viral
hepatitis. Elevated transaminases (often more than 10
normal) are a strong clue toward viral hepatitis. Herpes
simplex hepatitis should be ruled out, as this can be
managed with acyclovir in addition to supportive
management.

Pregnancy, Infectious Complications. Table 2 Pregnancy
and alterations in liver function tests [6]
Parameter

Changes in pregnancy

Alkaline phosphatase

Increases to 2–4 normal

Acute Viral Hepatitis

Serum bile acids

Increase by 200–300% of
normal nonpregnant values

Definition

Serum fibrinogen

Increases by 50% from
second trimester of
pregnancy

The presentation and management of acute viral hepatitis
in pregnancy is similar to that in nonpregnant patients,
ranging from nonspecific fatigue, malaise, anorexia, fever,
or chills to vomiting, right upper quadrant pain, jaundice,
dark urine, and pale stools. Pruritus may or may not be
present. Fulminant hepatic failure (FHF) is more common
in obstetric patients with inadequate prenatal care and
poor nutrition; the unhygienic practices associated with

Albumin

Decreases by 10–60%

ALT, AST

Unchanged

Prothrombin time, APTT

Unchanged

Serum bilirubin

Normal to low

Serum GGT

Normal to low
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Nearly 80% of adults with hepatitis A infection (HAV)
develop jaundice as compared to children in whom it is
mainly asymptomatic; yet it is often self-limiting in adults.
Comparatively, hepatitis E infection (HEV) is often abortive after a few nonspecific symptoms. However, when it
develops into fulminant hepatic failure – the incidence of
which dramatically increasing in pregnancy – it carries
a dismal prognosis. Thus, IgM anti-HAV and IgM antiHEV can be used for the diagnosis of recent infection. The
presence of IgG anti-HAV and IgG anti-HEV suggests the
onset of convalescence, and the decisions regarding resolution should be based on clinical findings rather than the
IgM levels, which may persist for weeks to months.
A majority of these cases resolve on their own. Vaginal
delivery is routinely recommended with caesarean section
for obstetric indications. Vertical transmission has been
documented in both HAV and HEV and warrants IgM
testing of neonate or cord blood. Regardless, infants
born to pregnant mothers with acute hepatitis A should
receive serum immunoglobulin immediately after delivery
and at 6 months of age. Breastfeeding is safe in hepatitis A.
There is insufficient data for any clear recommendations
on breastfeeding by mothers with active HEV infection.
HBV and HCV rarely cause acute fulminant hepatitis.
In HBV patients, it mainly occurs with a superinfection of
HDV by the parenteral route. The management is supportive. Transmission to the neonate can be prevented by
administering a combination of the HBV vaccine and
hepatitis B immunoglobulin to the neonate at delivery,
but may fail if maternal HBV levels are high.

Prognosis
Once fulminant hepatic failure sets in, the outcomes are
often dismal with maternal mortality rates of nearly
40–100% in HEV-induced FHF versus less than 10% in
non-HEV FHF. Preterm labor, antepartum and postpartum hemorrhage, and intrauterine death are seen in some
cases of FHF. Yet in many of these cases, fetal survival is
very good [6]. FHF due to hepatitis viruses shows
a significant discrepancy in maternal mortality between
developing and developed countries. There is a correlation
between maternal mortality and lower socioeconomic
status, inadequate nutrition and inadequate prenatal
care. Yet, even in the developed countries, acute viral
hepatitis has a fetal death rate of about 10%.

Tropical Illnesses in Obstetric Critically Ill
Patients
In severely ill obstetric patients living in or having recently
visited an endemic area, tropical illnesses such as malaria,
leptospirosis, and dengue need to be considered.

P

1813

Malaria in Pregnancy
Malaria causes 40.7% of maternal mortality in sub-Saharan
Africa. The immunity generated by the endemicity of
malaria – “premunition” – contributes to the differences
in the severity of the infection in different parts of the
world. ICU admissions of critically ill patients in areas of
high transmission are mainly due to severe anemia, whereas
those in areas with lower transmission are due to
cerebral malaria. The more severe manifestations are due
to Plasmodium falciparum (P. falciparum) species.
Parasitemia in the mother predisposes to low birth weight
in the infant. Women with low immunity may progress to
complicated and severe malaria, which can cause
hypoglycemia, severe jaundice, hemorrhage, ARDS, renal
failure, encephalopathy (cerebral malaria), premature
labor, and fetal loss.

Evaluation/Assessment
Pregnant patients with fever, myalgia, headache, vomiting,
jaundice, and hepatosplenomegaly – particular in those
who have a history of recently visiting an endemic area or
are living there should be tested for malaria. This is done
by routine microscopy or rapid antigen detection tests.
An important issue is to differentiate between Falciparum
(P. falciparum) and non-Falciparum (P. vivax, P. ovale,
P. malariae) malaria. Severe forms of malaria tend to be
associated with the falciparum species, though anecdotal
cases with P. vivax have been described. The two may
coexist and not always be visible on the peripheral smear.
Patients with severe illness in endemic areas are assumed
to have falciparum malaria and treated for the same.
Blood counts are needed to determine the severity of
anemia. Blood sugar levels need to be monitored
frequently.

Treatment
The objective of treatment is to clear the parasites from the
blood, from the dormant sites such as the liver, and to
reduce the placental parasite load thereby reducing fetal
insult. Unless the benefits to the mother outweigh the
risks, only four drugs are clearly safe in the first trimester
of pregnancy – chloroquine, proguanil, quinine, and
clindamycin. As per the 2006 WHO guidelines, uncomplicated falciparum malaria in pregnancy is treated with
a combination of IV quinine (10 mg/kg q8h) and
clindamycin in the first trimester (5 mg/kg q8h) for
7 days [7]. Quinine is associated with hypoglycemia
and needs to be given in 25% or 50% dextrose. If the
area is known to have chloroquine-sensitive strains,
chloroquine may be considered. In second and third trimesters, recurring cases or chloroquine-resistant cases,
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artemisinin-combination therapy is used. This combines
2 mg/kg/day artesunate with the above dose of
clindamycin for 7 days orally. The above regimens are
also advocated for severe anemia in pregnant women
living in P. falciparum endemic area along with blood
transfusions as needed. If the patient has severe malaria,
2.4 mg/kg of artesunate (q12h for the first day followed by
q24h) is combined with clindamycin. The patient is then
switched to oral artesunate for 7 days. This regimen has
shown a clear survival benefit over quinine in all trimesters
for severe malaria and has lesser hypoglycemic episodes.
A single daily intramuscular artemether dose is advised
during epidemics. For all non-falciparum cases, chloroquine (10 mg/kg OD for 2 days followed by 5 mg/kg on the
third day) is effective and safe in all trimesters of pregnancy. It is associated with pruritus, nausea, vomiting,
gastrointestinal upset; it is advisable not to take it on an
empty stomach. If the patient cannot tolerate chloroquine,
quinine or artemisinin derivatives may be used in spite of
its toxicity because the benefits far outweigh the risks. In
all non-falciparum cases, radical cure is necessary to
remove the dormant parasites from the liver. However,
primaquine, the drug used in nonpregnant patients for
this purpose is contraindicated in pregnancy and lactating
mothers as it can cause hemolysis of fetal erythrocytes. In
such patients, suppressive prophylaxis is used with weekly
chloroquine (300 mg weekly) till it is safe to administer
primaquine; no harmful effects of chloroquine have been
demonstrated on the fetus even with long-term use. Folate
supplementation is needed in all patients as the parasite
goes through its life cycle by lysing RBCs; megaloblastic
anemia needs to be prevented.

warrants categorization as DHF; in their absence, the
condition is labeled as dengue fever (DF).
Dengue is diagnosed using IgM and IgG serology.
When only IgM is present, it is primary infection while
both IgM and IgG positivity suggests a secondary infection. The IgM may stay positive up to 6 months yet often
reaches undetectable levels at a much faster rate in
secondary infection. Transaminases show a mild-tomoderate elevation. Thrombocytopenia is often present,
as it has an increased PCV and high BUN due to
hemoconcentration. Platelets counts should be monitored
periodically and transfusions are to be decided on case-bycase bases, as the platelet counts in many patients with
thrombocytopenia do not decrease to warrant a transfusion. The decision is also based on the requirement of any
necessary obstetric procedure if planned so as to avoid
prolonged bleeding. The management of patients with DF
and DHF is supportive. Preterm labor and low birth
weight have been identified in some cases. Vertical transmission has occurred in a few cases, but fetal loss is rare
and operative interventions are for obstetric reasons.
The data on chikungunya is sparse, though the diagnosis and management is similar to nonpregnant patients.
Diagnosis is by serology and the management is supportive. First and second trimesters have a mixed outcome,
with cases of both fetal loss and asymptomatic healthy
deliveries being reported. However, vertical transmission
is more common with chikungunya than dengue. In those
women with viremia intra-partum, more than 50%
newborns had neonatal chikungunya manifested by
meningoencephalitis and bleeding diathesis.

Leptospirosis
Dengue and Chikungunya in Pregnancy
Like malaria, dengue and chikungunya are illnesses spread
by mosquitoes. In endemic areas such as Thailand, the IgG
seroprevalence of dengue among women attending maternity clinics is up to 95%. Dengue poses a unique challenge
because a single infection does not provide immunity – it
can lead to a more severe infection the second time, often
developing into dengue hemorrhagic fever (DHF). The
prompt identification of this illness is important in such
populations because it may be confused with other
infectious diseases, HELLP syndrome, or other obstetric
and medical illnesses. While symptomatic patients with
dengue almost always have fever, myalgia, and arthralgia,
some may have coexistent cough, breathlessness, or vaginal bleeding. Bleeding manifestations may not always be
present; patients may have other evidence of capillary
leaks such as pleural effusion, ascites, or shock that

Like viral hepatitis and influenza, leptospirosis most
commonly presents initially with nonspecific symptoms
such as headache, fevers, and myalgia. However, it can
rapidly deteriorate into acute renal failure, ARDS, fulminant hepatitis, and bleeding diathesis. The incidence is
much more common in areas with heavy rainfall where
people walk barefoot through floods; the incubation
period is 10–14 days. The serum Dri-Dot test for leptospirosis-specific antibodies or when available, antileptospira IgM serology is used for diagnosis. However,
the IgM is often negative until 5–6 days of illness. In such
cases, the World Health Organization suggested Faine’s
criterion is a useful clinical scoring system that can help
identify patients. The transaminases are not as highly
elevated as in viral hepatitis. Conjunctival suffusion,
neck stiffness, and muscle pain, especially when present
together are strong clinical pointers, as is a history of
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walking through floods. Leptospirosis is due to a spirochete, and severe illness in pregnancy is treated with IV
Penicillin G 1.5 MU q6h or IV erythromycin 500 mg q6h.
The infant is treated with penicillin till the serology and
the urine culture are negative; while there have been mixed
reports on fetal outcomes, leptospirosis is not an indication for abortion and many patients deliver healthy
neonates.

Prognosis of the Infectious
Complications in Pregnancy
Maternal mortality continues to be an important cause of
death in different parts of the world, from 6 to 20 per
100,000 deliveries in the developed countries to 55–920
per 100,000 deliveries in developing countries. Mortality is
comparable antepartum and postpartum but increases
with number of organs affected [1]. Respiratory failure is
the most common organ failure in the antepartum period,
while disseminated intravascular coagulation and vasomotor collapse are greater in the postpartum period.
However, the outlook is generally optimistic in obstetric
patients, who develop much lesser severe complications
than their nonpregnant counterparts. An aggressive
obstetric management can improve maternal and fetal
outcomes in critically ill patients. It has been shown that
though the predicted mortality may be high, the observed
mortality is much less [1].
The patient factors shown to be associated with greater
mortality are higher maternal age, patients from minority
communities, preexisting anemia, severity of illness at the
time of admission, and multiorgan dysfunction. Among
individual organ systems, patients with cardiovascular,
respiratory, nervous system failure, and disseminated
intravascular coagulation have the highest mortality.
Among infections, Hepatitis E virus has the greatest mortality. Factors such as the absence of prenatal care, referral
to a hospital after the onset of organ dysfunction, and an
interval of greater than 24 h between the onset of acute
symptoms and intensive care admission can be addressed
to prevent severe illnesses. Caesarean section as a method
of delivery is nearly five times as common in developed
countries. Seventy percent of critically ill obstetric patients
are delivered by caesarean delivery as compared to 22% in
those pregnant women who do not need ICU admission.
Most of these are actually warranted for obstetric reasons.
Caesarean section is the most common predisposing factor for puerperal sepsis. Hence, clinicians need to ensure
a justified indication for caesarean sections to minimize
the risk of puerperal sepsis. Having a high index of suspicion to detect maternal problems early on with basic
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management and prompt referral to tertiary care centers
could also significantly reduce maternal mortality.
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Synonyms
Emergency delivery

Definition
Labor is divided into four stages:
Stage 1 is characterized by frequency and intensity of
uterine contractions associated with cervical effacement and dilation. This stage usually lasts 5–8 h with
shorter time intervals usually seen in multiparous
women. This phase is also commonly referred to as
the prepartum phase of labor.
Stage 2 is from full cervical effacement and dilatation to
delivery of the fetus. This phase is also commonly
referred to as the intrapartum phase of labor.
Stage 3 includes the delivery of fetus to delivery of
placenta.
Stage 4 is the hour post delivery of the placenta.
The initial stage of labor usually gives the pregnant
woman sufficient time to arrive at an obstetric suite for
delivery. The failure to recognize the initial stage of labor,
a short initial stage of labor, and or, a significant distance to
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the nearest obstetric suite may lead to delivery in prehospital
setting or emergency department. This situation occurs in
less than 1% of all pregnancies, and these deliveries are
generally considered precipitous deliveries [1].
Precipitous deliveries, when compared to delivery in
obstetric suites, are associated with higher rates of morbidity and mortality secondary to a lack of resources, such
as extraction devices, operating room for caesarean sections, or specialist care that are needed to manage delivery
complications [2].

Application
Prepartum Evaluation and Considerations
In patients in active labor but not at risk for imminent
delivery, considerations should be made to transfer patient
to a facility where the necessary obstetric and neonatal
services are available. Transfer to a tertiary center capable
of handling complicated high-risk pregnancies and providing advance neonatal care should be considered for all
high-risk pregnancies, gestational age is less than 36 weeks,
or when the fetus is known to have developmental
anomalies.
In patients where delivery is imminent (full dilatation
of cervix, fetal presentation at vaginal outlet, and maternal
urge to push), the appropriate obstetric and neonatal
services should be notified; however, transfer of the patient
to an obstetric unit should occur only after delivery of the
fetus.

Intrapartum Period and Vaginal Delivery
Techniques
Instruments and Equipment Needed
Minimal instruments are needed to handle the uncomplicated precipitous vaginal delivery.
Significant amount of bodily fluids are involved in
vaginal delivery. At a minimum, the practitioner should
wear gloves and, if available, gowns and appropriate face
shields during delivery. Sterile surgical scissors and two
umbilical clamps (or hemostats) are needed to clamp and
cut the umbilical cord. Bulb suction (or other low suction
device) is needed to clear the fetus’ oropharynx to reduce
the risk for aspiration. Dry towels and blanket are needed
to dry and wrap the newborn. When available, a radiant
warmer or incubator should be in the room and turned on
in preparation for the fetus post delivery. The warmer or
incubator is critical in neonatal thermoregulation and
reduces the morbidity and mortality, especially of the
preterm neonate.

In preparation for a complicated delivery, adequate
intravenous access should be established. In addition,
sterile surgical blades, syringes, 23-gauge needles, suture,
pediatric and adult resuscitation equipment, and required
medications to handle postpartum hemorrhage and
eclampsia should be readily available.
Continuous fetal cardiac monitoring and uterine
activity monitoring are of limited use in the setting of
a precipitous delivery.

Vaginal Delivery Technique: Normal Fetal
Presentation
Appropriate positioning and controlled delivery are critical to avoiding dystocia and trauma to the perineum
during delivery. When delivery is imminent, the mother
should be placed in the dorsal lithotomy (supine and
knees bent) position. In this position, the emergency physician has better visualization and access to the perineum
allowing for appropriate support of the perineum and
a more controlled delivery. In addition, a controlled delivery requires the coaching of the mother on slow,
controlled pushing that is coordinated with uterine
contractions.
The presenting fetal part at the dilated cervix and fetal
positioning in the maternal pelvis are key predictors of an
uncomplicated vaginal delivery. For the imminent delivery, the direct visualization or palpation of the presenting
body part should suffice. For patients where uncertainty
exists on whether membrane rupture has occurred, the
emergency physician should take care during the examination to avoid iatrogenic rupture. In addition, bedside
ultrasound, where available, can be used as an adjunct to
confirm fetal position. The use of Leopold maneuvers to
determine fetal positioning is of limited use in precipitous
deliveries, as it requires a clinician who is very experienced
in the maneuver and is more challenging to perform
during active uterine contractions.

Normal Fetal Presentation
The normal fetal presentation involves a fetal head that is
fully engaged at the dilated cervix, in a flexed and occiput
anterior (anterior, diamond shaped, fontanel toward the
posterior perineum) position. The fetal shoulders should
also be turned obliquely relative to maternal anterior–
posterior pelvis diameter.
The lack of a fully engaged head or presentation of
another fetal part (compound delivery or breech, see
below) increases the likelihood of umbilical cord prolapse
and dystocia during delivery. When abnormal presentations are noted, the obstetrician and neonatologist should
be immediately updated as this information may be an
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additional impetus to delaying maternal pushing, obtain
more urgent obstetric evaluation, and preparation for
emergency caesarean delivery and pediatric resuscitation.

Vaginal Delivery Technique
For the normal presenting fetus, the emergency physician
should use one hand to apply pressure against the perineum while placing the other hand on the fetal occiput to
control the expulsion of the fetal head. In situations where
there is delay of labor, the modified Ritgen’s maneuver can
be used to facilitate delivery of the head. In this maneuver,
the physician lifts the fetal chin anteriorly by placing his
fingers in the vagina, between the anus and the coccyx
while using the other hand to support the occiput keeping
the head in extension. This maneuver shortens the time to
delivery of the fetal head; however, it does not decrease the
risk of injury to perineum [3].
After delivery of the fetal head, it usually turns to face
the maternal thigh turning the fetal shoulders more
obliquely in the pelvis. Prior to delivery of the shoulders,
bulb suction should be used to clear the fetus’ oropharynx.
The neck should also be examined for the presence of
nuchal cords and, if identified, an attempt should be
made to reduce it prior to delivery. Non-reducible nuchal
cords should be clamped and cut prior to delivering the
shoulders.
Supporting the fetal head, downward pressure should
be applied delivering anterior shoulder. Upward traction
should then follow delivering the posterior shoulder and
body. At this point, the fetus should be clear of birth canal.
An umbilical clamp or hemostat should then be placed
10 cm from the fetal abdominal wall and a second clamp
4 cm distal to first clamp. The umbilical cord can now be
cut in between the clamps with sterile surgical scissors.
Further suction of the fetal oropharynx may be needed
prior to stimulation to avoid aspiration during the initial
respiratory breath.
Drying and stimulating the newborn along with a brief
newborn assessment to ensure appropriate respiratory
and cardiovascular status should ensue and appropriate
resuscitation efforts, using Pediatric Advance Life Support
recommendations, should begin if needed.
Delivery of the placenta usually occurs within 5–30
min of delivery of the fetus. This process should happen
spontaneously and should never require more than gentle
traction on the umbilical cord. The four cardinal signs of
placental separation are: uterus becomes firm, maternal
umbilical cord lengthens, gush of blood, and placenta
passage into vaginal vault. The obstetrician can usually
address the failure of spontaneously delivery of the
placenta.
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The hour following the delivery of the placenta is the
final stage of labor. During this period, the mother is at
high risk for postpartum hemorrhage. Postpartum hemorrhage is usually secondary to uterine atony and may be
addressed by bimanual uterine massage and administration of contractility agents like Oxytocin and Methylergonovine. Hemorrhage may also be secondary to vaginal
lacerations, and hemostasis may be achieved via direct
pressure and appropriate laceration repair. In the event
that hemorrhage leads to shock, management and resuscitation should be similar to the management of other
causes of hemorrhagic shock.

Vaginal Delivery Techniques: Abnormal
Presentations
Shoulder Dystocia
Shoulder dystocia, the inability to deliver the shoulders,
occurs in 1 in 300 live births and is associated with
reported complication rates as high as 20% of upper
extremity fractures, brachial plexus injury, fetal asphyxia,
and death [4].
Unlike dystocias secondary to breech presentations
that are usually identified in the prepartum period, shoulder dystocia is usually identified after delivery of the fetal
head and thus requires the emergency physician to be
knowledgeable of the maneuvers necessary for successful
delivery.
Dystocias, the failure of the progression of vaginal
delivery, result from a combination of fetal size, fetal
positioning, a small maternal pelvic outlet, and inadequate uterine contractions. Fortunately for the emergency
physician, shoulder dystocia is usually secondary to more
transverse (as opposed to oblique) positioning of fetal
shoulders in maternal pelvis, and this can usually be easily
corrected with some simple maneuvers leading to successful vaginal delivery.
The initial step in management of shoulder dystocia
focuses on increasing the anterior–posterior diameter of
maternal pelvis. A posterior episiotomy using
a mediolateral incision and drainage of the bladder can
lead to an increase in the AP pelvic diameter.
Next, the McRobert’s maneuver (maternal knees to
chest) and direct suprapubic pressure should be
attempted. These two maneuvers move the maternal
pubic symphysis more cephalad and usually lead to the
release of the anterior shoulder.
If unsuccessful, direct pressure to the posterior shoulder can be applied through the posterior episiotomy,
pushing this shoulder further into the maternal pelvis
and repositioning the shoulders in a more oblique
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orientation. These maneuvers are usually successful in
reducing shoulder dystocia and successful fetal delivery.
If delivery is still not possible, more drastic maneuvers
like episioproctotomy, Ruben’s maneuver (pushing accessible fetal shoulder toward the chest), corkscrew maneuver, or reaching for a limb can be attempted.

Breech Presentations
Breech presentation, when the fetus lies with feet and
buttocks closest to cervix, occurs in 1 in 20 live births
with higher incidence in preterm deliveries and advanced
maternal age [1, 5]. When a breech presentation occurs,
delivery via a caesarean section reduces mortality to 9%,
compared to the 23% mortality with a vaginal delivery [5].
The higher mortality rates for both methods of delivery
highlight that other factors, besides complications during
delivery, contribute to overall higher mortality rates.
For the emergency physician, the classification of
breech deliveries (frank, complete, and incomplete
breech) is irrelevant as they are all associated with high
rates of dystocia and poor fetal outcomes, especially for
full-term infants.
The preterm infants in breech presentation, likely secondary to size, are usually delivered with no assistance
(spontaneous breech delivery). However full-term infants
in breech position are at high risk for dystocia and require
assisted breech delivery.
In a full-term fetus, the head is relatively larger than
the buttocks. Therefore with breech presentations, the
initial presenting buttock fails to inappropriately dilate
the cervix to allow for the passage of the head. Dystocia
thus occurs after delivery of the buttock and body and
results in umbilical cord compression, fractures, and spinal cord injuries as delivery of the head is attempted.
Breech presentation is usually identified during the
initial cervical examination. Care should be taken to prevent iatrogenic rupture of membranes as this can lead to
umbilical cord prolapse and hasten fetal asphyxia. Bedside
ultrasound and x-rays, where available, can also assist in
the identification of breech presentation.
Once breech presentation is identified, obstetricians
should be immediately notified. If possible, delaying
maternal pushing and delivery should be attempted to
allow for the arrival of the obstetrician. Fetal cardiac
monitoring (continuous or frequent intermittent) looking
for signs of fetal bradycardia or other signs of fetal distress
may be helpful in determining if delivery should proceed
immediately or can be delayed.
When delivery is imminent and delay is not possible
secondary to fetal distress, the assisted breech delivery is
the common method of delivery.

For an assisted breech delivery, the emergency physician should make a generous mediolateral episiotomy
incision and allow for spontaneous delivery up until the
umbilicus is visualized. No traction should be applied
prior to this point. Using a dry towel, the physician should
grasp the fetal pelvis and apply gentle traction delivering
the body until the scapula is visualized. Care should be
taken to avoid grasping the abdomen so as to avoid intraabdominal injury. Once the scapula is visualized, the physician should rotate the infant 90 and using his index
finger clear the anterior shoulder out of the vagina. The
infant should then be rotated 180 , and a similar maneuver
should be used to clear the posterior shoulder. At this point,
delivery of the head should be attempted using Manriceau’s
maneuver. This maneuver reduces the risk of hyperextension of fetal neck and resulting spinal-cord injury. In this
maneuver, an assistant applies suprapubic pressure while
the delivering physician places his index and middle fingers
against the maxillary prominence to keep the head in the
flexed position while traction is applied to deliver the head.

Other Presentations
Face, brow, and compound presentations are other presentations associated with dystocias and umbilical cord
prolapse. While face and brow presentations may spontaneously resolve, compound presentations are associated
with high rates of umbilical cord compression. When
possible, delivery of compound presentations should be
delayed for emergency caesarean section, as attempted
reduction is associated with very high rates of umbilical
cord compression and fetal asphyxia.
Umbilical cord prolapse occurs when all or part of the
umbilical cord precedes the fetal presenting part. This
finding is usually associated with abnormal presentations,
prolonged umbilical cords, and other situations when the
presenting parts do not fill the entire cervical canal. Given
that the umbilical cord supplies the fetus with oxygen prior
to the first cry and activation of the respiratory system,
vaginal deliver when prolapse is present will lead to compression of the cord and resulting asphyxia. Given this,
delivery should be delayed for emergency caesarean section
when possible. If delivery is imminent prior to availability
of caesarean section, the physician can attempt to reduce
the prolapse cord prior to attempting vaginal delivery.
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Synonyms
Field medicine; First response; Out-of-hospital care;
Paramedicine

Definition
Medical attention provided to a patient prior to arrival at
a healthcare facility, usually by a trained first responder or
emergency medical technician (EMT).

Characteristics
"

It is easy for us [physicians] to practice our craft in the
warmth, when it is cold outside; dry, when it is raining;
cool, when the sidewalk could fry an egg. Pre-hospital
providers are not so lucky. The floor of my resuscitation
bay or operating room does not bump and sway over pot
holes or rounding curves, as I am trying to start an IV, put
in an endotracheal tube, or. . .provide CPR. – Richard Bell,
MD, FACS [1].

Historical Perspective
Systems to bring the injured to definitive medical care
were developed in Europe in the 1790s. During the Napoleonic wars, a surgeon named Dominique-Jean Larrey
equipped a covered cart with springs to reduce jarring to
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remove wounded soldiers from the battlefield [1]. In the
USA, a similar practice began during the American Civil
War. Clara Barton, a nurse who later founded the
American Red Cross, promoted pre-hospital care in the
Civil War-era by obtaining special permission to accompany ambulances to the front lines, where she provided
basic nursing care to the wounded. It was not until the
1860s when the first non-military ambulance services
appeared in Cincinnati, Atlanta, New Orleans, and New
York City. These services were initially staffed mostly by
volunteer physicians and primarily provided transport to
a hospital, although there was a limited “trauma box”
containing such items as bandages, blankets, restraints,
tourniquets, “pus pans,” and whiskey [1]. The military
paved the way to the modern Emergency Medical Services
(EMS) system by using trained medics to provide care in
the field during World War II. Later, in Korea and Viet
Nam, helicopters were used to extricate patients.
In 1966, spurred by an increasing number of motor
vehicle-related deaths, the National Academy of Sciences–
National Research Council’s Committee on Trauma and
Shock emphasized the importance of pre-hospital care for
patients in a strongly worded report entitled “Accidental
Death and Disability: the Neglected Disease of Modern
Society.” The report quoted military experts as saying that,
if people were seriously wounded, “their chances of survival would be better in the zone of combat than on the
average city street” [2]. It cited “excellence of initial first
aid, efficiency of transportation, and energetic treatment
of military casualties” as important reasons for decreased
death rates of people wounded in battle [2], and called for
similar standards to be established in civilian life. Echoing
a statement released by the Committee on Trauma of the
American College of Surgeons, the report called for standardization of training courses for emergency medical
services personnel. The report also asserted that “approximately 50% of the country’s ambulance services are provided by 12,000 morticians,” adding that, in regard to
ambulance quality and safety, “the available information
shows a diversity of standards, which are often low” [2].
The authors of the report recommended extending first
aid training to more members of the public, providing
enhanced education of rescue personnel, firefighters, and
ambulance attendants, and passing laws mandating safe
ambulance designs.
As the modern EMS system has developed and
flourished, pre-hospital care has evolved into a highly
organized system with providers who are being trained
to do ever more advanced procedures and interventions in
the field. These developments have lead to a controversy
about whether it is better to spend time providing
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emergency care on scene or prioritize rapid transport,
often referred to as the “scoop and run” approach.

Modern Pre-hospital Care
Congress responded to the 1966 report by enacting the
National Highway Safety Act, which greatly expanded
federal involvement in pre-hospital care. Later, the EMS
Systems Act of 1973 outlined the core components of most
modern emergency medical services in the USA. In practice, these elements as they apply to pre-hospital care are
represented by the following: trained first responders –
typically firefighters or Emergency Medical Technicians
(EMTs), including paramedics; dispatch services such as
“911” operators; radio communications systems used by
ambulance services; routine and critical care ambulances
and aeromedical transporters; receiving facilities such as
hospital-based or stand-alone emergency departments;
a standardized electronic or paper record-keeping systems; performance measures and audit procedures; public
education initiatives such as ▶ cardiopulmonary resuscitation (CPR) training; disaster preparedness efforts
including triage training, hospital- and pre-hospital drills,
and mass-casualty incident (MCI) plans; and strategies for
coordinating with outside agencies. Notably, the 1973 act
did not call for physician oversight of EMS systems [3].
In the time of horse-drawn ambulances, physicians
had been the primary pre-hospital care providers, but
they gradually became less involved in EMS through the
mid- to late-1900s. Through the efforts of dedicated emergency physicians and surgeons, however, physician oversight, or medical direction, regained importance and is
now a part of most EMS systems. A medical director
assumes responsibility for all the actions taken by first
responders and EMTs under his or her command, providing both direct and indirect supervision. Indirect supervision (sometimes referred to as “off-line” medical
direction) includes administrative duties such as provider
training, risk management, performance audits, and other
quality-control measures. Direct supervision (sometimes
referred to as “on-line” medical direction) refers to realtime interactions with pre-hospital care personnel, such as
medical advice provided via radio communications or onscene, in person [4].

Pre-hospital Care Systems
There are many types of pre-hospital care systems
depending on the location (rural or urban), resources,
and needs of the community. The most elaborate system,
for example, will provide both basic life support (BLS) and
advanced life support (ALS), will incorporate aeromedical
transport, will have both public and private ambulance

services, will employ critical care nurses as well as EMT
personnel, and will have multiple receiving hospitals. In
contrast, a system may have volunteer firefighters serving
as first responders, a single transport vehicle, and one
community hospital.
Most pre-hospital care systems are described in terms
of “tiers,” or levels of pre-hospital care provided. A onetier system has only first responders, a two-tier system
also has BLS capability, a three-tier system, additionally,
has ALS capability, and a four-tier system has critical care
capability. Many systems are “targeted” such that an
attempt will be made to dispatch the “appropriate” level
of care to an incident (ALS, BLS, or critical care). BLS
transports can be upgraded to ALS transports at the discretion of EMT-basic personnel on scene if they believe
that the patient needs i.v. medication, cardiac monitoring,
or other interventions beyond their scope of practice. An
alternate approach is a “uniform response” system in
which the same resources are dispatched to every call.
There are pros and cons to each system. For example,
targeted response systems carry the risk of misidentification of severity of illness either by the dispatcher or
by EMT-basic personnel. On the other hand, uniform
response systems risk overuse of resources and inherently
expose EMT-paramedics to more low acuity cases,
potentially decreasing their skill level with advanced
procedures [5].
Pre-hospital care and transport may be provided by
the fire department, a private company, a third party, or
some combination of the three. Denver, Colorado, for
example, has both private ambulance services, such as
American Medical Response, and a third-party ambulance
service (Denver Health Paramedic Division, operated by
the Denver Health and Hospital Authority). In other cities, such as Los Angeles, California, ambulances with paramedics and EMT-basic personnel are maintained by the
fire department. Another variation is a system in which
fire deparment-based paramedics care for patients but
transport is provided by a private or third-party
ambulance service.

Pre-hospital Care Providers
The National Registry of Emergency Medical Technicians
(NREMT) defines four levels of pre-hospital care provider: certified first responder, EMT-basic, EMT-advanced
(which includes EMT-intermediate [1988] and EMTintermediate [1999]), and EMT-paramedic (see https://
www.nremt.org). Virtually all EMT training programs
require that participants be at least 18 years of age and
require recertification at least every 2 years. In 2008 there
were 10,531 nationally certified first responders, 194,405
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EMT-basic personnel, 16,897 EMT-intermediate personnel, and 64,424 EMT-paramedics in the USA. The
National Highway Traffic Safety Administration outlines
the basic scope of practice and minimum psychomotor
skills of each of these levels of training. There are some
location-specific variations and most ambulance services
maintain protocols detailing allowed actions, medications, and procedures. Anything falling outside of these
parameters typically requires real-time radio consult with
the medical director or proxy.

Certified First Responders
Certified first responders have the most basic level of
training. First responders are generally able to provide
CPR, use an automated external defibrillator (AED), and
provide basic first aid including eye irrigation, basic
splinting, and hemorrhage control with direct pressure.
They are able to perform basic airway maneuvers including use of the Heimlich maneuver, chin-tilt/jaw-thrust,
use of simple oropharyngeal airway devices, and
suctioning of the upper airway. They are trained to provide supplemental oxygen via nasal cannula or nonrebreather mask, and to deliver positive pressure ventilation via bag-valve mask. They are able to assess blood
pressure with the use of a manual blood pressure cuff.
Additionally, they are trained to recognize scene safety, aid
in normal childbirth, assist higher-level care providers en
route to the hospital, and manually stabilize the cervical
spine. They may provide initial handling of locationspecific emergencies such as envenomations or highaltitude illness. Certification as a first responder is
generally required for all police officers and firefighters.
Other examples of first responders include ski patrollers,
volunteer rescuers, wilderness guides, and people who
work with children such as camp counselors. Seventy
percent of the first responders work in rural areas. Total
classroom training time is anywhere from 20 to 80 h and
varies widely by state.

EMT-Basic Personnel
People classified as EMT-basic have all the skills of
a certified first responder but are additionally qualified
to provide basic life support (BLS). They provide a more
advanced “primary survey” of the patient’s airway, breathing, cardiovascular status, and disability, including severe
neurologic deficits such as paralysis (“ABCDs”), take vital
signs, and perform all the airway and ventilation maneuvers described above. They are able to use humidifiers and
nasal airways in addition to oral airways. They are trained
to perform a “secondary survey” to assess the patient for
injuries such as broken bones, bleeding, and neurologic

P

1821

deficits. Although they are not certified to administer
medications other than aspirin for patients with chest
pain suspected of having myocardial ischemia, they can
apply oral glucose paste and “assist” patients in the use of
previously prescribed medications such as metered dose
inhalers or autoinjected epinephrine for anaphylactic
allergic reactions. EMT-basics are taught to assess scene
safety and perform triage at multicasualty events. They are
trained to drive an ambulance, monitor intravenous (i.v.)
lines, mechanically restrain combative patients, assist in
complicated deliveries, and perform more advanced
trauma care such as spinal immobilization and traction
splinting of fractured femurs. They are not trained to do
advanced airway maneuvers such as intubation and they
cannot interpret electrocardiograms (ECGs) or cardiac
monitor tracings. They typically have at least 120 h of
classroom training and usually at least 10 h of clinical
training.

EMT-Advanced Personnel
People classified as EMT-advanced have all the skills of
EMT-basic personnel but are also able to perform more
advanced airway maneuvers, such as placement of a King
airway and deep suctioning of an intubated patient. In
addition, they can check blood glucose, create i.v. or
intraosseous (IO) access, and administer i.v. fluids and
certain medications including sublingual nitroglycerin,
i.v. dextrose, i.v. naloxone for opiate overdose, subcutaneous or intramuscular epinephrine, and inhaled beta agonists. The classifications of EMT-intermediate (1985) and
EMT-intermediate (1999) are subcategories of EMTadvanced, with the latter having more advanced skills
similar to that of the EMT-paramedic. Although beyond
the scope of practice as defined by the National Traffic
Safety Administration, in some states EMT-intermediate
personnel perform endotracheal intubation, ECG interpretation, and cardiac monitoring. The category of EMTadvanced is gradually being phased out in many states in
favor of a binary classification system of EMT personnel
(EMT-basic and EMT-paramedic only).

EMT-Paramedics
The highest level of training obtainable by an EMT is
known as EMT-paramedic, or simply “paramedic.” Paramedics are trained in ALS which includes advanced airway
management such as endotracheal intubation and
nonsurgical cricothyroidotomy, needle chest decompression, positive pressure ventilation with biphasic positive
airway pressure devices (BiPAP) and continuous positive
airway pressure devices (CPAP), and monitoring of endtital CO2. They are also able to perform ECG
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interpretation, external cardiac pacing, and defibrillation.
They are trained in the administration of ▶ advanced
cardiac life support (ACLS) medications as well as other
physician-approved medications, such as narcotics for
pain control. They are additionally capable of providing
initial ▶ advanced trauma life support (ATLS) and pediatric advanced life support (PALS). EMT-paramedics typically have had more than 1,200 h of classroom training
and have done observational rotations in the intensive
care unit, labor deck, emergency department, and operating room. They have also had further on-the-job training
in field training programs.

Critical Care Transport Providers
EMT-paramedics, usually with at least 1 year of experience, and registered nurses, usually with at least 3 years of
experience in an intensive care unit or emergency department experience, are eligible to train to become critical
care transport providers. In this role, nurses and paramedics can perform advanced procedures such as rapid
sequence intubation, central line placement, chest tube
placement, and emergent pericardiocentesis and they are
trained to interpret basic labs, such as acid–base status.
The critical care transport team also typically includes
a respiratory therapist to monitor intubated patients
requiring artificial ventilation. Critical care transport
may involve interfacility transport of critically injured
patients as well as primary response to remote or isolated
areas. Transport may be via ground ambulance, fixed wing
aircraft, or helicopter.

Special Considerations in Pre-Hospital Care:
Trauma Destinations
Trauma triage is an evolving field. Typically, paramedics or
other first responders will make the initial decision about
the level of care that a trauma patient needs using an
algorithm approved by the medical director. Depending
on the required level of care and local resources, patients
are taken to an appropriate trauma center in the area.
These centers are classified on a scale from I through III
as defined by the American College of Surgeons Committee on Trauma (see Table 1); please refer to the website
below for complete qualifying criteria. In general, level
I centers are large university-based teaching hospitals
that serve as referral sites for all major trauma in the
region, treating a designated minimum number of trauma
patients or a minimum number of severely injured trauma
patients. Level II trauma centers are similar but may not
have all the resources available at a Level I facility, and may
not be teaching institutions. Level III trauma centers are
capable of stabilizing life threatening injuries and

providing basic surgical care. In smaller communities
there may be a Level IV trauma center, which essentially
provides ATLS to patients and has transfer agreements
with other hospitals. Although the American College of
Surgeons provides guidelines and a review process for
hospitals designated as trauma centers, some hospitals
are self-designated as trauma centers and do not meet all
the requirements.

Understanding the Pre-Hospital Care
System: A Scenario
Perhaps the easiest way to understand the nuances of prehospital care is to envision an actual scenario in which all
the elements come into play. For this scenario we will
assume that the local pre-hospital care system is an
urban, four-tiered, targeted system in which ambulance
services are provided by a third party and are not fire
department-based (see above for complete descriptions
of these terms). Imagine that you are hit by a car while
walking to work. Your leg is visibly deformed and bleeding
from an open wound, and you are unable to stand up.
A bystander calls “911” and this activates the EMS system.
When the operator answers, he or she will go through an
established algorithm to determine what emergency medical condition exists. In this targeted response system,
there will be an attempt to dispatch the appropriate personnel to the scene – for example, the police, the fire
department, and/or an ambulance (BLS- or ALS-capable).
Fire department certified first responders (some of whom
are also certified at the EMT-basic or paramedic level) are
stationed throughout the city in such a way that they are
typically the first to arrive. They maintain manual stabilization of your cervical spine, apply direct pressure to
control the bleeding from your fractured leg, and place
a basic splint.
An ambulance then arrives on the scene. In this case,
an ALS-capable unit would have been dispatched because
an auto-pedestrian accident is likely to involve injuries
that require the advanced skills that paramedics can provide. The ambulance could be staffed with two paramedics
or an EMT-basic trained individual and a paramedic,
known as a “split car.” (A BLS-capable unit would be
staffed with two EMT-basic personnel.) The paramedics
perform a primary survey and determine that you have no
immediate threat to your life. They also perform
a secondary survey by thoroughly examining you for any
areas of tenderness, deformity, crepitus, abrasions, or contusions. They determine that you have a probable open
fracture of your leg and several broken ribs. You are loaded
into the ambulance on a backboard, an i.v. is started, and
you are given supplemental oxygen and pain medication.
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Prehospital – Emergency Medical Services. Table 1. Classification of Trauma Centers (http://www.facs.org/trauma/verifivisitoutcomes.html)
Level I

Level II

Level III

Required

Required

Not required

Maximum response time for 15 min
presence of surgery consult in
emergency department,
tracked from patient arrival

15 min

30 min

In-house physician coverage
of emergency department
24 h a day

Required

Required

Not required

Operating room promptly
available 24 h a day

Required

Required

Required

Operating room fully staffed
24 h a day

Required

Not required

Not required

In-house physician coverage
of ICU 24 h a day

Required

Not required

Not required

Anesthesiologist in-house
24 h a day

Required

Not required

Not required

Orthopedic surgery consult
readily available

Required

Required

Required

Neurosurgery consult readily
available

Required

Required

Not required

Full spectrum of surgical
subspecialty consults readily
available (plastics, urology,
vascular, OB-gyn, etc.)

Required

Not required

Not required

Surgical residency training
program

Required

Not required

Not required

CT scan and conventional
radiography available 24 h
a day

Required

Required

Required

Radiographer in-house 24 h
a day

Required

Required

Not required

CT technician in-house 24 h
a day

Required

Not required

Not required

Lab and blood bank services
available 24 h a day

Required

Required

Required

Trauma registry data
collection

Required

Required

Required

Surgeon (attending or senior
resident) in-house 24 h a day

The paramedics decide whether or not emergent
transport (lights and sirens) is indicated. Although some
discretion is allowed, their decision is primarily based on
protocol. Patients who are unstable in any way (for example, with airway compromise, hypotension, shock, or
significantly altered mental status) require emergent
transport. During the transport, the paramedics will

communicate with the base hospital and/or receiving hospital via radio to provide basic details of the call and
estimated time of arrival. If the paramedics have additional questions or if they feel that special medication
orders or procedures are required, the physician at the
base hospital, acting as a proxy for the medical director,
can give instruction over the phone.
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You are taken to the local Level I or II trauma center
and assessed by a team that includes emergency, trauma
surgery, and orthopedic physicians. You have radiographs
(x-rays) and blood work and are taken to the operating
room for repair of your open fracture. Ultimately you are
discharged from the hospital feeling sore but thankful to
live in a time when pre-hospital care provides effective
on-scene stabilization, appropriate triage, and efficient
transport.
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at the resuscitation and life support of severely injured
patients.
Trauma Systems: Trauma systems involve a group of
related injury oriented facilities, personnel, and organizational entities operating in an organized, coordinated
manner, typically within a defined geographical area.
EMS systems are a key and integral part of a trauma
system.
Injury Severity Score (ISS): The Injury Severity Score
incorporates the Abbreviated Injury Scale (AIS) of the
three most severely injured body regions. This allows
stratification of patients with multiple injuries into severe
injuries (ISS>15) and non-severe injuries (ISS<15). The
ISS provides a measurable variable for identifying severely
injured patients as well as their outcomes.
Overtraige: Overtriage occurs when non-severely
injured patients are transported to trauma centers which
are the most capable and designed to care for the most
severely injured patients. This results in an unnecessary
use of valuable and costly resources.
Undertriage: Undertriage is inaccurate triage that
results in a severely injured patient not being transported
to the most capable trauma centers.
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Prehospital Care, Triage Criteria
GAGE M. OCHSNER
Savannah, GA, USA

Synonyms
EMS triage criteria; Field triage

Definition
Triage: The word triage originated from the French verb
trier meaning to separate sort, sift, or select. When applied
to EMS, it defines a process of determining the priority of
patients’ treatments based on the severity of their
condition.
Emergency Medical Services (EMS) system is a combination of critical components including personnel, equipment, transport modalities, communication s, medical
control, and ongoing quality improvement process.
Trauma Centers: Trauma centers are acute care facilities that have made the commitment to provide a variety
of special services, including personnel and equipment,
which provide timely appropriate specialized care directed

Introduction
Injury is a global problem with an estimated annual cost of
five million lives, representing approximately 10% of
global deaths from all causes. In the United States, injury
is the number one cause of death in Americans between
the ages of 1 and 44 and the third leading cause of death in
all age groups. These global annual death rates are
expected to rise substantially in number and percent by
2020 [1].
In the United States, trauma systems have been shown
to reduce mortality by as much as 25% when severely
injured patients were treated at a Level I trauma center
when compared to outcomes of similar patients treated at
non-trauma centers. Trauma centers are designated as
Level I through Level IV. Level I and II centers possess
the personnel and equipment to care for the most seriously injured patients. Level III and Level IV centers are
capable for the initial management and treatment of less
injured patients as well as the stabilization and transfer of
those patients needing a higher level of care (Table 1).
Ideally, severely injured patients would be triaged to
a Level I or Level II trauma center, and less injured patients
would be transported to Level III and Level IV trauma
centers ensuring that the right patient arrives at the right
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Prehospital Care, Triage Criteria. Table 1 Classification of trauma centers
Level I

These centers have the greatest clinical capability with dedicated trauma surgeons immediately available,
immediate access to the operating room, neurosurgical, and other subspecialty coverage. In addition, they
must participate in graduate medical education, community outreach, research activities, and injury
prevention. These centers are required to see a large number of severely injured patients annually.

Level II

These acute care facilities have similar clinical capabilities to Level I centers, with dedicated trauma
surgeons as well as surgical subspecialties. There is not the same requirement for a high volume of severely
injured patients. Research and graduate medical education are not requirements for these centers.

Level III

These centers often function as access points to trauma care, often in a more rural setting. General and
orthopedic surgery capabilities are available at all times and competent emergency medicine physicians
provide rapid assessment and resuscitation. For many injuries, the Level III center will provide definitive
care, and for the more seriously injured who require a higher level of care, initial assessment and
stabilization can be accomplished prior to transfer to a Level I or Level II center.

Level IV

These centers provide an access point to the trauma system. Patients can be evaluated and treated if the
injuries are non-severe, and they have the capability to initiate evaluation and resuscitation of more
seriously injured patients prior to transfer. They have no surgical capability.

center in the right amount of time. The process used to
accomplish this, by EMS personnel, is field triage.

Field Triage
Field triage occurs after EMS personnel have encountered
the injured patient and determined the nature and severity
of their injuries. After initiating protocol driven lifesaving
interventions, such as securing the airway, the appropriate
destination must be determined. This decision is based on
the clinical scenario and the protocols developed within
their trauma system.
The development of field triage criteria occurred
during armed conflict and mass casualty situations. The
greatest advances in triage and transport of combat casualties have progressively improved over the last two centuries. Even in the conflicts at the beginning of this
century, old structured echelons of care have given way
to Forward Surgical Teams and transport to the closest
appropriate facility, that is, transporting head injured
patients to a facility with neurosurgical capability, which
may not be the closest surgical facility.
The development of civilian triage criteria occurred
simultaneously with the development of trauma centers
and trauma systems. As more data supported the
improved outcomes among patients treated at trauma
centers, the need to accurately identify which patients
should be transported to these centers became critical.
One of the first field triage decision schemes was published
in the “Hospital and prehospital resources for the optimal
care of the injured patient” by the American College of
Surgeons in 1987 [1–4]. Triage criteria were classified into
three groups; physiological, anatomical, and mechanism

of injury. These criteria were modified based on statistical
analysis of their accuracy for determining the need for
trauma center care. There are several outcome measurements that have been used to analyze the effectiveness of
field triage criteria for identification of those patients
needing trauma center care. The Injury Severity Score
has been used to define major trauma patients. Those
with a score of >15 are severely injured and those with
an ISS of <15 are not severely injured. Using these definitions, appropriate triage, overtriage, and undertriage rates
can be determined. There is a lack of standard definitions
of overtriage and undertriage. On one hand if the appropriateness of triage is measured by transporting the
patient to a trauma center versus a non-trauma center,
this still would deem a head injured patient transferred to
a Level III trauma center as appropriate, when in fact it
would be considered undertriage in another set of
definitions.
The American College of Surgeons, using the ISS
criteria to determine severity of injury has reviewed and
modified the 1987 field triage decision scheme in 1990,
1993, 1999, and 2006. Of note, during the revisions, a fourth
category of field triage criteria was added, Special considerations include injured patients with comorbidities and
extremes of age which preclude them to unfavorable outcomes at non-trauma centers.
It should be noted that more than a dozen prehospital
scoring systems and triage rules have been developed
and utilized over the past 20 years. Some of these that
bear mentioning include the Trauma Score (TS), the
Revised Trauma Score (T-RTS), the Prehospital Index
(PHI), the CRAMS score Circulation, Respiration,
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Abdominal/thoracic, Motor and Speech, and the Trauma
Index. The American College of Surgeons Decision
scheme no longer includes prehospital scoring systems.

Field Triage Criteria
The following field triage criteria are those determined by
the American College of Surgeons Committee on Trauma
in conjunction with a National Expert Panel organized by
the National Center for Injury Prevention and Control
and funded by the National Highway Traffic Safety
Administration and the Office of Emergency Medical
Services. These are listed in the 2006 revision of the previously described decision scheme. The decision scheme is
presented in Fig. 1.
The following is a general description of the latest
recommended field triage criteria, by category, with
some description of the justification for their inclusion.
Please refer to the Morbidity and Mortality Weekly report
by the Center for Disease Control from January 23, 2009/
vol58/No.RR-1 for a much more comprehensive explanation of how the panel arrived at their recommendations.

Physiologic Criteria
The inclusion of abnormal vital signs and level of consciousness have been present since the 1986 edition of the
Decision Scheme. The published sensitivity of physiologic
criteria to identify severely injured patients ranges from
55.6% to 64% and a specificity of 85%.
Glasgow Coma Score (GCS) of<14: Previous decision
schemes had the GCS of<13 as a physiologic criteria;
however, subsequent data showed that patients with
a GCS of<14 had a 24.7% mortality rate. Due to the
longevity of the GCS criteria, its ease and reproducible
calculation and its widespread use in trauma and outcomes research, it was retained in the current revision.
Systolic Blood Pressure<90 mmHg and Respiratory
Rate<10 or>29 breaths per Minute: Multiple studies
have documented the correlation between prehospital
hypotension and respiratory difficulties with severe injury,
need for operation, need for life saving interventions and
better outcomes when transferred to appropriate trauma
centers. Like the GCS, hypotension and abnormal respiratory rate have been included since 1986. Although
some would contend that hypotension in the pediatric
population is a systolic blood pressure<70 mmHg, the
panel left the systolic blood pressure at 90 mmHg for
children to build in a protective overtriage buffer in this
extreme of age.
Respiratory Rate of<20 Breaths Per Minute in Infants
Aged<1 year: Infants less than 1 year old have a higher

respiratory rate, and the criteria of less than 10 breaths per
minute was felt to be inappropriately low for this extreme
of age. This criterion was added in the 2006 edition.
Injured patients meeting the physiologic criteria
should be transported to a Level I or II trauma center.
Those patients not meeting those criteria should be evaluated for the presence of anatomic criteria.

Anatomic Criteria
Based on criteria analysis, it was determined that physiologic criteria alone failed to identify a significant number
of severely injured patients [1–4]. Combination of physiologic with anatomic criteria resulted in a sensitivity of
80%, and anatomic criteria alone were associated with
a 20–30% yield for identifying severely injured patients.
All Penetrating Injuries to Head, Neck, Torso, and
Extremities Proximal to Elbow and Knee: The panel identified that penetrating torso injury had a significant probability of needing immediate surgical intervention.
Penetrating injuries to the head, neck, and extremities
posed a significant risk for life threatening vascular injuries that could not be adequately identified in the field.
Flail Chest, Two or More Proximal Long Bone fractures,
Paralysis, Pelvic Fractures, and Amputation Proximal to the
Wrist and Ankle: Limited data exists to specifically support
the sensitivity for these criteria to predict severely injured
patients. Given the high association of significant physiological abnormalities and the frequent need for specialized
care, including ICU care, surgical subspecialty support the
panel elected to retain these criteria.
Crushed, Degloved, or Mangled Extremity: This criterion was added in the 2006 revision of the Decision
Scheme. Although extremity injuries were addressed in
the 1999 criteria, the specific injury of mangled extremity
represents an injury that requires skilled multidisciplinary
support for stabilization, vascular repair, soft tissue coverage, nerve repair, and intensive rehabilitation. These
clinical capabilities are present in Level I and Level II
trauma centers.
Open or Depressed Skull Fracture: No specific data is
available to support these criteria as predictors of severely
injured patients; however, expert opinion argued that the
potential for the need for immediate surgical intervention
or specific critical care support of closed head injury is
likely to be required in patients with open or depressed
skull fractures.
Those patients meeting anatomic criteria should be
transported to a Level I or II trauma center. Patients not
meeting physiologic or anatomic criteria should be evaluated for mechanism of injury criteria.
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Measure vital signs and level of consciousness

Step One

Glas gow Coma Scale
Systolic blood pressure (mmHg)
Respiratory rate

<14
<90 mmHg
<10 or >29 breaths per minute
(<20 in infant aged <1 years*)

No

Yes
†

Take to a trauma center. Steps 1 and 2 attempt to identify the most seriously
injured patients. These patients shoud be transported preferentially to the
highest level of care within the trauma system.
Step Two§

• All penetrating injuries to head, neck, torso,
and extremities proximal to elbow and knee
• Flail chest
• Two or more proximal long-bone fractures
• Crushed, degloved or mangled extremity

Assess
anatomy
of injury.

• Amputation proximal to wrist and
ankle
• pelvic fractures
• Open or depressed skull fracture
• Paralysys

Yes

No

Take to a trauma center. Steps 1 and 2 attempt to identify the most seriously
injured patients. These patients shoud be transported preferentially to the
highest level of care within the trauma system.

Step Three§

Assess mechanism
of injury and evidence
of high-energy impact.

• Falls
— Adults: >20 feet (one story is equal to 10 feet)
— Children¶: >10 feet or two or three times the height of the child
• High-risk auto crash
— Intrusion’’:>12 inches occupant site: >18 inches any site
— Ejection (partial or complete) from automobile
— Death in same passenger compartment
— Vehicle telemetry data consistent with high risk of injury
• Auto vs. pedestrian/bicyclist thrown, run over, or with significant (>20 mph) impact
• Motorcycle crash >20 mph

No

Yes

Transport to closest appropriate trauma center, which, depending on the
trauma system, need not be the highest level trauma center.$$
Step Four

Assess special patient or
system considerations.

• Age
— Older adults¶¶: Risk of injury/death increases after age 55 years
— Children: Should be triaged preferentially to pediatric capable trauma centers
• Anticoagulation and bleeding disorders
• Burns
— Without other trauma mechanism: triage to burn facility***
— With trauma mechanism: triage to trauma center***
• Time sensitive extremity injury
• End stage renal disease requiring dialysis
• Pregnancy >20 weeks
• EMS$$$ provider judgement
Yes

No

Contact medical control and consider transport to a
trauma center or a specific resource hospital.

Transport according
to protocol.¶¶¶

When in doubt, transport to a trauma center

Prehospital Care, Triage Criteria. Fig. 1 Field triage decision scheme – United States, 2006.
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Mechanism of Injury Criteria
Mechanism of injury criteria may be the most widely
studied of all categories of filed triage criteria. Initially,
there were multiple criteria that were used for trauma
center triage; however, with each revision it became apparent that these criteria were associated with a high
overtriage rate. Mechanism of injury criteria can identify
occult severe injuries and when combined with physiologic and anatomic criteria can increase the appropriate
triage rate.
Falls – Adults Who Fall>20 ft: There is limited data to
support these criteria. Multiple factors are involved which
determine the severity of injury associated with a fall
including orientation on impact, surface of impact zone,
any obstacles encountered during the fall which decreases
the severity of impact, to name a few. The panel determined that the criterion is well known and significant
injury can occur with falls from this height.
Falls – Children Who Fall>10 ft or Two to Three Times
the Height of the Child: This criterion was added for children less than 15 years of age. New data exists that suggests
that these children have an increased risk for severe injury
from falls of lower heights, and this criterion was added to
increase sensitivity for identifying these patients.
High Risk Auto Crash – Intrusion of>12 in. at occupant
site or>18 in. at Any Site: This criterion was modified
from the 1999 revision where “major auto deformity>20
in.” and “intrusion into passenger compartment>12 in.”
prompted consultation with medical control regarding the
need for transfer to a trauma center. Although recent data
did not support these criteria, a large body of anecdotal
evidence as well as the limited nature of the data reviewed
did not allow for the elimination of these criteria.
High Risk Auto Crash – Ejection (Partial or Complete)
from Automobile: There is evidence that patients partially
or completely ejected from motor vehicles are at increased
risk for severe injury.
High Risk Automobile Crash – Death in Same Passenger
Compartment: There is evidence to support the increased
probability of severe injury and death and the need for
major surgery among patients involved in a motor vehicle
crash where an occupant was killed. This, combined with
expert opinion, justified the need to transport surviving
patients to a trauma center.
High Risk Auto Crash – Vehicle Telemetry Data Consistent with High Risk of Injury: This criterion was added and
reflects advances in technology which allows more accurate determination of terminal speed at impact which was
felt to be important in previous Decision Schemes,
but was difficult to document. New Advanced Automatic

Collision Notification (AACN) technology installed
in newer models of automobiles can identify vehicle location, change in velocity, and detect the principle vectors of
force impacted on the vehicle. Vehicle telemetry data
consistent with a high risk for severe injury, change in
velocity, and vectors of force was therefore added as
a field triage criterion.
Auto Versus Pedestrian/Bicycle Thrown, Run Over, or
with Significant (>20 mph) Impact: There is evidence to
support these criteria for identifying patients with severe
injury, in particular children and the elderly.
Motorcycle Crash>20 mph: There is evidence to support this criteria, as well as expert opinion, as an indicator
for severe injury in patients not meeting physiologic or
anatomic criteria.
It should be noted that two criteria from the 1999
revision of the Decision Scheme, rollover crash and extrication time>20 min were deleted in the 2006 revision.
Patients meeting mechanism of injury criteria only
should be transported to the nearest appropriate trauma
center. These patients may not require the advanced capabilities of a Level I or II trauma center and, depending on
regional trauma system protocols, could be transported to
a Level III or IV facility.

Special Considerations
Special considerations include injured patients with
comorbidities that are strongly associated with worse outcomes as well as patients at extremes of age. In general, the
more comorbidities an injured patient has, the worse their
outcome. Some comorbidities are associated with a higher
mortality while others are associated with increased rates
of infection (Type I diabetes) and longer length of stay
(COPD). EMS personnel treating injured patients with
these criteria should have a low threshold in conjunction
with medical control, for transporting them to a trauma
center.
Age – Older Adults: Trauma patients greater than
55 years of age are at an increased risk for injury and
death and that risk continues to increase as the age
increases. Furthermore, the number of comorbidities
increases with age further increasing the risk for injury
and death. There is good evidence to support the transport
of elderly trauma patients, who do not meet physiologic,
anatomic, or mechanism of injury criteria, to a trauma
center.
Age – Children: Children are identified in the Decision
Scheme as age less than 15. There is some evidence that
severely injured children may not be identified by the
physiologic, anatomic, and mechanism of injury criteria
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described above. It is therefore recommended that injured
children less than 15, not meeting the other categories of
field triage criteria, be transported to a pediatric capable
trauma center.
Anticoagulation and Bleeding Disorders: There is
evidence that patients with bleeding disorders and on
anticoagulation have a higher incidence of hemorrhage
and intracranial bleeding. They may well require the
advance ICU, surgical subspecialty, and blood bank capabilities available at trauma centers.
Burns – With or Without Trauma: Burn patients without evidence of trauma should be transported to a burn
center. If the burn patient has sustained injury, which is
minor, they still should be transferred to a burn center. If
the injury poses a greater threat to survival, the injury
should be treated and stabilized, at a trauma center, then
transferred to a burn center for further care.
Time Sensitive Extremity Injury: This criterion was
added for extremity fractures not covered in anatomic
criteria, such as isolated open fractures, or fractures with
neurovascular compromise may warrant transport to a
trauma center. Depending on the capabilities of surrounding acute care facilities, EMS personnel, with online
medical control may determine that the patient would be
better cared for at a trauma center with the orthopedic,
vascular, and neurological capabilities to provide prompt
appropriate treatment.
End Stage Renal Disease Requiring Dialysis: This criterion was added because patients with end stage renal
disease require dialysis capabilities and are often
coagulopathic. Injuries sustained may therefore present
a more serious risk than in patients without renal failure
and EMS personnel should discuss appropriate transport
with online medical control.
Pregnancy>20 Weeks: This criterion was modified
from pregnancy without gestational age qualifications.
Since the first trimester is associated with a high rate of
fetal demise, with minimal risk to the mother, women in
the second or third trimester were identified at potential
increased risk from injury and the need for transport to
a trauma center or advanced obstetrical capable facility.
This decision should be made with guidance from medical
control.
EMS Provider Judgment: This criterion was added
because it is impossible to cover all clinical scenarios
encountered by EMS personnel. If they decide, based on
their judgment and clinical experience, independently or
with the assistance of medical control, that a patient not
meeting any of the previous criteria needs to be
transported to a trauma center, then they should do so.
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Summary
The utilization of field triage criteria in a Decision Scheme
to identify injured patients that need care at the appropriate level trauma center has made significant advances over
the past 20 years. As demonstrated above, this is a work in
progress and future revisions, guided by good scientific
data, will continue to improve trauma systems ability to
get the right patient to the right place in the right amount
of time.
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Characteristics
Introduction
Although the ambulance is a visible part of medical care,
many tend to think of prehospital care as a separate entity
from in-hospital care. In a correctly run emergency medical system, the prehospital care is the first stage of total
patient care. It is usually accepted that there is a flow of
patient care that begins in the emergency department
flowing to the ICU, to the operating room, the recovery
room, and to the floor. This continuum of care uses the
same patient care standards and the same standards of
patient care, but the care takes place in a different area of
the hospital with specialized equipment and specially
trained people to provide the care in that area. Prehospital
care is a part of this same continuum.
The prehospital patient care also takes place in
a different area (outside the hospital and at the scene of

P

1830

P

Prehospital Care

the emergency), but uses the same standards of care and
the same philosophy that are used inside the hospital. The
individuals who carry out the care outside the hospital are
specially trained with special equipment to deliver the
appropriate care in the specific area involved. That may
be in an overturned car, in someone’s bedroom, outside
a burning building, or the side of a cliff. The same assessment standards such as chief complaint, present illness,
past medical history, physical examination of the entire
body from top to bottom, and management care of the
airway, breathing circulation and other emergent situations first and then attention to specific areas of difficulty
to follow, are used [1]. The same standards for quality
assurance and quality of care are used just as in any other
intensive care part of the continuum of patient care.
These will include the five phases of patient alert of the
system, EMS system alert, EMS response time, care at the
scene, transport to the hospital, and hand off to the medical staff next phase in the ED.
In the 1969, R. Adams Cowley, MD, FACS, started to
promote the “Golden Hour” as the critical period from
time of injury to arrival to definitive care as a major factor
in patient survival [2]. Since his original description it has
been learned that a precise 60-min period does not define
survival, but critical care provided to the patient does
survival. The exact period is separately defined for each
time-sensitive illness. Reducing the delay to definitive care
of this patient is vital for their survival and their morbidity.
For trauma, it is ischemia and hemorrhage; for cardiac it is
functional rhythm and blood flow, and muscle oxygenation; for stroke it is bleed flow to the brain; nonetheless, the
time that patient continues to bleed does in fact define
survival. As an example of the process, the critical care of
trauma condition gives a pattern. One of the major problems of the traumatized patient is blood loss. The more
blood loss that occurs, until hemorrhage has been controlled, the greater the mortality rate. Regardless of the
name (e.g., Golden Hour) time to definitive care is the
enemy. The longer that undergoing uncontrolled hemorrhage is present, the more that survival is lessened.
The patient’s physiological response begins when condition/injury occurs. When the EMS personnel arrive at
the patient the care starts. Because it is impossible to
determine which patients are hemorrhaging and which
are not by field personnel, then making time from injury
to definitive care as short as possible is extremely important for patient survival. This efficient patient care is not
limited to the field. Efficient patient care is just as important in the Emergency Department, in the operating
room, and in the ICU. A critical component of prehospital
care is transportation of the patient to the best equipped,

most experienced for the specific condition/injury, and
with the best outcome should be the destination for the
patient. For trauma, the American College of Surgeons
trauma center verification program identifies those hospitals that have consistently performed well in the areas of
quality trauma patient care including efficiency and excellence in outcome [3].
Generally, the type of prehospital care can be divided
into three categories: trauma, cardiac, and medical. In
most EMS systems, the emergencies are divided approximately into these groups equally.

Resources
The actual distribution of the patients depends on
a variety of factors based on variabilities in the community
such as economics, urban versus rural, industry versus
farming. In a report for the Department of Transportation
in the 1960s, researchers from Georgia Tech indicated that
approximately one emergency per 10,000 population per
day would occur in the EMS catchment area. It is interesting that several studies have been done since that time
which reinforces that figure; therefore, that is a good number for planning of EMS facilities and the number of units
that will be required by the EMS service. Another factor in
the number of EMS transport units required by the service
is the type of patients that the EMS service is to transport.
Some services transport purely emergencies, some transport no emergencies, some transport only convalescent
patients, and some transport all of the above.
The standards required by the EMS systems in the USA
are Standard of the National Highway Transportation
Safety Agency, but with each state having the ability to
define their own specifics of the standard. These standards
are:
● Personnel and training = national standard curriculum
that has four phases of services
● EMT First Responder
● Approximately 40 contact hours of training
● Provide assistance until a more advanced provider arrives
● EMT Basic (EMT-B)
● Provide airway management
● Uncomplicated childbirth
● Hemorrhage control
● Splinting of fractures
● Assisting patients with own medication
● EMT Intermediate (EMT-I)
● Some advanced airway management
● There are 32 separate variations as each state
develops its own variant
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● Automatic defribulator
● Variating medication capability
● EMT-Paramedic (EMT-P)
● Advanced airway management
● Some surgical airway management
● Chest decompression for trauma
● All emergency medication
● Some emergency sedation
● Defibrillation
● Vehicles
● Federal Specification KKK-A-1822E
● Equipment
● Essential Equipment list for ambulances
● Developed by American College of Surgeons,
American College of Emergency Physicians,
and National Association of EMS Physicians

Patient Alert Process
As compared to 30 years ago, patient access is fairly consistent across the USA utilizing the 911 system. The process of receiving the 911 call varies from community to
community. In some smaller communities, the call goes
directly into the dispatch of the ambulance services.
In other communities, it is a combined service that
includes police, fire, or other variations.
Each community should assess its own notification
system to assure that the system works the best in that
community with the resources available. If the resources
are not available to make an efficient system then steps
should be taken by those in authority to remedy this
situation. The wheels of the ambulance should be moving
toward the patient in less than 2 min after the call is made
for emergency field care.

EMS Response
While on route the EMS providers receive information
from the dispatchers to allow them to plan their attack
once they arrive at the scene. Number of vehicles, amount
of energy exchanged by the vehicles, number of victims,
penetrating versus blunt trauma, any on-scene hazards,
weather conditions, and other units which may be
dispatched for backup or patient access are all things
that factor into the prearrival planning.

Field Assessment and Care
Scene Assessment
As an EMS unit rolls onto the scene, the first step is scene
assessment. Is the scene safe? Is the patient/vehicle in
a precarious place on the highway? If it is a home, is the
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home itself safe? On fire? Fumes? Bad guys in the neighborhood? Is law enforcement present to secure the scene?
If something has happened to this environment such as
fire or chemicals are present, is the fire department present
to provide assessment? How many patients are visibly
involved? What is the crowd like? Are they under control?
Are family members present? Will they be a help or
a hindrance? Will friends be a help or a hindrance? Will
bystanders be a help or a hindrance?

Patient Assessment and Management
The appropriate steps for any emergency condition are
divided into four steps: initial assessment, resuscitation
(life-threatening conditions management), secondary
(detail assessment), and definitive care. In each phase,
the continuum of patient care, whether that is in the
field, in the Emergency Department, in the operating
room, in the ICU, or on the floor, addresses all of
these issues. All patient care providers use this process
each time that a patient is encountered. It is obvious that
definitive care in the field will be different than definitive
care in the Emergency Department, the operating room,
the ICU, or on the floor. Despite these differences in
location however, all four steps need to be addressed.
The four steps are the same, but with different details no
matter which area of the hospital or prehospital the patient
is in. In trauma patients, the entire scene assessment and
management should require less than 10 min unless there
are difficulties to getting to the patient or getting them out
of entrapment.
A quick look at all the patients on the scene will
determine in gross terms how many patients there
are and which patients are the sickest. Unless the
number of patients exceed the resources available
the most critical patients are assessed and treated first
(disaster management is another section). The sickest
patient is assessed first using the standard airway breathing circulation disability methodology that all EMS personnel are taught. As noted above, the same steps of
patient assessment are used in the field as are used in
the hospital.
Airway – is the airway open? Is the obstruction such as
fluids, blood, or foreign bodies?
Breathing – is the patient ventilating adequately on
their own or is assistance required? What is the skin color?
Ventilatory rate? Is there equal expansion of the lungs
bilaterally?
Cardiac/circulation – is the heart beating? Is blood
being pumped to the patient’s vital organs?
Is there external hemorrhage that can be compressed
or tourniqueted? Is there possible internal hemorrhage

P

1832

P

Prehospital Care

that needs rapid transporting to the trauma center if
available; if not available, then the most appropriate facility available?
Disability – is there a brain injury or brain
compromised by not enough oxygenated being perfused?
Exposure/environment – assess the entire patient for
injuries. Protect the patient from the cold.
Most of these items are easily evaluated in the initial
15 s by asking the patient, “What happened?” and “How
do you feel?” If the patient responds in appropriate voice
with appropriate knowledge, then A and B have been
met as well as D. Next it is appropriate to assess
C which is cardiac output, profusion of the tissues by
checking the skin color, and presence of pulse at the
wrist. And next, in the trauma patient, hemorrhage.
A indicates to protect the patient from environment
and expose what body parts are necessary for complete
assessment. Total exposure can frequently wait until the
patient is enclosed in an ambulance for environmental
protection or even on arrival to the hospital depending
on the patient’s condition and the need for assessment
strategies.
After the patient is completely assessed and appropriate diagnoses (the diagnosis may only be rapid
need for transportation to the hospital) are made then
management steps appropriate for packaging and
transporting to the correct hospital are taken. The most
important diagnosis is whether the patient is critical or
not and what immediate steps are required to solve or get
this problem more under control. Correct pressure on
the hemorrhaging area is the first and best step. If this will
not control hemorrhage, then heamostatic agents should
be applied to the torso and tourniquets to the extremities. The detailed use of these devices is beyond the scope
of this encyclopedia. The reader is referred to the
Prehospital Trauma Life Support Course for greater
details. If it is a patient with medical or cardiac definitive
care, some of these conditions are best in the field such as
cardiopulmonary resuscitation, defibrillation, and
appropriate cardiac medications. Some medical conditions such as hypoglycemia and diabetic, and epinephrine for severe allergic reactions are initially managed
in the field and then rapidly transported to the appropriate facility.

Transportation
After the patient is field stabilized as needed, they are to be
transported to the appropriate facility. The closest appropriate facility will vary depending on the patient’s

condition. For example, the ideal facility for a trauma
patient that is in shock and hemorrhaging is a trauma
center where there is an operating room open and available for the patient. There is usually a trauma center in
each major city. In the smaller communities, there is not
a trauma center available and the patient should be
transported to a facility that can appropriately manage
the initial steps of the patient’s injury and as needed
transfer the patient onto a trauma center.
For other medical conditions the same philosophy
applies. The patient should be transported to the closest
facility that can best provide care for the patient, such as
a STEMI Center for cardiac patients or a Stroke Center
for neurological difficulties. EMS personnel should not
make transport decisions based on the ability of the
patient to pay for care. This is outside the EMS’s ability
to assess patients, outside the needs of the patient in the
field, and a violation of the federal and state EMTALA
law, rules, and regulations.
Perhaps the most dangerous occupation in the USA is
the providers on air ambulances. This obviously includes
the patients who are riding in these vehicles. Patients
should not be transported via air unless their condition
is critical. Minor condition (not meeting the Step 1 and
Step 2 Center for Disease Control [4] criteria) should be
transported by ground. The patient should be transported
in a vehicle that can get the patient safely to the destination
hospital in the shortest period of time depending on their
condition.
The American College of Surgeons Committee on
Trauma has defined the triage tree in making these decisions for the trauma patient. This has been elaborated
on, codified, and made a national standard by the CDC
[4]. Similar logic applies to the medical and to the cardiac
patient, but national standards for these have never been
defined.
The National Trauma Triage Criteria [4] are divided
into five separate phases: (1) physiologic criteria, which
identify that the patient is critically ill; (2) anatomical
criteria, which identify that the patient could be critically
ill; (3) mechanism of injury criteria, which defines that
there is some potential for injury; (4) and (5) identify
potentials of injury, but of lesser need. For those patients
meeting either anatomic or physiologic criteria (Step 1,
Step 2) of the national triage criteria will require major
trauma assessment and interventions in 90–95% of the
cases. However, this represents approximately 5% of the
total number of injured patients seen by EMS. Of
the other meeting Step 3 (mechanism of injury) 80%
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will go home from the Emergency Department within
6 h. Of those who remain in the hospital, approximately
one-third will require surgery, but not life threatening
such as fractures. Only about 1% of these patients will
have major life-threatening illnesses. The EMS system
must be set up so only those patients need to be seen in
a trauma center. The rest can easily and appropriately be
cared for in their community hospital.
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Handoff

Synonyms

Handoff of the patient should go directly to the physician
in charge. Although it is important for nurses to oversee
and be involved in the handoff, many of the skills carried
out by the prehospital providers cannot be carried out by
nurses because of licensing difficulties within the State
Board of Nursing such as endotracheal intubation, RSI,
or insertion of interosseous fluid access. If the patient has
had any of these procedures, the handoff must be done to
someone who can accomplish them such as a physician or
a P.A. or occasionally a nurse practitioner, depending on
their training and their state licensing.
The handoff should follow the standard ABCDE initial
assessment, resuscitation, secondary assessment, and
definitive care given in the field. This format will be the
most familiar to the physician who has taken the ATLS
course or some type of advanced cardiac course, and
therefore information will not be forgotten or lost.
After the handoff has occurred the written run report
should be given to the physician or nurse to be included in
the chart.

Summary
The prehospital care system in the USA is the first phase
of patient care. Although it is in a different area, it is part
of the overall care system. It is not separate. The patient
care standards are the same, quality assurance criteria are
the same, the process is the same. It is a continuous flow
from incident to discharge. All providers are part of the
same team.

Preload

Ventricular end diastolic volume (EDV); Ventricular end
diastolic pressure (EDP)

Definition
Preload can be defined as the myocardial sarcomere length
just prior to contraction. There are no methods to directly
measure this length in vivo, therefore in clinical practice
indices that relate to this length have been used.

Clinical Relevance
The concept of preload forms the basis of the Frank–
Starling mechanism of the heart, which describes the
intrinsic property of the myocardium to vary its contractility depending on the venous return to the heart. During
periods of increased venous return, ventricular end diastolic volume (EDV) is increased and hence sarcomere
length is increased. This causes an increase in the force of
myocardial contraction resulting in an enhanced stroke
volume and cardiac output. As venous return to the heart
reduces, the ventricular volume reduces and hence the
force of contraction and subsequent stroke volume are
also reduced. This mechanism is independent of any nervous supply to the heart and is a property that allows the
activity of the right and left sides of the heart to be
matched during periods of changing physiology.

Factors Increasing Preload
– Reduced venous capacitance (e.g., sympathetic stimulation causing venoconstriction)

– Increased circulating volume (e.g., post-intravenous
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fluid administration)
venous return – posture (e.g.,
Trendelenburg position or passive leg raise) and
increased skeletal pump activity (e.g., during exercise)
– Increased ventricular filling – reduced heart rate (i.e.,
increased ventricular filling time), increased atrial contraction, and increased ventricular compliance
– Ventricular systolic dysfunction (e.g., post myocardial
infarction)

– Increased
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Factors Decreasing Preload
– Increased venous capacitance
– Reduced circulating volume (e.g., hemorrhage)
– Reduced venous return – posture (e.g., gravity causing
pooling of blood in lower limbs when standing
upright), increased intra-abdominal pressure (e.g.,
during laparoscopic surgery) and increased intrathoracic pressures (e.g., during invasive positive pressure
ventilation and application of positive end expiratory
pressure or application of noninvasive positive pressure ventilation)
– Reduced ventricular filling – increased heart rate,
impaired atrial contraction (e.g., atrial fibrillation),
and reduced ventricular compliance (e.g., ventricular
diastolic dysfunction due to ventricular hypertrophy
or impaired relaxation)

Clinical Indices of Preload
Sarcomere length cannot be measured in vivo and therefore a number of surrogate indices are used clinically to
estimate preload. Static indices are based on measurements of cardiac filling pressures and volumes. There are
now new indices of preload. They are called dynamic
indices. Most of these indices are based on cyclical changes
in ventricular filling induced by changes in intrathoracic
pressure during positive pressure ventilation. Rather than
measuring the preload, these indices are helpful to predict
if a preload increase will result in an increase in stroke
volume. This is also called prediction of fluid responsiveness (Fig. 1).

d
c
Stroke volume
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Preload. Figure 1 Modification of the Frank–Starling curve
showing the relationship between preload and stroke volume,
and between volume loading (preload increase) and stroke
volume increase. At higher level of preload (c to d), volume
loading results in a smaller increase in SV than at lower levels
(a to b)

Static Indices of Preload
These are used to estimate preload, but their predictive
value regarding fluid responsiveness is limited.
Static Indices of Preload for the right heart include

–
–
–
–

Right ventricular end diastolic volume (RVEDV)
Right ventricular end diastolic pressure (RVEDP)
Right atrial pressure (RAP)
Central venous pressure (CVP)

Static indices of preload for the left heart include:

–
–
–
–

Left ventricular end diastolic volume (LVEDV)
Left ventricular end diastolic pressure (LVEDP)
Left atrial pressure (LAP)
Pulmonary artery occlusion (wedge) pressure (PAOP
or PAWP)

Ventricular EDVs correspond to myocardial fiber
length at the end of ventricular filling, just prior to contraction and are therefore thought to correlate to ventricular preload. However, even direct measurements of
ventricular volumes are not predictive of fluid responsiveness as they do not take into account the myocardial
contractile state or the position of the ventricle in relation
to the gradient of the Frank–Starling curve.
For the right side of the heart, CVP is typically measured and the following relationship is assumed:
CVP ¼ RAP ¼ RVEDP

RVEDV

For the left side of the heart, PAOC is typically measured and the following relationship is assumed:
PAOP ¼ LAP ¼ LVEDP

LVEDV

However, there is no direct relationship between pressure and volume, as these parameters are governed by the
compliance of the system involved.
Ventricular volumes are difficult to assess clinically,
although they can be measured using echocardiography.
However, this is a time consuming and somewhat cumbersome process, which requires technical expertise.
Therefore, surrogate markers including CVP, RAP, PAOP,
and LAP are used to estimate LVEDP, which in turn is
assumed to correlate with LVEDV. However, this extrapolation is flawed because cardiac pressures are dependent
not only on ventricular volumes but also on ventricular
compliance. Furthermore, the central venous catheter tip
must be optimally positioned (either just proximal to the
right atrium for CVP measurements or appropriately
wedged in West’s zone 3 for PAOP measurements).
The cardiac valves must be functioning normally and
juxtacardiac and intrathoracic pressures must also be
normal.

Preload

Clinical Interpretation and Limitations of
Static Indices of Preload
Indices of preload are integral hemodynamic variables
that are used to help guide fluid and inotropic or vasoactive drug administration in the critically ill patient. However, interpretation of cardiac filling pressures requires an
understanding of the disease process, underlying physiology, and associated limiting factors under which these
measurements are being made.
Situations in which PAOP over estimates LVEDP:

–
–
–
–

PEEP (increased intrathoracic pressures)
Pulmonary hypertension
Mitral stenosis
Cardiac tamponade or constrictive pericarditis
(increased juxtacardiac pressures)
Situation in which PAOP under estimates LVEDP:

– Poorly compliant LV
Dynamic Indices of Preload and Fluid
Responsiveness
In any hypotensive patient, it is imperative to ascertain
whether the patient will benefit from intravenous fluid
administration or whether an inotropic or vasoactive
drug is required instead. Therefore, one of the first therapeutic maneuvers in this context is the administration of
a “fluid challenge” whereby an intravenous bolus of fluid
is given and its effect on blood pressure and cardiac output
monitored. This test is essentially trying to determine
whether the expansion of the intravascular volume will
increase cardiac preload and enhance cardiac contractility
thereby improving cardiac output based on the Frank–
Starling mechanism of the heart. Those individuals with
a positive outcome are termed “fluid (or volume) responsive.” However, only 50% of critical care patients are fluid
responsive [3]. The ability to distinguish between
responders and nonresponders is crucial as overzealous

1835

(N)
Stroke volume

Studies in cardiac patients comparing left ventricular
performance data obtained using a pulmonary artery
catheter (left ventricular stroke work index) with echocardiographic derived data (regional wall motion score
index) demonstrate significant discrepancies and limited
relationships between the two data sets [1] again
highlighting the fact that cardiac filling pressures do not
correlate with ventricular volumes.
There is also sufficient evidence to suggest that CVP
measurements do not reflect LV preload with any accuracy
and that they in fact poorly correlate with intravascular
blood volume [2].
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Preload

Preload. Figure 2 Modification of the Frank–Starling curve
showing a heart of normal contractility (N) and a failing heart
(F). The same increase in preload (from a to b) results in
different increases in SV due to the differences in the gradient
of the slopes

fluid administration can have deleterious consequences
leading to myocardial failure, pulmonary edema, and
impaired gas exchange. Static indices of preload correlate
poorly with fluid responsiveness and this drove the development of dynamic indicators of preload that are currently the most reliable and mainstay bedside predictors
of fluid responsiveness (Fig. 2).
Dynamic indices of preload are based on the cyclical
variation in ventricular filling induced by positive pressure
ventilation, which causes redistribution of the internal
blood volume. The increase in intrathoracic pressure
(pleural pressure and transpulmonary pressure) reduces
the venous return to the right ventricle. This in conjunction with the increase in right ventricular afterload reduces
right ventricular stroke volume during the inspiratory
phase, which results in a reduced left ventricular preload
during the expiratory phase. This mechanically induced
reduction in left ventricular preload can manifest itself as
cyclical changes in left ventricular stroke volume (stroke
volume variation, SVV), pulse pressure (pulse pressure
variation, PPV), and systolic pressure (systolic pressure
variation, SPV) in the fluid responsive heart (i.e., lying on
the steep part of the Frank–Starling curve). These changes
are influenced by the volume status of the patient, being
more pronounced during periods of hypovolemia [4].
Another dynamic test is the passive leg raise, whereby
the legs of a supine patient are raised which results in the
autotransfusion of between 150 and 300 ml of blood from
the peripheral to central circulation. A rise in blood pressure (where blood pressure = cardiac output  total
peripheral resistance) occurs via an increase in stroke
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volume assuming that heart rate and total peripheral
resistance remain more or less constant during the maneuver. This increase indicates that the patient is fluid responsive and wound most likely benefit from intravenous fluid
administration. This test allows an easy, noninvasive, and
reversible variation of preload to be made, which gives the
clinician essential information on the fluid status of the
patient.

3.

Clinical Interpretation of Dynamic Indices of
Preload

Ability of a normal ventricle to increase its ejected volume
in response to an increase in its preload. This means that
the ventricle operates on the ascending part of its diastolic
function (Frank–Starling) curve. The absence of preload
reserve/responsiveness means that the ventricle operates
on the flat part of its diastolic function curve.

Dynamic indices help the clinician predict with some
accuracy the cohort of patients that are most likely going
to respond to fluid therapy. Typically, variations of above
12% are highly suggestive that cardiac output can be
increased by intravenous fluid administration.
However, when interpreting this data, it must be
understood that the response of a patient to a fluid load
is dependent on several key elements including the gradient of the Frank–Starling curve (stroke volume versus
preload), the pre-infusion cardiac preload, and the contractility of the myocardium. A patient may fail to respond
to a fluid challenge due to an increase in venous capacitance, a reduction in ventricular compliance, systolic dysfunction, or because the heart is operating on the flat part
of the Frank–Starling curve. In contrast, most healthy
individuals will be fluid responsive but few would require
or benefit from intravenous fluid administration. This
serves to highlight the importance of using the various
hemodynamic parameters as a guide to management but
that the clinical context and underlying physiology of the
patient is paramount to the decision-making process.

Limitations of Dynamic Indices of Preload
Dynamic indices of preload can only be reliably obtained
in fully sedated, paralyzed, and mechanically ventilated
patients. Intermittent spontaneous breathing sufficient
to trigger the ventilator can alter the cardiothoracic pressure gradients and cause inaccuracies in the measured
indices. In addition, patients must be in sinus rhythm as
any variation in R–R interval can interfere with beat-tobeat variation in stroke volume.
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Prerenal Azotemia
ERIC A. J. HOSTE
Department of Internal Medicine, Ghent University
Hospital, Ghent, Belgium

Synonyms
Prerenal disease; Prerenal failure; Prerenal insufficiency;
Volume responsive acute kidney injury (AKI)

Definition
Prerenal azotemia is one of the three major categories of
the syndrome of acute kidney injury (AKI), the other two
being, intrinsic AKI, and postrenal AKI. All these types of
AKI are defined as an abrupt decrease in kidney function.
Prerenal azotemia is characterized by two elements: it is
a syndrome that is caused by inadequate blood perfusion
of the kidneys, and there are no underlying structural
abnormalities of the kidneys for this acute disease. In
other words, prerenal azotemia is a functional disease.
The two elements of the definition are important. When
a condition of decreased renal perfusion is associated with
ischemic damage to the kidneys, that is, tubular necrosis,
this condition should be categorized as intrinsic AKI or
acute tubular necrosis (ATN).
In the majority of ICU patients with prerenal azotemia, decreased renal perfusion is the resultant of decreased
effective circulating volume. In a minority, vascular
abnormalities of the renal vasculature, such as renal artery
stenosis, are the cause of prerenal azotemia.

Prerenal Azotemia

When the underlying etiology can be corrected,
prerenal azotemia is rapidly reversible. This in contrast
to intrinsic AKI.
Alternative terms that are used in literature for
prerenal azotemia are prerenal insufficiency, prerenal disease, prerenal failure, and volume-responsive AKI.
When prerenal azotemia persists for a longer period,
hypoperfusion of the kidneys will lead to ischemia and
ATN, or intrinsic AKI [1]. A condition in which there is
structural damage to the kidney, and which is not rapidly
reversible when the underlying condition is corrected.
Especially, the outer medullary region is at risk for this,
because as a consequence of the particular renal vasculature, oxygen supply in this region of the kidney is limited,
while energy demands are high [2]. It is uncertain when
exactly a patient progresses from prerenal azotemia to
intrinsic AKI. Biopsy studies in patients with the clinical
syndrome of ATN were normal in many patients [3].
It was demonstrated in an animal model of
hyperdynamic sepsis that renal blood flow, including
blood flow in the medullary region of the kidney is not
decreased [4, 5]. Also, noradrenaline, a vasoconstrictor
did not decrease renal blood flow, but in fact increased
renal blood flow. A deficient microcirculation in the kidneys, secondary to inflammation may provide an alternative explanation for the occurrence for prerenal azotemia
in this setting.

Differential Diagnosis
Prerenal Azotemia Versus Intrinsic AKI
Prerenal azotemia can be classically differentiated by
biochemical findings in the urine and blood (Table 1).
The clinical utility of these findings is often limited as
therapy and disease states, for example, the use of loop
diuretics, catabolism, and gastrointestinal bleeds, may
influence renal sodium excretion and serum urea
concentration.
In general, prerenal azotemia is characterized by
oliguria, and concentrated urine, with a low sodium concentration in the urine and a relative high urine osmolality. In serum, urea increases relatively more than
creatinine. Finally, patients with prerenal azotemia have
a low fractional excretion (FE) of sodium and urea. The FE
of sodium and urea can easily be calculated as (UNa/SNa)/
(Ucreatinine/Screatinine)100 or (Uurea/Surea)/(Ucreatinine/
Screatinine)100. There exist applications for this on
PDAs or iPods (NephCalc), or you can find calculators
on the Internet, such as in the online textbook UpTo
Date (http://www.uptodate.com/online/content/image.do;
jsessionid=D826AF490FFBD90BF9042C13EE398811.0603?
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Prerenal Azotemia. Table 1 Biochemical indices for differentiating prerenal azotemia form intrinsic AKI
Prerenal
azotemia

Intrinsic AKI

UOsm (mOsm/kg
H2O)

>500

<300–500

UOsm/SOsm

>1.5

<1.1
>40

UNa (mmol/L)

<20

FENa (%)

<1

>2

FEurea (%)

<0.35

>0.35

Ucreatinine/Screatinine >40
(mg/dL)
Surea/Screatinine
(mg/dL)

>40

<20
<20–30

UOsm = urinary osmolality, SOsm = serum osmolarity, UNa = urine sodium
concentration, FE = fractional excretion. For instance, the FENa can be
calculated as (UNa/SNa)/(Ucreatinine/Screatinine)100

imageKey=calc_pix/fractexc.htm&title=Fractional%20
excretion%20of%20sodium) or MDCalc (http://www.
mdcalc.com/fractional-excretion-of-sodium-fena). The FE
of sodium is affected by natriuretic medication such as
furosemide, while the FE of urea is not affected by this.

Underlying Etiology Decreased Kidney
Perfusion in Prerenal Azotemia
The underlying etiology of prerenal azotemia is very
diverse (Table 2). In practice, one should differentiate
between heart failure and volume depletion. This can be
easily differentiated on the basis of the clinical history,
clinical examination, ECG, and most straight forward by
a bedside echocardiography.
Renal artery stenosis is a rare cause of prerenal azotemia in ICU patients. It should be suspected in patients
with preexisting chronic kidney disease and hypertension,
and can be ruled out by diagnostic imaging studies such as
renal Duplex ultrasound. Less often used in ICU patients
are MRI, CT, or classic renal angiography.
Intra-abdominal hypertension, a condition that can be
easily diagnosed by measuring the intra-abdominal pressure through a urinary catheter, can lead to decreased
renal perfusion secondary to the decreased cardiac output,
and possibly by pressure on the renal vasculature.
Certain chronic diseases, such as congestive heart failure and liver cirrhosis may present with a chronic form of
prerenal azotemia. In patients with liver cirrhosis or acute
liver failure, this should be differentiated from hepatorenal
syndrome. Hepatorenal syndrome is in fact an extreme
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Prerenal Azotemia. Table 2 Differential diagnosis of prerenal
azotemia
● Vascular etiologies
● Renal artery atheromatosis, stenosis
● Decreased glomerular perfusion secondary to
administration of drugs such as angiotensin converting
enzyme inhibitors, angiotensin receptor blockers,
nonsteroidal anti-inflammatory drugs
● Effective circulating volume depletion
● Cardiogenic shock: all etiologies of acute heart failure

5.

critically ill patients using a newly designed indwelling
thermodilution renal vein catheter. Chest 98:170–179
Langenberg C, Wan L, Egi M, May CN, Bellomo R (2006) Renal
blood flow in experimental septic acute renal failure. Kidney Int
69:1996–2002

Prerenal Disease
▶ Prerenal Azotemia

● Obstructive shock: pulmonary embolism
● Hypovolemia and hypovolemic shock: severe diarrhea,
hemorrhage
● Distributive shock: sepsis
● Chronic disease conditions: congestive heart failure and
liver cirrhosis

Prerenal Failure
▶ Prerenal Azotemia

● Intra-abdominal hypertension and abdominal
compartment syndrome
● Hepatorenal syndrome

Prerenal Insufficiency
▶ Prerenal Azotemia
form of prerenal azotemia. The diagnosis of this condition
can essentially only be made after exclusion of other causes
of AKI, including other causes of prerenal azotemia.
In addition, patients with hepatorenal syndrome have no
increased urine output after volume loading.

Cross-Reference to Disease

▶ Abdominal Compartment Syndrome
▶ Acute Heart Failure
▶ Cardiogenic Shock
▶ Congestive Heart Failure
▶ Hemorrhage
▶ Hepatorenal Syndrome
▶ Intra-Abdominal Hypertension
▶ Intrinsic Acute Kidney Injury
▶ Pulmonary Embolism
▶ Sepsis
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Prerenal Ischemia
▶ Kidney Injury, Acute
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▶ Vasopressor Drugs in Acute Kidney Injury
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Pressure Ulcer Evaluation,
Prevention and Treatment
KATHLEEN M. VOLLMAN
Advancing Nursing, Northville, MI, USA

Synonyms
Bed sore; Decubitus ulcer; Pressure sore

Definition
A pressure ulcer is an area of localized injury to the skin
and/or underlying tissue, usually over a bony prominence,
as a result of pressure or pressure in combination with
shear. Pressure ulcers are classified based on the depth of
the skin injury that has occurred. The United States
National Pressure Ulcers Advisory Panel (NPUAP) and
the European Pressure Ulcer Advisory Panel (EPUAP)
have come together to create a single international classification system identifying different types of pressure
ulcers [1]. The suggestion was made by the group to use
a more neutral common term such as “category” to classify a pressure ulcer because the terms staging and grading
suggest a progression of injury which does not always
occur with pressure ulcers.
Category/Stage I is an intact skin with nonblanchable
erythema of a localized area usually over a boney prominence. Discoloration of the skin, warmth, edema, hardness, or pain may also be present. Darkly pigmented skin
may not have visible blanching. Further descriptions can
include an area that may be painful, firm, soft, warm, or
cool as compared to adjacent tissue. It may indicate “at
risk” individuals. Category/Stage II is a partial thickness
loss of the dermis, presenting as a shallow open ulcer with
a red/pink wound bed without ▶ slough or it may also
present as an intact or open/ruptured serum-filled or
a sero-sanginous filled blister. With the recategorization,
an important distinction has been made. Category/Stage
II in the past has been used to describe numerous types of
skin injury not related to pressure. The new definition of
this category states that it should not be used to describe
skin tears, tape burns, ▶ incontinence-associated dermatitis (IAD), maceration, and excoriation. Category/Stage
III is a full thickness tissue loss, where subcutaneous fat
may be visible but the bone, tendons, or muscle are not
exposed. Some slough may be present. ▶ Undermining or
▶ tunneling may be present with a Category/Stage III
pressure ulcer. Variation in the depth of the Category/
Stage III pressure ulcer occurs based on the location of
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the wound. Areas such as the bridge of the nose, the ear, or
the back of the head (occipital region) do not have adipose
tissue, and therefore may be shallow. Category/Stage IV is
a full thickness tissue loss with exposed bone, tendons, or
muscle. Slough or ▶ eschar may be present along with
undermining or tunneling. Exposed bone/muscle is visible
or directly palpable. As described in Category/Stage III,
variation with the depth of the wound is based on the
location (Fig. 1).
There are two additional categories that will be used
only in the USA. The first is called unstageable/unclassified. It is defined as a full thickness tissue loss in which the
actual depth of the ulcer is completely covered by slough
or eschar. Until the base of the wound can be exposed, the
clinician is unable to determine the true depth and therefore it cannot be categorized. However, stable eschar on
the heels of a patient can serve as the body’s natural
biological cover and should not be removed. The second
categorization is suspected deep tissue injury (DTI),
which describes an area of purple or maroon localized,
discolored intact skin or blood filled blister caused by the
damage of the underlying soft tissue from pressure and/or
shear. The area surrounding the discoloration may be
preceded by tissue that is painful, hard, boggy, warm, or
cool as compared to the adjacent tissue, and it may be
difficult to detect in individuals with dark skin tones.
To determine and understand the magnitude of the
problem, a facility has various measurement methods to
choose from. The National Pressure Ulcer Advisory Panel
(NPAUP) recommends performing a facility ▶ prevalence
study with ▶ incidence measured over a predetermined
time period such as the entire duration of admission,
average length of stay, and/or a fixed time interval. This
study can be performed annually, biannually, quarterly, or
by real-time recording of pressure ulcers within a quality
reporting system.

Pre-existing Condition
Why Is Prevention So Important?
Pressure ulcer injuries are the fourth leading preventable
medical error in the USA. Pressure ulcers cause extreme
discomfort, and often lead to serious life-threatening
infections. In addition to pain and suffering, one pressure
ulcer results in adding four days to the length of stay
independent of other risk factors. Pressure ulcers increase
a patient’s risk of developing a hospital-acquired infection
by 25%. In-hospital death occurred in 11.6% of hospital
stays with pressure ulcers noted as a secondary diagnosis,
as compared to 4.2% of stays with a principal diagnosis of
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Category/stage I

Category/stage II

Category/stage III

Category/stage IV

Skin surface is intact

Deep tissue injury

Pressure Ulcer Evaluation, Prevention and Treatment. Figure 1 Category/stages of skin injury related to pressure

pressure ulcers and 2.6% of stays for all other conditions.
Based on the results of a national survey conducted from
1999 to 2004, the percentage of hospital-acquired pressure
ulcers has remained constant between 6.8% and 8.6%. In
the United States Nursing Quality Indicator Database
(NDNQI) showed the facility acquired pressure ulcer
rates for critical care are between 7.14% and 14.45% [2, 3].

Who Is at Risk?
The two major factors impacting pressure ulcer development are the intensity and duration of the pressure and the
ability of the skin and supporting tissue to tolerate the
pressure. As the body comes in contact with a support
surface, normal pressure and shear forces are generated on
the skin and supporting structures below. If excessive load
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occurs in a short period or a lower load occurs during
a longer period, a pressure ulcer will be developed. In
addition, there are a number of contributing or
predisposing factors that are associated with pressure
ulcers. At risk patients include the elderly, stroke victims,
underweight patients, and patients with diabetes, dementia, wheelchair use, low perfusion states, receiving catecholamines, or any patient with impaired mobility or
sensation [1, 2]. Patients with inadequate intake or an
impaired nutritional status correlate well with the development of a pressure ulcer or a delay in wound healing.
Moisture contributes to a weakening of the skin structure.
Exposure to urinary or fecal material contributes to the
development of incontinence-associated dermatitis,
a potential precursor to a pressure ulcer. Up to 33% of
all hospitalized patients have IAD. IAD is an inflammatory
response to the injury of the water–protein–lipid-matrix
of the skin that is caused by prolonged exposure to urinary
or fecal incontinence. Physical signs on the perineum and
buttocks include erythema, swelling, oozing, vesiculation,
crusting, and scaling. Patients who experience fecal incontinence have a 22 times higher risk for the development of
pressure ulcers than patients who are not. When you add
immobility into the equation, the risk increases to 37.5
times higher. However, the significance of these various
confounding factors has yet to be determined [1, 3].

Pressure Ulcer Evaluation, Prevention and Treatment.
Table 1 Strength of evidence ratings for each
recommendation

Application
Guidelines have been developed and revised over the last
30 years to help clinicians identify evidence-based strategies for prevention and treatment of pressure ulcers. The
most recent is a combined effort by experts from Europe
and the USA to create international guidelines for the
prevention and treatment of pressure ulcers. The criteria
for rating the evidence is in Table 1 [1].

greater number of tubes and lines, severe agitation, and/or
longer periods on non-pressure reducing surfaces while in
the field, operating room, or emergency room. A chance to
develop a pressure ulcer doubles in operations >4 h [1, 3].
Education and care process change around activities to
reduce surface pressure and fortify and protect the
patient’s skin against exposure to caustic substances are
essential in reducing the incidence of pressure ulcers.

Assessment of Risk

Prevention Strategies

Most health-care institutions perform daily systematic
risk assessment for skin breakdown such as the Braden,
Norton, or Waterloo scales along with clinical judgment.
The data shows the Braden Risk Assessment tool is a more
reliable predictor than either the Norton, Waterloo, or
clinical judgment [1, 4]. If risk is identified, the nurse is
directed to initiate evidence-based strategies to minimize
or eliminate the risk. Acting on low scores in the subscale
of the risk tool may provide a more targeted use of prevention resources. The current validated tools do not
always capture all the risk factors of critically ill patients.
Factors that may place critically ill patients at greater risk
include low perfusion states, receiving catecholamines,
unable to mobilize because of hemodynamic instability,

A

The recommendation is supported by direct scientific
evidence from properly designed and implemented
controlled trials on pressure ulcers in humans,
providing statistical results that consistently support
the guideline statement (Level I studies required)

B

Recommendations are supported by direct scientific
evidence from properly designed and implemented
clinical series on pressure ulcers in humans providing
statistical results that consistently support the
recommendation (Level II, III, IV, V studies )

C

The recommendation is supported by expert opinion
or indirect evidence (i.e. Studies in animal models
and/or other types of chronic wounds)
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Level I evidence is a large randomized trial with clearcut results into low risk of error
Level II evidence is small randomized trial with
uncertain results in a moderate to high risk of error
Level III evidence is non-randomized trial with
concurrent or contemporaneous controls
Level V evidence is case series with no controls in
a specified number of subjects

General Skin Care
Caring for the patient’s skin during routine hygiene practices is more than just an opportunity to clean the patient.
It can serve as an early warning system to identify injury to
skin; a chance to assess progress in the patient’s healing
process, improve tone and elasticity of the skin while
potentially reducing the spread of microorganisms.
When you consider that aging dries skin, roughens the
texture, and reduces the tone and elasticity, the average
hospitalized patient’s skin is at risk on admission. The bath
process should not compound that risk. Washcloths
industrially washed and reused become rough in texture
and may cause injury by increasing the transepidermal
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water loss of the skin. Cleansing products should have
a pH as close to natural skin at 4.5–5.5 pH because the
acid mantle helps reduce the potential for pathogen invasion or environmental irritants. Natural or synthetic surfactants in soap remove the lipid layer during cleansing,
compromising the natural infection barrier. A non-drying
lotion should be applied after bathing to maintain skin
turgor and tensile strength. Traditionally, we bathe using
a bath basin. With a basin bath there is a potential for the
basin to become a reservoir for microorganisms and cross
contamination of the immediate environment and
healthcare personnel. Gram-negative, gram-positive, and
resistant organisms were identified in patient’s bath basins
after receiving a soap and H2O basin bath. The bacteria
released from the biofilm lining the pipes and facets may
be the contributing factor to the contamination of the
water. The use of prepackaged disposable bathing products with soft cloths, a pH balanced cleansing agent with
gentle surfactants, and no rinse with lotion provide
a method to bathe without injury and the risk of the
spread of microorganism [3].
Cleansing and protecting after an incontinence episode is critical to maintaining intact skin. High levels of
moisture caused by incontinence, drainage, or from perspiration can reduce the skin’s tensile strength and
increase the skin’s susceptibility to friction injuries. Incontinence can be managed effectively by following evidencebased strategies that include cleansing of the skin as soon
as soiling occurs, the use of a protective cream or barrier
on the skin with every soiling episode, and the use of
incontinent pad and/or brief to absorb wetness away
from the skin. The ideal cleansing solution should lift
irritants from the skin without damaging the acid mantle.
Moisture barriers are creams or ointments alone or in
combination have the following active ingredients: petroleum, dimethicone, or zinc. Petroleum alone is ineffective
against fecal incontinence. Dimethicone, when in combination with zinc or petroleum, serves as an effective barrier against both urine and stool.
Whether to use an underpad or diaper to wick away
moisture is frequently a choice the nurse needs to make.
When non-polymer diapers were compared to under
pads, the pads were superior in reducing the incidence of
perineal dermatitis. Non-polymer diapers are wetter, create more friction, and have higher microbial counts. The
new polymer diaper, although expensive, demonstrate
superiority in wicking away moisture in comparison to
under pads. Clinicians must examine the type of product
in use to ensure maximum protection. Pads are not the
only material we place under patients. In a study, looking
at independent risk factors for pressure ulcer development

in critically ill patients, mobility and the number of layers
of linen on the bed were found to be significant. More than
four layers of linen were associated with an increased risk.
This may be attributable to loss of pressure reducing or
relieving effect of the mattress. Table 2 provides key evidence-based prevention strategies to significantly reduce

Pressure Ulcer Evaluation, Prevention and Treatment.
Table 2 Key pressure ulcer prevention strategies
Evidence-based prevention strategy and level of
recommendation
Nutrition
1. Perform nutritional screening in every individual at risk for
pressure ulcers using a reliable and valid tool. Refer
patients at nutritional risk to registered dietitian or
a multidisciplinary team that manages nutrition (C)
2. Offer high protein mixed oral nutrition supplements were
or tube feeding in addition to the usual diet (A)
3. Administer oral nutritional supplements and/or too
feeding in between regular meals in order not to
influence normal food and fluid intake (C)
Positioning
1. Repositioning should be undertaken to reduce the
duration and magnitude of pressure over vulnerable
areas of the body (A). Establish a positioning schedule
2. Repositioning frequency will be influenced by the
individuals condition (C) and the support surfaces (A) in
use
3. Reposition the patient in such a way that pressure is
relieved or redistributed and avoid positioning directly
onto medical devices. Foam wedges may be superior to
pillows in maintaining a patient in a side lying position.
Use transfer aides to reduce friction and shear (C). Inspect
the skin with each repositioning event
4. Avoid positioning on bony prominence as with existing
non-blanchable erythema (C)
5. Repositioning, using the 30 semi fowlers or the prone
position or the 30 tilted side lying positions if the
individual can tolerate these positions, and the medical
condition allows (C)
6. If sitting in bed is necessary, avoid greater than 30 head
of the bed elevation and/or a slouch position that places
pressure and shear on the sacrum and coccyx for greater
than 60 min. Positioning with pillows under the arms may
help slouching (C)
7. Limit the time a patient spends seated in a chair without
pressure relief (<2 h) (B)
8. Document the repositioning schedule including the
frequency position and evaluation the outcome (C)
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Table 2 (Continued)
Support Surface is a specialized device for pressure
redistribution design for the management of tissue load,
microclimates, and other therapeutic functions
Support Surface and Heels
1. Use a higher specification foam mattress (visco-elastic
polymer foam) rather than the standard hospital foam
mattress for patients assessed at risk for pressure ulcer
development (A)
2. There is no evidence to support that one high
specification foam mattress vs. another is better (A)
3. Use an active support surface, whether it is an overlay or
mattress, for patients at higher risk of pressure ulcer
development, where frequent manual turning is not
possible (B)
4. The overlay or mattress replacement with alternating
pressure active support surfaces has similar benefits in
terms of pressure ulcer incidence (A). Do not use small
cell alternating pressure air mattresses or overlays (B)
5. Continue to turn and reposition whenever possible for
all patients at risk for pressure ulcer development
regardless of the support surface in use (C)
6. Use pressure redistributing seat cushions for patients in
a chair whose mobility is reduced (B)
7. Avoid synthetic sheep skin but natural sheep skin may
help in prevention (B)
8. Ensure the heels are free of the surface of the bed (C)
9. Use a pillow under the legs to elevate the heels (B). This is
a short term strategy for patients who are alert and
cooperative
10. For patients who are not alert & cooperative or long term
care required, use a heel protecting device. The device
should elevate the heel completely off the bed and
distribute the weight of the leg along the calf without
putting additional pressure on the Achilles tendon (C).
For completely immobilized patients consider a device
that incorporates prevention of external rotation of the
legs to prevent plantar flexion contractures

the risk of development of a pressure ulcer in a hospitalized patient.
One of the major factors that prevents repositioning in
critically ill patients is hemodynamic instability. Hemodynamic instability during turning may occur as a result of
the patient spending prolonged lengths of time in a stationary position or the establishment of a “gravitational
equilibrium.” A lessening of the carotid-cardiac baroreflex
responsiveness is caused by prolonged bed rest and correlates with orthostatic hypotension and syncope. With
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changes in gravitational plane (position change) the stretch
receptors read the shift in plasma volume and respond by
sending information to the autonomic nervous system to
constrict the vasculature. Astronauts, as an example, must
adapt to changes in gravity in order to maintain an effective
circulating volume. Training is done to assure tolerance of
gravitational changes on baroreflex and vestibular or inner
ear response. A similar mechanism may be important in
critically ill patients. If the patient is trained to turn by
preventing extended lengths of time in a stationary position, by reducing the speed at which we turn the patient,
less instability with position change may result. The use of
a continuous rotational surface may be used as a strategy to
gradually retrain the patient to tolerate turning.
When the risk is assessed systematically, skin care
prevention strategies are protocolized and implemented,
the correct support surface is used, enhancements in documentation and a comprehensive staff education program
are implemented, and there are significant reductions in
the incidence of pressure ulcer development seen [2, 3].

Pressure Ulcer Treatment
General Care
If a pressure ulcer occurs, then it is essential to ensure that
the right treatment is used, including the prevention strategies listed above, to prevent deterioration or additional
ulcer development. Evidence-based guidelines are available to help the clinician provide treatment supported by
the literature. In addition, treatment decisions need to be
based on specific population characteristics, pressure ulcer
category/stage, and overall goals whether they be complete
healing or in the case of palliative care reduced pain and
deterioration of the pressure ulcer. Core care practices
including positioning, use of the appropriate support
surface, nutritional plan, and management of pain need
to be addressed as well as local wound management [1].
In patients with existing pressure ulcer, the position
schedule and frequency established may vary from what is
recommended for prevention. In patients with an ulcer, it
is recommended not to position directly on an ulcer (C)
because the pressure reduces perfusion which has the
potential for delaying wound healing. If it cannot be
prevented, limit the amount of time the patient stays in
that position. Inspect the skin with each turn and reposition and increase activity as rapidly as tolerated. It is not
recommended to use donut cushions or heating devices
on the ulcer [1, 5]. Follow additional recommendations
under prevention.
Support surfaces help with pressure redistribution and
can be air, foam, gel, or fluid. The surface should also
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support a microclimate conducive for healing and tissue
repair. The microclimate describes the local tissue temperature and moisture at the body support surface interface.
Increasing temperature and metabolic rate in tissues can
shift the growth toward fibroblast and scarring versus
granulation and reepithelization. An upgrade in the
patient support surface may be required in order to
match the needs of the individuals with the features of
the support surface. Consider upgrading the patient’s surface if they cannot be turned off the ulcer, when they have
pressure ulcers on two or more turning surfaces, or the
ulcer fails to heal or shows evidence of deterioration
despite appropriate care, or the current surface is
bottoming out and/or needs additional features to address
the microclimate. For patients with Category/Stage I or II
ulcers, consider high specification foam or a mattress/
overlay with alternating pressure features (B). In patients
with deep tissue injury or category/Stage III or IV it is
recommended to use a low air loss or air fluidized surface
(B). Mattress/overlays with alternating pressure features
have not demonstrated improved healing in patients with
Category/Stage III or IV [1, 5].
Continuous lateral rotation surface is used in the ICU
environment to prevent ventilator associated pneumonia
or address other respiratory challenges versus a skin surface to create pressure redistribution. When used correctly
pulmonary goals are supported without causing skin
injury. Correct utilization includes proper alignment on
the surface, bolstering of the sides to reduce shear, if
necessary, an adequate turn (one lung above the other),
appropriate frequency to ensure a minimum of six full
turn cycle per hour, every 2 h assessment of posterior lungs
and skin and yearly based competency training to ensure
correct use of the technology [3].
There are special beds and surfaces to support the
morbidly obese patient. Bariatric beds and surfaces should
be fitted to the individual at the time of admission and the
bed should support the weight without evidence of
bottoming out. Ensure that there is sufficient width to
allow turning of the patient and that the body does not
come in contact with the side rails when lying in a supine
position. Considering adding airflow surface if excessive
moisture is an issue [1].
The goal for effective nutrition in patients with pressure ulcers is to provide adequate protein per positive
nitrogen balance (B). Encourage the patient to have adequate hydration, vitamins, and minerals [1, 5]. Pain management is an important component of the treatment
plan for patients with a pressure ulcer. Pain can arise
from pressure, friction/shear, damaged nerve endings,

inflammation, infection, and/or procedures. All patients
with pressure ulcers need to be assessed for pain using
a validated scale. Pain assessment should be done prior to
and during wound procedures. If the patient is not able to
talk, the clinician should use body language and nonverbal
cues to assess pain (B). Pain can be reduced by keeping the
wound bed covered with a moist nonadherent dressing
(B). Gauze dressings are more likely to cause pain, so
consider selecting dressings less likely to cause pain such
as a hydrocolloid, hydrogen, alginate, or foam (C). Additional dosing of pain medications should be given at times
of wound cleansing, debridement, or dressing changes.
Consider topical opioids applied 20–30 min before treatment to reduce or eliminate pain [1, 5] (B).

Local Wound Treatment
The key to successful local wound management is to
prepare the wound bed by cleansing and debridement, if
necessary to remove devitalized, infected, or necrotic tissue. Bacterial biofilms may form in the bed of a chronic
wound, making it tougher to kill while creating a state of
chronic inflammation. It is important to remove the biofilm by debridement or systemic antibiotics, topical antiseptics and/or antimicrobial dressings to move the wound
bed out of chronic inflammation into the healing or repair
phase. The purpose of cleansing a wound is to remove any
surface contaminants, bacteria or any leftover pieces of the
dressing remaining in the wound. Cleansing should take
place at the time of dressing change, using normal saline
(C). Consider cleansing with surfactants or antimicrobials
if there is a significant amount of debri, infection, or high
level of colonization in the wound (C). When cleansing,
a sufficient pressure should be used without destroying
tissue or driving bacteria into the wound. The pressure per
square inch (PSI) when cleansing a wound should be
between 4 and 15 (C). This can be obtained by using
a 35 mL syringe with a 19 gauge needle or catheter creating
a PSI of 8 [1, 5].
Debridement should occur when devitalized tissue is
in the wound bed or at the edge of the pressure ulcer.
There are a number of debridement methods including
surgical, mechanical, enzymatic, or biosurgical methods.
Surgical debridement is considered when patients have
advancing cellulitis, crepitus, fluctuance, and/or sepsis
secondary to an infection in the ulcer (C). Surgery may
also be used in patients with Category/Stage III and IV
ulcers that are not closing with conventional wound treatment strategies.
The nonsurgical forms of debridement can be utilized
when there is no pressing clinical need for drainage or
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Table 3 Dressing types and indications
Dressings

Indication for use in pressure ulcer
treatment

Hydrocolloid
Dressings

In clean Category/Stage II pressure ulcers
in body areas where the dressing will not
roll or melt (B). Carefully remove dressing
on fragile skin to reduce skin trauma (B)
To protect body areas at risk from fiction
injury (C). Carefully remove dressing on
fragile skin to reduce skin trauma (C)

Honey
impregnated
dressings

In treatment of Category/Stage II and III
pressure ulcers using honey prepared for
medical purposes (C)

Cadexomer
iodine
dressings

Use in moderately to highly exudating
pressure ulcers (C)

Gauze
dressings

Avoid use in clean open pressure ulcers
because they are labor-intensive, cause
pain when removed, and lead to injury of
viable tissue (C)

For autolytic debridement if the patient is
not immunocompromised (C)

Do not use as the tissue interface layer over
moderate to large exudating ulcers (C)
Use on shallow, minimally exudating
ulcers (B)
Use for painful pressure ulcers (C)

Avoid in patients with iodine sensitivity,
thyroid disease, or large cavity ulcers that
required daily dressing changes (C)

As a secondary dressing to contain the
ulcer drainage when the primary dressing
is moist (C). Use loosely woven gauze for
high exudative ulcers and tightly woven
gauze for minimally draining ulcers (C)

As a secondary dressing for ulcers treated
with alginates or other wound fillers to
extend the period of time the dressing
remains in place (C)

Hydrogel
dressings
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To protect areas at risk for friction injury (C)
Transparent
film dressings

P

Use impregnated forms of gauze to
prevent evaporation of moisture (C)
Collagen
dressings

No evidence to support or refute the use in
pressure ulcers (B)

For treatment of dry wound beds so that
the gel can moisten (C)
Use amorphous hydrogel in pressure
ulcers that are not infected and
granulating (B)
Alginate
dressings

In treatment of moderately exudating
ulcers (B). Can be left in the ulcer for
several days, thereby decreasing
frequency of dressing changes
Avoid as primary treatment in infected
pressure ulcers (C)

Foam dressings On exudative Category/Stage II pressure
ulcers (C). Avoid using single small pieces
of foam in ulcers with a cavity (C)
On painful pressure ulcers (C)
Use on body areas in pressure ulcers at risk
for shear injury (B)
Silver
impregnated
dressings

In treatment of infected or heavily
colonized pressure ulcers (B)
Use in ulcers at high risk of infection (B)
Discontinue use when the infection is
controlled (C)
Use silver sulfadiazine in heavily
contaminated or infected ulcers until
mechanical debridement is
accomplished (C)

removal of necrotic tissue (C). Routine maintenance
debridement on a chronic pressure ulcer should occur
until the wound bed is covered with granulation tissue
(B). It is not recommended to debribe stable hard dry
eschar in an ischemic limb [1, 5]. Consider a suspected
infection if the ulcer has shown no signs of healing over
a two week period with active treatment or if foul odor,
increased pain, increased heat in skin surrounding the
wound, and excess drainage are present (B). If infection
is suspected, determine the level of bacterial burden using
a tissue biopsy or quantitative swab. Considered the
wound infected is quantitative, culture indicates >105
CFU/g of tissue or presence of beta hemolytic streptococci
(C). For treatment of infected ulcers, the goal is to reduce
the bacterial load. Antiseptics may be used for wounds not
expected to heal to control the bacterial burden and odor.
For ulcers infected with multiple organisms, consider the
use of silver or manuka honey dressings because they offer
broad microbial coverage. Systemic antibiotics are considered for individuals that have clinical evidence of infection. If exposed bone is present, evaluate the patient for
osteomyelitis.
Dressings chosen to cover and promote healing of
a pressure ulcer must maintain a moist wound healing
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Pressure Ulcer Evaluation, Prevention and Treatment.
Table 4 Biophysical agents and their indications
Biophysical agents Indication for use in pressure ulcer
management
Negative pressure
wound therapy
(NPWT)

Use as an early adjuvant for treatment
of deep full thickness pressure ulcers
(B). If necrotic tissue present, debride
the pressure ulcer prior to use (C)

Electromagnetic
agents

Use electrical stimulation or
electromagnetic fields in the treatment
of Category/Stage III and IV pressure
ulcers to enhance wound healing and
reduce wound surface area (B)

Phototherapy

Acoustic energy
(ultrasound)

Hydrotherapy

Use ultraviolet-based phototherapy for
slow healing Category/Stage III and IV
pressure ulcers (C)

Documentation of care, condition of the wound, and
progress toward healing are essential to ensure that the
multidisciplinary team has the necessary information to
maximize the pressure ulcer treatment plan. If the patient
does not show signs of healing within 2 weeks despite
adequate local wound management, pressure off loading
and appropriate nutrition, adjustments in the treatment
plan will be necessary.
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Pre-syncope
▶ Syncope

environment [5]. Table 3 provides dressing types and
indication for use to promote healing in patients with
pressure ulcers [1, 5].
A significant advancement in pressure ulcer wound
healing has been the use of negative pressure wound
therapy (NPWT). It promotes wound healing by removal
of third space edema, allowing the nutrients and oxygen
to be delivered as well as removal of wound exudate
which serves as a medium for bacterial growth. It falls
into a category of pressure ulcer treatments called biophysical agent which include NPWT, electromagnetic
agents, phototherapy, ultrasound, hydrotherapy, and
hyperbaric oxygen therapy (HBOT). Biophysical agents
use multiple forms of energy and some levels of pressure
to impact biological processes and assist in wound healing.
Table 4 outlines the biophysical agents and their indication for use to promote healing in patients with pressure
ulcers [1, 5].

Prevalence
The percentage of patients with a pressure ulcer in
a facility. It is a count of the number of people with
pressure ulcers who exist in a patient population at
a specific point in time, regardless of when the pressure
ulcer developed.

Prevention and Control of
Healthcare-Associated Infections
▶ ICU, Infection Control
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Primary Survey
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Pringle Maneuver
MUSTAFA HUSSAIN, H. LEON PACHTER
Department of Surgery, NYU Langone Medical Center,
New York, NY, USA

Synonyms
Hepatic inflow occlusion; Portal triad clamping

Definition
A technique, first described by J. Hogarth Pringle in 1908,
that is employed to reduce bleeding during liver surgery.
In essence, it calls for occlusion of inflow to the liver from
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the hepatic artery and portal vein, either by manual compression or with the use of an atraumatic vascular clamp
or vessel loop. The common bile duct is also compressed
by this action. The maneuver can be easily accomplished
within a matter of seconds due to the anatomic fact that
all three structures run together in the hepatoduodenal
ligament [1].

Pre-existing Condition
Trauma
The liver is the most commonly injured organ in the
abdomen, with an incidence of 30–40% of abdominal
trauma. The majority of these patients can be managed
nonoperatively. The success of this approach depends on
the mechanism of injury, American Association for the
Surgery of Trauma (AAST) liver injury scale grading, and
hemodynamic stability (Table 1). Blunt injuries are more
likely to be managed nonoperatively, whereas penetrating
injuries are more frequently managed operatively, largely
as they are more likely to be explored with concomitant
visceral injuries.

Pringle Maneuver. Table 1 AAST liver injury scale (Reproduced from: Asensio and Trunkey: Current Treatment of Trauma and
Surgical Critical Care. Copy Right 2008. Mosby Elsevier)
Grade*
I

Injury description

Hematoma Subcapsular, <10% surface area

ICD-9
864.01

AJS-90
2

864.11
Laceration

Capsular tear, <1cm parenchymal depth

864.02

2

864.12
II

Hematoma Subcapsular, <10–50% surface area; intraparenchymal, <10 cm in diameter

864.01

2

864.11
Laceration

1–3 cm parenchymal depth, <10 cm in length

864.03

2

864.13
Hematoma Subcapsular, >50% surface area or expanding; ruptured subcapsular or
parenchmal hematoma Intraparenchymal hermatoma >10 cm or expanding
Laceration >3 cm parenchymal depth

864.04

IV

Laceration

Parenchymal disruption involving 25–75% of hepatic lobe or 1–3 Couinaud’s
segments within a Single lobe

864.04

V

Laceration

Parenchymal disruption involving >75% of hepatic lobe or >3 Couinaud’s
segments within a Single lobe

5

Vascular

Juxtahepatic venous injuries; i.e., retrohepatic vena cava/central major hepatic
veins

5

Vascular

Hepatic avulsion

6

III

3
3

864.14

VI

*Advance one grade for multiple injuries, up to grade III

4

864.14
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Evaluation of a patient suspected to have a liver injury
should follow the usual steps in the resuscitation of any
trauma patient, specifically ensuring adequate airway, respiratory and hemodynamic function. Once this primary survey confirms the patient is hemodynamically stable, CT
scanning most sensitively and specifically is used for the
evaluation of liver injury. CT scanning allows for AAST
grading of injury and determines the presence of concomitant injury requiring intervention. AAST grading in and of
itself does not determine the ability to nonoperatively manage liver injuries, but does inform the likelihood of success
of the nonoperative strategy. All grades of liver injuries have
the potential to be managed without surgery. Grade I–III
injuries have an 85% success rate of nonoperative management, as compared to only 60% of grade IV–V injuries.
Patients managed without immediate surgery generally
require close follow-up, especially those with higher grade
injuries, which require ICU admission. CT scanning also
can demonstrate extravasating or pooling of contrast material. This may predict failure of nonoperative strategy, and
these patients should undergo angiography and embolization of active bleeding from the hepatic artery [2].
Operative intervention is mandatory for any signs
of hemodynamic instability. This is usually defined as
the patient having systolic blood pressures below
90 mmHg, despite initial fluid resuscitation with at
least 2 liters of crystalloid. A patient requiring continuous fluid challenges or escalating need for blood products should be suspected of ongoing hemorrhage
from the liver, and be considered for operative exploration and intervention. Patients who are managed
nonoperatively initially should also be monitored for
signs of missed injury to other abdominal organs, as the
manifestation of these injuries may also warrant operative intervention.
Patients requiring operative intervention for liver injury
are likely to be hypotensive, acidotic, and hypothermic.
Aggressive intravenous resuscitation with warmed blood
and blood products should proceed in the operating room.
In addition, forced warm air circulators and warming the
operating room can help stave off hypothermia. During the
operation, the surgeon should stop exsanguinating hemorrhage and allow for intra operative resuscitation. Application of the Pringle can significantly reduce bleeding and in
and of itself can raise the blood pressure. Releasing the
Pringle can result in precipitous hypotension, due to ongoing hemorrhage and liberation of metabolic acids from the
ischemic liver. This liver becomes a sink for catecholamines
further reducing systemic pressures. Communication with
anesthesia colleagues is crucial during the operative management of liver injuries [2, 4, 5].

Elective
In its original application, the Pringle maneuver was used
to reduce bleeding from the traumatically injured liver
such that the injured vessels could be identified and
ligated. While it continues to be indispensible in the operative management of liver trauma, it is also widely used to
control hemorrhage during elective liver surgery.
Elective liver resection is routinely done for a wide
array of indications, but primarily for malignant liver
tumors, either primary or metastatic. Special considerations exist when employing a Pringle under these circumstances. The liver is likely to have less reserve and less
able to tolerate long ischemia times. This together with the
complexity of certain liver resections and resultant small
liver remnant may place the patient at higher risk of
postoperative liver failure.
Patients undergoing resection for hepatocellular carcinoma (HCC) are likely to have cirrhosis due to hepatitis,
with diminished liver function. Preoperative evaluation of
liver function is critical in avoiding postoperative liver
failure. There are several ways to assess functional liver
reserve in a cirrhotic patient. Child’s class, which takes
into account bilirubin, clotting factors, albumin synthesis,
encephalopathy, and ascities is probably the most widely
used. When a large resection is planned in a diseased liver,
it has been advocated that preoperative volumetric studies
of liver parenchyma and direct methods of liver function
be done. CT volumetry and indocyanine green testing has
been used for these purposes, respectively.
Other circumstances where the liver is not likely to
tolerate long ischemia times are where the patient has been
heavily pretreated with chemotherapy (patients undergoing liver resection for colorectal metastases), patients with
long-standing cholestasis, patients with chronically elevated sinusoidal pressures (right heart failure), and
patients with steatohepatitis. When these clinical situations are encountered, at times unexpectedly, the surgeon
should be wary of subjecting the liver to long ischemia
times.
In the elective setting the surgeon may have the luxury
to perform partial Pringle maneuvers, that is, the selective
clamping of lobar or sectoral branches of the portal structures. This can facilitate the operation by demarcating the
line of resection, as well as protect the remnant liver from
ischemic injury. This technique requires the knowledge of
segmental anatomy of the liver and can be technically
challenging [4, 5].

Applications
The Pringle maneuver is initiated by identification of the
hepatoduodenal ligament, and placement of the left
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thumb on its anterior surface. Next, the index or middle
finger is inserted into the Foramen of Winslow. At this
point the surgeon is able to palpate the pulse in the hepatic
artery between his or her fingers. This confirms proper
orientation, in case bleeding hampers visualization. Digital compression can provide occlusion of both the portal
vein and the hepatic artery, thus ceasing inflow of blood to
the liver. Alternatively, to manual compression, and perhaps more useful is the placement of an atraumatic vascular clamp, which can be left in place, freeing the
surgeon’s hands. Double looped vessel loops can also be
used for this purpose, and perhaps are less cumbersome
than vascular clamps. Opening the gastrohepatic ligament
can facilitate the placement of clamps or vessel loops. Care
must be taken to identify and avoid injury to an aberrant
left hepatic artery. Indeed, if one is present, it should be
occluded as well, in order to achieve total inflow occlusion
to the liver. Conversely, if arterial bleeding is noted after
application of a Pringle, the surgeon should suspect the
presence of an aberrant left hepatic artery that usually
arises from the celiac axis and runs in the gastrohepatic
ligament. Aberrant or replaced right hepatic arteries are
usually encompassed by the routine Pringle, as they run in
the gastroduodenal ligament, but in a more lateral position with respect to the bile duct [1, 4, 5] (Fig. 1).
In the trauma setting, if hemorrhage is ongoing with
the adequate placement of a Pringle, then injury to the
hepatic veins should be suspected, and addressed. Once
the injury is repaired, devitalized liver parenchyma should
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be debrided, and the cavity filled with viable omentum.
Our preference has been to open the liver parenchyma via
a hepatotomy technique to expose the injury and directly
repair the injured vessel. With this strategy, Pachter et al.
previously demonstrated 88% survival in a series of 128
consecutive patients [2, 3].
Uncertainty, and controversy exists, on how long
inflow occlusion to the liver can be maintained. Based on
animal experiments, it was initially believed that occlusion
times of greater than 15–20 min would result in significant
morbidity and mortality. This, however, has not borne out
to be true, probably due to extensive portosystemic
anastomosese present in humans. Indeed, in dire situations, the portal vein or the hepatic artery, but not both,
can be ligated with the possibility of patient survival. It is
generally accepted that inflow occlusion times of up to
60 min are possible without adverse sequelae [3–5].
Adjunctive maneuvers to protect hepatocytes form
ischemic injury during inflow occlusion have been
described:
1. Intermittent clamping: More appropriate during elective hepatic resections, where more blood loss can be
tolerated, this method theoretically allows reperfusion
to the liver, and diminishes the buildup of toxic
metabolites. It is believed that this method may be
more appropriate for patients with diseased livers
than continuous clamping. Intermittent clamping
usually calls for 10–15 min on and 5 min off clamp.
Indeed, cumulative clamp times of 322 min in the
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Pringle Maneuver. Figure 1 Pringle maneuver (Reproduced from: Asensio and Trunkey: Current Treatment of Trauma and
Surgical Critical Care. © 2008. Mosby Elsevier)
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normal liver and 204 min in the diseased liver have
been reported using this method [5]. The utility of
periodically releasing the Pringle occlusion is unclear,
in the trauma setting, particularly when taking into
account the resultant blood loss and possibility of
ischemia/reperfusion injury adding to acidosis.
2. Ischemic Preconditioning: This method, also more
appropriate in the elective setting, is based on the
experimental evidence that a short period of ischemia/reperfusion (usually 5–10 min) results in the
upregulation of intracellular factors and pathways
that protect the liver from injury from subsequent
longer ischemia. When done, this results in lower
postoperative release of liver enzymes, however, does
not change postoperative morbidity, mortality, but
does lead to increased blood loss [5].
3. Topical Hypothermia: The principle here is to lower
hepatocyte metabolic rate, prolonging tolerance to
ischemia, and reducing the build up of toxic metabolites. The surgeon should take care that only the liver is
hypothermic with the use of hepatic temperature
probe and topical iced lactated ringers, while packing
the rest of the abdomen. This is a technique that has
been extensively studied by us, and has demonstrated
efficacy in clinical practice and to some extent in
experimental models. The liver, however, can generally
tolerate up to 1 hour of normothermic ischemia without significant sequelae, and routine cooling generally
is not necessary [2, 5].
4. Steroids: While no precise mechanism of steroids in
protecting the liver from injury has been elucidated, it
has been thought that they stabilize lysosomal membranes and reduce inflammatory mediators that cause
cellular damage. We previously reported no instances
of hepatic necrosis and an abscess incidence of 8.6% in
a series of 128 patients treated with 30–40 mg/kg of
methylprednisone. Despite these results subsequent
experimental data do not support the routine use of
steroids [2].
Elevation of liver enzymes is expected after liver surgery for both trauma and in the elective setting. Rise in
enzymes usually parallels extent of injury and time of
hepatic inflow occlusion. AST and ALT, however, rarely
rise above 10–20-fold, and if they do, this may portend
subsequent liver failure. The clinician should also monitor
bilirubin levels, INR and ammonia levels, as these parameters represent liver function, rather than the extent of
injury. Significant derangements in these laboratory
values are more ominous [4, 5]. Fortunately, liver failure,
though quite morbid, is generally temporary until

sufficient liver can hypertrophy. With our current knowledge of the appropriate patient selection in the elective
setting, and expeditious control of hemorrhage in the
trauma setting, death from liver failure is a rare occurrence.
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Probable STSS
Clinical case definition+isolation of GAS from a nonsterile site.

Procedural Sedation
▶ Conscious Sedation

Proctoscopy
▶ Gastrointestinal Endoscopy

Progressive Withdrawal
A strategy of daily, perhaps gradual, reduction in ventilatory support.

Prolonged Epileptic Seizures
▶ Status Epilepticus

Prone Position Technique

Prone Position Technique
DIETRICH HENZLER
Division of Critical Care, Dalhousie University and QEII
Health Sciences Centre, Halifax, NS, Canada

Synonyms
Extreme lateral posture; Incomplete prone position; Prone
positioning

Definition
Prone position is the complete repositioning of a patient,
involving a 180 turn from supine position (Fig. 1).
Incomplete prone position or extreme lateral posture
involves a lesser degree of rotation between 135 and
180 (Fig. 2).

Pre-existing Condition
The most important goal of prone positioning is to
improve gas exchange in patients with acute lung injury
(ALI) and the acute respiratory distress syndrome
(ARDS). Further goals are to minimize ventilator associated lung injury (VILI), to prevent ventilator associated
pneumonia (VAP), and to mobilize secretions. Prone
positioning is an adjunct therapy to an optimized lung
protective ventilation strategy.
In cases of severe gas exchange impairment, prone
positioning will cause a change in respiratory mechanics
and a reduction in the pleural pressure gradient. Homogenization of the distribution of ventilation, a reduction in

Prone Position Technique. Figure 1 Patient in prone
position. The head and arms need to be repositioned every 2 h
to relief the skin and prevent development of pressure sores
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ventilation–perfusion mismatch, and an improvement in
gas exchange by decreasing non-ventilated lung (atelectasis) are the anticipated effects.

Relative Exclusions and Cautions
Although there are no absolute contraindications, the
following conditions have been associated with a greater
risk of complications and prone position should be
employed only after carefully weighing the risk–benefit
ratio: open abdomen, elevated intracranial pressure, peritoneal dialysis, severe cardiac dysrhythmias, and hemodynamic instability.
Extracorporeal organ support, that is, CRRT or ECMO,
can be continued in prone position, but warrant special
attention and experience during the proning maneuver.

Application
Preparation
Using a checklist is a useful tool to provide a safe turning
(Table 1). Sufficient personnel should be available before
turning the patient. The number depends on patient size
and experience of the team; usually three to five persons
are needed.
Catheters, lines, and drains should be secured and
extended if necessary to provide enough length during
the turning. Lines should be placed in midline position,
either running to head or feet. As many lines as possible
should be capped off. Respective to the hemodynamic
stability, as many monitoring devices as possible should
be detached. The endotracheal tube should be secured by
a special tube holder. In case of a difficult airway,
a preventive tracheostomy or special measures to secure
the airway are a consideration.

Prone Position Technique. Figure 2 Patient in extreme
lateral posture (incomplete or 135 prone position)
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Prone Position Technique. Table 1 Example for a checklist
for the turning maneuver
Objective

Action

Check

Prevent gastric
regurge

Enteral feeding stopped,
☐
stomach suctioned. Feeding
tube secured

Prevent drain
displacement

Drains and tubings freed
(i.e., foley catheter) and
secured

☐

Prevent corneal
abrasion

Eye care and face skin
protection applied

☐

Prevent
line dislocation

All lines secured/sutured,
extended as necessary, in
midline position

☐

Prevent loss of airway Endotracheal tube secured
by tube holder/tracheal
cannula sutured

☐

Prevent ventilation
problems

Sedation adjusted to
prevent coughing

☐

Devices for turning at the
bedside

☐

Provide sufficient
personnel for safe
turning

Nurse, physician, and/or RT
plus 3–4 helpers at the
bedside prior to turning

☐

Provide oxygen
safety reserve

FiO2 set to 1.0

☐

Reduce risk of
entangling lines and
cables

ECG and/pressure
monitoring disconnected

☐

The eyes should be protected by using eyedrops or
lubricating gel and taped shut to decrease the likelihood
of corneal abrasions.
The enteral nutrition should be stopped and the stomach suctioned. The FiO2 should be set to 1.0 at least 5 min
before the maneuver.
The sedation should be deepened to, that is, RamsayScore = 4 to 5 to prevent coughing or breathing against
the ventilator. Neuromuscular blockage may be used.
After completion of the maneuver, sedation may be lightened again.
If special turning or positioning devices such as an air
mattress are used, these should be provided at the bedside.

Turning Maneuver

Ensure correct tube
position

Auscultation of equal breath ☐
sounds

Ensure
cardiorespiratory
stability

Reconnect monitoring, that ☐
is, ECG, arterial pressure,
SpO2

Ensure safe head
position

Head positioned, evenly
supported

☐

Sufficient help should be made available. A respiratory
therapist or physician capable of intubating should hold
the head and secure the airway and the most important
lines. The patient’s face should be turned away from the
ventilator, with the endotracheal tube placed to that side as
well. The arms are positioned sideways. One person not
directly involved in the turning should supervise the
maneuver to be able to provide instant support or secure
lines/drains additionally. On command of the person
managing the head and airway (“All Ready”), the patient
is turned toward the ventilator, with a short pause in the
lateral decubitus position to check for potential hazards.
After completion of the turning maneuver, breath
sounds should be auscultated immediately to ensure adequate endotracheal tube placement. The patient should be
reconnected to the monitoring devices by a second person.
The person managing the head should place the head on
a foam cushion facing to one side (Fig. 3). It has to be
ensured that the tube is not kinked and that the eyes are in
free space. The head should be evenly supported and the
ears should be checked that they are not folded or
compressed.

Eyes free

☐

Complications

Ears not compressed or
folded

☐

Swimmers position
accomplished

☐

Careful preparation and adequate monitoring and prophylaxis during turning and treatment will prevent most
complications. Dislocation of artificial airways, lines and
drains, and skin ulcers have also been observed in patients
nursed in supine position, and have not been reported to
occur more often in prone position [1].
The most frequent complication (20–30%) is edema
and swelling of the face, attributed to the dependent
position. Pressure ulcers of face, chest, pelvic region, and
knee/lower limb have been described in up to 20%, but
can be prevented by adequate padding and frequent turns
of the head. Reports of catheter or tube dislocation and

Turning Maneuver!

Ensure final position

Shoulders, pelvis, and knees ☐
padded and supported
Continue treatment

Lines, drains, etc. reconnected ☐

Control ventilator
settings

Readjust ventilator to lung
protective settings

☐

Ensure effect on gas
exchange

Arterial blood gas analysis

☐

Prone Position Technique

P

Prone Position Technique. Figure 3 Positioning of head

Prone Position Technique. Figure 4 Alternative positioning
of head in foam cushion in 180 position

ventilation problems have been related to the turning
procedure and can be prevented if adhering to the recommendations given above. Very rare complications (<1%)
included necrosis of the mammillaries or plexus brachialis
lesions. Fewer complications have been described for the
incomplete prone position [2].

Enteral Nutrition

Care in the Prone Position
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Enteral nutrition is possible during prone position, but
should be administered with caution. Concerns do exist as
to a higher risk of gastric regurge and aspiration. Residual
gastric volumes should be checked regularly and
prokinetik medication administered according to each
respective ICU feeding protocol. If low flow rates
(<30 mL/h) are administered, no differences to enteral
nutrition in supine position have been observed [3].

Positioning
The prevention of pressure ulcers has great importance
since any breakdown of the skin will increase susceptibility
to infection and septic complications. Although special
systems (such as air mattresses) are available to facilitate
safe positioning, however none of these have been shown
to reduce the incidence of pressure ulcers. Importantly, the
specifically exposed body parts at knee, pelvis, and the
head need special padding and attention.
The head and the arms should be repositioned in short
(i.e., 2 h) intervals. The swimmer’s position (one arm up
and the other arm placed at the side with palms up) with
the head facing in the direction of the upper arm offers the
possibility to alternate positions repeatedly (Fig. 2). If the
head is placed straight downward, a foam cushion is
recommended (Fig. 4). The upper arm should be positioned with the shoulder in neutral position and the elbow
at <90 . A checklist (Table 2) can be used to ensure hourly
patency of exposed body parts and the absence of wrinkles
in pads/sheets or twists in tubing.
Reducing abdominal tension has not been shown to be
as important as previously thought. Although direct pressure on the abdomen should be avoided, no specific measures are necessary to provide extra abdominal release.

Ventilation
A decrease in chest wall compliance, leading to a decrease
in the total respiratory system compliance, has to be
anticipated. It may be necessary to increase the distending
pressures temporarily to maintain tidal volume. However,
to obtain optimum benefit from prone positioning the
ventilator settings should be adjusted to less injurious
settings as the gas exchange improves [4].
Patients do not need to be paralyzed just to maintain
prone position after completion of the turning maneuver.
Partial ventilatory assist modalities such as BIPAP/APRV
or assist/control are possible and can be used as in supine
position, if sedation is adjusted to prevent coughing or
moving of the patient.
If tolerated from a hemodynamic perspective, the bed
should be placed in reverse Trendelenburg with the eyes
slightly above the right atrium to provide venous drainage
and to decrease the amount of edema.

Timing
The response to prone position in terms of gas exchange
improvement is unpredictable. Generally, the earlier the
proning is done in the time course of the disease, the
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Prone Position Technique. Table 2 Example for an hourly checklist
Proning checklist
Checks are Q 1 h and head position should be turned a minimum of Q 2 h (i.e., left to right)
Date
Time

Shift
7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

17.00

18.00

Neck
Eyes
Ears
Nose
cm at lip
Elbows
Legs
Feet
Lines
Foreign bodies
Initial

greater the expected effect. While some patients respond
immediately, a late response can be observed even after
12 h or after the next turning interval. Maintaining the
prone position for 12–18 h daily is recommended based
on these experiences. Since gas exchange worsens in many
cases after returning to supine position, several cycles of
proning are usually needed.
Return to permanent supine position can be considered, if gas exchange has stabilized and does not exhibit
significant differences between prone and supine positions.
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Prophylaxis
The different measures to prevent the occurrence of disease; in VAP it includes a bundle of recommendations for
preventing the development of pneumonia.
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Synonyms
2,6-Diisopropylphenol; Diisopropylphenol

Prone Positioning
▶ Prone Position Technique

Trade Names
Propofol, Diprivan, Disoprofol, Disoprivan, Propofolum,
Dipravan, Fresofol, Ampofol, Aquafol, Rapinovet,

Propofol

Recofol, Ivofol, Propofol Abbott, Propofol-Lipuro,
Propofol Rovi, Propofol MCT, 2,6-bis(1-methylethyl)
phenol, Propofolum [Latin], Propofol Fresenius

Class and Category
Propofol is an alkylphenol with sedative and hypnotic
properties developed in the 1970s by Imperial Chemical
Industries (ICI) in the United Kingdom. Following
approval by the US Food and Drug Administration (FDA)
in 1986, propofol has become the most commonly used
intravenous anesthetic agent for the induction and maintenance of general anesthesia or conscious sedation in children and adults. Propofol administration in the intensive
care unit (ICU) is common and gained FDA approval for
sedation in mechanically ventilated adult patients in 1993.
OH
CH (CH3)2

(H3C)2HC

C12H18O
Structure of Propofol

Fospropofol (Lucedra TM, Eisai, Inc., Woodcliff Lake,
New Jersey, USA) is the water-soluble prodrug of propofol
that was FDA approved in 2008 for monitored anesthesia
care sedation in adult patients undergoing diagnostic or
therapeutic procedures. It has the advantage that pain at
the site of injection is attenuated and undergoes rapid
metabolism by alkaline phosphatase to produce propofol,
phosphate, and formaldehyde. Formaldehyde is further
converted to formate by aldehyde dehydrogenase in the
liver and erythrocytes. Formate accumulation is associated
with metabolic acidosis, loss of vision, and death. Available data indicate that measured concentrations of formate formed during fospropofol infusion is 350 times
lower than the levels associated with death due to methanol intoxication. At present, there is no data on the use of
fospropofol for sedation in the ICU.

Indications
Propofol is an intravenous anesthetic agent used for the
induction and/or maintenance of general anesthesia or
monitored anesthesia/sedation in adults and children.
Propofol is approved as an induction agent in children
>3 years old and as a maintenance agent in infants >2
months old [1]. Propofol characteristically results in rapid
recovery of cognitive and psychomotor skills, infrequent
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postoperative nausea and vomiting, and a sense of euphoria and clearheadedness.
Propofol is also used for sedation in patients in the
ICU and in patients undergoing surgical and diagnostic
procedures. The depth of sedation increases in a dosedependent manner. Propofol is easily titrated with rapid
onset and short duration of action. Compared with
midazolam, propofol has less amnestic effect, but produces a similar quality of sedation, a faster rate of recovery,
and improved control of depth of sedation in response to
titration. The impact of end-organ dysfunction gives rise
to minimal changes in arousal from propofol sedation. It
has no active metabolites, results in little tolerance, and
does not impair adrenal function. There is rapid recovery
from sedation, even following prolonged administration
of propofol (>96 h). Cost analyses studies of propofol
conclude that propofol sedation leads to a faster time to
extubation compared with midazolam, and most studies
also showed a lower total ICU cost.
Propofol reduces cerebral blood flow and cerebral
metabolic requirement for oxygen. Studies examining its
use in hemodynamically stable mechanically ventilated
patients with head trauma show that propofol maintains
or decreases intracranial pressure, while maintaining cerebral perfusion pressure above 60 mmHg. Propofol has
a dose-related effect on the electroencephalogram (EEG)
and at high doses is associated with EEG burst suppression. Propofol has anticonvulsant effect and has been used
effectively to treat status epilepticus in mechanically ventilated patients. While neuroexcitatory signs such as
myoclonus and opisthotonus have been observed during
propofol anesthesia, simultaneous EEG recordings were
not done to confirm most of these events.
In low dose (10–20 mg IV) bolus injection, propofol has
been used as an antipruritic agent in patients with pruritus
due to liver disease or opioids. Propofol has also been used
as an antiemetic for the treatment of chemotherapy and
postoperative nausea and vomiting. Published doses for
this indication vary between 10 mg IV followed by an
infusion of 1 mg/kg/h (until desired effect is achieved), to
10–20 mg IV bolus repeated at 5 min intervals. Gan et al.
showed that a median concentration of 343 ng/mL was
required for treatment of postoperative nausea and
vomiting and that this did not adversely affect sedation or
oxygen desaturation scores.
Propofol decreases production of proinflammatory
cytokines, alters expression of nitric oxide, and inhibits
neutrophil function. Additionally, propofol scavenges free
radicals and inhibits lipid peroxidation in animal models.
These anti-inflammatory and antioxidant properties may
make propofol useful in the management of patients with
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sepsis, noninfective causes of systemic inflammatory
response syndrome, and reperfusion injuries. Some of
these properties may depend on the formulation used
(EDTA vs. metabisulfite), and more investigation is
needed to further characterize the immunomodulatory
effects of propofol. Soybean oil on the other hand, the
lipid carrier in propofol has been shown to be immunosuppressive and proinflammatory [2]. Additional studies
are needed to determine the clinical significance of the
antioxidant and anti-inflammatory properties of
propofol.

Dosage
Propofol should be administered to mechanically ventilated ICU patients via a continuous infusion and titrated
to clinical effect (Table 1). The initial recommended rate
of infusion is 0.3 mg/kg/h, with incremental increase of
0.3–0.6 mg/kg/h at 5–10 min intervals until a desired level
of sedation is achieved. This usually occurs at a rate
between 0.3 and 3 mg/kg/h, and results in target plasma
propofol concentrations of 0.2–2.1 mg/L. The dose of
propofol is reduced in the elderly, in hypovolemic
patients, those with cardiovascular compromise or with
concomitant opioid or other sedative use. Routine subjective and/or objective assessment of sedation levels and
neurological function is recommended to determine the
minimum dose required for sedation [1]. Serum triglyceride levels may be elevated in patients on long-term
propofol infusion (>3 days), and triglyceride concentration should be monitored in at-risk patients.

Propofol. Table 1 Dose of propofol
Induction of
Children: 3–3.5 mg/kg
general anesthesia Adults: 2–2.5 mg/kg (adjust for age,
volume status, and hemodynamic
reserve)
Maintenance of
6–12 mg/kg/h or 100–200 mcg/kg/min
general anesthesia (adults)
7.5–18 mg/kg/h or
125–300 mcg/kg/min (children)
Sedation (ICU)

0.3–3 mg/kg/h or 5–50 mcg/kg/min
Commence at 5 mcg/kg/min
(0.3 mg/kg/h) for 5 min, increase
5–10 mcg/kg/min (0.3–0.6 mg/kg/h)
until desired clinical effect is achieved

Antipruritic

10–20 mg IV bolus

Antiemetic

10–2 mg IV bolus, repeat every 5 min or
start infusion of 1 mg/kg/h

As the lipid medium of propofol supports the growth
of microorganisms, propofol should be prepared and handled in an aseptic manner, and all unused drug and IV
tubing should be discarded after 12 h. Propofol is
compatible with and may be diluted in 5% dextrose in
water [1].

Preparation/Composition
Propofol is a highly lipid soluble substance that dissolves
poorly in water. Initially, propofol was formulated in
cremophor EL; however, this formulation was associated
with anaphylactoid reactions. Propofol was then formulated in an emulsion dissolved in 10% soybean oil and
emulsified with 1.2% egg yolk lecithin. 2.25% glycerol was
added to make propofol isotonic and a pH 7–8.5 was
achieved with sodium hydroxide [1]. Various agents have
been added to inhibit bacterial growth, including
disodium edetate (EDTA), metabisulfite, and benzyl alcohol; however, these antimicrobial agents are associated
with side effects. EDTA chelates trace element such as
calcium, zinc, copper, iron, and cobalt, thus potentially
affecting the electrolyte balance of trace elements.
Metabisulfite may trigger asthmatic and/or allergic reactions in patients with sulfite allergies, and benzyl alcohol
causes allergic reactions and a peculiar syndrome
known as “gasping syndrome” (characterized by central
nervous system depression, metabolic acidosis, gasping
respirations, and high levels of benzyl alcohol and its
metabolites in urine and blood). Patients at risk of
“gasping syndrome” include premature and low birth
weight infants as well as patients receiving high dosages.
Propofol is also available in a formulation with mediumchain and long-chain triglycerides, which has the advantage of being associated with less pain on injection.
Propofol is a milky white substance that is stable at
room temperature and not light sensitive. It provides
1.1 kcal/mL and should be counted as a calorie source;
adjustments to the dosage of intravenous lipid should be
made in patients on enteral or parenteral nutrition while
receiving propofol infusion. Propofol is available as 20, 50,
and 100 mL vials in 10 mg/mL (1%) concentration [1]. In
Europe, a 2% formulation exists.

Pharmacokinetics
The pharmacokinetic properties of propofol fit into
a three-compartment model: rapid distribution from
blood into highly perfused tissues, rapid redistribution
and metabolic clearance, followed by a slow return from
poorly perfused tissues. Propofol is highly lipophilic and is
rapidly taken up by highly perfused tissues such as brain,
heart, lung, and liver. It crosses the blood brain barrier

Propofol

resulting in rapid onset of action, usually within 40 s (or
one arm-brain circulation time) of a bolus injection. The
pharmacologic effects of propofol are dependent on the
therapeutic blood concentration, which at steady state are
proportional to infusion rates. Propofol has a large central
volume of distribution (Vdc), which reflects its high protein binding (98%), and a large volume of distribution at
steady state (Vdss) due to its lipophilicity and represents
the amount of drug that becomes redistributed to poorly
perfused tissue such as fat.
Fast redistribution into peripheral tissues (muscles
and fat) and rapid metabolic clearance result in rapid
rate of recovery, typically within 10 min of cessation of
intravenous infusion. The clearance rate of propofol is
23–50 mL/kg/min [1]. These unique properties of
propofol result in its fast onset and short duration of
action making it easy to titrate. This is a useful feature
particularly for monitoring neurological function and for
performing procedures where sedation depth needs to be
quickly altered. Cessation of propofol infusion allows
sedated ICU patients to recover quickly to their baseline
psychomotor function [1, 3].
The liver rapidly metabolizes propofol to produce
inactive water-soluble compounds that are excreted by
the kidneys. Extrahepatic metabolism (likely pulmonary)
exists since the total body clearance of propofol exceeds
hepatic blood flow. Less than 0.3% of propofol is excreted
unchanged in the urine. Metabolism of propofol does not
appear to be affected by hepatic or renal dysfunction.
Propofol has no active metabolites [4].
Following cessation of propofol infusion, a decrease of
50% of serum drug levels is seen within 10 min; subsequent rate of drug excretion is variable depending on
duration of infusion and total drug dosage. Long-term
infusion of propofol results in prolonged elimination
half-life and a greater Vdss than after short-term infusion;
this reflects the slow return of propofol from poorly perfused tissues such as fat. However, clinical recovery from
long-term sedation is rapid, and recovery times have been
shown to be similar after 24, 48, 72, or 96 h of infusion [3].
This is due to redistribution and rapid clearance of
propofol leading to a rapid decrease in blood concentrations of the drug.
When compared with midazolam, sedation of ICU
patients with propofol results in shorter times to
extubation and lower ICU costs. Although the acquisition
cost of propofol is greater than midazolam, the shorter
time to extubation time and consequently shorter ICU
stay reduced total ICU costs. This difference became less
and the cost advantage disappeared with longer periods of
sedation [5].
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Contraindications
Propofol should be avoided in patients who are hypotensive, hypovolemic, and/or hemodynamically unstable. It
relaxes vascular smooth muscle and causes direct cardiac
depression leading to a dose-dependent decrease in blood
pressure and heart rate. Although patients receiving
continuous infusions of propofol, sometimes at doses
> 6mg/kg/h as part of a monitored anesthetic may maintain spontaneous respiration and a patent upper airway
without the use of airway adjuncts, its use in the ICU for
patients without a definitive airway such as tracheal intubation is not recommended.
Anaphylaxis to propofol has been reported. Since
propofol is formulated with egg lecithin, it should be
avoided in patients with egg yolk allergy; however, it can
be used in patients with the more common egg white allergy.
Allergic reactions occurring on first exposure to propofol is
likely due to the isopropyl epitopes that are also found in
cosmetics and other drugs, while allergic reactions occurring
on reexposure are due to the phenol molecule.
Propofol is not recommended for use in pregnant
women, nursing mothers, and for sedation in the pediatric
intensive care unit (PICU) [1]; however, in clinical practice, propofol is used extensively to provide general anesthesia in pregnant and nursing women and appears to be
a safe and effective alternative to other induction agents.
Concerns have been raised about the safety of the
long-term use of propofol infusion in the PICU because
of propofol infusion syndrome (PRIS) (see section
“Adverse Reactions”). Deaths in children with suspected
PRIS were associated with doses of more than 4 mg/kg/h
for greater than 48 h. In 2001, Astra Zeneca distributed
a letter to health-care providers with data from
a prospective study showing that PICU patients sedated
with propofol had a higher mortality, and concluded that
“propofol is currently not approved for sedation in pediatric ICU patients in the United States and should not be
used for this purpose.” A recent prospective survey of
propofol use in PICUs in the United Kingdom by Jenkins
et al. showed that while there was wide variation in the
types of sedatives used in PICU, propofol was infrequently
used, and when used it was in doses <2 mg/kg/h.

Adverse Reactions
Propofol has a depressant effect on the cardiovascular
system and manifests with hypotension and bradycardia;
hence, it should be used cautiously in the elderly, patients
with significant cardiac impairment and hypovolemia.
Propofol causes a high incidence of pain on injection.
Although the mechanism of this pain is unclear, it is likely
related to the amount of free propofol in the emulsion.
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This pain can be attenuated with the addition of lidocaine
to propofol; however, the resultant mixture is unstable and
should be used within 30 min. Other methods described
to reduce pain include injecting through a large bore
cannula in a major vein in the upper extremity and
pretreatment with various drugs such as lidocaine, fentanyl, alfentanil, metoclopramide, and ephedrine.
Propofol infusion syndrome (PRIS) was recognized in
the early 1990s with the first case reports of deaths in
children in PICU who were mechanically ventilated for
severe respiratory tract infection and sedated with
propofol (>4 mg/kg/h). The syndrome is characterized
by acute refractory bradycardia leading to asystole associated with worsening metabolic acidosis, hyperlipidemia,
hepatomegaly secondary to fatty infiltration, and rhabdomyolysis. There appears to be a strong association between
PRIS and propofol infusions at doses greater than
4 mg/kg/h and lasting longer than 48 h. These reports
were followed in 1998 with a case report of PRIS-related
death in an adult who had been sedated with propofol
(8.8–17.5 mg/kg/h for 44 h) for refractory epilepsy. In
2001, Cremer et al. published a retrospective study in
which 7 out of 67 patients sedated with propofol infusion
in a neurosurgical ICU developed PRIS and died.
Although the mechanism of PRIS is not clear, in vitro
evidence points to impaired mitochondrial function. In
light of the association between propofol infusions and
PRIS, propofol is not recommended for sedation in children in the PICU. In adults, the dose of propofol for
sedation in the ICU should not exceed 4 mg/kg/h [6].
When given as an infusion for more than 3 days, serum
triglyceride concentrations increase due to the lipid content
of propofol. Serum triglyceride concentrations return to
normal after cessation of infusion; however, in some
instances, this can take several days. Hence, patients who
are sedated with propofol for more than 3 days should have
their lipid profiles monitored. The relationship between
propofol use and pancreatitis is controversial, and a causal
link has not been established. Case reports of acute pancreatitis developing after propofol use exist and as hypertriglyceridemia is a known risk factor for pancreatitis, the use of
propofol in these patients should be considered carefully.
The use of 2% propofol reduces the lipid load and is
associated with less hypertriglyceridemia.
Propofol is a potent respiratory depressant; it suppresses laryngeal reflexes and produces ideal conditions
for the insertion of laryngeal mask airways in selected
patients under anesthesia and obviates the need for neuromuscular blockade and endotracheal intubation. However, its high-profile association with the death of media
celebrity Michael Jackson has highlighted the potential for

serious adverse effects when used in the absence of
monitoring and resuscitation equipment. Fortunately,
propofol abuse among health-care workers is rare because
of its short duration of action and the absence of euphoric
or hallucinogenic effects.
Rarely, green discoloration of urine, hair, and liver has
been described. This is due to the excretion of the phenolic
metabolites of propofol. Allergic reactions to propofol can
rarely occur and are more likely in patients with atopy or
a history of drug allergy.

Drug Interactions
The concomitant use of propofol with opioids (e.g., morphine, fentanyl) and/or sedatives (e.g., benzodiazepines,
chloral hydrate, droperidol) can result in a profound
decrease in blood pressure and cardiac output as well as
increase the anesthetic and sedative effects of propofol.
Hence, the bolus and infusion dose of propofol should be
reduced. There is no significant interaction between
propofol and neuromuscular blocking drugs. In pediatric
patients, coadministration of fentanyl with propofol may
lead to bradycardia [1].

Mechanisms of Action
Propofol depresses the central nervous system globally.
The main inhibitory neurotransmitter in the central nervous system (CNS) is g-aminobutyric acid (GABA).
Propofol directly activates the b-subunit of the GABAA
receptors and increases transmembrane chloride conductance, hyperpolarizes postsynaptic cell membrane, and
inhibits the postsynaptic neuron.
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● Asymptomatic prostatitis, category IV
In asymptomatic prostatitis, inflammation of the
prostate is detectable, e.g., infiltration of leukocytes,
although the patient does not report any symptoms or
difficulties in this area.
Serious systemic infection will only be seen in the case
of acute bacterial prostatitis, respectively the acute exacerbation of chronic bacterial prostatitis. Difficult to treat
cases are sometimes seen with unusual forms of prostatitis
or special patient groups.
Two different entities of acute bacterial prostatitis can
be differentiated, depending on the patient’s history:
spontaneous acute bacterial prostatitis and acute bacterial
prostatitis after intervention, such as post prostatic biopsy
prostatitis [2]. The patients with acute bacterial prostatitis
secondary to intervention are usually older and show
a higher risk of prostate abscess and a higher frequency
of more antibiotic resistant pathogens other than
Escherichia coli such as Pseudomonas spp.

Definition
The prostatitis syndrome is one of the most common
entities encountered in urologic practice. Classification
of the prostatitis syndrome is based on the clinical presentation of the patient, the presence or absence of inflammatory markers, and/or bacteria in localizing samples,
such as the expressed prostatic secretion. Depending
upon the duration of symptoms, prostatitis is described
as either acute or, where symptoms are present for at least
3 months, chronic.
In accordance with the classification of the National
Institutes of Health (NIH), the prostatitis syndrome is
classified into four categories [1].
● Acute bacterial prostatitis (ABP), category I
ABP is characterized by severe obstructive and
irritative symptoms of the lower respiratory tract,
pain in the area of the prostate, and acute bacterial
urinary tract infection (UTI), with systemic
involvement.
● Chronic bacterial prostatatis (CBP), category II
CBP is caused by chronic bacterial infection of the
prostate, with or without prostatic symptoms. The
same bacterial pathogen is often found with recurrent
urinary tract infection.
● Chronic prostatitis/chronic pelvic pain syndrome
(CP/CPPS)
CP/CPPS is split into inflammatory CP/CPPS
(category IIIa) and noninflammatory CP/CPPS (IIIb).
CP/CPPS is characterized by chronic pelvic pain and
often by difficulties in micturition, without detection
of any infection of the urinary tract or the prostate.

Treatment
Treatment of acute bacterial prostatitis varies according to
the severity of the patient’s presenting symptoms and the
probable etiologic agent. Antimicrobial treatment should
be initiated immediately in patients with acute bacterial
prostatitis after blood and urine cultures have been
obtained. Prostatic massage is contraindicated [3].
The bacterial spectrum of acute bacterial prostatitis in
general resembles that of complicated urinary tract infections and comprises approximately 70% Escherichia coli,
15% Pseudomonas aeruginosa, 5% Klebsiella spp., 5%
Gram-positive species, and 5% others. Experimental studies have shown that species causing acute bacterial prostatitis harbor significantly more virulence factors, such as
hemolysin, necrotizing factor type 1, the papGIII gene,
aerobactin, PapC or the propensity to induce biofilm
growth, compared to cystitis or pyelonephritis isolates.

Antimicrobial Treatment of Prostatitis
For effective antimicrobial therapy, the pathogens at the
site of infection must be exposed to a drug concentration
sufficiently high to inhibit bacterial growth or even
eradicate the pathogens from that site.
There are substantial anatomic barriers to the passage
of antibiotics from the circulation into the prostatic tissue
and fluid, which is also called the blood-prostate barrier
[4]. In the acutely inflamed prostatic tissue, however,
pharmacological penetration of most antibiotics at the
site of infection is considered to be sufficient in the case
of susceptible bacteria. At least in comparison to chronic
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bacterial prostatitis, where the choice of the ideal antibiotic substance is critical for clinical cure, in acute bacterial
prostatitis a variety of antibiotic substances can be selected
for initial treatment, with generally favorable clinical
outcome.
Initially, empirical parenteral administration of high
doses of bactericidal antibiotics, such as broad-spectrum
penicillin derivatives, a third-generation cephalosporin or
a fluoroquinolone in high dosages is required until fever
and other signs and symptoms of infection subside. After
initial improvement, a switch to an oral regimen, such as
a fluoroquinolone, is appropriate and should be prescribed for about 2–4 weeks.

Treatment of Prostatic Abscess
If a prostatic abscess has been diagnosed, this may require
drainage in addition to empiric antimicrobial treatment.
Risk factors for prostatic abscesses include immune suppression such as diabetes mellitus, hepatic cirrhosis, HIV,
or manipulations of the prostate. Occasionally, anaerobes
or mixed infections may be responsible for the abscess.
Cultures should always be obtained. Prostatic abscesses
can be drained through the urethra by transurethral resection of the prostate (TURP), the perineum by aspiration,
and through the rectum also by aspiration.
The patients can be treated conservatively if the
abscess cavities are smaller than 1 cm in diameter, larger
abscesses should be drained either by single aspiration, or
if larger abscesses (>3 cm) are present continuous
draining procedures might be needed.
The needle aspiration can simply be performed by
transrectal ultrasound-guided technique, which is
a technically simple and effective therapeutic procedure.
In case of failure, repeated aspiration or drainage by TURP
may be undertaken.

Treatment of Urinary Retention
Acute urinary retention may be present in approximately
10% of patients. Acute urinary retention in acute prostatitis can be managed by suprapubic, intermittent, or
indwelling catheterization. Suprapubic tube placement is
generally recommended because it is believed that blockage
of the veromontanum by a urethral catheter would increase
the risk of prostatic abscess and urethral stricture. This has,
however, never been substantiated by clinical studies. Furthermore, the accompanying bladder infection can cause
severe irritative symptoms which might result in a reduced
bladder capacity rendering the insertion of a suprapubic
catheter rather difficult. Therefore, many urologists perform either a single catheterization with a trial of voiding
or short-term small caliber urethral catheterization.

Unusual Infections of the Prostate
Mycobacterial Prostatitis
Tuberculosis of the genitourinary system including tuberculosis of the prostate is the second common form of
extrapulmonary tuberculosis. Alongside with the increase
of migration and propagation of AIDS, genitourinary
tuberculosis has become an increasing problem not only
in developing countries, but also in Russia. Other important sources of urogenital infections by mycobacteria are
Bacillus-Calmette-Guérin (BCG)-therapy for bladder
cancer and kidney transplantation.
Diagnosis of tuberculosis of the prostate is based on
culture studies of urine and prostate secretion or ejaculate,
or histopathological examination of prostatic tissue.
Drug treatment is the first-line therapy of prostate
tuberculosis, which follows the therapeutic rules of urogenital tuberculosis in general. According to the World
Health Organization, the antituberculous drug treatment
is based on an initial 2-month intensive phase of treatment
with three or four drugs daily – rifampicin, isoniazid,
pyrazinamide, and ethambutol (or streptomycin) – to
destroy almost all tubercle bacilli. This is followed by
a 4-month continuation phase with only two drugs mostly
rifampicin and isoniazid. Only in complicated cases
(recurrences of tuberculosis, immunosuppression, and
HIV/AIDS), a 9–12 month therapy is necessary. In cases
with multidrug-resistant tubercle bacilli (bacilli resistant
to rifampicin and isoniazid, with or without resistance
to other drugs) therapy requires the use of at least
four drugs that are selected on the basis of a drug susceptibility test (ethionamide, prothionamide, quinolones,
clarithromycin, cycloserin, kanamycin, viomycin,
capreomycin, thiaacetazone, and para-amino-salicide
acid). The duration of therapy is based on the bacteriologic response but may be 18 months or longer.
Mycobacterium bovis is intrinsically resistant to
pyrazinamide and is found in a high percentage of genitourinary tuberculosis. Pyrazinamide should therefore be
avoided in those cases also because of the induction of
hyperuricaemia and hyperuricuria.
Treatment regimens of 6 months are effective in
most of the patients. Nevertheless in those patients recurring, tissue ablative treatment, either TURP or radical
prostatectomy may be required. Surgery should be
performed not before the first 2 months of intensive
chemotherapy.

HIV-Associated Prostatitis
The prevalence of bacterial prostatitis among HIVinfected patients is approximately 8%. It increases from
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3% in asymptomatic patients to 14% in patients with
AIDS-syndrome. Prostatic abscess is as frequent as 70%
in patients with prostatitis showing a variable etiology of
aerobes, anaerobes, fungi, and mycobacteria. Other etiologic agents reported in HIV-patients causing prostatitis
include Cryptococcus neoformans, Aspergillus fumigatus,
adenoviruses, and cytomegaloviruses among others. The
etiology of pathogens in HIV-patients is diverse. Acute
prostatitis is difficult to treat in HIV-infected patients
and has a high number of relapses.
The HIV-infected patient is at increased risk for the
development of prostatic abscess and urosepsis compared
to the general population.
The main cornerstone of therapy in these cases is
initiation of and adherence to Highly Active AntiRetroviral Therapy (HAART). Prostatic abscess formation
needs to be diagnosed and, if present, treated accordingly.
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Clinical Evaluation
Patients with acute bacterial prostatitis usually complain
of dysuria, urinary retention, or lower abdominal
pain. “Panurogenital” infection (e.g., prostatitis, epididymitis, cystitis, pyelonephritis) may be found in combination in some patients. The patients frequently present
with high-grade fever as a strong indicator of systemic
infection.
Complete urological, physical examination should be
performed, comprising palpation of the costovertebral
angle, abdomen, bladder region, testicles and epididymides, and a gentle investigation of the prostate. The prostate
usually appears tender and swollen. Accompanying epididymitis and orchitis result in painful enlarged testicles.
Painful bladder region could be due to severe cystitis or
more often urinary retention. The costovertebral angle
should appear painful at palpation if pyelonephritis is
present.

Brucellosis
Brucellosis is a zoonotic disease that causes systemic
symptoms and can involve many organs and tissues. The
major sources of infection are consumption of
unpasteurized dairy products and occupational contact.
The clinical presentation is heterogonous, comprising
involvement of the musculoskeletal system and organrelated symptoms. Prostatitis due to Brucella spp. is rare
with genitourinary involvement in up to 13%. Diagnosis
includes culture isolation from blood, tissue specimens,
body fluids and bone marrow, serology and polymerase
chain reaction that has been shown to be sensitive for the
diagnosis of acute disease.
The standard treatment for acute and chronic brucellosis is a combination of doxycycline with a second drug
such as rifampicin or gentamicin, in order to cure, prevent
complications and relapse.

Evaluation/Assessment
Acute bacterial prostatitis is a well-described entity, which
is diagnosed clinically and from urine culture. Acute bacterial prostatitis frequently is a serious infection, usually
caused by uropathogens and with intense local pain, fever,
and other systemic symptoms, and can potentially lead to
urosepsis. The evaluation of the patients encompasses the
clinical evaluation, laboratory investigations of blood and
urine, and imaging.
Application of methods such as scintigraphy,
transrectal ultrasound, and serum prostate specific antigen (PSA) testing may further assist in the diagnosis of
acute bacterial prostatitis in addition to the physical examination and urine culture for patients with ambiguous
pyrexia.

Urine Analysis and Culture
Urine culture is considered the only laboratory evaluation
of the lower urinary tract that is required. A midstream
urine specimen will show significant leukocytosis and
bacteriuria microscopically, and culturing usually shows
typical uropathogens. For proper management, an immediate investigation leading to immediate treatment should
be carried out. Microscopical detection of leukocytes and
bacteria in the Gram-stain or other methods of immediate
urinalysis should therefore be implemented. Prostatic
massage is contraindicated.
The absence of urinary alpha2-macroglobulin in
the urine is also diagnostic for acute prostatitis. Low
alpha2-macroglobulin concentrations in prostatitis are
due to inhibition of the immune reaction between
alpha2-macroglobulin in presence of polyclonal rabbit
antibodies by soluble prostatic proteins which appear in
urine in acute prostatitis.

Imaging
Transrectal ultrasound does not need to be performed on
every patient with suspected acute bacterial prostatitis for
diagnosis, but it is indicated to exclude the presence of
prostatic abscess.
Additionally, ultrasound of the bladder should be
performed to assess the degree of residual urine.
111
Indium-labeled leukocytes accumulate in the
infected prostatic tissue and it has been shown that
111
Indium-labeled leukocytes could be useful in detecting
acute bacterial prostatitis, especially in clinically ambiguous patients with urological infections.
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Laboratory Investigations
Serum Parameters
Serum parameters indicative for systemic infection should
be investigated, such as leukocytes and C-reactive protein,
in order to assess the degree of systemic infection. These
parameters should also be reevaluated to determine the
response to treatment.

4.

5.

working group of the Health Care Office (HCO) of the European
Association of Urology (EAU). Eur Urol 40(5):576–588
Fulmer BR, Turner TT (2000) A blood-prostate barrier restricts cell
and molecular movement across the rat ventral prostate epithelium.
J Urol 163(5):1591–1594
Hara N, Koike H, Ogino S, Okuizumi M, Kawaguchi M (2004)
Application of serum PSA to identify acute bacterial prostatitis in
patients with fever of unknown origin or symptoms of acute
pyelonephritis. Prostate 60(4):282–288

Serum PSA
PSA has been shown to be a concise, accurate, rapid, and
cost-effective tool for identifying acute bacterial prostatitis
and for monitoring treatment [5].
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Effectiveness
Antimicrobial therapy is the most essential part of the
therapeutic regimen and should be initiated immediately
in patients with acute bacterial prostatitis after blood and
urine cultures have been obtained. After initial improvement, a switch to an oral regimen, a fluoroquinolone, is
appropriate and should be prescribed for at least 4 weeks.
Complications are nowadays rare and can be managed
with minimal invasiveness in most cases. Special etiology
and patient groups, such as HIV-infected patients however
pose difficulties in diagnosis and treatment.

After-care
In the acute phase of the disease, response has to be
monitored investigating systemic inflammatory parameters and urine microbiology. If there is no positive
reponse, complicating factors have to be investigated,
such as prostatic abscess formation, urological anatomical
factors, or immune dysfunction. A prolonged antibiotic
treatment is necessary to prevent the formation of chronic
bacterial prostatitis.

Prognosis
If the management is adequate, the prognosis is excellent.
However, increasing antibiotic resistance rates might
endanger the positive outcome in the future.
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Synonyms
Muscle wasting; Negative nitrogen balance

Definition
Critical illness or serious injury that warrants intensive
care is characterized by a metabolic stress response. This
response is precipitated by a hormonal milieu directed
toward meeting the body’s increased metabolic demands
[1]. Increased catecholamine production and secretion
direct an increase in glucose production and energy
expenditure. Hypercortisolemia also serves in part to
increase energy expenditure and glucose production;
however, this mechanism provides the required amino
acids for immune, acute-phase protein and wound healing
responses. As skeletal muscle represents the major physiological reserve of amino acid precursors, cortisolinduced stimulation of muscle protein breakdown ensures
adequate amino acids for the increased synthesis of proteins involved in these functions. Critical illness and/or
serious injury alters both whole-body and skeletal muscle
protein metabolism. Recovery from critical illness and
intensive care is dictated in part by the magnitude and
duration of altered protein metabolism, as well as the
available amount of metabolic reserve, or lean body
mass. The adaptations in protein metabolism are directed
toward meeting the metabolic demands of the crisis at
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hand, though this comes at a cost. While meeting the
requirements/responses of critical illness is the body’s
most pressing demand, doing so depletes the body of lean
mass. The substantial loss of lean mass often leaves the
patient in a debilitated state upon discharge and with the
frequent requirement for rehabilitative care. Many nutritional and pharmacological modalities have been employed
to ameliorate the persistent protein catabolism in hopes of
preserving lean mass for the purposes of improved metabolic reserve and functional capability after discharge.

Characteristics
When compared to healthy volunteers, the stress state is
characterized by a dramatic increase in proteolysis. Wholebody protein catabolism is elevated by 35% during severe
illness due to blunt trauma [2], 53% with sepsis [3], and
200–300% with burn injury over 65% of total body surface
area [4]. Whole-body protein synthesis increases concomitantly, but to a lesser extent. Increases in whole-body protein synthesis of 33% with illness due to blunt trauma and
33% with sepsis are not sufficient to offset the more substantial increases in their respective catabolism. Thus, the
prevailing influence is one of net catabolism or protein loss.
It is important to note that with critical illness or severe
injury, there is an early break point that dictates an “all or
nothing” alteration in protein metabolism. For example,
net protein catabolism after blunt trauma was similar
regardless of injury severity score (ISS), with patients demonstrating the same degree of catabolism with scores of
15 or 50. The break point with severe burn injury appears
to be 40% total body surface area, such that similar alterations in protein metabolism occur despite increasing burn
size. It appears that once protein metabolism is altered to
meet the body’s metabolic demands, the response is fairly
consistent with increasing injury/illness severity.
While nutritional support is generally recognized as
important for preventing metabolic complications and
gut dysfunction during intensive care, it also serves to
conserve body protein. The administration of enteral or
total parenteral nutrition with sepsis or severe trauma
ameliorates net protein catabolism; however, it is important to note that a significant net catabolism or protein
loss is still present. Thus, the alteration in protein metabolism with critical illness does not abate with nutritional
support, though the provision of exogenous nutrition
reduces the requirement for amino acid precursors to be
derived from skeletal muscle.
As the principal metabolic reserve designed to provide
substrate for the body’s required proteins, skeletal muscle
protein metabolism is altered to favor amino acid efflux.
For this reason, skeletal muscle is a major contributor to
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the net catabolism of protein at the whole body level. With
severe injury, muscle proteolysis increases by over 80%.
Though there is a concomitant increase in muscle
protein synthesis ( 50%), the precursor requirement for
increased synthesis is primarily provided by the increased
intracellular amino acid appearance from protein breakdown. In spite of the increased muscle protein synthesis,
net catabolism, or loss of amino acid nitrogen from muscle, increases more than twofold. Recent studies demonstrate increased ubiquitin-proteasome activity in the
skeletal (leg) muscle of septic patients, which is consistent
with myofibrillar protein breakdown and amino acid
release from skeletal muscle.
Mechanistically, amino acid transport across skeletal
muscle is altered to favor outward transport. Despite an
injury-induced increase in blood flow to the limb and an
increased delivery of arterial amino acids, inward transport into skeletal muscle is not different than healthy
controls. Outward transport from skeletal muscle to
venous blood increases from 40% to 70%, depending
upon the amino acid, as they are released from protein
and incorporated into other proteins proportionally to
their respective protein content. The provision of these
amino acid precursors enable an increased protein synthesis for acute-phase protein synthesis, wound healing,
and immune function. Recent data demonstrates
increased protein synthetic rates of leukocytes and mononuclear cells in ICU patients, which is consistent with
increased amino acid requirements for immune function.
The examination of alterations in protein metabolism
with critical illness is not complete without an understanding of its hormonal etiology. Several factors serve to
exacerbate the alterations of protein metabolism with
severe injury or critical illness. These factors include the
accompanying inactivity and resultant sensitization to
hormonal influence, increased catabolic or counterregulatory hormone production, decreased anabolic hormone production, and the developed resistance to
hormonal action [5]. While the effects of inactivity on
skeletal muscle atrophy have long been demonstrated in
studies utilizing bed rest as a model for space flight,
these effects are exacerbated when hypercortisolemia is
also present. Inactivity sensitizes skeletal muscle to the
catabolic effects of hypercortisolemia. When combined
with prolonged inactivity, hypercortisolemia increases
protein breakdown and the loss of lean mass threefold
over inactivity alone. While an elevation in counterregulatory hormone production entails simultaneous
increases in glucagon, epinephrine, norepinephrine, and
cortisol, studies demonstrate that the sustained nitrogen
loss is predominantly the result of hypercortisolemia.
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With this in mind, increased counterregulatory hormone
production alone does not explain the entirety of nitrogen
loss with more severe stress. Though hormonal alterations
represent a major component of sustained nitrogen loss,
major injury, burns, or severe sepsis initiate a cascade of
catabolic events, including increased cytokine production,
which contribute the magnitude lean tissue loss.
While the production of counterregulatory or catabolic hormones increases, anabolic hormone production
simultaneously decreases. For example, the hypothalamicpituitary gonadal axis responds to severe stress by reducing
both the signal for (luteinizing hormone) and production
of testosterone. Severely stressed patients exhibit very low
levels of total and free testosterone throughout acute care
and well after ICU discharge. In addition to decreased
anabolic hormone production, skeletal muscle becomes
resistant to the anabolic effects of growth hormone and
insulin. While the anabolic effects of growth hormone are
more relevant to a growing pediatric population, insulin
resistance is common to all severe stress and removes
a most important anabolic influence on skeletal muscle.
Insulin resistance results in reduced amino acid uptake
into skeletal muscle and the reduced stimulation of muscle
protein synthesis in the fed state. In the fasted state, the
resistance of skeletal muscle to insulin removes its protective effect on protein breakdown. Thus, while the
counterregulatory hormonal environment is necessary to
meet the body’s acute demands, it is also one of prevailing
catabolic influence on skeletal muscle. Continued and
prolonged catabolism of skeletal muscle may impact
patient survival and compromises rehabilitative efforts.

Treatment
As the prolonged alteration in protein metabolism leads to
diminished lean mass and reduced chances of survival
and/or greater rehabilitative requirements, clinical modalities have focused on the restoration of hormonal concentrations or normalization of hormonal influence. In
general, this has been accomplished by exogenous hormonal administration to normalize circulating hormone
levels. The normalization of the circulating hormonal
environment with an anabolic hormone such as testosterone can restore an important anabolic influence on skeletal muscle and reduce the amino acid efflux from skeletal
muscle. In the case of exogenous insulin, achieving sufficient circulating concentration can overcome the inherent
muscle resistance and restore anabolic influence. Similar
results have been achieved in severe burn injury with
growth hormone and insulin-like growth factor
1 (IGF-1). Growth hormone administration is more relevant in a growing population, such as pediatric burns, and

may have adverse consequences in an adult ICU population. A primary concern with growth hormone administration is glycemic control and more recent evidence
suggests that tight glycemic control in ICU patients is
beneficial to morbidity and mortality outcomes. Administration of IGF-1 entails similar concerns of glycemic
control; however, complexing with its primary binding
protein, BP3, reduces these concerns. In both instances,
administration to pediatric burn patients reduced muscle
catabolism and improved patient outcomes. During acute
ICU care, administration of the above anabolic hormones
results in essentially the same improvement of muscle
protein catabolism. In each case, net protein balance
across skeletal muscle is substantially improved and
restored to zero balance with adequate nutritional intake.
Though muscle anabolism is unlikely with severe stress,
amelioration of the profound catabolism and restoration
of muscle balance reduces patient hospitalization/ICU
treatment and maintains lean mass.
Since the prevailing hormonal effect on skeletal muscle
with severe stress is hypercortisolemia, attempts have been
made to block its catabolic effects on skeletal muscle.
While it is tempting to recommend a receptor blocking
agent, these compounds are not conducive to immediate
pressor support so often required in the ICU population.
Attempts to block cortisol synthesis with the antifungal
agent, ketoconazole, met with initial promise in adult
burn patients. However, a recent study in pediatric burn
patients revealed no effect of reduced circulating cortisol
levels on muscle protein anabolism. The disparate results
between adult and pediatric trauma (burns) is not unusual
and highlights the potential success of treatment modalities in these two populations. For example, while the
administration of exogenous testosterone is anabolic in
both pediatric and adult burn patients, the mechanism of
action and magnitude of effect are quite different. While
administration of a testosterone analogue (oxandrolone)
in pediatric burn patients increases net protein synthesis,
the effect of testosterone administration in adult burn
patients is one of decreased protein breakdown. The
increase in protein synthesis in pediatric patients is greater
in magnitude than the decrease in protein breakdown in
adult patients, indicating the greater responsiveness of
a patient population that is still growing and accruing
lean mass. While the reduction of cortisol synthesis in an
attempt to reduce the catabolic influence on skeletal
muscle is marginal at this point, close examination of
testosterone administration in adult patients reveals that
its primary action is that of an antiglucocorticoid effect.
The binding of testosterone to the glucocorticoid receptor
displaces cortisol and in so doing reduces the effects of
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cortisol on skeletal muscle protein breakdown. Thus, it is
possible that short-term administration of testosterone
may either restore anabolic influence to skeletal muscle
or ameliorate catabolic effects, depending on the circumstance and patient population.
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Definition
Pseudoaneurysm, or false aneurysm, describes a communication between a lumen and the surrounding soft tissue. It is
caused by direct or indirect injury to a vessel, but may also
occur with ischemic injury to the heart. This is a condition of
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iatrogenic, traumatic, anastomotic, infected, or ischemic
injury that creates a complete perforation in a lumen wall.
A fistulous tract forms between the lumen and the soft tissue
surrounding the vessel. A capsule is created by the adjacent
soft tissue to contain the hemorrhage. This should be
contrasted with a true aneurysm or dissection, which is an
out-pouching or dilation of a lumen bound by some element
of the lumen wall. These are the result of a congenital or
acquired defect in the vessel wall integrity, and will not be
discussed in this entry.
The most common cause and location of pseudoaneurysm is iatrogenic injury at the access site for
endovascular intervention of various disease entities. This
includes diagnosis or treatment for coronary artery disease,
intracerebral vascular disease, or peripheral vascular disease.
According to American Heart Association data, there are
approximately five million diagnostic and therapeutic catheterizations performed each year in the USA. The incidence
of pseudoaneurysm after endovascular therapy varies based
on the procedure performed. The reason for this difference
lies in the equipment that is used between the two procedures. The rate of pseudoaneurysm for diagnostic procedures has been documented at 0.05–1% [1]. In contrast,
therapeutic procedures produce pseudoaneurysm complications in 1–6%. A diagnostic procedure utilizes smaller
caliber instruments through the vessel wall for guiding
catheters and injecting contrast only. Therapeutic procedures typically use larger caliber instruments to perform
multiple tasks in addition to guide catheters and contrast
injections, such as deploying stents and coils, injecting
embolic material, etc. These devices cause larger defects
that are more prone to pseudoaneurysm formation.
There are other iatrogenic and pathologic causes of
pseudoaneurysms. One dangerous etiology of pseudoaneurysm arises from cardiac infarction, and carries a
high degree of mortality compared to other causes.
While occurring in just under 1% of M.I. cases [2], cardiac
pseudoaneurysms are difficult to detect and may go
unnoticed until a sentinel event occurs. Despite
encompassing a low percentage of affected individuals,
this still accounts for a prevalence of approximately
50,000–70,000 cases of cardiac pseudoaneurysm. Less frequent causes of pathologic false aneurysms include blunt
or penetrating trauma, which can cause direct vessel
injury, or indirect injury by percussive effect in the tissues.
Other causes arise as a complication of procedures for
vascular disease including perforation of a vessel during
endovascular procedures, and leakage after vascular anastomosis or vessel infection. Mycotic pseudoaneurysms
occur after bacteremia seeds an infection at a vessel that
then goes on to erode and rupture.

1865

P

1866

P

Pseudoaneurysm

Evaluation
A thorough history and physical examination of the
patient is an essential starting point leading toward
a diagnosis of false aneurysm. If suspicion of access site
pseudoaneurysm (ASPA) occurs, detailed information
about the procedure is essential, including the use of
closure devices. A meta-analysis in 2004 correlated the
use of such devices with an increase in false aneurysms
to a risk ratio of 5.4 (95% CI 1.21–24.5) [3]. The pathognomonic physical exam finding for an access site false
aneurysm is a painful, pulsatile mass accompanied by
a thrill or bruit. Pseudoaneurysms may be identified
immediately after endovascular intervention, or may present in delayed fashion after a number of days. Mass effect
from the lesion may cause adjacent neurovascular compromise with venous thrombosis or neuropathy, and
necrosis of overlying skin in large lesions [4]. The most
efficacious and cost-effective screening maneuver is
duplex ultrasonography at the access site. Color Doppler
may be beneficial to demonstrate the degree of flow into
the defect. Ultrasound detection of ASPA is 95–98%
sensitive and specific.
A recent study demonstrated a correlation between
elevated D-dimer serologic tests and the presence of
ASPA after catheterization, in addition to their previous
demonstration of low platelet count in ASPA positive
patients [5]. They found this simple test may serve
as a good screen to guide further evaluation for
pseudoaneurysm. The results showed 94% sensitivity
and 90% negative predictive value of D-dimer testing.
However, specificity and positive predictive value
was low. The authors admit greater study is needed to
establish this as a standard approach to screening for
ASPA. If rupture of a pseudoaneurysm is suspected,
this will be supported by laboratory evaluations showing
progressively worsening anemia, and hypovolemic
dehydration.
Other evaluative maneuvers include contrastenhancing computed tomography (CT) scan, magnetic resonance imaging (MRI) with gadolinium, or arteriography.
As false aneurysms within organs are more difficult to
detect, these imaging modalities are required to identify
lesions in named arteries, or in cardiac cases, caused by
iatrogenic perforation or vessel rupture for some other
reason. These modalities generally reveal the mass of the
encapsulating hematoma, or hemorrhage, as well as accumulation of contrast demonstrating the extraluminal space
of the pseudoaneurysm. In severe cases where rupture is
suspected, a CT scan of the abdomen and pelvis is important, if the patient is stable enough, to determine the extent

of hemorrhage – for example, to identify retroperitoneal
bleeding.

After-care
The most effective treatment for the commonest cause
of pseudoaneurysm is prevention. That is, access site
hemostasis must be viewed to be as important as the
endovascular procedure being performed. Manual compression has been shown to be the most effective form of
hemostasis, with the lowest rate of complication [2]. The
two most common techniques used for manual compression are direct digital compression and the Femstop®
device. Both techniques require a minimum of 20 min
compression time. The Femstop® device utilizes leverage
with a strap for a hands-free method of compression.
This has shown to be as effective as direct digital or
ultrasound compression (described later), and frees the
healthcare worker to perform other tasks. Intra-arterial
closure devices are frequently used and may improve
post-procedure comfort, and time to hemostasis.
However, the cited meta-analysis was unable to demonstrate that these benefits are clinically significant by
decreasing hospital stay. More importantly, it was found
that when controlling those analyzed studies for intention
to treat, pseudoaneurysm was a significant complication
of closure devices, with a statistically significant relative
risk as stated above at 5.4.
Other aftercare considerations include coagulopathy
from intraoperative agents, neurovascular checks, and
activity restrictions. It is important to evaluate for
coagulopathy that may affect hemostasis after the use of
heparin, prior to removal of the catheter sheath. The
current standard of care is to check a rapid activated
clotting time (ACT) at the conclusion of the procedure.
Likewise, evaluation of distal pulses at both extremities is
important for establishing a baseline of the patient’s palpable pulses. Although occurring rarely, reported in
only 0.2% of percutaneous procedures and <1% of
pseudoaneurysm treatments, any changes must be noted
and evaluated immediately to prevent possible injury to
the limb from embolism or thrombosis [1]. An anklebrachial index can assist the diagnosis in equivocal cases.
Activity restriction, while a simple preventative measure,
is important to allow an endothelial and epithelial seal to
begin over the vascular puncture. Likewise this policy is
important for after pseudoaneurysm treatment as premature mobilization may render remediation attempts
unsuccessful. The current standards for activity restrictions are 4 h after uncomplicated catheterization, and up
to 48 h after pseudoaneurysm repair.
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Treatment
The treatment for pseudoaneurysm varies, depending
upon its location and ease of accessibility. For ASPA,
a fair percentage will go on to thrombose and resolve
spontaneously [1]. In several series, 90–100% of those
observed ASPAs resolved without treatment and without
complication. The average time frame proved to be
approximately 3–4 weeks. However, those cases studied
had no post-procedure anticoagulation and were within
a specified size range. Indeed it has been observed that
those patients with ASPA receiving anticoagulation after
the procedure more frequently required repair [4]. It
appears that a general trend for reasonable decision to
observe ASPAs include those of <3 cm, non-expansile,
non-painful, and no post-procedure anticoagulation
based on several studies; however, a meta-analysis has yet
to be performed.
The current standard of care lies with ultrasound
guided compression (USGC) and/or thrombin injection
(USGTI). Many studies have shown the effectiveness of
both treatments in the resolution of ASPA. The compression strategy is used primarily due to its simplicity, safety,
and cost-effectiveness, with a low side-effect profile. It
does have a degree of failure rate higher than that of
USGTI, which is dependent upon the size of the lesion
and the use of anticoagulation. The greatest disadvantage
of USGC for femoral pseudoaneurysms is patient and
operator discomfort. When compared side-by-side in
a recent review, success rates ranged from 40% to 87%
and 93% to 100% for USGC and USGTI, respectively [4].
Thrombin injection, on the other hand has a higher success rate than USGC, but at the cost of an increased sideeffect profile. The biggest concerns for USGTI lie in the use
of bovine thrombin, which is being replaced by human
recombinant forms; and distal arterial occlusion from
thrombosis and emboli, occurring in <1% of cases. For
many years USGC was the first-line treatment, but is being
supplanted by USGTI in recent years. Previous exposure
to bovine products and risk of transmitting infectious
prions remain considerations when deciding upon the
treatment to be pursued for ASPA, but is becoming less
of a concern with the widespread use of human recombinant thrombin.
The gold standard treatment for non-ASPA is open
surgical repair, and may still be needed in those ASPAs
refractory to other treatments, or in the unstable patient
[2, 4]. This consists of open exploration at the site of hemorrhage and/or hematoma with evacuation, identification of
the vessel lesion, and suture ligation of the defect. If the
defect is large, patch angioplasty may be required.
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Complications are generally related to injury of adjacent
soft tissue, such as lymphatics and neural structures. It has
been reported that up to 30% of patients with femoral
pseudoaneurysm surgical repairs may experience femoral
neuralgia [1]. Endovascular treatment of pseudoaneurysm
has fallen out of favor due to high costs, lack of efficacy
and durability data, and procedure-related morbidity;
but it does have a role under certain circumstances.
Some endovascular techniques that may be used for
pseudoaneurysm include coil or particulate embolization
and stent deployment. These are particularly well suited
for deep organ vessels with difficult percutaneous access or
open access.

Prognosis
Prognosis of pseudoaneurysm depends upon the site and
etiology of the lesion. With early detection and treatment,
ASPA has a very low morbidity and mortality [1]. If
delay in diagnosis or inability to make diagnosis occurs,
pseudoaneurysms at any site can be deadly due to rupture
and persistent hemorrhage. The risk of rupture for
pseudoaneurysm in general is variable based on location
and characteristics of the lesion, and is highly influenced
by the use of anticoagulation. The highest risk of rupture
lies in cardiac pseudoaneurysms, and may complicate
1/3–1/2 of cases. Mortality varies from 23% after
attempted operative remediation to 48% in those treated
nonoperatively. It is thought that over 50% of patients
with ruptured cardiac pseudoaneurysm succumb prior to
receiving medical treatment [2].

Summary
Overall, complications at arterial access sites lead to 75,000
surgical interventions per year. Considering the proportion
of catheterizations that are complicated by pseudoaneurysm
alone (approximately 2% of five million procedures), the
numbers become astonishing at an incidence of 100,000, in
addition to those non-catheterization-related cases. With
a conservative estimate of the cost in treating this complication, the annual burden in additional medical expenses is
likely in excess of $100 million. This is not considering the
cost of temporary disability and lost work for the patient. It is
clear this single entity has significant implications to overall
health care dollars spent.
Pseudoaneurysm is an entity with a wide array of
etiologies, but most commonly is associated with
endovascular catheterization procedures. Fortunately, the
majority of ASPA have an efficacious and cost-effective
means of diagnosis and treatment in ultrasound-guided
thrombin injection. However, the effectiveness of many
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nonsurgical treatments for pseudoaneurysm is highly
dependent upon the patient’s use of anticoagulation.
Surgical remediation remains the gold standard for those
difficult-to-access lesions. Endovascular treatment is generally reserved for only select circumstances. With early
identification and treatment, pseudoaneurysms have low
morbidity and mortality. If delayed or unrecognized, these
lesions can be very dangerous to the patient. As more
endovascular procedures are performed, a conscious consideration of pseudoaneurysm formation is important for
early recognition and protection of the patient.
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Pseudocyst
A round or oval collection of inflammatory fluid and
pancreatic juice resulting from acute or chronic pancreatitis or a traumatic disruption of the pancreatic duct.

Pseudohypoaldosteronism
A constellation of biochemical abnormalities including
hyperkalemia, hyponatremia, and metabolic acidosis suggestive of aldosterone deficiency but in which serum renin
and aldosterone are markedly elevated, indicating an endorgan unresponsiveness to aldosterone.

Pseudomembranous Colitis
▶ Clostridium Difficile-Associated Diarrhea

Pseudomonas aeruginosa
JOSÉ GARNACHO-MONTERO
Intensive Care Unit, Hospital Universitario Virgen del
Rocı́o, Sevilla, Spain

Definition
Pseudomonas aeruginosa is a Gram-negative, aerobic, rodshaped bacterium belonging to the bacterial family
Pseudomonadaceae, which can cause severe disease in
humans. P. aeruginosa strains produce two types of soluble
pigments, the fluorescent pigment pyoverdin and the blue
pigment pyocyanin. Pyocyanin (from “pyocyaneus”)
refers to “blue pus,” which is a characteristic of suppurative infections caused by Pseudomonas aeruginosa.

Epidemiology
Pseudomonas aeruginosa is widespread in nature,
inhabiting soil, water, plants, and animals (including
humans). It has become increasingly recognized as an
emerging pathogen of clinical relevance.
Within the hospital, P. aeruginosa finds numerous
reservoirs: disinfectants, respiratory equipment, food,
sinks, taps, and mops. Spread occurs from patient to
patient mainly by the hands of hospital personnel. This
Gram-negative microorganism survives on moist surfaces
causing cross infections in hospitalized patients.
Pseudomonas aeruginosa is primarily a nosocomial
pathogen. It is the most common Gram-negative bacterium found in nosocomial infections. It causes a great
variety of infections, affecting particularly the debilitated
individuals: critically ill patients, severe burns, cancer,
AIDS, or other types of immunosuppression. Colonization of the gastrointestinal (GI) tract is an important
portal of entry for pseudomonal bacteremia in patients
who are neutropenic.
In addition, this pathogen is of particular concern to
individuals with cystic fibrosis who are highly susceptible
to pseudomonal lung infections. According to the CDC,
the overall incidence of P. aeruginosa infections in US
hospitals averages about 0.4% (4 per 1,000 discharges),
and the bacterium is the fourth most commonly isolated
nosocomial pathogen accounting for more than 10% of all
hospital-acquired infections.
Pseudomonas aeruginosa is the seventh leading pathogen causing bloodstream infection in the United States but
with the highest crude mortality in intensive care unit
(ICU) patients and the second highest mortality after
Candida spp. in the overall population. Pseudomonas
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aeruginosa is an uncommon cause of communityacquired bacteremia occurring in five of 10,000 hospital
admissions and affecting specially patients with severe
immunosuppression, malignancy, recent hospitalization,
prior antibiotic treatment, and invasive devices at
presentation.
Pseudomonas aeruginosa is a virulent pathogen.
Diverse studies have confirmed the poor prognosis when
the infection is caused by this microorganism, with an
estimated attributable mortality of 13.5% in ventilatorassociated pneumonia (VAP) caused by this pathogen. In
addition, in a multicenter study that evaluated the
incidence and prognosis of sepsis in European ICU,
Pseudomonas aeruginosa was the second most frequently
isolated pathogen and was the only microorganism independently associated with increased mortality rates.

Virulence Factors
P. aeruginosa produces several extracellular products that
are essential to cause tissue damage, dissemination, and
infection. One of these virulence factors that play a major
role in tissue damage and bacterial invasion is exotoxin A.
It is produced by the majority of P. aeruginosa strains that
cause clinical infections. Endotoxin A catalyzes ADPribosylation and inactivation of elongation factor 2, leading to inhibition of protein biosynthesis and cell death.
Two hemolysins, phospholipase C and rhamnolipid, act
synergistically to break down lipids and lecithin contributing to tissue invasion. P. aeruginosa produces also several
proteases (e.g., elastase and alkaline protease) that play
a major role during acute P. aeruginosa infection.
P. aeruginosa appears to control the production of
many of these extracellular virulence factors by
a mechanism that monitors bacterial cell density and
allows communication between. This cell-to-cell signaling
system is termed quorum sensing and may enable
P. aeruginosa to defeat host defense mechanisms. Quorum
sensing plays a key role in the virulence of P. aeruginosa,
and quorum sensing–deficient mutants cause less severe
infections in animal models. Diverse antibiotics (e.g.,
azithromycin, ceftazidime, and ciprofloxacin), at
subinhibitory concentrations, decrease the expression of
a range of quorum sensing–regulated virulence factors.
The clinical utility of this property is still unknown.

Pseudomonas aeruginosa and Antimicrobial
Resistance
In the last decades, antibiotic resistance has been a
growing problem, especially in critically ill patients admitted to the intensive care unit (ICU). The Surveillance
Network Database USA has detected from 1998 to 2007
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an increase of 62% in multidrug resistant (MDR)
P. aeruginosa defined as resistance to more than three
antibiotics with antipseudomonal activity. In Europe, the
European Antimicrobial Resistance Surveillance System
(EARSS) has reported in 2007 that 17.2% of Pseudomonas
isolates were MDR although with a great variability
among participating countries. The emergence of
multidrug resistance increases in hospital stay, costs, and
the mortality. Acquired resistance in P. aeruginosa is
caused by diverse mechanisms that are listed in Table 1.
In recent years, the metallo-b-lactamases (MBLs) have
emerged as one of the most worrisome resistance mechanisms owing to their capacity to hydrolyze, all b-lactam
agents, with the exception of aztreonam, including the
carbapenems. Moreover their genes are carried on highly
mobile elements, allowing rapid spread of such genes
among Gram-negative bacteria.
It has also been noted that imipenem resistance in P.
aeruginosa, a problem of great clinical relevance, has been
increasing. Moreover, imipenem-resistant P. aeruginosa
strains are often resistant to other antibiotics constituting
a particularly dreaded situation. Infections caused by these
strains are associated longer hospitalization durations and
higher mortality. The previous use of fluoroquinolone or
imipenem has been identified as independent risk factors
for isolation of imipenem-resistant P. aeruginosa [1].

Pseudomonas aeruginosa. Table 1 Mechanisms of antimicrobial resistance in Pseudomonas aeruginosa
Mechanism

Antibiotic

Modification of antibiotic target Fluoroquinolones or
sites: gyrase, topoisomerase, or aminoglycosides
ribosomal proteins
Derepression of chromosomally Beta-lactams
coded AmpC beta-lactamase
Loss of outer membrane porins Imipenem
(OprD)
Beta-lactamases

Carbapenem and other
beta-lactams

Aminoglycoside-modifying
enzymes

Aminoglycosides

Efflux systems

Beta-lactams,
fluoroquinolones,
tetracycline, and
aminoglycosides

Changes in membrane
architecture

Colistin
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Diseases Caused by P. aeruginosa
In the critical care setting, bacteremia and respiratory
infections are the most common of all infections caused
by P. aeruginosa. It also causes urinary tract infections
(UTIs), skin and soft tissue infections, meningitis and
other central nervous system (CNS) infections, endocarditis, bone and joint infections, and gastrointestinal (GI)
infections. Notwithstanding, Pseudomonas aeruginosa
may also cause community-acquired infection in highrisk patients.
Pseudomonas aeruginosa is one of the leading
pathogens causing hospital-acquired pneumonia and ventilator-associated pneumonia. In intubated patients, P.
aeruginosa typically causes late episodes of pneumonia
(5 days after hospitalization) although recent studies
highlight that MDR pathogens, including Pseudomonas
aeruginosa, can be frequently involved in early episodes
of VAP, especially in patients with previous antimicrobial
therapy, mainly broad-spectrum agents. Bacteremia
occurs in approximately 10–15% of the episodes of VAP.
P. aeruginosa is also responsible for communityacquired pneumonia especially in patients with previous
diagnosis of bronchiectasis, chronic obstructive pulmonary disease, or previous corticosteroid therapy. It frequently presents as a severe disease that requires ICU
admission.
Pseudomonas aeruginosa can also produce UTI, particularly hospital-acquired or in relation to urinary tract
catheterization procedures. Pseudomonas aeruginosa is the
third leading cause of hospital-acquired UTIs, accounting
for about 10% of all infections of this type. In addition,
UTI is the most frequent source of Pseudomonas
bacteremias.
Pseudomonas aeruginosa causes a variety of skin and
soft tissue infections including wound infections, both
localized and diffuse. The most common predisposing
factor is breakdown of the integument which may result
from burns or trauma. Ecthyma gangrenosum is a possible
cutaneous complication of sepsis from Pseudomonas
aeruginosa. It is an oval lesion with a necrotic center and
a halo of erythema. It is usually seen in immunocompromised patients but it has been also reported in previously
healthy subjects.
Pseudomonal infections can affect every portion of the
GI tract. The disease usually affects very young children
and adults with hematological malignancies and neutropenia. The spectrum of disease can range from very mild
symptoms to severe necrotizing enterocolitis with significant morbidity and mortality
Infective endocarditis due to P. aeruginosa is rare and
affects mainly intravenous drug users causing infections of

the native valves. P. aeruginosa CNS infections (meningitis
and brain abscesses) are relatively rare and almost always
secondary to a neurosurgical procedure or head trauma.
The organism invades the CNS from a contiguous structure such as the inner ear or paranasal sinus, or is inoculated directly by means of head trauma, surgery, or
invasive diagnostic procedures. Metastasis from a distant
site of infection such as the urinary tract may also occur.

Diagnosis
Clinical presentation of pseudomonal infections in critically ill patients is indistinguishable from those caused by
other pathogens. Diagnosis relies on isolation and laboratory identification of the bacterium. P.aeruginosa grows
well on standard laboratory media and commonly is isolated on blood agar.
Isolation of Pseudomonas from sputum and tracheal
secretions might indicate airway colonization. In patients
who are mechanically ventilated is recommended the use
of quantitative cultures obtained from tracheal aspirates
or with invasive procedures (bronchoalveolar lavage or
protected specimen brushings).
The presence of a cutaneous necrotic lesion (ecthyma
gangrenosum) is suggestive of a pseudomonal sepsis
although is not pathognomonic since other Gramnegative bacteria can also be responsible of this lesion.

Treatment
Pseudomonas aeruginosa is frequently resistant to many
commonly used antibiotics. We should also keep in mind
that the rate of MDR P. aeruginosa has increased in the last
years. Antibiotics with antipseudomonal activity include
the aminoglycosides, ticarcillin, piperacillin–tazobactam,
ceftazidime,
cefepime,
aztreonam,
carbapenems
(imipenem, meropenem, and more recently doripenem),
fluorquinolones (ciprofloxacin and levofloxacino), and
colistin.
Tigecycline, a novel glycycline derived from
minocycline, is a broad-spectrum antibiotic with potent
in vitro activity against anaerobic and aerobic Grampositive bacteria (including methicillin-resistant Staphylococcus aureus) and Gram-negative pathogens. Unfortunately, tigecycline is not active against Pseudomonas.
Therefore, it should not be used as empiric therapy for
infections with suspicion of Pseudomonas aeruginosa.
Selection of antibiotic for empirical therapy must be
based mainly upon the history of Pseudomonas sensitivity
to the particular drug in the hospital. As with other pathogens, local minimal inhibitory concentration (MIC) data
are also essential to guide therapeutic decisions. Obviously, we cannot forget the importance of the site of
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infection for antibiotic choice, knowledge of pharmacokinetic–pharmacodynamic parameters, and safety profile of
the drug.
Diverse studies agree that inadequate antimicrobial
therapy is associated with a higher mortality in Pseudomonas aeruginosa infections (e.g., bacteremia or pneumonia). Therefore, as in other patients with sepsis, it is not
matter of debate that early administration of adequate
antimicrobial therapy is mandatory and saves lives.
Nevertheless, it remains controversial whether combination therapy, given empirically for suspected Pseudomonas aeruginosa infections or as definitive treatment for
confirmed infections improves the outcome. Combination antibiotic therapy is used to broaden the spectrum
of activity of empiric treatment and provide synergistic
bactericidal activity. It is well known in vitro synergism of
certain antibiotics in combination against P. aeruginosa,
especially among beta-lactam and aminoglycosides. Less
evidence exists on the synergism of quinolones with other
groups’ antibiotics.
Chamot et al. retrospectively compared the evolution
of 115 patients with bacteremia with P. aeruginosa treated
with antipseudomonal therapy taking into account
whether the empirical and definitive treatment was adequate, both as monotherapy and as combination therapy.
Thus, 30-day mortality was significantly higher in patients
who had been treated with adequate empirical
monotherapy (OR 3.7, CI 95% 1.0–14, 1) and in those
who received inadequate treatment (OR 5.0, 95% CI
1.2–20.4) than in those who had been treated with
adequate empirical combination therapy. However, after
analyzing appropriate definitive treatment, combined
therapy did not provide benefit in mortality at 30 days
over monotherapy [2].
In 2005, a retrospective study that analyzed 305
patients with bacteremia monomicrobial P. aeruginosa.
These results confirmed that inappropriate empirical antibiotic therapy (OR 2.04, 95% CI 1.42–2.92), respiratory
failure (OR 5.18, 95% 3.30–8.13), and shock (OR 4.00, CI
95% 2.71–5.91) were the factors independently associated
with mortality. Adequate empirical antibiotic therapy was
administered more frequently in patients receiving combination therapy than in those receiving monotherapy
(79.4% vs. 65.5%, p = 0.01) [3].
In a retrospective study that assessed the prognosis of
183 episodes of monomicrobial Pseudomonas aeruginosa
VAP, the initial use of combination therapy significantly
reduced the likelihood of inappropriate therapy, which
was associated with higher risk of death. However, administration of only one effective antimicrobial or combination therapy provides similar outcomes (mortality, length
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of stay, and rate of recurrence), suggesting that switch to
monotherapy once the susceptibility is documented is
feasible and safe in patients with Pseudomonas aeruginosa
VAP [4].
The 2005 ATS/IDSA guidelines on health-associated
pneumonia recommend that the empiric treatment of
patients at risk of multiresistant organisms should
include the combination of an antipseudomonal betalactam plus an aminoglycoside or an antipseudomonal
fluoroquinolone (with or without vancomycin or
linezolid). It seems justifiable to start combination therapy
with two antipseudomonal agents in patients with risk for
Pseudomonas infection during the first 3–5 days, until
having microbiological results. This combination therapy
must be changed to monotherapy on the basis of the
specific susceptibility pattern of the initial isolate.
VAP recurrence is a dreaded situation that may occur
when P. aeruginosa is the involved pathogen. Indeed, the
presence of a Gram-negative pathogen such as Pseudomonas aeruginosa has been identified as an independent risk
factor for VAP recurrence in patients with appropriate
empirical therapy. Up to this moment, no pervious study
has demonstrated that combination therapy reduces the
likelihood of recurrence.
The optimal duration of severe infections caused by
Pseudomonas aeruginosa is still an unsolved question. In
cases of bacteremia or VAP, it seems prudent to maintain
antimicrobial therapy for 2 weeks. A randomized clinical
trial compared a short course of therapy (8 days) with
15 days of therapy in patients with VAP that had received
adequate empirical therapy. Mortality was similar in both
arms of the study but patients with non-fermenting
Gram-negative pathogens (including P. aeruginosa) had
a higher rate of pneumonia recurrence than with the 8-day
treatment regimen.
In relation to the treatment of community-acquired
pneumonia, current guidelines recommend that
antipseudomonal therapy be instituted empirically for
patients with severe structural lung disease (e.g., bronchiectasis), those who recently have received antibiotic therapy, or those who recently stayed in the hospital (especially
in an ICU).
Four carbapenems are currently approved:
doripenem, meropenem, imipenem/cilastatin, and
ertapenem. Ertapenem has limited activity against P.
aeruginosa. Doripenem is a broad-spectrum carbapenem
with high activity against non-fermenting Gram-negative
bacteria has been recently introduced in clinical practice.
It is twofold more potent against P. aeruginosa than
imipenem or meropenem. A multicenter study has
recently evaluated the efficacy of doripenem versus
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imipenem/cilastatin for the treatment of VAP in a large,
open-label, phase 3 clinical trial. Clinical cure was similar
in both arms although in patients with Pseudomonas
aeruginosa, clinical cure was 80.0% (doripenem) and
42.9% (imipenem) (p > 0.05). Resistance to doripenem
occurred less frequently than resistance to imipenem/
cilastatin: Five of 28 P. aeruginosa strains in the doripenem
arm and 14 of 25 P. aeruginosa strains in the imipenem/
cilastatin arm were either resistant at baseline or subsequently developed resistance during therapy (P < 0.05)
[5]. Further studies are needed to determine whether
the use of doripenem in substitution of the traditional
carbapenems improves the outcome of patients with
P. aeruginosa infections and in particular in the case
of VAP.
As a consequence of this paucity of treatments for
MDR Pseudomonas aeruginosa, the use of colistin
constitutes frequently the only available option. Colistin
(Polymyxin E) is a polypeptidic antimicrobial agent which
acts as a bactericide against several Gram-negative bacterial species, including A. baumannii and P. aeruginosa.
There are two forms of colistin commercially available:
colistin sulfate for oral and topical use, and colistimethate
sodium (sodium colistin methanesulphonate, colistin
sulfomethate sodium) for parenteral use; both can be
nebulized although the latter is associated with less
side effects. The breakpoints for polymyxins are not
standardized. For P. aeruginosa, the Clinical Laboratory
Standards Institute recommends the following
breakpoints: susceptible, less than or equal to 2 mg/mL;
intermediate, 4 mg/mL; and resistant, greater than or equal
to 8 mg/mL.
Colistin was abandoned in the 1970s due to its side
effects specially deterioration of renal function. In the
1990s, a retrospective series of 60 nosocomial infections
caused by Pseudomonas aeruginosa (n = 20) and
Acinetobacter baumannii (n = 40) reported that clinical
cure occurred for 35 patients (58%) although the authors
did not describe the rate of cure in patients with Pseudomonas infection. Importantly, the poorest results were
observed in patients with pneumonia (failure rate: 75%).
Several observational studies have reported clinical
efficacy of intravenous colistin in infections caused by
multidrug-resistant Gram-negative bacilli including A.
baumannii, P. aeruginosa, and less frequently K.
pneumoniae. Clinical cure rates range from 58% to 85%
although these series do not provide rates of cure of
Pseudomonas aeruginosa infections specifically. A recent
Spanish study provides their experience with 121 infections caused by MDR P. aeruginosa treated with intravenous colistin. Cure rates range from 62.5% in case of

bacteremia to 84.6% in case of UTI. All these studies
coincide that safety profile is acceptable with a rate of
renal insufficiency of 10–15% considering colistin as
a safe option for MDR P. aeruginosa infections.
There is an extensive experience with the used of
aerosolized colistin in patients with cystic fibrosis. It
might also be beneficial as an adjunctive therapy in the
management of nosocomial pneumonia due to MDR
Pseudomonas aeruginosa. However, in VAP, aerosolized
colistin must be always combined with intravenous antimicrobial therapy. The most serious toxicity, although
uncommon, described with aerosolized treatment is bronchospasm which can be prevented with beta2-agonists.
In conclusion, colistin retains significant in vitro activity against multiresistant P. aeruginosa. It possesses an
acceptable safety profile and should be considered as
a therapeutic option in critically ill patients with infections
caused by multidrug-resistant Pseudomonas aeruginosa.
Aerosolized colistin deserves further consideration as an
adjunctive therapy for patients with pulmonary infections. Well-designed randomized trials are warranted
before a definitive recommendation.
In the meantime, is should be kept in mind that
resistance to this agent has already been reported. As
expected, previous use of colistin was identified as the
only independent risk factor for colistin-resistant Gramnegative bacteria. Therefore, a judicious use of colistin is
mandatory in order to preserve this frequently last resort
to treat pseudomonal infections.
Lastly, based on experimental studies, macrolides may
be beneficial in patients with certain Pseudomonas
aeruginosa infections by impeding quorum sensing,
thereby reducing pathogenicity. Several studies indicate
that Azithromycin may accomplish its beneficial action
in CF patients by impeding quorum sensing.
A randomized, double-blind clinical trial evaluating
azithromycin as a quorum sensing inhibitor for the prevention of Pseudomonas aeruginosa VAP has been recently
completed. The results of this study have not been
published at the time of writing this entry.
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Puerperal Sepsis
DUSHYANT MAHARAJ
Department of Obstetrics & Gynaecology, University of
Otago, Wellington South, New Zealand

Synonyms
Childbed fever; Endometritis; Endomyometritis;
Endomyoparametritis; Peritoneal fever; Metroperitonitis;
The epidemic disease of lying-in women

Definition
Puerperal sepsis is defined in the International Classification of Diseases (ICD-10) as a temperature rise above
38.0 C (100.4 F) maintained over 24 h or recurring during the period from the end of the first to the end of the
tenth day after childbirth or abortion. Alternatively, the
United States Joint Commission on Maternal Welfare uses
a standard definition for puerperal fever used for
reporting puerperal morbidity as an oral temperature of
38.0 C (100.4 F) or more on any 2 of the first 10 days
postpartum. While puerperal infection is most commonly
encountered within the first 2 weeks after delivery, the
definition extends to 42 days postpartum [1]. Further,
the World Health Organization (WHO) defines puerperal
sepsis as infection of the genital tract occurring at any time
between the onset of the rupture of membranes or labor
and the 42nd day postpartum in which fever and one or
more of the following are present:
1.
2.
3.
4.

Pelvic pain
Abnormal vaginal discharge
Abnormal odor of discharge
Delay in the rate of reduction of size of the uterus

Further differentiation is made between “puerperal
sepsis,” which refers specifically to infection of the genital
tract after delivery, and “puerperal pyrexia or fever” which
encompasses all cases of significant pyrexia in the
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puerperium, and would include patients with puerperal
sepsis, as well as those with other causes of pyrexia [2].
These include:
● Wound infection, e.g., scar of cesarean section
● Thrombo-embolic disorders, e.g., thrombophlebitis
● Other systemic infections, e.g., urinary tract, breast,
ear, nose, and throat
● Viral, bacterial, protozoal infections, such as human
immune deficiency virus (HIV)-related infections,
malaria, typhoid (Table 1)
Sepsis is usually reported as the third or fourth leading
cause of maternal death not only in developing countries
but in developed countries as well. Postpartum endometritis occurs in 1–3% of normal vaginal deliveries, in
5–15% of scheduled cesarean deliveries (done before
labor starts), and in 15–20% of unscheduled cesarean
deliveries (done after labor starts). Puerperal sepsis causes
at least 75,000 maternal deaths every year, mostly in developing countries [3].
The predisposing factors or conditions leading to the
development of sepsis are quite varied and include: home
birth in unhygienic conditions, low socioeconomic status,
poor nutrition, primiparity, anemia, prolonged rupture of
membranes, prolonged labor, multiple vaginal examinations in labor (more than five), cesarean section, obstetrical maneuvers, a traumatic delivery, and retained placental
fragments.

Characteristics
Microbiology and Pathophysiology
The vagina is colonized by a variety of organisms, some of
which are implicated in genital tract infections. Examples

Puerperal Sepsis. Table 1 Common sites of infection and
differential diagnosis of puerperal pyrexia
Site of infection

Differential diagnosis of pyrexia

Endometrium

Endometritis, parametritis

Pelvis

Abscess, pelvic thrombophlebitis

Lungs

Bronchitis, pneumonia

Urinary tract

Cystitis, pyelonephritis

Wound

Surgical site, episiotomy

Veins

Deep vein thrombosis

Breasts

Mastitis, abscess

Other

Catheters, endocarditis, connective
tissue disease, systemic infections
(viral, bacterial, protozoal)
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of the more common bacteria are Streptococci, Staphylococci, Escherichia coli (E. coli), Clostridium species, Chlamydia, and gonococci.
The majority of cases of endometritis are
polymicrobial in origin, with a mixture of aerobic and
anaerobic organisms involved. The sources of transmission of puerperal sepsis are typically categorized into
exogenous and endogenous.
Endogenous bacteria: These are bacteria which normally live in the vagina and rectum without causing
harm (e.g., streptococci, staphylococci, E. coli, Clostridium
welchii). Even when aseptic technique is used for delivery,
pathogenic infection can still occur from these endogenous bacteria if:
● There is ascending infection, usually from the vagina,
by the examining finger or by instruments during
pelvic examinations
● There is tissue damage, i.e., bruised, lacerated, or dead
tissue (e.g., after a traumatic delivery or following
obstructed labor)
● There is prolonged rupture of membranes
Exogenous bacteria: These are bacteria which are introduced into the vagina from outside of the patient’s body
(e.g., streptococci, staphylococci, Clostridium sp.):
● By unclean hands and unsterile instruments
● By droplet infection (e.g., a health provider sneezing,
coughing onto own hands immediately prior to
examination)
● By foreign substances that are inserted into the vagina
(e.g., herbs, oil, cloth)
● By sexual activity
The classic infective organism in puerperal sepsis is
group A hemolytic streptococcus. While epidemics of
group A streptococcal infections are reported from time
to time, other organisms such as group B streptococci,
gonococci, Chlamydia, herpes simplex, genital Mycoplasma, and bacterial vaginosis are more often implicated.
Studies have confirmed that post-cesarean infections are
nearly always derived from the microbial flora of the lower
genital tract.
Uterine infection may start before the onset of labor,
i.e., in cases of pre-labor rupture of the membranes, during labor, or in the early postnatal period before healing of
lacerations in the genital tract and the placental site have
taken place. Following delivery, puerperal sepsis may be
localized to the perineum, vagina, cervix, or uterus. Infection of the uterus can spread rapidly if due to virulent
organisms, or if the mother’s resistance is impaired. It can
extend beyond the uterus to involve the fallopian tubes

and ovaries, to the pelvic cellular tissue causing
parametritis, to the pelvic peritoneum, causing peritonitis,
and into the blood stream causing septicemia. Severe infection can be further complicated by septic shock and coagulation failure which gives rise to bleeding problems [4].

Evaluation/Assessment
A careful history to elicit risk factors should be sought as
this may help differentiate endometritis from other causes
of postpartum fever. Puerperal endoparametritis typically
begins with uterine tenderness, a sign of uterine infection
characterized by lower abdominal tenderness on one or
both sides of the abdomen. Chills, headache, malaise, and
anorexia are common. Pallor, tachycardia, and leukocytosis usually occur, and the uterus is soft and subinvoluted.
Adnexal and/or parametrial tenderness is elicited by
bimanual pelvic examination. Lochia may be diminished
or profuse, and malodorous. Some infections, most notably those caused by group A beta-hemolytic streptococci,
are frequently associated with scanty, odorless lochia
(Table 2).
When the parametria are affected, pain and pyrexia are
severe; the large, tender uterus is indurated at the base of
the broad ligaments extending to the pelvic walls. Uncommonly, peritonitis and/or pelvic thrombophlebitis (with
risk of pulmonary embolization) may complicate the illness. Endotoxemia, endotoxic shock, and renal tubular or
cortical necrosis may follow virulent puerperal sepsis due
to aerobic streptococci, other anaerobes, or E. coli, and
may be fatal.

Complications
Complications of puerperal sepsis include: septicemia,
endotoxic shock, peritonitis, or abscess formation leading
to surgery and compromised future fertility. Fetal outcomes include a depressed 5-min Apgar score, neonatal
septicemia and pneumonia.

Puerperal Sepsis. Table 2 Diagnosis of puerperal sepsis
Classical

Intermediate

Rare

Tachycardia

Fever

Oliguria

Tachypnea

Pain

Edema

Uterine
tenderness

Suprapubic
tenderness

Shock

Malodorous lochia Jaundice
Ileus
Vaginal bleeding

Mental alteration
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Diagnosis
Diagnosis may be apparent clinically, but other causes of
fever and lower abdominal symptoms must be considered.
Urinalysis and urine culture are usually required. Endometrial cultures are rarely indicated because specimens
collected through the cervix are almost always contaminated by vaginal and cervical flora, and because results are
usually not available until after empiric therapy is underway. Endometrial cultures should be done when endometritis is refractory to routine antibiotic regimens and no
other cause of infection is obvious; sterile technique with
a speculum is used to avoid vaginal contamination, and
the sample is sent for aerobic and anaerobic cultures.
Blood cultures are rarely indicated and should be done
only when endometritis is refractory to routine antibiotic
regimens or clinical findings suggest septicemia. If findings suggest an abscess, imaging tests, usually magnetic
resonance imaging, computed tomography, or ultrasound
are undertaken.
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Pulmonary Artery Catheterization
DOMINIC W. K. SPRAY
Anaesthetics and Intensive Care, St George’s Hospital,
London, UK

Synonyms
Flow-directed pulmonary artery catheterization; Pulmonary artery floatation catheterization; Swan–Ganz
catheterization

Definition
Prevention and Treatment
Preventing or minimizing predisposing factors is essential.
Appropriate hand washing should be encouraged. Vaginal
delivery cannot be sterile, but aseptic techniques should be
employed at all times. Prophylactic antibiotics given at the
time of cesarean section has been shown to reduce the risk
of puerperal endometritis.
Treatment is a broad-spectrum antibiotic regimen
given IV until the woman is afebrile for 48 h. The 1stline choice is clindamycin 900 mg q 8 h plus gentamicin
1.5 mg/kg q 8 h or 5 mg/kg once/day; ampicillin 1 g q 6 h is
added if enterococcal infection is suspected or if no
improvement occurs by 48 h [5]. A second- or thirdgeneration cephalosporin in combination with metronidazole is another option for treatment. Clinical response
to antibiotic treatment dictates further management. If
there is no improvement, alternative antibiotic combinations should be used in consultation with the medical
microbiologist. Irrespective of which regimen is used it is
now recognized that intravenous therapy for puerperal
sepsis need not be followed routinely with oral therapy.
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Flow-directed pulmonary artery catheters (PACs) were
developed in the 1970s to assess hemodynamic function
in patients following myocardial infarction. The catheter
is passed into a major vein and advanced through the right
side of the heart into the pulmonary arterial tree.
A balloon at the tip guides the catheter, by “floating”
along with the blood flow, into the correct position
(Fig. 1). With accurate placement, modern catheters
offer a wealth of hemodynamic data including central
venous pressure, right-sided intracardiac pressures, pulmonary vascular pressures, pulmonary artery occlusion
pressure (Ppao – also sometimes called pulmonary artery
wedge pressure or pulmonary capillary wedge pressure),
automated cardiac output, and mixed venous oxygen saturation measurements. Oxygen extraction and systemic
and pulmonary vascular resistance may also be derived
(with the use of other data). It was hoped that this
enhanced hemodynamic data would better guide therapy
and improve patient outcomes. This has yet to be
demonstrated.

Pre-existing Condition
Routine use in critically ill patients is no longer
recommended and increasingly targeted use is the norm.
Suggested clinical scenarios for PAC use are listed in
Table 1 although the overriding reason for pulmonary
artery catheterization is to provide hemodynamic data
which is not obtainable by other means and which may
change management. Therefore, clinicians may decide on
a case-by-case basis to use a PAC if they feel benefit outweighs risk.
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Use on the Intensive Care Unit
Aorta

PAC

SVC
PA
LA
RA

LV
RV

Controversy has always surrounded the use of PACs on
Intensive Care Units (ICUs) and continues to do so.
A meta-analysis from 2005 [1] which included the major
randomized controlled trials (RCTs) to date showed no
benefit or harm from using PACs in critically ill patients.
A Cochrane Database review drew similar conclusions.
A further RCT since then (the Fluid and Catheter Treatment Trial – FACTT) also found no benefit in mortality
between patients managed with a PAC-guided treatment
algorithm compared to a Central Venous Catheter (CVC)guided algorithm. Additional post hoc analysis of the
PAC-man study again showed no advantage of PACs in
the ICU in further defined subsets of patients.

Arguments Against the Use of PACs on
Intensive Care
Pulmonary Artery Catheterization. Figure 1 Schematic
representation of the passage of a pulmonary artery catheter
through the right heart into the pulmonary arterial tree. PAC,
pulmonary artery catheter; SVC, superior vena cava; RA, right
atrium; RV, right ventricle; PA, pulmonary artery; LA, left
atrium; LV, left ventricle

Pulmonary Artery Catheterization. Table 1 Clinical scenarios where pulmonary artery catheterization may be indicated
Cardiac disease
Complicated myocardial infarction
Cardiac surgery (not routine cases)
Discordant right and left heart failure
Severe heart failure necessitating inotropic or vasoactive
treatment
Potentially reversible cardiomyopathies (e.g., peripartum)
Intracardiac shunts (should not be used in Eisenmenger’s
syndrome)
Pulmonary edema (differentiation between cardiogenic and
non-cardiogenic)
Pulmonary hypertension
Differential diagnosis of etiology
Response to therapy
Shock (allows evaluation of cause)
Cardiogenic
Hypovolemic
Distributive
Sepsis/Pseudosepsis
Transplant workup

Detractors highlight the lack of evidence of mortality
benefit and studies that suggest a trend to increased
morbidity [2, 3]. Indeed, there have been calls for
a moratorium on the use of PACs due to their lack of
benefit and potential to do harm. Morbidity is felt to
originate from complications due to insertion and maintenance, difficulty in obtaining accurate readings, and
incorrect application of findings. Other arguments against
PAC use include increased costs, increased burden of work
on already busy ICU staff, and the ability to derive similar
variables from other less-invasive devices (e.g., echocardiography and arterial pulse contour analysis). It has been
argued that PACs are used more for the convenience of the
clinician rather than the benefit of the patient. The use of
PACs on ICU is certainly decreasing [2], which detractors
believe is due to clinicians recognizing their lack of
efficacy.

Arguments for the Use of PACs on Intensive
Care [4]
Proponents argue that the PAC is a diagnostic and monitoring device and not a treatment in itself. No monitoring
or diagnostic tool has by itself been shown to improve
outcome (e.g., other cardiac output monitors, pulse oximetry, and arterial blood gases) yet this does not mean
they should not be used. Therefore, the observed lack
of efficacy may be due to incorrect acquisition and interpretation of data, incorrect application of accurate data,
or correctly applied but useless treatments based on
PAC findings. In terms of data acquisition and application, the argument goes that rather than abandoning
a potentially useful tool, more effort should be made to
reeducate clinicians in correct PAC use to enable them
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to correctly acquire, interpret, and utilize findings in individual patients.
Inadequacies in the evidence against PACs are
highlighted. Several RCTs only randomized patients in
whom the clinician was ambivalent about the benefit of
placing a PAC (including PAC-man and FACTT). For
ethical reasons, patients in whom the clinician felt a
PAC was definitely indicated were not randomized –
therefore a group with potentially the most to gain was
excluded from the studies. The FACTT study only introduced PACs 36 h after admission and PAC-man allowed
the use of another concomitant cardiac output measure. It
is argued that only one trial (FACTT) included a rational
treatment protocol based on PAC-derived data and that
this protocol contained inadequacies (e.g., did not involve
SuO2). Proponents argue that although a defined protocol
may be complex given the heterogeneous group of
patients involved, it should be attempted and subsequently compared to other goal-directed treatment protocols already in existence, some of which have shown
benefit [3].
There are other reasons beside lack of efficacy that may
explain the decrease in PAC use: better targeting of
patients, recognition that the PAC was overused (especially in the USA, possibly for financial reasons), and the
emergence of other technologies that provide similar data.
These alternatives can provide useful data, but only PACs
can provide true SuO2 and Ppao which, it is argued, are
essential for gold-standard assessment of cardiac adequacy
and pulmonary hemodynamics (e.g., differentiation of the
cause of pulmonary edema), respectively.
Proponents argue that the risks associated with PACs
are not significantly greater than those associated with any
central access and cost is negligible when compared to the
overall cost of an ICU episode.

Application
Insertion
PAC insertion is feasible via any major vein (including
antecubital). In practice, the subclavian and internal jugular approaches are by far the commonest with the left
subclavian or right internal jugular vein considered easiest
due to the natural curvature of the catheter. Guidance via
fluoroscopy or transesophageal echocardiography (if
appropriate) may be helpful in patients with abnormal
cardiac anatomy (e.g., dilated right-sided chambers,
severe tricuspid regurgitation) or if the antecubital or
femoral approach is used.
Strict adherence to infection control best practice is
essential. The catheter lumens are flushed and the
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transducer connected to the distal port connector to
enable visualization of the pressure waveforms to guide
placement. Once the guidewire is in the vessel, the dilator
is passed through the introducer sheath and these are
advanced together over the guidewire. The dilator and
wire are then simultaneously removed and the catheter
itself passed through the introducer. A flexible, sterile
sheath covers the catheter and connects to the hub of the
introducer to allow sterile advancement and withdrawal of
the catheter.
Once through the introducer, the balloon may be
inflated (usually 1.5 mL) and the catheter advanced.
Excessive resistance to balloon inflation suggests the tip
remains inside the introducer. No resistance indicates
a ruptured balloon and the catheter should be replaced.
Full inflation of the balloon shelters the catheter tip and
protects against injury during advancement. Similarly, the
balloon should be deflated when withdrawing.

Catheter Advancement and Waveforms
Catheter advancement is guided by the sequential pressure
waveforms encountered; central vein/right atrium (RA),
right ventricle, pulmonary artery, and pulmonary artery
occlusion (Fig. 2).

Central Venous/Right Atrial Pressure
Waveform
The RA trace consists of a positive a wave (atrial systole),
followed by the x descent (right atrial relaxation),
interrupted by a small positive c wave (tricuspid closure).
The positive v wave reflects ventricular systole plus passive
atrial filling during diastole and the y descent is caused by
the fall in RA pressure (PRA) during passive ventricular
filling after the opening of the tricuspid valve. Normal PRA
varies between 0 and 7 mmHg. There is a small delay
(80–100 ms) between the corresponding electrical events
of the ECG and the appearance of the pressure trace due to
the length of tubing involved.
Tricuspid regurgitation causes elevated PRA and tall
v waves due to reflux of blood during ventricular systole.
Atrial fibrillation causes loss of the a wave and atrial
flutter may produce sawtooth f waves. Atrioventricular
dissociation leads to giant (cannon) a waves, as the atrium
and ventricle contract against a closed tricuspid valve.
Pericardial disease and tamponade can result in raised
PRA which equalizes with RV end-diastolic pressure
(RVEDP) and Ppao.

Right Ventricle Pressure Waveform
The diastolic component consists of an early rapid filling
phase a late slow phase, and then an atrial systole (a in
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Pulmonary Artery Catheterization. Figure 2 Sequential waveforms seen during the advancement of a pulmonary artery
catheter and their relationship to a corresponding ECG. See text for explanation. ed, end diastole; s, systole; dn, dicrotic notch

Fig. 2). RVEDP (normal range 3–12 mmHg) is measured
after the a wave of atrial systole, just before the upstroke of
systole. Causes of increased RVEDP include tamponade,
cardiomyopathy, or ischemia/infarction. Normal RV
systolic pressure (RVSP) lies between 15 and 25 mmHg.
Increased RVSP results from pulmonary hypertension or
pulmonic stenosis (in which a gradient is demonstrable
from RV to PA).

Pulmonary Artery Pressure Waveform
The PA pressure waveform resembles the systemic arterial
pressure tracing albeit with lower values. The dicrotic
notch reflects closure of the pulmonary valve. Peak systolic
pressure usually lies between 15 and 25 mmHg and is seen
during the electrocardiographic T wave. Normal diastolic
pressure is between 8 and 15 mmHg. In practice, this
diastolic “step-up” between RV and PA is used to establish
when the pulmonary valve has been crossed. Placing the
patient left side down and using a steady motion to
advance the catheter may help to cross the pulmonary
valve.

Pulmonary Artery Occlusion Pressure (Ppao)
Waveform
Further advancement of the catheter results in the balloon
wedging in a smaller branch of the pulmonary arterial tree
that isolates the distal transducer from arterial pressures.
This is now sensing a continuous static column of blood
that meets flowing blood from the remainder of the pulmonary venous tree just prior to the left atrium. The

pressure changes in the flowing blood are transmitted
unchanged along the static column of blood to the transducer. With correct positioning (see caveats below), Ppao
therefore equals the pressure in the flowing blood at
its junction with the static column of blood (i.e., the
pressure just proximal to the LA) and the corresponding
waveform is therefore similar to that seen in the RA
(except that the c wave due to mitral valve closure is
rarely seen). The trace appears more damped than the
PA trace due to the increased compliance of the pulmonary vasculature surrounding the static column of
blood. The electromechanical delay is longer in this
instance due to the delay in transmission through the
column of blood from left atrium to transducer (the
peak of the v wave occurs after the T wave of the ECG
has finished – this is a useful check when there is doubt
over transducer position).
An increased a wave may be seen with mitral stenosis,
or any cause of decreased LV compliance that restricts
filling, such as ischemia, primary diastolic dysfunction,
or volume overload. An increased v wave may be caused
by mitral regurgitation, but the severity of regurgitation
cannot be inferred from the magnitude of the increase.
When the internal jugular or subclavian route is used,
approximate distances to the RA, RV, PA, and wedge are
15–20, 30, 40, and 50 cm, respectively. Advancement
much beyond these values with no change in trace (especially when trying to cross the pulmonary valve) may
indicate catheter coiling – the balloon should be deflated
and the catheter withdrawn.

Pulmonary Artery Catheterization

Once successfully wedged, the balloon should be
deflated and the PA trace should reappear. If it does not,
the catheter may be in too far risking vessel rupture with
repeated balloon inflation and it should be withdrawn
until the PA trace reappears. Correct placement shows
the PA trace with the balloon deflated and an occlusion
trace when the balloon is inflated with between 1.0 and
1.5 mL of air. The catheter should be secured in this
position and the length of insertion recorded in the notes.

Testing the System, Zeroing, and
Referencing
As discussed above, Ppao measures pressure just proximal
to the LA. The transducer should be placed at mid atrial
level to reference the catheter tip and transducer at the
same level. Even if the catheter tip lies above or below this
point, the pressure measurement still uses this level as
zero. By convention, pressures are measured against atmosphere, and opening the transducer or another three-way
tap to allow a fluid-air interface before zeroing establishes
this. The dynamic response should be tested by a square
wave test and damping adjusted as necessary.

Complications and Caveats
These may be divided into those associated with insertion,
those resulting from the catheter in situ, and those due to
obtaining and interpreting the data.

Insertion
All the usual complications of central venous access apply
including pneumothorax, hemorrhage, vascular damage,
damage to neighboring structures, etc. In addition, passage of the catheter may cause trauma to vessels or myocardial structures and result in thrombus formation with
its associated complications. Ensuring the balloon is fully
inflated during advancement and deflated during withdrawal reduces this likelihood. Rhythm disturbances do
occur as the catheter passes through the RA and RV. Most
are transient and self-limiting. Right bundle branch block
may occur in up to 5% of cases. If the patient has
preexisting left bundle branch block there is a risk of
complete heart block. This is usually self-limiting, but
pacing facilities should be on hand when catheterizing
a patient with left bundle branch block. Significant ventricular arrhythmias occur in up to 3% of patients.
Knotting of the catheter may occur if coiling occurs in
the RA or RV. As mentioned above, this can be avoided by
not advancing the catheter much beyond the expected
distance from insertion to the RV and PA without
obtaining the relevant change in trace. Diagnosis may be
assisted by transesophageal echocardiography when
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appropriate. Removal of a knotted catheter can usually
be managed transvenously (often with the aid of interventional radiology) although large knots may require
surgery.

In Situ
Inflation of the balloon in a small, distal pulmonary artery
can lead to arterial perforation and significant pulmonary
hemorrhage with a mortality of up to 30%. Predisposing
patient risk factors include increased age, pulmonary
hypertension, mitral valve disease, and anticoagulant therapy. Treatment usually necessitates an emergency thoracotomy. A smaller hemorrhage may be self-limiting and
form a pseudoaneurysm. Hemoptysis is usual and diagnosis is made by thoracic computed tomography with
contrast or pulmonary angiography (during which coiling
may be attempted to control the lesion). These
pseudoaneurysms are at risk of bleeding and a thoracotomy is often indicated. The above complications are
thankfully rare.
Prolonged wedging either due to catheter migration or
inadvertent balloon inflation may lead to localized infarction. Care should be taken to ensure the catheter is secured
at the correct insertion length, the balloon is deflated
unless a wedge pressure is being recorded, and the monitor
shows a PA trace. Position should also be checked on
incidental chest radiographs.
Thrombotic events, air emboli, and catheter-related
infections, including endocarditis have all been described
as a result of PA catheterization. In addition, sterile valvular vegetations have been described in up to 30% of
patients. PA catheter-associated infection rates do not
differ from other forms of central venous access.

Caveats in Obtaining Results and Their
Interpretation
Cardiac Output Measurements
PACs use the assumed Fick method of indicator
thermodilution to calculate cardiac output. Some catheters have integrated heating filaments and show continuous cardiac output measurements. Others require
a manual bolus of cooled saline to be introduced as the
“indicator” substance. A distal thermistor detects the temperature change and can plot a temperature–time curve.
The area under this curve is inversely proportional to the
flow rate in the pulmonary artery, which in the absence of
pathology, equals cardiac output. Intracardiac shunts
cause overestimation of cardiac output. Left to right
shunts increase right heart volume and dilute the injectate,
lowering the height of the temperature–time curve. Right
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to left shunts send cold injectate to the left heart, again
reducing the cooling of the pulmonary artery. Tricuspid
regurgitation will lead to an underestimation of cardiac
output due to blood refluxing into the vena cavae,
resulting in a prolonged washout albeit with a lower
peak (with the overall effect of increasing the total area
under the temperature–time curve).

S
yO2 Measurements
Blood may be sampled from the distal port and put through
a co-oximeter. Modern catheters use fiber optic reflectance
spectrophotometry to provide a continuous estimation of
SuO2. These need accurate calibration (in vitro or in vivo)
and provide a signal quality indicator to warn of catheter
tip malposition which may produce spurious results.

Pulmonary Artery Occlusion Pressure [5]
Of all PAC variables, Ppao is the most prone to errors of
measurement and interpretation.

Position of Catheter Tip
In order to obtain an accurate reflection of left atrial
pressure, there must be a continuous column of blood
between the transducer and left atrium. If the catheter
tip lies in West Zone 1 or 2 (Fig. 3), where alveolar pressure
exceeds pulmonary capillary pressure, this column of
blood may be interrupted resulting in the transducer sensing alveolar pressure rather than true occlusion pressure.
This is usually easily detectable at the bedside. The pulmonary vasculature senses pleural pressure (Ppl) as its
surrounding pressure, whereas the alveoli sense airway
pressure (Paw). Before balloon inflation, pulmonary artery
pressure varies in relation to changes in Ppl. After inflation,
if there is a patent column of blood, Ppao will also vary in
relation to changes in Ppl, so the amount of respiratory
variation seen will be similar. If the capillaries are occluded
by excess alveolar pressure, Ppao will instead vary in relation to changes in Paw. These are exaggerated compared to

Pulmonary Artery Occlusion Pressure Is Not
Pulmonary Capillary Pressure
As explained above, once the balloon is wedged, the
transducer pressure reflects pressure at the junction
between the static column of blood and flowing blood
just proximal to the LA. This is therefore effectively
a measure of distal venous pressure, not pulmonary capillary pressure.
This has implications for assessing the cause of pulmonary edema. For example in Acute Respiratory Distress
Syndrome (ARDS), pulmonary vascular obliteration may
occur, increasing pulmonary venous resistance meaning
there is a significant pressure gradient between capillary
pressure and venous pressure measured as Ppao. Thus, in
this case, despite apparently low Ppao there may still be
a hydrostatic component to any pulmonary edema.
Pulmonary capillary pressure can be estimated from
the pressure trace obtained just after balloon inflation.
Downstream pressure (measured by the transducer)
drops due to two separate exponential processes:
(1) flow from the occluded artery into capillaries across
an arterial resistance and (2) flow from the capillaries to
veins across a venous resistance. Plotting the log of the
pressures obtained during this period reveals a distinct
inflection point that reflects pulmonary capillary pressure.
This is usually about two-thirds of the value between
pulmonary artery diastolic pressure and Ppao, since twothirds of pulmonary vascular resistance occurs in the
arterial tree (but this may be altered by pathology, as
discussed above).

Zone 1

Zone 2

Zone 3

PA > Pa > Pc

Pa > PA > Pc

Pa > Pc > PA

Pulmonary Artery Catheterization. Figure 3 Lung zones
(after West). PA, alveolar pressure; Pa, pulmonary arterial
pressure; Pc, pulmonary capillary pressure. In Zone 1, no flow
occurs as PA >Pa, occluding flow. The distal PAC transducer
will sense PA. In Zone 2, Pa >PA >Pc. Some intermittent flow
may occur as fluctuations in Pa and PA transiently change
conditions to those of Zone 3, but PA still provides the majority
of resistance to flow and will be the major component
detected by the PAC transducer. In Zone 3, PA does not
interfere with the pressure recorded by the PAC transducer.
Changes in ventilation will alter the distribution of the zones
(e.g., hyperinflation will encourage a shift to more Zone 1
conditions)

Pulmonary Artery Catheterization

changes in pleural pressure (i.e., there is transpulmonary
pressure gradient during inspiration – Paw increases more
than Ppl), so much greater respiratory variation will be
seen in the Ppao trace. The catheter should be withdrawn to
the main PA and an attempt made to refloat into a Zone 3
vessel. Other clues to a non-Zone 3 position include
appearance at or above the level of the LA on a lateral
chest radiograph or an increase in Ppao of >50% of the
value of newly applied PEEP (due to the mechanisms
described above).

Effects of Ventilation
Since ventilation causes changes in Ppl and the pulmonary
vasculature reflects these changes, ventilation will affect
the value of any pressure measurement obtained. In order
to minimize the effects of ventilatory changes in Ppl on
pulmonary vascular pressures, it is traditional to measure
pressures at end expiration as a common point. This is easily
identified during settled spontaneous breathing (when pulmonary vascular pressures are at their highest) and synchronized IPPV (when pulmonary vascular pressures are at
their lowest). Assisted ventilation, ventilation dyssynchrony,
high respiratory rates, and the use of accessory expiratory
muscles may make identification of end expiration more
complicated. This is one of the primary reasons for
obtaining an inaccurate result for Ppao. Automated monitors usually average pressure values over time (typically
4 s). Manual selection of Ppao at end expiration should be
used to avoid inaccuracies introduced by this averaging.

Effect of PEEP
Hyperinflation due to either intrinsic or extrinsic PEEP
will increase Ppl, since changes in Paw are partially transmitted to the pleura. This will lead to an overestimation of
LV filling pressure as measured by Ppao (since the pulmonary vasculature senses Ppl as its surrounding pressure).
The degree to which Ppl increases with a set increase in
PEEP is unfortunately variable between patients and also
over time in the same patient due to differences in lung
and chest wall compliance. However, the clinical significance of PEEP induced changes is thought to be minimal,
since the measured Ppao is actually the effective filling
pressure under those conditions. A true transmural Ppao
may be estimated by subtracting half the PEEP from Ppao if
lung compliance is normal or one-quarter of the PEEP
value if lung compliance is reduced. Removing PEEP to
obtain a true transmural pressure is not advised since this
does not reflect usual conditions while the patient is on
PEEP and may lead to ventilatory instability. If a more
accurate measure of transmural pressure is required, this
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may be made by using a formula incorporating the ratio of
airway to pleural pressure changes during a breath [3].

Clinical Utilization of PAC-Derived
Measurements
Estimation of Global Cardiac Sufficiency
Proponents of PACs argue that only the PAC can provide
the data necessary for gold-standard assessment of overall
cardiac function, namely SuO2, cardiac output, and Ppao.
A proposed treatment algorithm based on SuO2 correction
has been suggested and is reproduced in Fig. 4. This allows
the assessment of the likely cause of cardiac insufficiency
and suggestions for its treatment. However, using SuO2 as
a measure of cardiac sufficiency is not without its complications and this algorithm, like others, has yet to be validated in clinical trials (due possibly to the heterogeneous
patient population in which PACs are used or the difficulties in gaining agreement between clinicians as to the best
approaches for fluid, vasoactive and inotropic support).
This algorithm does provide a commonsense approach to
interpreting PAC-derived data, but in general management should be based on a sound understanding of the
underlying physiology, ensuring accurate measurements
are taken and applying them correctly to that particular
patient at that particular time.

Differentiation of the Cause of Pulmonary
Edema
Increased pulmonary capillary pressures (hydrostatic),
increased capillary/alveolar permeability, or a combination of both may be responsible for pulmonary edema.
A Ppao greater than 18–20 mmHg supports a hydrostatic
cause. A lower Ppao does not, however, necessarily rule out
a hydrostatic cause: it may be that there was a previous
transient rise in capillary pressure and/or Ppao that
has now settled but the edema persists, or that capillary
pressure significantly exceeds Ppao (e.g., ARDS leading to
vascular obliteration, high-altitude pulmonary edema, or
veno-occlusive disease). Similarly, a Ppao greater than
20 mmHg does not guarantee hydrostatic pulmonary
edema, since PEEP and IPPV artificially increase Ppao,
measured relative to atmosphere and the true capillary to
alveolar gradient will be lower.

Pulmonary Vascular Resistance (PVR)
Pulmonary hypertension increases RVafterload and work and
may lead to RV failure and decreased cardiac output, especially if rapid in onset. Pulmonary hypertension may be due
to LV failure, lung hyperinflation, thromboembolic disease, or
changes in vasomotor tone. Overall, PVR is calculated by:
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Resuscitate to MAP >65 mmHg
Sv O2
Low (<70%)

Normal (≥ 70%)

Do nothing
SaO2
Low (< 95%)

Normal (≥ 95%)
(increased O2ER)

O2 therapy/
increase PEEP

Cardiac output

High (> 2.5 lmin–1m–2)

Low (< 2.5 lmin–1m–2)

Hemoglobin

Ppao

< 8 gdl–1
(stress, anxiety, pain
•
→ High V O2)

> 8 gdl–1
(anemia)

> 18 mmHg
(myocardial
dysfuntion)

Analgesia/
sedation

Blood
transfusion

Inotrope

< 18 mmHg
(hypovolemia)

Fluid
challenge

Pulmonary Artery Catheterization. Figure 4 Proposed algorithm for intervention based on PAC-derived data. (Reproduced
with permission from [3].) S
v O2, Mixed venous oxygen saturation; SaO2, Arterial oxygen saturation; O2ER, Oxygen extraction
_ 2, Oxygen consumption
ratio; Ppao, Pulmonary artery occlusion pressure; VO

PVR ¼

mean Ppa Ppao
Cardiac output

Usual values are 1.8–3.1 mmHgl1 min1 (or 150–250
dynes s cm5). A normal PVR suggests LV dysfunction is
the cause of any pulmonary hypertension, whereas a raised
PVR suggests pathology within the lung. However, PVR is
a blunt overall measure of resistance to flow, which does
not take into account regional variations or pathology.
The PAC tip when correctly positioned lies in Zone 3. If
the majority of lung is in Zone 2 conditions then airway
pressure (and not Ppao), is the effective downstream pressure so pulmonary vasodilators would not decrease pulmonary artery pressure. Measurement of the theoretical
pulmonary artery pressures at zero-flow by extrapolation
of CO may help – if this pressure is much above Ppao,
vasomotor tone is probably not the cause and hyperinflation is more likely.

Left Ventricular Preload
Adequate LV end-diastolic volume (LVEDV) is needed to
maintain LV stroke volume and cardiac output. Since
LVEDV is difficult to measure serially, Ppao is used as
a surrogate measure of LV filling and therefore a guide to
volume status. However, this is a crude tool at best. Ppao is
a measure of left atrial pressure and does not reflect the
late diastolic pressure increase in the LV due to atrial
contraction. Premature closure of the mitral valve due to
diastolic dysfunction or aortic incompetence may also
result in an LV end-diastolic pressure (LVEDP) higher
than Ppao. Even if Ppao were an accurate measure of
LVEDP, differences in LV compliance and/or pericardial
pressure between patients and in the same patient over the
matter of seconds mean that LVEDP correlates poorly with
LVEDV. For example, lung hyperinflation increases pericardial pressure and reduces LV diastolic compliance
meaning that LVEDV is underestimated by a normal Ppao.

Pulmonary Artery Occlusion Pressure

Ppao may be used in conjunction with cardiac index
(CI) to suggest causes of heart failure. A low CI with a high
Ppao suggests primary heart failure, whereas a low CI
with a low Ppao suggests hypovolemia. A high CI with
a high Ppao suggests volume overload and a high CI
with a low suggests sympathetic overdrive. The same
caveats in using Ppao to estimate LVEDV apply here.
In practice, although a Ppao of<10 mmHg suggests
underfilling and a Ppao of >18 mmHg suggests overfilling,
Ppao alone is not recommended to guide filling/fluid
responsiveness except at extreme values when the diagnosis is often obvious anyway.

Conclusions
The use of PACs in critically ill patients remains controversial.
The decision to introduce one must be made only after full
consideration of the potential benefits and risks. Clinicians
who use them must have a thorough understanding of the
underlying physiology and ensure derived data is accurate.

2.
3.
4.
5.
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Pulmonary Artery Floatation
Catheterization
▶ Pulmonary Artery Catheterization
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Pressure
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Definition
When the pulmonary artery catheter (PAC) floats to the
wedge position, the balloon, once inflated occludes forward flow to the pulmonary vasculature. Blood flow ceases
between the PAC tip and a junction point where pulmonary venous drainage to the atrium is interrupted (Fig. 1).
This creates a continuous column of blood that is static
from the catheter tip to pulmonary veins near the left
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Pulmonary Artery Occlusion Pressure. Figure 1 Position of pulmonary artery catheter (PAC) seen in the wedged position
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atrium. Theoretically resistance in these veins is negligible,
therefore the pressure at the catheter tip, the pulmonary
artery occlusion, or wedge pressure (PAOP) reflects pulmonary venous pressure and thus left atrial pressure
(LAP) [1]. Therefore, the PAOP measures the pressure
where blood flow resumes on the venous side of the
pulmonary circuit [2]. As long as the column of fluid
between the catheter tip and left atrium remains patent
the PAOP can be interpreted, however there are
limitations.

Characteristics
Wedge Pressure as Compared to Left Atrial
Pressure
As a surrogate for LAP, the PAOP waveform shares many
morphological features. Phasic a and v waves as well as x
and y descents are usually identifiable in the wedge pressure trace. However, due to the PAC tip and the left atrium
being separated by the pulmonary venous bed there is
a delay in the representation of the LAP (Fig. 2). As a result
of this delay, the PAOP a wave seems to follow the ECG R
wave in systole.
Not only is the PAOP a delayed representation of the
LAP but it is also a damped reflection due to the interposition of the pulmonary venous bed.

venous pressure (CVP) trace we notice that the CVP three
distinct peaks, the a, c, and v waves (Fig. 3). The c wave
is difficult to see in the normal PAOP waveform for
several reasons:
1. a and c waves are normally less prominent in the left
atrium than the right.
2. The interval between the onset of atrial and ventricular
contraction, which make up the a and c waves is
shorter on the left side of the heart than the right
side. Therefore, the left atrial c and a waves appear
almost superimposed and are sometimes referred to as
the a–c wave.
3. As previously mentioned, the PAOP is a damped
reflection of the LAP.
Therefore only two distictinctive waves, the a and v are
visible.

1s

R

T

P

Wedge Pressure as Compared with Right
Atrial Pressure (RAP)

ECG

The PAOP waveform has two prominent pressure
peaks: the a and v waves. When compared with a central
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Pulmonary Artery Occlusion Pressure. Figure 2 The
pulmonary artery wedge pressure/pulmonary artery occlusion
pressure (PAWP/PAOP) waveform, showing the two peaked (a
and v waves) waveform (Pictures courtesy of Jonathan Mark)

0

Pulmonary Artery Occlusion Pressure. Figure 3 The two
peaked waveform of the pulmonary artery occlusion pressure
(PAOP) trace is seen, compared to the three peaked trace of
the CVP

Pulmonary Artery Occlusion Pressure

Application of Wedge/Occlusion
Pressure
When the a and v waves are small in size the PAOP is
reported as one value, the mean pressure. Alternatively, if
the waves are prominent it is best to record three values: a,
v, and mean pressures. The wedge a wave peak pressure
reflects end-diastolic contraction and is the most accurate
predictor of left ventricular end-diastolic pressure in
patients with left ventricular dysfunction [3]. The magnitude of the wedge pressure v wave is often used to estimate
severity of mitral valve regurgitation [4]. Lastly, mean
PAOP measures mean LAP and therefore, the mean hydrostatic back pressure exerted on the pulmonary vasculature.
The terms pulmonary artery wedge/occlusion pressure
can be used interchangeably. Both refer to the measurement from the tip of the PA catheter, following balloon
inflation and flotation to the wedged position.
For the PAOP to accurately represent LAP it is essential
that the tip of the inflated catheter lies unobstructed
within the vessel lumen, and the inflated balloon must
completely interrupt forward blood flow within the
obstructed artery. Obstruction to flow at the catheter tip
can lead to “overwedging,” while failure of the balloon to
obstruct or seal the vessel results in partial or incomplete

P

PAOP. One can recognize overwedging by seeing
a progressive rise in pressure during balloon inflation
(the trace rises until it goes off the scale on the monitor).
This usually results from balloon trapping against the
vessel wall and is fixed by deflating the balloon, withdrawing the catheter 1–1.5 cm then attempting reinflation. An
incomplete tracing occurs when the inflated balloon does
not completely interrupt forward flow resulting in
a pressure that is intermediate between mean PAP and
PAOP (Fig. 4). As a result, PAOP will overestimate the
true value leading to a false indication of volume status of
the patient. Incomplete wedging often occurs in patients
with pulmonary hypertension where increased pulmonary
vascular resistance results in a marked increase in the
PADP–PAOP gradient. With pulmonary hypertension,
incomplete wedging should be suspected when the
PADP–PAOP gradient unexpectedly narrows [5]. Incomplete wedging can also result from a catheter that is too
proximal, corrected simply by further advancing the
catheter.

Respiratory Influences on PAOP
The PAOP is an intravascular pressure; however, it is the
transmural pressure that represents the distending
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Pulmonary Artery Occlusion Pressure. Figure 4 Comparison of complete and incomplete wedge recordings (Adapted from
Marini and Leatherman)
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pressure for cardiac filling. During normal breathing,
the lung returns to its relaxed volume at end expiration,
with the alveolar pressure being atmospheric and pleural
pressure slightly negative. The PAOP should therefore be
measured at end expiration. This is not always straightforward and a strip recording is preferable to a digital
recording in order to estimate end expiration more accurately [6].
Even when the PAOP is reliably recorded at end expiration, the measured value may overestimate transmural
pressure if the intrathoracic pressure is positive at that
point in the cycle. This may be as a result of applied
PEEP, auto PEEP, or increased intra-abdominal pressure.
Even though PEEP rarely interferes with the reliability of
PAOP as a measure of LAP, it does cause the PAOP to
overestimate the actual transmural pressure by increasing
pleural pressure at end expiration.

Clinical Uses of PAOP
One of the principal reasons for developing the PAC was to
assess a patient’s LV preload at the bedside [7]. There are
some assumptions that need to be made in order to assess
preload using the PAC.
1. PAOP must accurately reflect left ventricular enddiastolic pressure (LVEDP)
2. LVEDP must correlate well with left ventricular enddiastolic volume (LVEDV)
Generally PAOP closely approximates LVEDP; however, in mitral regurgitation or mitral stenosis there is an
overestimation of LVEDP.
In hypervolemia and diastolic dysfunction, there is
underestimation of LVEDP by the mean PAOP.
The most relevant application is the ability of the
catheter to predict a hemodynamic response to a fluid
challenge when the patient is hypotensive, oliguric, or
tachycardic. There are many studies that have examined
the utility of the PAOP in predicting fluid responsiveness
[8]. 7/9 studies found that PAOP was no different in
responders and nonresponders to fluid boluses. Studies
also demonstrated that while response to fluids was shown
as beneficial in PAOP<8 mmHg and not beneficial in
patients with PAOPs>18 mmHg, there was a gray line in
between with no ability to predict which patients would be
responders. This ability to predict behavior has led
intensivists to look for other measures of preload responsiveness that are dynamic rather than static in nature.
These include pulse pressure variation, stroke volume
variation, and thoracic bioimpedance.

Conclusions
The use of the PA catheter remains controversial. In
light of the many recent studies indicating no benefit
for use, its favor has certainly diminished. In determining cardiac output and systemic vascular resistance,
the catheter still finds ICU usage, however, for volume
status using PAOP seems to be becoming a monitor of
the past.
One major problem with PAOP remains the issue that
the practitioner who derives the value needs to be skilled
and understanding of the variables involved.
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Pulmonary Barotrauma
▶ Blast Injury

Pulmonary Edema

Pulmonary Contusion
JEFFREY JOHNSON
Denver Health Medical Center, University of Colorado
Denver, Denver, CO, USA

A Pulmonary contusion is a bruise of the lung. Three types
of forces produce this injury pattern. First, direct transmission of energy through the chest wall can bruise the
lung. This is most commonly seen in motor vehicle
crashes when a blow to the chest wall results in injury to
the underlying lung. Secondly, the lung can be bruised by
shearing forces, for example, when a high energy missile
passes through the lung parenchyma, there is a zone of
contusion around the tract of the missile. Thirdly, blast or
concussive injury can produce significant lung contusion
without obvious chest wall damage.
An isolated pulmonary contusion behaves similarly to
bruises in other parts of the body. The initial response is
edema and hemorrhage. This is followed by inflammation,
recruitment of cellular elements to the zone of injury, and
then by repair. There is so much physiologic reserve in the
normal lung, that this process by itself is generally benign,
unless it involves a substantial amount of parenchyma
(e.g., the majority of one lung or equivalent).
It must be kept in mind that pulmonary contusions
frequently do not occur in isolation. Many contusions
from motor vehicle crashes are accompanied by rib fractures, for example, and so the resultant dysfunction is
really a combination of the chest wall injury and the
pulmonary contusion. The quintessential example of this
pattern is the “flail chest” wherein a portion of the chest
wall is badly broken and has lost bony continuity from the
rest of the rib cage. An underlying pulmonary contusion
uniformly accompanies this injury pattern and therefore
contributes to the patient’s pulmonary dysfunction.
Furthermore, pulmonary contusions can be complicated by infection. Presumably, the alveoli flooded with
edema and blood provides a fertile ground for bacteria. In
the injured patient who may have aspirated at the time of
injury, or may have been transtracheally intubated in the
subsequent period, it is common for the contused zone to
be involved with bacterial pneumonia.
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In the presence of a chest wall injury, this rises to approximately 35%. After motor vehicle crashes, the highest risk
group is young patients with lateral impacts to the nearside compartment [1].

Diagnosis
An initial chest x-ray is diagnostic in patients with large
contusions. Smaller injuries may not become evident until
later – when swelling and inflammation occur. Computed
tomograms are much more sensitive for identifying contusion; however, it is unlikely that contusions seen only on
computed tomography (CT) will be clinically important
[2]. Furthermore, since treatment is entirely supportive, it
is not clear there is any cost benefit to routine CT of the
chest when contusion is suspected based on injury pattern.

Treatment/Outcomes
The clinical course follows a typical pattern. As the swelling and inflammation evolves, there is worsening of pulmonary compliance and gas exchange. This continues for
48–72 h after which improvement should be expected.
Some mild hemoptysis may be expected as hemorrhagic
secretions are cleared from the distal airways. No specific
therapy is recommended other than routine respiratory
care and mobilization, and standard indications for respiratory support should be used [3].

Cross Reference
▶ Flail Chest
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Pulmonary Edema

Epidemiology

The abnormal accumulation of water in the lungs.

Pulmonary contusion is detectable in approximately 20%
of patients evaluated after high energy blunt force injury.

▶ Extravascular Lung Water
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Pulmonary Embolism
GORAZD VOGA
Medical ICU, General Hospital Celje, Celje, Slovenia

Synonyms
Acute pulmonary embolism; Massive pulmonary
embolism; Pulmonary thromboembolism; Submassive
pulmonary embolism

Definition
Pulmonary embolism (PE) is defined as an obstruction of
pulmonary artery or one of its branches with different
kind of emboli (thromemboli, fat emboli, air emboli,
and tumor cells emboli) arising from distant parts of the
body. PE is usually caused by thromemboli from deep
venous thrombosis in the leg or pelvic veins. Other kinds
of emboli are rather uncommon, but should be considered
in specific situations. PE is a common disease with variable
and nonspecific clinical presentation and is one of the
most often missed diagnoses in clinical practice. The prevalence of the PE in the autopsy studies in hospitalized
patients ranges from 12% to 15%. PE is classified into
massive and non-massive PE according to its hemodynamic consequences, which are directly related to the
size and number of emboli and the preexisting cardiorespiratory status. Massive PE is defined as a PE with shock
or hypotension (systolic blood pressure <90 mm Hg or
sudden drop for >40 mm Hg) without other obvious
cause. All other forms of PE with normal right ventricular
(RV) function and no hemodynamic compromise are
defined as non-massive PE [1]. The term sub-massive PE
is frequently used to describe the patients with PE and RV
dysfunction without shock or hypotension [2].

Treatment
Treatment of PE should be started as soon as possible
because of high mortality in the first hours after initial
event. Appropriate and immediate treatment reduces
mortality to 2–8 %.
The first therapeutic measures should be focused to
the hemodynamic and respiratory stabilization of the
patient. Supplemental oxygen should be given to all
patients with hypoxemia and intubation with mechanical
ventilation is necessary in severe respiratory failure.
In patients with shock or hypotension, fluids are used
as a first-line treatment. They should be given with caution
and only with careful hemodynamic monitoring because
of possible worsening of RV ischemia and consecutive

deterioration of RV function. If a patient remains hypotensive after 500 to 1,000 mL saline, vasopressors should
be started. In general, norepinephrine or epinephrine is
preferred to dopamine. Dobutamine or levosimendan can
effectively improve RV contractility and are used usually
together with norepinephrine.
Anticoagulant therapy decreases mortality by
preventing recurrent PE and is the main therapy for PE.
It should be started immediately in all patients with confirmed PE and in those with high clinical suspicion for PE.
In patients with low clinical suspicion, the decision for
anticoagulation should be individual. In hemodynamic
stable patients low molecular weight heparin (LMWH) is
usually used, but fondaparinux can represent an equally
effective alternative. There is no evidence to prefer one of
the available LWMH (enoxaparin, tinzaparin, dalteparin,
nadroparin, ardeparin, and reviparin). Unfractioned heparin (UFH) is recommended in patients with renal failure,
hypotension, and problems with subcutaneous absorption. The anticoagulation effect of a given dose is more
predictive for LWMH than UFH. Monitoring of anti-Xa
levels is usually not necessary for LMWH, but monitoring
of activated partial thromboplastin time (aPTT) is mandatory for UFH dose adjustment. The dose should be
titrated to achieve the therapeutic range of aPTT (1.5 to
2.5 times the control).
Oral anticoagulation with warfarin is initiated immediately after heparin or fondaparinux is started. Both
drugs should be given together for at least 5 days and
until the International Normalized Ratio (INR) has been
within the therapeutic range (2.0 to 3.0) for at least 24 h.
The most important side effect of anticoagulant treatment is bleeding. Major bleeding occurs in less than 3% of
patients treated by LWMH, UFH, fondaparinux, and warfarin. If necessary, the anticoagulation effect of UFH,
LWMH, and warfarin can be at least partially reversed by
protamine sulfate or vitamin K and fresh frozen plasma,
respectively. Heparin induced thrombocytopenia is
a further complication of anticoagulant treatment, more
frequently caused by UFH.
Thrombolytic treatment allows more rapid resolution
of thromemboli and reduces mortality in a subgroup of
patients with severe hemodynamic compromise [1]. In
patients with massive PE, thrombolysis is associated with
improved hemodynamics (reversal of hypotension, rapid
decrease of pulmonary artery pressure, increased mixed
venous oxygen saturation, and cardiac output), recovery
of right ventricular function, and better pulmonary perfusion. However, in large clinical trials no beneficial effect
of thrombolysis compared to heparin has been shown, but
majority of trials lack criteria for PE severity [3].

Pulmonary Embolism

Therefore, the decision for thrombolysis should be made
individually in patients with confirmed PE and after careful consideration of hemodynamic consequences of PE,
certain other clinical circumstances (severe hypoxemia,
right ventricular dysfunction, and free-floating right
emboli in the right heart) and contraindications for
thrombolysis. Thrombolysis is the treatment of choice in
patients with PE, who require resuscitation and in patients
with shock and hypotension. The most difficult decision
between thrombolysis or heparin treatment is in hemodynamic stable patients with RV dilation (submassive PE).
According to some small trials and case reports, thrombolysis should be employed, but alternative treatment
with heparin and careful monitoring of hemodynamic
variables, RV function, and troponin as a marker of myocardial damage is probably equally effective. In the case of
persisting hemodynamic instability or worsening, heparin
treatment can be changed to thrombolysis.
Various thrombolytic agents and regimens have been
proposed, but systemic use of tissue plasminogen activator
(tPa), given in a short time through peripheral vein is
recommended. TPa (100 mg in 2 h intravenously) is
preferred against streptokinase, which can provoke allergic
reaction, anaphylaxis or hypotension, and urokinase,
which is the major activator of fibrinolysis in the extravascular compartment. Thrombolytic agents are given in
fixed doses and monitoring of coagulation during the
treatment is usually not necessary (exception is measuring
thrombin time during the treatment with streptokinase).
After thrombolysis is completed, aPTT is measured and
heparin is started without loading dose when aPTT is less
than twice of normal value.
The contraindications for thrombolysis are numerous
and are often related to the risk factors for thrombolysis
(immobilization, trauma, surgery, and recent cerebrovascular incident). Alternative methods for thrombus
removal in patients with contraindications for thrombolysis are catheter based technique (suction, rheolytic or
rotational embolectomy) or surgical embolectomy,
which are not widely available. Therefore, thrombolysis
is frequently given to the patients with severe hemodynamic compromise despite contraindications.
The most important side effect of thrombolysis
is intracranial bleeding, which occurs in up to 3% of
patients. If intracranial bleeding is suspected, thrombolysis should be immediately discontinued, followed by
brain computed tomography and neurological consultation. The risk of other major bleedings (site of invasive
procedures, gastrointestinal or retroperitoneal bleeding)
is also considerably increased, especially in patients
with persistent hypotension, use of catecholamines,
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malignancy, diabetes, mellitus, and elevated INR. Major
bleeding should be treated with manual compression at
the puncture site, blood transfusion, cryoprecipitate, and
fresh frozen plasma.
The duration of oral anticoagulant with warfarin
depends on the type of patient and reversibility of risk
factors for deep vein thrombosis (DVT). In patients with
first-episode PE and reversible risk factors (immobilization,
surgery, and trauma) anticoagulation should be continued
for at least 3 months, but should be prolonged in patients
with unprovoked PE without identified temporary risk
factors. Permanent warfarin anticoagulation is indicated
in patients with recurrent PE and persisting risk factors.
Insertion of inferior vena cava filters is indicated in
patients with absolute contraindication to therapeutic
anticoagulation and with recurrent proximal venous
thrombosis despite anticoagulation. Further, it should
be considered as a therapeutic alternative to oral
anticoagulation in patients with MPE and preexisting
chronic thromboembolic pulmonary hypertension, in
patients with poor cardiopulmonary condition, and with
a high risk for bleeding.

Evaluation/Assessment
The signs and symptoms of PE are, even in most severe
cases, often not specific and diagnosis is frequently missed.
Therefore, high index of suspicion is mandatory in order
to confirm the diagnosis of PE early and correctly. Different diagnostic algorithms and scoring systems have been
proposed to enable rapid identification of patients with
PE. Besides confirmation, the assessment of risk for massive PE is essential for proper therapeutic decision. Finally,
patients with PE should be closely monitored to detect
possible further deterioration or side effects of treatment.
Evaluation of patients with PE requires careful anamnesis, clinical observation, assessment of risk factors for
DVT, basic and specific laboratory tests, ECG and chest
X-ray, and imaging methods for PE confirmation (CT
angiography, lung scan, venous compression ultrasound,
echocardiography, and pulmonary artery angiography).

Clinical Manifestation
Patients present usually with distended neck veins, hypotension, tachypnea, tachycardia, hypoxemia, pulmonary
rales, signs of deep venous thrombosis, and pleural friction rub. Unfortunately, the signs and symptoms (Table 1)
are not specific for embolism. However, in the presence of
risk factors (Table 2), they should raise the suspicion to
pulmonary embolism.
Clinical approach should be therefore individual and
PE must be confirmed or excluded by appropriate method
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Pulmonary Embolism. Table 1 Symptoms and signs of pulmonary embolism (PE)
Symptom

Frequency (%) Sign

Frequency
(%)

Pulmonary Embolism. Table 2 Congenital and acquired risk
factors for deep vein thrombosis (DVT) and PE
DVT&PE risk factors – congenital
Antithrombin deficiency

Dyspnea

>70

Tachypnea

70

Dysfibrinogenemia

Pleuritic pain

50–60

Pulmonary
rales

50

Thrombomodulin

Cough

30–40

Tachycardia

30–40

Leg swelling

30

Atrial sound

30

Leg pain

30

DVT

30–50

Prothrombin 20210A mutation

<10

Protein C deficiency

Hyperhomocysteinemia

Hemoptysis

<20

Fever

Palpitations

10–20

Pleural sound <10

Anginal pain

<10

Anticardiolipin antibodies
Excessive PAI

Factor V Leiden
Plasminogen deficiency
Dysplasminogenemia
Protein S deficiency

in every patient in whom the disease is suspected. Pretest
clinical probability for PE can be determined using Wells’
criteria (Table 3).

Laboratory Tests
Routine laboratory findings are nonspecific for PE, but
important to exclude or confirm other diseases. Typical
changes in blood gas analysis (hypoxemia with
hypocapnia) are not always present and PE may be associated with almost every kind of changes in blood gases.
Serum troponin is elevated due to the myocardial
injury caused by acute RV overload in patients with massive and submassive PE. Troponin is important for risk
stratification, since patients with elevated troponin level
have worse prognosis.
Brain natriuretic peptide (BNP) is elevated in patients
with large PE and hemodynamic instability. Elevated
values correlate with the risk of subsequent complications
and prolonged hospitalization.
D-dimer (degradation product of cross-linked fibrin)
is elevated in PE, but also in many other conditions (DVT,
aortic dissection, sepsis, trauma, malignancy, recent surgery, and advanced age). It has high sensitivity (>90%),
but low specificity for PE, since D-dimer levels are normal
only in 40 to 68% of patients without PE. D-dimer level
<500 ng/mL is sufficient to exclude PE in patients with
a low or moderate pretest probability of PE and recurrent
PE in patients with prior venous thrombosis or PE.

Imaging Techniques
Imaging techniques are mandatory for definite diagnosis
of PE. Pulmonary artery angiography has high sensitivity
and specificity and is still considered as a reference
method. Nevertheless, the method is invasive and is

Factor XII deficiency
PE risk factors – acquired
Trauma/stroke
Surgery
Immobilization
Malignancy
Obesity
Heart failure
Age
Central venous lines
Chronic venous insufficiency
Smoking
Long distance travel
Pregnancy/puerperium
Oral contraceptives
Crohn’s disease
Nephrotic syndrome
Prosthetic surfaces
Blood hyperviscosity
Platelet abnormalities

related with 1% to 2% mortality and 5% morbidity,
mainly in patients with hemodynamic instability and pulmonary hypertension. Due to improvement and wide
availability of other methods it is used less frequently.
CT angiography (CTA) is increasingly used in patients
with suspected PE. Besides detection of PE, it enables
evaluation of RV enlargement, other possible pulmonary
diseases, and aortic dissection. CTA has high sensitivity
(>85%) and specificity (>90%), but its diagnostic
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Pulmonary Embolism. Table 3 Clinical decision rule for
suspected PE. PE is likely in patients with >4 points
Variable
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Pulmonary Embolism. Table 4 Echocardiographic signs of
acute right ventricular (RV) overload in patients with PE
Right ventricular dilatation and hypokinesia

Points

Symptoms and signs of DVT

3

Septal flattening and paradoxical motion

Alternative diagnosis lees likely
than PE

3

Tricuspid valve regurgitation >2.5 m/s

Heart rate >100/min

1.5

No inspiratory collapse of inferior vena cava

Recent immobilization or surgery

1.5

PA systolic velocity acceleration time <90 ms

Previous venous thrombembolism

1.5

Pulmonary artery dilatation >12 mm/m

Hemoptysis

1.5

Malignancy

1.5

specific and sensitive for detection of deep venous thrombosis only, but cannot exclude pulmonary embolism.

Prevention
accuracy depends on the pretest probability for PE, image
quality, and experience for the interpretation.
Ventilation/perfusion scan has the best diagnostic
accuracy in combination with clinical probability. Patients
with low clinical and ventilation/perfusion (V/Q) scan
probability for PE have less than 5% likelihood for PE
and patients with high clinical and V/Q scan probability
have more than 95% likelihood for PE. However, the
majority of patients with PE do not fit in these two
categories and diagnostic accuracy for clinical assessment
and V/Q scan vary from 16% to 86% and require
additional diagnostic workup [4].
Echocardiography should always be included in the
diagnostic workup of acute dyspnea and is commonly
performed diagnostic procedure in patients with
suspected PE. It is noninvasive and can be performed
at the bed side. It allows the assessment of RV overload
with dysfunction, dilatation or failure, regional wall
motion abnormalities, and tricuspid regurgitation with
estimation of pulmonary artery pressure. Furthermore,
thromemboli can be directly visualized in right heart or
pulmonary artery by transthoracic and transesophageal
echocardiography and other conditions (pericardial effusion with tamponade, left ventricular failure) can be
excluded. Echocardiographic signs of PE can be easily
recognized and are present in 30–40% of patients with
PE, mostly in patients with moderate or severe hemodynamic compromise (Table 4). They have important
impact on therapeutic decision.
In patients with clinical signs of DVT and/or elevated
D-dimer values, compression Doppler ultrasound should
be performed. Pulmonary emboli arise in 90% from lower
limbs and 50% of patients with proven pulmonary embolism have concomitant proximal deep venous thrombosis,
which cannot be always clinically detected. It must be
pointed out, that compression Doppler ultrasound is highly

DVT and PE are part of the same pathophysiological
process. The incidence of venous thromboembolism is
1/1,000/year and DVT is present in 70% of patients with
documented PE. Only in 20–30% DVT is clinically evident. Because of the silent nature of the disease, the real
incidence is underestimated. Unprevented thrombosis is
related to higher morbidity and costs of treatment and
also with potential mortality. Therefore, risk factors for
DVT/PE must be carefully evaluated and thromboprophylaxis should be used whenever it is possible. DVT
prevention is used in majority of surgical and medical
patients with increased risk for DVT and is associated
with reduced incidence of thrombotic complications.
Patients should be stratified according to the disease, and
type of surgery, risk factors, and institutional policy are
needed. Basically, UFH or LMWH is used with different
algorithms for different situations, but in some categories
of patients, warfarin or direct inhibitors of factor Xa or
thrombin are preferred. Bleeding complications can occur,
but are rarely severe. Beside anticoagulation, physical
measures with early rehabilitation, elastic stockings, and
intermittent pneumatic compressions are also effective.

Economical Aspects
Thromboprophylaxis is related with additional costs per
day, which outweighs reduced complication rate.
Thromboprophylaxis with LMWH represents a costeffective use of healthcare resources in majority of hospitalized patients and dominates thromboprophylaxis with
UHF [5]. Cost for the PE treatment differs according to
the severity of the disease and local prizes. Nevertheless,
for average patient with PE, costs for 5 additional days in
the hospital, 5 days of therapy with UFH or LMWH
infusions, IV catheters, tubing, pump, phlebotomy, laboratory tests, five additional office/outpatient visits, and
3 to 6 months of warfarin therapy must be considered.
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After-care

Definition

The patients without obvious risk factor for DVT/PE
should be carefully evaluated for the presence of congenital abnormalities. The duration of oral anticoagulant
treatment with warfarin depends on the type of patient
and reversibility of risk factors for DVT. Permanent warfarin anticoagulation is indicated in patients with recurrent PE and persisting risk factors. Patients should be
evaluated for the presence of pulmonary hypertension,
which is a rare condition in the absence of recurrent PE.

Modern ventilators employed in intensive care units
(ICUs) display in real time and breath-by-breath flow
(r), volume (V), and pressure (Paw) curves, both as
a function of time and as a loop. In patients undergoing
mechanical ventilation, measurements of respiratory
mechanics can be performed at the bedside in dynamic
(no flow interruption) or static (occlusion techniques)
conditions; from these it is also possible to derive the
values of pulmonary compliance and airway resistance.
Data obtained from curve analysis can help the physician
to understand the interactions between the patient and the
ventilator. The right interpretation of informations provided from modern ventilators allows real-time monitoring of the actual needs of the patient, ensuring a custom
ventilatory support and reducing the risk of complications
that can increase the mortality and prolong the ICU length
of stay [1].

Prognosis
Overall mortality in patients with PE 30% and can be
reduced to 2–8% by appropriate and immediate treatment. The 90 days mortality of patients with massive PE
is more than 50% compared to the 15% mortality of
patients with non-massive PE.
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Synonyms
Respiratory mechanics

Characteristics
The respiratory system is composed of the lungs and the
chest wall. Both structures are elastic and are able to
resume, after a modification, the original shape. This
coincides with the point of equilibrium of the system,
which is the result of the sum of the forces of expansion
(due to chest wall musculature contraction) with those of
retraction (due to the tendency of the lungs to collapse).
The alveolar pressure at the equilibrium is equal to zero
and correspond to the functional residual capacity (FRC),
that in the healthy subject, it is reached at the end of
a normal expiration. The elastic properties of the system
are described by the pressure–volume curve, which represents the behavior of the lung in the transition from FRC
to total lung capacity (TLC). The pressure–volume curve
has a sigmoid morphology, with a straight central segment
and two inflection points at the base and the top of the
curve, respectively. Tidal volume inflation usually characterizes the straight portion of the curve. In this section, the
slope is calculated from the ratio of the increase in volume
(V) and the corresponding increase in pressure (P) and is
called respiratory system compliance (Crs). Because at that
point the curve is comparable to a line, the Crs calculated
can be considered constant. The Crs is an index of lung
distensibility and is measured in L/cmH2O or mL/cmH2O.
Crs in the healthy subject, awake and upright, is approximately 100 mL/cmH2O. In the supine position, during
general anesthesia, it decreases to 85 mL/cmH2O as
a result of compression of the lung by overlying structures
and diaphragm. The value of respiratory system compliance changes in the following conditions: (a) chest
modifications (fibrosis, burns, obesity, and skeletal
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deformities), (b) pleural space pathologies (pleural effusion, hemo-, and pneumothorax), and (c) abdomen modifications (obesity, ascites, and postoperative ileus).
The reciprocal of compliance, or the ratio Paw/V, is
called elastance (E) of the respiratory system and expresses
the force required to stretch the lung.

Equation of Motion
In the respiratory system, the pressure that must be generated to move air in the system is equal to the sum of the
pressure wasted during the passage in the airways to overcome the resistive component of the system (Pres) and the
pressure required to distend the elastic component, that is
the lung parenchyma (Pel). Moreover, when the patient
needs ventilatory mechanical support, the total pressure
required (Prs) is equal to the sum of the pressure delivered
by the ventilator, measured at the patient’s mouth (Pao),
and the pressure generated by the patient’s muscles (Pmus):
Prs ¼ Pao þ ðPmusc Þ ¼ Pres þ Pel þ ðPmus Þ
When the contribute of the inspiratory muscles of
patients is poor or null, i.e., a paralyzed patient or
a patient that requires a high ventilatory support, we can
obtain the simplified equation of motion:
Prs ¼ Pres þ Pel þ k ¼ ðF  RÞ þ ðV=CÞ þ k
where (F  R) means the pressure lost throughout the
endotracheal tube and the airways to win the resistance
generated by the inspiratory flow, whereas the term (V/C)
represent the pressure needed to expand the lung parenchyma and depend both from the tidal volume (Vt) and
from the compliance of the respiratory system (Crs), i.e.,
the skill of the system to receive the volume inflated.
Finally, the term k represents the positive end-expiratory
pressure (PEEP) that can be self-generated at the end of
expiration.

Dynamic Conditions
Measurements of respiratory system can be obtained in
dynamic conditions, without flow interruption by means
of the least-square fitting (LSF) method. The individual
values of resistance (Rrs) and compliance (Crs) of the
respiratory system are obtained by inserting in the equation of motion the values of Pao, flow, and volume, provided by the ventilator time by time, and applying
a multiple linear regression (linear LSF); this allows to
derive the mean values of compliance and resistance of
the respiratory system using the numerical values derived
from repeated statistical operations performed on the
single breath. If there is a limitation of expiratory flow,
such as in chronic obstructive pulmonary disease (COPD)
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patients, it is appropriate to restrict the analysis at the
inspiratory phase alone, since it was shown that this condition significantly undermines the accuracy of the measurements of resistance and compliance, compared to
traditional (end-inspiratory occlusion). Since in volumecontrolled ventilation (VCV) the flow remain constant
during the whole inspiratory tract, the pressure–time
curve can be considered as a pressure–volume or elastance
curve; from the analysis of his shape and in absence of
patient’s inspiratory activity it can be possible to recognize
the hyperinflation of the lung, that lay it on the line of
barotrauma, and the alveolar recruitment phenomenon:
both requires an adjustment of the ventilatory parameters.

Static Conditions
In static conditions instead, the monitoring is provide by
the multiple occlusion technique and requires a square
flow waveform. If a pause is inserted at the end of the
inspiratory phase, it can be possible to distinguish, analyzing the pressure–time curve of the ventilator, the drop
in pressure due to the resistive forces from that due to the
elastic component of the respiratory system. The pressure–time curve takes a characteristic shape, with an
end-inspiratory peak (Ppeak) followed by a rapid drop
(P1), that precede a slow decay until the achievement of
the plateau pressure (P2, Pplat) (Fig. 1); if the endinspiratory pause is long enough to permit that both
lungs reach the equilibrium, the plateau pressure can be
assimilated to the alveolar pressure (Palv). The pressure
difference between Ppeak and P1 depends on the flow
and resistance variations of the endotracheal tube and
the airways, whereas P1  Pplat depends on the pendelluft
phenomenon, i.e., the shift of air from alveoli with
short time constant to alveoli with fast time constant,
and on the viscoelastic properties of the respiratory system. The analysis of the pressure–time curve can give
some useful information about the respiratory system:
the Ppeak can rise during bronchospasm episodes or presence of bronchial secretions and if a small endotracheal
tube size is used; a slow achievement of the Pplat suggests
the presence of a flow limitation disease, while failure
to achieve it denotes the presence of leaks in the respiratory circuit.
During pressure-controlled ventilation (PCV) it is
possible to measure the Pplat with the end-inspiratory
occlusion method, but of more relevance is the study of
the flow–time curve, while the flow is the variable that the
ventilator adapts breath-by-breath to the changes of the
respiratory system characteristics, so as to guarantee the
working pressure set. In fact, modifications of the compliance or resistance cause changes in the shape or in
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Pulmonary Function Tests at the Bedside. Figure 1 Postinspiratory occlusion is performed. Pmax is the peak airway pressure. P1
points to the end of the rapid postocclusion pressure drop. P2 points to the end of the slope pressure decay plateau

amplitude of the curve, which can be visualized on the
ventilator monitor.

Dynamic Hyperinflation
In physiologic conditions, at the end of expiration, the
lungs reach the functional residual capacity, but if a flow
limitation subsist, i.e., in COPD patients, the expiration is
interrupted by the next breath and therefore the endexpiration volume do not reach the CFR and remains
trapped into the alveoli, whereas it can be seen a continuous expiratory flow [2]. This phenomenon is called
dynamic hyperinflation (also note as auto-PEEP or
PEEPi) and also depends on the tidal volume, the expiratory time, the resistance, and the compliance of the respiratory system. This phenomenon could also present in the
absence of conditions limiting the expiratory flow like
high volume ventilation or increase in the resistance of
the ventilation circuit (i.e., presence of secretions in the
endotracheal tube with narrowing of the lumen) with the
consequence that the lungs do not have the time to reach
the functional residual capacity, which means that at the
end of expiration it is still possible to detect the presence of
an expiratory flow supported by the pressure gradient
between the alveoli and the atmosphere.
In paralyzed or well adapted to the ventilator patients,
undergoing mechanical ventilation, it is possible to recognize the existence of dynamic hyperinflation of the lungs
observing the flow and pressure curves at the end of
expiration (dynamic auto-PEEP). Whenever the endexpiratory flow did not reach zero, the respiratory system
is considered hyperinflated, i.e., the alveolar pressure is
greater than the atmospheric pressure or the PEEP
applied. The auto-PEEP can also be measured by inserting
an end-expiratory occlusion, and is called static autoPEEP. This is because the dynamic auto-PEEP reflects
the instantaneous pressure value of short time constant
lung units, while the longer time constant pulmonary
units are still being emptied. The occlusion maneuver
allows the lung units to equilibrate. Furthermore, to

avoid underestimation, the value of static compliance
should be measured correctly according to the presence
of auto-PEEP. The increase in volume due to the application of a PEEP or a condition of dynamic hyperinflation
can be measured by disconnecting the patient from the
ventilator or prolonging the expiratory time to allow the
patient to reach the FRC. Once reached the equilibrium,
the patient is reconnected to the ventilator and it can be
seen that the initial volume inspired will be greater than
the volume expired. In the absence of extrinsic PEEP, the
difference between the volume inspired and expired corresponds to the volume of air trapped into the lungs at the
end of expiration. If an extrinsic PEEP is applied, the endexpiration volume observed will be the result of the sum of
two components: the PEEP applied and the PEEP due to
dynamic hyperinflation.

Patient–Ventilator Asynchrony
Patient–ventilator synchrony represents a main goal in the
management of the mechanically ventilated patient in the
intensive care units (ICUs). It has been shown that up to
25% of ventilated patients exhibit problems of interaction
with the ventilator and that this may be associated with an
increased duration of ventilatory support. The correct
interpretation of the waveforms provided by the monitor
can help the physician to set properly the ventilator [3].
Two variables determine the breath delivery in
a modern positive pressure ventilator: the trigger and the
cycling-off variable. The first one determines the start of
the mechanical breath and can be pressure or flow regulated. With pressure triggering, the ventilator is able to
detect the drop in airway pressure generated by the inspiratory effort of the patient: if the effort is effective, i.e., the
reduction of pressure is equal to or above the threshold
value set by the machine (usually between 0.5 and 1
cmH2O), the ventilator delivers a breath. The erroneous
application of a pressure trigger (e.g., a too high value in
relation to the patient’s muscle strength) increases the
work of breathing and promotes patient–ventilator
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asynchrony: the consequence of this phenomenon is the
need for patient sedation, lengthening the weaning from
mechanical ventilation. When the physician reduces the
sensitivity of the pressure trigger (i.e., the patient must
generate more negative pressure to trigger the ventilator),
that inevitably increases the number of ineffective breaths:
they appear on the monitor like a negative deflections on
the pressure curve, which would not be followed by
a positive deflection in the volume curve, in other words,
the effort of the patient is not followed by the delivery of
a mechanical breath (Fig. 2).
With a flow trigger system, the ventilator provides into
the ventilation circuit a constant flow (bias flow), measured continuously at the inlet and at the outlet: when the
value of the bias flow in output is lower than that in entry
(and in the absence of leak in the system or when that is
compensated), it means that the patient has performed an
inspiratory effort and the ventilator then provides a breath
even before any change of pressure in the system. The flow
trigger decreases the inspiratory work, but, on the other
hand, promotes the phenomenon of self-triggering, i.e.,
incorrect triggering of breaths due to registration of
changes in flow, that are not attributable to a patient
inspiratory effort (e.g., leak in the circuit, water in the
circuit, and cardiogenic oscillations). Understanding the
mechanisms that regulate the ventilation with flow triggering is crucial during noninvasive ventilation through
a helmet or mask. The presence of leak in the system
requires that the bias flow is set higher in order to avoid
the phenomenon of self-triggering and to promote the
patient–ventilator synchrony, thus ensuring adherence to
the treatment.
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The cycling-off variable determines how the ventilator
terminates the inspiration. Usually, the criterion used in
patients without inspiratory efforts is time, whereas during assisted ventilation, flow or pressure was preferred.
When pressure is used, the ventilator opens the expiratory valve and begins the expiration when the airway
pressure increases above a predetermined threshold (usually 1–3 cmH2O), due to expiratory muscle contraction or
sudden relaxation of inspiratory muscles. On the contrary,
flow cycling-off occurs when inspiratory flow decrease to
a preset flow value (usually a percentage of the peak
inspiratory flow; 25–50%). Regardless of the type of
cycling-off criterion used, the end of mechanical inspiration should coincide with the end of neural inspiration,
but this synchrony is yet far to obtain. In fact, expiratory
asynchrony is common in ICU and occurs in two ways:
premature or delayed termination of mechanical inspiration. The first one occurs when the exhalation valve is
open when the neural inspiration is still ongoing; so the
flow wave did not reverse from inspiratory to expiratory
due to elastic recoil of the respiratory system, but remains
around the zero line, indicating that the inspiratory effort
goes on. In addition, if the remaining effort is sufficient to
meet the trigger set, that generates another mechanical
breath, leading to the phenomenon of double trigger. In
other way, the delayed opening of the exhalation valve can
be observed on the ventilator, when there is a rapid
decrease in the inspiratory flow toward the end of
mechanical inspiration. It should be noted, that, as said
before, if the premature expiratory effort increases the
pressure of the system above a predetermined threshold,
the exhalation valve opens and the expiration can start.
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Pulmonary Function Tests at the Bedside. Figure 2 Airway pressure and flow waves in a patient ventilated in pressuresupported mode. The double-headed arrow indicates an ineffective effort
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Vae/Vt
The advanced technology combination of airway flow
monitoring and mainstream capnography enables noninvasive breath-by-breath bedside calculation of CO2 elimination per breath, independent of set ventilatory
parameters. Carbon dioxide kinetics depends on three
factors: peripheral production, cardiac output, and alveolar ventilation. If catabolism is assumed constant, hemodynamic or alveolar ventilation modifications produce
typical volumetric capnographic curves. It is generally
known that all situations producing a decrease in lung
flow (pulmonary embolism, severe hemorrhage) affect
the capnographic wave, which decreases in width. This
phenomenon is due to the decrease in pulmonary blood
flow, alveolar ventilation being equal. In this situation, the
shape of phase III on volumetric capnograms (CO2–VT
curve, Fig. 3) does not vary except in width, and VCO2
elimination decreases. Lung pathologies globally interact
with CO2 washout, thus altering both convective and diffusive processes, as well as time, available cross section, and
intra-airway concentration gradient. Bronchial obstruction
makes regional alveolar ventilation inhomogeneous, thus
altering the normal V/Q ratio. This determines different
readings of CO2 alveolar pressure that are asynchronously
exhaled, changing the shape of the CO2–VT curve, with
a prevalent increase in the slope of phase III.

Physiologic dead space (Vdphys) is comprised of Vdaw
(instrumental and anatomic dead space) and Vdalv (alveolar) and it is usually reported in mechanical ventilation as
the portion of tidal volume (VT) or minute ventilation
that does not participate in gas exchange. Characteristic
features of acute lung injury are alveolar and capillary
endothelial cell injuries that result in alterations of pulmonary microcirculation. Consequently, adequate pulmonary
ventilation and blood flow across the lungs are compromised and Vdphys/VT increases. A high dead-space fraction represents an impaired ability to excrete CO2 due to
any kind of VA/QT mismatch and is independently associated with an increased risk of death in patients diagnosed with acute respiratory distress syndrome (ARDS).
Recently, a newest index, the fraction between alveolar
ejection volume and tidal volume (VAE/VT), was introduced by Blanch et al. Briefly, VCO2 plotted as a function
of expired volume originates a VCO2–VT curve; from this
curve, the last 50 points of every cycle were backextrapolated by least-square linear regression analysis
representing the ideal lung behavior. Assuming a fixed
amount of dead-space contamination of 5% (dead-space
allowance [DSA]), a straight line having its maximal value
at end expiration and slope of 0.95 (1-DSA) times that of
the ideal line is plotted. Alveolar ejection begins at the
intersection between the VCO2–VT curve and the linear
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Pulmonary Function Tests at the Bedside. Figure 3 Normal volumetric capnogram. The area under the curve represents the
effective alveolar ventilation
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regression. The volume between this point and end expiration is VAE and this is expressed as a fraction of expired
tidal volume. Lucangelo et al. demonstrate that VAE/VT
represents a valid prognostic value in acute respiratory
distress syndrome (ARDS) patients that is less dependent
on hemodynamic variations [4].
In conclusion, it is very difficult to propose a list of
essential derived variables that should be monitored during mechanical ventilation. The only variables of crucial
significance to the vast majority of patients are airway
pressure, flow, tidal volume, and minute ventilation,
whereas PEEP and mean airway pressure gain significance
in ARDS. Measurements of the work of breathing (WOB),
P 0.1, and esophageal pressure (Pes) should be reserved for
unusually difficult clinical questions and are not treated in
this entry. Incremental changes in the pressure–volume
relationship should be monitored whenever there are
adjustments in ventilatory pattern. Finally, the pressure–
time curve provides useful data regarding the synchrony of
patient–ventilator interactions [5].
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Definition
Pulmonary hypertension (PH) is defined as an increase in
mean pulmonary arterial pressure (mPAP)  25 mmHg
assessed with right cardiac catheterization (RHC) [1–4].

P

1897

The PH has been, in some cases, defined as moderate if
the mPAP is from 35 to 45 mmHg, and severe when the
mPAP is more than 45 mmHg [3].

Classification
PH is a hemodynamic and pathophysiological state that
can be found in multiple clinical conditions that have been
classified into six clinical groups with specific characteristics. The new clinical classification (derived from the Dana
Point meeting 2008) is shown in the Table 1 [4]. This
classification is a key to making an accurate diagnosis
and treatment guide. It is based on groups of diseases
causing PH which demonstrate similarities in clinical presentation, pathophysiology, and therapeutic options.

Evaluation/Assessment
Pathophysiology of Pulmonary Arterial
Hypertension: Links to Treatments
Different pathological features characterize the clinical
classification groups [4]. PH resulting from restricted
flow through the pulmonary arterial circulation leads to
pathological increases in pulmonary vascular resistance
(PVR), and ultimately to right heart failure. The predominant cause of increased PVR is the loss of vascular luminal
cross section due to vascular remodeling produced by
excessive cell proliferation and reduced rates of apoptosis
[3]. The luminal obliteration of pulmonary vascular bed
and the progressive vascular remodeling, inflammation,
and thrombosis involves proliferation of smooth muscle
cells, fibroblasts, and endothelial cells in the vessel wall. In
the severe forms of PH, the formation of a neointima is
observed forming concentric intimal lesions and abnormal endothelial cell proliferation results in the formation,
especially in precapillary pulmonary arterial hypertension
(PAH), of plexiform lesions [3].
A number of mediators and growth factors have been
shown to be involved in driving the cellular changes.
Endothelial dysfunction leads to changes in vasomotor
tone that impairs production of vasodilator and antiproliferative agents such as nitric oxide (NO) and prostacyclin,
along with over expression of vasoconstrictor and proliferative substances such as thromboxane A2 and
endothelin1 [2].
Right ventricular (RV) function is very sensitive to the
alteration of afterload. The response of RV to PVR elevation consisted in hypertrophy and dilatation, but the adequacy of this compensatory response (preservation of
stroke volume) is quite variable among individuals and
basal pathologies [3]. In isolated RV failure, pulmonary
capillary wedge pressure (PCWP) and left-sided filling
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Pulmonary Hypertension. Table 1 Updated clinical classification of pulmonary hypertension (Dana Point, 2008) [4]
1. Pulmonary arterial hypertension (PAH)
1.1 Idiopathic (IPAH)
1.2 Heritable (HPAH)
1.2.1 BMPR2
1.2.2 ALK1, endoglin (with or without hereditary
hemorrhagic telangiectasia)
1.2.3 Unknown
1.3 Drugs and toxins induced
1.4 Associated with (APAH)
1.4.1 Connective tissue diseases
1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.4.6 Chronic hemolytic anemia
1.5 Persistent pulmonary hypertension of the newborn
1a. Pulmonary veno-occlusive disease and/or
pulmonary capillary hemangiomatosis
2. Pulmonary hypertension due to left heart disease
2.1 Systolic dysfunction
2.2 Diastolic dysfunction
2.3 Valvular disease
3. Pulmonary hypertension due to lung diseases and/or
hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and
obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental abnormalities
4. Chronic thromboembolic pulmonary hypertension
5. PH with unclear and/or multifactorial mechanisms
5.1 Hematological disorders: myeloproliferative disorders,
splenectomy
5.2 Systemic disorders: sarcoidosis, pulmonary Langerhans
cell histiocytosis, lymphangioleiomyomatosis,
neurofibromatosis, vasculitis
5.3 Metabolic disorders: glycogen storage disease,
Gaucher’s disease, thyroid disorders
5.4 Others: tumoural obstruction, fibrosing mediastinitis,
chronic renal failure on dialysis

pressures are low, and pulmonary edema is absent.
Chronic RV failure, with longstanding elevation of central
venous pressures, can lead to atrial arrhythmias, peripheral edema, ascites, and congestive dysfunction of the liver,
kidneys, and gut. Persistent low cardiac output due to an

under filled left ventricular (LV) can precipitate classic
symptoms of exercise intolerance and end-organ
hypoperfusion. The clinical situation may be further exacerbated by impairment of LV function. LV diastolic filling
is reduced because of the increased right heart chamber
through the mechanism of ventricular interdependence in
which the heart is “constrained” by the pericardium, and
because the increase of right-sided pressures cause
interventricular septum shift on the LV cavity [5]. Systemic hypotension can cause a reduction in coronary
perfusion that further impairs RV and LV function. Hypoxemia from impaired ventilation, lung disease, and
reduced pulmonary blood flow can further depress
biventricular function leading to heart failure. In acute
setting (that is, massive pulmonary embolus with acute
cor pulmonale, post-cardiac transplant RV failure, and RV
failure following left ventricular assist device (LVAD)
implantation, acute pulmonary hypertension due to lung
disease (ARDS) or after lung surgery), hemodynamic
deterioration, heart-failure, and end-organ injury occur
rapidly [5].

Symptoms
In classification group 1, the principal symptoms of PAH
are nonspecific and the clinical signs subtle until patients
present with advanced disease. As a consequence, the
diagnosis is most readily made where a systematic
approach is taken to investigation, and high risk patients
are targeted with screening programs [2]. While breathlessness is the most common symptom, patients may also
present with chest pain, syncope, fatigue, weakness, and
abdominal distension. Frequently, there is a delay of up to
3 years between first symptom and diagnosis, and this
interval has remained the same over the last 10 years. In
PH of other classification groups, principal symptoms
depend on underlying disease. RV function is a major
determinant of functional capacity and prognosis in all
form of advanced PH. The precordial signs include clinical
signs of RV dysfunction. Jugular venous distension, hepatomegaly, peripheral edema, ascites, and cold extremities
characterize patients in a more advanced state with right
ventricular failure at rest; central cyanosis may also be
present. Ankle swelling occurs late in the natural history
of the disease [2]. The severity of the disease is assessed
according to a modification of the New York Heart Association (NYHA) functional classification [2].

Diagnosis
The first challenge to health service commissioners is to
ensure that all patients with pulmonary hypertension have
access to appropriate therapy as quickly as possible. Delay
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in making the diagnosis has the same consequences as
delay in those with cancer. Regrettably, “postcode prescribing” and its consequences still persist [2].
ECG, spirometry, and chest X-ray are useful tests to
diagnose underlying diseases.
Doppler echocardiography is the most useful noninvasive investigation and allows an estimate of pulmonary
arterial systolic pressure, but in some cases the echocardiographic diagnoses of PH were falsely positive. Echocardiography can be helpful in detecting the cause of
suspected or confirmed PH as cardiac disease, pulmonary
embolus, and pericardial effusion [3].
Computed tomographic scanning, pulmonary angiography, and cardiac magnetic resonance also provide useful
information on right ventricular and pulmonary artery
size, raising the possibility of PH which had not otherwise
been suspected.
Right heart catheterization is required to confirm the
diagnosis of PH, to assess the severity of the hemodynamic
impairment, and to test the vasoreactivity of the pulmonary circulation. Hemodynamic measured variables also
permit differential diagnosis of PH (Table 2) [4].

Treatment
The chronic therapy of PH patients is characterized by
a complex strategy which includes the evaluation of severity, supportive and general measures, the assessment of
vasoreactivity, the estimation of efficacy, and the combination of different drugs plus interventions [4]. Patients
with PAH who do not receive disease-targeted therapy
have a poor quality of life (QoL) and high mortality
at rates similar to many cancers [2]. Patients with no
PAH require optimization of therapies targeting their

Pulmonary Hypertension. Table 2 Hemodynamic definitions of pulmonary hypertension. Modified from [4]
Definition

Characteristics

PH

mPAP  25 mmHg

Precapillary PH mPAP  25 mmHg
WP  15 mmHg
CO normal
or reduced
Postcapillary
PH

mPAP  25 mmHg
WP > 15 mmHg
CO normal or
reduced

Classification
groups
All
1. Pulmonary arterial
hypertension
2. Left heart disease
3. Lung disease and
hypoxia
4. Chronic
thromboembolic
5. Unclear and/or
multifactorial

PH, pulmonary hypertension; WP, wedge pressure; CO, cardiac output;
mPAP, mean pulmonary pressure
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underlying disease state. However, it is uncommon that
with the disease advancing, pulmonary hypertension
reaches levels “out of proportion” to their underlying
disease.
Medical therapy that is able to improve hemodynamics, symptoms, QoL, and survival, includes:
Anticoagulation to reduce vascular thrombotic
lesions [2];
Oxygen: as hypoxemia is a potent pulmonary vasoconstrictor, most experts recommend oxygen supplementation to maintain oxygen saturation above 90% [3];
Diuretics are used for symptomatic management of RV
volume overload [2,3];
Digoxin may be beneficial in heart failure and a low
cardiac output, and in patients with atrial arrhythmias [3];
Arrhythmias management: atrial flutter and other
tachyarrhythmia are poorly tolerated and may present
with worsening heart failure, and require prompt restoration of sinus rhythm and prevention of recurrence.
b-blockers are poorly tolerated in PH [2];
High dose calcium channel blockers are beneficial in
a subset (<10%) of patients who demonstrate a positive
vasoreactivity response at RHC [3];
Pulmonary vasodilators act, distinctly, on different
pathways involved in the control of vasomotor tone (vasoconstriction/vasodilation) of pulmonary artery (Fig. 1):
1. Prostanoids are analogues of prostacyclin and include
epoprostenol, iloprost, and treprostinil. They must be
given by infusion or aerosolized for inhalation. Dosing
requires balancing symptom control with side effects
(including headache, flushing, nausea, vomiting, loose
bowel motions, jaw pain, and limb pain) and needs to
be managed on an individual basis [2,3];
2. Phosphodiesterase 5 (PDE 5) inhibitors. Only sildenafil
is available for use in PH. While sildenafil has been
licensed for use at 20 mg three times daily, longer term
survival data has been collected at 80 mg three times
daily [2];
3. Endothelin receptor antagonists (ERA). Bosentan,
a selective endothelin-1 ERA, and sitaxsentan, a selective endothelin-A ERA. Patients taking ERAs require
monthly liver function tests to monitor transaminases
which may rise and progress to liver failure unless
the dose is reduced or the drug discontinued [2].
In the event of worsening functional status and hemodynamics, the approach of combining different agents to
augment the clinical response has a strong rationale
and has already been widely adopted. The use of combinations of drugs acting on distinctly different pathways
involved in the disease (Fig. 1), to maximize clinical gain

P

1900

P

Pulmonary Hypertension

NO
ANP
BNP

Sildenafil

Receptor

PDE5

Guanylyl cyclase

GTP

cGMP

5′-GMP
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Pulmonary Hypertension. Figure 1 Pathophysiology of pulmonary hypertension and its relationship to treatment. ANP, atrial
natriuretic peptide; AMP, adenosine monophosphate; ATP, adenosine triphosphate; BNP, brain natriuretic peptide; ETR,
endothelin receptor; GMP, guanosine monophosphate; GTP, guanosine triphosphate; NO, nitric oxide; PDE, phosphodiesterase
inhibitors; VIP, vasoactive intestinal peptide

for patients with PH, is an emerging concept which has
gained acceptance.
The acute increasing in PVR with acute overloading of
the RV reduces the left ventricular compliance and stroke
volume. In this clinical condition, an aggressive management is often necessary, consisting of rapid diagnosis
(generally bedside with echocardiography and RHC);
administration of pulmonary vasodilators, inotropes,
and vasopressors to support systemic arterial pressure to
maintain coronary perfusion of both ventricles. Sodium
nitroprusside, nitroglycerin, prostaglandin E1 (PGE1), and
prostacyclin (PGI2) administration are all pulmonary
vasodilators used in this setting. Sodium nitroprusside
and nitroglycerin are the less selective pulmonary drugs
causing frequent systemic hypotension. Prostaglandins
(PG) increases cardiac output by decreasing RV afterload
and postcapillary vasoconstriction in the lung, decreasing
microvascular pressure and lung edema formation.

PGE1 causes a more selective pulmonary vasodilation
than PGI2 (prostacyclin), because it is almost all
deactivated (80–90%) during the first passage through
pulmonary circulation, but it is less powerful and so less
used. All intravenously administered pulmonary vasodilators worsen oxygenation because of the increase of the
intrapulmonary shunt and lead to systemic hypotension.
These effects are more evident in acute setting when
higher dose of pulmonary vasodilators are necessary.
Inhaled, short lived drugs administration restricts the
vasodilator action to the perfuse pulmonary vessels in
well-ventilated areas decreasing pulmonary hypertension
and reducing ventilation/perfusing mismatching. Inhaled
nitric oxide (iNO) reduces pulmonary vascular resistance
and increases right ventricular performance and arterial
oxygenation. Both NO, PGE1 and PGI2 when inhaled are
potent. They have selective pulmonary vasodilating effect
with improved arterial oxygenation. Inhaled aerosolized
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prostacyclin (IAP) or inhaled iloprost seems to be as effective as iNO in treating primary or secondary pulmonary
hypertension showing similar beneficial effect on right ventricular performance. Oral sildenafil 20–80 mg three times/
day via nasal-gastric tube was successfully used to reduce
pulmonary hypertension and to increase contractility.
To optimize myocardial oxygen-demand-supply balance, an aggressive treatment to prevent ischemia should
be done: it is necessary to maintain heart rate and/or
restore atriventricular synchrony. Inotropes including epinephrine, milrinone, or dobutamine could cause
tachyarrthmias and systemic hypotension [5]. Often systemic vasopressors (norepinephrine, phenylephrine) are
necessary to maintain coronary perfusion. Levosimendan
seems to better improve RV function, but other studies are
necessary to verify its efficacy. Oxygen administration
decreases PVR and increases organ oxygen delivery. In
same circumstances to maintain oxygenation, mechanical
ventilation is necessary. Positive pressure ventilation can
decrease RV filling, increase pulmonary hypertension, and
right ventricular afterload impairing ventricular output.
When medical therapy fails, invasive treatments can be
an option if indicated:
1. RV assisted device: temporary RV support from femoral venoarterial extracorporeal membrane oxygenation (ECMO) can be applied. It can be used also as
a bridge to transplantation;
2. Atrial septostomy: right to left inter-atrial shunt that
decreases right heart filling pressures;
3. Pulmonary thromboendarterectomy: in case of
thromboembolic diseases.
4. Lung or heart-lung transplantation.

Prognosis
Prognosis is significantly affected by the etiology of PH.
The WHO functional class (WHO-FC) remains a powerful
predictor of survival. In untreated patients with idiopathic
PH or heritable PH, historical data showed a median survival of 6 months for WHO-FC IV, 2.5 years for WHO-FC
III, and 6 years for WHO-FC I and II. Extremes of age
(<14 years or >65 years), poor exercise capacity as measured by 6-min walk test or cardiopulmonary exercise test,
high right atrial pressure, significant RV dysfunction, evidence of RV failure, low cardiac index, elevated brain natriuretic peptide, and underlying diagnosis of scleroderma
spectrum of diseases are associated with worse outcome
[3]. The acute manifestations of pulmonary hypertension
show often severe hemodynamic and/or oxygenation
impairment that lead rapidly to death without a prompt
and correct diagnosis. On the contrary, an early and

P

1901

“aggressive” approach and therapy of the PH permits, in
some cases, to stabilize the clinical conditions and to resolve
the baseline disease or to convert it to a chronic form.
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Definition
Elevated right ventricular or pulmonary arterial pressures
leading to right heart failure.

Characteristics
There are a broad number of conditions that lead to
pulmonary hypertension in children and they can be categorized into four groups.

Large Left-to-right Shunt
Chronic pulmonary over circulation leads to pulmonary
arteriolar changes with vessel thickening and worsening of
right-sided pressures. Infants or children following repair
of large ventricular septal defect (VSD) or artrioventricular septal defect (AVSD) can be at risk of postoperative pulmonary hypertension.
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Alveolar Hypoxia
Various causes of parenchymal disease – severe asthma,
interstitial lung disease, and cystic fibrosis – lead to
accompanying pulmonary vascular disease. Pulmonary
embolus is not a frequent diagnosis in pediatrics, but is
increasingly recognized in infants and children as well as
pubertal patients where it is seen somewhat more often.

Pulmonary Infections in the
Immunocompromised Host
MEHUL PATEL, COLEMAN ROTSTEIN
Division of Infectious Diseases, Department of Medicine,
University of Toronto and University Health Network,
Toronto, ON, Canada

Pulmonary Venous Hypertension
Anomalous return of pulmonary venous circulation
(TAPVR) results in elevated left atrial pressures and pulmonary venous congestion. Infants following repair of
TAPVR are at risk of postoperative pulmonary
hypertension.

Synonyms

Primary Pulmonary Hypertension

Antimicrobial therapy = antibacterial, antifungal,
antiviral and antiparasitic therapy; Hospital-acquired
pneumonia = nosocomial pneumonia; Immunocompromised patient = immunosuppressed patient; Pulmonary
infections = respiratory tract infections

Idiopathic occurrence of elevated right-sided pressures
occurs rarely.

Definition

Management
In the operative setting for congenital cardiac disease, an
institutional approach to earlier operation in those with
large ventricular septal defect (VSD) or (AVSD) has led to
a reduction in severity and frequency of pulmonary hypertensive events. Postoperative monitoring of the pulmonary
artery pressure via a transthoracic line provides precise
monitoring and guides therapy. Ideally, the patient should
be minimally disturbed and initially well sedated and muscle relaxed. Generous oxygenation, normal ventilation, and
a restricted fluid regime will optimize the postoperative
period. Fentanyl, midazolam, and vecuronium are the preferred agents to maintain stability and nitric oxide or
sildenafil need to be used when conventional measures
are inadequate. Sildenafil can be of particular use in the
weaning of nitric oxide. Pulmonary hypertensive crises
may require increases in nitric oxide, oxygen, ventilation,
sedation, muscle relaxation, inotropes, or external cardiac
compressions depending upon their severity.
In the nonoperative setting once a diagnosis has been
confirmed and precipitating conditions attended to –
home oxygen, sildenafil, bosentan, and anticoagulation
with warfarin are all therapeutic options.

Respiratory tract infections are among the most common
infections affecting Intensive Care Unit (ICU) patients.
They pose a significant threat to the well being and
survival of immunocompromised patients who lack
defense mechanisms against pathogens that would otherwise not impact on the welfare of an immunocompetent
individual. There are four important defense mechanisms
pivotal to these patients: innate immunity, acquired
immunity, normal microbial flora, and the acute phase
response [1]. A breech in any of these defenses predisposes
the host to serious bacterial, viral, fungal, or parasitic
infections since the lungs are readily open to the external
environment.
When it comes to identifying and treating infections
in the immunocompromised host, a physician’s task is
complicated as the signs and symptoms are not only
nonspecific, but in many cases diminished [2]. In addition, routine diagnostic tests may neither be sensitive nor
specific. Herein, we will discuss predisposing factors, diagnosis, and treatment related to pulmonary infections in
immunocompromised patients in the ICU.

Factors Contributing to the
Immunocompromised State
Dysfunction in the Innate Immune Process

Pulmonary Infections =
Respiratory Tract Infections
▶ Pulmonary Infections in the Immunocompromised
Host

Innate immunity is a key first-line defense mechanism
that may be compromised. It is composed of several
components that act immediately in the initial stages
of the immune response to prevent infections. These
components include physical barriers, soluble and cell
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membrane proteins, the complement pathways, and
phagocytic cells [3].
Breakdown in Physical Barriers

Respiratory cilia present an important first barrier to
invading organisms. Many bacteria cannot bypass the
functional characteristics of the respiratory cilia. However,
this barrier may malfunction in patients with burns or
certain diseases such as cystic fibrosis [1, 3].
Soluble and Cell Membrane Proteins

The mucosal secretions of the respiratory tract consist
of specific antimicrobial and opsonizing molecules (lysozymes, lactoferrin, leukoproteases inhibitors, and patternrecognition receptors) that play protective roles against
harmful fungi [3]. Any disruption in these defenses will
lead to rapid replication of microorganisms particularly if
they are able to bypass the mucosal epithelial barrier.
Complement Pathways and Phagocytic Cells

The three major complement pathways (classical, alternative and lectin) are made of specific proteins that when
activated in a sequential process, lead to opsonization and
lysis of foreign particles. In addition, they recruit highly
specialized phagocytic cells (neutrophils, monocytes, and
macrophages) to the site of injury. Neutrophils are the first
cells to arrive at the site of infection and degranulate to
effect microbial killing. In the neutropenic state, patients
become highly susceptible to bacterial pathogens that may
have colonized the respiratory tract and invasive fungal
infections, like Aspergillus, Candida, Mucorales, Fusarium,
Scedosporium, and Trichosporon species due to ineffectual
phagocytic killing [3].

Dysfunction in Acquired Immunity
Acquired immunity is a sophisticated process in terms of
microbial killing. In addition to being able to identify
millions of pathogens, this system has a specific memory
response that lasts a lifetime should it reencounter the
same pathogen again. Two key components of acquired
immunity are the humoral and cell-mediated immune
processes that provide immunity through contact with
antigens that the body recognizes as foreign. Humoral
immunity is expressed by B lymphocytes encountering
a foreign antigen in the peripheral lymphoid tissues.
They proliferate with the help of CD4+ helper
T lymphocytes and undergo clonal expansion and produce specialized antibodies. These antibody-producing
cells in addition to processing the antigen, form memory
cells [3]. For example, in chronic lymphocytic leukemia
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(B cell leukemia) abnormal production in immunoglobulin
occurs predisposing the host to pulmonary infections. In
contrast, in cell-mediated immunity, T lymphocytes
undergo proliferation and clonal expansion when they
encounter an antigen presented cell at a receptor site.
This process is more aggressive in destroying foreign antigens [3]. Clinical situations in which T-cell function is
compromised can lead to severe cell-mediated immunosuppression; thus, enhancing the risk of infection. For
example, in Hodgkin’s lymphoma, there is excess production of suppressor T cells, which reduces the amount of
functional killer T lymphocytes.

Alterations to the Normal Microbial Flora
and the Acute Phase Response
Normal microbial flora found throughout the body, serve
an important function in infection prevention [1]. These
flora compete with foreign organisms for nutrients and
receptor recognition. Patients who are on antibiotic therapy are more susceptible to infections as their normal flora
is altered. In addition, the acute phase response is a type of
innate immune defense mechanism that becomes activated during acute injury and consists of specific hematological proteins (C-reactive protein and mannose-binding
protein) that recognize invading pathogens during the
early stages of the infective process and produce for their
clearance [1].

Treatment
Neutropenia
Patients with febrile neutropenia are at a higher risk of
developing pneumonia. Organisms such as Enterobacteriaceae, Pseudomonas aeruginosa, Staphylococcus aureus,
Candida, and Aspergillus may cause localized pneumonia,
while diffuse pneumonias are more likely caused by opportunistic organisms such as Pneumocystis jiroveci, cytomegalovirus (CMV), and Legionella, as well as Candida and
Aspergillus once more. Treatment with broad-spectrum
antibiotics should always be employed. With the increased
risk of invasive fungal infections as seen in patients with
profound neutropenia of >10 days duration, adding antifungal coverage is prudent [1]. Table 1 outlines the specific
treatment for the pathogens discussed.

B-Cell Defects
Patients with diseases of B-cell dysfunction like multiple
myeloma are more likely to develop pneumonia with
encapsulated organisms (Streptococcus pneumoniae,
Haemophilus influenzae, and S. aureus), gram-negative

P

1904

P

Pulmonary Infections in the Immunocompromised Host

Pulmonary Infections in the Immunocompromised Host. Table 1 Antimicrobial therapy for specific pathogens causing
pneumonia in immunocompromised patients
Medications

Organisms
Gram positive bacteria

Gram negative bacteria

Mycobacteria

Fungi

Virus

Parasites

Streptococcus pneumoniae PCN sensitive

PCN, Ceftriaxone, Clindamycin, Amoxicillin/
Clavulanic Acid

Staphylococcus aureus

PCN resistant

Vancomycin, Linezolid

MSSA

Cloxacillin, Cefazolin, Clindamycin,
Fluoroquinolones, Linezolid

MRSA

Vancomycin, Linezolid, TMP-SMX, Tigecycline,
Clindamycin

Nocardia

TMP-SMX, Carbapenems, Linezolid

Haemophilus influenzae

Second or third generation Cephalosporins,
Fluoroquinolones, Macrolides, Piperacillintazobactam

Escherichai coli

First, second or third generation Cephalosporins,
Fluoroquinolones, TMP-SMX

Klebsiella

Carbapenems, Fluroquinolones, third generation
Cephalosporins (for non-ESBL)

Pseudomonas aeruginosa

Piperacillin-tazobactam, Ceftazadime, Cefepime,
Carbapenems, Fluroquinolones, Aminoglycosides

Acinetobacter

Carbapenems, Fluroquinolones, Tigecycline

Stenotrophomonas

TMP-SMX, Fluroquinolones

Tuberculosis

Isoniazid, Rifampin, Pyrazinamide, Ethambutol,
Moxifloxacin

Non-tuberculosis

Rifabutin, Ethambutol, Azithromycin, Clarithromycin

Candida

Fluconazole, Micafungin, Caspofungin,
Anidulafungin, Amphotericin B compounds

Aspergillus

Voriconazole, Amphotericin B compounds,
Posaconazole

Zygomycetes

Amphotericin B compounds, Posaconazole

Fusarium

Amphotericin B compounds, Voriconazole

Cryptococcus

Amphotericin B compounds, Flucytosine,
Fluconazole

Pneumocystis jiroveci

TMP-SMX, Pentamidine, Atovaquone

Herpes Simplex Virus

Acyclovir

CMV

Ganciclovir, Foscarnet

Influenza

Amantadine, Oseltamivir, Zanamivir

Toxoplasma

Pyrimethamine + Trisulfapyrimidines

Strongyloides

Thiabendazole, Ivermectin

PCN: Penicillin; TMP-SMX: Trimethoprim-sulfamethoxazole; MSSA: methicillin-sensitive Staphylococcus aureus; MRSA: methicillin-resistant Staphylococcus aureus; ESBL; extended-spectrum beta-lactamases

organisms, and atypical organisms (Mycoplasma and
Legionella) [1]. Treatments with third-generation cephalosporins with a macrolide (to cover Chlamydia,
Legionella, and Mycoplasma) or fluoroquinolones are preferred regimens.

Cell-Mediated Defects
Patients with cell-mediated defect are more susceptible
to pulmonary infections with Legionella, Nocardia,
Mycobacteria viruses (CMV), and P. jiroveci as well as
the usual respiratory pathogens (S. pneumoniae and
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Enterobacteriaceae). Therapy could include trimethoprimsulfamethoxazole with a fluoroquinolone or a macrolide [1].

Solid Tumors
In patients with solid tumors, specifically lung cancer
patients, pneumonia caused by gram-positive cocci
(S. aureus and S. pneumoniae) and gram-negative bacilli
is common. Treatment would consist of ceftriaxone with
an aminoglycoside, a fluoroquinolone (levofloxacin or
moxifloxacin), or a beta-lactam/beta-lactamase inhibitor
(piperacillin-tazobactam) [1].

Solid Organ Transplants
In solid organ transplant recipients, particularly those
with lung transplantation, there is a higher risk of infection due to resistant gram-negative bacteria, Aspergillus
species, or non-tuberculous Mycobacteria [2]. Broadspectrum coverage such as a beta-lactam/beta-lactamase
inhibitor (piperacillin-tazobactam) or a broad-spectrum
carbapenem (imipenem or meropenem) in combination
with a fluoroquinolone to cover gram-positive and gramnegative organisms as well as antifungal coverage should
be employed. Trimethoprim-sulfamethoxazole is also
added to the regimen to prevent pneumonia due to
P. jiroveci and other infections including Nocardia and
Toxoplasma if it has not been used prophylactically.
Patients with sulfa allergies may use dapsone, atovaquone,
and pentamidine; however, the efficacy may be limited.
Attention should also be given to patients at risk for
methicillin-resistant S. aureus (MRSA). These syndromes
with the corresponding empiric therapies are listed in
Table 2.

Epidemiology
The net state of immunosuppression takes into account all
factors that are involved in producing pulmonary infections and how they interact with each other [2]. In most
diseased states, multiple factors lead to the net state of
immunosuppression, for example, allogeneic hematopoietic stem cell transplantation where neutropenia, T-cell,
and B-cell dysfunction may coexist due to the conditioning regimen and radiation.
In terms of epidemiology, pulmonary infections can
be grouped into two major categories: hospital-acquired
and community-acquired infections.

Hospital-Acquired Infections
Nosocomial infections leading to pneumonia in the
immunocompromised host are usually caused by colonizing or resident organisms, be they bacteria, mycobacteria,
fungi, viruses (CMV), or parasites. Colonization from air-

P

1905

borne contamination such as Aspergillus species,
Legionella pneumophilia, and influenza (e.g., H1N1) or
contact with organisms such as MRSA, multiresistant
P. aeruginosa, etc. is common because the lungs communicate with the outside world [1, 4]. Nosocomial infections can also be propagated when patients are
transported within the hospital when going for
procedures [4].

Community-Acquired Infections
Pathogens that would otherwise cause mild illness in
healthy individuals, may lead to severe infections in the
immunocompromised host. Organisms like Mycobacteria,
Nocardia, or Histoplasma can colonize the pulmonary
system and remain latent. Subsequently, they reactivate
during the immunocompromised period and lead to dissemination [4].
Viral infections are also a great concern for the immunocompromised host. These include, CMV, and other
community-acquired respiratory viruses (influenza virus,
parainfluenza virus, respiratory syncytial virus, rhinoviruses, coronaviruses, and adenoviruses) [4]. In general,
compared to the healthy individuals, immunocompromised patients have a greater risk of community-acquired
bacterial, viral, and fungal pneumonias, and the course of
the disease process is also prolonged.

Evaluation and Assessment
An adequate history to include recent travel and contact
with animals and a physical examination are essential.
Thereafter, specific diagnostic tests such as microbiological culturing techniques (blood and sputum cultures),
serological testing (e.g., cryptococcal antigen), surrogate
assays of galactomannan and beta-glucan, radiographic
imaging, bronchoscopy, and lung biopsies are necessary.

Microbiologic Testing
Sputum samples for Gram stain and other special stains as
well as cultures are initially preferred as they are relatively
easy to obtain and inexpensive. They are helpful in identifying bacteria including Mycobacteria and Nocardia as
well as fungi such as Aspergillus and Histoplasma. However, there is a high probability of oropharyngeal contamination. Nasal swabs are particularly useful in ruling out
viral infections (e.g., influenza). Urinary antigens for
Legionella and serum antigen for Cryptocococcus also
prove to be helpful.

Galactomannan and Beta-Glucan Assays
Galactomannan is a component of the cell wall of
Aspergillus and is released during early stages of growth.
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Pulmonary Infections in the Immunocompromised Host. Table 2 Empiric treatment for pulmonary infections based on host
immune defects
Clinical pulmonary
Syndromes

Pathogens

Therapy

Neutropenia

Staphylococcus species
(MSSA, MRSA, CNST)
Streptococcus species
Enterobacteriaceae
Pseudomonoas
aeruginosa
Aspergillus
Candida

B-Cell Defect

Beta-lactam/beta-lactamase inhibitor (Piperacillin-tazobactam)
Or
Antipseudomonal cephalosporin (Ceftazidime or Cefepime)
Or
Carbapenem (Imipenem or Meropenem)
Plus/Minus
Fluoroquinolones (Ciprofloxacin or Levofloxacin)
Or
Aminoglycoside (Gentamicin, Tobramycin or Amikacin)
Plus/Minus
Vancomycin or Linezolid (if MRSA present or suspected)
Plus/Minus
Voriconazole (if Aspergillus present or suspected)
Or
Amphotericin B compounds
Or
Echinocandins (Caspofungin)
Cephalosporin third generation (Ceftriaxone or Cefotaxime)

Streptococcus
pneumoniae
Haemophilus influenzae Plus
Macrolide (Azithromycin or Clarithromycin)
Enterobacteriaceae
Or
Fluoroquinolones (Ciprofloxacin, Levofloxacin or Moxifloxacin)
Streptococcus
Cephalosporin third generation (Ceftriaxone or Cefotaxime)
pneumoniae
Chlamydia
Plus
Mycoplasma
Macrolide (Azithromycin or Clarithromycin)
Legionella
Or
Mycobacteria
Fluoroquinolones (Ciprofloxacin, Levofloxacin or Moxifloxacin)
Plus
Pneumocystis
Trimethoprim-sulfamethoxazole or Pentamidine
Streptococcus
Beta-lactam/beta-lactamase inhibitor (Piperacillin-tazobactam)
pneumoniae
Enterobacteriaceae
Or
Pseudomonoas
Antipseudomonal cephalosporin (Ceftazidime or Cefepime)
aeruginosa
MRSA
Or
Carbapenem (Imipenem or Meropenem)
Aspergillus
Plus/Minus
Fluoroquinolones (Ciprofloxacin or Levofloxacin)
Or
Aminoglycoside (Gentamicin, Tobramycin or Amikacin)
Plus/Minus
Vancomycin or Linezolid (if MRSA present or suspected)
Plus/Minus
Voriconazole (if Aspergillus present or suspected)

T-Cell Defect

Solid Organ
Transplantation

Pulmonary Infections in the Immunocompromised Host

P

1907

Pulmonary Infections in the Immunocompromised Host. Table 2 (Continued)
Clinical pulmonary
Syndromes
Solid Tumor

Pathogens

Therapy

Streptococcus
pneumoniae
Enterobacteriaceae
Pseudomonoas
aeruginosa
MRSA

Beta-lactam/beta-lactamase inhibitor (Piperacillin-tazobactam)
Or
Antipseudomonal cephalosporin (Ceftazidime or Cefepime)
Or
Carbapenem (Imipenem or Meropenem)
Plus/Minus
Fluoroquinolones (Ciprofloxacin or Levofloxacin)
Or
Aminoglycoside (Gentamicin, Tobramycin or Amikacin)
Plus/Minus
Vancomycin or Linezolid (if MRSA present or suspected)

MSSA: methicillin-sensitive Staphylococcus aureus; MRSA: methicillin-resistant Staphylococcus aureus; CNST: coagulase negative Staphylococcus

This test is both sensitive and specific (71% and 89%,
respectively) for invasive aspergillosis [5]. In addition,
galactomannan on bronchoalveolar lavage (BAL) specimens is more sensitive in detecting Aspergillus than serological testing. In contrast, serum beta-glucan testing
although approved in some jurisdictions for detecting
invasive candidiasis and other fungal infections, has not
received widespread acceptance due to difficulties in test
performance and lack of specificity [6].

Radiologic Imaging
X-ray studies and computed tomography (CT) scans of
the chest are widely used as diagnostic tools when dealing
with pulmonary infections in immunocompromised
patients. CT scans of the chest are much more sensitive
diagnostic tools than chest x-rays. Based on the initial
radiologic findings, there are certain patterns that may
aid in the diagnosis of specific clinical infections.

Radiological Patterns
Analyzing radiographic evidence in immunocompromised patients is a challenging task as early signs can be
nonspecific. Unilateral pleural effusions with lobar consolidation patterns usually represent infections caused by
bacteria or Mycobacteria. In contrast, fungal infections
such as aspergillosis present with nodules surrounded by
haziness (halo sign) and may be associated with cavitary
lesions. Pulmonary infiltrates with lymphadenopathy are
seen in infections caused by coccidioidomycosis or
Nocardia. Viruses (CMV) causing pneumonia can cause
diffuse pulmonary infiltrates. Other organisms like
P. jiroveci, can manifest with multiple signs, including

diffuse interstitial infiltrates, lobar consolidation, nodules,
cavities, and puleural effusions and may need to be ruled
out with the aid of other diagnostic tests [7].

Bronchoscopy
Bronchoscopy as a diagnostic tool is useful as it allows
for BAL, bronchial brushing, and transbronchial biopsy.
Bronchoscopy with BAL or protected specimen
brush with quantitation are preferred as they are less
invasive compared to a transbronchial biopsy, produce
a greater yield and have a sensitivity of greater than
80% when diagnosing pneumonia caused by bacteria,
Mycobacteria, viruses (CMV), P. jiroveci, and fungi
(aspergillosis) [5].

Pulmonary Biopsy
Procedures like transthoracic needle aspirations,
thoracoscopy guided biopsy, and open lung biopsies are
more invasive and produce higher risks of complications
including bleeding and pneumothorax [1]. The nature
and location of the pulmonary lesions (focal, diffused or
nodular) as well as the level of expertise of the handler are
variables to consider. Open lung biopsy via video-assisted
thoracoscopy is considered gold standard for diagnosing
pulmonary infections in immunocompromised patients
[7]. Biopsy aids the physician in evaluating the underlying
pathology and distinguishing between a true colonization
versus invasive infections [8].

Empiric versus Directed Therapy
At times, clinicians do not have the luxury of having the
etiological pathogen at hand or sufficient time to await the
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results of diagnostic testing utilized to pinpoint the pathogen(s) producing pulmonary infection in the immunocompromised host. As a result, empiric antimicrobial
therapy directed at anticipated pathogens is initiated
before diagnostic results are known. Such an approach is
universally accepted as the standard of care in neutropenic
patients. Subsequently, antimicrobial therapy may be
streamlined or adjusted as new data become available.
Such a scenario may also occur in other non-neutropenic
immunocompromised patients who are hemodynamically
unstable or have respiratory compromise. In contrast, for
patients who are hemodynamically stable without respiratory compromise, one may have the luxury of awaiting
results from diagnostic testing. Then, directed antimicrobial therapy for the specific pulmonary pathogen(s) as
outlined above is appropriate. Thus, therapy for pulmonary infections in the immunocompromised host is predicated on the host’s immunological defects that are
predisposing them to certain infecting pathogens and
patient’s clinical presentation.

After-care
Superinfection
Superinfections in ICU pose a serious threat to the
immunocompromised patients. These may be secondary
infections caused by intravenous catheters or other
foreign bodies as well as nosocomial exposure to resistant
organisms or fungal infections of endogenous or
exogenous origin in neutropenic patients [4]. Superinfections may occur at any time in patients who were
initially showing signs of improvement and now may
be deteriorating (rise in temperature, increase in leukocyte count or increased oxygen requirements). Superinfections delay the recovery period, increase stay in the ICU
and costs.

Similar principles may be applied to directed therapy
for specific pathogen(s). Assessment for clinical improvement should be done continuously. However, failure to
achieve such improvement by 72 to 96 hours should once
again prompt re-investigation with possible adjustment in
therapy thereafter.
Resolution of all signs and symptoms is expected when
adequate therapy has been employed for an appropriate
duration of time. However, radiological resolution of pulmonary infiltrates may take up to 12 weeks.

Summary
Pulmonary infections in the immunocompromised
host may present in a nonspecific fashion; however, they
have severe consequences. Compromised respiratory
function can lead to respiratory failure necessitating
mechanical ventilation. Due to lack of specificity in the
presentation, poor diagnostic yield from common culturing techniques and the propensity for multiple pathogens to cause pulmonary infections in these patients, an
aggressive and often invasive diagnostic approach is necessary. Empiric antimicrobial therapy must be geared to
all the potential pathogens based on the underlying
immune defects present in the host. However, this therapy may be streamlined if the etiological pathogen is
identified.
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Synonyms
Equation of motion; Lung mechanics; Mechanical function of the respiratory system

Definition
Classic pulmonary mechanics is the branch of physiology
focusing on the principles of Newtonian physics, as
described by the equation of motion, to explain the
mechanical function of the respiratory system.
The anatomical and physiological complexity of the
respiratory system, which includes lungs, chest wall and
airways, led to the development of various simplistic theoretical models to represent its mechanical behavior.
Despite the unavoidable approximation and limitations
of these models, they allow a better understanding of the
function of the respiratory system of healthy and diseased
lungs, especially at the bedside of mechanically ventilated
patients. Modern ventilators, in fact, are capable of measuring and displaying on the screen in real time the opening airway pressure (Pao), flow (V’) and volume (V)
through a pneumotachograph and a system of transducers. The correct interpretation of this information
may result in a better understanding of the course of the
lung disease and in the development of a more adequate
strategy to support patients with respiratory failure.

Characteristics
According to the most simplistic theoretical model, the
respiratory system can be considered as the combination
of a resistive and an elastic element in series. Lungs and
chest wall are represented as the elastic element, whereas
airways, tracheal tube and the ventilator circuit are
represented as the resistive element [1–3]. Therefore, any
pressure applied to this system (Prs) in any instant can be
considered as the sum of two components: the pressure
that is dissipated to overcome the resistive load (Pres) and
the pressure that overcomes the elastic load (Pel) to
increase the volume of the system, according to the equation of motion:
Prs ¼ Pres þ Pel
Pel can be further divided in the elastic component of the
lung (Pl), which is the ▶ transpulmonary pressure, and
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that of the chest wall, which corresponds to the pleural
pressure (Ppl).
Pel ¼ Pl þ Ppl
During inspiration, the pressure applied to the respiratory
system (Prs) is the sum of the pressure developed by the
respiratory muscles (Pmus), being this physiologically negative, and the pressure generated by the ventilator (Pao) if
the patient is mechanically ventilated. At the beginning of
the inspiratory phase in normal subjects, the contraction
of inspiratory muscles (Pmus) causes the pleural pressure
to become more negative resulting in the expansion of the
chest. This event leads to the instantaneous drop of the
alveolar pressure creating a gradient between atmosphere
and the alveoli causing the air to flow into the lungs.
Instead, in mechanically ventilated patients, the flow generating the gradient between atmosphere and the alveoli is
provided by the positive pressure delivered by the ventilator (Pao).
The resistive component of the pressure (Pres) can be
expressed as a function of flow (V’), and the elastic component (Pel) as a function of volume (V) (Fig. 1), yielding
to the following expression of the equation of motion:
Pao þ Pmus ¼ RV’ þ EV þ Po
Po is a constant indicating the pressure at relaxed end
expiration and takes into account the externally applied
positive end expiratory pressure (PEEP) and the intrinsic
positive end expiratory pressure (PEEPi) of the patient.
R is the ▶ resistance of the respiratory system, and E is
the ▶ elastance that is the inverse of ▶ compliance (Ers =
1/Crs). Compliance is defined as the ratio between the
change in volume determined by a change in pressure
(Crs = DV/DP), and depends on the elastic properties of
the system. Only in static condition with zero flow, in
order to eliminate resistance, it is possible to accurately
measure compliance. This is accomplished by different
techniques (supersyringe or low flow inflation, etc.),
recording the pressure at increasing lung volumes during
inflation and deflation of the respiratory system. This
maneuver allows the construction of a pressure-volume
curve, whose slope is the compliance of the system (Fig. 2).
The separation of the inspiratory limb from the expiratory
one is called hysteresis and is determined mainly by the
surface tension of the air-fluid interface in the alveoli [1–3].
In patients with acute respiratory distress syndrome
(ARDS) the static pressure-volume curve has an S shaped
inflation limb (Fig. 2 b and c), characterized by a lower
inflection point (LIP) and an upper inflection point
(UIP). According to a currently disproved interpretation,
LIP has been traditionally considered as the critical
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Pao

In fact, the total compliance of the respiratory system
is the result of the interaction between the compliance of
the lung and that of the chest wall, according to the
following equation:
1=Crs ¼ 1=Cl þ 1=Ccw

RV’ = Pres

Po

EV = Pel

Pmus

Pulmonary Mechanics. Figure 1 Graphical representation of
a simplistic theoretical model of the respiratory system,
considered as the combination of a resistive (RV’ = Pres) and an
elastic element (EV = Pel) in series. At any time any mechanical
ventilator pressure (Pao) and inspiratory muscle pressure
(Pmus) applied to this system can be considered as the sum of
two components: the pressure that is dissipated to overcome
the resistive load (Pres) and the pressure that overcomes the
elastic load (Pel) to increase the volume of the system,
according to the equation of motion. Po indicates the pressure
at relaxed end expiration and takes in account the total
positive end expiratory pressure (Reproduced from [2]). See
text for definitions and abbreviations

The inverse of compliance, total elastance (Ers), therefore,
is equal to the addition of lung elastance (El) and elastance
of the chest wall (Ecw). This yields to the following
rearrangement of the equation of motion:
Pao þ Pmus ¼ RV’ þ Ers V þ Po ! Pao þ Pmus
¼ RV’ þ ðEl þ Ecw ÞV þ Po
since Ers ¼ El þ Ecw .
In the equation of motion, pressure, volume and flow
are variables changing as a function of time, whereas
resistance and compliance are parameters that depend
on the physical properties of the system and are, therefore,
assumed as constant.
During passive expiration, the pressure developed by
the respiratory muscles (Pmus) or by the ventilator (Pao) is
absent. The inspiratory muscles relax and the lungs return
by the elastic recoil toward their resting pressure (Po) and
volume, which is called functional residual capacity. At the
end of this phase, the tidal volume is totally exhalated and
equilibrium between the tendency of the lungs to collapse
and the tendency of the chest wall to expand is reached.
Hence, the equation of motion in any instant during
expiration becomes the following:
 RV’ ¼ ðEl þ Ecw ÞVor  RV’ ¼ V=Crs
since Ers ¼ 1=Crs .
The equation shows that the expiratory flow, which
has a negative sign being in opposite direction as compared to inspiration, depends on the resistive characteristics of the system and on the elastic energy stored during
inspiration by the lung and chest wall (El + Ecw), and it is
therefore passive [1]. Moreover, since either the resistive
and elastic load vary with volume, it is possible to rearrange the expiratory equation of motion as follows:
 RV’ ¼ V=Crs ! RCrs ¼ V=V’ ! RCrs ¼ t

opening pressure of the alveoli and UIP as the threshold
alveolar pressure to avoid over-distension; as opposed to
normal lungs (Fig. 2 a and b), the hysteresis is larger and
also the compliance is changed being the slope less steep.
The reduction of the alveolar compliance in ARDS
may be worsened by the increase of the chest wall
elastance, occurring in patients with obesity, pleural effusion, high intra-abdominal pressure.

During expiration the relationship between volume
and flow varies proportionally to resistance and compliance, which are constant parameters expressing the physical properties of the system, whose product has the
dimension of time. The product of resistance and compliance is called ▶ time constant (t), which characterizes the
mechanical properties of the respiratory system and it is
arbitrarily defined as the time needed for the elastic element to passively empty 63% of its volume. A high t is
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Pulmonary Mechanics. Figure 2 (a) Graphical representation of a pressure-volume curve in ARDS compared with normal lungs
(reproduced from [2]). (b) Low inflation pressure-volume curve of the respiratory system during passive mechanical ventilation in
a normal subject (reproduced from Iotti GA, Braschi A. Misure di Meccanica Respiratoria durante Ventilazione Artificiale. Rhäzüns,
Switzerland, Hamilton Medical Scientific Library, 2001). (c) Low inflation pressure-volume curve of the respiratory system during
passive mechanical ventilation in a patient with ARDS; the slope of this curve, which represents respiratory system compliance, is
lower than the one of the curve in a normal subject (panel b) (reproduced from Iotti GA, Braschi A. Misure di Meccanica
Respiratoria durante Ventilazione Artificiale. Rhäzüns, Switzerland, Hamilton Medical Scientific Library, 2001); a: Lower Inflection
Point (LIP), b: Upper Inflection Point (UIP)

observed in lung diseases characterized by an elevated
resistive load, such as asthma and COPD, which, hence,
need a longer expiratory time to avoid the phenomena of
lung hyperinflation.
Each alveolar unit has is own t depending on the
resistive and elastic properties of that unit [1, 2]. Therefore, applying the same external pressure (Pr) to alveolar
units with different t causes a different change in volume.
Units with a smaller t will inflate more rapidly and hence
with more air as opposed to the units with a higher t. This

phenomena is particularly significant in diseases, such as
COPD and ARDS, with a severe degree of disomogeneity,
which is not taken in account by the very simplistic model
of the respiratory system represented by the combination
of only one resistive and one elastic element in series.

Respiratory Mechanics During Controlled
Mechanical Ventilation
In controlled modalities of mechanical ventilation, the
ventilator is set in order to administer to the airways
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with each breath, for a fixed inspiratory time, a constant
flow, in volume control ventilation, or a constant pressure,
in pressure control, allowing thereafter passive expiration
occurring for a pre-established duration. The possibility to
control most of the variables, such as flow, volume and
time, gives the opportunity, especially during constant
flow ventilation, to measure the mechanical properties of
the respiratory system. In fact, resistance and compliance
can be easily estimated from the pressure-time trace during volume control ventilation, especially in completely
relaxed or paralyzed patients, whose Pmus contribution in
the equation of motion is, therefore, absent [2, 3].
In these conditions, as shown in Fig. 3, the delivery of
a constant flow (V’) to the airways causes a sudden
increase of pressure (Pao) that is mostly dissipated to
overcome the airways resistance or to inflate those lung
regions with low resistance and very high compliance.
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Pulmonary Mechanics. Figure 3 Volume, flow, Pao and
esophageal pressure tracings recorded during constant-flow
mechanical ventilation. See text for definitions and
abbreviations

This first segment (AB) of the pressure-time curve is
almost perpendicular to the baseline, and is followed by
a second part (BC) of the ascending tract of the pressure
curve with a less steep slope reaching the peak pressure.
This portion of pressure is mostly spent to overcome the
elastance of the respiratory system and, therefore, is
expected to increase linearly, assuming that compliance
is constant, to its maximum value, which occurs at end
inspiration.
This portion (BC) of the pressure-time profile has
been demonstrated in experimental studies to predict the
respiratory system elastance during tidal inflation, being
well described by the following equation:
Pao ¼ abt þ c
Where c is a constant, a is a scaling factor and b is
a dimensionless coefficient describing the shape of the
pressure-time curve. In particular, for b = 1 the slope of
the curve is linear and hence the compliance is constant
throughout tidal inflation; for b < 1 the slope has
a downward concavity due to the increase of compliance
during tidal inflation, identifying mechanical stress
induced by tidal recruitment of the lung; b > 1 indicates
an upward concavity of the slope, due to the tidal decrease
of compliance and therefore to hyperinflation-induced
stress. This analysis is based on several assumptions, such
as a relatively low elastance of the chest wall and resistance
of the airways. Since b may indicate a condition of stress, it
has been defined as “stress index” and used to adjust the
ventilatory setting in subjects with acute lung injury [4].
At the end of inspiration, the pressure-time slope
reaches its maximum (peak pressure – point C), whose
value may vary with resistance, flow, inspiratory time,
compliance and PEEP, resulting, in fact, from the sum of
the pressures overcoming either the resistive and the elastic element of the respiratory system.
During constant flow mechanical ventilation, the ventilator can be set to pause the flow for a variable period of
time (2–5 s) after the peak pressure is reached, in order to
analyze the resistive and elastic components separately
(occlusion maneuver). In fact, when either the expiratory
and inspiratory valve of the ventilator are closed, in
absence of flow, the pressure suddenly drops from its
maximum to a point P1 followed by a very slow decrease,
defined ▶ plateau pressure (P2). Thereafter, when the
occlusion maneuver is interrupted and the expiratory
valve opens, the expiratory volume flows out and the
pressure drops to its minimum (Po) at baseline, also called
end expiratory pressure, which is zero in spontaneously
breathing healthy subjects, but can be set at positive values
(positive end expiratory pressure – PEEP).
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The pressure difference between the peak and P1 represents the pressure required to overcome the resistance of
the respiratory system. Instead, the pressure difference
between P1 and plateau pressure (P2) is appreciated if
sufficient time is allowed for the equilibration among
the proximal airway pressure and alveolar units and the
redistribution of gas among compartments with different
time constants (pendelluft phenomena). Therefore, the
plateau pressure (P2), recorded in absence of flow and
hence resistance, reflects the static elastic recoil of the
total respiratory system and depends only on volume
and compliance of both lung and chest wall. It is worth
noting that the inability to reach a plateau pressure with
the occlusion maneuver indicates the presence of air leak
in the system.
Moreover, it is possible to differentiate the contribution of the chest wall from that of the lung in determining
the elastic properties of the respiratory system. In fact, the
measurement of the esophageal pressure during the occlusion maneuver, which represents with a certain approximation the pleural pressure, allows the estimation of the
elastic recoil of the chest wall. Since plateau pressure
corresponds to Pel = Pl + Ppl, the difference between
plateau airway pressure and plateau esophageal pressure
is the transpulmonary pressure (Pl), which is the pressure
spent to overcome the elastic load of the alveoli to increase
the lung volume (Pl = Pplat  Ppl). Furthermore, knowing
that 1/Crs = 1/Cl + 1/Ccw and Ers = El + Ecw, after mathematical re-arrangement, it follows that:
Pl ¼ Pel El =ðEl þ Ecw Þ or Pl ¼ Pplat El =ðEl þ Ecw Þ or Pl
¼ Pplat El =Ers
The equation shows that, when the elastance of the chest
wall is low, the ratio El/(El +Ecw) is approximately equal to
one and, therefore, the transpulmonary pressure is
represented by the plateau pressure. Instead, when the
chest wall is stiff with a high elastance, the denominator
of the ratio El/(El +Ecw) increases and, therefore, the
transpulmonary pressure becomes only a fraction of the
plateau pressure [5].
It is clinically relevant, especially in patients with
ARDS, to monitor the transpulmonary pressure. In fact,
the delivery of mechanical ventilation with excessive pressures or volumes to low compliant and inflamed lungs
results in worsening of the inflammation due to the
mechanical stretching and disruption of the alveolar and
endothelial cells, defined as ventilator-induced lung
injury. Therefore, it is recommended to use a protective ventilation strategy, characterized by a low tidal
volume (6 mL/kg of predicted body weight) to obtain
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a plateau pressure lower than 30 cmH2O and prevent any
potential alveolar overdistension. No recommendations
have been made yet about an absolute safe value of
transpulmonary pressure, which is the real distending
pressure of the alveoli. Nonetheless, the protective
mechanical ventilation strategy in patients with ARDS
has reduced the mortality rate of this severe form of
acute respiratory failure.
The analysis of the pressure-time slope during constant flow mechanical ventilation allows, as demonstrated,
the estimation of the physical properties of the respiratory
system as described by the equation of motion: the resistive element, as expressed Ppeak  P1 difference, and the
elastic element, as expressed by the compliance, which
corresponds to the increase in pressure determined by
tidal volume (DV/DP):
Crs = tidal volume/(PplatPEEPtotal)
In healthy individuals Crs is 50–100 mL/cmH2O.
It is also possible to measure the lung and chest wall
components of compliance, as follows:
Cl = tidal volume/Pl where Pl = Pplat  Ppl during the
occlusion manoeuvre, and
Ccw = tidal volume/DPpl where DPpl is the difference
between plateau esophageal pressure and end expiratory esophageal pressure.
Therefore, to measure the total compliance of the
respiratory system, it is necessary to take in account any
positive end expiratory pressure (PEEPtotal = external
PEEP + PEEPi). Total PEEP may be greater than the
externally applied PEEP if the phenomenon of air trapping occurs, causing the end expiratory lung volume
to increase and hence determining also an increase in
pressure, defined as intrinsic PEEP (PEEPi), which can
cause alveolar overdistension and hemodynamic
impairment [2].
Air trapping and PEEPi are detectable during constant
flow mechanical ventilation performing a expiratory
occlusion maneuver lasting about 3–7 s to allow the
trapped air to flow out and therefore the airway pressure
to increase (Fig. 4).
Pathophysiologically, air trapping occurs in patients,
whose time constant (t = R Crs) inadequately exceeds the
set expiratory time. This may occur in the following
conditions:

– Increased resistance in patients with expiratory flow
limitation, as in asthma, COPD, etc.

– Increased compliance in patients with reduced elastic
recoil, as in emphysematous COPD
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Pulmonary Mechanics. Figure 4 Graphical representation of Pao tracing obtained during a cycle of constant-flow mechanical
ventilation; an inspiratory maneuver is performed, followed by an expiratory maneuver, which allows the estimation of PEEPi

– Absolute or relative decrease of the expiratory time,
due to increased respiratory rate or excessive tidal
volume, such that the patients fails to completely
exhale the inspired tidal volume (also called dynamic
hyperinflation)
It is worth noting that the measured value of PEEPi is the
result of the equilibration of many different alveolar units,
each one characterized by a different t, and, therefore, by
a different PEEPi.
In COPD patients during acute exacerbation of respiratory failure, expiratory flow limitation, due to increased
airway resistances, is always present and already near its
maximum. A further increase of the flow is, therefore,
impossible, because even a forced expiration would
rapidly cause the airways closure pressure to be reached.
In these patients PEEPi is always measured, as it affect the
ventilatoy management. In fact, if PEEPi is detected, an
external PEEP must be set at about 75% of the measured
PEEPi, to increase the airways closure pressure threshold
and prevent air trapping.

Respiratory Mechanics During Partial
Mechanical Support
Most of the patients with respiratory failure requiring
mechanical ventilation are managed with various modalities of partial support rather than volume or pressure
controlled strategies. Support modalities of mechanical
ventilation deliver flow or pressure based on the trigger
system, and hence the interaction between patient and
ventilator, the algorithm of assistance, and the mechanical
properties of the respiratory system. The trigger is usually
provided by pressure or flow dependent systems. However, a novel neurally adjusted ventilatory modality of
mechanical ventilation, which delivers the assistance
based on the measurement of the electromyographic activity of the diaphragm, has been introduced into clinical

practice. The degree of pressure assist may be predefined,
such as in pressure support ventilation, or depending on
the periodical measurement of the respiratory effort of the
patient, such as during proportional assist ventilation.
Moreover, the mechanical characteristics of the system
highly affect the interaction between patient and ventilator, determining the success of the strategy, especially in
presence of PEEPi.
In fact, PEEPi adds a significant workload to the respiratory muscles, which must overcome the PEEPi in order
to trigger and maintain inspiration. By the application of
an external PEEP of about 75% of the PEEPi, it is possible
to minimize this issue reducing patient’s work of breathing. It is, therefore, crucial the detection of PEEPi also in
patients ventilated with partial support modes [2, 3].
During partial support ventilation is extremely hard to
apply a prolonged expiratory pause, such as in controlled
mode, without observing the spontaneous breathing
activity of the patient. Hence, alternative strategies have
been developed. The most reliable method is the continuous recording of the esophageal pressure (Fig. 5). In fact,
respiratory muscles must generate such a negative
intrapleural pressure before generating any inspiratory
flow to overcome PEEPi, which is measured as the change
in esophageal pressure between the start of the inspiratory
muscle effort and the start of the inspiratory flow. Despite
the occasional difficulty in the identification of the start
of the inspiratory muscle effort, which can be resolved
with the measurement of the trans-diaphragmatic
pressure by the substraction of esophageal pressure from
gastric pressure, this technique is particularly helpful in
the clinical setting.
In clinical practice, the evaluation of the mechanical
properties of the respiratory system during partial support
ventilation presents several technical issues, as opposed to
the constant flow modality of ventilation. In fact, although
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Pulmonary Mechanics. Figure 5 Flow, volume, airway pressure, and esophageal pressure waveforms recorded during positive
pressure support ventilation. PEEPi is the value of Pes deflection from the beginning of the inspiratory effort to the point in
which a positive inspiratory flow begins

the estimation of Pmus (trans-diaphragmatic pressure) and
Pao is feasible, the measurement of resistance and compliance to resolve the equation of motion remains quite
challenging and not routinely performed.
However, in addition to the traditional maneuvers to
measure resistance and compliance, a more advanced
method of evaluating the physical properties of the respiratory system has been recently developed. Since newer
ventilators have incorporated pressure transducers and
pneumotachographs that provide continuous recording
of airway pressure and flow, some mathematical models
have been introduced, such as the least squares fit method,
to elaborate and interpret these data and calculate

measures of respiratory mechanics without the need of
manipulating the ventilator (inspiratory or expiratory
occlusion maneuvers) [3]. This new technology provides
the estimation in a continuous fashion of compliance,
resistance and PEEPi, also during partial support modalities of mechanical ventilation, having a good correlation
with the traditional methods.
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Pulmonary Regurgitation
PRASANNA SIMHA MOHAN RAO
Cardiothoracic and Vascular Surgery, Sri Jayadeva
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Malleswaram, Bangalore, India

Definition
Pulmonary regurgitation refers to retrograde flow from
the pulmonary artery into the right ventricle in diastole.

Characteristics
Pulmonary regurgitation can be primary or more commonly secondary due to some other pathological process.
Trivial pulmonary regurgitation is a common echocardiographic finding of no significance. Clinically evident
pulmonary regurgitation is significant.
Pulmonary hypertension is a cause of pulmonary regurgitation due to dilatation of the pulmonary artery and the
pulmonary annulus. Secondary pulmonary hypertension is
the most common cause of pulmonary regurgitation in
adults. Primary pulmonary hypertension is also associated
with pulmonary regurgitation. Other causes are Tetralogy of
Fallot where pulmonary regurgitation can be due to the
presence of a transannular patch after intracardiac repair or
due to an absent pulmonary valve syndrome. Patients who
have undergone balloon pulmonary valvotomy may have
varying degrees of pulmonary regurgitation. Patients who
have undergone pulmonary valvectomy for a dysplastic pulmonary valve (e.g., Noonan’s syndrome) have free pulmonary regurgitation. Infective endocarditis can occur on the
pulmonary valve leaflets and the jet of a patent ductus
arteriosus may spiral round the main pulmonary artery
and hit the pulmonary valve (Coanda effect) resulting in
an increased propensity to develop pulmonary valve endocarditis. Rheumatic involvement of the pulmonary valve is

rare. Carcinoid syndrome and seretonergic medications can
damage the pulmonary valve leading to regurgitation. Connective tissue disorders like Marfans and Takayasu’s
arteriopathy can cause pulmonary regurgitation. Other rare
causes are Syphilis and iatrogenic trauma due to catheter
induced perforation or avulsion of the leaflets by a balloon
flotation catheter. Pulmonary regurgitation is usually tolerated well for many years and compensation depends on
whether there is pulmonary hypertension or not. In the
absence of pulmonary hypertension, there is increased volume overload of the right ventricle leading to right ventricular dilatation. The low after load of the pulmonary vascular
tree allows easy “absorption” of the extra regurgitant load
for many years following which subtle Right ventricular
dysfunction can set in. When pulmonary regurgitation is
associated with pulmonary hypertension there is both
a pressure and a volume overload of the right ventricle, and
right ventricular failure ensues earlier. Patients with pulmonary valve endocarditis with septic emboli to the lungs and
pulmonary hypertension usually have severe right ventricular failure.
The clinical findings of pulmonary regurgitation are
often overshadowed by the manifestations of the underlying
pathology. There is a hyperdynamic right ventricular
impulse, and with pulmonary hypertension a significant
heave may be present. There may be pulsations in the second
left intercostal space due to a dilated pulmonary artery
A palpable P2 (diastolic shock) in patients with pulmonary
hypertension and both a systolic and diastolic thrill may be
palpable. The P2 may be absent in patients with congenital
absence of the pulmonary valve but in cases where there is
pulmonary hypertension there is a loud P2 component.
A non valvar click due to dilatation of the pulmonary
artery can be auscultated. A right ventricular S3 and S4
may be heard in patients with RV failure. The murmur of
pulmonary regurgitation without pulmonary hypertension is a low-pitched diastolic murmur. The Graham Steell
murmur is the regurgitant murmur associated with pulmonary hypertension. It is a diastolic murmur and can be
mistaken for the murmur of aortic regurgitation.
The chest X-ray shows cardiomegaly with dilatation of
the right atrium, right ventricle, and pulmonary artery.
Features of the primary pathology causing pulmonary
hypertension can be demonstrated. The ECG shows evidence
of right ventricular diastolic overload in patients without
pulmonary hypertension (rSr in the right precordial leads).
In patients with pulmonary hypertension there is evidence of
right ventricular hypertrophy, and with diastolic dysfunction, right atrial hypertrophy can be seen.
Echocardiography can delineate the regurgitation and
help in elimination of causes of pulmonary hypertension,
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right ventricular function, and pulmonary artery pressure.
MRI can quantify regurgitation and estimate right ventricular volumes and function.
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Pulmonary Thromboembolism
▶ Pulmonary Embolism

Treatment
Pulmonary regurgitation on its own does not often
require management, and correction of the cause of pulmonary hypertension in hypertensive pulmonary regurgitation reduces or eliminates the regurgitation. Patients
with pulmonary regurgitation and right ventricular dysfunction (e.g., after Tetralogy of Fallot correction) can
benefit from pulmonary valve replacement. Transcatheter
implantation of pulmonary valves can be done in selected
cases or homograft or bioprosthetic valve replacement can
be done. In patients with pulmonary regurgitation, pulmonary valve replacement is usually done when right
ventricular dysfunction just sets in. Patients with
a restrictive right ventricular physiology tolerate pulmonary regurgitation better than those who do not.

Considerations in the ICU
Pulmonary regurgitation often is not treated primarily and
correction of the underlying pathology decreases it. Patients
with Tetralogy of Fallot with a transannular patch and severe
pulmonary regurgitation require management by
maintaining adequate preload. Drugs that do not cause
dynamic RVOTO like Milrinone and noradrenalin are
preferred.

After-care
Patients with significant pulmonary regurgitation require
regular assessment of right ventricular function or the
underlying pathology.

Prognosis
It is dependent on the basic pathology, ability to correct
the underlying pathology, and the presence of residual
pulmonary hypertension, residual regurgitation or concomitant pulmonary stenosis, and right ventricular
function.
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Pulmonary Tractotomy
MATTHEW J. WALL, JR., PETER I. TSAI, KENNETH L. MATTOX
Department of Surgery, Baylor College of Medicine,
Houston, TX, USA

Synonyms
Damage controlpulmonary surgery; Lung sparing pulmonary repair; Pulmonary tractotomy with selective vascular
ligation

Definition
Pulmonary tractotomy is an operative procedure designed
to address deep through and through injuries of the lung.
This was originally described in 1994 [1]. The procedure
was specifically developed to prevent continued bleeding
and air leak within the lung that occurs when entrance and
exit wounds are oversewn. Previously a formal lobectomy
would be required for these patients. The wound tract in
the lung is exposed by dividing the lung between the
entrance and exit wounds with either a stapler or vascular
clamps (Fig. 1). By opening the wound tract, the lung
parenchyma can be inspected. Tractotomy can be
a diagnostic maneuver if the extent of injury is such that
it is deep and involves the central pulmonary vessels, this
allows the early decision to perform a lobectomy or pneumonectomy. If the injury is primarily parenchymal,
the bleeding points and air leaks are selectively oversewn
with a fine polypropylene suture. If vascular clamps are
utilized, the edges are oversewn with a polypropylene
suture – this is obviated with the use of the stapler.
The tract is then left open and no attempt is made to
close the lung, which can result in an intraparenchynal
hematoma (Fig. 2).

Pre-existing Condition
This procedure is utilized primarily in a patient with
a penetrating injury, such as gunshot wound to the lung,
who then requires a thoracotomy for bleeding from a lung
injury. The primary indication is through and through
wounds to the deep parenchyma of the lung for which
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Pulmonary Tractotomy. Figure 1 The wound tract in the
lung is opened using a linear cutter stapler (© Baylor College of
Medicine 2005)

Pulmonary Tractotomy. Figure 2 Alternatively, the tract is
opened between vascular clamps. The tract is inspected and
selective ligation of bleeding points and air leaks is performed
with a fine polypropylene suture (© Baylor College of Medicine
1994)

oversewing would result in continued intraparenchymal
hemorrhage.

Application
The procedure was originally conceived as a technique
to conserve lung tissue and avoid resection. Oversewing
of the entrance and exit wounds resulted in continued intraparenchymal bleeding and hematoma and
predisposed the patient to have an alveolar-bronchiolar/
venous fistula; potentially resulting in systemic air

embolus. Previously, these patients underwent lobectomy,
which carries significant morbidity and mortality in the
acutely injured patient. The original report described
either the use of vascular clamps and fine suture or
a linear cutter stapler to perform the tractotomy [1].
With the ease of performance of this procedure and the
evolution of damage control surgery, pulmonary
tractotomy became a damage control technique for
thoracic trauma [2]. It is a simple procedure and can be
performed early on a patient before they become
coagulopathic. In subsequent reports, the stapler became
the primary technique of choice [2]. Thus, patients with
multiple injuries for which a major vascular/cardiac injury
were addressed, a pulmonary tractotomy allowed the lung
injury to be managed in a simple and expeditious manner.
Thus, the shift has been from lung sparing to a damage
control/simpler solution to a difficult problem. It is readily
performed by the general, trauma, and acute care surgeon
and does not require the expertise of a formal lobectomy.
It has become a standard technique in the armamentarium
of thoracic damage control [3].
The complication profile of pulmonary tractotomy is
similar to that of a patient who has undergone
thorocotomy and oversewing of the lung [2]. With the
dual blood supply of the lung, a non-anatomic tractotomy
appears to be well tolerated. At worst, a small wedgedshaped infarct, similar to a pulmonary infarct from a
pulmonary embolis may develop, but this is usually well
tolerated. As experience with tractotomy has been gained,
deep tractotomies leaving a large narrow-based area of the
lung are best completed by additionally wedging and
excising this area. While some have suggested closing the
tract or sealing it with surgical adhesive, most leave the raw
surface alone which is well tolerated.
Pulmonary tractotomy is thus used to manage
through and through injuries of the lung. It avoids formal
resections and spares lung tissue. It controls deep bleeding and avoids an intraparenchymal hematoma and
bronchial-venous systemic air emboli. As it is simple to
perform and readily applicable, it has become a standard
thoracic damage control technique.
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Pulmonary Valve Disease

Pulmonary Tractotomy with
Selective Vascular Ligation
▶ Pulmonary Tractotomy

Pulmonary Valve Disease
PRASANNA SIMHA MOHAN RAO
Cardiothoracic and Vascular Surgery, Sri Jayadeva
Institute of Cardiovascular Sciences and Research,
Malleswaram, Bangalore, India

Definition
Pulmonary stenosis refers to obstruction (dynamic or
fixed) to the flow of blood from the right ventricle outflow
into the pulmonary artery vasculature.

Characteristics
The obstruction can be at different levels, in the right
ventricular outflow tract (subvalvar), valve, supravalvar
in the main and intrapericardial pulmonary arteries and
peripheral pulmonary artery stenosis (extrapericardial
pulmonary arteries). Pulmonary stenosis can be also associated with other lesions as an association in complex
congenital cardiac lesions.
Ninety percent of pulmonary stenosis is valvar in
nature. The valve commissars are fused and the valve is
domed during systole. This is associated with post stenotic
dilatation of the pulmonary artery. In 10% of cases, the
valve may be dysplastic and thick and associated with
annular stenosis and may be associated with Noonan’s
syndrome. Patients with associate Tetralogy of Fallot may
have a bicuspid aortic valve with stenosis. Patients with
Tetralogy with absent pulmonary valve have annular
narrowing with rudimentary leaflets and combined stenosis and regurgitation with massively dilated pulmonary
arteries. Pulmonary artery stenosis is associated with
right ventricular hypertrophy and there can be secondary
subvalvar obstruction. There is progressive hypertrophy
which causes diastolic dysfunction causing a rise in right
ventricular end diastolic pressure causing right atrial pressure to increase. A patent foramen ovale (or any other
shunts at the atrial or ventricular level) if present can now
shunt right to left leading to cyanosis.
Patients can have isolated subvalvar obstruction.
Patients can have a low infundibular obstruction leading
to the formation of a double-chambered right ventricle.
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This subvalvar obstruction may or may not be associated
with a concomitant ventricular defect.
Supravalvar pulmonary stenosis may be focal in the
main or branch pulmonary arteries and if not diffuse may
be associated with post stenotic dilatation. Peripheral pulmonary stenosis can occur at multiple levels and can be
associated with other congenital heart diseases, congenital
rubella syndrome, connective tissue disorders, Noonan’s
and William’s syndrome.
Secondary causes of right ventricular outflow tract
obstruction are carcinoid, RVOT tumors, and external compression by aneurysms or masses. Isolated
rheumatic involvement of the pulmonary artery is
very rare.

Incidence
Isolated pulmonary stenosis is a common congenital
lesion and occurs in nearly 10% of all congenital cases. It
is a concomitant finding in a large number of congenital
heart diseases with decreased pulmonary flow.
Most patients with mild to moderate pulmonary stenosis are asymptomatic. With significant gradients there is
fatigue and decreased effort tolerance. With severe right
ventricular hypertrophy and a fixed cardiac output,
patients may have angina, syncope, and the risk of sudden
death. When there is significant diastolic dysfunction,
symptoms of right heart failure appear. Patients with
a PFO or any septal defects can present with cyanosis.
This is typically a late onset cyanosis.
Patients have on inspection an active precordium,
a precordial heave, a right ventricular apex, and
a palpable thrill is present in the second left interspace in
case of valvar pulmonary stenosis. The first heart sound is
normal and the pulmonary component of the second
sound is delayed and is soft resulting in a wide but variable
split. If the leaflets are pliable and the stenosis is not
extremely severe there is a valvar click. Secondary eddy
sounds may also be auscultable. The murmur of isolated
pulmonary stenosis is a classical diamond-shaped
crescendo–decrescendo ejection systolic murmur. The
duration of the murmur and the delay in peaking is
proportional to the gradient.
Peripheral pulmonary stenosis is associated with a soft
continuous high-pitched murmur which can be auscultated in the axillae and the back.
The chest X-ray shows a dilated pulmonary artery due
to post stenotic dilatation and there may be right atrial
dilatation. Pulmonary vasculature is normal or oligemic.
The electrocardiogram shows right axis deviation, right
atrial enlargement, and right ventricular hypertrophy
with strain.
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Pulmonary Vascular Permeability Index

Echocardiography is definitive. 2D echocardiography
shows thickening and doming of the valve. Doppler interrogation reveals the gradient across the stenosis and color
Doppler shows a color mosaic. Any right to left shunting
may be demonstrated by color Doppler. In significant
pulmonary stenosis, there is right ventricular hypertrophy
and paradoxical septal motion.
The gradient obtained can be used to grade the severity. Mild valvar stenosis is associated with a gradient less
than 50 mmHg, moderate stenosis is associated with
a gradient between 50 and 75 mmHg and severe stenosis
is associated with a gradient greater than 75 mmHg.
Cardiac catheterization is done usually as a part of
treatment with balloon valvotomy and a pullback gradient
confirms the gradient.

that do not cause dynamic RVOTO like Milrinone and
Noradrenaline or phenylephrine can be used. The RV
requires an adequate systolic pressure for coronary perfusion as coronary perfusion is in systole.

Pulmonary Vascular Permeability
Index
Ratio between the extravascular lung water and the pulmonary blood volume, both measured by the PiCCO
device and that allow estimating the lung permeability.

Treatment
Balloon valvotomy is the definitive treatment of significant valvar pulmonary stenosis with pliant leaflets with
gradients above 50 mmHg. Patients with Noonan’s syndrome may not be amenable to balloon valvotomy and
may require surgical valvotomy or valvectomy. Expandable stents are the procedure of choice for peripheral
pulmonary artery stenosis.

Prognosis

Pulmonary Vascular Resistance
▶ Afterload

Pulmonary Venous Air Embolism

Balloon valvotomy is associated with a recurrence of less
than 5%. Long-term results have been published for
surgical valvotomy and there is a reintervention rate of
53% at a median follow-up of 34 years. Significant pulmonary regurgitation is a factor for long-term right
ventricular dysfunction.

▶ Bronchovenous Air Embolism

Considerations in the ICU

JAY L. KOYNER, PATRICK T. MURRAY
School of Medicine and Medical Science, University
College Dublin, Dublin, Ireland

Patients with untreated severe pulmonary stenosis may
present with right heart failure. Such patients do not
tolerate loss of preload. Patients who undergo pulmonary
valvotomy may develop dynamic right ventricular outflow
obstruction (suicide RV). This requires institution of beta
blockade or calcium channel blockers and preservation of
right ventricular preload and low afterload. Inotropic
agents should be kept to the minimum in such patients
and if require Milrinone is a drug that improves lucitropy
and decreases the tendency for dynamic RVOTO relative
to other inotropes. Children who have undergone balloon
pulmonary artery valvotomy especially with longer balloons can develop acute right ventricular dysfunction due
to RVOT injury and can even rupture when the balloon
straightens during inflation. Patients with severe right
ventricular dysfunction after relief of pulmonary stenosis
require augmentation of preload, low afterload, and drugs

Pulmonary-Renal Syndrome

Synonyms
Anti-glomerular basement membrane (GBM) disease;
Churg–Strauss syndrome; Goodpasture’s disease; Ventilator-induced
kidney
injury
(VIKI);
Wegener’s
granulomatosis

Definition
It was not so long ago that the term “pulmonary-renal
syndrome” was solely synonymous with the combination
of immune alveolar hemorrhage and rapidly progressive
glomerulonephritis. While these conditions, which
include but are not limited to Goodpasture’s disease and
Wegener’s granulomatosis are rare, physicians are more
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commonly faced with the harmful bidirectional interaction between acute lung injury (ALI) and acute kidney
injury (AKI). AKI and ALI are both common clinical
syndromes with well-recognized clinical implications.
This entry will discuss the current understanding of both
of theses “pulmonary-renal” syndrome types.
The classic pulmonary-renal syndrome (which we will
term “PRS Type I”) is defined as the concurrent diagnosis
of diffuse alveolar hemorrhage and rapidly progressive
glomerulonephritis. Perhaps a more precise and improved
working definition is acute pulmonary parenchymal
inflammation (with or without hemorrhage) occurring
concomitantly with an acute necrotizing crescentic
glomerulolnephritis (GN). These syndromes can result
from a wide variety of underlying disease states, with the
vast majority of them being autoimmune in nature. Traditionally, these syndromes are classified into one of three
groups, in accordance with the pathogenic nature of their
systemic vasculitis: (1) Anti-GBM disease, classically
thought of as Goodpasture’s disease. In this class of PRS
Type I, we see an automimmune disease with the
autoantigen target being the alpha-3 chain of type IV
collagen. (2) Immune complex diseases, which are
named for the immune complexes which have multiple
target antigens (often nuclear in nature) that can be found
deposited in both the pulmonary and renal parenchyma.
Examples of such diseases include systemic lupus
erythematosus, Henoch–Schonlein purpura, and subacute bacterial endocarditis. (3) Small vessel vasculitis,
often associated with anti-neutrophil cytoplasmic antibodies (ANCAs). Classically, Wegener’s is associated with
proteinase-3 (PR3-ANCA) and Churg–Straus and
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microscopic polyangiitis are more frequently seen with
myeloperoxidase (MPO)-ANCA – although these are not
strict associations. This class of disease states is often
inappropriately named “pauci-immune,” despite there
being clear evidence of cellular inflammatory immune
response in the affected tissue, because of the lack of
staining on renal immunohistochemistry. A more complete list of the known causes of Type I pulmonary-renal
syndromes including a few disease processes that do not
fall under the traditional classification schema are summarized in Table 1.
The combination of AKI and ALI caused by
nonimmune disorders, which we shall term PRS Type II,
is of growing clinical importance. This syndrome includes
a variety of well-recognized clinical entities, and some
newly recognized clinical syndromes. Specifically, the
implementation of lung-protective ventilatory strategies
disclosed the role of inflammatory mediators of ALI and
specifically ventilator-induced lung injury (VILI) in the
pathogenesis of AKI, which in some cases might appropriately be called ventilator-induced kidney injury (VIKI).
Specifically, animal models have demonstrated that in the
setting of known ALI (e.g., acid aspiration), lungprotective ventilatory strategies serve to limit proinflammatory cascade that has been implicated in the
development of AKI. Conversely, in models of AKI caused
by unilateral renal ischemia, bilateral renal ischemia, or
bilateral nephrectomy, it is clear that each of these distinct
renal injuries result in a unique pattern of pulmonary
inflammation and alveolar injury. Taken together, the
interplay of renal injury inducing physiologic and inflammatory changes in the lung parenchyma, and pulmonary

Pulmonary-Renal Syndrome. Table 1 Causes of Type I PRS
Classification

Immunoflouresence pattern

Disease entities

ANCA-related disease (small vessel
vasculitis)

Pauci-immune

Immune complex

Granular

Wegener’s granulomatosis
Microscopic polyangiitis
Churg–Strauss syndrome
Systemic lupus erythematosus
Henoch–Schonlein purpura
Subacute bacterial endocarditis
Hepatitis C – glomerular disease
IgA nephropathy
Post-infectious glomerulonephritis (GN)
Idiopathic cryoglobulinemia
Fibrillary/immunotactoid GN

Anti-GBM disease

Linear

Others – associated with thrombotic
microangiopathy

Variable

Anti-GBM GN
Thrombotic thrombocytopenic purpura
Antiphospholipid syndrome
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Pulmonary-Renal Syndrome. Table 2 Causes of Type II PRS
Primary pulmonary sources
High-pressure pulmonary
edema

Decompensated heart
failure with AKI or chronic
kidney disease
ALI/low-pressure pulmonary ALI/ARDS
Ventilator-induced kidney
edema
injury (VIKI)
Sepsis with multi-organ
system failure
Pulmonary embolism (in the
setting of underlying
nephrotic syndrome)
Salicylate toxicity
Pneumonia with AKI/CKD

Hantavirus infection

Primary renal sources
Acute kidney injury
Other

Ischemia – reperfusion
Sepsis-induced AKI
Nephrectomy (unilateral or
bilateral)
Obstruction with volume
overload

injury leading to distant effect on kidney function, leads to
the existence of PRS Type II (Table 2).

Treatment
Given the disparate nature of Types I and II PRS, the
treatment strategies are quite different.

PRS Type I
ANCA – Associated Vasculitis
The treatment of PRS Type I varies according to the nature
of the underlying disease. For the pauci-immune (ANCAassociated) disease states, treatment varies slightly with
each individual disease process. However, it has long
been thought that the presence of alveolar hemorrhage
necessitates swift and aggressive intervention. Traditionally, this has taken the form of some combination of
high-dose corticosteroids (pulse dose solumedrol 1 g
intravenous for 3 days or approximately 1 mg/kg of
prednisone, orally, to a maximum of 80 mg/day), other
immunosuppressive agents (cyclophosphamide (oral or
intravenous), azathioprine, methotrexate, etc.), as well as
plasma exchange (seven sessions over 2 weeks duration).
Complete remission using this combination therapy
can be expected in roughly three-quarters of patients,
but unfortunately relapses are common occurring in

over 50% of those who initially achieve complete disease
remission. During active treatment, patients should
receive prophylaxis for pneumocystis jiroveci–induced
pneumonia; this is usually in the form of trimethoprimsulfamethoxazole, but in patients receiving methotrexate
some physicians may employ another drug (e.g., pentamidine), because of increased concern for myelosuppression
in patients receiving both trimethoprim-sulfamethoxazole
and methotrexate.
Once a remission is achieved, maintenance therapy is
usually initiated. Glucocorticoids do not appear to provide additional benefit during maintenance therapy, and
are often tapered off, following 6–8 months of treatment.
Given its side-effect profile, patients are usually also
tapered off of the cyclophosphamide and initiated on
either azathioprine or methotrexate. This treatment is
usually continued for 12–18 months after the initial
induction of remission and is escalated as need for those
who suffer a disease relapse.

Anti-GBM-Related Disease
The treatment for anti-GBM-related disease remains quite
similar to that of the ANCA-related disease states. AntiGBM disease is rare, and as a result most of the reported
studies have been small and/or uncontrolled. Initial therapy consists of plasmapheresis (daily therapy for
2–3 weeks) as well as high-dose glucocorticoids and cyclophosphamide (1–2 mg/kg to a max dose of 100 mg/day).
Induction therapy should be continued until spontaneous
cessation of autoantibody formation is documented, and
this will often warrant plasmapheresis for longer than the
aforementioned 2–3 weeks. Once serologic remission is
obtained and plasmapheresis is discontinued, patients are
maintained on cyclophosphamide for approximately
3 months, and the high doses of steroids are slowly tapered
off over the course of 6–12 months. As with ANCA-related
disease, in anti-GBM syndromes, disease extent at the time
of diagnosis, is the primary determinant in deciding
whether renal replacement therapy (RRT) is initiated.

Immune Complex Disease
Treatment for immune complex disease varies according
to the nature of the primary source of the disease. Clearly,
in cases of subacute bacterial endocarditis, the primary
treatment is appropriate management of the underlying
infection. In SLE, as with the previously discussed forms of
PRS Type I, the mainstay of treatment is corticosteroids in
combination with other immunosuppressive agents. Generally speaking, this takes the form of high dose (“pulse
dose”) solumdedrol and cyclophosphamide. Unlike the
other classes of Type I PRS, plasma exchange/pheresis
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has no role, as no benefit was demonstrated in trials
involving SLE patients with pulmonary hemorrhage.
The treatment for APS includes anticoagulation and
supportive measures, while TTP is treated with plasma
exchange.

PRS Type II
As with PRS Type I, the treatment of Type II varies
according to the underlying source of the disease state.

High-Pressure Pulmonary Edema
Although it will be discussed in more detail in the entry
entitled “Cardio-Renal Syndrome” by Prof Ronco et al.,
we will briefly note that the management of cardiogenic
pulmonary edema can employ a variety of treatment strategies. At the core of treatment of congestive heart failure is
the utilization of sodium and fluid restriction. Fluid
restriction becomes paramount in those individuals with
volume overload and concomitant hyponatremia, which is
a poor prognostic sign in decompensated heart failure.
Practically, fluid restriction should consist of maximum
input of 2 L per day, with the majority of patients requiring stricter restrictions. Diuretics have the ability to reduce
intravascular volume and reduce central venous pressure
(CVP) and pulmonary capillary wedge pressures (PCWP),
making them a mainstay of treatment in CHF. Similarly,
a variety of agents have been proven effective in the treatment of acute decompensated heart failure, including
vasodilators (such as nitroglycerin and neseritide,
which can produce arterial and venous vasodilation and
reduce preload and decrease PCWP), inotropic agents
(dobutamine/milrinone – although these are only
recommended in those patients with decreased/impaired
left ventricular systolic function). Additionally, agents
such as beta-blockers and angiotensin converting enzyme
inhibitors (ACE-I) or ARBs that have both been shown to
improve patient outcomes in the setting of chronic CHF
may be initiated or titrated carefully in ADHF. In contrast,
although beta-blockers can improve outcome in patients
with severe chronic heart failure, they must be used
extremely cautiously, if at all, in the setting of acute
decompensated HF.
Finally, ultrafiltration, which is an effective method of
fluid removal without an effect on serum electrolytes, has
been investigated in the setting of acute decompensated
heart failure. Several limited trials have demonstrated that
ultrafiltation provides greater fluid loss than conventional
intravenous diuresis and that it may also prevent
rehospitalizations following discharge. Questions remain
as to whether ultrafiltration provides an added advantage
to those patients who are diuretic-responsive, yet one
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thing remains clear: aggressive fluid removal, regardless
of the mechanism, with the maintenance of adequate endorgan perfusion, promotes excellent patient outcomes.

Low Tidal Volume Ventilation
The treatment of PRS Type II is not as pharmacologically
based or as straightforward as PRS Type I. It is of the
utmost importance is ensuring that patients with ALI are
treated in accordance with the low tidal volume ventilation strategies that have been validated by the Acute Respiratory Distress Syndrome Network (ARDSNet) trial and
subsequent studies by this research group [1]. This trial of
861 subjects with ALI/ARDS (the most severe form
of ALI) randomized patients to receive tidal volumes of
12 ml/kg of ideal body weight or 6 ml/kg in order to
determine the effect of lower tidal volumes on mortality.
The trial was stopped early when mortality was found to
be lower in the low tidal volume group (31% vs. 39.8%,
p = 0.007). Additionally, those randomized to the low
volume arm had more “ventilator-free days” during their
first 4 weeks after study enrollment (mean  SD, 12  11
vs. 10  11; p = 0.007). In this seminal trial, the investigators crudely defined AKI (renal failure) as a serum creatinine over 2 mg/dL (177 mmol/L), with no reference to
the subjects baseline value. Despite this rudimentary definition, they were still able to demonstrate that those
treated with a lung-protective lower tidal volume incurred
statistically fewer days with AKI compared to those
exposed to the lung-injurious ventilation strategy (mean
[ SD], (18  11 vs. 20  11 days, p = 0.005)). This
seminal trial validated prior animal and human studies
demonstrating the renal benefits of low tidal volume ventilation in the setting of ALI.

Fluid and Volume Management
Following the low tidal volume trial, the ARDSNet group
performed the FACTT (Fluids and Catheters Treatment
Trial) study. This trial used a 2  2 factorial design to
combine two trials in 1,000 patients with ALI receiving
low tidal volume mechanical ventilation. The second of
these trials compared the effects of a fluid conservative
versus fluid liberal algorithm [2]. This study was
performed based on data which supported the premise
that negative fluid balance (fluid restriction and diuretic
use) was associated with shorter ICU stays as a result of
decreased length of mechanical ventilation. The primary
end point was 60-day survival, comparing a fluid
liberal strategy (target central venous pressure (CVP)
<10 mmHg or pulmonary capillary wedge pressure
(PCWP) <14 mmHg) versus a fluid conservative arm
(CVP <4 mmHg, PCWP <8 mmHg). Chronic kidney
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disease patients were not excluded (except those receiving
chronic dialysis); baseline serum creatinine values in
the groups were (mg/dl; mean  SE) fluid conservative:
1.24  0.004; fluid liberal: (1.29  0.04; p = 0.39) [2].
Not surprisingly, the fluid conservative arm received
more furosemide and had a negative fluid balance over the
first 7 days study (136  491 ml) compared with the
substantial positive fluid balance of those in the liberal
arm (6,992  502 ml; p < 0.001). Additionally, the fluid
conservative arm had significantly more ICU-free days
within the first week and month of the study, as well
as an increased number of ventilator-free days (14.6 
0.5 conservative vs. 12.1  0.5 liberal; p < 0.001).
Importantly, this underpowered study was not able to
demonstrate any difference in 60-day mortality
(25.5  1.9% conservative; 28.4  2.0% liberal; p = 0.3).
Additionally, there was no difference in the occurrence
of AKI (again defined crudely as a serum creatinine
>2 mg/dL) within the first 7 or 28 days of the study [2].
The major positive finding of this trial was the
improvement in ventilator-free survival with fluid conservative management. It is important to appreciate that this
benefit was achieved by the prevention of positive fluid
balance rather than the intended approach of achieving
negative fluid balance. Specifically, although the conservative fluid arm protocol targeted a central venous pressure (CVP) of 4 mmHg or a pulmonary artery occlusion
pressure (PAOP) of 8 mmHg compared to a CVP of 10–
14 mmHg or PAOP of 14–18 mmHg in the fluid liberal
arm, the fluid conservative targets were not generally
achieved. Subjects with central venous catheter began the
trial with an average CVP of 12–13 mmHg; those in the
fluid liberal arm only decreased slightly to 11–12 mmHg
over the first 7 days, while those in the fluid conservative
decreased to 8–9 mmHg (Fig. 1a, b). In the pulmonary
artery catheter arm, both groups started with a PAOP
of 15–16 mmHg, with those in the fluid liberal arm
finishing close to 16 mmHg, which was higher than the
12–14 mmHg for the fluid conservative group. Regardless
of the monitoring catheter in place, while the fluid conservative arms clearly achieved tighter fluid control, analysis of their intravascular fluid pressures demonstrates
that the fluid conservative group did not achieve the low
level of filling pressure targeted by the study protocol, and
this may have contributed to the lack of a significant
difference in the overall mortality and in the AKI rates
between the fluid liberal and conservative arms.
Examination of the cumulative fluid balance data
underscores this impression. Fig. 2 demonstrates the
cumulative fluid balance in the fluid-conservative and
fluid-liberal arms of this trial, along with two patient

populations that were recently studied in the setting of
ALI. The first of these prior ARDSNet trials was the ALVEOLI study [3], which tested lower tidal volumes with
higher PEEP and, after enrolling 549 patients, found no
further improvement in survival with higher PEEP. The
other group in this figure is those patients who received
the lung-protective 6 ml/kg tidal volumes in the original
ARDSNet study (ARMA – 6 ml) [1]. Of note, these data
suggest that the fluid liberal arm accurately serves as
a “real-world” example of fluid balance in ALI patients,
as the net fluid (roughly 5.6 L positive over the first 4 days
and 7.1 L positive for the first 7 days) is similar to the
balance achieved in previous ARDSNet trials (which did
not attempt to control fluid status). Conversely, the fluid
conservative arm was not able to obtain a net negative
fluid balance over the first 4 days, but rather a net even
fluid balance (0.2 L net positive in 4 days; with 0.01 L
positive on day 7). As such, those clinicians looking to
replicate the protocols set forth in this landmark trial in
clinical practice need only to ensure that they achieve a net
even fluid balance, rather than needing to achieve negative
fluid balance. Similarly, one must recognize that this
trial had a very intricate protocol to minimize hemodynamic instability. At any sign of shock (defined as a mean
arterial pressure of less than 60 mmHg or end-organ
hypoperfusion), the protocol required the discontinuation of diuretics, as well as fluid boluses and the initiation
and/or escalation of vasoactive medications (dobutamine,
norepinephrine, epinephrine, vasopressin, or phenylephrine) as needed. This last point is yet another important
caveat to consider when attempting to treat patients
with ALI.
In summary, although in the FACTT study improved
pulmonary function and lung mechanics did not translate
into improved 60-day patient survival (the primary trial
end point), improved lung function did impact the more
restricted end point of ventilator-free survival. As
discussed above, the failure to achieve actual negative
fluid balance may have led to a less than maximal
improvement in 60-day survival. Alternatively,
unquantified adverse effects of fluid restriction and
diuretics on non-pulmonary organs may have led to competing morbidities in the dry group. For example,
although not statistically significant, there was a trend
toward higher serum creatinine levels in the conservative
group (p = 0.07), along with significantly higher blood
urea nitrogen and bicarbonate levels. On the other hand,
as previously noted there was a trend toward an increased
need for RRT in the fluid liberal group (14%) compared to
the fluid conservative group (10%; p = 0.06). However, it
is important to note that the need for RRT is a subjective

Pulmonary-Renal Syndrome

P

1925

13

CVP

12
11
10
9
8
T1

T2

1

2

3

a

4

5

6

7

8

Day
CVP

Conservative

Liberal

17

PAOP

16
15
14
13
12
T2

1

2

4
Day

3

b
PAOP

PAC Conservative

5

6

7

8

PAC Liberal

Pulmonary-Renal Syndrome. Figure 1 Demonstrates the intravascular pressure over time for the two groups of the catheter
portion of FACTT trial. (a and b) demonstrates that for those subjects with a central venous catheter subjects in the fluid
liberal arm began with a CVP just above 12 mmHg, and at day 7 they continued to maintain a CVP of 12 mmHg. This is compared
to the fluid conservative arm that also started with a CVP of 12 mmHg but a day 7 had a CVP of 9 mmHg. We see a similar
effect in the pulmonary artery catheter group where the fluid liberal arm had a starting PAOP of roughly 16 mmHg and concluded
day 7 with a PAOP of 16 mmHg, while the fluid conservative arm started at 16 mmHg and finished with a PAOP of 13 mmHg.
The National Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome (ARDS) Clinical Trials Network.
Supplementary Appendix http://content.nejm.org/cgi/data/NEJMoa062200/DC1/1

end point that is open to bias due to the unblended nature
of the trial. Elevated serum creatinine and increased blood
urea nitrogen were perhaps tolerated in the fluid conservative arm, due to the trial’s aim to run the subjects at
lower intravascular volumes. Conversely, it is reasonable
to suppose that positive fluid balance would be tolerated
to a greater extent in the fluid liberal group, but that
eventually excess volume might lead to an increased rate
of RRT. Further investigation of the role of fluid management, in an appropriately powered study, in the setting of
ALI would be better served by the use of more precise
definitions and biomarkers of AKI, among other measures
of adequate tissue perfusion.

Renal Replacement Therapy as Treatment
for PRS Type II
As discussed above, although the FACTT fluid conservative strategy did not improve all-cause mortality in ALI,
the number of ventilator free-days alive was significantly
increased, and this has led by extrapolation (appropriate
or otherwise) to an increased interest in the use of RRT to
control fluid balance in patients with ALI and an inadequate response to fluid restriction and diuretics. The concept that fluid overload contributes to adverse patient
outcomes in AKI is supported by data from critically ill
children, which concluded that while not definitive, the
ability to maintain euvolemia (<10% fluid overload) is
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associated with improved survival in pediatric patients
with AKI in the setting of stem cell transplantation.
These findings are consistent with those of Sepsis Occurrence in Acutely Ill Patients (SOAP) Investigators, who
similarly demonstrated in adults that the mean daily
fluid balance was significantly more positive among nonsurvivors than among survivors ((L/day) 0.98  1.5 vs.
0.15  1.06; p < 0.001). Of course, all of these data
documenting the association of positive fluid balance in
AKI with adverse outcomes do not prove that interventions to control fluid accumulation would accordingly
improve survival. Nonetheless, while there have been no
definitive, randomized trials to determine the effects of
fluid balance control with RRT in the setting of ALI or
AKI, it is clear that volume overload remains an important
determinant in adverse patient outcomes and additional
studies are needed to guide practice in these common
clinical scenarios.
Meanwhile, the correct approach to the use of RRT to
control azotemia is increasingly guided by randomized,
controlled dosing trials. However, the correct approach to
the use of RRT to control fluid balance or buffer permissive hypercapnic respiratory respiratory acidosis is not
guided by high-level evidence. Support with renal

replacement therapy has many potentially beneficial
effects with patients with combined AKI and ALI. By
extrapolation from the literature describing beneficial
effects of negative fluid balance in ALI, the use of intermittent or continuous renal replacement therapies to
control fluid balance should have benefit in this
patient population. However, there is a lack of clinical
trial data to support this assumption. Most trials of
RRT to treat patients with ALI have focused on
approaches to treat inflammation rather than achieve
negative fluid balance.
Continuous hemofiltration with a negative or zero net
fluid balance has a hypothesized therapeutic benefit in
patient with ALI due to its ability to remove inflammatory
and humoral mediators of AKI, ALI, and sepsis from the
circulation. Additionally, patients could derive some therapeutic benefit (improved oxygenation/gas exchange)
from fluid removal, resulting in decreased pulmonary
vascular congestion (lower cardiac filling pressures) if the
prescribed therapy maintains even fluid balance (i.e., prevents positive fluid balance) or achieves negative fluid
balance. Unfortunately, human trials using modern
CRRT have yielded mixed results. Several studies
performed in the late 1980s and 1990s had conflicting
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results regarding gas exchange and outcomes of patients
with ALI receiving RRT, but some more recent trials have
been encouraging. Recent studies investigating the role of
RRT specifically in ARDS have also had mixed results, in
part due to study design limitations. It is clear that additional prospective trials are required to determine the
optimal approach to delivery of RRT in the treatment of
patients with AKI and ALI.

Epidemiology
PRS Type I
As discussed above, all of the causes of PRS Type I are
exceedingly rare. For example, the incidence of
Goodpasture’s disease has been sited as 1 case per
1,000,000 person years. There are known genetic (HLA
alleles DR15 and DR4) and environmental exposures
(smoking and hydrocarbons) that have been known to
cause this disease, which also has a Caucasian and male
predominance and a bimodal age distribution (with peaks
in the 1920s–1930s as well as 1950s–1960s). Wegener’s
granulomatosis has an estimated incidence of the disease
of 1 in 8.5/million (range 5.2–12.9/million) with a maleto-female ratio of 1:1. The disease usually involves Caucasians (80–97%) with a mean age at the time of diagnosis of
40–55 years, although persons of every age may be
affected. The rates for the other diseases associated with
PRS Type I are much lowered than for Goodpasture’s and
Wegener’s.

PRS Type II
While an exact accounting for the number of patients with
PRS Type 2 has not been analyzed, looking at the data for
those with ALI/ARDS and AKI may help provide epidemiologic insight.

ALI/ARDS
While the widespread use of concrete definitions
(discussed elsewhere in this work) have lead to progress
in the treatment of ALI and ARDS, the worldwide incidence
of ALI remains somewhat unclear. In 2005, a prospective, population-based, cohort study in 21 hospitals
(over 16 months) used a validated screening protocol to
identify patients who met the consensus criteria for ALI/
ARDS. The crude incidence was 78.9 per 100,000 personyears, with the age-adjusted incidence being 86.2. Note
that they demonstrated that both the incidence as well as
mortality of ALI and ARDS increased with advancing age.
Similar to previous data, they reported a mortality rate of
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38.5% which have generally ranged from 25% to 61%.
Variations in the incidence in ALI/ARDS have been
reported as well and these may be linked to flaws in
published studies, which often prospectively follow their
cohort for less than 12 months, thus not allowing for any
seasonal variation in disease rates.

AKI
While uniform definitions of AKI have not always been
universally accepted in recent years, a move to standardize
the definition/classification of AKI (RIFLE and AKINetwork criteria) has taken major steps toward better
defining the epidemiology of AKI. While many papers
put the incidence of community-acquired AKI at somewhere between 94 and 620 per million population per
year, these estimates come from developed nations where
trauma, nephrotoxins (drugs), and infections are the most
common sources of AKI. In the critically ill, the incidence
of AKI very much depends on the underlying cause as well
as the definition being employed. However, large studies
have shown that the risk for the development is increased
with age, male gender, and black race. However, the clinical factor most strongly associated with the development
of AKI is preexisting chronic kidney disease (CKD) with
some studies showing that over 30% of AKI cases have
underlying CKD compared to less than 10% of non-AKI
cohorts. Very few studies have separated out communityacquired AKI from nosocomial AKI and in light of this
much of the data regarding the incidence of AKI has
focused on those who went on to develop RRT-requiring
AKI. However, from the limited data available, most of
which is dependent on ICD-9 coding, common causes of
nosocomial AKI including sepsis (incidence 16–40% of
cases), trauma (incidence of 1–10%), cardiac surgery
(incidence varies greatly (5–40%) but need for postoperative RRT is 1–15%) and nephrotoxins (contrast/drugs;
incidence of 1–10%). Recently in the face of data
supporting the increased incidence of AKI, smaller
changes in renal function have been associated with
more frequent adverse patient outcomes. In patients
with radiocontrast-induced injury, sepsis, and status
post-cardiac surgery, small absolute or relative increases
in creatinine (25–50% above baseline) have been linked
with increased mortality. Finally, when AKI has been
investigated in the setting of ALI, the crude definitions of
AKI employed (serum creatinine greater than 2 mg/dL)
did not reflect the increasing use of the standardized
RIFLE or AKIN criteria, or any prior system. In summation, while the exact incidence of AKI is not known, it is
clear that improved classifications scheme and the
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continued investigation of the interplay of AKI and ALI
will improve our understanding of this devastating consequence of critical illness.

Evaluation and Assessment
PRS Type I
Since AKI and ALI are both relatively common in the
setting of critical illness, the first step in the evaluation of
PRS Type I should be the performance of a urine analysis
with microscopy. The glomerulonephritis seen in Type I is
frequently associated with an active urine sediment with
evidence of proteinuria as well as glomerular damage as
measured by abnormal hematuria, dysmorphic red blood
cells in the urine, as well as potentially red blood cells casts.
The pulmonary manifestations of Type I are fairly
nonspecific, with most patients reporting some shortness
of breath and cough, with the extremely rare case of frank
hemoptysis/pulmonary hemorrhage leading to a rapid
diagnosis. The majority of cases are diagnosed using
a combination of the urine analysis, pulmonary imaging
(CT scan readily identifies the multifocal nature of this
type of pulmonary lesion), as well as serologic testing
(anti-GBM, ANCA, ANA, double-stranded DNA). In
addition to these fairly noninvasive diagnostic tools,
patients often undergo renal biopsy in order to determine
the extent of renal damage and thus guide the need for
pharmacologic intervention. Unfortunately, it is not
uncommon for subjects to present with advanced glomerular sclerosis (>80%), which may not benefit from intensive immunosupression or cytotoxic agents, even in the
face of a creatinine of 4–7 mg/dL. Occasionally, patients
being worked up for Type I will undergo bronchoscopy to
evaluate for hemorrhage or even lung biopsy, with the
latter being reserved for cases where renal biopsy has
proved non-diagnostic.

PRS Type II
For similar reasons, the diagnostic approach to patients
with PRS Type II includes evaluation of the urine-analysis
(which permits the discrimination of Type I and II PRS)
radiographic imaging of the lungs (X-ray or CT scan) as
well as the implementation of the diagnostic criteria for
ALI/ARDS (discussed elsewhere in this text). While no
formal criteria exist for defining Type II, urine microscopy
would typically display an “inactive sediment” apart from
the potential presence of muddy brown casts in the presence of acute tubular necrosis, and the chest radiography
will demonstrate bilateral pulmonary infiltrates in the
absence of elevated left atrial pressures.

After-care/Prognosis
PRS Type I
Not surprisingly, the follow care and prognosis of Type I is
very much dependent on the underlying disease process.
For example, in the setting of anti-GBM disease, patients
who survive the first year without the need for RRT
generally do well in direct comparison to those who are
diagnosed with RRT, requiring AKI. Only 7% of those
requiring RRT are dialysis free at 1 year’s time in comparison to greater than 90% of those who did not require
RRT. Additionally, anti-GBM disease tends to be selflimited, so those survive the first year do well and do not
have to be terribly concerned about relapse; this is not true
in those who suffer from SLE-related disease. In SLErelated PRS Type I, relapsing and remitting course is to
be expected, assuming that one survives this disease
that carries a mortality rate of 30–40%. SLE “flares”
months to years after the original onset can affect the
lungs, kidneys, or any other organ. Patients with ANCArelated disease have similar prognosis to those with antiGBM, with those who present requiring RRT being more
likely to still be on RRT at 1 year’s time as well as carrying
a higher mortality. Unlike anti-GBM, ANCA-related diseases are more prone to relapses (especially those with
extensive pulmonary involvement as well as those with
Proteinase-3-related disease). ANCA-related patients are
also known to be hypercoaguable and need to be monitored for venous thromboemboli. Finally, as discussed
above since all categories of Type I disease usually implement corticosteroids as part of the treatment, and usually
for 9–12 months (if not longer) these patients must be
prophylaxed for steroid-induced gastrointestinal bleeding,
bone disease as well as covered for opportunistic infections such as pneuomcystitis. Similarly, cyclophosphamide has been associated with malignancy, including
increased incidence of bladder cancer, lymphoma, and
myelodysplasia; this is in addition to the increased risk of
skin cancer that is known to occur with long-term
immunosupression.

PRS Type II
Due to the underlying cause of their Type II disease, these
patients will often require long-term medical care and
require treatment in an extended care facility. Due to the
long-term impact of multi-organ disease in the setting of
critical illness, these patients will often require long-term
ventilation through a tracheostomy, often develop ICUacquired weakness from their protracted ICU course as
well as be at risk for nosocomial infections. This is in
addition to all of the care and follow-up that might be
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needed should they go on to require RRT and continue to
need dialysis.
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Economics

A method for the measurement of continuous cardiac
output based on the arterial pressure.

PRS Type I and Type II

▶ NEXFIN HD Monitor

The direct costs of PRS Types I and II are unknown, and
no formal assessment has been made of each of these
disease states. However, data investigating the costs of
several aspects of the care of these diseases is readily
available. For example, data exists on the annual direct
cost per year for patients in the USA with SLE (a cause of
PRS Type I). A recent study demonstrated for a single
patient was estimated to be approximately US$13,000,
with the indirect cost exceeding US$8,600. Note that this
data does not take into account the cost associated with
the extended ICU stays that these patients often incur.
However, recent data, from a pool of over 700,000 adult
admissions with mechanical ventilation, show that
median cost of a hospitalization for individuals requiring
more than 4 days of mechanical ventilation is over US
$40,000. Additional cost would be incurred should the
patient need RRT several papers and economic analysis
have estimated the daily cost for AKI/RRT care at US
$2,500–3,000 a day. This data is separate from any longterm RRT that might be needed following hospital discharge; the annual cost for care of an ESRD patient, based
on USRDS 2006 is roughly US$70,000. Finally, these figures do not account for the cost of staying in long-term
care facilities, following prolonged illness nor do they
account for the cost in terms of the social burden of the
disease.

Pulse Contour Cardiac Output
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Synonyms
Arterial hemoglobin oxygen saturation; Capnography;
End tidal CO2 monitoring; Plethysmography; Transcutaneous CO2 analysis

Definition
Pulse Oxymetry
Pulse oxymetry is a noninvasive continuous monitoring
technique which provides an estimate of arterial hemoglobin oxygen saturation (SpO2). The gold standard
against which to compare the accuracy of SpO2 is the
value measured directly by CO-oxymeter gas analysis of
a drawn sample of arterial blood (SaO2). A pulse oxymeter
also calculates heart rate from the plethysmographic
signal.
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The use of pulse oxymetry was first reported by
Nakajima in 1975 and studied by Japanese anesthesiologists. In 1980 this approach was tested in the USA and was
subsequently introduced into clinical settings. Currently,
pulse oxymeters have become the most widely used system
for routine monitoring in every health care setting, from
hospital critical care units to home or other nonhospital
locations. The widespread adoption of these devices can
be attributed to the difficulty of detecting hypoxemia
clinically, as arterial oxygen saturation must fall below
80% before signs become evident. Since the introduction
of routine use of pulse oxymetry, hypoxemia has been
demonstrated to be much more common than had been
suspected [1].

Device
Pulse oxymeters are made up of a microprocessor,
a display panel, and a probe [2].
The microprocessor computes information based on
two physical principles:
1. The presence of a pulse signal generated by the pressure of arterial blood, which is quite independent of
nonpulsatile blood and other tissues where the probe
might be placed.
2. The differences in the absorption spectra of oxyhemoglobin (O2Hb) and reduced hemoglobin (Hb).
Oxymeters use two light-emitting diodes (LEDs)
that give off light at wavelengths of 660 (red) and
940 nm (infrared). In the red region, O2Hb absorbs
less light than Hb, while the opposite is true in
the infrared region. The ratio of absorbencies at these
two wavelengths is calibrated empirically against measurements of SaO2 in volunteers. A calibration algorithm is stored in the device’s microprocessor and
a calibration curve is used to generate the SpO2
reading.
The display panel shows the current digital values of
SpO2 and heart rate. Alarms for SpO2 and heart rate are
available, with different sounds according to SpO2
desaturation level. Pulse oxymeters display the plethysmographic waveform itself, or a signal derived from, to allow
user to distinguish artifacts from true signals. In this way,
information concerning signal quality is always available.
The probe incorporates the two LEDs and a photon
detector placed on opposite sides of a vascularized tissue.
Originally, the probe was placed on the patient’s ear.
However, second-generation oxymeters were placed on
the finger, even though the ear detects sudden changes
more quickly. Other sites have been used, including the
nose or toes, especially in newborns.

Accuracy
The accuracy of pulse oxymeters differs widely because of
differences in the algorithms employed in signal
processing. These algorithms have limitations depending
on the range of saturations that can be safely obtained in
volunteers. Studies of the accuracy of response of pulse
oxymeters have been conducted in volunteers undergoing
rapidly induced profound hypoxia (40–70%). Comparisons with CO-oxymeter analysis of arterial blood samples
show that in healthy subjects, pulse oxymeters have
a mean difference (bias) of <2% and a standard deviation
(precision) of <3% when SaO2 is above 90%. In critically
ill patients with good arterial perfusion the results are
similar. However, accuracy deteriorates when SaO2 falls
below 80%. Bias varies from 15% to 13.1% and loss of
precision ranges from 1% to 16% [2].

Limitations
Artifacts
Motion artifacts are the most common source of error
and false alarms. In an intensive care unit SpO2 signals
can generate almost half of all false alarms, caused by
patient movements or a detached probe. New algorithms
for processing the pulse oxymeter’s light signals are
being developed to improve performance during
motion.
Excessive light, the proximity electrocautery devices,
and magnetic fields are other sources of artifacts.

Low Perfusion States
Any clinical situation in which low peripheral perfusion
develops – such as low cardiac output, vasoconstriction,
and hypothermia – may make it difficult for a sensor to
distinguish the true signal. During vasoactive treatment
and sepsis, for example, the bias of the readings has been
shown to increase.

Hemoglobin Disorders and Dyes
The presence of significant levels of carboxyhemoglobin
and methemoglobin leads to the overestimation of
SpO2. The absorption of carboxyhemoglobin at 660 nm
is the same as that of oxyhemoglobin, while absorption
is nil in the infrared range. The SpO2 value then
becomes the sum of all hemoglobin molecules. When
there is clinical suspicion of carbon monoxide (CO) poisoning, blood gas analysis by CO-oxymetry is required.
Anemia does not affect SpO2 readings, but falsely low
readings caused by intravenous dyes can persist as long
as 20 min.
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Skin Pigmentation and Nail Polish

CO2 Monitoring

Skin pigmentation, including jaundice, does not affect
SpO2 readings. Blue, green, and black nail polishes cause
low readings, while red or purple polishes do not.

The measurement of arterial carbon dioxide partial pressure (PaCO2) is basic to the monitoring of respiratory
status because it is a faithful reflection of the effectiveness
of ventilation. PaCO2 depends on the balance between the
production of CO2 in tissues, on the one hand, and the
coordination of respiratory control mechanisms, respiratory muscle activity, and pulmonary ventilation–perfusion
matching on the other. CO2 monitoring is highly useful
during anesthesia and in critical care settings.
The gold standard technique for measuring PaCO2 is
the analysis of arterial blood samples. However, because
PaCO2 can change rapidly in many clinical situations, two
noninvasive continuous monitoring systems have been
developed:

Application
The main clinical application for pulse oxymetry is to
monitor pulmonary function in order to detect hypoxemic episodes. However, a worrisome problem is that
some users, whether physicians or nurses, think that
a pulse oxymeter measures arterial oxygen partial pressure
(PaO2) and they have limited understanding of the oxygen
dissociation curve. Pulse oxymetry has additional value as
heart rate monitor. It is used routinely in many clinical
settings because it is easy to use, but there is no evidence
that its use is associated with a decrease in the incidence of
postoperative complications and mortality [3].
Currently, pulse oxymetry is mandatory in patients
under mechanical ventilation, and during surgery and
postoperative recovery. It can be useful when titrating
the amount of oxygen to be administered for ventilatordependent patients, during weaning from a ventilator,
after extubation and anesthesia, and in acute respiratory
episodes such as exacerbations of chronic respiratory or
heart diseases. The use of pulse oxymetry has been shown
to slightly reduce the number of blood gas analyzes
performed. Pulse oxymeter readings are also used for
screening in emergencies and as a criterion for discharge
from intensive or high-dependency care units.

Advances
Pulse oxymetry has developed further and is now incorporating more light wavelengths to gather new information. Advances have also been made to improve the
accuracy and usefulness of plethysmographic signal
analysis.

Information from Wave Length
New pulse oxymeters continuously assess total hemoglobin, carboxyhemoglobin, and methemoglobin. The accuracy of these measurements is presently being investigated.

Information from the Plethysmographic
Signal
Variations in the amplitude of photoplethysmographic
signal have been proposed as an index of sympathetic
response, possibly to provide a measure of stress. Variations of waveform amplitude according to breathing pattern and arterial pulse pressure could prove to be
a predictor of fluid responsiveness in patients with circulatory failure.
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1. Capnometry is the continuous monitoring of the concentration of CO2 throughout the respiratory cycle.
The displayed output includes a capnograph showing
CO2 plotted against time continuously. The endtidal pressure (PETCO2) is also given, providing
a noninvasive breath-by-breath estimate of PaCO2.
2. Transcutaneous carbon dioxide pressure (tcPCO2)
monitoring is based on a specially designed temperature-stabilized electrode placed on the skin surface.
This system provides an estimate of PaCO2 based on
the fact that CO2 gas diffuses through body tissues and
the skin.

Device
Capnometry
The fundamentals of capnometry were established in 1943
when it was discovered that CO2 absorbs infrared radiation and that this gas selectively absorbs specific wavelengths (4.3 mm) of infrared light [4]. As the amount of
light absorbed is proportional to the concentration of the
absorbing molecules, the concentration can be determined by comparing the absorbance to that of a known
standard. CO2 usually is expressed as partial pressure
although the display may also express it as percentage.
Three types of capnometer are currently available:
1. Side-stream capnometer. In this widely used device,
the sensor is located in the main unit and a pump
aspirates a gas sample from the patient’s airway. The
sampling tube is connected to a T-piece inserted
attached to the endotracheal tube, mask, or nasal
prongs. The optimal gas flow is considered to be
50–200 mL/min and a trap retains condensed water
to prevent its interference with CO2 measurement.
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2. Main-stream capnometer. A cuvette containing the
CO2 sensor is inserted between the endotracheal tube
and the breathing circuit. The infrared light passes
through the respiratory gasses to an infrared detector
within the cuvette, obviating the need for sampling.
The sensor is heated above the body temperature.
3. Microstream capnometer. This recently developed
device employs a unique, laser-based technology that
employs molecular correlation spectroscopy. A
focussed beam of infrared energy is emitted in the
narrow absorption spectrum of CO2 molecules at
room temperature. The combination of a highly specific source and an extremely short light path greatly
reduces the breath sample required to give an accurate
reading.

Physiological Considerations
The amount of CO2 exhaled depends on the amount of
CO2 produced as well as on pulmonary perfusion, alveolar
ventilation, and respiratory pattern. The capnograph
shows all these factors in four phases (Fig. 1):
1. Phase 0 and I (A to B in the figure) is the period in
which the CO2 value is zero, corresponding mainly
to inspiration but also including the start of exhalation when CO2-free gas from the instrument and
anatomic dead space is exhaled. If during this phase
CO2 is detected it usually indicates that CO2 is being
reinhaled.
2. Phase II (B to C) is the ascending portion of the graph,
when alveolar gas begins to mix with the CO2-poor gas
coming from dead space. As more alveoli empty, the
CO2 pressure rises rapidly.
3. Phase III (C to D) is the plateau which represents the
contribution of actively exchanging lung units and
nonexchanging, underperfused alveoli. The endpoint
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of this plateau, which is the highest value, is the PETCO2
value, which may also be expressed as a concentration.
4. Phase IV (D to E) is expressed as a sharp downstroke
on the curve, as inhalation begins and fresh CO2-free
gas passes the sensor, causing the CO2 concentration
to fall rapidly to zero.

Transcutaneous Carbon Dioxide Monitor
The measurement of PCO2 on human skin surfaces was
first described in 1960 by Severinghaus. A tcPCO2 monitor
makes use of the fact that CO2 diffuses through body
tissue and skin and can be detected by a sensor on the
surface. By warming the sensor, local hyperemia is
induced, increasing the supply of arterial blood to the
dermal capillary bed. Because of the elevated temperature
of the sensor, tcPCO2 is higher than PaCO2. The living
epidermal cells also produce CO2, contributing further to
the capillary CO2 fraction and increasing tcPCO2 by
approximately 5 mmHg [5]. As PaCO2 is the gold standard, a correction is applied to estimate the arterial fraction as closely as possible.
With currently used sensors, CO2 is measured
potentiometrically by determining the pH of an electrolyte
layer separated from the skin by a highly permeable membrane. The change in pH is proportional to the logarithm
of the change in PCO2.

Accuracy
Many authors have analyzed the accuracy of PETCO2 and
tcPCO2, comparing them with PaCO2 measured directly
in arterial blood. Under normal circumstances, PETCO2 is
lower than PaCO2 by 2–5 mmHg, a difference called the
arterial-to-end-tidal CO2 gradient, or P(a-ET)CO2. This
gradient is due to the alveolar dead space and anatomic
and alveolar mixing defects in the normal lung and can
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Pulse Oxymetry and CO2 Monitoring. Figure 1 A normal trace of CO2 against time, consisting of four segments. A to B is the
CO2-free period. B to C shows the sharp rise in CO2 pressure. C to D is the alveolar plateau and includes the end-tidal CO2 pressure
or concentration (D). D to E shows the rapid fall in CO2 pressure at the beginning of inspiration
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easily rise or fall depending on metabolism, lung perfusion, and pulmonary ventilation–perfusion matching. The
gradient should not be considered an indication of imprecision but rather of circumstances that reflect physiologic
changes.
In general, tcPCO2 provides a good estimate of PaCO2.
The average bias is around 1 mmHg with a linear response
between 20–74 mmHg and precision around  6 mmHg.

Limitations
Side-stream capnography is affected when water droplets,
patient secretions, and water from humidifiers enter the
breathing circuit and occlude or add to flow resistance in
the sampling tubes, reducing measurement accuracy.
Tachypnoea greater than 30 breaths/min can also affect
CO2 measurement because exhalation is not completed
and the response time of the analyzer may be delayed.
Hypoventilation and consequently diminished expiratory
flow rates can result in erroneous values of PETCO2 from
side-stream sensors if the sampling flow rate is high.
The main limitation of tcPCO2 monitoring is the need
to periodically replace the membrane and calibrate the
sensor. Skin lesions have been reported due to the high
temperature. The estimation of PaCO2 is less reliable
during profound peripheral vasoconstriction or in the
presence of skin edema.

Application
Capnography and tcPCO2 monitoring are not mutually
exclusive. In fact, the two systems provide complementary
information, but deriving clinically relevant conclusions
from the use of both will require a thorough understanding of the principles underlying their differing approaches
to measurement.

Capnometry
Clinical applications of capnography are wide ranging.
The continuous recording of the capnograph gives more
information than the digital display of the PETCO2 value
by itself. Abnormalities can be found by analyzing the
various phases of the graph for individual breathing cycles
as well as by observing trends over the time. Five characteristics should be inspected: height, frequency, rhythm,
the lowest point, and shape. Abnormalities in each phase
may be related to either patient- or equipment-related
problems [4].
1. Metabolic abnormalities. Clinical situations that
increase metabolism, such as hyperthermia, thyrotoxic
storm, and severe sepsis, will increase PETCO2. Opposite circumstances, such as hypothermia, will reduce it.
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2. Pulmonary perfusion abnormalities. Higher cardiac
output will increase PETCO2. Reduced cardiac output
due to hypotension, hypovolemia, pulmonary embolism (from any cause), and cardiac arrest will reduce
PETCO2. PETCO2 monitoring has been a good indicator and predictor of the success of cardiopulmonary
resuscitation. A rapid decrease in PETCO2 in the
absence of changes in blood pressure, central venous
pressure, and heart rate indicates air embolism.
3. Breathing. Any clinical circumstance producing
hypoventilation will increase PETCO2 and the opposite
effect will occur during hyperventilation. This is the
clinical basis for using PETCO2 as an estimate of
PaCO2.
Capnometers have been proposed for monitoring
apneas. Currently, in patients breathing spontaneously, a side-stream or microstream sensor can be
used for capnography if the sensor is attached to
nasal or combined oral-nasal cannulas that simultaneously administer oxygen and, with a separate line,
sample gas for CO2 analysis. In intubated patients any
sensor can be used.
4. Airway defects. Capnometers are the gold standard for
assuring correct tracheal intubation and ruling out
accidental esophageal intubation. The capnograph
reflects any incidence in airway patency, including
kinking or tracheal tube obstruction greater than 50%.
5. Instrument defects. Leaks and ventilator disconnection
are detected by capnometers under any circumstances
even faster than volume or airway pressure monitors
can. Malfunctioning ventilator valves are indicated by
an increase of PETCO2.

Advances
Advanced technology makes breath-by-breath volumetric
capnography possible by combining airway flow monitoring with capnometry. Additional measurements reflecting
CO2 kinetics facilitate the assessment of prognosis in
patients with acute respiratory failure. Examples of such
enhanced information are measures of CO2 output, the
slope of phase III plotted as a function of exhaled tidal
volume, dead space, and the ratio of alveolar ejection
volume to tidal volume.

Transcutaneous Carbon Dioxide
tcPCO2 provides a good estimate of PaCO2 with a
response time of less than 1 min. The sensor can be safely
left in place for up to 8 h. Initially, tcPCO2 was used in
newborns because of the difficulty of drawing arterial
blood. Currently, however, these sensors are more widely
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Pulse Pressure Variation (PPV)

used in any setting where long-term CO2 monitoring is
required. Examples are adult critical care, mechanical ventilation and weaning, anesthesia, bronchoscopy, sleep
studies and apnea testing, pulmonary stress testing, and
respiratory research [5].
Recent developments in the use tcPCO2 monitoring
tend to combine this measurement with other parameters
such as SpO2, given that this CO2 monitor is as easy to use
as a pulse oxymeter.
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Pulse Pressure Variation (PPV)
The cyclical change in the pulse pressure during one
mechanical breath; serves as a useful tool for the prediction of fluid responsiveness in mechanically ventilated
patients.

PulseCO System
▶ LiDCO

Pulse–Temperature Dissociation
Increase in pulse rate less than 15 beats per minute for each
1 C rise in temperature above normal.

Pumpless Extracorporeal Lung
Assist (PECLA)
▶ Extracorporeal Lung Support
▶ Respiratory Extracorporeal Assist

Synonyms
Pupillary light reflex; Pupillary light response

Definition
Reflexive changes in pupillary diameter occur in response
to alterations in light intensity (pupillary light reflex) as
well as changes in the distance between the eye and the
object of central gaze (pupillary accommodation reflex).
Since the latter has limited clinical utility in intensive care
medicine, this entry will focus on the pupillary light
response.
The pupillary light response is a reflex that results in
changes in pupil diameter in response to changes in light
intensity (luminance) striking the retina. Increased light
intensity results in constriction of the pupil while
decreased light intensity causes pupillary dilation. Pupillary constriction and dilation normally occur in both eyes
simultaneously, maintaining bilateral control of the amount
of light entering the eyes. Clinically, one can elicit the pupillary light response by shining a bright light in one eye and
monitoring constriction of the ipsilateral pupil (direct
response) and contralateral pupil (consensual response).
For optimal accuracy, this test should be performed in
a semi-darkened room to increase resting pupillary diameter, and if patients are awake and cooperative, they should be
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asked to focus on a distant object (to control for the influence of accommodation and convergence on pupil diameter). Abnormalities of the pupillary light reflex can provide
valuable information regarding the structural and functional integrity of the anatomical structures involved in
this reflex arch, and can be critical in diagnosing both
acute and chronic neurological pathologies.

Differential Diagnosis
To understand the possible causes of pupillary light
response abnormalities, it is important to be familiar
with the underlying anatomy and physiology of this reflex
arch (Fig. 1). Light passes through the lens and substance
of the eye to strike photoreceptors in the retina, which
activate retinal ganglion cells that give rise to output fibers
exiting at the optic disk. These fibers coalesce to form the
optic nerve, which travels to the optic chiasm (where nasal
fibers cross midline) and continues towards the brainstem
and thalamus as the optic tract. Prior to reaching the
lateral geniculate nucleus of the thalamus, however,
a subset of fibers exit the tract and pass through the
brachium of the superior colliculus to enter the upper
midbrain. Here they synapse on the pretectal olivary
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nuclei (pontine olivary and sublentiform nuclei), which
give rise to internuncial neurons that synapse on both the
ipsilateral and contralateral Edinger Westphal (EW) nuclei
of the upper midbrain. This results in bilateral activation
of parasympathetic nervous system fibers in the EW
nuclei, which exit the midbrain along with fibers of the
oculomotor nerve (cranial nerve III). The oculomotor
nerve contains the parasympathetic fibers from the EW
nucleus in its outermost layers, making them particularly
prone to extrinsic compression (see the following sections). The nerve courses through the cavernous sinus
and enters the orbit through the superior orbital fissure,
after which the parasympathetic fibers diverge to synapse
on the ciliary ganglion. The ciliary ganglion gives rise to
short posterior ciliary nerves that synapse on the choroid,
iris, and ciliary body of the eye, resulting in activation of
the sphincter papillae muscles with resultant pupillary
constriction. This reflex arch has been termed a “fourneuron circuit” as it is composed of (1) retinal ganglion
cells, (2) pretectal olivary nuclei cells, (3) EW nuclei cells,
and (4) ciliary ganglia cells. From a more clinical perspective, the pupillary light reflex depends on an afferent limb
(retina and optic nerve) and an efferent limb (EW nuclei
and oculomotor nerve).

Afferent Components
Light

Short
ciliary
nerves
Optic nerve
Ciliary genglion

Optic tract

Illn

EdingerWestphal
nucleus

Lateral
geniculate
nucleus

Red
nucl

Pretectooculomotor
tract

Pretectal nucleus

Posterior
commissure

Pupillary Response. Figure 1 Neuroanatomy of the pupillary
light response [1]

Lesions that involve structures responsible for input to the
EW nuclei of the midbrain, such as the retina and optic
nerve/chiasm/tract, result in an afferent pupillary defect
(APD). When light stimulation is delivered to an eye
with APD, there is no input delivered to the pretectal
and EW nuclei and thus, there is a lack of parasympathetic
output to the ciliary ganglia of both eyes. As a result, APD
results in the absence of ipsilateral direct and ipsilateral
consensual responses to light. When light stimulation is
presented to the opposite eye, there is uninterrupted input
to the contralateral pretectal olivary nuclei with resultant
activation of bilateral EW nuclei. As a result, both contralateral direct and contralateral consensual responses are
present. In summary, APD results in the absence of all
responses to light stimulus in the involved eye (ipsilateral
direct and consensual), but responses to light stimulus in
the opposite eye (contralateral direct and consensual)
remain unaffected. APD is best diagnosed with the
“swinging flashlight test” – when light is shined back and
forth between the eyes every 2–3 s an eye with APD dilates
in response to light.

Efferent Components
Lesions involving the efferent limb of the pupillary light
reflex are similar to APD as they also result in the absence
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of an ipsilateral direct response. The key difference is that
consensual responses to light stimulus in the involved
eye are not affected, since the afferent loop is intact and
is able to activate the contralateral EW nucleus. Consensual responses to light stimulus in the opposite eye, however, are absent as the involved eye does not constrict in
response to input to either eye. In summary, patients with
involvement of the efferent limb have absence of pupillary
constriction in response to any type of input (ipsilateral
direct and contralateral consensual), but have intact
responses in the opposite eye (ipsilateral consensual and
contralateral direct). This pattern of abnormality can
result from lesions involving the EW nucleus, oculomotor
nerve (cranial nerve III), ciliary ganglion, or muscles
involved in pupillary constriction.

Characteristics
A variety of clinical conditions can result in pupillary light
reflex abnormalities (Table 1).

Uncal Herniation
The most urgent pupillary abnormality in intensive care
medicine is acute pupillary dilation accompanied by neurological decline, and results from trans-tentorial herniation of the uncus with resultant extrinsic compression of
the oculomotor nerve. Because the parasympathetic fibers
are located on the periphery of the nerve and the motor

fibers are located centrally, uncal herniation always results
in pupillary dilation first. Eye deviation, due to involvement of the centrally located motor fibers, only occurs in
prolonged or extremely severe cases. Uncal herniation can
result in a maximally dilated pupil that is unresponsive to
light stimulus in the ipsilateral or contralateral eye (ipsilateral direct and contralateral consensual), but constriction of the contralateral eye is intact to light stimulus in
either eye (contralateral direct and ipsilateral consensual).
The dilated pupil observed in patients with uncal herniation is often termed a “blown” or “Hutchinson” pupil. If
herniation continues to progress, it can result in compression of the contralateral oculomotor nerve with resultant
bilateral “blown” pupils.
An alternate or contributing mechanism for pupillary
dilation in patients with traumatic brain injury is
brainstem ischemia. Ischemia can result from an intracranial herniation syndrome that causes a downward shift of
the brainstem and deformation of the perforating brain
stem arteries, or from an elevation in intracranial pressure
that causes a global reduction in cerebral blood flow.
Stable xenon CT blood flow measurements in the midbrain have supported this mechanism, correlating the
presence of nonreactive pupils with brainstem blood
flow levels close to infarction threshold [2]. The effect of
intravenous mannitol or hypertonic saline in reversing
dilation can also be explained by this mechanism, as it

Pupillary Response. Table 1 Common causes of pupillary light response abnormalities
Ipsilateral
direct

Ipsilateral
consensual

Contralateral
direct

Contralateral
consensual



+

+



Accompanied by neurological
deterioration due to brainstem
compression

PComm aneurysm 

+

+



Often partial, progresses with
aneurysm size

Marcus Gunn Pupil 



+

+

Synonymous with afferent
pupillary defect (APD)

Parinuad’s
syndrome









Due to tectal compression

Argyll Robertson
Pupil









Typically involves both eyes
asymmetrically

Adie’s Pupil
(Tonic Pupil)



+

+



Affects both pupillary response
and accommodation

Horner’s
syndrome

+

+

+

+

Results in anisocoria due to
unopposed ipsilateral
parasympathetic activity

Amourosis
(“blind eye”)





+

+

No afferent output from
involved eye

Uncal herniation

Notes

Pupillary Response

improves blood viscosity and results in increased cerebral
blood flow (especially when autoregulation is absent
[3, 4]). Although this latter mechanism of CBF increase
to explain the beneficial effects of hypertonic solutions is
less well known, its rapidity makes one attach importance
to it as, in cases of proven compression of the oculomotor
nerve (e.g., PComm aneurysm, see the following section),
it often takes months for the pupillary response to be
restored. Thus, to what extent acute pupillary dilation in
patients with elevated intracranial pressure is the result of
brainstem ischemia or mechanical compression of the oculomotor nerve due to uncal herniation remains unclear.
Nonetheless, it represents a potential clinical emergency
that warrants immediate intervention and neurosurgical
consultation.

Posterior Communicating Artery Aneurysm
Pupillary abnormalities in patients with a posterior communicating (PComm) artery aneurysm are due to extrinsic compression of the ipsilateral oculomotor nerve prior
to its entry into the cavernous sinus (in the basal cisterns).
PComm aneurysms typically result in partial compressive
oculomotor nerve palsies (similar to the pattern described
for uncal herniation) that increase over time with growth
of the aneurysm dome. A unilateral pupillary abnormality
in an otherwise asymptomatic patient should warrant
consideration for a PComm aneurysm, as this may be
the only sign that precedes rupture, subarachnoid hemorrhage, and neurological deterioration.

“Marcus Gunn” Pupil
Synonymous with APD, Marcus Gunn pupil is a clinical
finding that can result from a variety of conditions that
affect afferent components of the pupillary light reflex. For
example, lesions that disrupt blood flow to and from the
retina, such as central retinal artery occlusion, anterior
ischemic optic neuropathy, central retinal vein occlusion,
or branch retinal vein occlusion, can result in a Marcus
Gunn pupil. Other causes include diseases that affect the
anterior chamber of the eye (open angle glaucoma), the
retina (retinal detachment, profound primary retinal
pathology), or the optic nerve (optic nerve atrophy). As
noted above, a “Marcus Gunn” pupil is best diagnosed
using the “swinging flashlight test.”

Parinaud’s Syndrome
Parinaud’s syndrome results from lesions involving the
pretectal area of the dorsal midbrain, such as pineal region
tumors, brainstem encephalitis, brainstem infarction, and
multiple sclerosis. In young children, hydrocephalus can
result in Parinaud’s syndrome due to compression of the
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tectum. The pupils of patients with Parinaud’s syndrome
are typically mid-sized and unreactive to light, yet remain
responsive to near accommodation. Non-pupillary characteristics of Parinaud’s syndrome include vertical gaze
palsy, skew deviation, impaired vergence, lid retraction,
and convergence retraction nystagmus on upgaze. Patients
with Parinaud’s syndrome do not have anisocoria since
both pupils/eyes are typically involved.

Argyll Robertson Pupil
A hallmark of neurosyphilis, an Argyll Robertson pupil is
small, irregular in shape, and has little to no response to
light stimulation. The pupillary response to near accommodation is briskly intact, resulting in “light-near dissociation.” Mydriatic drugs have very little effect in patients
with Argyll Robertson pupils. Visual acuity is typically
normal. Both pupils are generally affected, but the severity
often varies between them, which can result in anisocoria.

Adie’s (Tonic) Pupil
Adie’s pupil is the result of a ciliary ganglion lesion, with
resultant denervation of ipsilateral ciliary and pupillary
constrictor muscles. It is more common in women than
men (male:female = 1:3), and is unilateral in 80% of cases
(resulting in anisocoria). Due to disruption of the efferent
limb of the pupillary light response, the affected eye does
not constrict to light stimulation of the ipsilateral or
contralateral eye (ipsilateral direct and contralateral consensual responses absent). The uninvolved eye, on the
other hand, responds to light stimulation of either eye.
The eye with Adie’s pupil is relatively dilated in bright light
and relatively constricted in dim settings, and is particularly sensitive to low concentrations of pilocarpine (due to
denervation and hypersensitivity – this is not present in
acute onset Adie pupil). Patients with Adie’s pupil may
have delayed miotic responses to near fixation and delayed
re-dilation when switching to far distances. Slit lamp
examination are often helpful in diagnosis of Adie’s
pupil, as it may demonstrate segmental paralysis and/or
‘vermiform’ movements of the iris. Hallmark symptoms of
a patient with Adie’s pupil are mydriasis, loss of deep
tendon reflexes, and excessive sweating.

Horner’s Syndrome
Horner’s syndrome presents with the classic triad of miosis (small pupil), ptosis (eyelid droop), and anhidrosis
(lack of sweating), and is often accompanied by an apparent enophthalmos (affected eye appears to be “sunken”).
The syndrome can result from a variety of pathologies that
disrupt sympathetic input to the face and eye, causing
unopposed parasympathetic input with resultant
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pupillary constriction. Horner’s syndrome can result from
lesions of the sympathetic chain or ganglia (stellate, superior cervical) in the chest, or lesions along the course of the
postganglionic fibers as they ascend in the neck (longus
colli muscles, carotid artery), pass through the skull base
(internal carotid artery), cavernous sinus, and superior
orbital fissure to terminate on Muller’s and pupillary
dilator muscles. Although the affected pupil is constricted
in Horner’s syndrome, pupillary responses to light stimulation remain intact.

Amaurosis (“Blind Eye”)
Amaurosis is typically due to a lesion involving the optic
nerve (proximal to the chiasm and tract), resulting in
complete monocular anopsia. The pupils are typically
equal in size at rest, but there is no direct or consensual
response to light stimulus in the affected eye (as no afferent input is processed from the ipsilateral retina to the
midbrain). When the contralateral eye is stimulated, however, there is uninterrupted afferent input to the brainstem
with resultant stimulation of both EW nuclei. Therefore,
both contralateral direct and contralateral consensual
responses are intact in patients with “blind eye.” Amaurosis represents an extreme form of APD.
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Pure Red Cell Aplasia
Pure red cell aplasia is a rare complication of therapy
with erythropoiesis-stimulating agents. It is characterized
by severe anemia, with decreased reticulocytes count
and severe reduction of erythroid precursors in the
bone marrow. Anti-erythropoietin antibodies are generally present.

Iatrogenic Causes
Clinical evaluation of pupillary abnormalities should
always include a detailed clinical history of prehospital
activities and medications and in-hospital examinations
and treatments. Although rare, a good clinical history will
sometimes explain a pupillary finding that would otherwise result in a clinical conundrum. For example, accidental
eye contact with cocaine or amphetamine powder can cause
pupillary dilation, as can atropine eye drops or inadvertent
eye exposure to ipratropium or albuterol nebulizer solutions. Similarly, neosynephrine nasal sprays or eye drops,
scopolamine patches (“cruise ship anisocoria”), or powder
from flea collars (which contain anti-cholinesterases) can
result in benign, iatrogenic pupillary abnormalities.

PWA (Pulse Wave Analysis)
▶ MostCare Monitor

Pyelonephritis
▶ Catheter-Associated Urinary Tract Infection
▶ Urinary Tract Infections
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Synonyms
Tetraplegia

Definition
Quadriplegia refers to either partial or complete paralysis
of all four extremities and torso.

Characteristics
The etiology of quadriplegia has multiple origins (listed
below in differential diagnosis); with most common being
trauma to the cervical spinal cord at levels anywhere from
C1 to C7. Injury below C7–C8 generally preserves the
function of the upper extremities as well as most of the
musculature of the posture support muscles of the back.
The diaphragm is innervated by the phrenic nerve
(C3–C5). Although loss of motor and/or sensory
functions from the neck is generally the most striking
manifestation of quadriplegia, evaluation for respiratory
compromise is the most essential component of the
physical examination in the acute setting [1].
Diseases of the respiratory system are the leading cause
of death in patients with cervical spinal cord injuries. High
cervical cord lesions (C1–C4) result in severe respiratory

dysfunction, often leading to ventilator dependence.
Because the phrenic nerve (C3–C5 nerve roots) controls
diaphragm function, individuals with lesions above C3 are
unable to maintain spontaneous respiration [2].
Paralysis of upper and lower extremities is a devastating injury, although research on quality of life shows that
life satisfaction (LS) improves over time, and often reaches
levels above those of the average uninjured person. Longterm care requires a multidisciplinary approach which,
although costly, is effective in providing a satisfying quality of life to the injured patient.
Quadriplegia can be categorized into incomplete and
complete spinal cord injuries. In a partially damaged spinal cord, some sensation and/or motor function is
retained below the site of pathology. On the other hand,
a complete injury refers to complete cessation of all neurologic function below the site of pathology. Recovery of
upper extremity strength in the first post-injury month
predicts long-term recovery of function [3] (Fig. 1).
The popular American Spinal Injury Association (ASIA)
classification scheme is used to characterize traumatic
spinal cord injuries [4] (Fig. 2).
Although the most common cause of quadriplegia
involves damage or disease to the spinal cord, similar manifestations can and do occur in select patients with cerebral
pathology. The overall clinical picture may differ somewhat
in these patients. Again, long-term care should be directed at
addressing the long-term complications of inhibited motor
control, sensory function, bowel and bladder continence, etc.
Common issues with both patient subsets (spinal cord injury
and cerebral injury) include but are not limited to: spasticity,
muscle contractures, pressure sores from inadequate motor
ability coupled with decreased sensory input, pain control,
autonomic dysreflexia, DVT/PE complications, urinary tract
infections due to the need for catheterizing the neurogenic
bladder, osteoporosis, occult abdominal issues, increased
incidence of pneumonia, impaired sexual function, depression, as well as long-term skilled caregiver requirements.

Differential Diagnosis
Traumatic spinal cord injury (most common cause): Blunt
or penetrating trauma, central cord syndrome (minor
trauma in the presence of spinal stenosis).

Jean-Louis Vincent & Jesse B. Hall (eds.), Encyclopedia of Intensive Care Medicine, DOI 10.1007/978-3-642-00418-6,
# Springer-Verlag Berlin Heidelberg 2012
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Congenital: Werdnig–Hoffman disease (spinal muscular
atrophy), cervical stenosis, spinal stenosis, syringomyelia (Arnold–Chiari malformation).
Acquired: Neoplasm, multiple sclerosis, disk herniation,
osteo- or rheumatoid arthritis, amyotrophic lateral sclerosis, ankylosing spondylitis.
Metabolic: Thallium poisoning, central pontine
myelinolysis, combined system disease (B12 deficiency), decompression sickness.
Infectious: Intramedullary abscess, transverse myelitis,
poliomyelitis.

Percentage with functional strength
(>3/5) at 1 year

Muscle strength
at 1 month

Complete
tetraplegia

Incomplete tetraplegia

0/5

20%

24%

1/5

90%

73%

2/5

100%

100%

Vascular: Acute pontomedullary infarction (locked-in
syndrome), spinal infarction (anterior spinal artery
syndrome, vascular malformation, radiation myelopathy), epidural hematoma.

Traumatic Spinal Cord Injury
Traumatic spinal cord injury (TSCI) is the most common
cause of quadriplegia. Incomplete quadriplegia accounts
for over one third, and complete quadriplegia accounts for
only 16.9% of traumatic spinal cord injuries. The majority
of patients with TSCI manifest a combination of complete
and incomplete quadriplegia.
The pathophysiology of this type of injury is characterized by a gross anatomical distortion of the spinal cord
followed by a complex cascade of events (ischemia/reperfusion, inflammation.) causing secondary damage to the
cord. The mechanism of injury (rotation, flexion, extension, compression) often times can predict the characteristics of the injury and the neurological manifestations [5].

Congenital

Quadriplegia. Figure 1 Prediction of upper extremity motor
recovery (Adapted from [3])

Quadriplegia can manifest within a multitude of congenital abnormalities. Spinal Muscular Atrophy Type 1
(Werdnig–Hoffmann Disease) is the most severe form of
SMA, characterized by degeneration of the anterior horn
cells of the spinal cord and motor nuclei of the brainstem.
SMA Type 1 is a fatal disease that presents in early infancy
with quadriplegia or hypotonia/flaccidity of the torso and
extremities however sparing the cranial nerves.

ASIA grade

Details

A

Complete

Motor complete, Sensory complete

B

Incomplete

Motor complete, Sensory incomplete

C

Incomplete

Motor incomplete, Sensory incomplete

D

Incomplete

Motor incomplete, Sensory incomplete

E

Normal

Motor and sensory normal

ASIA grade C and D are incomplete injuries. ASIA C: lacks antigravity strength
(muscle grade <3) in the majority of muscle groups below the level of injury.
ASIA D: preserved antigravity strength (muscle grade <3 or more) in the
majority of muscle groups below the level of injury.

Quadriplegia. Figure 2 ASIA (American Spinal Injury Association) classification

Quadriplegia
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Quadriplegia. Figure 3 Key sensory points. (Requires payment of a fee and permission to reproduce this image from editor
(gomersall@cuhk.edu.hk) http://www.aic.cuhk.edu.hk/web8/Hi%20res/dermatome.jpg)

Acquired
Acquired lesions from a variety of sources: neoplasms
(i.e. ependymoma), multiple sclerosis, disk herniation,
amyotrophic lateral sclerosis, and ankylosing spondylitis
can cause quadriplegia. Often the onset of quadriplegia in
this group of patients is insidious and coupled with other
neurologic findings. However, in the patient who presents
with new onset quadriplegia acquired pathology must be
considered. Imaging (MRI and/or CT depending on clinical suspicion) is valuable in these cases.

Metabolic
Metabolic derangement also contributes significantly to the
differential diagnosis of quadriplegia. The rapid correction of
hyponatremia can precipitate a condition known as central
pontine myelinolysis in which the introduction of
a significant osmotic load after a period of hypo-osmolarity
causes osmotic demyelination. Clinical clues to this pathology may include both cranial nerve deficits as well as
descending and ascending pathway deficits.

Combined system disease, a degeneration of the
peripheral nervous system and spinal cord caused by
a B12 deficiency, can progress to quadriplegia.

Infectious
Although the threat of poliomyelitis has largely been eradicated in the USA, it continues to contribute to neurological dysfunction in other areas of the world that do not
have access to the polio vaccine. The pathophysiology of
neurologic compromise in the case of polio is still not
completely understood. However, symptoms of polio are
likely caused by diffuse damage of motor neurons within
the central nervous system as a result of viral replication.
Motor dysfunction varies widely from patient to patient;
however, and quadriplegia is a common manifestation of
this disease.
Localized infection within the spinal canal, such as the
case of an epidural abscess (most commonly cause by
Staphylococcus aureus) can cause compression on the spinal cord; an infection in the cervical spine can cause
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Quadriplegia

Level

Myotome

Muscles tested

C5

Elbow flexors

Biceps brachii, Brachialis

C6

Wrist extensors

Extensor carpi radialis longus,
Extensor carpi radialis brevis

C7

Elbow extensors

Triceps

C8

Long finger flexors

Flexor digitorum profundus

T1

Small finger abductor

Abductor digiti minimi

L2

Hip flexors

Iliopsoas

L3

Knee extensors

Quadriceps

L4

Ankle dorsiflexors

Tibialis anterior

L5

Long toe extensors

Extensor hallucis longus

S1

Ankle plantarflexors

Gastrocnemius, Soleus

Quadriplegia. Figure 4 The motor portion of the neurologic exam consists of testing 10 myotomes, with a grading score from
0–5 (0 = total paralysis, 5 = normal function)

quadriplegia. Other potential infectious causes of quadriplegia include tuberculosis, HIV myelopathy, parasitic
infections, and syphilis.

Vascular
Any cessation of blood supply to the central nervous
system can directly and quickly promote many different
types of neurologic deficits. Epidural hematoma (much
like an epidural abscess) can cause compression of the
cervical spinal canal resulting in quadriplegia.
Another cause of quadriplegia is acute pontomedullary
infarction, better known as locked-in syndrome. An infarct
in the pontomedullary area of the brainstem causes global
paralysis of the body, sparing only the voluntary movement of the eyes, giving the patient the haunting impression of being “locked-inside” his/her body.

Neurologic Examination
A thorough sensory and motor exam is critical for describing the spinal cord injury. The examination is comprehensive, testing 28 dermatomes from C2 to S5 for sensation to
light touch and pinprick (Fig. 3).
The motor examination tests 10 key muscle groups
(myotomes), with a grading score from 0 to 5 (0 = total
paralysis, 5 = normal motor function) (Fig. 4).
Deep tendon reflex testing of the upper and lower
extremities is the third component of the neurologic
examination. The anal wink and bulbocavernosus reflexes,
indicators of bowel and bladder function, are particularly
useful in evaluating for the presence of spinal shock.
A complete examination includes assessment of the external anal sphincter, because loss of sensation and motor
function at this level characterizes a complete spinal cord
injury.

Autoimmune/Inflammatory
Transverse myelitis is inflammation of the spinal cord in
a lateral distribution which, superior enough, may induce
quadriplegia. The etiology of transverse myelitis is attributable to rheumatoid arthritis, mixed connective tissue
disease, systemic lupus erythematosus, scleroderma, and
others.

Use of Steroids to Treat Acute Traumatic
Spinal Cord Injuries
Methylprednisolone is the most commonly used glucocorticoid for traumatic spinal cord injury. While studies in
animal models have shown reduced spinal cord edema
and
improved
neurologic
outcome
when

Quantitative Resuscitation

methylprednisolone was administered within the first 8 h
following injury, controversy surrounds the routine use in
humans with spinal cord injuries. The National Acute
Spinal Cord Injury Study (NASCIS) II evaluated the utility
of MP in human TSCI and found modest improvement in
long-term motor outcome when the glucocorticoid
was administered within 8 h. NASCIS III showed that MP
administered within 8 h for 48 h showed an even greater
outcome in motor recovery alone. Both trials showed an
increased incidence of wound infection and sepsis respectively. In 1999, a meta-analysis investigating the use of
glucocorticoids with traumatic spinal cord injury concluded that the use of high-dose methylprednisolone, if
given early (between 3 and 8 h) for 24–48 h does mildly
improve long-term motor outcome. Subsequent studies
have debated these findings, however, and current
Advanced Trauma Life Support guidelines do not recommend this practice.

Cross-reference to Disease
▶ Central Cord Syndrome
▶ Traumatic Spinal Cord Injury

2.

3.

4.

5.
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Whiteneck GG, Adler CA, Carter RE, Lammertse DP, Manley S,
Menter RR, Wagner KA, Wilmot C (1989) The management of
high quadriplegia. Demos Publishing: New York
Mange KC et al (1990) Recovery of strength at the zone of injury in
motor complete and motor incomplete cervical spinal cord injured
patients. Arch Phys Med Rehabil 71(8):562–565
American Spinal Injury Association (2000) International Standards
for Neurologic Classification of SCI, revised 2000. American Spinal
Injury Association, Chicago, IL
Greenberg MS (2006) Handbook of Neurosurgery, 6th edn. Thieme
Publishing, New York

Quality Assurance and
Improvement (QA and QI,
Respectively)
Quality assurance and improvement (QA and QI, respectively) are programs of regular assessment of activities,
particularly processes of care, to evaluate the quality of
medical care delivered, make sure standards are met, and
systematically improve performance.
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Rabbit Fever
▶ Biological Terrorism, Tularemia
▶ Tularemia

Rabhas (Sanskrit, to Do Violence)
▶ Rabies

Rabid (Latin, Rabere, to Rave)
▶ Rabies
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symptom onset. Worldwide, there are 55,000 deaths
a year with 98% of cases occurring in Africa and Asia
(dog transmission), <100 cases in Central and South
America (dog and vampire bat transmission), and
scattered cases elsewhere. Wound cleansing and immunizations (both passive/immunoglobulin and active/vaccination) post-exposure (no prior rabies vaccination)
following established protocols by the Centers for Disease
Control and Prevention (CDC) or the World Health Organization (WHO) can prevent death in virtually 100% of
cases. There are several different protocols for those with
prior rabies vaccination (equally effective). All questions
regarding rabies diagnosis, management, and prevention
should be directed to the local or national public health
service in respective countries, the details of which may
vary from country to country [1].
Rabies begins with a general viral-like syndrome and
bite site (or larger area) pain and/or neuropathic pain
(burning, cold sensation, numbness, shooting pain, tingling). Symptoms progress to anxiety, agitation, hydrophobia then to various patterns of paralysis then to coma,
cardiac arrhythmias, gastrointestinal bleeding, and death.
In one case, death occurred 5 days after a bite to the brachial
plexus [1]. Therapy is usually supportive, although there has
now been one survivor, who did not receive rabies vaccination or human rabies immunoglobulin (HRIG), and was
treated with induced coma (see Treatment). Rabies should
be considered in any case of rapidly fatal encephalitis that is
not readily explained by another etiology, even in the absence
of an exposure to a potentially rabid mammal [2–4].

Survivors

Synonyms
Hydrophobia (Greek, water-fear); Lyssa/lytta (Greek,
spirit of rage); Rabhas (Sanskrit, to do violence); Rabid
(Latin, rabere, to rave)

Definition
Rabies is a progressive encephalitis with subsequent multiorgan failure caused by a single-stranded ribonucleic acid
(RNA) virus inoculated into the body by a mammalian
bite (dogs worldwide: >90% transmissions, >99%
deaths) and is essentially 100% fatal within 14 days of

There have been nine documented survivors: one case
involving a 15-year-old female without pre- or postexposure immunization and eight other reported survivors, who received post-bite immunoprophylaxis in some
form prior to symptom onset. Two had full recovery, six
had residual neurological impairment, and one has
responded well (details not reported) [1–4].

Virus
The virus is in the family Rhabdoviridae (rhabdos,
Greek, rod), genus Lyssavirus. Several species can be
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distinguished by serotype analysis (monoclonal antibodies
to surface antigens) or by genotype (GT) analysis (complete nucleoprotein sequences or gene encoding of glycoproteins; GT-1 to GT7). Classic rabies serotype and GT-1
are both classic rabies viruses, which account for virtually
all cases of rabies in the world. There have been a few cases
of rabies-like illness involving the nonclassic rabies virus
(GT’s 2–7), most notably, GT-7 in Australia, where GT-1
has not be isolated.
Four new possible Lyssavirus species have been identified, but further research is needed to elucidate their
significance. Lyssaviruses encode five proteins: the virion
transcriptase (L), glycoprotein (G), nucleoprotein (N),
phosphoprotein (P), and matrix (M). The virus contains
multiple copies of these proteins. L, N, and P bind tightly
to the viral RNA forming a ribonucleoprotein complex or
nucleocapsid, which shields it from the cellar environment. The nucleocapsid is surrounded by a lipoprotein
envelope (M) and a surface protein (G). Research has
begun to clarify possible roles for these proteins.
G appears to be involved in cell entry, viral-neutralizing
antibody generation, and blocking apoptosis; M in
blocking apoptosis, viral budding, and RNA synthesis
regulation; P in type I interferon system antagonism and,
possibly, retrograde axonal transport [2, 3, 5].

by a bite exposure in approximately 25%, known or likely
exposure without a bite in 50%, and no known exposure
in 25% (diagnosis post-mortem). Similar patterns have
been noted outside the USA, as well [2, 3, 5].

Non-bite Transmission
Although very rare, there are reports of non-bite transmission including mucosal exposure (1 case; US; 1939), corneal transplantation (6 cases; US, France, India, Thailand;
1978–88), aerosol transmission (4 cases; US; 1957–1977),
inadvertent injection of live rabies virus (66 cases, only 18
deaths, Brazil, 1960), exposure to rabid animal body fluids
(3 cases; China; 1991–92), and solid organ transplantation
(2 donors, 7 recipients; US, India; 2004), [1–3, 5].

Large and Small Mammal Transmission
This is very rare. Large mammals that become infected
including cattle, horses, mules, sheep, goats, camels, buffalo,
and deer are much less of a threat to humans, because they
typically have a paralytic form of the disease and do not
exhibit aggressiveness and fury. The authors found only two
reports of rabies transmission to humans by large mammals.
Small mammals including rodents (chipmunks, gerbils,
groundhogs/woodchucks, guinea pigs, hamsters, mice, rats,
squirrels) and lagomorphs (pikas, hares, rabbits) have not
been reported to be vectors or reservoirs of rabies virus [2, 5].

Bite Transmission
Pathophysiology
Mammalian Bite Transmission
This accounts for>99% of all rabies transmissions worldwide mostly in developing countries in Africa, Asia, and
Central/South America. Dogs are the main reservoir (R)
and the main vector (V) for rabies worldwide, and account
for >90% of all transmissions. All mammals studied to
date are susceptible to rabies. Other important mammals
involved in bite transmission include bats (V, R), cats (V),
coyotes (V, R), jackals (V, R; Old World), mongoose (V,
R), raccoon (V, R; North America), raccoon dogs (V, R;
Eurasia), skunk (V, R; North America), and wolves (V).

Bat Transmission
Worldwide, bats transmit very few cases: Africa, five cases
1970–2007 (GTs 4 and 5); Australia, two cases 1996–1998
(flying fox fruit bat and insectivorous bat, both GT-7),
Canada, six cases 1970–2007 (GT-1), Central/South
America<100 cases/year (vampire bats, GT-1), Europe,
three cases, 1985–2002 (GTs 5 and 6), and the US 55 cases,
1950–2007 (mostly silver-haired and eastern pipistrelle
bats, GT-1); no scientifically documented cases have
been reported from Asia, although there have been anecdotal reports. The US cases, since 1950, are distinguished

Any of the seven identified Lyssavirus GTs have the capability of causing rabies, although virtually all cases worldwide have been caused by GT-1, classic rabies virus (RV).
Once RV is inoculated, it appears to enter cells at the
inoculation site, possibly to replicate in order to enhance
nerve entry or to remain latent. Research shows, though,
that RV can enter the nervous system without prior replication at the inoculation site. The cell types proposed
thus far as early entry sites are muscle cells, particularly
those near the motor end plates, macrophages, and, perhaps, epithelial cells relative to bat bites. At some point the
RV buds out of the cell and enters the nervous system via
the neuromuscular junction or the spindles of sensory
nerves. Once in the axon, RV moves by retrograde axonal
transport at the rate of 15–100 mm/day (human cell
research) to dorsal root ganglia and anterior-horn
cells, where replication occurs. At this point, the host
immune system may mount a response that leads to
ganglioneuronitis, producing neuropathic pain (see Evaluation/Assessment) at the bite site. Once RV reaches the
brain, rapid dissemination occurs by at least two mechanisms: budding with cell-to-cell transmission and transsynaptic propagation. RV preferentially localizes in the
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spinal cord, brainstem, basal ganglia, and thalamus; however, the encephalitis is diffuse, but neurons are not widely
destroyed. Negri bodies parallel the presence of viral antigen in brain tissue, but not all infected cells contain them.
They consist of rabies virus. RV then spreads centrifugally
to salivary glands, tongue serous glands, heart, lungs,
gastrointestinal tract, skin, literally all organs. Because of
intermittent viral shedding tissues are unevenly infected,
contributing to false negatives in tissue sampling. The
blood does not appear to contain a significant viral load.
Animals that develop furious and biting behavior are more
likely to spread the disease. Death occurs secondary to
central cardiorespiratory effects, cardiac pathology, pulmonary pathology, gastrointestinal hemorrhage, secondary infection, or a combination of these [1–3].
At the time symptoms develop, most patients do not
have detectable antibodies in the serum. If they do, the
titers are low. In US cases, none had serum antibodies at
the time of presentation; some developed them after
5 days, while others had none as of day 10 or later. In
this same series, only two of 13 cerebrospinal fluid (CSF)
samples contained antibodies. One exception is the individual in the USA who survived in Wisconsin in 2004; at
the time of presentation on day 6 of symptoms (lethargy,
diplopia, muscle twitching, difficulty speaking), the
patient had anti-rabies virus antibodies in the serum and
CSF and rabies virus was not detectable by reverse transcriptase polymerase chain reaction (RT/PCR) at the time,
and was not subsequently. The titers rose to high levels,
probably contributing to the patient’s survival. More
research is needed to clearly define the nature of the
immune response to rabies infection and how RV suppresses or avoids the immune system in humans [1–3].

Treatment
Management of Clinical Rabies
Traditionally, management has been supportive for
a disease that is virtually 100% fatal other than nine
documented survivors of rabies. The one patient who
did not receive rabies vaccine or human rabies immune
globulin did not because she had demonstrated an
immune response to rabies. She underwent a protocol
designed to reduce known effects of rabies: increased
metabolic demands of the central nervous system,
excitotoxicity, and autonomic hyperactivity. She was managed using what has become known as the Milwaukee
Protocol: supplements of vitamins-minerals-cofactors,
antipyretics, heparin (thromboembolism treatment or
prophylaxis), therapeutic coma (ketamine and midazolam
or diazepam; barbiturates as needed), and antivirals
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(amantadine, ribovirin, ketamine). On the 12th day of
management, a fever, without signs of infection, did not
respond to medications and external cooling. The fever
persisted. On the 15th day the room temperature was
reduced by 5.5 C, leading to a reduction in the patient’s
core temperature by 3.6 C. The patient began to respond
over the next several days, medications were reduced, and
she was extubated on the 27th day. On the 30th day she
cried and acknowledged sadness. She continued to
improve. At 5 months after her hospitalization, she was
alert and communicative and with neurodeficits
(choreoathetosis, dysarthria, and unsteady gait). For further details, including access to the Milwaukee Protocol
web site, refer to the CDC [1]. One other case from Brazil
has apparently responded well to the Milwaukee Protocol;
but, many clinical details are not available, including longterm follow-up. At least 16 other cases of rabies have been
managed using the Milwaukee Protocol, or a variation
thereof, without survival [1, 3].

Prevention of Rabies
Human rabies is 100% preventable. Since more than 99%
of deaths worldwide are secondary to dog bite transmission, dog control and dog vaccination are essential to
reducing human rabies incidence. Additional strategies
include other pet vaccination (cat, ferret) and wildlife
rabies reduction (WRR), utilizing oral rabies vaccination
(ORL), trap-vaccinate-release (TVR), point of infection
control (vector population reduction, TVR, and ORL
around a rabid animal location). WRR has been effective
in Canada (red foxes, raccoons, skunks) and in the US
(coyotes, gray fox, and raccoons). Education about rabies
transmission and access to appropriate medical care
are, also, essential for those who are bitten or have an
increased exposure risk. Patients fall into three categories
relative to which procedure should be followed to prevent
rabies: (1) pre-exposure prophylaxis, because the potential
for exposure is significant, e.g., rabies researchers, animal
handlers, travelers (vaccine); (2) post-exposure prophylaxis, when pre-exposure prophylaxis has been administered previously (wound cleansing, vaccine); and
(3) post-exposure prophylaxis, when no pre-exposure
prophylaxis has ever been administered (wound cleansing,
rabies immune globulin, vaccine). Since 1980, vaccines
derived from cell cultures, which contain no myelin (neurological complications) have been available worldwide,
although not always used in all locales. Vaccines containing myelin are still being used in some developing
countries (Semple: Asia and Africa; Fuenzalida: South
America). Rabies immune globulin is obtained from
either humans (HRIG) or horses (purified equine rabies
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immune globulin/ ERIG; anaphylaxis 1/35,000; 1% serum
sickness). Non-purified ERIG has a significant adverse
side-effect risk (anaphylaxis 3.8%; 12–40% serum sickness). See CDC, other respective national public health
services, or WHO for detailed prophylaxis protocols [1, 4].

Evaluation/Assessment
Incubation Period

The incubation period of human rabies varies from <10
days to years with most being 31–90 days (10–30 days, 38%;
31–90 days, 48%; 91–365 days, 13%; > 365 days, 1%). There
have been isolated cases reported as long as 27 months and 4,
6, 14, and 19 years, respectively. Short incubation periods
have been associated with direct inoculation into nerves,
severe facial bites, transplantation of contaminated tissue,
and injection of live rabies virus [1–3].

Prodrome
General symptoms include: malaise, fever, fatigue, headache, sore throat, cough, dyspnea, anorexia, nausea,
vomiting, diarrhea, dysphagia, vertigo, anxiety, apprehension, irritability. Symptoms progress to include agitation,
photophobia, insomnia, depression, nightmares,
increased libido, and priapism. Classically, bite site pain
and/or neuropathic pain (16–80% cases; burning, cold,
numbness, pruritis, shooting pain, or tingling) develop.
This may progress in intensity and spatially to include an
entire extremity or side of face. The pruritis may be severe,
leading to excoriation locally or over an entire extremity.
Paresthesias at the bite site should raise clinical suspicion
of rabies; and, even more so, if they spread. Rarely, bite site
symptoms occur remote from the bite site. The duration
of the prodrome is days [2, 3].

Acute Neurological Period
This period begins with the development of object neurological signs, which have been described as classical and
nonclassical. Classical rabies has two predominant patterns and usually related to dog and other similar mammalian variants: furious rabies (encephalitic form; 67%
classic cases) and paralytic rabies (dumb rabies, rage
tranquile; 33% cases). Nonclassical rabies, usually related
to bats, sometimes involves classical signs but, additionally, is less distinct than classic rabies and has neurologic
signs not often seen in the furious and paralytic
rabies, such as more neuropathic pain and sensorimotor
deficits [2, 3].
Furious rabies is dominated by hyperactivity: phobic
spasms (hydrophobia, aerophobia), anxiety, agitation,
bizarre behavior (biting, running, thrashing), fever

(persisting from prodrome), fluctuating consciousness,
hallucinations, inspiratory spasms, and autonomic dysfunction, particularly hypersalivation, which is unique to
rabies. Signs are moderate initially with normal mental
status and then progress within 24 h to severe with the
development of autonomic dysfunction, fluctuating consciousness, and spasms. Phobic spasms are stimulated by
tactile, auditory, visual, and olfactory stimuli; inspiratory
spasms are similar to phobic spasms, spontaneous, and
less intense. Spasms last a few seconds and manifest with
diaphragmatic and accessory respiratory muscle spasm
followed by neck flexion (rarely, extension); laryngeal
and pharyngeal spasms may be associated; the gag reflex
is hyperactive. As a result of spasms, the patient may spit
abundant saliva. Opisthotonos rarely, if ever, occurs. Fluctuating consciousness manifests as normal mentation
alternating with obtundation, finally advancing to paralysis, coma, and death. Autonomic dysfunction manifests
as anisocoria, excess sweating, generalized piloerection,
hypersalivation, priapism, spontaneous ejaculation,
and pupils fixed, dilated, or constricted. Death can
occur at any time during this continuum, with death
occurring an average of 5 days after the onset of furious
rabies [2, 3].
Phobic/inspiratory spasms, fluctuating consciousness,
and autonomic dysfunction are known as the cardinal
clinical signs of rabies and should raise a strong suspicion
for the diagnosis [3].
Paralytic rabies is dominated by paralysis. The most
common form is neuropathic pain progressing to weakness then paralysis of the bitten extremity and then further
progression of paralysis to involve one, two, or all three of
the remaining extremities. Other rare clinical presentations include early quadriplegia, transverse myelitis, or
ascending, symmetrical paralysis. Furious rabies manifestations may develop terminally or be absent altogether.
Signs that argue against Guillain–Barré syndrome are:
persisting fever, severe bladder dysfunction, and intact
sensation (except bitten area). Death occurs on average
14 days after onset of paralytic rabies [2, 3].
Nonclassical rabies is usually related to bat rabies variant (rarely dog) and is dominated by neuropathic pain,
fewer cases with phobic spasms, and other nonclassical
rabies signs, such as sensorimotor deficits, choreiform
movements of the bitten extremity, ataxia, cranial nerve
deficits, hemiparesis, hemisensory loss, Horner’s syndrome,
more frequent seizures (convulsive, non-convulsive),
radicular pain, and vertigo [2, 3].
Other complications have been reported with the
three types of rabies discussed above: increased intracranial
pressure, cerebral edema (associated with hypoxia),
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inappropriate secretion of antidiuretic hormone, hyperthermia, hypothermia, centrally induced arrhythmias,
hyperventilation, aspiration pneumonia, other secondary
infections, sinus bradycardia, sinus tachycardia, congestive
heart failure, myocarditis, vomiting, diarrhea, ileus, gastrointestinal bleeding (often preterminal), and seizures [2].

the tissue and include: antibody titers (serum, CSF), direct
fluorescent antibody/dFA (neck biopsy), RT/PCR (neck
biopsy, saliva), and viral culture (saliva) [1].
Post-mortem diagnosis involves dFA of fresh brain
tissue (no fixation), particularly of the cerebellum, hippocampus, and medulla [1].

Routine Laboratory Tests

After-care

The complete blood count may be normal or mildly
abnormal, with no distinguishing pattern. The
urinanalysis may demonstrate proteinuria, glycosuria, or
pyuria. The cerebrospinal fluid (CSF) is abnormal in 66%
cases during the first week of illness and 90% thereafter;
abnormalities include: white blood count of 75–300 and
normal or elevated protein [2].

Electroencephalogram
May be normal early and abnormal subsequently without
a distinguishing pattern [2, 3].

Imaging
There are limited reports on humans with rabies. Computerized axial tomography of the brain has demonstrated
cerebral edema, decreased attenuation (brain stem, basal
ganglia, periventricular white matter, hippocampus), and
pontine hemorrhages. Magnetic resonance imaging of the
brain has demonstrated mild hyperintensity T2-weighted
images in the brainstem, gray matter (deep and cerebral),
hippocampus, hypothalamus, and white matter (deep and
subcortical) [3].

1949

This involves only the few survivors, most of whom
have various chronic neurologic sequelae, requiring rehabilitation [2, 3, 5].

Prognosis
Human rabies is virtually 100% fatal. There have been
nine reported survivors, for one of which there is only
limited data. Of the other eight, only two had no sequelae
related to rabies. This does not include the 48 survivors of
the Rage de Laboratoire incident in 1960 of which there are
no details [2, 3, 5].
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Diagnosis
The diagnosis of rabies requires tissue for a definitive
diagnosis. Rabies should be suspected in three clinical
situations, which should lead to the collection of tissue
samples for diagnosis:
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● Rapidly fatal encephalitis that is not readily explained
by another etiology
● Neuropathic pain at the bite site
● Presence of the three cardinal clinical signs of rabies
(see Furious Rabies above) [1–3]

JONATHAN L. BURSTEIN
Emergency Medicine, Harvard University, Boston,
MA, USA

Ante-mortem diagnosis of rabies is difficult, because
the virus is intermittently shed leading to falsely negative
tissue samples; therefore, multiple tests are conducted on
each sample. In some cases serial tissue sampling may be
required. All sampled tissues must be considered infectious. Tissues suitable for sampling are: serum, CSF, saliva,
and skin biopsies of hair follicles at the nape of the neck.
Other tissues have been tested, depending on the circumstance. The types of tests that can be conducted vary with

Acute radiation syndrome; Ionizing radiation exposure;
Major radiation exposure

Synonyms

Definition
Radiation poisoning, hereafter referred to as acute radiation syndrome (ARS), is the medical entity caused by
whole-body exposure to ionizing radiation. Ionizing
radiation itself is the category of radiation (particles
or photons) that carry enough energy to break
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chemical bonds, or form free radicals, within the body’s
chemical environment. Typical forms of ionizing radiation are alpha particles (a free helium nucleus), beta particles (free electrons or rarely positrons), gamma rays
(photons; essentially identical to x-rays), and neutrons
or other heavy particles (rarely seen outside of particle
accelerators or enhanced-radiation weapons). Within the
medical environment, radiologic or radiation therapy
equipment and diagnostic isotopes are the most common
sources of radiation exposure. Industrial accidents, laboratory or academic accidents, terrorism, and targeted
interpersonal violence (e.g., attempted assassination)
may also rarely result in significant radiation exposure.
The possible terrorist “dirty bomb,” consisting of conventional explosives with radioactive material to be dispersed,
can result in combined trauma and radiation exposure,
a complex management problem, but most of the radiation exposures from typical devices of this type would be
low. Triage of multiple victims from such an event must
take into account the great number of victims who are
fearful of exposure but may not actually have been
exposed; rapid field assessment (e.g., Geiger–Muller counter) screening may help in sorting out those with actual
contamination, and hence exposure, from those who are
truly unexposed; blood sampling may be needed in borderline cases. Exposure to any source of radiation can
occur through direct irradiation, surface or wound contamination, ingestion, inhalation, or incorporation into
tissues such as bone or thyroid. Irradiation, except with
neutrons, leaves the victim without residual radioactivity;
other means of exposure may result in the victim retaining
sufficient radioactive material to pose a threat to medical
personnel, and thus requiring decontamination.
Tissue radiosensitivity in the human body varies
among cells. In general, cells that are still reproducing or
are immature will suffer greater effective injury. It is
because of this that radiation exposure causes predominantly gastrointestinal, hematopoietic, and reproductive
and cutaneous injury and alopecia. In high doses, radiation can cause vasculitis and direct tissue injury; this is
likely the mechanism for the uniformly lethal cerebrovascular syndrome seen at very high exposure levels. Radiation dose is measured in a unit called the gray (Gy) in
joules per kilogram, which is equal to 100 rad (the older
unit of radiation-absorbed dose). Biological effects for the
dose, which can differ by type of radiation (photons
versus. light particles versus. heavy particles), is measured
by the sievert (Sv), equal to 100 rem (Roentgen equivalent
man). In general, heavy particles (such as alpha particles
or neutrons) will do more damage to tissue per unit dose,
and thus have higher Sv values than Gy values, as

compared to photons. ARS occurs at doses of 1 Gy or
higher, and is uniformly lethal at doses above 10–11 Gy.
The LD50 for radiation for humans is about 3–3.5 Gy,
although good medical care can potentially double that
level. ARS begins with a prodromal phase, which usually
includes nausea, vomiting, fatigue, and diarrhea. The
more rapid the onset of prodromal symptoms after exposure, the higher the dose that was received, in general. It is
followed by a latency phase which may last for hours to
days, followed by the manifest illness. In general, exposures of 2–5 Gy produce mainly the hematopoietic syndrome, with lymphocyte loss showing within a few days,
and platelet and erythrocyte counts dropping within several weeks. At several weeks into the illness, loss of
immune function becomes clinically apparent with infection, and platelet loss may lead to hemorrhage. At exposures of 5 Gy or more, the gastrointestinal syndrome will
also appear; mucosal cell death and sloughing will result in
GI-tract injury, denudation, and hemorrhage, as well as
malabsorption and electrolyte abnormalities. At very high
doses (typical over 20 Gy), the cerebrovascular syndrome
appears rapidly, leading to neurologic and cardiovascular
collapse, most likely due to widespread vasculitis and
circulatory compromise. Typically such patients will
show signs of myocardial infarction, cerebrovascular
events, confusion, seizures, and rapid death.

Treatment
Initial treatment of radiation injury must include decontamination, especially of any wounds. This must be undertaken with the assistance of health-physics personnel and
radiation monitoring to avoid undue exposure of medical
personnel. Any associated traumatic injuries must be
treated as well, often even before the treatment of the
radiation exposure itself. After initial stabilization, the
patient with a likely significant exposure (by history or
measurement) should be kept in isolation (essentially
“neutropenic precautions”) and receive meticulous supportive care. Internal decontamination may be attempted
for some exposures, e.g., bronchoalveolar lavage for
inhaled radioactive solids or gastrointestinal lavage, such
as with polyethylene glycol, if there are large quantities of
retained radioactive materials in the GI tract. In the event
of an exposure to substances that may be incorporated
into bone or tissue, chelators or absorption blockers may
be indicated, such as Prussian blue for cesium, potassium
iodide for radioactive iodine, or DTPA for the transuranic
elements. Dosing information can usually be best
obtained from governmental or health-physics experts.
In the USA, an excellent resource is REACTS, at http://
orise.orau.gov/reacts/.

Randomized Controlled Trial (RCT)

Transfusions of erythrocytes and platelets may be
needed for hematologic support, and can be used in
a manner similar to that of patients receiving cancer
chemotherapy. Ironically, any transfused materials need
to be irradiated to leukoreduce them and minimize the
risk of graft-versus-host disease. There is expert opinion
that hematopoietic growth factors (such as granulocytemacrophage colony stimulating factor) may be of use in
improving health status; bone marrow transplantation is
much more controversial and probably of limited benefit.
Prophylactic antibiotics may be considered in the neutropenic patient (absolute neutrophil count below 500 cells/
mm3), but otherwise antibiotic therapy should be focused
on the evident infections. Note that gut decontamination
has not been shown to be helpful in radiation exposure,
and gut-active antibiotics should probably only be used to
treat documented abdominal wounds or Clostridium difficile overgrowth. Antifungal and antiviral therapies may
be of benefit in selected patients. In all cases, hematologic
and infectious-disease expertise may be of use.
Electrolyte, fluid, and nutritional support are critical to
recovery. Antiemetics (typically serotonin receptor antagonists) may be of use. Parenteral nutrition may be needed for
recovery, especially in those patients with the gastrointestinal syndrome. Surgery, if needed for either associated injuries or any other purpose, should be performed only up to
48 h after exposure, and then not until 6 weeks later, if at all
possible, due to the high incidence of complications (most
notably infection and wound-healing failure) for procedures done in the interval from 2 days to 6 weeks.

Evaluation, Assessment, and Prognosis
Determining the actual radiation dose received is important in predicting prognosis and probable resource needs.
The standard measurement is the absolute lymphocyte
count at 48 h, but the minimal lymphocyte count over
the first several days is most accurate. Thus, any patient
suspected of radiation exposure should have complete
blood counts with differential counts performed, perhaps
as often as every 6 h, until the lymphocyte nadir has been
detected. Patients with lymphocyte nadir counts of less
than 100 cells/mm3 have probably received 8–10 Gy and
have a very poor prognosis; counts up to 500 cells/mm3
have received between 4 Gy and 8 Gy and will have a severe
course; up to 1,000 cells/mm3 about 2–4 Gy and will have
a less severe but still prolonged course with significant
chance of mortality. A lymphocyte nadir of 1,000 cells/
mm3 or more is usually associated with a good prognosis,
and a dose of less than 2 Gy.
At 24 h after exposure, cytogenetic studies may be
obtained to assess for dose, if available. In addition, any
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patient who may have had internal contamination (ingestion, inhalation, or incorporation) or who is undergoing
chelation therapy will need stool and urine collected for
radiation assessment. Health-physics personnel will be of
great assistance in this determination, both for whether
such collection is warranted and for its frequency and
analysis. Certain groups are at higher risk of poor outcomes after ARS develops. These include children, the
elderly, those with underlying illnesses, and those with
associated injuries. Triage of these populations may be
needed if resources are limited and patients are numerous.
Such decisions can be wrenching and difficult, but are
aided by assessment of likely dose received. Longer-term
survivors of ARS will most likely need psychological support and intensive cancer screening.
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Ragpicker’s Disease
▶ Anthrax

Ragsorter’s Disease
▶ Anthrax

Randomized Controlled Trial
(RCT)
Randomized controlled trial (RCT) a clinical study
wherein bias is reduced by using chance either to assign
patients to an intervention of interest or to serve as
a control and subsequent outcomes are measured and
compared between the groups.
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a firm grasp of current concepts and algorithms around
emergency intubation. Although gas exchange can often
be accomplished without a definitive airway, tracheal intubation provides the most stable, protected, and efficient
mode of oxygenation and ventilation.
There are three main indications for intubation in the
emergency setting.

Rapid Sequence Induction
▶ Rapid Sequence Intubation

Rapid Sequence Intubation
CALVIN A. BROWN, III
Department of Emergency Medicine, Brigham and
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Synonyms
Emergency
induction

airway

management;

Rapid

sequence

Definition
Rapid sequence intubation (RSI) is a method of endotracheal tube placement facilitated by the use of a weightbased sedative agent and neuromuscular blocker to provide anesthesia, motor paralysis, and optimal conditions
for tracheal intubation. RSI is performed after a period of
preoxygenation and without the need for bag and mask
ventilation. Adequate preoxygenation provides maximal
“safe apnea,” a period of time from the onset of paralysis to
patient desaturation 90%. RSI involves several steps,
done in succession and at different times, starting with
an airway assessment and preparation of intubation
equipment and concluding with post-intubation
management.
In past years, the use of neuromuscular blockade outside of the operating theater was controversial; however,
large registry data now show it is the most commonly
employed technique during emergency department intubations and is performed with high rates of success. Every
patient in whom RSI is being considered should undergo
an efficient and thorough assessment for airway difficulty.
RSI is relatively contraindicated when factors known to
contribute to difficult direct laryngoscopy and bag mask
ventilation are present. When RSI is used in appropriately
selected patients, intubation success rates are high with
low numbers of adverse events.

Indications/Pre-existing Conditions
Critically ill or injured patients require adequate oxygenation and ventilation otherwise all further resuscitative
measures will be futile. All clinicians responsible for emergency airway management must act with clarity and with

1. Failure of Oxygenation or Ventilation – Outside of an
immediately correctable event such as an opioid overdose or pulmonary edema that rapidly improves with
noninvasive positive pressure ventilation, patients
who cannot adequately oxygenate or ventilate require
intubation. Poor oxygenation can be assessed both
quantitatively by pulse oximetry and clinically by
looking for signs of cyanosis or agitation. Adequacy
of ventilation can be gauged by visible respiratory rate
and effort or by the patient’s mental status. In the
emergency setting, arterial blood gases should not be
used to determine the need for intubation. The clinician may be falsely reassured or conflicted by normal
or minimally abnormal ABG results in the face of
a patient with clear respiratory or ventilatory failure.
2. Failure of Airway Patency or Protection – Oxygenation
and ventilation cannot occur without an open and
protected airway. Patients with depressed levels of
awareness, primary brain injury, toxicologic ingestions, or copious airway secretions and bleeding may
have difficulty protecting themselves from aspiration.
Airway patency and protection is best assessed by
phonation and swallowing, neither of which can
occur normally with an airway obstruction or loss of
upper airway reflexes. A gag reflex should not be
checked in an acutely ill or injured patient. Lack of
a gag reflex is not predictive of the need for intubation
and many neurologically normal patients do not have
a gag reflex. Checking a gag reflex may, however, result
in regurgitation and aspiration. A glasgow coma scale
(GCS) 8 is more predictive of the need for airway
protection.
3. Anticipated clinical course or airway deterioration –
Occasionally the predicted progression of a patient’s
illness or its subsequent treatment necessitates early
intubation even if no other indications for intubation
exist at that moment. An example would be the blunt
trauma victim who presents in shock and an open
mid-shaft femur fracture. Further clinical investigations, unavoidable operative repair, and large doses
of pain medication all require early intubation even
though the patient’s oxygenation, ventilation, and airway protection are initially intact.

Rapid Sequence Intubation

Every intubator should apply RSI in a standardized
fashion once an indication for intubation is met.
The most widely accepted approach is referred to as
the Universal Airway Algorithm. In this decision tree, if
the patient is not a “crash” airway (i.e., a coding patient)
then an examination for airway difficulty is undertaken.
This bedside assessment attempts to detect problem
areas with direct laryngoscopy and intubation, bag
mask ventilation, use of an extraglottic device, and
performance of a surgical airway. RSI is relatively
contraindicated if there is significant difficulty and
apnea is predicted to be unsafe. In this instance, another
approach such as an “awake” laryngoscopic attempt
should be used.

Application
Rapid sequence intubation should be thought of and
performed as a series of several discreet steps. All of the
steps occur at specific times both before and after the
administration of neuromuscular blockers.
1. Preparation – 5–10 min before intubation is the time
to gather and check your intubation equipment. This
may involve ensuring the laryngoscope light source is
operational, the endotracheal tube balloon is checked
and lubricated, backup devices are prepared, and additional help is requested if need be. If an airway assessment has not been performed at this point, it should
be done now.
2. Preoxygenation – This is the most crucial step in rapid
sequence intubation and should start 3–5 min before
administering paralytics. Proper preoxygenation
allows the build-up of an oxygen reservoir within
a physiologic volume referred to as the FRC or functional residual capacity. This space, roughly 30 cm3/kg,
is a gaseous mixture including nitrogen. When this
gaseous mixture is predominantly replaced with oxygen it allows a source of oxygen from which the pulmonary circulation can withdraw despite motor
paralysis. Adequate preoxygenation can be done, in
spontaneously breathing patients, by tidal volume
breathing 100% oxygen for 3 min or by having the
patient take eight vital capacity breaths (as deep an
inspiration as he/she can). Healthy, fully
preoxygenated patients can be safely apneic for several
minutes before their SaO2 falls below 90%. Keep in
mind that the typical patient requiring emergency
intubation is acutely ill and may be obese and have
primary pulmonary pathology, all of which makes
desaturation greatly accelerated, highlighting the
importance of proper preoxygenation.
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3. Pretreatment – Patients with primary brain injury,
bronchospasm, or cerebrovascular and neurovascular
disease may benefit from additional medication in
order to blunt the physiologic response to laryngoscopy
and endotracheal tube placement. Lidocaine, at a dose
of 1.5 mg/kg, has been shown to mitigate cough reflexes
when given prior to endotracheal intubation [1].
Lidocaine may also blunt an intrinsic, direct rise in
ICP that occurs with laryngoscopy. Although common
sense dictates this would be helpful in brain injury,
a recent large literature review failed to show patient
benefit and further data from small randomized trials
is conflicting [2]. Lidocaine also reduces the bronchospastic response to inhaled histamine. Lidocaine
should therefore be considered as a pretreatment
agent for patients who may decompensate with elevations in ICP or are suffering from severe bronchoconstriction. Fentanyl at high doses (>6 mcg/kg) is
sympatholytic and can blunt the catecholamine surge
that comes from manipulating supralaryngeal structures during laryngoscopy [3]. Elevations in blood
pressure and heart rate may be detrimental to those
presenting with aortic dissection, hypertensive emergency and acute pulmonary edema, or aortic dissection. Unfortunately, such high doses alone or in
combination with an induction agent may make
a patient apneic before the operator is ready to perform laryngoscopy. A dose of 3 mcg/kg has been
recommended as a middle ground dose to mitigate
the sympathetic discharge from laryngoscopy yet has
little risk of hypotension and premature apnea. Fentanyl is indicated for presumed elevations in ICP or
those with cardiovascular emergencies. The data
linking pretreatment agents and improved patient outcomes are not robust or absent altogether and full
effect requires 2–3 min of lead time, therefore if a contraindication exists or time does not permit
pretreatment administration, then this step should be
omitted.
4. Paralysis with induction – At time zero, a weight-based
dose of induction agent and neuromuscular blocker
should be given.
Although dosing of induction and neuromuscular
agents has been well-studied and is straightforward,
there are two scenarios where the airway manager
should pay close attention. The first involves dosing
potent induction agents in morbidly obese patients. As
a general rule, all sedative-induction agents require
total body weight dosing because of their high
lipophilicity; however, at very high doses cardiovascular instability may occur, even for those agents with
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beneficial profiles in this regard. Lean body weight
dosing has been suggested as a rational dosing
approach in morbidly obese patients, ensuring reasonable levels of anesthesia while not complicating overall
airway management by creating hypotension and
shock.
LBW ¼ IBW þ 1=3ðTBW  IBW Þ
LBW – Lean body weight
IBW – Ideal body weight
TBW – Total body weight
The second precaution involves succinylcholine, far and away the most common NMB used.
Although it is safe in the vast majority of patients
a couple of rare contraindications exist and should
be thought of before every intubation. The most
important is fatal hyperkalemia that can occur in
patients with acetylecholine receptor up-regulation.
These include patients with subacute (3 days to 6
months) strokes, spinal cord injuries, burns, or crush
injuries. These patients have a transiently increase
receptor production in response to tissue injury or
denervation and if activated by succinylcholine, can
result in massive potassium release, dysrhythmia,
and death [4]. In these patients, rocuronium should
be used.
This is typically the time when undirected backward cricoid pressure, or “Sellick’s Maneuver,” is
applied. This was previously thought to help prevent
passive regurgitation of stomach contents in unfasted
patients by occluding the upper esophagus. That has
recently been challenged and a recent meta-analysis
showed no benefit in preventing aspiration when routinely used during RSI. In fact, it may be harmful by
impeding tracheal tube passage, degrading glottic
exposure during direct laryngoscopy, and limiting rescue ventilation [5]. Although previously thought of as
a mandatory step during rapid sequence intubation, it
should now be considered optional during RSI and
immediately stopped if glottic view is poor or intubation difficult.
5. Position – Patients, not in cervical spine precautions,
should have their head elevated and cervical spine
slightly extended in order to create the “sniffing position.” Additionally, the operator should make sure the
tragus is anterior to the patient’s humeral head. This
allows optimal alignment of the laryngeal, pharyngeal,
and oral axes such that direct laryngoscopy is more
easily performed.

6. Placement with proof – Once full paralysis has taken
place (45 s for succinylcholine and 60 s for
rocuronium), laryngoscopy should be performed and
endotracheal tube placement confirmed by
capnography, either colorimetric (i.e., Easy Cap) or
quantitatively with true end-tidal CO2 measurement.
For patients not elaborating carbon dioxide, such as
a patient in cardiac arrest, esophageal detector devices
can help confirm tube placement.
7. Post-intubation management – Once the patient
is intubated several housekeeping tasks should
take place including securing the endotracheal tube,
setting initial ventilation parameters, providing ongoing deep sedation, and ordering a plain chest
radiograph.

Summary
Rapid sequence intubation is the most commonly
employed technique to facilitate emergency tracheal intubation. When applied appropriately, it can be performed
outside of the operating suite with very high levels of
success and low adverse events. An airway assessment,
searching for hallmarks of airway difficulty, should be
performed on every patient before administration of
neuromuscular blockers. Preoxygenation is critical
and allows maximal duration of safe apnea
before desaturation. Finally, always be wary of
patients at hyperkalemic risk following administration
of succinylcholine, in those cases rocuronium should be
used.

Cross-References
▶ Airway Management
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RBG
▶ Serum and Urinary Low Molecular Weight Proteins
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is infused in the arterial (prefilter) line where it complexes
blood calcium. The lowered blood calcium concentration
impairs blood coagulation and prevents clotting of the
circuit. Calcium is infused in the venous (post-filter) line
to avoid returning calcium-depleted blood to the patient.

Reactive Oxygen Species
Are oxygen-containing molecules that are highly reactive
because they contain unpaired electrons. Chemical reactions involving reactive oxygen species often produce free
radical molecules which are also highly reactive.

Readiness Testing
A series of criteria that may include vital signs, oxygenation, and weaning parameters designed to identify
a patient who is ready for spontaneous breathing.

Red-ox Reactions
Are chemical reactions in which reactant atoms change
oxidation states through the donation or acceptance of
one or more electrons.

Refeeding Syndrome
Is defined as severe electrolyte and fluid shifts associated
with metabolic abnormalities in malnourished patients
undergoing refeeding, whether orally, enterally, or
parenterally.

Regional Anticoagulation
Regional anticoagulation is a technique in which the extracorporeal circuit used for renal replacement therapy is
anticoagulated, without exposing the patient to systemic
anticoagulation. Citrate, the most commonly used agent,

Regional Citrate Anticoagulation
ASHITA J. TOLWANI
Department of Medicine, University of Alabama at
Birmingham, Birmingham, AL, USA

Definition
Continuous forms of renal replacement therapy (CRRT)
have become established as the treatment of choice for
supporting critically ill patients with acute kidney injury.
Anticoagulation is necessary for effective delivery of CRRT
due to the contact between blood and the tubing of the
circuit and the membrane of the filter. This contact
induces activation of the coagulation cascade. Heparins
are presently the most commonly used anticoagulants
worldwide for CRRT. They are widely available and can
be easily monitored; but disadvantages include risks of
hemorrhage, heparin resistance, and heparin-induced
thrombocytopenia (HIT). Because of the potential side
effects of heparin, alternative methods of anticoagulation
have been investigated. Of the alternative methods,
regional citrate anticoagulation (RCA) is gaining wider
acceptance with the development of simplified and safer
protocols.

Characteristics
Mechanism
Citrate (C6H7O7) is a small, negatively charged molecule
with a molecular weight of 191 D. It is a normal metabolite
in the human body that acts as a first intermediate substance in the Krebs cycle. Citrate is metabolized first to
cisaconitate and then to D-isocitrate and ketoglutarate.
This process liberates three carbon dioxide molecules during one full circle of the Krebs cycle. These carbon dioxide
molecules are converted to bicarbonate. Citrate can also be
transported out of the mitochondria and into the cytoplasm, and broken down into acetyl CoA for fatty acid
synthesis. Tissues rich in mitochondria such as liver, skeletal muscles, and kidney possess higher amount of Krebs
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cycle enzymes and therefore represent a higher capacity
for citrate generation and elimination. Since the highest
pKa of citrate is significantly below physiologic pH, citrate
is predominantly trivalent in plasma. Under physiological
conditions, small concentrations of citrate are detectable
both in the plasma and in the urine. The normal concentration of citrate in plasma ranges from 0.05 mmol/L to
0.1 mmol/L. Plasma and urinary citrate are largely
complexed to calcium, magnesium, and sodium.
Elevated plasma citrate levels have been observed in
patients with liver failure and described in the anhepatic
phase of liver transplantation. The bone tissues also contain a very high amount of citrate, explaining an increase
in citrate plasma levels in bone diseases. Citrate has a high
body clearance mostly due to its rapid hepatic metabolism. In patients receiving citrate-anticoagulated apheresis, the body clearance of citrate has been estimated
to amount to 481.8 mL/min, resulting in a half-life of
32.9 min. Hepatic failure patients may demonstrate
a prolonged citrate half-life up to approximately 70 min,
as the liver is the primary site for the metabolism of citrate.
Citrate has been used for many years as the anticoagulant of choice for stored blood products. Due to its ability
to form stable complexes with ionized calcium, citrate,
when added to blood, leads to a significant decrease in the
concentration of ionized calcium. Since the coagulation
process is a calcium-dependent cascade of enzymatic reactions, a marked reduction in the ionized calcium concentration results in anticoagulation. Citrate chelates calcium,
and a citrate concentration of 4–6 mmol/L, with an ionized calcium concentration <0.2 mmol/L, prevents activation of both platelets and the coagulation cascade. As
such, citrate has been the standard anticoagulant used
by hematologists and blood transfusion services for:
(1) stored blood products, (2) extracorporeal
anticoagulation for centrifugal platelet pheresis, and
(3) leukopheresis techniques and plasma exchange. The
first description of the application of citrate for
anticoagulation in renal replacement therapy was
published in 1961; however, it was not until 1983 that
RCA for intermittent hemodialysis was first introduced.
Regional anticoagulation with citrate for CRRT was initiated later, in 1990.

Regional Citrate for CRRT
Citrate is typically infused into the arterial line of the
extracorporeal circuit, resulting in the rapid formation of
citrate–calcium complexes and prolongation of the bloodclotting time within the circuit. When infused into the
blood, citrate provides anticoagulation by chelating ionized calcium (iCa++). For optimal anticoagulation, the

citrate infusion is adjusted to blood flow. The target extracorporeal blood concentration of citrate to inhibit coagulation is 3–5 mmol/L, corresponding to a pre-filter iCa++
concentration of less than 0.35 mmol/L. Since citrate is
a small molecule, the majority of the calcium–citrate complex is freely filtered and lost in the effluent. The majority
of CRRT citrate anticoagulation protocols are carried out
with the use of a calcium-free dialysis solution to avoid
recalcification of the blood inside the dialyzer. The normal
ionized calcium concentration is restored by the separate
infusion of calcium. Any calcium–citrate complex
remaining then returns to the patient and is metabolized
to bicarbonate by the liver, kidney, and skeletal muscle.
Each citrate molecule potentially yields three bicarbonate
molecules. Calcium released from the calcium–citrate
complex helps restore normal iCa++ levels. Due to the
maintenance of physiological ionized calcium levels in
the patient’s circulation, anticoagulation is limited to the
extracorporeal circuit.
Advantages of RCA in CRRT are that it avoids systemic
anticoagulation, can double as a buffer, and does not cause
HIT. In chronic hemodialysis, studies have demonstrated
that dialysis-induced polymorphonuclear cell degranulation is primarily iCa++ dependent and is abolished during
citrate anticoagulation. Also, RCA dialysis has been shown
to have a favorable effect on interleukin-1b release. This
indicates citrate may mitigate the inflammatory response
to renal replacement therapy.
Disadvantages include the potential for metabolic
complications and the need for complex protocols. The
citrate solutions reported in the literature are either customized, hospital pharmacy-formulated, or commercially
available. While commercially available citrate solutions
are used commonly for RCA in CRRT, they are not
intended for this purpose. Because these solutions have
high concentrations of citrate and sodium, hyponatremic
replacement or dialysate solutions with low bicarbonate
concentrations are often necessary to prevent the development of electrolyte abnormalities. Commercially available solutions include: anticoagulant citrate dextrose
solution (ACD-A), which contains 224 mmol/L of
sodium, 74.8 mmol/L of citrate, and 38 mmol/L of citric
acid, and 4% trisodium citrate solution (TSC), which
contains 420 mmol/L of sodium and 136 mmol/L of
citrate. Frequent monitoring of electrolytes, iCa++, and
acid–base balance is required due to the potential for
hypernatremia, metabolic alkalosis, and systemic ionized
hypocalcemia. Patients with severe liver failure and lactic
acidosis may have difficulty with citrate metabolism and
develop citrate toxicity, which manifests as a low systemic
iCa++, elevated total serum calcium, metabolic acidosis,
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and an increased anion gap. If properly monitored, complications associated with regional citrate are uncommon.

CRRT Circuit Options
RCA is employed broadly across CRRT, and clinical experience with all three modalities (CVVH, CVVHD, and
CVVHDF) has been reported. The variations in citrate
protocols are based on the composition of the citrate
solution, method of citrate delivery, and CRRT circuit
options. Citrate solutions used for CRRT are either customized or commercially made, with commercially available solutions now being used more commonly. Solutions
vary in the concentration and the proportion of trisodium
citrate and citric acid. As a result, studies have found that
equimolar dosages of citrate may differ in both the
amount of sodium infused and the buffer potential of
the solution. The reported trisodium citrate concentrations range from 0.32% to 30%, with lower concentration
solutions used as RCA replacement solutions. The actual
citrate delivery rate to the CRRT extracorporeal circuit,
however, is less variable, ranging from 17 mmol/h to
45 mmol/h.
Citrate is always infused pre-filter and can be delivered
either as a fixed rate between blood flow and citrate infusion, or titrated, based on iCa++ levels. Calcium is usually
administered into the systemic circulation via a separate
line rather than the venous return line, due to the theoretical increased risk of clotting of the access return line.
However, centers have reported success with infusing calcium through the venous return line, without an apparent
increase in clotting events. Calcium, when given as calcium chloride, should only be administered through
a central line, due to its sclerosing effect on peripheral
veins. Alternatively, calcium gluconate may be delivered
through any venous access.
Depending on the CRRT circuit design, citrate can be
infused as either a separate solution with the addition of
a pre-filter or post-filter replacement solution, or it can be
combined with the pre-filter replacement fluid. If infused
separately, the citrate solution is administered by
a separate external IV pump through a three-way stopcock
or Y-connector placed at the end of the arterial limb of the
vascular access catheter. Since the stopcock or Y-connector
is outside of the CRRT circuit, net fluid removal measured
by the CRRT device does not include the citrate infusion
rate. Thus, nursing staff must remember to include the
amount of citrate infused when net fluid balance is calculated. Furthermore, if the CRRT device alarms for bag
changes or other reasons, all pumps stop except for the
blood pump, resulting in the direct infusion of citrate into
the patient.
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When citrate is infused as part of a pre-filter replacement fluid through the CRRT device, the citrate solution
must be delivered as close as possible to the dialysis access.
Otherwise, a significant amount of tubing extending from
the vascular access catheter to the pre-filter replacement
fluid port remains free of anticoagulation and can result in
clotting events. Many CRRT devices only allow for addition of the replacement solution just before blood enters
the dialysis filter. The Prisma device (Gambro AB, Lund,
Sweden) offers an additional pre-pump infusion setting.
This allows a greater portion of the access line to be diluted
by redirecting replacement solution close to the blood
access site and before the blood pump. The Prismaflex
(Gambro AB, Lund, Sweden), designed primarily for citrate anticoagulation, has a separate fifth blood pump that
allows for the infusion of a supplemental solution for
citrate anticoagulation close to the vascular access.

Metabolic Complications
Metabolic abnormalities can result from RCA due to the
buffering capacity of citrate, the high concentration of
sodium in TSC solutions, and the loss of calcium bound
to citrate in the effluent. The electrolyte abnormalities
associated with citrate anticoagulation include alkalosis,
acidosis, hypernatremia, and hypo- and hypercalcemia. In
the intensive care unit (ICU) setting and under the close
supervision of physicians and nursing teams trained for
CRRT, these metabolic risks can be managed and
prevented by altering the flow and composition of solutions delivered to the patient.

Metabolic Acidosis
Patients with severe liver failure and lactic acidosis may
have difficulty with citrate metabolism and develop citrate
toxicity, characterized by low systemic iCa++, elevated
total serum calcium, metabolic acidosis, and an increased
anion gap. The accumulation of citrate causes the systemic
iCa++ concentration to fall, whereas the bound fraction of
calcium rises. If the calcium infusion is increased to correct the low iCa++, most of the calcium is bound to citrate.
A disproportional rise in total Ca occurs, while iCa++
remains low. The calcium gap (total Ca minus iCa++)
or the calcium ratio (total Ca/iCa++) increases. Citrate
toxicity is likely when the ratio of total serum calcium to
ionized calcium concentration exceeds 2.5, where both
total and ionized calcium concentrations are measured in
mmol/L, or >10 if the total calcium concentration is measured in mg/dl. The correct treatment for citrate toxicity is
to reduce or stop the citrate infusion, increase the dialysate
flow rate (to increase citrate loss), and increase the calcium
infusion (to correct the ionized hypocalcemia).
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Kramer et al. investigated the pharmacokinetics and
metabolism of trisodium citrate in ICU patients to determine the risk of citrate accumulation in the setting of liver
dysfunction [1]. The authors concluded that citrate
anticoagulation can be performed in patients with
decompensated cirrhosis, provided there is citrate dose
adaptation and careful monitoring of iCa++. Sufficient
initial replacement of Ca++ is mandatory to prevent hypocalcemia, as patients with hypoalbuminemia also have
depleted calcium pools.

Metabolic Alkalosis
Metabolic conversion from accumulated citrate can result
in an excessive alkali load. In addition, because citrate is
used as a preservative for stored blood and blood products, CRRT patients receiving very large volumes of transfused blood may develop metabolic alkalosis while being
treated with RCA. To reduce the risk of alkalosis, several
protocols use hyperchloremic fluids. Other strategies for
managing alkalosis include decreasing the blood flow rate
and thus allowing for a decrease in the citrate infusion into
the patient, decreasing the infusion of citrate, increasing
bicarbonate loss by increasing the dialysate flow, or infusing 0.9% sodium chloride as pre- or post-replacement
fluid. An alternative approach to reduce the risk of alkalosis has been to use less citrate, aiming for a lower predialyzer citrate concentration of 3–4 mmol/L, with
a corresponding higher ionized calcium around
0.4 mmol/L and accepting a shorter CRRT circuit life. In
such cases additional bicarbonate may be required, typically added to the dialysate.

Hypocalcemia
Hypocalcaemia may result if citrate accumulates systemically. It may also occur by the loss of calcium bound to
citrate in the effluent. Calcium reinfusion by a separate
line has to be adjusted on an ongoing basis in order to
control systemic calcium concentrations. The calcium
infusion rate depends on the effluent flow rate and
whether or not the replacement fluid and/or dialysate
contain calcium. If a calcium-containing replacement
fluid and/or dialysate are used, a separate calcium infusion
may not be necessary.

Hypernatremia
Infusion of a concentrated TSC solution results in a very
significant sodium load to the patient (408 mmol/L in
a 4% TSC solution; 3060 mmol/L in a 30% TSC solution).
However, hypernatremia is an uncommon complication if
using a hyponatremic dialysate with a concentrated citrate

solution, or if using a citrate solution with a physiologic
concentration of sodium.

Monitoring
Because of the potential for electrolyte abnormalities, frequent monitoring of electrolytes, patient iCa++, and acid–
base balance is required. Monitoring of the patient’s blood
electrolytes should be performed at least every 6 h and
should include blood sodium, potassium, chloride, iCa++,
magnesium, and blood gas analysis along with calculation
of the anion gap. At least once daily, total blood calcium
concentration should be monitored to calculate the
calcium ratio or calcium gap. The need for monitoring
anticoagulation efficacy in the circuit depends on
the method of citrate delivery. If the dose of citrate
is fixed in relation to the blood flow, monitoring is not
necessary as long as blood flow is constant. If the
citrate dose is not fixed to a constant blood flow rate,
post-filter iCa++ levels should be measured at
least every 6 h and the infusion of citrate titrated for an
iCa++ less than 0.35 mmol/L. If properly monitored,
complications associated with regional citrate are
uncommon.

RCA Versus Heparin
Studies of RCA compared to unfractionated heparin
(UFH) report better filter survival times and less bleeding.
There is also some evidence for improved biocompatibility by decreased activation of coagulation and leukocytes.
In a prospective, randomized trial, Monchi et al. compared the safety and efficacy of UFH with regional
citrate anticoagulation in 20 patients treated with continuous veno-venous hemofiltration (CVVH) [2]. Median
circuit lifetime was longer with citrate (adjusted to maintain iCa++ in the circuit below 0.3 mmol/L) than with
UFH (adjusted to maintain APTT 60–80 s), 70 h vs. 40
h, p<0.001. In a randomized study of 30 patients by
Kutsogiannis et al. median hemofilter survival time was
124.5 h in the citrate group and 38.3 h in the heparin
group (p < 0.001) [3].
In a multicenter study involving 138 patients and 442
CRRT circuits, no difference was observed in the
mean circuit life between citrate and UFH (44.735.9 h vs.
42.127.1 h, respectively) [4]. The UFH group experienced more life-threatening bleeding episodes requiring
transfusion of blood. In another study of 87 patients
undergoing CRRT from the Calgary Health Region, Canada, 54 were initially treated with citrate (212 filters), 29
with heparin (97 filters), and four with saline flushes.
Median filter life span was significantly higher with citrate
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than with UFH (40 h vs. 30 h, p<0.001) [5]. Furthermore,
citrate anticoagulation was well tolerated, with no treatment discontinued because of bleeding or metabolic
complications.
Oudemans-van Straaten et al. compared the safety and
efficacy of RCA with nadroparin in the largest randomized
controlled trial on RCA [6]. Primary outcomes were safety
and efficacy. Circuit survival was not significantly different
between groups. However, mortality at 3 months was
lower for the RCA group (48% vs. 63%, p=0.03). Post
hoc analysis showed that RCA was particularly beneficial
in surgical patients, patients with sepsis or severe organ
failure, and relatively younger patients. Although patients
in the nadroparin group tended to bleed more, the differences in bleeding and transfusion between groups were
not statistically significant and could not explain the RCA
survival benefit.

Summary
Regional citrate anticoagulation is gaining popularity for
CRRT in the critical care setting, with either similar or
longer CRRT circuit life compared to unfractionated or
low molecular weight heparins, but with a reduced risk of
hemorrhage and blood transfusion requirement. Despite
the potential pitfalls, and the initial apparent complexity
of the citrate-based CRRT circuit, citrate anticoagulation
has become more widely accepted because of its safety and
efficacy as a regional anticoagulant for CRRT.
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Definition
Relative adrenal insufficiency (AI) describes a situation of
inadequate cortisol response to stress in the setting of
critical illness. Often referred to as “relative adrenal
insufficiency” (RAI), a recent consensus conference has
proposed the alternate term “Critical Illness Related Corticosteroid Insufficiency” (CIRCI) and suggested diagnostic criteria of a delta total serum cortisol of <250 nmol/L
(9 mg/dL) after adrenocorticotrophic hormone administration or a random total cortisol of under 276 nmol/L
(10 mg/dL) [1].

Normal Adrenal Physiology
Cortisol, the major glucocorticoid synthesized by the
adrenal cortex, plays a pivotal role in normal metabolism
[2–4]. It is necessary for the synthesis of adrenergic receptors, normal immune function, wound healing, and vascular tone. The majority of circulating cortisol is bound to
corticosteroid-binding globulin (CBG). At normal levels
of total plasma cortisol (e.g., 375 nmol/L or 13.5 mg/dL),
less than 5% exists as free cortisol in the plasma; however it
is this free fraction that is biologically active. CBG is
a substrate for elastase, a polymorphonuclear enzyme
that cleaves CBG, markedly decreasing its affinity for
cortisol. This enzymatic cleavage results in the liberation
of free plasma cortisol at sites of inflammation. CBG levels
have been documented to fall during critical illness,
resulting in an increase in the amount of circulating free
cortisol. Currently, available routine assays measure only
total cortisol levels.
Cortisol passes through cell membranes to bind with
the glucocorticoid receptor (GR), which in turn binds to
glucocorticoid response elements and influences gene
transcription. The primary effects of cortisol upon the
immune system are anti-inflammatory and immunosuppressive. Cytokine production is inhibited, an effect
that is mediated via NF-kB through induction of NF-kB
inhibitor, or by direct binding of cortisol to NF-kB, thus
preventing its nuclear translocation. However, once inside
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the cell the concentrations of cortisol are profoundly
affected by the activity of the 11b-hydroxysteroid
dehydrogenase 1 & 2 (11b-HSD 1 &2) enzyme system.
11b-HSD1 acts in vivo primarily as a reductase, generating
active cortisol from inactive cortisone. By contrast,
11b-HSD2 has dehydrogenase action, inactivating cortisol
by conversion to cortisone. 11b-HSD2 is found primarily
in mineralocorticoid target tissues such as kidney, sweat
glands, and colonic mucosa, where it prevents illicit
activation of the mineralocorticoid receptor by cortisol.
11b-HSD1 has a wide distribution including liver, adipose
and vascular tissues, and while its primary action is reductase, there is some evidence its directionality may be tissue
specific. The system is able to regulate intracellular GC
concentration irrespective of circulation concentration
thus rendering circulating levels highly problematic as
indicators of tissue GC action.

Diagnosis of Adrenocortical Insufficiency
Adrenal insufficiency can be diagnosed by a combination
of random plasma hormone estimations, dynamic tests,
and radiological interventions. The choice of test will
depend on the clinical presentation and status of the
patient and the suspected etiology. In the noncritically ill
population, random cortisol concentrations of below
3 mic/dL (83 nmol/L) are diagnostic, while levels above
19 mic/dL (525 nmol/L) rule out the disorder. Intermediate values mandate further investigation.
The corticotropin test using 250 mcg of tetracosactrin
remains the mainstay of diagnosis. A normal response is
defined as a peak plasma cortisol of greater than 20 mg/dL
(550 nmol/L) or delta cortisol greater than 250 nmol/L or
9 mcg/dL. As this dose of tetracsactrin may result in
supraphysiological plasma concentrations of ACTH,
some workers suggest that a “low dose” SST requiring
only 1 mg of tetracosactin may be more sensitive. This
concept has not yet been generally accepted and role of
the low dose SST is still unclear. In the critically ill population however, the diagnosis of RAI is less clear, and
several controversies still remain.
The controversies in the area of adrenal insufficiency
in the critically ill are listed below [15]:
1. Diagnosis using total random cortisol:
(a) The “normal” range of cortisol in critical illness is
not defined.
(b) There is no consensus “cutoff ” value below which
adrenal insufficiency is present.
(c) There is large variation in results when the same
specimen is tested in different laboratories and
using different assays.

(d) Peripheral tissue-specific glucocorticoid resistance is not tested.
(e) Free cortisol is the bioactive fraction of cortisol.
2. Diagnosis using adrenal response to corticotropin
stimulation:
(a) The high dose test results in supraphysiological
ACTH concentrations.
(b) An inadequate response to the ACTH does not
take into account the basal cortisol.
(c) The incidence of adrenal insufficiency may be
overestimated as many studies have not excluded
patients who received etomidate.
In summary, the uncertainty in this area of relative
adrenal insufficiency arises from the inability of current
tests to clearly identify who is truly glucocorticoid “deficient” at a cellular level, and hence who requires supplemental glucocorticoid administration. Emerging data
suggest that there may be abnormalities in the tissue
activity of glucocorticoids in patients with severe sepsis
and plasma profiles may not be reliable indicators of tissue
glucocorticoid activity. An understanding of tissue
glucocorticoid activity in septic shock may allow a more
rational and individualized approach to supplemental
glucocorticoid administration [5–9].

Role of Corticosteroids in Septic Shock
Biological Rationale for Benefit from
Corticosteroids in Septic Shock
Steroids have a proven role in a number of critically ill
states [10, 16].
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Addisonian crisis
Anaphylaxis
Asthma
Bacterial meningitis
COPD with acute respiratory failure
Croup
Hypercalcaemia
Fulminant vasculitis
Idiopathic thrombocytopenic purpura
Myasthenic crisis
Myxoedema coma
Organ transplantation
Pneumocystis carinii pneumonia
Thyroid storm

In septic shock their role still remains controversial.
They are purported to act through two mechanisms:
immune modulation and cardiovascular modulation.
The anti-inflammatory effects of corticosteroids are well
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established. Corticosteroids modulate the transcription of
an array of mainly nuclear factor-kB (NF-kB) regulated
genes that contribute to inflammation. The synthesis of
Interleukin-1 (IL-1), Interleukin-6 (IL-6), and Tumour
Necrosis Factor (TNF)-alpha is inhibited, as is inducible
cyclo-oxygenase 2 (COX2) and inducible nitric oxide
synthase (iNOS). Corticosteroids also enhance the vasoconstrictor response to vasopressor drugs, in particular,
exogenous catecholamines. While the precise mechanism
by which this occurs is not known, inhibition of COX2
and iNOS are likely to play a role. Corticosteroids also
mediate catecholamine release from neural cells and this
may partly explain the effect of corticosteroids on the
vasculature. Suppression of pro-inflammatory cytokines
and improved circulatory dynamics provide biologic plausibility that corticosteroids may reduce mortality through
improved tissue perfusion and metabolic function.

Clinical Trials
Treatment with exogenous corticosteroids has long been
advocated as a possible means to modulate the inflammatory process. Corticosteroids have been consistently
shown to result in earlier shock reversal and cessation of
vasopressor use in septic shock [11]. However their role in
improving mortality in septic shock remains unproven. In
the last 30 years, 17 randomized trials (n = 2,138) of
adjunctive therapy with corticosteroids for septic shock
have been conducted [11]. Despite these, there is no consensus as to the effectiveness of corticosteroid therapy and
their use in clinical practice varies among clinicians.
Two international randomized controlled trials (CTs)
(2002 and 2008) were performed but they produced divergent results [12, 13].
2002 French multicenter study [12]: The first trial was
a French study of 299 patients published in 2002. This trial
studied hydrocortisone 200 mg/day compared with placebo in patients with septic shock. Shock was reversed
more rapidly in patients receiving hydrocortisone and
although overall landmark mortality was not reduced,
the investigators reported improved survival in patients
with a reduced response to corticotropin (63% vs 53%,
CI 0.47 – 0.95, p = 0.02). The trial had a number of
limitations that raised concerns over the external validity
of its findings.
2008 European multicenter study [13]: The largest
randomized controlled trial reported to date, the Corticosteroid Therapy of Septic Shock (CORTICUS) study, was
published in 2008. This trial examined the efficacy of lowdose hydrocortisone (200 mg/day) compared to placebo
in 499 patients with septic shock. The study was stopped
prematurely when lower-than-expected recruitment
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resulted in termination of funding and expiry of the
study drug supply. As a result, the trial was significantly
underpowered to detect a clinically important treatment
effect. The main findings of this trial were as follows:
(a) The mortality in the steroid group was 34% as
opposed to 31% in controls (P = 0.51).
(b) Shock was reversed more rapidly in patients receiving hydrocortisone.
(c) In contrast to the French study, the corticotropin
stimulation test did not identify a subgroup of
patients who benefited from hydrocortisone.
Neither the CORTICUS trial (N = 499) nor the French
study (N = 299) had adequate statistical power to demonstrate a clinically significant reduction in mortality.
In summary, despite more than 50 years of research,
clinicians are left with substantial uncertainty about the
beneficial effects of corticosteroid treatment in patients
with septic shock. What is clear is as follows:
(a) There is a biological rationale for the use of corticosteroids in patients with septic shock.
(b) They have been consistently shown to improve the
cardiovascular response to vasopressors in patients
with septic shock.
(c) High-dose corticosteroids increase mortality in
patients with septic shock.
(d) The effect of low-dose corticosteroids in patients
with septic shock remains unresolved and uncertainty gives rise to substantial practice variation.
A more recent meta-analysis also highlights the possibility of treatment efficacy with low-dose corticosteroids
and calls for large-scale trials [14].

Cross Reference

▶ Adrenal Conditions, Insufficiency/Failure
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Renal Angioembolization
BRIAN H. WILLIAMS, JOSEPH P. MINEI
Division of Burns, Trauma, and Critical Care,
Department of Surgery, UT Southwestern Medical Center,
Dallas, TX, USA

Synonyms
Percutaneous Transcatheter Arterial Embolization; Renal
Arterial Embolization; Renal Arterioembolization;
Transcatheter Embolization

Definition
Angioembolization is a minimally invasive technique that
may be utilized to control hemorrhage resulting from
blunt or penetrating renal trauma. It is usually performed

under fluoroscopy in a sterile interventional radiography
(IR) suite, but may also occur in a properly equipped
operating room (OR). The usual site of percutaneous
access is the femoral artery at the groin via the Seldinger
technique. A radiopaque contrast agent is injected, and the
renal vasculature is imaged with digital subtraction
angiography. Super-selective angioembolization is then
accomplished with ▶ Gelfoam or ▶ microcoils.
Depending on the grade of injury, renal angioembolization is highly effective in controlling traumatic
hemorrhage with the principle advantages of avoiding
unnecessary laparotomies and decreased nephrectomy
rates [1–3].

Pre-existing Condition
Traumatic renal injury resulting from blunt or penetrating
trauma can be a fatal event; thus, it requires expeditious
assessment and treatment. Frequent mechanisms of blunt
renal trauma include motor vehicle collisions, falls, and
assault. Penetrating trauma is usually the result of stab
wounds or gunshot wounds; but iatrogenic injury may
also occur from procedures such as renal biopsies or
percutaneous nephrostomy tubes. Similar to the spleen
and liver, renal trauma has also undergone a trend toward
nonoperative management depending on the grade of
injury and patient stability. In fact, many trauma
centers, irrespective of injury grade or mechanism, use
hemodynamic instability as the only criteria mandating
immediate operative intervention [2]. As such, renal
angioembolization is now a mainstay in the treatment
algorithm for acute renal injury.
Renal trauma patients who are hemodynamically
unstable should not undergo angioembolization. Instead,
these patients should be taken to the OR emergently for
exploratory laparotomy. However, hemodynamically
stable patients who have no evidence of diffuse peritonitis
on physical exam are initially evaluated with abdominal
computed tomography (CT). A frequent CT finding amenable to renal angioembolization is parenchymal damage
combined with free extravasation of contrast. Also known
as a “contrast blush,” this is radiographic evidence of active
hemorrhage (Fig. 1).
In actuality, a wide spectrum of renal injury is possible,
which includes intimal damage, thrombotic occlusion,
arteriovenous fistulas, pseudoaneurysms, or complete
vessel transection. Clearly, not all of these will manifest
as contrast extravasation; however, evidence of active
hemorrhage or hemodynamic instability mandates
expeditious therapeutic intervention to decrease
mortality from hemorrhagic shock, and to minimize morbidity from renal malperfusion (Fig. 2).
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Renal Angioembolization. Figure 1 Abominal CT with right
renal “contrast blush” (Courtesy of Jeffrey Pruitt, MD, UT
Southwestern Department of Radiology)

Renal Angioembolization. Figure 3 Renal angiography
post-embolization (Courtesy of Seth Toomay, MD, UT
Southwestern Department of Radiology)

Renal Angioembolization. Figure 2 Renal angiography with
extravasation (Courtesy of Seth Toomay, MD, UT
Southwestern Department of Radiology)

Application
Procedure Details
Renal angioembolization is usually performed in a sterile
IR suite, but may also occur in the OR. Regardless of the
location, it is essential that the severity of these injuries not
be minimized, and that the appropriate personnel and
equipment to care for a critically ill patient be present
for the procedure.

Selective arteriography is accomplished by positioning
the patient supine on the fluoroscopy table. The skin is
sterilized, sterile drapes applied, and personnel
performing the procedure outfitted in sterile, full barrier
precautions. A fluoroscopic scout view is obtained which
may reveal important information, such as residual contrast from a recent CT, which can adversely affect the
procedure. After injection of a local anesthetic, vascular
access is gained via the Seldinger technique, usually in a
retrograde fashion at the femoral artery, utilizing a needle,
hydrophilic guidewire, and 4- or 5-French catheter.
The contrast medium is injected and abdominal aortography performed by digital subtraction angiography
to initially delineate the renal vasculature prior to
super-selective catheterization. As previously mentioned,
contrast extravasation on CT indicates active hemorrhage
likely amenable to therapeutic intervention; however these
CT findings are further confirmed by ▶ selective
angiography (Fig. 3).
▶ Super-selective angiography of branch arteries is
then performed with 2- or 3-French microcatheters to
localize the bleeding. Precise localization of branch vessels
is essential to avoid iatrogenic parenchymal loss. Common
available embolic agents are Gelfoam pieces or microcoils
which are then placed as close to the lesion as possible.
There are three principle differences to understand when
considering Gelfoam versus microcoils. First, Gelfoam is
a temporary occlusive agent that will permit recanalization
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Renal Angioembolization. Table 1 Renal angioembolization
complications

3.

Contrast allergy
Distal vessel embolization
Groin hematoma

4.

Holevar M, Ebert J, Luchette F et al (2004) Practice management
guidelines for the management of genitourinary trauma. Eastern
association for the surgery of trauma. www.EAST.org. Accessed
20 Feb 2011
Santucci RA, Fisher MB (2005) The literature increasingly supports
expectant (conservative) management of renal trauma – a systematic
review. J Trauma 59:491–501

Groin pseudoaneurysm
Nontarget vessel embolization
Perinephric abscess
Post-embolization hypertension
Post-embolization syndrome
Renal insufficiency

Renal Arterial Embolization
▶ Renal Angioembolization

Secondary hemorrhage
Urinoma

of the vessel after several weeks. Secondly, this ability to
recanalize results in a higher rate of rebleeding. Lastly, since
it is used as a plug or “slurry,” Gelfoam is more difficult to
deploy precisely and may have the unintended consequence of embolizing nontarget vessels leading to iatrogenic parenchymal loss. In contrast, microcoils cause
permanent vessel occlusion, have a lower rate of rebleed,
and can be very precisely deployed in branch renal arteries.
For these reasons microcoils are generally the preferred
agent when performing renal angioembolization.
At the conclusion of the procedure, hemostasis is accomplished by manual compression of the access site for 10–15
min, or by employing an arterial closure device utilizing
a topical hemostatic agent or suture closure mechanism.

Outcomes
Table 1 lists the commonly reported complications
resulting from renal angioembolization. For the acutely
injured patient, a successful renal angiographic intervention is broadly defined as avoiding unnecessary laparotomy with preservation of renal function by achieving
target vessel hemorrhage control. Published success rates
for traumatic hemorrhage control range from 70% to
95%, with published complication rates of 5–10% [1–4].
Complications are infrequently life threatening with the
majority amenable to repeat angioembolization, percutaneous drainage, or expectant management.
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Renal Blood Flow Regulation
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Synonyms
Angiotensin II; Atrial Natriuretic Peptide (ANP); Brain
natriuretic peptide; Glomerular filtration; Intraabdominal hypertension; Intrarenal microcirculation;
Nitric oxide; Renal blood flow; Renal circulation;
Tubuloglomerular feedback

Definition
Renal blood flow originates from the abdominal aorta and
returns blood to the ascending vena cava. In resting
conditions, approximately 20% of the cardiac output
(1 L/min) is directed to the kidneys of which 1 mL/
min of urine will be produced.
One of the main functions of the kidney is maintaining
of volume balance and elimination of waste products from

Renal Blood Flow Regulation

the body. These processes are executed by filtering of the
blood and production of urine. The blood is filtered in the
capillary bed of the glomerulus. This process highly
depends on the balance between blood flowing in through
the afferent arteriole, and blood leaving through the efferent arteriole. In this entry, we will discuss in detail how this
balance is maintained and regulated.
The renal circulation consists of a complicated network.
The renal artery splits in segmental arteries that perfuse
a dedicated part of the kidneys. There are no anastomoses
between these segmental arteries; therefore, thrombosis of
a segmental artery will lead to ischemia and infarction of the
kidney region of this artery. In 20–30% of individuals, an
“accessory” artery may exist that supplies blood to a certain
part of the kidney. Within the kidney, the segmental arteries
split into several interlobar arteries that extend to the renal
cortex. These vessels supply blood to the arcuate arteries,
which lie at the border between outer medulla and cortex, in
parallel to the kidney surface. From the arcuate arteries,
interlobular arteries supply blood to the cortex. The
interlobular arteries split up several times, and from the
smaller branches originate the afferent arterioles that lead to
the glomerulus. Blood flow out of the capillary network of
the glomerulus is through the efferent arteriole.

Characteristics
Regulation of Renal Blood Flow (RBF) and
Glomerular Filtration
Production of primary urine by the glomerulus depends on
the glomerular perfusion pressure that largely depends on
the hydrostatic pressure. Lower pressure leads to decreased
urine production and higher pressure will increase urine
production. Glomerular hydraulic pressure is the resultant
of the volume of blood entering the glomerular capillaries
and blood leaving the glomerular capillaries. The regulation
of the vascular tone of both the afferent and efferent arteriole is therefore the driving force of urine production. Vasodilatation of the afferent arteriole will increase blood supply
to the capillaries resulting in a higher hydrostatic pressure
and increased urine production. Vasoconstriction of the
efferent arteriole decreases outflow, and so increases glomerular pressure and urine output. The interplay between
the vascular tone of the afferent and efferent arteriole maintains in normal conditions a constant renal blood flow over
a wide range of blood pressures – that is, the renal
autoregulation – and a constant glomerular filtration
(GFR). The regulation of this delicate balance is incompletely understood. Several factors may play a role in this,
such as a myogenic reflex in the afferent arteriole,
tubuloglomerular feedback (TGF), hormones, paracrine
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factors, and the sympatic nervous system. It may also be
influenced by medication and certain disease states.

Myogenic Reflex
Increased glomerular pressure increases the stress on the
wall of the precapillary sphincter, which promotes vasoconstriction of the afferent arteriole and decrease blood
flow into the glomerulus. This mechanism is not present
in the efferent arterioles.

Tubuloglomerular Feedback
Increased GFR will increase the delivery of chloride to the
tubules that can be sensed by special cells in the macula
densa at the end of the thick ascending limb of the loop of
Henle. These will initiate a TGF mechanism that will lead
to vasoconstriction of the afferent arteriole, which
decreases glomerular pressure, and so decreases GFR and
the amount of chloride presented to the macula densa. It is
not completely understood how this feedback mechanism
acts on the afferent arteriole. Vasoconstriction may be
exerted by adenosine and/or thromboxane. Also nitric
oxide (NO) may play a role as vasodilator when GFR
and chloride transport decreases. An alternative hypothesis suggests that changes in chloride concentration in the
interstitial space regulate the vascular tone.

Hormones That Influence Renal
Autoregulation and Renal Blood Flow

● Angiotensin II
Volume depletion will lead to increased stimulation
of the sympathetic and the renin-angiotensin systems,
resulting in increased concentrations of noradrenalin
and angiotensin II. Angiotensin II is a very potent
vasoconstrictor, with more profound vasoconstrictor
effect on the kidney vasculature compared to other
vasculature. The renal vasoconstrictor effects of angiotensin II are more profound on the efferent arterioles.
This leads to increased glomerular pressure and filtration while the renal afferent blood flow is maintained.
Patients with bilateral renal artery stenosis have
a lower perfusion pressure of the glomerulus, because
blood flow is diminished distal of the stenosis. This will
be (in part) counterbalanced by increased angiotensin II
concentrations that constrict the efferent arteriole.
Administration of an angiotensin II inhibitor (ACEI)
will blunt this, leading to decreased kidney perfusion
pressure, GFR decreases, and eventually acute kidney
injury (AKI).
● Endothelin
The endothelins are of the most potent vasoconstrictors, and the renal vasculature is more sensitive for
the vasoconstrictor actions of endothelin than vascular
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in other parts of the body. There are three isoforms of
endothelin, ET-1, ET-2, and ET-3, and two types of
receptors, ETA and ETB. In the kidney ET-1 and ET-3
cause predominant vasoconstriction of the afferent
arteriole, largely via the ETA receptors.
● Natriuretic peptides
The natriuretic peptides, atrial natriuretic peptide
(ANP) and brain natriuretic peptide (BNP), are predominantly synthesized in the myocardium. They cause
in the kidney vasodilatation of the afferent arteriole and
vasoconstriction of the efferent arteriole. This results in
an increase of the GFR. Elevated ANP and BNP concentrations act as a compensation mechanism in
patients with congestive heart failure to correct for
decreased renal blood flow and to maintain GFR.
● Kinines
Kinines are produced in the kidney and are rapidly
metabolized by kininases such as angiotensin
converting enzyme. Therefore, their effects are probably isolated to the kidneys. Kinines are vasodilators,
and are probably also modulating the vasoconstrictor
effects of catecholamines, and angiotensin II. Part of
the renal vasodilatation effects of ACEIs are through
the decreased metabolization of bradykinine, leading
to increased concentration of this compound and
renal vasodilatation.

Paracrine Factors That Influence Renal
Autoregulation and Renal Blood Flow

● Nitric oxide (NO)
NO is synthesized from L-arginine by NO synthase
(NOS). All three isoforms of NOS are present in different parts of the kidney. Of the three NOS isoforms,
endothelial NOS is expressed in the arterioles of the
kidney and regulates the vasomotor tone by production of NO. NO is a potent vasodilator that probably
modulates the actions of vasocontrictor agents. NO
exerts more profound vasodilatation on the afferent
arteriole than the efferent arteriole.
● Prostaglandins
Prostaglandins also modulate the effects of vasoconstrictors. Administration of nonsteroidal antiinflammatory agents (NSAIDs) inhibit prostaglandin
synthesis, and may lead to AKI, especially in
hypovolemic disease states, such as in cirrhosis, heart
failure, and sepsis.
● Adenosine and adenosine triphosphate
Adenosine and adenosine triphosphate are vasoconstrictors that exert their effects via the interstitial
space at the adventitial side of the smooth muscle cells.

The vasoconstrictor effect is most pronounced in the
afferent arterioles. Theophylline is an adenosine
antagonist, and is therefore a renal vasodilator. As
such, this drug is also explored as a prophylactic
agent in radiocontrast-associated AKI.

Sympathetic Nervous System
Stimulation of the sympathetic nervous system occurs
when effective circulating volume is decreased and leads
predominantly to vasoconstriction of the afferent arteriole
via release of noradrenalin (Fig. 1).

Medication

● Calcium channel blockers
Calcium channel blockers cause vasodilatation of
the afferent arterioles, through blocking calcium entry
via calcium channels in the afferent arteriole.
● Angiotensin converting enzyme inhibitors (ACEIs)
and angiotensin II receptor blockers (ARBs)
ACEIs and ARBs block the vasoconstrictor effects
of angiotensin II on the efferent arteriole, and so
decrease glomerular pressure and glomerular filtration. Administration blunts renal autoregulation, and
may lead to AKI.
● Dopamine and Fenoldopam
Dopamine can bind to dopamine receptors,
b-receptors, and a-receptors. In a low dose (<5 mg/kg/
min) dopamine binds preferentially to the dopamine
receptors and causes renal vasodilatation. Higher doses
activate the b-receptors with inotropic and chronotropic
effects, and doses above 10 mg/kg/min activate the
a-receptors with vasoconstrictor effects. Fenoldopam is
a synthetic analogue that binds selectively to the dopamine-1 receptor, resulting in renal vasodilatation and
increased renal blood flow, but also systemic vasodilatation with hypotension may occur. Renal dose of dopamine has been extensively studied as a therapy for AKI,
but has been proven of no benefit for renal outcomes nor
for mortality. Fenoldopam was beneficial for prevention
and treatment of AKI in several small studies in diverse
settings and in a meta-analysis. These results need confirmation in an adequately powered trial.

Pathophysiology in Critically Ill Patients

● Sepsis
Sepsis and hypovolemia may lead to a decrease
of renal blood flow, and prerenal acute kidney injury.
Hypoperfusion of the kidneys in turn causes
ischemia and acute tubular necrosis, or intrinsic
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Renal Blood Flow Regulation. Figure 1 Regulation of vasomotor tone of the afferent and efferent arteriole. NPs = natriuretic
peptides: ANP, BNP; PGs = prostaglandins; NO = nitric oxide; TGF = tubuloglomerular feedback; IAH = intra-abdominal
hypertension. Vasodilatation is indicated by arrows pointing toward the effector in the open boxes. Vasoconstriction is indicated
by arrows pointing toward the arteriole and the effector in the shaded box

acute kidney injury [1]. However, a number of observations in patients and in animal models of sepsis
demonstrate that kidney perfusion is maintained in
sepsis [2]. Deficient microcirculation in the kidney is
probably also an important factor in sepsis and severe
inflammation [3].
● Increased venous pressure
Increased venous pressure or impaired venous
return will lead to venous congestion of the kidney.
This is one of the underlying mechanisms for AKI in
patients who are mechanically ventilated and in
patients with right-sided heart failure [4].
● Intra-abdominal hypertension (IAH)
AKI is one of the most frequently and consistently
described organ dysfunctions associated with IAH [5].
There are multiple mechanisms through which IAH
can induce kidney injury. First, IAH has been shown to
decrease cardiac output and decrease mean arterial
pressure, probably due to decreased venous return to
the heart and direct compression of the arterial vasculature in and adjacent to the abdomen. This can cause
a form of prerenal AKI. Second, increased renal venous
pressure and direct compression of the parenchyma
with altered microcirculation may be important.
Compression of the ureters due to IAH does not

seem to cause IAH-induced AKI since placement of
ureteric stents had not been successful in avoiding
AKI. Third, the presence of IAH induces changes in
some of the hormonal and paracrine factors described
above. Vasopressin release is increased in the presence of
IAH, but the significance of this finding is unknown.
GFR may be increased by activation of the reninangiotensin system, and NO release. On the other
hand, increased endothelin secretion may decrease GFR.
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Renal Injury Scoring
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(Urology), Denver, CO, USA

Synonyms
Renal laceration; Renal trauma

Definition
Renal injury includes blunt trauma or laceration to
the kidney, the collecting system, vascular supply, or the
surrounding Gerota’s fascia. Renal injury is divided into
five grades that become more severe as the injury enters
deeper into the kidney (Table 1).
Grade I injuries are non-lacerated and limited to a
subcapsular or perirenal hematoma. Grade II injuries
extend into the renal cortex. Grade III injuries extend
into the medulla. Grade IV injuries include lacerations
extending into the collecting system or isolated renal vascular injury. Grade V injuries include shattered kidneys or
vascular pedicle avulsion. Note, if both kidneys are
injured, the total grade increases to the next most severe
grade up to grade III (Fig. 1).

Trauma to the upper urinary tract occurs in 1.1% of all
traumas. However, only roughly 5% of renal trauma
(Grade II–V) requires operation. Approximately 80–90%
of all renal trauma is blunt trauma, occurring most often
from motor vehicle accidents, falls from heights, and
assaults. Deceleration injuries can cause vascular damage
and high grade renal injuries such as vein disruption,
thrombosis, or pedicle avulsion. Penetrating renal injuries
are most often caused by gunshot and stab wounds.
Penetrating renal trauma has other associated injuries in
77–100%.
Hematuria, defined as blood in the urine, is the best
indicator of traumatic urinary system injury. Parenchymal
injuries or hematomas may cause gross hematuria. Vascular injuries rarely have gross hematuria. Microscopic
hematuria may be present in any renal injury, but note
up to 36% of renal injuries may have no hematuria at
presentation. The degree of hematuria is NOT indicative
of the severity of the urological trauma. When hematuria
does not correlate if a patient with known renal injury has
hemodynamic instability defined as a systolic blood pressure drop below <90, the chance that significant renal
injury is present rises.

Diagnosis and Imaging
The gold standard for suspected renal injury is a contrastenhanced computed tomography (CT). Spiral CT is
beneficial for vessel damage but inferior for parenchymal
injury and extravasation. Repeat scanning 10 min post

Renal Injury Scoring. Table 1 American association for the surgery of trauma’s organ injury scaling committee – renal trauma
severity scale (Adapted from [2])
Grade

Description

I

Contusion

Microscopic or gross hematuria, urologic studies normal

Hematoma

Subcapsular, nonexpanding without parenchymal laceration

II

Hematoma

Nonexpanding perirenal hematoma confined to renal retroperitoneum

Laceration

<1 cm parenchymal depth of renal cortex without urinary extravasation

III

Laceration

>1 cm parenchymal depth of renal cortex without collecting system rupture or
urinary extravasation

IV

Laceration

Parenchymal laceration extending through renal cortex, medulla, and collecting system

Vascular

Main renal artery or vein injury with contained hemorrhage

V

Laceration

Completely shattered kidney

Vascular

Avulsion of renal hilum, devascularizing the kidney

Renal Injury Scoring

Grade I

Grade II
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Grade III

Grade IV

Grade V

Renal Injury Scoring. Figure 1 Renal injury grade (Source: [2])

spiral CT is adequate to overcome these disadvantages.
Findings on CT that suggest major injury include medial
hematoma suggesting vascular injury, medial urinary
extravasation suggesting renal pelvis or ureteropelvic
junction avulsion injury, or lack of contrast enhancement
of the parenchyma suggesting arterial injury.
All blunt trauma patients with gross hematuria and
patients with microscopic hematuria and hemodynamic
instability (SBP<90 at any time) should undergo renal
imaging. Microscopic hematuria without hemodynamic
instability does not require imaging unless suspicion for
renal injury is high. Penetrating injuries of any kind associated with any degree of hematuria should be imaged. However, note that hematuria is not a reliable marker for injury.

Traditionally, almost all vascular grade IV injuries and
grade V injuries used to be surgically explored. Currently,
vascular injuries may be treated and evaluated by interventional radiology with placement of Palmaz stents.
Grade V injuries maybe observed if patient is hemodynamically stable. Revascularization of high grade injury
kidneys has been reported. Absolute indications for
surgical exploration include evidence of persistent renal
bleeding, expanding perirenal hematoma, and pulsatile
perirenal hematoma. Relative indications include urinary
extravasation, nonviable tissue, and incomplete staging.
Isolated renal injuries with parenchymal lacerations may
be treated with selective embolization. It should be noted
that renal arteries are end arteries and embolization will
result in selective tissue death.

Treatment
Almost 98% of all renal injuries can be managed
nonoperatively. All grade I and II injuries can be observed.
Grade III and grade IV nonvascular injuries may be
observed if there are no other intra-abdominal organ
injuries. Grade III and IV injuries that are treated
nonoperatively should be monitored for bleeding, vital
signs, serial hematocrit, and physical examination. If
extravasation is present, serial renal CT scans should be
followed. If urinary extravasation persists beyond 48 h,
placement of an internal ureteral stent and indwelling
Foley catheter for drainage may decrease potential
urinoma formation.
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Renal Replacement
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Synonyms
Artificial kidney; Blood purification; Dialysis; Hemodialysis; Hemofiltration

Definition
Renal Replacement Therapy
The term renal replacement therapy (RRT) encompasses
a variety of artificial methods of blood purification used to
substitute for the endogenous functions of the kidney in
acute kidney injury (AKI) or end-stage renal disease
(ESRD).
The functions of the kidney are classified into three:
the excretion of nitrogenous waste products (urea, creatinine, and other unmeasured low-molecular weight
toxins), body fluid homeostasis (water, electrolyte, and
acid–base balance), and endocrine functions (renin,
erythropoietin, and vitamin D secretion and metabolism).
The first two functions are prerequisites for survival over
a period of hours to days and techniques of RRT must be
capable of replicating them. Pharmacological replacement
of the endocrine functions of the kidney is of importance
in the management of chronic kidney disease (CKD);
however, in the timescale of critical illness these functions
are less relevant and are not generally considered under the
heading of acute RRT.

The kidney has considerable function reserve and
almost complete loss of renal function must occur before
its absence is rapidly fatal, thus many patients with AKI
can be managed without recourse to RRT; while methods
of RRT, when used, do not need to approach the normal
function of two healthy kidneys. Almost uniquely, artificial techniques of renal organ support can be maintained
virtually indefinitely. However, the majority of critically ill
patients with AKI, who survive their underlying illness,
will recover renal function. Consequently, RRT for AKI in
intensive care is generally required for periods of days to
weeks. Finally, it is important to appreciate that the application of RRT does not modify the course of the underlying AKI, but like many ICU interventions it is
a supportive treatment to maintain life while natural
recovery occurs.

Physicochemical Principles of RRT
The purpose of RRT is to maintain low concentrations
of nitrogenous waste products in the blood and regulate
the volume and electrolyte composition of the extracellular fluid. In the kidney, this is achieved by the formation of around 180 L/day of plasma ultrafiltrate in the
glomeruli, the water, and electrolyte composition of
which is then modified in the tubules and collecting
ducts so that, in a resultant few liters of urine, water,
and salt balance is maintained, while concentrated waste
products are very efficiently excreted. In RRT a semipermeable membrane is utilized in place of the glomerular
basement membrane to separate constituents of plasma
and achieve blood purification. A semipermeable membrane is a barrier perforated by pores through which
molecules below a certain size may pass, but larger substances such as plasma protein and cells will be excluded.
This molecular weight cut-off is determined by the average
size of the pores in the membrane. To separate substance
across a semipermeable membrane a concentration or
pressure gradient must exist to cause solute movement
by processes of diffusion or convection, respectively
(Fig. 1).
The semipermeable membrane may be biological (as
in peritoneal dialysis), cellulose derived (low permeability,
suitable only for diffusive therapies such as hemodialysis
and now little used), or synthetic (biocompatible polymers that are available in ranges of permeabilities and
suitable for convective as well as diffusive therapies).
In diffusion there is a difference in concentration of
a permeable substance across a membrane; random movement of molecules in solution then results in net movement from more concentrated to less concentrated side.
The net rate of movement is proportional to the area and
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Renal Replacement. Figure 1 Diffusive versus convective
transmembrane clearance

porosity of the membrane, the magnitude of the concentration gradient, and the diffusivity of the substance in the
solvent. Molecular diffusivity (D) is proportional to the
reciprocal of the molecular radius; consequently, small
molecules move more readily by diffusion across the
same concentration gradient than the larger ones. For
diffusion to take place, solvent must be present on both
sides of the membrane and, being in equal concentration,
no net transmembrane flux of solvent (water) occurs by
the process of diffusion.
A pressure gradient across a semipermeable membrane will cause movement of solvent (water) from high
pressure to low, a process termed ultrafiltration (UF). In
extracorporeal blood purification, as in the normal glomerulus, this is a hydraulic pressure gradient; however, in
peritoneal dialysis osmotic pressure exerts a similar effect
drawing water into an area of high osmolality. Movement
of solvent is determined by the transmembrane pressure
(TMP), the area of the membrane, and its permeability to
the water in the equation UF = KUF · TMP, where the
ultrafiltration coefficient, KUF is related to the size and
water permeability of the membrane. Thus, more water
removal can be achieved by exerting a large pressure or
using a larger or more porous dialyzer.
When a solvent crosses a membrane during ultrafiltration it carries any dissolved solutes with it at the same rate as
the bulk fluid flow; this process of solute movement is called
convection, while the tendency of solutes to move with
their solvent is termed solvent drag. Thus, as ultrafiltration
occurs any dissolved substance smaller than the membrane cut-off should move across the membrane. This
movement will occur at the same rate as the solvent flow.
Thus, solute will be removed by convection in proportion
to its concentration in the plasma water. Ideally, there is no
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additional dependence on molecular radius as long as it is
below the cut-off, in reality, however, a solute close in
radius to the cut-off will be retarded by the membrane to
a greater extent than the solvent and is then present in the
ultrafiltrate in a lesser concentration than in plasma. This
discrepancy may be expressed as the ratio: CUF/CP, termed
the sieving coefficient (S); varying from 1 in a substance
freely transmitted through the membrane to 0 in a substance completely excluded by the pore size. For most
small solutes S is close to 1, thus flux across a membrane
J = UF  S  CP reduces to: J ﬃ UF  CP and clearance (K),
defined as flux divided by plasma concentration, will
approximate the UF rate K ﬃ UF.
Factors other than size may also modify sieving coefficients and thus convective clearance of a solute. Plasma
protein binding and interaction with the membrane may
reduce the effective concentration of a substance in the
filterable plasma water and thus its appearance in the
ultrafiltrate. Similarly, build-up of a potential difference
across the membrane as charged molecules, particularly
plasma proteins, are excluded from the ultrafiltrate can
restrain or encourage the passage of charged particles
through the membrane depending on their polarity,
affecting the sieving coefficients of ions in biological solutions (Gibbs–Donnan effect); these changes are usually
small, but may result in a sieving coefficient of slightly
greater than 1 for anions such as chloride, while for cations
these may be slightly reduced.
Differences in physical characteristics of molecular
movement between diffusion and convection have implications for the removal of solutes of different size (Fig. 1).
Across an identical membrane, convection will be intrinsically superior at moving larger molecules, with low diffusivity, than diffusion. Conversely, convection limits the
movement of small molecules to the rate of ultrafiltration
irrespective of diffusivity and is consequently less efficient
in removal of small solutes.

Methods of RRT
RRT may be classified into extracorporeal blood purification and peritoneal dialysis. Extracorporeal therapies are
classified by the principal mode of solute removal as
diffusive (hemodialysis-HD), convective (hemofiltrationHF), or combined (hemodiafiltration-HDF) and by timing
as continuous (CRRT) or intermittent (IRRT).
In extracorporeal therapy, blood is passed in contact
with a semipermeable membrane and returned to the
patient. In contemporary therapies, these membranes are
packaged as bundles of hollow fibers within a rigid cylinder as a hollow fiber dialyzers or filters (Fig. 2), blood is
passed through the lumen of the fibers while dialysate and
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Renal Replacement. Figure 2 Schematic and cross section of
a hollow-fiber dialyzer (in a pure hemofilter no dialysate is
infused and the fluid in port is capped or not present)

ultrafiltrate move around the fibers within the cylinder.
This arrangement allows a large surface area of membrane
to be efficiently packaged in a form that is strong and
portable.
In hemodialysis (HD) dialysis fluid is run around the
hollow fibers within the dialyzer and small molecules may
diffuse from the blood into the dialysate, a sterile, physiologic-buffered electrolyte solution. In order to maximize
the concentration gradient and thus the speed of diffusion
the dialysis fluid is infused countercurrent to the flow of
blood. During dialysis small molecular toxins will be
removed from the blood, while electrolytes will equilibrate
their concentration with the dialysis solution. The efficiencies of these processes depend on the relative flow rates of
blood and dialysate and the size and porosity of the membrane. In intermittent hemodialysis (IHD) very high dialysate and high blood flow rates are used to rapidly cleanse
a large volume of blood; here the blood leaving the dialyzer is almost free of all low-molecular weight waste
products. By applying such therapy for 3–4 h three times
a week adequate control of uremia can be achieved in
patients with end-stage renal disease, at the expense of

large intra- and interdialytic swings in metabolite concentrations. In the ICU, HD can be administered as more
frequent intermittent therapy or as a continuous treatment with much lower blood and dialysis flow rates; in
this case metabolite concentrations will achieve a steady
state where rate of solute removal equals rate of generation, and solute salt and water control will be much more
even. Slow extended daily dialysis (SLEDD, also known as
slow low-efficiency daily dialysis) is an intermediate
between intermittent and continuous HD where a slower
dialysis is given for 8–12 h/day resulting in smaller swings
in solute concentrations without the logistic demands of
24 h a day therapy.
As diffusion is incapable of removing water, all forms
of hemodialysis also rely on ultrafiltration to control fluid
and electrolyte balance. This is an essential feature of RRT.
It was the addition of ultrafiltration to diffusion during
the 1950s that allowed the widespread application of dialysis to the treatment of acute and chronic renal failure. In
conventional hemodialysis, as much ultrafiltration is
performed as needed to achieve the required fluid balance
by application of a transmembrane pressure. Since only
a limited rate of ultrafiltration is required to achieve this
amount of fluid removal conventional hemodialysis treatments can be performed with a relatively impermeable,
low-flux membrane.
In hemofiltration (HF) small molecule removal is
purely by convection; no dialysis fluid is employed and
no diffusive clearance occurs. Since solutes are only
removed in proportion to their concentration in the
plasma, large volumes of ultrafiltration (>1 L/h) are
required to achieve meaningful clearances. Infusion of
a buffered-salt balanced replacement fluid to match the
ultrafiltrate volume is thus required. Otherwise, massive
hypovolemia would rapidly occur; fluid balance is then
easily achieved by slightly increasing the ultrafiltration
(exchange) rate or lowering the replacement rate to
remove the required volume of salt and water. As high
ultrafiltration rates are needed to deliver this therapy
a highly water-permeable, high-flux, membrane is
required. Even so, the rate of ultrafiltration is ultimately
limited by the blood flow rate in the extracorporeal circuit,
thus, to achieve small molecule clearances comparable to
diffusive therapy, continuous HF (20–24 h/day) is
required. While small molecule clearance is comparatively
slow, clearances of middle molecules (molecular weight
>500 Da, including b2-microglobulin, some inflammatory mediators, and other small peptides) are greater
than those achieved using conventional, low-flux, hemodialysis. There are two reasons for this: (1) Continuous HF
uses a membrane with a much higher molecular weight
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cut-off (>10–20 kDa). (2) Convective clearance is not
dependent on molecular diffusivity, which decreases
reciprocally with increasing molecular radius.
Hemodiafiltration (HDF) is a hybrid therapy that combines HF with the simultaneous countercurrent flow of
dialysate for additional diffusive clearance. Two forms are
encountered: in continuous HDF a slow rate of dialysate
flow rate is added to standard HF to provide additional
clearance without requiring higher ultrafiltration rates
during continuous therapy in the ICU. The second form,
intermittent HDF, is used in the treatment of some
patients with ESRD; here a 10–15 L exchange of HF is
added to a conventional IHD session in order to increase
middle molecule clearance. This therapy is not generally
encountered in the ICU.
High-flux hemodialysis is a dialysis therapy, intermittent or continuous, that uses a high-flux membrane similar to that used in hemofiltration. With a higher
molecular radius cut-off, better middle molecule clearance
can be achieved. However, when using such a waterpermeable dialyzer, excess ultrafiltration inevitably occurs
as blood flows into the dialyzer under pressure and, similarly, a volume of dialysate will enter the fibers at their
distal end close to where the dialysis fluid is under higher
pressure. This process of balanced back filtration means
that an appreciable amount of convection and fluid
replacement is happening unseen within the dialyzer,
making high-flux dialysis effectively a hybrid diffusion/
convection therapy with many similarities to HDF.
Peritoneal dialysis (PD) uses the peritoneum as
a semipermeable membrane with dialysis fluid infused
into the peritoneal space via an implanted peritoneal
dialysis catheter. PD avoids the need for an extracorporeal
blood circuit. PD fluid may be exchanged manually or by
using an automated cycler. Ultrafiltration is achieved by
using hypertonic glucose-rich dialysis fluid, resulting in an
osmotic gradient between peritoneum and blood. PD has
many advantages in the management of ESRD, but is now
rarely used in the treatment of critically ill adults.

Other Blood Purification Techniques Used
in the ICU
Hemoperfusion is a blood purification technique where
undesirable substances are removed from plasma by
absorption. Blood is circulated through a circuit similar
to that used for CRRT. However, a high surface area
absorbent, typically a charcoal microcapsule cartridge, is
perfused with blood in place of, or in series with, a dialyser
or hemofilter. These sorbents effectively remove molecules
of molecular weight 300–500 Da, including some lipidsoluble and protein-bound substances. Hemoperfusion
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has been advocated for the removal of some exogenous
toxins and inflammatory mediators, particularly those
inefficiently cleared by conventional RRT such as theophylline. Its role remains experimental as no controlled trials
have ever shown it to confer clinically significant
advantages.
During plasmapheresis, plasma is removed from the
patient and exchanged with fresh frozen plasma (FFP)
and/or colloid or crystalloid solutions. It may be
performed with a highly permeable (2,000 kDa cut-off)
plasma filter in a CRRT circuit or using aphaeresis
techniques. The intention is to remove larger toxic substances, such as auto-antibodies, from the blood and
allow large volume plasma replacement. Its indications
and applications are discussed in the entry on
▶ Plasmaphersis.

Dose of RRT
In order to compare differing methods of RRT some
measure of quantity of blood cleansing is needed. Quantity or dose of RRT delivered is traditionally assessed by
measuring clearance of urea, that is, the rate of plasma
processing required to account for the rate of urea removal
if the treatment separated all urea from the plasma
processed which is mathematically defined as KU = JU/
[Urea]plasma. Urea is chosen as an easily measured prototype for low-molecular weight products of metabolism.
While measuring total urea in the dialysis or ultrafiltration
effluent and continuous plasma urea concentration could
allow calculation of clearance, this is impractical and
approximations of dose are instead calculated from
machine settings or plasma urea concentrations.
Dose is relatively easily estimated for continuous therapies. As noted above, for a small uncharged molecule
such as urea clearance during continuous HF is equal to
the ultrafiltration rate. Similarly, during continuous HD
where the dialysis flow rate is much slower than the blood
flow rate urea concentration in the dialysate will equilibrate with that in the plasma and KU can be approximated
by the dialysate flow rate. Thus, in any HF, HD, or HDF
continuous therapy the total clearance is approximately
the total flow of fluid out of the dialyzer or filter, i.e., the
effluent flow rate. During HDF complex and illunderstood interactions between dialysate and ultrafiltrate may cause the effluent flow rate to be a slight
overestimate of the true clearance, but this effect is not
of great clinical significance. More importantly, infusion
of HF replacement solution as predilution (see entry
▶ Continuous Hemofiltration in ICU) will reduce the effluent dose for all modalities by the percentage to which the
plasma is diluted; since this is dependent on circuit blood
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flow, replacement fluid rate and hematocrit dose estimation during predilution is much less accurate.
During IHD, dialysate flow is significantly faster than
blood flow and urea removal is limited by blood flow, and
dialyzer area and estimation of dose is more complex in
these circumstances. Dose of intermittent therapy in
ESRD is usually standardized using the dimensionless
variable Kt/V, a measure of quantity of clearance in proportion to the size of the volume in which urea is distributed (urea clearance (K) multiplied by time of therapy (t)
divided by the urea distribution volume of the patient (V).
Methods of estimating Kt/V in IHD from plasma urea
concentrations and dialysis characteristics are complex
and not of direct relevance to the intensivist. However,
therapeutic comparison of IRRT with that of CRRT is of
interest. Typical flow rates, timing, and measures of dose
of common modalities of RRT are outlined in Table 1.
Such quantity-based analyses of RRT have numerous
shortcomings:
1. During continuous therapy small molecule fluxes are
small, and a steady state is achieved and equilibrium
exists between body compartments. During IHD,
however, solute fluxes are large and the rate of molecular movement between blood, extracellular and intracellular fluid may become limiting, which means that
total body water urea clearance will be lower than
plasma urea clearance. Such discrepancies will become
prominent with the shorter duration and the higher
clearance.
2. During continuous therapy, near steady state is
achieved where urea generation equals urea removal.
Under such conditions clearance is an accurate reflection of urea removal and control of plasma urea

concentration. Conversely, during a session of IHD,
urea removal is rapid at the beginning of treatment
and then exponentially slows as the plasma urea concentration falls. The dependence on plasma urea concentration means that increasing sessional dose has
decreasing gain in terms of additional urea removal.
In the absence of kidney function, urea rises linearly
between dialyses, thus control of interdialytic urea concentration is dependent on postdialysis plasma urea and
time between treatments. As escalating sessional doses
result in progressively smaller deceases in postdialysis
urea, increasing Kt/V per treatment is extremely inefficient in improving uremic control, with a fixed upper
limit to its effect. Instead it is much more effective to
provide therapy more frequently.
3. A number of methods exist for converting dose of
intermittent dialysis sessions to enable direct comparison with doses of CRRT or endogenous renal function. These evaluate an equivalent continuous
clearance necessary to achieve a steady state urea concentration the same as either a predialysis urea or the
time-averaged interdialytic urea concentration.
Choice between these comparators is an opinionbased judgment and thus there is an arbitrary element
to any such dose correction.
4. Clearance of middle molecules is markedly different to
that of urea between different therapies and ureabased dose comparison neglects the effect of membrane porosity and convection on removal of larger
solutes.
5. Dose comparisons do not account for the ability of
continuous therapy to control fluid electrolyte balance
continuously. While intermittent therapy can control
interdialytic urea concentration by achieving a very

Renal Replacement. Table 1 Examples of typical treatment characteristics and achieved clearances during various modalities of
RRT in the ICU in comparison with normal endogenous renal function
IHD(Daily)

SLEDD

CVVHF

CVVHD

PD

Normal kidney
function

QB (mL/min)

200–350

100–300

100–250

100–250

175–450

800–1,500

QD (mL/min)

500–800

100

0

17–50

3–15

0

QUF (mL/min)

0–12.5

0–9

17–50

0–3

0–2

90–120

Time (h/day)

4

8–12

20–24

20–24

24

24

Kt/V

0.8–1.4

1.0–1.7

0.8–1.5

0.8–1.5

0.25–0.32

1.85a

25

35

35

7

100

EKR-Cr (mL/min) 20

QB: blood flow; QD: dialysate flow; QUF: ultrafiltration rate; CVVHF: continuous veno-venous hemofiltration; CVVHD: continuous veno-venous
hemodialysis; EKR-Cr: equivalent renal clearance for creatinine, the steady state continuous creatinine clearance needed to maintain timeaveraged creatinine concentration achieved during RRT
a
Normal renal urea clearance is  45 mL/min, due to significant tubular urea reabsorption
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low end-dialysis urea concentration, it is difficult to
similarly control fluid balance without precipitating
intravascular underfilling and acute hypotension.
Consequently, achieving an even fluid balance in the
critically ill is often impossible using intermittent therapy while this is easily achieved with slow continuous
fluid removal during CRRT.

Pre-existing Condition
Indications of RRT
RRT in the ICU is predominantly a treatment for AKI.
A smaller number of patients with ESRD are treated in
the ICU for intercurrent illnesses and, in general, during
critical illness, these patients should be managed in the
same fashion as those with AKI, with a transition to their
usual mode and intensity of RRT as recovery occurs. Other
non-AKI-related indications for RRT techniques exist,
which include: removal of dialyzable ingested toxins, temperature correction in hypo- or hyperthermia and putative
immunomodulatory effects in severe sepsis. During AKI,
hyperkalemia, metabolic acidemia, fluid overload
unresponsive to diuretic therapy, and symptomatic uremia
are traditional indications for initiation of RRT; logic dictates that development of these life-treating complications
should be anticipated and RRT be commenced if possible
in advance of an emergent requirement. The exact point at
which RRT should be initiated remains a matter of physician’s judgment. For more information on these controversial areas see ▶ RRT Indications and ▶ RRT Timing.

Application
Choice of modality
Peritoneal dialysis is now uncommonly used in the
treatment of adult ARF in developed countries. However,
it may be an adequate technique in resource-poor environments or in pediatric patients, in whom the peritoneal membrane has a relatively greater surface area and
is thus a more adequate dialyzer. Several major shortcomings make PD relatively unsuited to the treatment
of adult AKI in the ICU namely: limited solute clearance
in the context of metabolic demand, high risk of
peritonitis, unpredictable hyperglycemia, PD fluid
leaks, peritoneal protein losses, and interference with
diaphragmatic function. A randomized trial comparing
PD to CVVH found that PD was associated with
increased mortality [1].
Choice of modality of RRT in the ICU thus lies principally between CRRT, IHD, or SLEDD. There is a great
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deal of controversy as to which of these alternatives is best
suited for the treatment of RRT in the ICU, a choice
dependent not only on clinical superiority, but also on
logistic and economic factors. Worldwide, there is considerable variation in practice [2] from continued popularity
of intermittent therapy in North and South America to
almost exclusive use of CRRT in Australia and New
Zealand. While a number of studies have attempted to
address the relative clinical effects of intermittent and
continuous techniques none are suitably powered multicenter randomized controlled trials (MC-RCT) that could
definitively answer this question [3]. Any such comparisons are additionally frustrated by the difficulty of comparing dose equivalence between the different modalities
and it seems unlikely that a suitably sized MC-RCT will
occur in the foreseeable future. In the absence of reliable
evidence choice of technique may be judged by physiological and economic criteria (Table 2).
Clinically, CRRT and SLEDD offer many advantages
over IHD, in particular, in terms of hemodynamic stability
and ability to maintain a neutral or negative fluid balance.
The ability to control fluid balance is of particular importance in allowing appropriate volume of enteral or intravenous nutrition without progressive fluid overload.
Similarly, avoidance of rapid falls in plasma urea concentration, stability of blood pressure, and prevention of fluid
overload all make CRRT beneficial in patients at risk of
cerebral edema. Greater hemodynamic stability during
CRRT may decrease the likelihood of ongoing renal injury
and nonrecovery of independent renal function. As CRRT
is usually managed within the ICU it can also be commenced promptly when clinically indicated, in comparison to therapies such as IHD, which often requires
resources from outside the ICU.
Continuous therapy requires capital investment in
CRRT machines and a higher consumable cost, however,
in environments with 1:1 ICU nursing, therapy can be
provided by the bedside nurse and managed by the
intensivist, without requiring specialist renal input.
Thus, local practice and balance of consumable versus
human resources pricing influence the relative economic
costs of these therapies.
The emerging clinical consensus, even in North
America, is that continuous or semicontinuous therapies
are superior for hemodynamically unstable, critically ill
patients. This is illustrated in the design of the US, multicenter: Veterans Affairs/National Institutes of Health (VA/
NIH) Acute Renal Failure Trial Network Study [4] where
the trial protocol dictated that all patients with
a cardiovascular SOFA score of 3–4 must be treated with
CRRT or SLEDD.
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Renal Replacement. Table 2 Characteristics of RRT affecting choice of modality in ICU
CRRT

IHD

SLEDD

PD

Hemodynamic stability

Good

Poor

Intermediate

Good

Control of fluid status

Good

Poor

Intermediate

Intermediate

Biocompatibility

Good

Good (poora)

Good (poora)

N/A

Risk of infection

Intermediate

Intermediate

Intermediate

High

Uremic control

Good

Intermediate

Good

Poor

Avoidance of cerebral
edema

Good

Poor

Intermediate

Intermediate

Ability to allow full
nutritional support

Good

Poor

Intermediate

Poor

Ability to control
acidosis

Good

Poor

Intermediate

Intermediate

Middle molecule
clearance

Good

Poor (intermediateb)

Poor (intermediateb)

Poor

Specific side effects

Few

Disequilibrium
syndromes

Few

Peritonitis, fluid leaks
Packaged

Fluid

Packaged

Online

Online

Consumable costs

High

Intermediate

Intermediate

Low

Medical and nursing
management

ICU or renal

Renal

Renal

Renal

a

Nonsynthetic membranes
High-flux dialysis

b

Choices between modality of CRRT or comparisons
with SLEDD have not been examined in prospective randomized studies. Local experience and available equipment often guide choice of therapy. Most CRRT devices
are capable of continuous HF, HDF, or HD and evidence
suggests that their clearance profiles are equivalent for
small and middle molecules [5]. Traditionally, HF has
been the CRRT modality of choice and it remains by far
the most widely used, but there is no evidence to substantiate this perference and, as large volumes of ultrafiltration
may theoretically worsen filter lifespan and performance
(see entry on ▶ Hemofiltration in ICU), HDF is often
employed when increased intensity of therapy is deemed
necessary. During SLEDD higher dialysate flow rates possible with online fluid can enable more rapid small molecule clearance, which may be useful in profound
hyperkalemia or in treatment of overdose to rapidly clear
toxins such as lithium or sodium valporate and ammonia.

critical illness. Therefore, dose recommendations for the
ESRD population do not apply to the acute treatment of
the critically ill and substantially higher doses of RRT are
usually employed. Dose in CRRT is determined by the
intensity (exchange or dialysate rate) of treatment while
for IHD it is more dependent on frequency than individual sessional dose [6]. The clinical evidence and physiological principals suggesting the optimum intensity of
CRRT and frequency of IHD in the ICU are further
discussed in the entries RRT Intensity and RRT Timing.

Technical requirements
Renal replacement is a complex technologic therapy
demanding implementation. Requirements for the provision of extracorporeal RRT are outlined in Table 3. Further
information on these areas can be found in the sections:
▶ Hemodialysis in ICU, Hemofiltration in ICU,
Anticoagulation in Extracorporeal Circuits and ▶ Vascular
Access for RRT.

Intensity of RRT
Intensity, duration, and frequency of RRT used in the
ESRD population are often limited by economic and
logistic factors rather than being clinically optimal, even
in the absence of the increased metabolic demands in

Complications During Extracorporeal RRT
Many complications can arise during such a complex
treatment with major physiological impact. Common
complications include vascular access-related infection,
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Renal Replacement. Table 3 Resources required for extracorporeal RRT
Resources

Details

Vascular access

Usually via a specialized wide-bore
double-lumen catheter, located in
a central vein capable of delivering
blood flow rates of 100–300 mL/min
in adults

Disposable extracorporeal circuit

RRT machine

Tubing and bubble trap
Connections to dialyzer or filter, for
replacement fluid and anticoagulant
infusion
Microprocessor-controlled roller
pumps for blood, dialysate, and
ultrafiltration

References
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Temperature control
Dialyzer or filter

Hollow-fiber membrane cartridge with
appropriate molecular weight cut-off
and surface area for therapy prescribed

Dialysis and/or
replacement fluid

Physiological salt solution with
adjusted potassium concentration
appropriate to patient
pH buffered with bicarbonate, lactate,
or acetate

1977

uremic disequilibrium syndromes with acute cerebral
edema and anaphylaxtic first-use syndromes (rare with
biocompatible membranes). These are discussed in more
detail in the sections: ▶ Hemodialysis in ICU,
Hemofiltration in ICU, Anticoagulation in Extracorporeal
Circuits and ▶ Vascular Access for RRT.

Safety devices including blood leak and
disconnection detectors
Measuring device for ultrafiltrate
volume achieved in CRRT,
isovolumetric flow cell in IHD

R

6.

Phu NH, Hien TT, Mai NT et al (2002) Hemofiltration and peritoneal dialysis in infection-associated acute renal failure in Vietnam.
N Engl J Med 347:895–902
Uchino S, Bellomo R et al (2007) Continuous renal replacement
therapy: a worldwide practice survey. The beginning and ending
supportive therapy for the kidney (B.E.S.T. kidney) investigators.
Intensive Care Med 33:1563–1570
Ricci Z, Ronco C (2008) Dose and efficiency of renal replacement
therapy:continuous renal replacement therapy versus intermittent
hemodialysis versus slow extended daily dialysis. Crit Care Med 36
(4 Suppl):S229–237
Palevsky PM, Zhang JH et al (2008) Intensity of renal support in
critically ill patients with acute kidney injury. N Engl J Med 359:7–20
Ricci Z, Ronco C, Bachetoni A, D’amico G, Rossi S, Alessandri E,
Rocco M, Pietropaoli P (2006) Solute removal during continuous
renal replacement therapy in critically ill patients: convection versus
diffusion. Crit Care 10:R67
Nissenson AR, Fine RN (eds) (2005) Clinical dialysis, 4th edn.
McGraw-Hill, New York, ISBN 0-07-141939-X

Renal Replacement Therapy
▶ Hemodialysis in ICU

Usually pre-prepared for CRRT
Online fluid for IHD requiring waterpurification plant, concentrated salt
solution, and conductivity meter
Additional supplementation of
phosphate and magnesium often
needed in CRRT
Anticoagulation

To prevent circuit clotting and extend
filter lifespan and performance

Nursing

Appropriately trained staff to set up,
monitor, and troubleshoot therapy

circuit thrombosis with attendant blood loss, consumptive thrombocytopenia in the filter or dialyser, hypotension during ultrafitration, hypothermia, hypoglycemia,
and electrolyte disturbances such as hypophosphatemia
and hypokalemia. Rarer complications include major vascular injury during vascular access, anticoagulant-induced
major hemorrhage, air embolism, disconnection, hemolysis, over-rapid correction of hypo- or hypernatremia,
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Renal replacement therapy (RRT) is a generic term
encompassing the multiple modalities of dialysis and
hemofiltration employed in the management of kidney
failure. As these treatments do not hasten, and can potentially delay, the recovery of kidney function in patients
with acute kidney injury, the primary indication for their
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use is in the management of metabolic and fluid and
electrolyte complications that result from loss of kidney
function. These include volume overload, serum electrolyte disturbances of which hyperkalemia is the most serious, metabolic acidosis, and progressive azotemia with
or without overt uremic symptoms. In addition, RRT
may be indicated in the absence of kidney dysfunction in
the management of intoxications and drug overdoses, in
the tumor lysis syndrome, and in the management of
hypo- and hyperthermia. Although RRT has also been
proposed for the prevention of kidney injury in the setting
of rhabdomyolysis or following radiocontrast administration and in the management of sepsis and the systemic
inflammatory response syndrome (SIRS), its efficacy for
these indications is not established.

Indications for RRT in the Setting
of Kidney Failure
The primary indication for the use of RRT in critically ill
patients is in the management of patients with established
end-stage renal disease (ESRD) or severe acute kidney
injury. Regardless of etiology, renal organ system failure
is characterized by the accumulation of urea and other
metabolic waste products and the dysregulation of water,
electrolyte, and acid–base homeostasis. Dialysis and
hemofiltration provide a mechanism for the removal of
the metabolic waste products that accumulate in kidney
failure and management of the associated fluid, electrolyte, and acid–base disturbances. These specific indications for initiation of RRT are discussed below; the
relative timing for initiation of RRT in patients with AKI
is discussed separately in the entry Renal Replacement
Therapy, Timing.

Progressive Azotemia with or Without
Uremic Symptoms
The cardinal manifestation of advanced kidney failure
is the accumulation in the blood and other extracellular
body fluids of nitrogenous waste products that are
normally excreted in the urine. As these metabolites accumulate, progressive symptoms of uremia may develop.
Early uremic symptoms such as anorexia, nausea and
vomiting, and change in mental status are nonspecific
and may be difficult to differentiate from symptoms
related to the multitude of comorbidities in the critically
ill patient. Untreated, more severe uremic symptoms,
including pericarditis, pancreatitis, progressive encephalopathy, and coma, will develop. Although these overt
uremic symptoms are a clear indication for initiation
of RRT, treatment is usually initiated well before
their onset.

Progressive azotemia is frequently an indication to
start RRT in critically ill patients with AKI. There is not
a precise correlation between the blood urea concentration and the development of uremic symptoms, although
the greater the magnitude and longer the duration, the
more likely that symptoms will develop. Observational
series and small clinical trials from the 1950s through the
1980s suggested that initiating dialysis when the blood
urea nitrogen concentration approached 90–100 mg/dL
(urea concentration of 32–36 mmol/L) was associated
with improved survival as compared with more delayed
initiation of treatment, although additional benefit was
not seen when treatment was initiated with less-severe
elevations in urea [1]. More recent observational studies
have suggested that initiation of therapy at less-severe
degrees of azotemia may further improve survival; however, these studies need to be interpreted with caution as
outcomes in patients in whom RRT was initiated at lower
urea concentrations may reflect differences in the indications for initiating therapy (e.g., volume overload,
hyperkalemia or metabolic acidosis as compared to progressive azotemia, per se) rather than a benefit associated
with earlier therapy [1]. In addition, the results may be
biased by only including patients who received RRT and
not analyzing patients with AKI and progressive azotemia
who were never dialyzed. Prospective randomized trials
will be required to ascertain if there is a specific level
of azotemia that should be used as an indication for
RRT in AKI.

Volume Overload
Sodium and water retention, leading to extracellular volume overload is a common complication in acute kidney
injury, particularly when oliguria is present. Renal replacement therapy can ameliorate volume overload through
ultrafiltration of the excess sodium and water. The degree
of volume overload at which RRT should be initiated is,
however, uncertain. While there is no debate that when
volume overload compromises organ function, such as
respiratory failure due to pulmonary edema or skin breakdown from severe peripheral edema, RRT is indicated,
lesser degrees of volume overload may also impair tissue
integrity. Observational studies demonstrated an association between fluid overload exceeding 10% of body weight
and mortality risk [2]. While the excess mortality may be
due to volume-mediated tissue compromise, disease processes that contribute to the development of volume
overload may also contribute to the mortality risk. Prospective studies are required to demonstrate that preemptive RRT to prevent more severe volume overload
decreases morbidity and mortality.
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Electrolyte Disturbances
Hyperkalemia is a common complication in severe AKI.
Although the primary mechanism is decreased renal
potassium excretion, multiple other factors including tissue breakdown as seen in rhabdomyolysis, hemolysis,
tumor lysis syndrome, and severe burn injuries, and
transcellular shifts associated with acidemia and hyperglycemia may further exacerbate the increase in extracellular
potassium concentration. Severe hyperkalemia may lead
to cardiac conduction defects, decreased myocardial contractility, and ventricular arrhythmias. While pharmacologic therapies such as insulin and b-adrenergic agonists
acutely lower the serum potassium concentration by
shifting potassium into the intracellular compartment,
these effects are transient; definitive therapy requires measures to increase potassium excretion. Although enteric
potassium-binding resins and diuretics may be effective in
some patients, hemodialysis provides the most rapid lowering of serum potassium concentration, with removal of
25–50 mmol/h. Acute lowering of the serum potassium
concentration is slower during CRRT, although more
effective long-term control may be able to be achieved
with continuous therapies. There is no specific threshold
of severity of hyperkalemia for initiation of RRT. The
decision must be individualized in each patient depending
on the acuity of the increase in serum potassium, the
underlying etiology of kidney injury, and the patient’s
overall condition. In general, however, acute dialysis for
the specific management of hyperkalemia is not required
when the serum potassium concentration is less than 6.0–
6.5 mmol/L.
Hyponatremia, and less commonly hypernatremia may
develop in the setting of acute kidney injury, but can
usually be managed with conventional therapy and do
not require the use of renal replacement therapy. If renal
replacement therapy is initiated, the rate of change in the
serum sodium concentration needs to be closely monitored
to prevent neurologic injury from overly rapid normalization. Renal replacement therapy may also be used to control severe hypercalcemia and hyperphosphatemia in the
setting of acute kidney injury; however, these electrolyte
disturbances are rarely indications for starting therapy.
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can provide control of acidemia in patients with severe
lactic acidosis, it is not clear that normalization of blood
pH without reversal of the underlying cause of acidosis
alters outcomes.

Indications for RRT in the Absence
of Kidney Failure
Intoxications and Drug Overdoses
Overdoses of drugs or toxins that can be removed by
dialysis is another important indication for initiation of
RRT. Characteristics of drugs and toxins that can be readily removed by dialysis include low molecular weight,
minimal protein binding, and a small volume of distribution. Among the more common drugs and toxins for
which dialysis is indicated are lithium, theophylline, salicylates, methanol, and ethylene glycol. In general, intermittent hemodialysis provides more effective drug clearance
than continuous therapies, although sequential treatment
with intermittent followed by continuous therapy may
mitigate posttreatment rebound in blood levels.

Tumor Lysis Syndrome
The tumor lysis syndrome may occur spontaneously in
patients with rapidly growing malignancies but is more
common after induction chemotherapy or radiation therapy. Acute dialysis may be indicated for the management
of severe hyperuricemia and hyperphosphatemia, with
rapid lowering of blood levels preventing or ameliorating
the development of AKI from crystal deposition. With the
advent of therapy with recombinant uricase, the need for
RRT may be decreased.

Thermoregulation
The use of an extracorporeal circuit can provide significant thermal loss and cooling of core temperature. While
this may be an unwanted complication of therapy in most
settings, cooling during RRT may be used as an adjunctive
therapy in hyperthermia. Conversely, warming provided
by heating of dialysate can be used in the management of
severe hypothermia.

Sepsis
Metabolic Acidosis
Given the role of the kidney in acid–base homeostasis,
metabolic acidosis frequently accompanies acute kidney
injury. Initiation of renal replacement therapy may be
necessary to prevent progressive acidosis due to impaired
renal acid excretion. Severe acidosis is an indication for
RRT when kidney injury results from ingestion of toxic
alcohols (e.g., methanol, ethylene glycol). Although RRT

1979

Although a role for hemofiltration in modulating the
inflammatory response has been proposed for patients
with sepsis, this benefit has not been proven. In a recent
randomized controlled trial of isovolemic hemofiltration
in patients with sepsis without AKI, hemofiltration was
associated with an increase in mortality [3]. Therefore,
based on current evidence, this procedure cannot be
recommended.
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Prevention of Radiocontrast-Induced
Nephropathy
Removal of radiocontrast media by extracorporeal therapy
has been proposed as a way to prevent radiocontrast-induced
nephropathy in high-risk patients. In a meta-analysis, prophylactic hemodialysis was associated with potential harm
and cannot be recommended [4]. Although studies of continuous hemofiltration have suggested potential benefit,
lowering of the serum creatinine concentration by the
intervention confounds assessment of the primary study
end point, an increase in serum creatinine concentration
following contrast administration. Therefore, the use of
RRT for prevention of radiocontrast-induced nephropathy cannot be recommended.
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The goal of renal replacement therapy (RRT) in acute
kidney injury (AKI) is restoration of a normal homeostatic milieu by removing various metabolic waste products and toxins that accumulate, and correcting the
numerous electrolyte, acid–base, and volume disturbances

that develop during kidney failure. The intensity or dose
of RRT can therefore be evaluated in terms of multiple
parameters, including quantification of volume removal,
correction significant electrolyte disturbances, normalization of acid–base status in addition to characterization in
terms of clearance of either low or high molecular weight
solutes. In practice, since management of fluid balance
and electrolyte and acid–base disturbances can be dissociated from the removal of solutes that accumulate in
kidney failure, the intensity of RRT is most commonly
quantified in terms of solute clearance where clearance is
defined as the volume of blood from which a solute is
completely removed per unit time. The clearance of individual solutes is a function of multiple factors including
molecular weight, protein binding, volume of distribution, dialyzer membrane characteristics and whether solute transfer is occurring predominantly via diffusive or
convective processes. Thus, the selection of solute for dose
quantification has important implications. Urea, a low
molecular weight solute with a volume of distribution
approximating that of total body water is often used as
a surrogate for other low molecular weight solutes that
accumulate in kidney failure. Given its low molecular
weight (60 Da) and minimal protein binding, urea
removal can be rapid in both diffusive (dialysis) and
convective (hemofiltration) therapies. However, urea
kinetics cannot be used as a surrogate for higher molecular
weight solutes (molecular weights >500–1,500 Da) that
are more efficiently removed by convective as compared to
diffusive therapies.
The intensity of intermittent forms of RRT is dependent on both the solute clearance during each individual
treatment and the interval between treatments. The urea
clearance during a single hemodialysis treatment is commonly quantified by the unitless parameter Kt/V, in which
K represents the urea clearance in mL/min, t is the duration of dialysis in minutes, and V is the volume of distribution of urea. The delivered Kt/V is influenced by
multiple factors, including the selection of dialyzer, and
blood and dialysate flow rates (all of which impact K ), and
the duration (t) of each treatment. The relationship
between treatment frequency and cumulative dose of therapy is complex. Although more frequent treatments (e.g.,
daily as compared to every-other day) provide a higher
intensity of therapy when the delivered Kt/V per treatment
is constant, the cumulative dose is not equal to the arithmetic sum of the dose provided each treatment. Since the
clearance of urea and other small solutes follows firstorder kinetics, urea removal decreases as the blood concentration declines over the duration of each dialysis
treatment. Thus, the total weekly urea removal will be
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higher when the same dialysis prescription (hemodialyzer,
blood flow, and dialysate flow) is provided for 2 h every
day as compared to 4 h every-other day. Although multiple models have been proposed to calculate equivalence of
treatments provided on different schedules, none have
been clinically validated.
Dose quantification during continuous therapies is
based on the assumption that virtually complete equilibration occurs between blood and dialysate during continuous hemodialysis and that the sieving coefficient for
urea during hemofiltration is unity, resulting in approximately the same concentration of urea in the ultrafiltrate
as in the blood. Thus, urea clearance will be equal to the
sum of the dialysate and ultrafiltrate flow rates (total
effluent flow rate), and is usually reported normalized to
body weight as mL/kg/h. This relationship assumes that
any replacement fluids are delivered into the return line
after the hemofilter (post-dilution); if replacement fluids
are administered prior to the hemofilter the concentration
of urea in the hemofilter, and hence overall clearance, will
be reduced in proportion to the ratio between the prefilter replacement fluid infusion rate and blood flow rate.

Relationship Between Intensity of RRT
and Outcomes of AKI
In chronic hemodialysis for end-stage renal disease,
a minimum delivered single pool Kt/V of 1.2/treatment
(equivalent to an equilibrated Kt/V of 1.05) is needed to
provide an adequate dose of hemodialysis when treatments are provided three times per week. While lower
doses of dialysis have been associated with increased mortality risk, increasing the intensity of therapy beyond this
threshold has not been associated with increased survival.
There have been no similar studies evaluating the optimal
per-treatment dose of intermittent hemodialysis delivered
on a fixed treatment schedule in AKI.
One study compared daily to every-other day intermittent hemodialysis [1]. One hundred sixty patients were
assigned in alternating fashion to the two treatment regimens. Although the target delivered Kt/V was 1.2/treatment, the actual delivered mean value was less than 0.95
in both treatment arms. Mortality was 46% in the
patients who received every-other day hemodialysis as
compared to 28% in patients who received daily hemodialysis (p = 0.01). It has been suggested, however, that the
increased mortality in the every-other day dialysis arm
reflected the low per-treatment dose of therapy and that
rather than demonstrating improved outcomes with more
frequent delivery of an adequate dose of hemodialysis, this
study demonstrated that inadequate delivery of dialysis is
associated with increased mortality. In contrast, in the
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VA/NIH Acute Renal Failure Trial Network (ATN) Study
(see below), no survival benefit was associated with
six times per week (daily except Sunday) as compared to
three times per week (every other day except Sunday)
hemodialysis when the mean delivered Kt/V was 1.3 in
both treatment groups [2].
Several studies have suggested that more intensive
continuous renal replacement therapy is associated with
improved survival [3, 4]; however, these results have not
been found across studies, including in two large multicenter trials [2, 5–7]. In the first study, 425 patients were
randomized to three intensities of post-dilution continuous venovenous hemofiltration (CVVH): 20, 35, and
45 mL/kg/h [3]. Survival 15 days after discontinuation of
CVVH increased from 41% in the lowest dose arm to 57%
and 58%, respectively, in the intermediate and highest
intensity arms. In a second study, 206 patients were
randomized to either CVVH (mean ultrafiltration rate
255
mL/kg/h)
or
continuous
venovenous
hemodiafiltration (CVVHDF; mean ultrafiltration rate
24  6 mL/kg/h; mean dialysate flow rate 18  5 mL/kg/
h) [4]. Twenty-eight day survival was 39% with the lower
intensity (CVVH) treatment as compared to 59% with the
higher intensity (CVVHDF) treatment. In contrast,
improved survival was not observed in two small clinical
trials [5, 6]. In the first, 106 patients were randomized to
early high-volume (72–96 L/day), early low-volume (24–
36 L/day), or late low-volume (24–36 L/day)
hemofiltration [5]. There was no significant improvement
in 28 survival associated with the higher-volume therapy.
In the second study, 200 patients were randomized to predilution CVVHDF at either 20 or 35 mL/kg/h [6]. Survival
to the earlier of either intensive care unit discharge or
30 days was 49% in the higher-dosage arm and 56% in
the lower-dosage arm (odds ratio 0.75; 95% CI: 0.43–1.32;
p = 0.32).
Two large multicenter randomized controlled trials
evaluating the intensity of RRT in AKI have recently
been completed. In the RENAL Study, 1,508 critically ill
patients with AKI in Australia and New Zealand were
randomized to post-dilution CVVHDF at either 25 or
40 mL/kg/h while they required RRT and remained in
intensive care [7]. In both treatment groups, 44.7% of
patients died in the first 90 days after randomization
(odds ratio, 1.00; 95% CI: 0.81–1.23, p = 0.99) and there
was no difference in recovery of kidney function across
treatment arms. In the ATN study, conducted at 27
academic-affiliated centers in the USA, 1,124 patients
were randomized to either an intensive or less-intensive
strategy of RRT [2]. In both treatment arms, patients
received intermittent hemodialysis when they were
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hemodynamically stable and either CVVHDF or extended
duration dialysis when they were hemodynamically unstable and requiring vasopressor support. In the lessintensive arm, hemodialysis was provided three times per
week (every other day except Sunday) and CVVHDF was
provided with a total effluent flow of 20 mL/kg/h while in
the more-intensive arm hemodialysis was provided six
times per week (daily except Sunday) and CVVHDF was
provided with a total effluent flow of 35 mL/kg/h. In both
treatment arms, the mean delivered Kt/V during intermittent hemodialysis was 1.3 per treatment. Study therapy
was provided for up to 28 days or until recovery of kidney
function or hospital discharge. 53.6% of patients in the
more-intensive arm and 51.5% of patients in the lessintensive arm died within 60 days of randomization
(odds ratio 1.09; 95% CI: 0.86–1.40; p = 0.47). There was
no difference in recovery of kidney function across treatment arms.

Summary
Although there appears to be a relationship between intensity of RRTand outcomes in AKI, the results of the RENAL
and ATN studies suggest that above a threshold dose, more
intensive RRT is not associated with improved clinical
outcomes. For patients being treated with intermittent
hemodialysis, there is no need to routinely provide treatments more frequently than three times per week so long
as minimum Kt/Vof 1.2 per treatment is delivered. During
CRRT, a total effluent flow of 20–25 mL/kg/h is sufficient,
so long as interruptions of therapy are minimal. While
higher intensity of RRT is not generally required, dosing of
therapy should be individualized. More intensive therapy
may be required for the treatment of hyperkalemia, metabolic acidosis, or extreme hypercatabolism and more
frequent intermittent hemodialysis may be required for
optimal volume management.
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The optimal timing for initiation of renal replacement
therapy (RRT) in patients with acute kidney injury (AKI)
is controversial. Conventional indications for initiation of
RRT include volume overload, hyperkalemia, metabolic
acidosis, and overt uremic manifestations such as encephalopathy and pericarditis (see entry ▶ Renal Replacement
Therapy, Indications); however, even these objective indications are subject to interpretation, leading to wide variations in clinical practice with regard to the severity of the
specific disturbance and the spectrum of non-dialytic interventions utilized prior to initiation of RRT.
The uncertainty regarding the timing of therapy is
related to several factors. First, although AKI is often
characterized by the abrupt loss of kidney function, the
accumulation of metabolic waste products normally handled by the kidney and the development of fluid, electrolyte, and acid–base disorders takes several days to be
clinically manifest. Thus, there is a variable interval
between the development of renal injury and the chemical
disturbances and clinical manifestations that are indications for RRT. Whether there is an association between
initiation of therapy prior to the development of significant biochemical and physiological disturbances and
improved clinical outcomes is uncertain. Second, the
time-course of AKI is highly variable. Some patients will
recover kidney function in a matter of days while others
have a much more prolonged course of kidney failure.
Early initiation of RRT across this spectrum of patients
would lead to its use in patients, who with more conservative management would recover kidney function without a need for extracorporeal therapy. Whether there is
clinical benefit in the subset of patients with rapid
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recovery of kidney function is unknown. Finally, renal
replacement therapy is not without risks, including complications related to the need for vascular access including
those associated with catheter placement and the longerterm complication of catheter-associated infection; complications directly related to treatment, such as hypotension, bleeding and electrolyte disturbances; and the
potential impact of RRT on delay of recovery of kidney
function. Thus, the uncertain benefits of associated with
earlier initiation of therapy need to be balanced against the
potential risks associated with renal replacement therapy.

Clinical Studies
There have been no prospective randomized controlled trials
assessing the timing of renal replacement therapy in AKI,
despite the fact that it has been more than half a century since
the concept of prophylactic dialysis was introduced [1]. In
a series of retrospective case series published in the ensuing
2 decades, “early” initiation of hemodialysis (as defined by
blood urea nitrogen [BUN] concentrations ranging
between <93 mg/dL and approximately 150 mg/dL) was
compared to “late” initiation of therapy (defined by BUN
levels of 163 mg/dL to>200 mg/dL). In each of these
studies, earlier initiation of hemodialysis was associated
with improved survival [2]. During the 1970s and 1980s,
two small prospective studies evaluating the timing and
intensity of dialysis in AKI were published. In the first, 18
patients with post-traumatic AKI were assigned in a paired
fashion to an intensive regimen that maintained predialysis BUN <70 mg/dL and serum creatinine <5 mg/
dL, or to a non-intensive regimen in which dialysis was
provided to maintain pre-dialysis values of approximately
150 mg/dL and 10 mg/dL, respectively [3]. Although the
intensive regimen as associated with more than three
times the survival rate as the less-intensive regimen (64%
versus 20%), given the small sample size, this result did
not achieve statistical significance (p = 0.14). In the second
study, 34 patients were randomly assigned when their serum
creatinine reached 8 mg/dL to either an intensive dialysis
regimen designed to maintain the pre-dialysis BUN <
60 mg/dL and the pre-dialysis creatinine <5 mg/dL or to
a less-intensive regimen in which the BUN and creatinine
were allowed to reach 100 mg/dL and 9 mg/dL, respectively
[4]. While this study was not designed to strictly assess
timing of therapy, the interval between onset of AKI and
initiation of dialysis was approximately 2 days longer in the
less-intensive regimen (5  2 days vs. 7  3 days). There
was no survival benefit associated with earlier and more
intensive dialysis in this study; rather, there was
a nonstatistically significant trend toward higher mortality
in the more intensive treatment arm.
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Over the course of the past decade, several observational studies have suggested that earlier initiation of RRT
is associated with improved outcomes. In a single-center
analysis of 100 consecutive critically ill patients treated
with continuous venovenous hemofiltration (CVVH),
initiation of treatment when the BUN was <60 mg/dL
(n = 41, mean BUN 43  13 mg/dL) was associated with
39% survival as compared to 20% survival when the BUN
was >60 mg/dL at initiation of CVVH (n = 59, mean BUN
94  28 mg/dL; p = 0.04) [5]. Similarly, in a post hoc
analysis of observational data from the Program to
Improve Care in Acute Renal Disease (PICARD), an
observational study conducted at five academic medical
centers in the USA, initiation of renal replacement therapy
when the BUN was >76 mg/dL (n = 121, mean BUN
115 mg/dL) was associated with an approximately twofold
greater risk-adjusted odds of death as compared to initiation of therapy when the BUN was 76 mg/dL (n = 122,
mean BUN 47 mg/dL) [6]. Similar results have also been
reported in patients receiving RRT after cardiac surgery
[2]. However, in all of these observational studies, only
patients who received RRT were analyzed. From epidemiologic studies, it is known that the majority of critically ill
patients with AKI never receive RRT; to assess the role of
early initiation of RRT on outcomes, all patients meeting
criteria for early therapy need to be included in the analytic cohort, regardless of whether they ever receive RRT.
One small randomized controlled trial has evaluated
timing of therapy [7]. In this study 106 patients were
randomized to early high-volume hemofiltration, early
low-volume hemofiltration, or late low-volume
hemofiltration. Hemofiltration was initiated in the two
early treatment arms within 12 h of meeting study inclusion criteria while in the late treatment group
hemofiltration was not initiated until the BUN
was >112 mg/dL, the potassium was >6.5 mmol/L, or
pulmonary edema was present. No significant differences
were observed in 28-day survival in relation to timing of
initiation of hemofiltration. It is notable, however, that
6 of 36 patients in the late treatment arm either recovered
kidney function (n = 4) or died (n = 2) prior to meeting
the specific criteria for late initiation of therapy.

Volume Overload and Timing of RRT
Several recent observational studies have demonstrated
that the severity of volume overload at the time of initiation of RRT is a strong predictor of survival, with greater
volume overload associated with increased mortality risk
[8–10]. Extrapolating from this data, it has been suggested
that percentage fluid overload should be used as an indication for initiation of RRT. While there is evidence that
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fluid overload can contribute to organ dysfunction, particularly lung injury, the association between volume
overload and mortality risk does not imply causality. It is
possible that the increased mortality associated with volume overload is related to the underlying severity of illness
and is not causally related per se. Prospective studies will
need to evaluate whether ultrafiltration to mitigate volume overload is associated with a decrease in mortality
risk.

Conclusions
The optimal timing for initiation of RRT in patients with
AKI remains uncertain. Although multiple observational
and retrospective studies have suggested a survival benefit
associated with earlier initiation of RRT, methodological
issues, most notably the exclusion of patients with AKI
who met the criteria for early initiation of RRT but who
never received treatment, limit the interpretation of these
studies. Similarly, although severity of volume overload is
associated with increased mortality risk, it has not
been demonstrated that early initiation of RRT to
prevent progressive volume overload improves survival.
Definitive data from well-designed prospective randomized trials is needed to address the issue of timing of
initiation of RRT.
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Renal Tubular Acidosis
A group of disorders characterized by a hyperchloremic
metabolic acidosis (or non-anion gap metabolic acidosis)
in which the renal mechanisms of acid/base handling are
impaired.
▶ Metabolic Acidosis, Renal Causes
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▶ Physiology of Urine Volume

Reno-Cardiac Syndrome
The negative effects of reduced renal function on the heart
and circulation.
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Synonyms
Replacement fluid; Substitution fluid

Replacement Fluids for CRRT

Definition
Replacement fluid is used to achieve fluid balance in
hemofiltration, an extracorporeal, primarily convective
therapy, where solute and water are transferred across
a semipermeable membrane.
During continuous venovenous hemofiltration
(CVVH), the ultrafiltrate contains plasma water, electrolytes, and various toxins. Typically, the CVVH dose used is
20–35 mL/kg/h. For an average 80 kg patient this amounts
to a daily ultrafiltration volume of 38–67 L. Since large
volumes of replacement fluid are infused to replace most
of the ultrafiltrate losses, it is important that replacement
fluid should contain a buffer and electrolytes in concentrations aiming for physiological levels except for those
that are protein bound and taking into account preexisting
deficits or excesses and all inputs and losses.
In addition, because of the relatively porous membranes used in CRRT, it is important that the fluid is sterile
or, at least, ultrapure. Commercially prepared CRRT fluid
is sterile. However, dialysate and replacement fluid used in
Japan and Europe for intermittent hemodiafiltration is
ultrapure and is prepared online from central dialysis
fluid systems augmented using addition filtration systems
and ultraviolet radiation. Even if CRRT replacement fluid
is prepared commercially and is sterile, there is further risk
of contamination during the later addition of electrolytes
in the hospital pharmacy or at the bedside.

CRRT Fluid Safety
Manufacturing of CRRT fluids in hospital pharmacies is
prone to serious error. A number of fatal incidents have
occurred when concentrated potassium chloride was mistakenly added to CRRT fluid instead of sodium chloride
[1]. In addition, a number of cases of fatal severe hemolysis have occurred when dialysis concentrate was mistakenly not added to bags of sterile water being used in CRRT.
Fluids for CRRT with customized solute concentrations
may also be purchased from compounders. However, fluid
from compounders usually has a shorter shelf-life compared to commercially prepared fluids and is also prone to
manufacturing errors and to problems with sterility and
endotoxin concentration.

Replacement Fluid Composition
The main goals of CRRT are control of uremia, fluid
balance, and electrolyte and acid–base status with minimal
hemodynamic compromise. Consequently, the electrolyte
and buffer composition are important considerations.
CRRT fluid electrolyte concentrations are usually kept
within the normal physiological range for each major
electrolyte [2]. CRRT provides a constant normalization
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of electrolyte and acid–base status, but does so slowly.
Correction of electrolyte and acid–base abnormalities following initiation of CRRT usually requires 36–48 h. The
rate of correction may be shortened by increasing the dose
using higher replacement fluid flows.

Parameter

Plasma
concentration
range (mmol/L)

Replacement
fluid
concentration –
usual range
(mmol/L)

Sodium

135–145

136–140

Potassium

3.5–5.0

0–4

Magnesium

0.7–1.0

0.5–1.5

Calcium

1.0–1.6

0–1.5

Chloride

100–108

106–120

Lactate

0.5–2.0

3–45

Bicarbonate

22–26

22–32

Glucose

4.5–6.1

0–5.5

Osmolality

280–296

282–300

Sodium
The sodium levels in CRRT replacement fluid is almost
always set at 140 mmol/L. Lower sodium levels are used in
some citrate anticoagulation regimes and are balanced by
the higher sodium concentration in many citrate solutions
(see below). Occasionally, it is necessary to use a lower
sodium concentration replacement fluid when patients are
hyponatremic, often in association with chronic liver disease, and there is concern that raising the sodium level too
rapidly may cause cerebral demyelination. Hyponatremic
CRRT solutions may be prepared by the addition of dextrose 5% in water (D5W) to 0.9% NaCl or by using
a combination 0.9% NaCl and D5W infusions as dialysate.
Higher dialysate sodium levels are desirable in patients
with acute brain injury and brain edema and may require
customization of CRRT dialysate. This can be achieved by
the addition of appropriate amounts of 3% NaCl to standard CRRT solutions. This customization should be
performed in the hospital pharmacy and electrolyte levels
should be checked for accuracy.

Potassium
The potassium concentration in replacement fluid is typically varied between 2 and 4 mmol/L based on patient
potassium levels. On initial treatment in the ICU, the
patient is often hyperkalemic and a lower replacement
fluid potassium level is required, while once the patient
has been stabilized a level of 4 mmol/L is usually used.
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On rare occasions when the patient’s potassium level is
extremely high (>8 mmol/L), potassium-free replacement
fluid is required for the initial treatment. CRRT replacement fluid is manufactured with preset potassium levels of
0, 2, and 4 mmol/L. In treating hyperkalemia, a low potassium replacement fluid is used. Hypokalemia may occur in
critically ill patients stabilized on CRRT. In those situations although a higher concentration of potassium may
be used in the replacement fluid, it is an inefficient way to
replace the large intracellular potassium deficit that is
always present in hypokalemia. In that situation, infusion
of appropriate amounts of concentrated potassium is usually required to correct severe hypokalemia. Customized
potassium levels may be obtained by the addition of concentrated potassium to the CRRT replacement fluid.
Concerns, relating to adverse outcomes from errors in
added potassium to IV and CRRT fluids have led to concentrated potassium solutions being removed from ICUs
with potassium addition ideally being performed in the
hospital pharmacy. However, in response to this concern,
vendors supply commercially prepared replacement solutions containing potassium chloride 2 mmol/L and
4 mmol/L.

Calcium
Calcium plays a key role in myocardial contractility and
peripheral vascular resistance. It is also an important
cofactor in the coagulation cascade. The calcium concentration of replacement fluid is an important component of
patient calcium balance. Most replacement solutions
contain physiologic levels of calcium in the range
of 1.0–1.5 mmol/L. However, calcium-free replacement
solutions are available for use in patients with hypercalcemia and with citrate anticoagulation which achieves its
effect by chelating calcium. When calcium-free CRRT
solutions are used calcium balance is maintained by
using a separate infusion of calcium gluconate or calcium
chloride.

Chloride
Chloride is an anion that accompanies cations in the
replacement fluid and consequently the concentration of
chloride is determined primarily by the concentration of
sodium and to a lesser extent by magnesium.

Phosphate
Commercially manufactured CRRT replacement fluid
does not contain phosphate. Patients with acute kidney
injury requiring renal replacement therapy are initially
hyperphosphatemic but typically develop hypophosphatemia after 48–72 h of CRRT and require phosphate
supplementation. This is particularly seen in ICU patients
receiving more intensive CRRT. Some centers routinely
add physiologic concentrations of phosphate in the range
of 1.0–1.2 mmol/L to CRRT fluids in the pharmacy to
prevent hypophosphatemia. However, addition of phosphate to calcium containing fluid may cause precipitation.
More usually, the development of hypophosphatemia can
be anticipated and treated with regular phosphate
supplementation.

Glucose
While some CRRT fluids contain glucose, many are
glucose free. Addition of physiological concentrations
of glucose to replacement fluid has been advocated in
critically ill patients to avoid hypoglycemia. However,
there is little data on this and it is unclear if addition of
glucose to replacement fluid is necessary and may add to
the hyperglycemia seen in insulin-resistant critically ill
patients. Glucose, if added to replacement fluid, is usually
provided as dextrose in a physiological concentration of
5.5 mmol/L.

Buffer
Correction of acid–base abnormalities is an important
indication for renal support in patients with acute kidney
injury, and, consequently, replacement fluid must contain
a buffer [3]. During CRRT, acid is removed but buffer
must also be provided to replace bicarbonate deficits and
the bicarbonate removed in the ultrafiltrate. Consequently, replacement fluid usually contains supraphysiological concentrations of alkali. Using a standard
CVVH dose of 20–25 mL/kg/h will correct metabolic
acidosis in most patients. However, patients with oliguric
acute kidney injury and severe metabolic acidosis may
require a higher hemofiltration dose for more rapid correction of the acidosis. Acetate, lactate, bicarbonate, and
citrate have been used as buffer in dialysate [4].

Acetate
Magnesium
CRRT replacement fluid typically contains 0.5–1.5 mmol/L
of magnesium chloride. Despite this, most patients
being treated with CRRT develop hypomagnesemia after
36–48 h of therapy and require regular extra magnesium
supplementation.

Acetate was used as the primary buffer for many years in
hemodialysis and was briefly also used as the buffer for
CRRT fluids. Acetate is metabolized to bicarbonate in
peripheral tissues and in the liver. However, acetate is
poorly metabolized in many critically ill patients and can
accumulate in the blood causing vasodilatation and an
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increase in hemodynamic instability. In a direct comparison of acetate and lactate as buffer for replacement fluid,
patients treated with acetate exhibited more hemodynamic instability, had less-efficient acid–base correction
and poorer outcomes. Consequently, acetate has not been
used as a buffer for CRRT fluids for many years.

Lactate
Lactate is attractive as a buffer for fluids that are infused
intravenously. Under normal physiological conditions,
lactate is converted rapidly on an equimolar basis in the
liver to bicarbonate. It is estimated that 1,500 mmol of
lactate are metabolized daily in healthy individuals. Lactate does not interact with other solutes in solution, is
stable in intravenous fluids over prolonged periods of
time, and is significantly cheaper than bicarbonate-based
fluids. Most lactate-buffered CRRT fluids have a lactate
concentration of 40–45 mmol/L. During lactate-based
CVVH, over 100 mmol/h of lactate may be infused in
replacement fluid. This is well within the ability of the
liver to metabolize and, to a lesser extent, skeletal muscle
to metabolize in normal circumstances. However, in critically ill, unstable patients, particularly those with liver
dysfunction, lactate metabolism is impaired and the use of
lactate containing fluids may result in hyperlactatemia in
which case bicarbonate is not generated and acid–base
correction is not achieved. Hyperlactatemia may result in
a decrease in myocardial contractility and hemodynamic
instability in critically ill patients. Studies comparing lactate and bicarbonate in CRRT fluids have shown more
hemodynamic stability and possibly improved outcomes
in patients receiving bicarbonate-based CRRT fluids. It is
important to note that even bicarbonate containing
replacement solutions contain a small amount of lactate,
usually 3 mmol/L to stabilize the pH of the fluid.

Bicarbonate
Bicarbonate is the most physiological anion for the provision of alkali as buffer. Despite the benefits of using bicarbonate buffered CRRT fluids, commercially prepared
bicarbonate containing fluids were not used for many
years, primarily due to the instability of bicarbonate
containing fluids to develop precipitation calcium and
magnesium salts and concerns regarding increased potential for contamination with microorganisms. Advances in
commercial manufacturing techniques where the bicarbonate buffer and the other electrolytes are contained in
two separate compartments allowed for the commercial
production of bicarbonate buffered fluid. Bicarbonate
based CRRT fluids may also be prepared in the hospital
pharmacy by the addition of bicarbonate based
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concentrate to bags of sterile water. Commercially prepared CRRT fluid is now available with bicarbonate concentrations varying from 22 to 32 mmol/L.

Citrate
Citrate is converted to bicarbonate in the liver, skeletal
muscle, and kidney and, as such, is an efficient buffer. It
also chelates calcium as calcium citrate in blood and has
been used as an anticoagulant for blood banking, apheresis, and renal replacement therapy. Calcium is an important co-factor in a number of steps in the coagulation
cascade and when the ionized calcium level is reduced
below 0.2 mmol/L blood can be stored indefinitely without clotting while during apheresis citrate is used to provide regional anticoagulation by keeping the ionized
calcium level in the blood in the extracorporeal circuit
between 0.25 and 0.4 mmol/L. Once the blood returns
from the circuit to the central blood pool, its normal
coagulation properties are restored. A normal patient ionized calcium level is maintained using a calcium chloride
or calcium gluconate infusion. The original protocol uses
an infusion of either 4% trisodium citrate or ACD-A as
both anticoagulant and buffer source in combination
with a customized hyponatremic dialysate solution to
compensate for the high sodium concentration in the
citrate solution. A more recent modification uses a dilute
0.5% citrate solution as the sole buffer in the replacement
fluid which is infused pre-filter and provides anticoagulation for the extracorporeal circuit [5]. This protocol is simpler to use, requiring less monitoring and
titration. Citrate anticoagulation allows for safe regional
anticoagulation of the extracorporeal circuit in patients at
risk of bleeding. In addition, hemofilter life is significantly
prolonged with citrate regional anticoagulation. Despite
these advantages, citrate regional anticoagulation may
cause significant metabolic abnormalities, particularly, in
patients with significant impairment of hepatic function
which results in systemic ionized hypocalcemia due to
accumulation of citrate. Other complications include
dysnatremias as well as metabolic alkalosis and metabolic
acidosis.

Pre-dilution or post-dilution
replacement?
The terms pre-dilution and post-dilution refer to whether
the replacement fluid is infused proximal to the hemofilter
(pre-dilution) or distal to the hemofilter (post-dilution).
The theoretical advantages of pre-dilution replacement
fluid include reduction of hematocrit and viscosity of
the blood entering the hemofilter with the potential
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for reduced anticoagulation requirements for the extracorporeal circuit and increased hemofilter life. The main
disadvantage of pre-dilution replacement fluid is
a reduction in the efficiency of solute clearance. Another
problem with pre-dilution CVVH is the creation of an air–
blood interface in the bubble-trap which is situated distal
to the hemofilter which predisposes to thrombus formation in the bubble-trap, even with full anticoagulation.
During post-dilution CVVH, replacement fluid creates
an air–fluid–blood interface which prevents, premature
clotting in the circuit.
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▶ Change

Resistance
Mechanical property of the respiratory system, limiting
the flow of air into the lungs, and depending on the
airways, tracheal tube, and ventilator circuit.

Resources for the Optimal Care of
the Injured Patient (2006)
▶ American College of Surgeons Resources Document

Respiratory Distress Syndrome
▶ Acute Respiratory Distress Syndrome and Acute Lung
Injury
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Regensburg, Regensburg, Germany
2
Leiter Kardiotechnik, Universitätsklinikum Regensburg,
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Synonyms
Extracorporeal lung support; Extracorporeal membrane
oxygenation (ECMO); Interventional Lung Assist (iLA)
(= pECLA); Pumpless extracorporeal lung assist (PECLA)

Definition
Techniques of respiratory extracorporeal assist transfer
exchange of oxygen and/or carbon dioxide from the lung
partwise or completely to an extracorporeal artificial
membrane until native organ function is restored. In
principle, the removal of blood from the patient and the
circulation through an artificial lung is performed (1) by
pump after veno-venous cannulation (extracorporeal
membrane oxygenation [ECMO]) or (2) pumpless, by
means of a shunt flow generated by a driving pressure
difference due to arterio-venous cannulation (interventional lung assist [iLA], pumpless extracorporeal lung
assist [PECLA]). The aim of both techniques is to support
patients with respiratory failure who are unresponsive to
conventional therapeutic interventions. Extracorporeal
lung support is currently used in specialized centers and
successful management requires special knowledge on
indications, preparation, handling, and possible side
effects.

Pre-existing Condition
Acute failure of the lung resulting in impairment of the
pulmonary gas exchange capacity is a frequent cause for
admission of patients at the intensive care unit, often
resulting in mechanical ventilation. Acute lung injury
(ALI) is defined as a moderate decrease in arterial oxygenation, whereas acute respiratory distress syndrome
(ARDS) is characterized by alveolar epithelial injury and
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destruction of alveolar architecture with severe hypoxemia
and/or hypercapnia.
The concept of a pump-driven ECMO has been
employed in recent years for situations of life-threatening
forms of respiratory failure with persistent hypoxemia
and/or hypercapnia unresponsive to optimized conventional therapy [1]. In earlier randomized controlled studies using the ECMO technique in adults suffering from
severe ARDS, no outcome benefit has been shown,
whereas improved outcome has been demonstrated in
children. A high complication rate due to systemic
anticoagulation (bleeding) and the specific side effects of
roller pumps (inflammation, destruction of blood components, and hemolysis) contributed to the lack of
a beneficial outcome. Actually, a prospective randomized
multicenter study comparing conventional ventilation
methods with ECMO (Conventional Ventilation or
ECMO for Severe Adult Respiratory Failure [CESARtrial] demonstrated a significant improvement of survival
without severe disability in patients treated by ECMO
(37%) compared to conventionally ventilated patients
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(53%)) [2]. However, there were some criticisms regarding the design of the study [3]: patients in the control
group were not treated according to a specific (lung protective) protocol, and in the ECMO group, only two
serious adverse events were reported, while in recent
ECMO studies an incidence of severe adverse events ranging from 24% to 55% were noticed (air leakage, thrombosis, bleeding, hemolysis, and membrane dysfunction).
Technical advances in membrane material, cannulae,
and handling allowed a miniaturization of ECMO devices,
resulting in a sufficient gas exchange capacity with
a decrease in the incidence of adverse events [4, 5]. It
was concluded that ECMO with new miniaturized devices
supports gas exchange effectively, allows highly protective
ventilation, and might extend treatment opportunities in
severe lung failure (Table 1).
In recent years, a pumpless extracorporeal interventional lung assist (iLA, PECLA) has been described in
clinical investigations using the arterio-venous pressure
gradient as the driving force for blood flow through
a gas exchange membrane [6]. The clinical development

Respiratory Extracorporeal Assist. Table 1 Extracorporeal membrane oxygenation (ECMO) in adults: reports from important
clinical studies (citation of all studies can be found in ref. [6])
Mortality

Incidence of adverse
events

100

90%, no difference

Not reported

40

67%, no difference

49

45%

255

48%

Author/year

Design

Patients

Zapol (1979)

Prospective
randomized

Morris (1994)

Prospective
randomized

Lewandowski (1997)

Prospective cohort

Hemmilla (2004)

Retrospective cohort

Peek et al. (2009)
(CESAR) [2]

Prospective
randomized

180

Brogan et al. (2009) [1]

Retrospective
multicentric database

Müller et al. (2009) [5]

Prospective cohort

37% ECMO

50%
55%
30%
Not reported

53% controla
1473

50%

60

65%

30%
20%

a = p<0.05

Respiratory Extracorporeal Assist. Table 2 Pumpless interventional lung assist (iLA, PECLA) in adults: reports from important
clinical studies
Patients

Mortality

Incidence of adverse
events

30%

Not reported

Author/year

Design

Reng (2000)

Retrospective cohort

Bein et al. (2006) [6]

Retrospective cohort

90

58.8%

24%

Zimmermann et al.
(2009) [7]

Prospective cohort

51

49%

12%

10
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of the iLA system has been performed at the University
Hospital of Regensburg by an interdisciplinary working
group consisting of perfusionists, cardiothoracic surgeons, and intensivists. A new membrane gas exchange
system (Novalung GmbH, Talheim, Germany) is integrated in a femo-femoral shunt flow generated by the
arterial blood pressure. It is a single-use ultracompact
extrapulmonary gas exchange system perfused by the
heart. The effective gas exchange surface area amounts to
1.3 m [2]. An oxygen supply (10–12 l/min) to the membrane results in an effective carbon dioxide elimination
and a modest improvement in arterial oxygenation. Contraindication for the application of the system is the
hemodynamic instability of cardiac origin, since an average driving pressure difference of 60–80 mmHg (femoral
artery–femoral vein), a mean arterial pressure of
70 mmHg, respectively, are mandatory to produce a flow
rate of approximately 1–2 l/min through the gas exchange
membrane. The iLA is suitable for patients with potentially reversible respiratory failure, for example trauma,
pneumonia, aspiration, pancreatitis, and sepsis. In a first
clinical series, a high complication rate was reported due
to ischemia of the arterially cannulated lower limb, but
actual investigations [7] show a marked reduction in the
incidence of severe adverse events as a result of the use of
smaller cannulae and improved cannulation technique
(Table 2).

Application
For the use of ECMO, special training is mandatory for
physicians and nurses, and the availability of perfusionists
is favorable. In severe gas exchange impairment, optimization of ventilation management (adequate positive
endexpiratory pressure), and supportive strategies (balanced fluid management, positioning) are important
before indication for extracorporeal lung assist. After
identification of a patient needing ECMO, the decision
of the route of cannulation is important. Veno-venous
cannulation is usually performed via the femoral vein
and the internal jugular vein. The size of cannulae ranges
from 19 to 23 French. After cannulation and careful preparation of the artificial gas exchange system, the membrane is connected to cannulae and the system is started by
regulating the centrifugal pump between 1.5 and 3 l/min.
Although the surfaces of the ECMO device are heparincoated, a sufficient anticoagulation (continuous heparin
infusion) is mandatory and should be monitored by activated clotting time (ACT: 200–250 s) or – better – by
activated partial thromboplastin time (aPTT 50–60 s),
although a clear recommendation for anticoagulation
does not exist and the individual “titration” depends on
anamnesis, risk of bleeding, and additional factors.
After the patient is placed on ECMO (Fig. 1), protective ventilation strategies are used to minimize ventilation-induced lung injury and to allow the lung to recover.

Drive console

Veno-venous
cannulation

Heat exchanger

Centrifugal pump

Gas exchange membrane

Respiratory Extracorporeal Assist. Figure 1 Patient on a veno-venous extracorporeal membrane oxygenation (ECMO) of new
“miniaturized” generation. Note the oxygenation of blood after passing the membrane before entering the body via internal
jugular vein in contrast to the removal of venous blood via femoral vein (c/o Universitätsklinikum Regensburg)
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Respiratory Extracorporeal Assist. Table 3 Indications for the
use of veno-venous pump-driven extracorporeal membrane
oxygenation (ECMO)
– Severe life-threatening oxygenation failure (PaO2/FIO2
< 80) under conditions of optimized lung protective
ventilation (high PEEP, low tidal volume)
– Absence of severe acute shock syndrome (consider venoarterial extracorporeal support)
– Absence of severe coagulation failure
– Absence of proven heparin-induced thrombocytopenia
(relative contraindication!)
Arterial
cannula
Venous cannula

Respiratory Extracorporeal Assist. Table 4 Indications for the
use of pumpless interventional lung assist (iLA, PECLA)
– Severe acute hypercapnia/acidosis (pH < 7.2) without lifethreatening hypoxemia (PaO2/FIO2 > 80) under conditions
of optimized lung protective ventilation (high PEEP, low
tidal volume)

Oxygen supply
Gas exchange
membrane

– Severe acute exacerbation of chronic obstructive lung
disease
– Persistent weaning failure after long-term mechanical
ventilation
– Absence of acute cardiovascular instability (demand for
norepinephrine  0.4 mg/kg/min)
– Absence of severe coagulation failure
– Absence of proven heparin-induced thrombocytopenia

The “classical” indication of ECMO is a “rescue situation”
characterized by life-threatening hypoxemia/hypercapnia
(Tables 3 and 4). However, some actual reports indicate
that it might extend to other indications (severe asthma,
acute-on-chronic obstructive lung failure, bridging for
lung transplantation) in the future.
After indication for the pumpless iLA, in order to
connect to the patient a special percutaneous cannulation
system is available, implantable with Seldinger technique
using cannulae in various diameters (15 French
recommended for artery, 17 French recommended for
vein). In every individual case the size of the cannula
used is determined by the diameter of the vessel to be
cannulated. Therefore, prior to puncture the diameter of
the vessels should be measured by ultrasound sonography.
After cannulation of the femoral artery and vein, the
system is connected primed with saline 0.9% (250 ml)
and then the circulation is started (Fig. 2). Functional
control is achieved through a monitoring device
(“Clamp On” Sensor, NovaLung® GmbH, Talheim,
Germany) which calculates blood flow through the system

Respiratory Extracorporeal Assist. Figure 2 Patient with
severe obstructive pulmonary disease on pumpless
interventional lung assist (iLA, PECLA). The patient is awake
and spontaneously breathing with oxygen insufflation under
conditions of extracorporeal carbon dioxide removal (c/o
Universitätsklinikum Regensburg)

(1–1.5 l/min) by means of ultrasound technology. The
iLA-membrane system is based on heparin-coated hollow
fiber technique (polymethylpentene) with optimized
blood flow properties by reduction of resistance. The
membrane is integrated in a shunt established via arterial
and venous cannulae inserted by Seldinger‘s technique
into femoral vessels. iLA does not need extended technical
and staff support, and the main advantage is easy handling. Low-dose continuous heparin infusion is sufficient
to achieve mild anticoagulation effect (aPTT 50 s).

Conclusions – Perspective
Respiratory extracorporeal support systems are integrated
in specialized centers aimed at improvement of gas
exchange in critical impairment situations by removal
of blood to an artificial membrane. The indication
for pump-driven ECMO is characterized by lifethreatening hypoxemia (“rescue-indication”), while severe
hypercapnia/acidosis is the leading indication for the use of
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a pumpless iLA. Technical advances in membrane material,
cannulae, and handling will allow a further miniaturization
of extracorporeal devices resulting in a sufficient gas
exchange capacity with a decrease of the incidence of adverse
events. For both techniques, some actual reports indicate
that there might be an extension to other indications (severe
asthma, acute-on-chronic obstructive lung failure, and
bridging for lung transplantation) in the future.
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Over the last years, investigation on biological markers in
respiratory illness has expanded providing new insights
into the biology of acute lung injury (ALI). Currently,

biomarkers are largely used in research. However, given
their role in the pathogenesis of lung injury, they might
play a role in the early detection of lung injury or in the
stratification process of the disease, thus adding important
tools for the enrollment process in clinical trials.
Given the preeminent role in the critical care settings
of acute lung injury (ALI) and its progression, we will
discuss the role of biological markers of injury in this
setting, with emphasis on clinical trials.

Site-Specific Markers of Lung Injury
The prime function of the lung is to allow oxygen to move
from air into the blood and carbon dioxide to move out.
The functional unit of the lung, i.e., the alveolus, is the
anatomical site where gas exchange occurs. The architecture of the lung subserves this function. Acute lung injury,
irrespective of the causative agent or of the mechanism,
ultimately is a “disease” of the alveolar-capillary barrier.
This is characterized by three main elements: epithelial
cells, endothelium, and interstitium, all of which mediate
lung injury by cell-specific mediators.

Epithelium
The anatomical epithelial structure of the lung comprises
bronchial epithelial cells that line the conducting airway
throughout the lung, and type I and II pneumocytes that
form the epithelial side of the alveolar-capillary barrier.
Type I pneumocytes are thin cells stretched across the
majority of the alveolar surface area (>95%). They are
responsible for gas exchange in the alveoli, but are unable
to replicate and are susceptible to insults. In the event of
damage, type II cells can proliferate and/or differentiate
into type I cells to compensate. All of these cells may be
affected during lung injury: however, some specific biological markers may allow assessing lung epithelial injury.
One of the most characteristic functions of type II
pneumocytes is surfactant secretion. Surfactant proteins
are lipoproteins: their presence is of culprit importance in
preventing alveolar collapse at low lung volume by reducing surface tension, as suggested by immature lung respiratory distress syndrome. Surfactant proteins also
contribute to innate immunity by coating bacteria or
viruses thus promoting phagocytosis. The surfactant proteins A and D (that can be measured both in the plasma
and in the alveolar space) have been the object of investigation as markers of lung injury. Despite some conflicting
results, reduced levels of surfactant protein D in the alveolar space and increased levels in the plasma are associated
with worse oxygenation and mortality in patients with
ALI. Interestingly, recent data suggest that there is also
an interaction between ALI and mechanical ventilation in
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determining the plasma levels of surfactant protein D: low
tidal volume mitigated the increase of surfactant
protein D. These data suggest that surfactant proteins
may be markers of epithelial injury during ALI.
KL-6 is a pulmonary epithelial mucin protein the
expression of which on type II pneumocytes is increased
during proliferation or injury. KL-6 is also stimulated by
inflammatory cytokines. In patients with ALI it has been
found increased in nonsurvivors as opposed to survivors,
thus making it a possible candidate as an appealing epithelial marker of injury.
Receptor for advanced glycation end product (RAGE)
has a prominent expression on the basolateral surface of
type I pneumocytes. In rats with ALI it has been found in
both plasma and BAL. It has been reported to be elevated
in patients with ALI, but not in patients with hydrostatic
edema. Interestingly it has been associated with longer
ICU stay and prolonged mechanical ventilation in patients
who underwent lung transplantation. In a recent trial of
low tidal volume ventilation conducted on a large number
of patients from the acute respiratory distress syndrome
(ARDS) network, high levels of RAGE have been shown to
correlate with poor outcome in patients with high tidal
volume, suggesting it as a marker of epithelial injury in
ALI and possibly a tool to stratify patients at risk for
ventilator-induced lung injury.
Mechanical deformation of epithelial cells can cause
injury. A number of mediators such as inflammatory mediators and growth factors have been shown to be up-regulated
by cell stretch. Among others, ethidium homodimer-1 (ED1), a marker of plasma membrane injury and cell death, has
been shown to increase with the duration and amplitude of
cyclic strain of type II epithelial cell.
The distal airway epithelial cells and the alveolar epithelium play a primary role in the process of edema fluid
clearance mediated by the transport of ions and solutes.
The cellular mechanisms responsible for this function
comprehend the amiloride-sensitive Na+ channel
(ENaC) and the Na+-K+-ATPase, located at the apex and
basolateral surface of the cells, and possibly K+ channels
expressed on both type I and II pneumocytes. The physiological and clinical relevance of active ion transport in
the lung are well understood, and possible therapeutic
agents (such as B-receptor agonist) are under investigation. There are no measurable biological markers for this
peculiar and important function. However, the end point
of clearance failure (i.e., lung edema) is invariably known
as a marker of ALI. Serial protein concentration measurements in alveolar liquid have been used in the laboratory
setting and clinically to quantify alveolar clearance failure,
hence indirectly endothelial and epithelial injury.
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Similarly, the translocation of bacteria promoted by
epithelial lung injury during pneumonia may be considered as an indirect marker of severe epithelial injury.

Endothelium
Endothelial injury leads to increased capillary permeability and consequent exudation of fluids into the
interstitium and into the alveoli. A number of mediators
released during ALI confirm the involvement of
endothelium.
Von Willebrand factor (vWF) is a glycoprotein
secreted by endothelial cells that plays an important role
in hemostasis. Ware et al. found in 559 patients enrolled in
the National Heart, Lung and Blood Institute (NHLBI)
multicenter trial of lower tidal volume in ALI that vWF-Ag
median levels were significantly higher in nonsurvivors as
compared to survivors after controlling severity of illness,
sepsis, and ventilation strategy. These data confirmed previous findings that patients with ALI who had higher
plasma and BAL levels of vWF-Ag were characterized by
higher mortality and fewer ventilator-free days. More
recently, early elevation of plasma vWf-Ag has been
shown to be associated with an increased risk of death
and prolonged mechanical ventilation in pediatric patients
with acute lung injury, further suggesting its ability to
stratify severity of illness. Conversely, the role of vWF-Ag
levels to predict ARDS progression is less clear.
Intracellular adhesion molecule-1 (ICAM-1), an important mediator of leukocyte binding to endothelium
and transmigration during inflammation or injury, has
been shown to be high in the BAL of patients with ALI,
but not with hydrostatic edema. McClintock et al. showed
that, despite lung-protective ventilation, abnormalities in
plasma levels of ICAM-1, together with coagulation and
fibrinolysis markers, predict mortality in ALI patients,
indicating more severe activation of these biologic pathways in nonsurvivors.
Similar to ICAM-1, selectins E and P help to regulate
leukocyte binding and rolling along the endothelium.
Sakamaki showed that P-selectin levels were higher in
patients with ALI, as opposed to normal controls. In an
isolated blood-perfused lung model it has been shown that
during mechanical ventilation stress platelets transfer vWf
to the endothelial cell surface and that platelet P-selectin
plays a critical role in this transfer.
Angiopoietin is another candidate endothelial biomarker. A fine-tuned balance between angiopoietin
1 (Ang-1) and 2 (Ang-2) promotes vessel stability or
endothelial barrier disruption.
Ang-2 was found to be higher in serum plasma in
patients with severe sepsis as compared to controls.
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Moreover, Van der Heijden et al. found that circulating
Ang-2 was associated with pulmonary permeability
edema, occurrence, and severity of ALI/ARDS in patients
with and without sepsis. They also found a correlation of
angiopoietin-2 with vWF suggestive of activated endothelium as a common source.

Interstitium
Between epithelium and endothelium lies the extracellular
matrix. This provides support to the lung structure and
defines its mechanical properties by means of its constituents, particularly collagen fibers and elastin. There is
increasing experimental evidence that extracellular components such as procollagen type I and IV or metalloproteinproteinase are involved in lung injury due to high airway
pressures.
Interestingly, desmosine, a stable product of elastin
breakdown, is measurable in the urine and may be considered a marker of extracellular matrix injury. In patients
with ALI, however, the measurement of urine levels of
desmosine was inconsistently associated with outcome,
even if in a recent investigation desmosine to creatinine
urine levels predicted survival in mechanically ventilated
ARDS patients.

Mediators of Lung Injury
Inflammation
Inflammation plays a key role in the pathogenesis of acute
respiratory illness. The contribution of neutrophils to the
inflammatory response is pivotal. Neutrophils not only
play an essential role in normal host defense against
microorganisms, but are also involved in the pathogenesis
of the disease. A hallmark of acute lung injury is in fact
considered neutrophils infiltration, even if neutrophils
infiltration can occur without increased epithelial permeability and neutropenic patients may develop acute lung
injury.
Early alterations in neutrophils activation patterns,
particularly involving the ability to accumulate NF-kB
to the nucleus, contribute to the clinical course in ALI.
Neutrophils have been found to influx into the alveoli
prior to ARDS development, underlying their role in the
pathogenesis of the disease. Moreover, the severity of the
injury has been associated with the extent of neutrophils
accumulation. Neutrophil matrix metalloproteinase-9
(MMP-9) has been found to be elevated in patients with
ARDS at the time of intubation, as opposed to patients
with hydrostatic edema, while matrix metalloproteinase-4
(MMP-4), which is released from pneumocytes, was not.
Wang et al. found that plasma levels of an inhibitor of

neutrophil-derived proteinases, elafin, significantly decreased among prediagnosis, day of diagnosis, and postdiagnosis in ARDS patients: the time course of plasma
elafin decrease was well correlated with the course of early
ARDS development. Their findings suggest a possible protective role of this proteinase inhibitor in ARDS, and that its
plasmatic levels may be a useful clinical marker to monitor
the early development of ARDS.
There has been a recent rediscovery of the role of
neutrophils in ALI. In fact, recent investigations suggest
that much of the progressive damage to the lung that
characterizes ALI is attributable to a second persistent
phase of neutrophilia, the duration of which ultimately
predicts mortality. This second-line population of neutrophils recruited to the lung is released from the bone marrow: pulmonary stromal-derived factor-1 (SDF-1) released
from alveolar macrophages and type II pneumocytes modulates such a response.
Lung-resident cells also contribute to the progression of
lung injury producing chemokines such as Interleukin-8
(IL-8) that, acting as a chemoattractant, mediates systemic
inflammatory response. This is characterized by a full array
of mediators among which there are TNF-a, IL-1B, IL-6,
and IL-10. These chemokines have been measured in
patients with lung injury and used as markers of injury.
Meduri et al. found that IL-8, TNF-a, and IL-1B were
higher at baseline and did not decrease over time in
nonsurvivors from ALI. Parson et al. confirmed these data
in a series of patients with ARDS: they found that IL-6 and
IL-8 were associated with outcome (ventilator-free days and
organ failure), while IL-8 predicted higher mortality.
McClintock found a similar result confirming that IL-8
was higher in patients with greater mortality. In his study
the correlation between IL-8 and outcome was present even
in patients with protective ventilation strategies.
TNF-a and its soluble receptors I and II (sTNFR-I and
II) have also been correlated with outcome. sTNFR-I
and II in patients with ARDS were higher at baseline in
patients with higher mortality and fewer organ failure and
ventilator-free days. However, at the time of intubation of
ventilated patients with ALI, TNF-a was less predictive
of outcome as compared to IL-1B and IL-6.

Coagulation
Coagulation factors mediate lung injury and have thus
been investigated as markers of respiratory illness.
Soluble trombomodulin in the lung is elevated within
1 h of intubation in patients with ALI, and low levels of
protein C have been found to correlate with worse outcome. Plasminogen activator-1 (PAI-1) was also found
higher in BAL and plasma of patients with ALI as opposed
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to patients with hydrostatic edema, and levels were correlated with outcome. More recently in a series of
779 patients from the ARDS Network trial, lower levels
of protein C in association with higher levels of
trombomodulin and PAI-1 were found to correlate with
poor outcome, despite the lung-protective ventilation
strategy applied.
The antithrombotic and antifibrinolitic effects of activated protein C (APC) have been the object of recent trials
in septic patients. However, APC also inhibits leukocyte
adhesion and chemotaxis, suppresses inflammatory cytokines, and inhibits bronchoalveolar coagulation. In a recent
trial conducted on patients with ALI but not sepsis, APC
reduced dead-space fraction, but did not influence ventilator-free days or mortality. However, APC has not been used
directly as a marker of respiratory illness.

Apoptosis
Cell death is a pathogenetic feature of acute lung injury. In
the absence of apoptotic markers, cell death is often
assumed as necrosis. However, extensive evidence is now
emerging to suggest that the classical dichotomy of apoptosis and necrosis is an oversimplification of highly
sophisticated processes that protect the organism against
unwanted and potentially harmful cells. Alternative
modes of cell death, such as caspase-independent cell
death, oncosis, and autophagy, have been proposed. Nevertheless, apoptosis has been the object of investigation in
lung injury.
It has been proposed that neutrophils in the lung have
a prolonged half-life because of a delay in their phagocytosis by macrophages. This would enhance the neutrophilinduced proinflammatory environment. In ARDS patients
this effect might be mediated by granulocyte macrophage
colony-stimulating factor (G-CSF). Matute-Bello et al.
demonstrated that alveolar fluid from ARDS patients
decreased apoptosis and prolonged survival of neutrophils. The extrinsic pathway is an important player, given
the role of Fas/FasL. In fact, Fas-deficient mice show less
injury as compared to wild-type animals. Moreover, in
ARDS patients, Fas and FasL correlated with increased
mortality. Notably, Fas and FasL are present in greater
amount in pulmonary edema fluid at the onset of ALI as
opposed to hydrostatic edema. Higher baseline levels correlate with morbidity and mortality. Furthermore, mRNA
levels were higher in BAL during the acute phase of sepsisrelated ARDS.
Conversely, alveolar macrophages, key mediators of
lung inflammation, show an increased apoptosis in ALI,
underlying the role of pro- versus anti-inflammatory balance in the progression of the disease.
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Fibrosis and Repair
Fibrosis and repair may be considered the counterparts of
pro- versus anti-inflammatory pathways during the late
phase of lung injury. Activation of mesenchymal cells and
collagen deposition are key elements of repair of epithelial
injury. However, a disordered process may lead to fibrosis,
lung remodeling, and loss of lung function, known to be
independent risk factors determining morbidity and mortality in acute lung injury. A number of mediators of the
delayed or late phase of acute lung injury have been used
as markers of respiratory illness.
Procollagen peptides, such as procollagen III (PCP
III), markers of collagen synthesis, have been found in
patients with ALI at higher levels than in patients with
hydrostatic edema. PCP III was also associated with mortality. Moreover, the time course of PCP I and III has been
correlated with the progression of the disease: an increase
in the levels was correlated with worse lung function and
worse outcome in a study by Meduri et al.
Transforming growth factor alpha (TGF-a), an important mediator of lung repair, has been found in the BAL
of patients with ALI. Its association with PCP III over
the course of the disease was associated with increased
mortality.
Hepatocyte growth factor (HGF), a strong mitogen
factor for type II pneumocytes, has been found elevated
in patients with ALI but not in patients with hydrostatic
edema.
Using reverse transcriptase in situ polymerase chain
reaction and immunohistochemistry of lung tissue from
fibro-proliferative ARDS cases, Fahy et al. showed that
TGF-b levels were elevated. However, they also showed
that TGF-b was elevated in the BALF of de novo cases
suggesting that activation of TGF-b may be important in
the early phases of acute lung injury in addition to driving
fibro-proliferation. Interestingly, TGF-b, affecting
the ability of human airway epithelium to undergo epithelial–mesenchymal transition (EMT), may also be
a potential link between inflammatory injury and airway
remodeling.

Polymorphism and Acute Lung Injury
Major advances in the epidemiology of ARDS have
suggested a genetic predisposition to clinical acute lung
injury. This novel pathway of investigation has confirmed
the well-known variability of the response to similar
insults commonly observed in different patients. Genetic
associations in acute lung injury have been found in several major biological processes including polymorphism
in cellular messenger genes, endothelial, or oxidantmediated genes related to lung injury.
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Despite embryonic at the present time, this methodology might be able to overcome the lack of unique,
readily measurable biomarkers of respiratory illness partially discussed in this chapter.
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Resuscitation Endpoints
FREDERICK A. MOORE
Department of Surgery, The Methodist Hospital,
Houston, TX, USA

Synonyms
Guidelines; Resuscitation goals; Strategy

Definition
Clinical markers or variables that can be measured to
confirm adequate tissue perfusion with effective shock
resuscitation.

Pre-existing Condition
Acute blood loss that decreases oxygen delivery to a degree
that is inadequate to meet tissue oxygen demands leading
anaerobic metabolism, tissue acidosis, and an oxygen debt.

Application
Initial Care of Trauma Patients
Initial care of severely injured patients presenting in shock
is prioritized to ensure survival [i.e., Advanced Trauma
Life Support (ATLS)], and empiric volume loading is an
emphasized early intervention. The response of blood
pressure (BP) and heart rate (HR) to volume loading
defines stability. For patients who do not respond appropriately, diagnostic testing is focused on identifying
sources of active hemorrhage, which need prompt attention in the operating room (OR) or interventional radiology (IR) suite. Controversy exists as to whether BP and HR
should be restored to normal at this point. One prospective randomized trial (PRT) in penetrating torso trauma
showed worse survival in patients who were volume
loaded before definitive vascular control was obtained in
the OR. Whether this finding applies to patients with
blunt trauma is not clear. Twenty percent of patients
with major torso trauma will have a serious concomitant
closed head injury and, if the patient is under-resuscitated,
decreased cerebral perfusion pressure can result in devastating secondary brain injury. Fortunately, in most
patients, there is time to obtain additional information.
Measurement of an arterial blood gas (ABG) with base
deficit (BD) determination indicates the severity of shock
(discussed later), and serial hemoglobin measurements
assess ongoing bleeding. Additional monitoring should
include central venous pressure (via central venous line),
urine output rate (via Foley catheter), and arterial hemoglobin oxygen saturation (via pulse oximetry). The endpoints of initial resuscitation for during the time of critical
diagnostic testing and triage are as follows: (1) SBP >
90 mm Hg, (2) HR < 120 beats/min, (3) hemoglobin
concentration ([Hb]) 10 g/dL, and (4) CVP 10 cm
H2O.
The future challenge is to improve monitoring of early
resuscitation of bleeding patients in environments not
traditionally equipped for advanced monitoring [i.e.,
from the field to the emergency department (ED) to the
OR or IR suite]. The ideal monitor for these environments
would be one that senses an essential variable, provides
accurate, stable, and continuous measurement and trend
analysis, and, furthermore, is easily used, easily understood, noninvasive, small in size, and transportable. For
resuscitation in the field, a simple monitor of the adequacy
of tissue perfusion is needed. This should be done in an
easily accessible tissue that undergoes disproportionate
vasoconstriction during shock, such as skin, subcutaneous
fat, muscle, and oral mucosa. If perfusion in this tissue can
be normalized with resuscitation, then perfusion in other
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tissues will be adequate. Near infrared spectroscopy is
a method that can quantitatively monitor oxygen saturation of hemoglobin in skeletal muscle (StO2), and can
function as a continuous noninvasive monitor of
hypoperfusion. In early clinical testing during active shock
resuscitation changes in skeletal muscle StO2 correlated well
with changed in oxygen delivery, base deficit, and lactate
levels. This clinical experience in active shock resuscitation
has likewise been verified in laboratory studies.
In a prospective clinical trial, StO2 monitoring obtained
within the first hour after ED admission of major torso
trauma patients who were presumed to be bleeding StO2
predicted death and multiple organ failure (MOF) as well
as or perhaps better than base deficit and lactate levels.
Additionally, in the setting of massive transfusion it was
observed that a dropping in StO2 portends early death
from exsanguinations and therefore maybe helpful in
making critical decisions.
Another alternative is placement of very small probes,
electrodes, or fiber-optic sensors for PO2, PCO2, and pH
directly into the tissue of interest for continuous monitoring.
The pH of skeletal muscle has been shown to be indicative of
metabolic status and useful in tracking response to resuscitation. A third possibility is a commercially available fiberoptic sensor of sublingual carbon dioxide. This monitor is
based on the principle that hypoperfusion leads to increased
PCO2 in tissue (interstitial fluid). Once a patient has
arrived in the ED, more complex monitoring is feasible.
Of the available technology, monitoring of transcutaneous
O2 (PtcO2) has been shown to be valuable in shock resuscitation. This is a time-honored monitoring technique in
neonatal ICUs and, in stable patients, PtcO2 correlates well
with PaO2. If PtcO2 decreases below normal, then either
PaO2 has decreased (poor oxygenation) or cardiac output
has decreased (poor perfusion). These two alternatives can
be differentiated easily by obtaining an ABG analysis.
Limitations of PtcO2 monitoring in the ED include
a calibration time of roughly 10 min and instability with
patient movement. Another more invasive alternative is to
place a central venous line in the superior vena cava to
monitor central venous hemoglobin oxygen saturation
(ScvO2). The same fiber-optic reflective spectroscopy
technology that is used to measure mixed venous hemoglobin O2 saturation (SmvO2) in pulmonary artery catheters has been incorporated into a standard central venous
catheter. Although ScvO2 is not the same as SmvO2, the
principle that these variables reflect the balance between
oxygen delivery (DO2) and oxygen consumption (VO2) is
familiar to most clinicians. This technology is known to
provide an accurate, stable measurement, and a trial in
which ScvO2 was used as the endpoint in resuscitation of
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patients with septic shock in the ED has shown improved
survival compared with routine care. Because unrecognized
myocardial dysfunction is a substantial problem after major
trauma, a monitor of cardiac output in the ED would be
valuable. Transthoracic electrical bioimpedance best
meets the specifications for pre-ICU monitoring. Early
bioimpedance systems provided continuous cardiac output
measurements that correlated well with discrete measurements made by pulmonary artery catheter thermodilution
in stable patients, but did not perform well in critically ill
patients, especially those who were tachycardic. Newer
bioimpedance technology has been used to successfully
direct trauma resuscitation in the ED.

Oxygen Delivery As an Endpoint in ICU
Resuscitation
Traditionally, blood pressure (BP), heart rate (HR), and
urine output (UO) were monitored during ICU shock
resuscitation and it was deemed complete when these
variables were normalized. However, it was recognized
that despite normalizing these monitored variables,
many patients have evidence inadequate tissue perfusion
including high lactate levels and decreased mixed venous
oxygen saturation. The primary goal of shock resuscitation is the early establishment of “adequate” DO2 to meet
to oxygen demands of vital organs. The yet to be resolved
controversy is what is “adequate.” The rationale for using
DO2 as an endpoint for resuscitation originated with the
physiologic observations made by Shoemaker and colleagues starting in the 1970s. In an analysis of a large
cohort of surgical patients, they demonstrated that
“supranormal” DO2 index (i.e., DO2 600 mL/min-m2)
was associated with improved survival. They proposed
that this “survivor response” to stressful insults become
the resuscitation hemodynamic performance goal for
high-risk patients. They developed an organized algorithmic strategy of fluid, blood, and inotrope therapy to
achieve this DO2 goal. In subsequent clinical trials, they
presumptively placed pulmonary artery catheters (PACs)
in high-risk patients and demonstrated that use of this
“goal-oriented” resuscitation protocol improved the rate
of survival compared to standard our care (i.e., normalized BP, HR, and UO). The concept of resuscitating to
supranormal DO2 to eliminate unrecognized flow VO2 to
prevent multiple organ failure (MOF) was championed by
a number of well-known intensivists, and their explanation seemed sound physiologically. MOF had become the
leading cause of late ICU death in the 1980s and its
pathogenesis was not clear. Reports from that era provided
convincing evidence that MOF frequently occurred in the
absence of infection and shock was an overriding risk
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factor. In early 1990s, it was reported that the failure to
achieve this “survival response” despite aggressive shock
resuscitative efforts within 12 h of ICU admission was
highly predictive of subsequent development of MOF.
Throughout the 1990s, a series of prospective randomized
trials (PRTs) were performed to test the hypothesis that
resuscitation to supranormal DO2 improved survival.
These PRTs failed to find consistent outcome advantages
with this approach. These disparate results may be
explained by a number of confounding variables, the
most important being (a) age and comorbid disease,
(b) variable timing of resuscitation, (c) different interventions, and (d) responders versus nonresponders. Shoemaker’s original studies were designed to optimize DO2
prior to a major operative insult and to maintain it perioperatively. Further reports focused on severe trauma
patients, and demonstrated improved survival. Other
investigators have studied nonsurgical ICU patients with
established sepsis, septic shock, or acute respiratory
distress syndrome (ARDS). These patients already had
organ failure, and it is not surprising that outcome was
not improved. In the most recent PRT from Velmahos,
Shoemaker, and colleagues, trauma patients who achieved
supranormal goals, spontaneously or through intervention (i.e., the responders) had improved survival rate
(100% versus 70%), and less organ failure (29% versus
70%) compared to those patients who did not achieve
supranormal goals (i.e., the nonresponders). However, in
contrast with their previous PRTs, the intent to treat to
DO2 600 mL/min-m2 was not associated with increased
survival (85% versus 89%), or decreased organ failure
(48% versus 57%). A criticism of this study is that the
supranormal (experiment) and normal (control) resuscitated patients were managed by a trauma team with an
established practice pattern of supranormal resuscitation,
and there was no difference the average volume of fluid
(14 versus 13 L) or blood (11 versus 11 units) given
to either group. The only apparent difference was the
fraction of patients in each group to receive inotrope
support during the first 24 h after hospital admission
(32% versus 17%). Resuscitation to “supranormal” goals
as described by Shoemaker and colleagues has been the
subject of hundreds of reviews, editorials, and metaanalyses and remains controversial. More recent shock
resuscitation studies have focused on the abdominal compartment syndrome (ACS), which emerged as an epidemic
in the mid 1990s in trauma centers worldwide. With
aggressive application of early hemorrhage control and
triage to the ICU to optimize resuscitation, patients who
would have previously exsanguinated in the OR were now
surviving to be admitted into the ICU. Unfortunately,

many went on to develop ACS, which was strongly associated with MOF and death. Patients with impending ACS
arrive in the ICU 6 h after ED admission with high intraabdominal pressures (IAPs) (mean 19 mm Hg). They did
not respond to preload-directed interventions, and, in
fact, these interventions precipitated full full-blown ACS.
This is a surprisingly early event. Time to decompressive
laparotomy was 13 h after ED admission. Finally, decreasing the resuscitation goal from supranormal DO2 ( 600
mL/min-m2) to a more normal DO2 ( 500 mL/min-m2)
was shown to reduce the incidence of ACS (16% versus
8%), MOF (22% versus 9%), and death (27% versus
11%). While most patients respond well to supranormal
DO2 resuscitation, these data indicate that a substantial
subset is harmed by it. Enthusiasm for presumptive placement of PAC to pursue this resuscitative strategy has
waned considerably in recent years.

Alternative Endpoints in ICU Resuscitation
Base deficit (BD) is a global marker of tissue acidosis that
occurs as a result of inadequate tissue perfusion. In animal
models, it has been shown to correlate well with depth of
shock, subsequent mortality, and the adequacy of resuscitation. Clinically, it is widely and readily available but does
require discrete sample analysis that is typically done using
a blood gas analyzer in a clinical laboratory. It is calculated
on the Astrup and Siggard-Anderson nomogram. Davis
and colleagues showed ED BD to have strong association
with blood loss, crystalloid fluid infusion, need for operative intervention, and mortality after trauma. As a result,
BD has become a standard method of assessing the
severity of shock in the ED and BD elevations are stratified
as mild (0 to 5), moderate (6 to 14), and severe
(< 15). A worsening BD is indicative with ongoing
hemorrhage. Additionally, serial BD determinations can
be used as an index of adequacy of ICU resuscitation. It is
important to remember that sodium bicarbonate administration to correct acidosis improves BD but does not
reverse shock.
Lactate concentration is another global marker of tissue acidosis that is commonly used to assess the severity of
shock and many investigators have demonstrated
a relationship between increased lactate and mortality as
well as MOF. Increased lactate concentration is assumed to
be the result of anaerobic glycolysis, but increased lactate
concentration can result from other causes. In traumatic
shock resuscitation, serial lactate concentration measurements have time course similar to serial BD determinations. Lactate is also an intermittent measurement done in
the clinical laboratory. Increased lactate concentration
that persists after 12 h of ongoing resuscitation is probably
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indicative of defective mitochondrial function in peripheral tissues due to prolonged hypoperfusion, hypoxemia,
and acidemia, and these patients are at high risk to develop
MOF. Conceptually, this is similar to resuscitating patients
with advanced septic shock. Early volume loading has been
shown to be beneficial, but aggressive resuscitation in the
later stages does not improve outcome and a persistent
increased lactate concentration is highly predictive of
demise. An alternative metabolic explanation is that high
lactate concentration occurs following severe insults
because excessive mobilized substrates cannot be processed
metabolically (i.e., via the Krebs cycle). As a result, there is
a buildup of intracellular pyruvate that is converted to
lactate, which then exits the cell for transport back to the
liver to be converted into glucose (i.e., the Cori cycle). Thus,
increased lactate concentration at the end of resuscitation
may simply reflect a more severe stress response.
Gastric mucosal PCO2 (PrCO2) measured by gastric
tonometry is a regional monitor of gut perfusion. Disproportionate splanchnic vasoconstriction occurs with traumatic shock and does not normalize despite adequate
systemic resuscitation. PrCO2 measured by gastric tonometry increases in this situation. Regional PCO2 increases
due to insufficient clearance of CO2 produced by normal
aerobic metabolism or due to buffering of acid production
during anaerobic metabolism. Because gut ischemia
reperfusion is believed to play a central role in MOF, this
monitor garnered a great deal of interest. It has been
considered as a valid alternative to the PAC and DO2 to
guide shock resuscitation. Numerous early investigators
would obtain a simultaneous ABG and assume that the
arterial Hco3 was equivalent to the mucosal Hco3.
They would then use the Henderson–Hasselbalch equation (pH = 6.1 = log (Hco3/PrCO2 0.03) to calculate
gastric pHi. These investigators consistently observe that
a low gastric pHi (corresponding to a high PrCO2) that
did not correct with ongoing resuscitation aimed at maximizing systemic DO2 predicted MOF and death in
a variety of ICU patients. Thus, low gastric pHi is
a harbinger of bad outcomes but no one has shown that
patients randomized an intervention directed at correcting
a low pHi had improved outcomes. As a result, interest in
the monitoring technology has faded. In our experience,
PrCO2 can be remarkably insensitive as ICU resuscitation
progressed. Initially, it will be very elevated (i.e., > 60
mmHg) in patients with severe systemic hypotension
and decreased with resuscitation. However, it then begins
to increase with ongoing resuscitation in the more severely
injured as a result of increasing intra-abdominal pressure
(IAP) characteristic of impending ACS. We, therefore,
used continuous PrCO2 and intermittent urinary bladder
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pressures (UBPs) at 4-h intervals in shock resuscitation
protocol patients. If PrCO2 started to increase as resuscitation progressed, we then increased the frequency of UBP
measurements to 1-h intervals to not miss rapidly
increases in IAP. With impending ACS (IAP > 20
mmHg), the abdomen is on the steep portion of its compliance curve where a modest increase in intra-abdominal
contents can result in a sharp rise in IAP.
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Retrohepatic Vena Caval Shunt
DAVID V. FELICIANO
Department of Surgery, Emory University School of
Medicine, Grady Memorial Hospital, Atlanta, GA, USA

Synonyms
The retrohepatic vena caval shunt is most commonly
known as the atriocaval shunt as it is inserted through
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Retrohepatic Vena Caval Shunt

the right atrial appendage in the chest into the infrarenal
inferior vena cava in the abdomen [1]. A variation is the
retrohepatic vena cava balloon shunt introduced via the
saphenofemoral venous junction

Definition
The retrohepatic vena caval or atriocaval shunt is an
intraluminal hollow tube inserted through the retrohepatic
vena cava and designed to carry venous blood return from
the lower half of the body and renal veins directly into the
right atrium. Diversion of venous blood into the shunt
allows for better visualization and easier suture repair of
an injury to the retrohepatic vena cava [2].

Pre-existing Condition
The retrohepatic vena cava lies dorsal to the liver from above
the suprarenal inferior vena cava to the diaphragm and is
approximately 8–10 cm in length. It receives hepatic venous
blood from the right, middle, and left hepatic veins as well as
from 3 to 50 smaller hepatic veins. Because of its large
lumen, significant venous blood flow, and position deep
beneath the liver, an injury to the retrohepatic vena cava
from either penetrating or blunt trauma is one of the most
difficult abdominal vascular injuries to treat [3]. Direct
approaches to bleeding from the injured retrohepatic vena
cava involve either extensive mobilization of the right or left
hepatic lobe or resection of the overlying injured lobe.
Either of these approaches is time-consuming in the presence of active hemorrhage. Total hepatic vascular isolation
is another approach and involves cross-clamping of the
suprarenal abdominal aorta, porta hepatis, suprarenal inferior vena cava in the abdomen, and intrapericardial inferior
vena cava. While cross-clamping around the retrohepatic
inferior vena cava will significantly decrease hemorrhage
from an injury, profound hypotension usually results from
interruption of venous blood return from the lower ½ of
the body and kidneys. A third approach used in the past 15
years has been venovenous bypass and total vascular isolation for repair of these injuries [4]. The retrohepatic venal
cava shunt is the final option and maintains venous blood
return to the heart while decreasing bleeding from an area
of injury.

Application
Once active bleeding is determined to be coming from an
injury to the retrohepatic vena cava or a large extraparenchymal hepatic vein, compression is applied to the
overlying hepatic lobe to tamponade the injury. After
anesthesia has started to transfuse the patient using
a massive transfusion protocol (PRBC:FFP:Platelet Pack
=1:1:1), the overlying hepatic lobe (usually the right) is

extensively mobilized by dividing the triangular and anterior coronary ligaments. With the mobilized lobe elevated
medially and two suction devices available, an attempt is
made to grab the injured area of the retrohepatic vena cava
with a series of Judd-Allis clamps. If vascular control is
incomplete with these clamps in place, they are elevated
and a Satinsky vascular clamp is placed under the row of
Judd-Allis clamps. When too much hemorrhage is occurring to allow for a direct approach to the injury in the
retrohepatic vena cava, insertion of the retrohepatic vena
caval shunt is the next approach. While compression is
maintained on the hepatic lobe to tamponade the injury in
the retrohepatic vena cava, an umbilical tape is passed
around the suprarenal inferior vena cava in the abdomen
and left loose. A median sternotomy is then performed,
and the pericardial sac is opened to expose the heart. An
umbilical tape is passed around the intrapericardial inferior vena cava and left loose. Then, a 2–0 silk or polypropylene suture is placed into the right atrial appendage of
the beating heart over a Satinsky vascular clamp. A 36 or
38 French thoracostomy tube with an extra hole cut 20 cm
from the most proximal hole and with an occluding clamp
placed across its widened end is passed through a right
atriotomy in the middle of the pursestring suture. The
surgeon passes the tube shunt with his or her right hand
and directs the shunt through the retrohepatic vena cava
to avoid exiting through the injured area of the cava with
the left hand. Traction is maintained on the pursestring
suture in the right atrium by an assistant to avoid bleeding
from this site as the tube shunt is placed. When the holes
on the side and at the end of the thoracostomy tube are
palpated below the area where the renal veins enter the
inferior vena cava, both umbilical tapes are pulled tight to
compress the caval wall down on to the thoracostomy tube
shunt. At this point, venous blood return from the lower
half of the body and both renal veins is directed into the
shunt rather than into the injured retrohepatic vena cava.
There will still be significant bleeding from the injury in
the retrohepatic vena cava, however, as adrenal and diaphragmatic veins still empty into this area. Bleeding
should be decreased enough to allow for visualization
and clamping or suturing the injured area.
In experienced centers in which the injured patient has
not required a resuscitative thoracotomy because of exsanguination before the shunt was inserted, survival has been
from 33% (penetrating – one paper) to 50% (blunt – one
paper) [2, 5]. Overall, most patients with significant
injuries exsanguinate as the retrohepatic area is being
exposed and assessed. Therefore, survival after insertion
of the shunt in all comers in major trauma centers is less
than 10%.
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Reversing Anticoagulant
Treatment in ICU Patients
MARCEL M. LEVI
Department of Medicine, Academic Medical Center
University of Amsterdam, Amsterdam, The Netherlands

Synonyms
Interruption
of
anticoagulation

anticoagulation;

Counteracting

Definition
Pharmacological reversal of the anticoagulant effect of
antithrombotic agents to restore a normal function of
the hemostatic system.

Pre-existing Condition
Anticoagulant agents are often used for prevention and
treatment of a wide range of cardiovascular diseases. Most
frequently used anticoagulants are heparin or its derivatives, vitamin K antagonists (such as warfarin or
Coumadin) and antiplatelet agents, including aspirin and
thienopyridine derivatives, such as clopidogrel. Recently,
new generation anticoagulants have been introduced, which
have specific anti-factor IIa (thrombin) or anti-factor-Xa
properties. Examples are dabigatran, a specific thrombin
inhibitor, or rivaroxaban, a specific anti-factor Xa agent.
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A myriad of clinical studies have demonstrated that these
agents (alone or in combination) can prevent or treat acute
or chronic thromboembolic complications, such as in
patients with atrial fibrillation or prosthetic heart valves,
after myocardial infarction or ischemic stroke, and in
patients with venous thrombosis or pulmonary embolism
[1]. The most important complication of treatment with
anticoagulants is hemorrhage, which may be serious, may
cause long-term debilitating disease, or may even be lifethreatening [2]. In well-controlled patients in clinical trials
treatment with vitamin K antagonists increases the risk of
major bleeding by 0.5%/year and the risk of intracranial
hemorrhage by about 0.2%/year. In a very large series of
34,146 patients with acute ischemic coronary syndromes,
anticoagulant-associated bleeding was associated with
a fivefold increased risk of death during the first 30 days
and a 1.5-fold higher mortality between 30 days and 6
months. Major bleeding was an independent predictor of
mortality across all subgroups that were analyzed. In some
clinical situations, the incidence of serious bleeding complications may annihilate or even overwhelm the efficacy
of antithrombotic agents, as has been shown in the secondary prevention of patients with ischemic stroke by
vitamin K antagonists. Nevertheless, in many situations
clinical studies show a favorable balance between efficacy
and safety in favor of anticoagulant treatment. However, if
severe bleeding occurs or if a patient needs to undergo an
urgent invasive procedure, such as emergency surgery, it
may be required to reverse the anticoagulant effect of the
various agents. Depending on the clinical situation, that is,
the severity of the bleeding or the urgency and estimated
risk of the invasive procedure, this reversal may take place
in a few hours, but in some cases immediate reversal is
necessary. Generally, each (immediate) reversal of anticoagulant treatment needs also to take into consideration the
indication for the antithrombotic agents. For example, the
interruption of combined aspirin and clopidogrel treatment in a patient in whom recently an intracoronary stent
has been inserted will markedly increase the risk of acute
stent thrombosis with consequent downstream cardiac
ischemia or infarction. Likewise, in a patient
with a prosthetic mitral valve and atrial fibrillation, interruption of vitamin K antagonists may increase the risk of
valve thrombosis and cerebral or systemic embolism.
Each of these specific clinical situations requires
a careful and balanced assessment of the benefits
and risks of reversing anticoagulants (and potential
strategies to keep the period of reversal as short as
possible).
The most important risk factor for hemorrhage in
users of antithrombotic agents is the intensity of the
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anticoagulant effect. Studies in patients on VKAs indicate
that with a target INR of >3.0, the incidence of major
bleeding is twice as large as in studies with a target INR
of 2.0–3.0. In a meta-analysis of studies in patients with
prosthetic heart valves, a lower INR target range resulted
in a lower frequency of major bleeding and intracranial
hemorrhage with a similar antithrombotic efficacy.
A retrospective analysis of outpatients using warfarin
who presented with intracranial hemorrhage demonstrated that the risk of this complication doubled for
each 1 unit increment of the INR. Not only the target
INR but also the actual individual INR is strongly associated with the risk of bleeding. In a large cohort of patients
on VKAs, an INR of >4.5 was the strongest independent
risk factor for bleeding (relative risk 5.96, 95% confidence
interval (CI) 3.68–9.67).
Patient characteristics constitute another important
determinant of the bleeding risk [3]. Elderly patients
have a twofold increased risk of bleeding and the relative
risk of intracranial hemorrhage (in particular at higher
intensities of anticoagulation) was 2.5 (95% CI 2.3–9.4) in
patients >85 years compared to patients 70–74 year old.
Recently, genetic factors have been identified that may
affect the risk of bleeding. Common polymorphisms in
the P450 CYP2C9 enzyme were found to be associated
with slow metabolism of VKAs and (possibly) a higher risk
of bleeding. Other genetic factors that may influence the
requirement of VKAs are variants in the vitamin K epoxide
reductase complex subunit 1 gene (VKORC1). Comorbidity, such as renal or hepatic insufficiency, may also
significantly increase the risk of bleeding. A case-control
study in 1,986 patients on VKAs showed that this comorbidity increased the risk of bleeding by about 2.5. Another
very important determinant of the risk of bleeding is the
use of other medication, in particular agents affecting
platelet function. Two meta-analyses, comprising six trials
with a total of 3,874 patients and ten trials with a total of
5,938 patients, found a relative risk of major bleeding
when VKAs were combined with aspirin of 2.4 (95% CI
1.2–4.8) and 2.5 (95% CI 1.7–3.7), respectively.
A population-based case-control study confirmed the
high risk of upper gastro-intestinal bleeding in patients
using antithrombotic agents in combination with aspirin
and/or clopidogrel. Nonsteroidal anti-inflammatory
agents (NSAIDs) are also associated with an enhanced
risk of gastro-intestinal bleeding. The combined use of
anticoagulants and NSAIDs may result in an 11-fold
higher risk of major gastro-intestinal bleeding. This risk
is not significantly lower when using selective inhibitors of
COX-2 but is lower when proton-pump inhibitors are
prescribed.

Application
A summary of reversal strategies in patients using anticoagulants and who present with bleeding is given in Table 1.

Heparin Reversal
Heparin has a relatively short half-life of about 60–90 min
and therefore, the anticoagulant effect of therapeutic doses
of heparin will be mostly eliminated at 3–4 h after termination of continuous intravenous administration [4]. The
anticoagulant effect of high dose subcutaneous heparin,
however, will take a longer time to abolish. If a more
immediate neutralization of heparin is required, intravenous protamine sulfate is the antidote of choice. Protamine, derived from fish sperm, binds to heparin to
from a stable biologically inactive complex. Each milligram of protamine will neutralize approximately 100 units
of heparin. Hence, the protamine dose in a patient on
a stable therapeutic heparin dose of 1,000–1,250 U/hr
should be about 25–30 mg (sufficient to block the amount
of heparin given in the last 2–3 h). The maximum dose of
protamine is 50 mg. Since the half-life of protamine is only
about 10 min, the reversal of therapeutic dose subcutaneous heparin requires a repeated infusion of protamine
sulfate (e.g., repeated after 1 hr). The effect of protamine
can be monitored by measuring the activated partial
thromboplastin time (aPTT), which should normalize
after its administration.
The reversal of low molecular weight (LMW) heparin
is more complex, as protamine sulfate will only neutralize
the anti-factor IIa activity and has no or only partial effect
on the smaller heparin fragments causing the anti-factor
Xa activity of the compound. The net effect of protamine
reversal of LMW heparin is not completely clear. There are
no clinical studies that have systematically studied this and
small case series and experimental animal studies show
contradictory results. As the aPTT is not useful as
a monitoring assay when using LMW heparin, it can also
not be used for the monitoring of the neutralizing effect of
protamine. Given the relatively long half-life of LMW
heparin, the lack of an adequate strategy to reverse its
anticoagulant action may sometimes cause a problem in
clinical situations. A practical approach is to give 1 mg of
protamine per 100 anti-factor Xa units of LMW heparin
given in the last 8 h (whereas 1 mg of enoxaparin equals
100 anti-factor Xa units). If bleeding continues, a second
dose of 0.5 mg per 100 anti-factor Xa units can be given.
The most important adverse effect of protamine is an
allergic response, including hemodynamic and respiratory
problems. Most adverse reactions can be prevented or
minimized by slowing the rate of administration of the
drug or by pretreatment with steroids and antihistamines.

Reversing Anticoagulant Treatment in ICU Patients
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Reversing Anticoagulant Treatment in ICU Patients. Table 1 Reversal of anticoagulants
Time until restoration of
hemostasis after cessation of
therapeutic dose
Antidote

Remark

Heparin

3–4 h

Protamine sulfate 25–30 mg;
immediate reversal

1 mg of protamine per 100
anti-Xa units given in the last
2–3 h

LMW heparin

12–24 h

(Partially) protamine sulfate
1 mg of protamine per 100
25–50 mg; immediate reversal anti-Xa units given in the last
8h

Vitamin K antagonists

Acenocoumarol: 18–24 h
Warfarin: 60–80 h
Phenprocoumon: 8–10 days

Vitamin K i.v: reversal in
12–16 h
Vitamin K orally: reversal in
24 h
PCCs: immediate reversal

Oral thrombin and factor Xa
inhibitors

Dependent of compound,
usually within 12 h

Recombinant factor VIIa for Xa Based on laboratory end
inhibitors, unsure for IIa
points, no systematic
inhibitors
experience in bleeding
patients

Aspirin

5–10 days (time to produce
unaffected platelets)

DDAVP (0.3–0.4 ug/kg) and/or Cessation not always
platelet concentrate; reversal required, also dependent on
in 15–30 min
clinical situation and
indication

Clopidogrel

1–2 days

Platelet concentrate, possibly
in combination with DDAVP
(0.3–0.4 ug/kg); reversal in
15–30 min

Dose of vitamin K or PCCs
depend of INR and
bodyweight

Cessation not always
desirable, also dependent on
clinical situation and
indication

LMW heparin: low molecular weight heparin; PCC: prothrombin complex concentrate; DDAVP: de-amino d-arginine vasopressin or desmopressin

Risk factors for an adverse reaction are sensitivity to fish
(as may occur in traditional fishermen that are often
exposed to fish proteins when cutting themselves),
a history of vasectomy (which may demolish the bloodtestis barrier with consequent formation of anti-semen
antibodies), and a history of receiving protamine sulfate
containing insulin. Initial reports that the use of protamine sulfate could lead to an increased risk of rebound
thrombosis, in particular ischemic stroke, were not
confirmed in a recent randomized controlled study.
There are some other strategies to reverse (mostly
unfractionated) heparin, such as platelet factor-4,
heparanase, or extracorporeal heparin-removal devices,
but none of these approaches have been properly evaluated and they are not currently approved for clinical use.

Reversal of Vitamin K-Antagonists
There are several vitamin K antagonists available, of which
warfarin is most widely used, but also the Coumadin
derivatives acenocoumarol and phenprocoumon are frequently prescribed. The most important difference

between these three agents is their half-life, which is
9 h for acenocoumarol, 36–42 h for warfarin, and 90
h for phenprocoumon. This variation in half-lives may
have important consequences for the optimal strategy to
reverse each of these agents [4]. The time to reversal of
anticoagulation with vitamin K antagonists will not only be
affected by their half-life after cessation of treatment but
also by the time it will take to produce properly carboxylated coagulation factors that have not been affected by
vitamin K antagonists. The most straightforward intervention to counteract the effect of vitamin K antagonists is the
administration of vitamin K. Whereas, there is quite some
debate on the use of vitamin K in patients with a too high
intensity of anticoagulation (i.e., too high INR) but no signs
of bleeding, in patients with clinically significant bleeding
administration of vitamin K is crucial to reverse the anticoagulant effect of warfarin or Coumadin derivatives.
Vitamin K can be given orally and intravenously, whereas
despite a reasonably quick and good systemic bioavailability of oral vitamin K, the parenteral route has the advantage
of a more rapid onset of the treatment. After the
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administration of i.v., vitamin K, within 2 h the INR will
start to drop and will be completely normalized within 12–
16 h, whereas after oral administration it will take up to 24
h to normalize the INR. Intramuscular injections of vitamin K should be avoided in patients who are anticoagulated
(since they may cause muscle bleeding) and subcutaneous
administration of vitamin K results in a less predictable
bioavailability. When the INR is below seven, a dose range
of 2.5–5 mg vitamin K has been advocated to completely
counteract the anticoagulant effect, whereas with higher
INRs a dose of 5–10 mg is required to correct the INR.
Higher doses of vitamin K are equally effective but may lead
to warfarin or Coumadin resistance for more than a week,
which may hamper long-term management of these
patients [5]. Of note, when reversal of anticoagulation
has to be sustained for a longer period, repeated administration of vitamin K may be required, especially in patients
that used vitamin K antagonists with a long half-life, such
as phenprocoumon. A potential concern with the use of
parenteral vitamin K is the occurrence of anaphylactic
reactions, although the incidence of this complication is
very low, in particular with the more modern micelle
preparations. To avoid this, a low infusion rate (e.g.,
1 mg per 3 min) has been advocated.
In case of very serious or even life-threatening bleeding, immediate correction of the INR is mandatory and
can be achieved by the administration of vitamin
K-dependent coagulation factors. Theoretically, these factors are present in fresh frozen plasma, however, the
amount of plasma that is required to correct the INR is
very large, carries the risk of fluid overload, and will
probably take hours to administer. Therefore, prothrombin complex concentrates (PCCs), containing all vitamin
K-dependent coagulation factors, are more useful. In
a small study in patients using vitamin K antagonists
who needed urgent reversal of anticoagulation because of
major bleeding or emergency invasive procedures, PCCs at
a fixed dose of 500 U were sufficient to correct INR values
<5.0. However, at INR values >5 higher doses were
required. Although PCCs can indeed be given using fixed
dose schemes, it has been shown that individualized dosing regimens based on INR at presentation and body
weight are more effective. In a prospective cohort study
of patients who presented with major bleeding associated
with the use of vitamin K antagonists patients were treated
with PCCs at a relatively high dose of 25–50 U/kg (exact
dose per patient was “based on the INR and severity of
bleeding”), which was effective in reducing the INR below
2 in 56 out of 58 patients. Another prospective study in
patients using vitamin K antagonist and presenting with
bleeding or the need for an urgent invasive procedure

necessitating normalization of the INR also found that
doses of PCCs in a similar dose range were effective in
reducing the INR below 1.3 in 93% of patients and
resulted in at least satisfactory and sustained hemostasis
in 98%. In this study, the dose of PCCs was tailored at the
INR at presentation (INR 2–4 25 U/kg, INR 4–6 35 U/kg,
and INR >6 50 U/kg, respectively). PCCs can be given over
a short time frame, have an immediate effect, and the
efficacy of the reversal of anticoagulation can be monitored by measuring the INR. PCCs were shown to be safe
in a series of 14 retrospective and prospective cohort
studies encompassing 460 patients. Thromboembolic
complications occurred in seven patients although in
most cases this could have been explained by the underlying clinical situation and comorbidity as well. In recent
years, the safety of PCCs, in particular regarding the transmission of blood-borne infectious diseases, has markedly
improved owing to several techniques, such as pasteurization, nanofiltration, and addition of solvent detergent.
The often stated risk of disseminated intravascular coagulation (DIC) due to traces of activated coagulation
factors in PCCs comes from older literature and modern
PCCs seem not to be associated with eliciting or aggravating DIC.
Another option for immediate correction of the INR
in patients using vitamin K antagonists is the administration of rVIIa, although this treatment is not officially
approved for this indication. Correction of the INR after
administration of rVIIa may be a “cosmetic” effect, since
the prothrombin time is very sensitive towards traces of
VIIa in plasma, however, a small clinical study found that
rVIIa at a dose of 16 mg/kg resulted in satisfactory hemostasis in 14 out of 16 patients who presented with major
bleeding while using vitamin K antagonists. Another study
demonstrated that reversal of warfarin anticoagulation in
a series of 13 patients undergoing invasive procedures
resulted in a normalization of the prothrombin time and
prevented bleeding in all subjects and a series of six
patients with central nervous system bleeding due to
treatment with vitamin K antagonists showed successful
reversal of anticoagulation, arrest of bleeding, and uncomplicated drainage in all patients after administration
of rVIIa.

Reversal of New Generation Anticoagulants
(Dabigatran, Rivaroxaban)
For each of these compounds, no established antidote is
available in case of serious bleeding complicating the
anticoagulant treatment [4]. In a controlled clinical
study in healthy subjects, the melagatran-induced effects
on aPTT, thrombin generation, and platelet activation

Revised Trauma Score

were not affected by the administration of rVIIa. Based on
these results it seems that rVIIa is not effective in reversing
direct thrombin inhibition. Since, however, rVIIa was able
to correct the melagatran-induced prolongation of the
prothrombin time and increased thrombin precursor protein concentrations, it might be that higher doses of rVIIa
will have some effect in this situation, but this needs to be
studied in future experiments. There is no evidence of any
antidote towards the anticoagulant effect of any of these
orally available factor Xa inhibitors so far. Based on the
experience with rVIIa in the reversal of the anticoagulant
effect of fondaparinux, one can postulate that rVIIa may
be an effective antidote for these agents, however, direct
proof has not been demonstrated.

Reversal of Aspirin and Thienopyridine
Derivatives (Clopidogrel and Prasugrel)
Over the last years, the approach to the patient who uses
aspirin and who presents with bleeding or needs to
undergo an invasive procedure has changed considerably.
In fact, in current clinical practice bleeding can almost
always be managed with local hemostatic procedures or
conservative strategies without interrupting aspirin and
also most invasive procedures do not require the cessation
of aspirin when adequate attention is given to local hemostasis. In contrast, interruption of aspirin has been associated with an increased risk of thromboembolic
complications, potentially due to a rebound hypercoagulability. Obviously, in special clinical circumstances,
such as intracranial bleeding or the need to undergo
a neurosurgical or ophthalmic procedure, the antihemostatic effect of aspirin needs to be reversed immediately [4]. The most rigorous measure to achieve that is the
administration of platelet concentrate after cessation of
aspirin. Another approach is the administration of deamino d-arginine vasopressin (DDAVP, desmopressin).
DDAVP is a vasopressin analogue that despite minor
molecular differences has retained its antidiuretic properties but has much less vasoactive effects. DDAVP induces
release of the contents of the endothelial cell associated
Weibel Palade bodies, including von Willebrand factor.
Hence, the administration of DDAVP results in a marked
increase in the plasma concentration of von Willebrand
factor (and associated coagulation factor VIII) and (also
by yet unexplained additional mechanisms) a remarkable
augmentation of primary hemostasis as a consequence.
DDAVP is effective in patients with mild hemophilia
A or von Willebrand’s disease and in patients with qualitative platelet defects, such as in uremia or liver cirrhosis.
DDAVP seems also capable of correcting the aspirininduced platelet dysfunction, although large clinical
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studies employing relevant outcome parameters are missing. The combined effect of platelet concentrate and subsequent administration of DDAVP has also been
advocated to correct the aspirin effect on platelets. The
standard dose of DDAVP is 0.3–0.4 mg/kg in 100 mL saline
over 30 min, and its effect is immediate.
The decision whether or not the interrupt, or even
reverse antithrombotic treatment with clopidogrel and
aspirin in case of serious bleeding, or the need to perform
an invasive procedure will depend on the specific clinical
situation but also on the indication for the antithrombotic
treatment (see above). Especially in patients with recent
implantation of an intracoronary stent (in the last 6–12
weeks), cardiologists will often not or only reluctantly
agree with cessation of treatment. In this period, reendothelialization of the stent has not yet occurred and
the patient is very vulnerable to acute thrombotic occlusion
of the stent. In patients with drug-eluting stents, this period
may be even longer. If, however, the decision is made to stop
and even reverse the treatment with aspirin and clopidogrel,
administration of platelet concentrate is probably the best
way to correct the hemostatic defect. In addition, DDAVP
was shown to correct the defect in platelet aggregation
caused by clopidogrel, so this may be another option.
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Revised Trauma Score
The Revised Trauma Score (RTS) is a physiological scoring
system calculated using the Glasgow Coma Scale score,
systolic blood pressure, and respiratory rate. It ranges
from 1 to 8, with 1 being the most severe and < 4 indicative of need for trauma center care.
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Revive
▶ Hemorrhagic Shock, Fluid Resuscitation

RH
Relative humidity. It is the ratio between the actual
amount of water vapor and the maximal capacity of
water vapor for the same temperature.
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Synonyms
Muscle necrosis

Definition
Rhabdomyolysis, derived from the Greek words
rhabdomyo- (skeletal muscle) and -lysis (rapid break
down), is characterized by muscle destruction and
necrosis resulting in harmful intracellular components
being released into the circulation.

Background
Although earlier descriptions exist, Beals and Bywaters’
classic description of victims of the German bombings in
London during WWII ushered in the understanding of
rhabdomyolysis leading to renal failure as we know it
today. In this 1941 paper, the authors described
five patients with crushed extremities and prolonged extrication who presented in a shock state, developed dark
urine and acute kidney injury and eventually died. Four
years later, Bywater identified myoglobin as the toxic agent
leading to renal failure.

Epidemiology
In the USA, alcohol intoxication leading to stupor,
immobility, and coma is the most common etiology of
rhabdomyolysis. Rhabdomyolysis accounts for 7% of the
cases of acute renal failure in the USA, and the outcome

worsens in patients who develop ARF. The mortality of
patients who develop rhabdomyolysis-induced ARF varies
from 30% to 50% [1]. Patients who develop multiple
organ failure have increased mortality upward to 80%.
On the other hand, in the vast majority of cases, ARF is
completely reversible.

Pathophysiology
Rhabdomyolysis has multiple etiologies including
ischemic, pharmacological, metabolic, and infectious
causes; however, muscular trauma is the most common.
In spite of these numerous and diverse etiologies, ATP
depletion resulting in Na/K-ATPase and Ca2+ ATPase
pump dysfunction is the final common pathway in the
pathogenesis of rhabdomyolysis (Fig. 1) [2]. An increase
in free cytosolic calcium, released from the sarcoplasmic
reticulum, triggers a cascade of intracellular signaling
leading to the activation of phospholipase A2, mitochondrial dysfunction, and production of reactive oxygen
species. In addition, increased intracellular Na+ can result
in osmotic swelling which leads to cellular damage
and death.
Following injury, damaged muscle tissue may lead to
an excessive amount of myoglobin and other cellular
breakdown products to be released into the bloodstream.
This process is often compounded by a shock state and
reduced blood flow to the kidneys. As cells release their
intracellular contents, including enzymes (creatine kinase,
glutamic oxaloacetic transaminase, lactate dehydrogenase,
and aldolase), electrolytes (potassium and phosphates),
organic acids, myoglobin and other cellular proteins,
these toxic byproducts can lead to distant organ injury,
most notably acute kidney injury. Symptoms of rhabdomyolysis range from an asymptomatic elevation of
creatine kinase to severe manifestations, such as
myoglobinuria and acute renal failure. The classic triad
includes muscle pain, weakness, and reddish-brown urine;
however, more than half of patients with rhabdomyolysis
do not report muscular symptoms.

Diagnosis
The diagnosis of rhabdomyolysis is confirmed by
laboratory tests. Creatine kinase (CK) is the most sensitive
test, which rises within 12 h of muscle injury, peaks in
1–3 days, and declines 3–5 days following injury [3].
Levels greater than 5,000 Units/L are associated with
a higher incidence to renal failure. Persistently elevated
levels of CK are suggestive of ongoing muscle injury and
the development of compartment syndrome. Myoglobin
has a shorter half-life (2–3 h), and is filtered by the kidney.
Myoglobin becomes detectable in the urine at levels
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Rhabdomyolysis. Fig. 1 Pathogenesis of rhabdomyolysis

greater than 1.5 mg/dL, but the pathognomonic darkcolored urine appears when the plasma concentration
exceeds 100 mg/dL [3]. Muscle biopsies are not necessary;
however, it could establish the diagnosis if lab values are
equivocal.

Treatment
The untoward consequences of the intracellular
components of skeletal muscle being released into the
circulation are numerous and devastating, and healthcare
providers should continuously monitor for potential
complications. Through a multifactorial mechanism,
myoglobin is the principle mediator of rhabdomyolysisinduced acute renal failure (ARF). Myoglobin induces
renal artery constriction and ischemia, cast formation in
the distal convoluted tubules, and has direct cytotoxic
effects on the epithelial cells of the proximal convoluted
tubules [2]. Hyperkalemia is another consequence independent of ARF. Necrosis of only 100 g of muscle mass
could increase serum potassium by 1.0 mEq/L. Furthermore, a metabolic acidosis ensues from the release of
organic acids, further potentiating the cardiotoxic effects
of hyperkalemia by decreasing plasma Ca2+ concentrations. Finally, various cellular proteins can serve as danger

signals that stimulate a hyperinflammatory state. Compartment syndrome is relatively common in the setting of
rhabdomyolysis. The increased intracellular Na+ from
ATP depletion results in edema and increased intramuscular pressure. This increased pressure impedes venous
flow and produces ischemia and worsening the
edema, and initiating a self-perpetuating vicious cycle.
Disseminated intravascular coagulation (DIC) is another
possible complication that likely develops from the activation of coagulation components as a result of products
released from skeletal muscle necrosis. Therapeutic interventions for rhabdomyolysis include treatment of the
underlying etiology, and prevention of renal, cardiac,
and muscular complications.

Management of Acute Renal Failure
Decreasing the risk of ARF is primarily achieved through
intravascular volume expansion with intravenous infusion
of normal saline, which increases renal perfusion and
glomerular filtration [4]. The goal of volume expansion
is to increase urine output to 200 ml/h. Increasing the pH
of urine theoretically increases the solubility of myoglobin, thus preventing the formation of myoglobin casts in
the distal convoluted tubules. But alkalization of urine
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Rhabdomyolysis. Table 1 Causes of rhabdomyolysis
Acquired
Hereditary

Traumatic

Non-traumatic

Deficiencies of carbohydrate metabolism Crush injuries

Vessel occlusion

McArdle disease (myophosphorylase
deficiency)

Motor vehicle collisions

Thrombus

Phosphorylase kinase

Hemorrhagic shock

Emboli

Phosphofructokinase deficiency

Long-standing pressure

Phosphoglycerate mutase

High-voltage electrical injury

Delirium tremens

Phosphoglycerate kinase

Lightening

Seizure disorders

Lactate dehydrogenase

Severe burns

Mitochondrial respiratory chain
enzyme deficiencies

Strenuous exercise

Deficiencies of lipid metabolism
Carnitine deficiency
Creatinine palmitoyl transferase
deficiency
Other
Connective tissue disorders

Excessive muscle activity

Tetanus
Hyperthermia
Malignant hyperthermia
Neuroleptic malignant syndrome
Prolonged immobilization
Sepsis/Infections
Toxins

Myoadenylate deaminase deficiency

Heavy metals

Duchenne’s muscular dystrophy

Insect venoms

Malignant hyperthermia

Snake venoms
Drugs (Table 2)
Electrolyte imbalances
Hyperosmotic conditions
Hypernatremia
Hypokalemia
Hypophosphatemia
Endocrine disorders
Hyperaldosteronism
Hypothyroidism
Ketoacidosis
Autoimmune disease
Polymyositis
Dermatomyositis

through sodium bicarbonate administration has yet to be
proven effective in preventing ARF [5]. However, in severe
cases bicarbonate is often used. Similarly, forced diuresis
using mannitol or loop diuretics remains unproven, but is
frequently used if compartment syndrome develops.
Hyperkalemia is acutely managed by the usual loop
diuretics, infusion of insulin and glucose, sodium bicarbonate, calcium gluconate, oral sodium polystyrene sulfonate and if necessary, hemodialysis. Metabolic acidosis

should be treated if the blood pH is less than 7.2. Extremity compartment syndrome should be treated promptly
with surgical decompression when the intracompartmental pressure exceeds 35 mmHg; i.e., capillary perfusion pressure.

Differential Diagnosis
A differential diagnosis for rhabdomyolysis is vast, but
usually an etiology is identified from obtaining an

Rhabdomyolysis- or Hemolysis-Induced Acute Kidney Injury (AKI)

Rhabdomyolysis. Table 2 Drugs implicated in rhabdomyolysis
Antipsychotics
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Rhabdomyolysis. Table 2 (Continued)
Amphetamines

Sedative hypnotics
Benzodiazepines

Cocaine

Fluphenazine

Diazepam

Heroin

Haloperidol

Nitrazepam

Methadone

Lithium

Flunitrazepam

D-lysergic

Loxapine

Lorazepam

acid
diethylamide (LSD)

Perphenazine

Triazolam

Toluene

Trifluperazine

Barbiturates

Chlorpromazine

R

Glutethimide
Antidepressants

Anesthetics

Amitriptyline

Halothane

Amoxapine

Propofol

Doxepin
Fluoxetine
Protriptyline
Phenelzine
Anticholesterol Drugs

Other

Lovastatin

Amphotericin B

Pravastatin

Azathioprine

Simvastatin

Butyrophenones

Bezafibrate

Emetics

Clozafibrate

e-aminocaproic acid

Clofibrate

Laxatives
Moxalactam

appropriate history and physical examination, as well as
proper laboratory and diagnostic studies. Simply, the
causes of rhabdomyolysis can be classified as either hereditary or acquired. The acquired group can be further
divided into traumatic and non-traumatic categories
(Table 1). Many pharmacological agents, including
prescription, over-the-counter medications, and drugs of
abuse have been implicated in rhabdomyolysis (Table 2).
Rhabdomyolysis from pharmacologic agents usually
results from side-effects of the medication: immobilization, electrolyte abnormalities, seizures, vasospasm,
hyperpyrexia, and few have direct myotoxic activity.

Cross-References
▶ Crush Injuries
▶ Electrical Injury

Narcotics
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Terbutaline
Thiazides
Antihistamines
Diphenhydramine
Doxylamine
Drugs of Addiction
Alcohol

Vasopressin

Rhabdomyolysis- or HemolysisInduced Acute Kidney Injury (AKI)
▶ Pigment Nephropathy
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Rib and/or Sternal Fracture Operative Reduction and Internal Fixation (ORIF)

Rib and/or Sternal Fracture
Operative Reduction and Internal
Fixation (ORIF)

Right Ventricular End Diastolic
Volume
▶ End Diastolic Volume

▶ Chest Wall Stabilization

Rib Fractures
▶ Flail Chest

Right Atrial Pressure
▶ Central Venous Pressure

Right Ventricular Assist Device
(RVAD)
▶ Circulatory Assist Devices

Right Ventricular Dysfunction
▶ Heart Failure, Acute

Risus Sardonicus
▶ Tetanus

Rotational Spine Injuries
▶ Traumatic Spondylolisthesis

RVEDV
▶ End Diastolic Volume
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Salicylate Overdose
JOHN KASHANI, RICHARD D. SHIH
Department of Emergency Medicine, Morristown
Memorial Hospital, Morristown, NJ, USA

Synonyms
Acetylsalicylic acid overdose; Acute salicylate toxicity;
Aspirin overdose; Chronic salicylate toxicity; Salicylism

Definition
There are numerous salicylate-containing preparations
available in both prescription and over-the-counter
agents. Of particular concern is methyl salicylate (oil of
wintergreen), which contains approximately 7 g of aspirin
per teaspoon. Ingestion of a single teaspoon of methyl
salicylate in a child can result in death [1]. Keratolytic
agents contain salicylic acid and can cause toxicity
from both topical exposure and ingestion. The absorption
of salicylate containing topical products may be increased
with the use of occlusive dressings or by the application
to damaged skin. The repeated ingestion of bismuth
subsalicylate (Peptobismol) can result in salicylate
toxicity [2].
Mild salicylate toxicity is seen with the ingestion of up
to 150 mg/kg of aspirin or equivalent salicylate-containing
product. The ingestion of 150–300 mg/kg results in mild
to moderate toxicity. The ingestion of 300 mg/kg or
greater results in moderate to severe toxicity and potential
death.
Regardless of the form of salicyalte the patient is
exposed to, it is converted to salicylate shortly after
absorption. Pylorospasm and the formation of concretions may delay peak levels. Additionally, enteric-coated
aspirin may have a delayed absorption and peak level.
Toxic levels are generally expected 6 h after ingestion and
may appear earlier with liquid preparations.

Pharmacology
Salicylates exist in the body in equilibrium between the
ionized and unionized form. At physiologic pH, the

predominant form of salicylate is the ionized form.
When protein-binding sites become saturated, there is an
increase in the free unbound salicylate. As the pH
decreases, there is an increase in the unionized form. The
unbound unionized form readily traverses cell membranes. It is important to understand that when salicylates
are taken up into various cells, the serum level declines.
The cellular burden of salicylates results in toxicity. Therefore, any factor that increases the unbound portion
(hypoalbuminenia) or causes an increase in unionized
portion (acidosis) can result in a worsening toxicity
despite declining serum levels.
Salicylates undergo hepatic metabolism by conjugation to glycine or glucoronidation. The resulting metabolites are excreted by the kidneys. An alkaline urine favors
the formation of an ionized salicylate increasing urinary
elimination. Unionized salicylate is reabsorbed in the renal
tubules prolonging its elimination. When the pathways
involved in the metabolism and elimination of salicylate
levels are saturated, it leads to a change in elimination
order kinetics from first order to zero order. In zero-order
elimination kinetics, a set amount of drug is eliminated
per unit of time. In this setting, a half-life does not
apply and the decrease in salicylate concentration is
unpredictable.

Pathophysiology
Stimulation of the respiratory center causes an increase in
respiration resulting in a respiratory alkalosis. If a patient
presents in the early course of toxicity, respiratory alkalosis may be the only metabolic derangement present. As
toxicity progresses, metabolic acidosis develops resulting
in the classically described primary respiratory alkalosis
and primary metabolic acidosis. Careful attention needs
to be given to a salicylate-poisoned patient with
a declining respiratory status. The presence of co-ingested
drugs that cause respiratory depression or the iatrogenic
administration of respiratory depressants can blunt the
protective hyperventilation resulting in a worsening
metabolic acidosis and an increase in toxicity [3].
Salicylates impair adenosine triphosphate (ATP) synthesis through inhibition of the Krebs cycle enzymes and
uncoupling of oxidative phosphorylation. In the Krebs
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cycle, a-ketoglutarate dehydrogenase and succinic acid
dehydrogenase are inhibited. As a result, the main electron
donors of the respiratory chain, nicotine adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH)
synthesis are decreased. Salicylates uncouple oxidative
phosphorylation by disrupting the hydrogen concentration gradient by which ATP is synthesized. Salicylates
decrease the hydrogen ion concentration across the inner
mitochondrial membrane allowing hydrogen ions to reenter the mitochondria without being used in the synthesis
of ATP. Electron transport and oxygen consumption
continue despite the impairment of ATP synthesis.
If uncoupling becomes severe, hyperthermia may develop;
a sign of significant salicylate toxicity.
Salicylates inhibit alanine aminotransferase, the
enzyme responsible for the synthesis of alanine. Alanine
serves as a precursor for glucose synthesis and a resultant
hypoglycemia may develop. Despite this, serum glucose
concentrations vary during salicylate toxicity, and it is
more likely that hyperglyemia is seen due to release of
endogenous catecholamines. The mechanism for this is
catecholamine-induced glycogenolysis and glucose
release. In animal models, decreased levels of glucose are
found in both the central nervous system and cerebrospinal fluid, even with a normal serum glucose [4]. It is
believed that this decrease in glucose is one of the factors
that contribute to the central nervous system toxicity seen
in salicylate poisoning.
A variety of mechanisms are thought to be responsible
for the metabolic acidosis that occurs in the setting of
salicylate toxicity. Salicylates induce lipolysis resulting in
the breakdown of lipids to beta-hydroxy butyric acid and
aceto-acetic acid. Beta-hydroxy butyric acid and acetoacetic acid are organic acids that dissociate into hydrogen
ions and their corresponding salts. When the buffering
mechanisms of the body are overwhelmed, metabolic acidosis ensues. Acetoacetic acid is ultimately decarboxylated
to acetone, and ketosis is almost invariably seen in salicylate poisoning. The impairment of ATP synthesis causes an
increase in glycolytic ATP production resulting in
increased glycolytic hydrolysis of ATP and the liberation
of hydrogen ions [5]. Although aspirin is an acid (acetylsalicyclic acid, PKA 3.5), it is not thought to contribute to
the metabolic acidosis to any appreciable extent.
Salicylates are irritating to the gastrointestinal mucosa.
Patients with salicylate toxicity often complain of abdominal pain, nausea, and vomiting. Vomiting, diaphoresis,
and insensible losses secondary to hyperventilation contribute to the volume depletion seen in toxicity. Patients
with moderate to severe salicylate toxicity typically have
a deficit up to 6 L.

Hypokalemia may occur from a combination of gastrointestinal losses and obligate urinary excretion with
organic acids and salicylate anion. Respiratory alkalosis
can result in the reabsorbtion of hydrogen ions in
exchange for potassium ions in the renal tubules; as
a result, hypokalemia may also be seen in the early phases
of salicylate poisoning.
In addition to the antiplatelet effect of aspirin, it also
inhibits the formation of vitamin K-dependent clotting
factors in a manner similar to coumadin. An elevated
prothrombin time may be seen in both acute and chronic
overdose. This can be managed with the administration
of Vitamin K. Despite this, significant gastrointestinal
bleeding rarely complicates salicylate toxicity.
The central nervous system is particularly vulnerable
to the effects of salicylates. Agitation, alterations in mental
status, confusion, disorientation, and hallucinations
imply severe toxicity and warrant immediate attention.
Central nervous system involvement is associated with
a high morbidity and mortality and death may occur
within minutes to hours. Tinnitus occurs as salicylate
levels exceed 20 mg/dL and reverses as levels decline.
Acute salicylate toxicity may be complicated by adult
respiratory distress syndrome. However, this is more likely
to occur in chronic salicylate toxicity.

Presentation
With acute ingestion, patients usually have symptoms
when levels are 20 mg/dL or greater. Severe toxicity is
commonly seen with levels of 70 mg/dL or greater. The
clinical presentation seen in acute toxicity includes
vomiting, abdominal pain, tinnitus, tachypnea, hyperpnea, diaphoresis, tachycardia, dehydration, leukocytosis,
and ketonuria. Hypokalemia is likely to be present. If
a patient presents early in the course of toxicity, then
respiratory alkalosis is likely to be the only metabolic
abnormality present. As toxicity worsens, a metabolic
acidosis develops along with marked diaphoresis and
worsening tachycardia.
Chronic toxicity is not associated with a particular
dose of salicyaltes and is better described as a syndrome.
Altered mental status, lethargy, irritability, confusion, hallucinations, seizures, and coma may be present. Vomiting
and abdominal pain are not major complaints. Tinnitus
may be present and an elevated prothrombin time and
tachypnea are commonly seen. Chronic toxicity is more
likely seen in an elderly population. The elderly population is more likely to have comorbidities and alternatives
diagnoses, therefore, salicylate toxicity is often not
considered.

Salicylate Overdose

Evaluation and Treatment
The successful management of a salicylate-poisoned patient
frequently requires prolonged bedside care with rapid
responses to changing clinical and laboratory parameters.
If the clinician underestimates the degree of toxicity the
results can be disastrous. While most overdoses are accompanied by a clinical improvement when levels decline,
a declining salicylate level may herald clinical deterioration.
The physician taking care of a salicylate-poisoned patient
must be familiar with the pharmacodynamics, pathophysiology, pitfalls, and treatment options.
Laboratory studies should include a complete blood
count, electrolytes, BUN, creatinine, prothrombin time,
urinalysis, and a salicylate level. Patients often confuse
acetaminophen for aspirin, so an acetaminophen level
should be obtained as well. If toxicity is suspected, an
arterial blood gas analysis early in the course of evaluation
is indicated. Serial salicylate levels should be obtained
every 2–4 h in moderately ill patients and every 1–2 h in
severely poisoned patients.
The American Academy of Clinical Toxicology position
statement on activated charcoal states that the administration of single-dose activated charcoal may be considered
within 1 h of an ingestion that is known to be adsorbed to
activated charcoal [6]. Salicylates bind to activated charcoal, therefore the administration of activated charcoal in
that setting should be considered. Multiple doses of activated charcoal is considered controversial in the setting of
salicylate toxicity [7], and its administration has not been
shown to increase the clearance of salicylates [8].
Initial management includes the administration of
intravenous hydration. The typical moderate to severe
salicylate-poisoned patient is 4–6 L deficient. Serial assessment of the patients clinical and laboratory values is
crucial to successful management. After initial hydration,
efforts should be directed to maintaining the arterial pH
between 7.4 and 7.5 Urinary alkalinization is difficult to
obtain and therapy should be aimed at maintaining the
arterial pH. Frequent monitoring of potassium is required
during alkalinization. Intravenous hydration and alkalinization is expected to drop the serum potassium level and
supplemental potassium should be added to the intravenous fluids if the level is normal or low. A urinary output
of 2–3 mL/kg/h is desirable.
Indications for hemodialysis include neurotoxicity or
a deterioration in mental status, renal failure, pulmonary
edema, cardiovascular instability, and continually rising
salicylate levels despite aggressive management. Some
authors may suggest dialysis at a level of 100 mg/dL or
greater; however, this should be evaluated on an individual basis.
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If consideration is given to intubating a salicylatepoisoned patient, the clinician must anticipate
a dramatic fall in pH (due to decreased respiratory compensation) further worsening salicylate toxicity. If intubation is necessary, it is recommended to give additional
boluses of sodium bicarbonate and to seriously consider
hemodialysis. Manipulation of the ventilator settings to
increase the serum pH can potentially cause barotrauma
and is often inadequate pH modification.
A pregnant patient with salicylate toxicity warrants
special concern. Salicylates readily cross the placenta and
are found in higher serum levels in the fetus than the
mother. Additionally, the developing fetus does not have
the buffering capacity of the adult and has a reduced
ability to excrete salicylates [9]. As a result, consideration
should be given for hemodialysis for lesser degrees of
toxicity than in the non pregnant patient. With signs of
fetal distress and a serum level of 40 mg/dL, consideration
should be given to hemodialysis.

After-care
After management of acute medical consequences,
patients with intentional overdoses should be referred
for counseling. Patients with chronic salicylism should
be evaluated for alternative treatment of the underlying
disorders so that unintentional toxicity will be less likely to
recur.

Prognosis
The prognosis of salicylate-poisoned patients is dependent
upon the complications of salicylate toxicity that
develop. Most patients treated early and appropriately
will do well.
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Scapulothoracic Dissociation
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Department of Surgery, Gundersen Lutheran Medical
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Synonyms
Blunt avulsion of the scapula; Closed forequarter amputation; Traumatic lateral scapular displacement

Definition

Salicylism
▶ Salicylate Overdose

Saline Flushes
Saline flushes refer to the periodic injection of a small
volume (usually 100 ml) of normal saline in an extracorporeal circuit in order to prevent clotting of this circuit
while performing heparin-free renal replacement therapy.

San Joaquin Valley Fever
▶ Coccidioidomycosis

SARS CoV Infection
▶ Severe Acute Respiratory Syndrome, Viral (SARS)

SBP
Primary (spontaneous) bacterial peritonitis is an acute
bacterial infection of the ascitic/intra-abdominal fluid
and peritoneum without evident or easily identifiable
intra-abdominal or surgically treatable source.

Scapulothoracic dissociation (STD) represents a spectrum
of injury to the shoulder caused by violent, traumatic
lateral, or rotational displacement of the shoulder relative
to the fixed thorax. In addition to severe musculoskeletal
disruption, neurologic and vascular injuries are common.
The most severe type of STD involves near amputation of
the forequarter with only the skin remaining intact. Frequent mechanisms of injury include motor vehicle crashes
(often with victim ejection from the vehicle), motorcycle
crashes, all-terrain vehicle crashes, and agricultural accidents [1]. In each case, a twisting or distracting injury to
the shoulder is described. Physical findings reflect the
severity of bony and soft tissue disruption. Shoulder instability or weakness and palpable hematomas or swelling of
the levator scapulae, trapezius, latissimus dorsi, deltoid,
pectoral, and rhomboid muscles are common. A palpable
deformity of the clavicle is often present. Clavicle injuries
include fractures in 47% of patients, sternoclavicular joint
separations in 28%, and acromioclavicular joint separations in 25% [2]. Brachial plexus injuries occur in 94% of
patients with STD. Brachial plexus deficits are complete in
81% and incomplete in 13% [2].Vascular injuries to the
subclavian and/or axillary arteries are present in 88% of
patients [2].
Based on the clinical findings of musculoskeletal, vascular, and neurologic injuries, STD has been classified
according to severity (Table 1) [2, 3].

Treatment
The management of STD is dependent upon the severity
of injury. Patients with only musculoskeletal injuries
require orthopedic stabilization of fractures and/or dislocations to provide a more stable shoulder joint. This may
involve plating of fractures, external fixation devices, or
both. Patients with associated vascular injuries of the
subclavian or axillary arteries and veins may present with
hemorrhage and/or ischemia. External hemorrhage is best
controlled initially by direct pressure or packing of an

Scapulothoracic Dissociation
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Scapulothoracic Dissociation. Table 1 Classification scheme
for scapulothoracic dissociation
Type

Clinical findings

I

Musculoskeletal injury only

IIA

Musculoskeletal injury with
vascular disruption

IIB

Musculoskeletal injury with
incomplete brachial plexus
injury

III

Musculoskeletal injury with
vascular disruption and
incomplete brachial plexus
injury

IV

Musculoskeletal injury with
complete brachial plexus
injury

open avulsion. Patients in hypovolemic shock need immediate resuscitation according to Advanced Trauma Life
Support guidelines. Active hemorrhage from the subclavian or axillary arteries will require ligation in the operating room. Associated major venous injuries are also best
managed by ligation. Endovascular techniques for control
of arterial hemorrhage may be possible in patients who are
hemodynamically more stable (Figs. 1 and 2).
Ischemia in patients with STD is unusual despite arterial disruption due to the rich network of collateral vessels
around the shoulder [1, 3, 4]. However, ischemia is evident in a small subset of patients with major arterial
injury. Revascularization by direct arterial repair, interposition grafting, or arterial bypass may be necessary in these
cases. Endovascular repair by stent placement may be
possible in patients with ischemia from more limited
arterial injuries. Revascularization should be performed
within 4–6 h of injury for optimal results. Patients with
prolonged ischemia or severe soft tissue injury may
require forearm and/or hand fasciotomy to treat or prevent the development of compartment syndrome.
Brachial plexus injuries associated with STD are complete or incomplete. Patients with complete injuries are
unlikely to regain any useful extremity function, leaving
them with a flail arm. In these cases, an above-elbow
amputation is often a better alternative, as a well fitting
prosthesis may be more functional. In patients with
proven complete brachial plexus avulsion, delayed repair
with nerve grafting has yielded uniformly poor results
[1, 3, 4]. Patients with incomplete brachial plexus injuries
may experience considerable improvement over time.
These patients should have every effort made to correct

Scapulothoracic Dissociation. Figure 1 Chest radiograph
demonstrating lateral displacement of the left scapula. Left
clavicle and left scapular fracture are also visible
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Scapulothoracic Dissociation. Figure 2 Arteriogram
demonstrating occlusion of the right subclavian artery from
the arterial transection

vascular ischemia if present and proceed with orthopedic
shoulder stabilization to preserve maximal function.
Patients with the most severe form of STD, those with
near-complete forequarter amputation in whom vascular,
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neurologic, and musculoskeletal injuries are dramatic, are
best managed by control of hemorrhage and early completion of the amputation.

Evaluation/Assessment
Suspicion of STD is based upon careful analysis of the
injury mechanism. Evaluation begins with performance
and documentation of a thorough physical examination.
The skin is scrutinized for lacerations and ecchymoses.
Bones and joints are palpated for fractures and dislocations. Muscles are palpated for hematomas and deformities and tested for function. Neurologic examination of
the entire arm and hand focusing on motor and sensory
function is documented. Vascular perfusion is evaluated
by skin color and warmth, capillary refill, pulse assessment, and Doppler ultrasound examination.
Plain chest radiographs are performed to demonstrate
bony deformities, associated thoracic injuries, and lateral
displacement of the scapula. Clavicular fractures, scapular
fractures, sternoclavicular joint separations, and
acromioclavicular joint separations may be evident. Several authors have described chest radiograph findings that
are quantifiable and diagnostic of STD, if present. Lateral
displacement of the scapula on a non-rotated chest radiograph is pathognomonic of STD [2, 5]. Significant displacement has been described as more than 1 cm of lateral
scapular displacement when compared to the uninjured
side [5]. This requires measurement of the distance from
the midline (spinous process) to the medial border of each
scapula. Others have used a comparison of distances from
the sternal notch to the coracoid or glenoid margins. All of
the radiologic definitions of STD rely on comparison to an
uninjured/normal shoulder and patient position may
grossly affect the accuracy of these measurements. Also,
some patients with STD have soft tissue injuries alone and
the chest radiograph may be normal. Exclusive reliance on
radiographic criteria to establish the diagnosis of STD will
result in selection of that subset of patients with only the
most severe injuries [2]. Lateral displacement of the scapula is diagnostic if present on a chest radiograph. However, if it is absent, STD is unreliably excluded [2]. The
chest radiograph should therefore be used as an inclusive
piece of data to be considered along with a complete
history and physical examination. Computed tomography
and magnetic resonance imaging may help elucidate the
degree of musculoskeletal disruption in selected cases.
Patients with suspected vascular injury based upon
physical findings may require immediate operation for
exsanguinating hemorrhage. Hemodynamically stable
patients with an ischemic limb are best evaluated by conventional arteriography. Less extensive arterial injuries

may be amenable to endovascular, catheter-based techniques for repair. For most arterial injuries, arteriography
is helpful to plan the optimal approach for vascular control and repair in the operating room.
Neurologic evaluation relies primarily on careful,
repeated physical examinations. Occasionally, the severity
or level of injury is best assessed and documented by
electromyography. In patients with partial brachial plexus
injury, clinical progress can be objectively measured by
repeat electromyography.

After-care
Patients in whom the affected arm can be salvaged by
orthopedic fixation and vascular reconstruction require
aggressive wound care and physical therapy for optimal
rehabilitation. Immediately following surgery, repeat neurologic and vascular assessments are performed to detect
any acute changes. Loss of distal pulses or Doppler ultrasound flow may signify graft or vessel thrombosis necessitating re-exploration. Changes in neurologic or vascular
examination may also be signs of acute compartment
syndrome and forearm or hand fasciotomy may need to
be performed. Open wounds are treated with frequent
dressing changes. The first several dressing changes may
be best performed in the operating room for patient comfort and to allow tissue debridement. The type of orthopedic stabilization will determine the schedule for return
to function. Physical therapy is important to maintain
skeletal muscle strength and distal range of motion. In
patients with incomplete brachial plexus injuries, repeat
electromyography is often used to document the level and
degree of function.
Patients managed by above-elbow amputation require
dressing changes until wounds are completely healed.
A rigid dressing can be used to protect and mold the
amputation site. Early prosthesis fitting is recommended
for optimal physical and psychological function.

Prognosis
In a review of 58 STD injuries, there were six (10%) deaths
[2]. Five deaths were from exsanguinating hemorrhage
and one was the result of severe head injury. Of the
remaining 52 survivors, 30 (58%) were left with a flail
extremity, 12 (23%) underwent above-elbow amputation,
and 10 (19%) had some functional arm recovery. In
another series which included only STD patients with
both neurologic and vascular components, long-term outcome paralleled the severity of the neurologic injury [4].
Partial recovery of arm function returned in only 6% of
patients, occurring only in those patients with incomplete
brachial plexus injuries.

Sedative-Hypnotic

In a recent study of 25 STD patients, there were three
(12%) deaths and six (24%) early above-elbow amputations [3]. Of the remaining 16 patients, all of those with
complete brachial plexus avulsion had a flail extremity at
a mean 12.6 years after injury. Patients with incomplete
brachial plexus injuries had much better function of the
shoulder and arm as well as higher Short Form-36 item
health severity scores in every category.
In a series of 11 STD patients treated at the author’s
institution, there were no deaths within 30 days of
injury and 1 (9%) patient underwent above-elbow amputation [1]. None of the remaining patients had a normal
neurologic examination in the injured extremity at 5-year
follow-up but five (45%) had returned to full-time
employment.
The functional outcome of STD is directly related to
the severity of the neurologic injury. Patients with complete brachial plexus avulsion are unlikely to regain any
useful arm function. Although delayed nerve grafting
has been performed in these situations, the long-term
outcome has been uniformly poor [1, 3, 4].
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ScvO2 (Central Venous Oxygen
Saturation)
▶ Venous Oxygen Saturation, Central and Mixed
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Seasonal Influenza
▶ Influenza

Secondary Brain Injury
This refers to injury to the brain after the primary impact
and results from such factors as hypoperfusion and hypoxia
as well as other effects of increased intracranial pressure.

Secondary Compartment
Syndrome
▶ Burn Injury, Compartment Syndromes

Second-Degree Burn
▶ Burn Injury, Primary Wound Excision

Sedation
▶ Conscious Sedation

Sedative-Hypnotic
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Synonyms
Anxiolytics; Hypnotics; Sedatives; Tranquilizers

Definition

Scyphozoa
▶ Jellyfish Envenomation
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The use of compounds to induce unconsciousness or sleep
has occurred throughout history. The term hypnotic is
used to describe those particular agents that induce
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sleep, the term sedative is used for agents that reduce
agitation, and anxiolytics are used to describe agents that
decrease the feeling of anxiety. Although the use of the
term tranquilizers to describe agents that induce a calming
effect has largely fallen out of favor, these agents are now
referred to as sedative-hypnotics. Sedative-hypnotics are
a broad class of agents that have a calming effect as well as
limit excitability (sedation), and are capable of inducing
sleep (hypnotics).
There are other agents that are capable of reducing
anxiety, including certain antidepressants, but this entry
will focus on drugs whose primary mechanism of action
involve agonism at the g-aminobutyric acid (GABA)
receptor. While sedative-hypnotics is often used to refer
to the benzodiazepines, there are many other types of
medications that have been used historically as sedativehypnotics such as barbiturates, chloral hydrate, glutethimide, and paraldehyde.
Some of the earlier sedative-hypnotics introduced in
the mid-1800s include bromides, which were soon
followed by chloral hydrate and paraldehyde. While effective as sedatives, they were generally limited by their sideeffect profile. Barbiturates were introduced in the early
1900s and quickly became the dominant class of sedativehypnotics used for a variety of indications that include
reduction of anxiety and hypnosis, and for treatment of
seizures. Despite their extensive use, they frequently
became implicated in overdose and death due to their
poor therapeutic-to-toxic ratio as well as their high potential for addiction. By the 1950s the barbiturates were
largely replaced by the benzodiazepines. Chlordiazepoxide
was the first benzodiazepines and now over 50 benzodiazepines are currently available worldwide. Intentional and
unintentional overdoses with sedative-hypnotics are common and one of the leading classes of drugs associated
with fatal overdoses reported to the American Association
of Poison Control Centers (AAPCC). Although overdoses
of barbiturates are associated with high mortality, relatively few deaths have been reported with isolated oral
benzodiazepine overdoses, and deaths that occur are
typically due to mixed ingestions with other respiratory
or central nervous system depressants.

Evaluation/Assessment
Pharmacology
Most sedative-hypnotics produce central nervous system
depression through interaction with the GABA-mediated
chloride ionophore or channel. While there are different
GABA receptor subtypes, it is the GABAA receptor subtype
with which many sedative-hypnotics interact. GABAA

receptors are the primary mediators of inhibitory neurotransmission in the central nervous system. The GABAA
receptor is associated with a postsynaptic chloride channel
and is a pentameric structure composed of different types
of polypeptide subunits. The most common GABAA
receptor in the brain is composed of a1b2g2 subunits.
While a majority of sedative-hypnotics will mediate their
clinical effect primarily through the GABA receptors, they
also may interact with other receptors such as AMPA/
kainate and N-methyl-D-aspartate (NMDA) glutamate
receptors. Some benzodiazepines may interact with serotonergic receptors as well as affect adenosine reuptake and
metabolism.
Most sedative-hypnotics undergo rapid absorption
with a majority occurring in the small intestine. After
initial distribution, many sedative-hypnotics will also
undergo redistribution to other parts of the body, in
particular fat and many will undergo metabolism in the
liver where glucuonidation, demethylation, and hydroxylation may occur. It is also important to realize that some
sedative-hypnotics, such as chloral hydrate and diazepam,
are metabolized to pharmacologically active intermediates
with a prolonged half-life when compared to the parent
compound. As a general rule, many sedative-hypnotics
undergo significant protein binding and are also poorly
filtered by the kidney. There are some exceptions such as
chloral hydrate that can undergo significant elimination in
the kidneys. There are also certain drugs such as phenobarbital that can undergo enhanced elimination with the
manipulation of urinary pH.
The clinical effects of sedative-hypnotics are determined primarily by their ability to penetrate the blood
brain barrier. Those drugs that are lipophilic such as
ultrashort-acting barbiturates penetrate the blood brain
barrier rapidly producing clinical effects within seconds.
As a general rule, overdoses of mixed sedative-hypnotics
can produce synergistic effects including profound central
nervous system depression with associated respiratory
depression. A classic example of this synergistic interaction is best illustrated with overdoses of both benzodiazepine and barbiturates. While both agents will act on the
GABA site, their complementary mechanisms of action
produce greater than summative effects: barbiturates prolong the duration of the chloride ionophore opening,
whereas the benzodiazepines will increase the frequency
with which the chloride ionophore open.

Clinical Features
The hallmark of sedative-hypnotic overdose is central
nervous system depression. Significant ingestions of sedative-hypnotics often will produce slurred speech and
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ataxia in a manner similar to acute ethanol intoxication.
Moderate to severe overdoses will often manifest as coma
and stupor. As a general rule, most sedative-hypnotics do
not produce direct respiratory depression in the same
manner as opioids, but severe profound central nervous
system depression may lead to lack of airway protection.
In general, the physical examination will often be
unrevealing as to what particular agent may be the cause.
There may be certain clinical findings that are characteristic of a sedative-hypnotic overdose such as hypothermia
and coma. Chloral hydrate is associated with cardiac dysrhythmias as well as gastritis. Patients who overdose on
benzodiazepines classically present as “coma with normal
vital signs.”
In a manner similar to ethanol, all sedative-hypnotics
can produce dependence and withdrawal. When
discussing the concept of dependence and withdrawal, it
is important to discuss tolerance. Tolerance is defined as
a decreased response to a drug with continued use such
that a larger dose is required to achieve the previous effect.
Physical drug dependence is a state of chronic drug use in
which a set of negative symptoms occur with abrupt
cessation of the drug. There are many changes that occur
at the level of the receptors with repeated exposure to the
drug. Such changes may include structural changes in
receptors (receptor shift) as well as a decrease in the
amount of the receptors (down-regulation). Approximately one third of all benzodiazepine users will experience withdrawal with abrupt cessation or a decrease in use.
Factors that may contribute to the severity of the symptoms include total amount of dose, half-life, as well as
other underlying disease. An iatrogenic cause of acute
withdrawal is the use of flumazenil, a benzodiazepine
receptor antagonist.

Diagnostic Testing
Diagnostic testing in the case of an undifferentiated comatose patient requires a consideration of all possible causes
including trauma, infection, and metabolic and endocrine
derangements. Laboratory testing such as electrolytes,
liver enzymes, thyroid function tests, and venous or arterial blood gas analysis should be obtained as indicated. An
acetaminophen and salicylate serum concentration should
be obtained. A non-contrast computed tomography of the
head and cerebrospinal fluid analysis should be obtained if
infection and/or trauma are also a consideration.
Routine screening for drugs of abuse are often
obtained with the expectation that it may guide management. While they are useful for confirmatory purposes as
well as epidemiologic insight, they rarely contribute to the
acute management of a comatose patient. These tests vary
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in type, sensitivity, and specificity. The majority of sedative-hypnotics typically are not included or detected on
drugs of abuse screen. One of the major limitations of the
benzodiazepine screen is the lack of ability to detect many
benzodiazepines. A benzodiazepine screen identifies
metabolites of 1,4-benzodiazepines, such as oxazepam.
Other benzodiazepines such as lorazepam and alprazolam,
which undergo minimal metabolism are not commonly
detected. Obtaining a specific drug concentration such as
ethanol or phenobarbital may be useful to confirm or
exclude ingestion but may not be readily available in an
acute setting and may require the sample to be sent out to
an outside facility.

Specific Agents
Benzodiazepines
The first benzodiazepine to be introduced in 1961 was
chlordiazepoxide which was used for anxiety, soon
followed in 1963 by diazepam for use in seizures. As
a class, benzodiazepines are used most commonly for
sedation. There are some exceptions such as clonazepam,
which is used for the chronic treatment of seizures.
Benzodiazepines are lipophilic and highly protein
bound. They also undergo extensive hepatic metabolism
before renal elimination.
There are two different centrally located benzodiazepine receptors in the brain. Type I receptors are thought to
mediate sleep, amnesia, and anxiety. They are located
throughout the brain as opposed to Type II receptors,
which are primarily located in the hippocampus, spinal
cord, and striatum and mediate dependency. It is also
important to realize there are also peripheral benzodiazepine receptors (although they can be found in the brain as
well). These peripheral receptors are different from
GABA-associated benzodiazepine receptors with regard
to structure and function. Although their exact function
is not clear, they appear to modulate several biologic
functions including the sympathetic nervous system.
Another unique property of benzodiazepines when
compared to other sedative-hypnotics is that, even at
high concentrations, they do not independently open
GABA channels such as some barbiturates. This accounts
for their relative safety even after very large overdoses of
the oral formulation. Long-term use of benzodiazepine is
not associated with any organ dysfunction, and death
from isolated oral overdoses is exceedingly rare. Abrupt
cessation of benzodiazepines may manifest as withdrawal,
which can occur in up to one third of chronic users.
Benzodiazepine withdrawal may manifest as autonomic
instability, tremors, agitation, and seizures. Iatrogenic
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withdrawal can occur when a benzodiazepine receptor
antagonist, such as flumazenil, is administered. Similar
to ethanol withdrawal, benzodiazepine withdrawal can
be life threatening. Particular care should be exercised
when considering the use of flumazenil, since precipitated
withdrawal is particularly problematic.

for no more than 24 h. For procedural sedation,
a dexmedetomidine maintenance infusion of 0.2–1 mg/
kg/h is recommended after the loading dose. Due to lack
of safety data with prolonged use (>24 h), the
recommended maximum duration of therapy is 24 h.

Meprobamate/Carisoprodol (Soma)
Chloral Hydrate
Chloral hydrate was discovered in 1832 with the chlorination of ethanol. It was used extensively in the late 1800s as
a sedative and short-term hypnotic. Chloral hydrate later
became replaced by barbiturates and was also formerly
used as a general anesthetic in veterinary medicine. Like
most sedative-hypnotics, chloral hydrate also antagonizes
at GABA receptors. Chloral hydrate is rapidly absorbed
and is converted to trichloroethanol by alcohol dehydrogenase, which is responsible for its hypnotic effects.
Trichloroethanol has a half-life of 4–12 h and is metabolized by alcohol and aldehyde dehydrogenase to inactive
trichloroacetic acid. Acute chloral hydrate toxicity can
manifest with significant gastrointestinal symptoms,
such as nausea, emesis, as well as hemorrhagic gastritis,
and gastric perforation has been described. A unique feature of acute chloral hydrate poisoning is cardiotoxicity,
which is atypical of sedative-hypnotic poisoning, but
common among halogenated hydrocarbons [2]. Chloral
hydrate produces QT prolongation and increases the risk
of torsades de pointe (TDP) in response to ectopy (thus
catecholamines) in a manner similar to other halogenated
hydrocarbons. The main cause of death is often cardiac
dysrhythmias, such as torsades de pointes. Treatment centers on the resolution of cardiac dysrhythmias, commonly
with the use of a beta-adrenergic antagonist.

Dexmedetomidine (Precedex)
Dexmedetomidine is one of the newest sedative/hypnotic
agents used in the critical care setting. It is indicated for
short-term use as a sedative as well for analgesia. Despite
its clinical similarities to the other sedative-hypnotics, its
mechanism of action is distinctly different from most
such agents. Rather, it is a central and peripheral
alpha2-receptor agonist, and its therapeutic effects are
primarily mediated centrally. Dexmedetomidine’s analgesic effects are mediated in the dorsal horn of the spinal
cord, where it is thought to decrease the firing of ascending
nociceptive neurons. One of the advantages of
dexmedetomidine is the lack of respiratory depression as
well as dependency that appears to be due to its pharmacologic effect. The dose of dexmedetomidine for mechanical ventilation is a loading dose of 1 mg/kg over 10 min,
followed by a continuous infusion of 0.2–0.7 mg/kg/h

Carisoprodol is marketed as a centrally acting muscle
relaxant, although its true mechanism of action is not
known. Carisoprodol is metabolized to meprobamate,
which produces euphoria. Carisoprodol has a rapid
onset of action with a duration of about 4–6 h. It is
primarily metabolized by the liver and excreted by the
kidney. While carisoprodol has been pulled off the market
in countries such as Sweden due to its abuse potential, it is
still available in the USA. Patients with large overdoses of
meprobamate may develop gastric bezoars, which can
result in delayed symptoms as well as recurrent coma
(cyclic coma). The use of multidose activated charcoal
may be warranted in patients with large ingestions of
meprobamate. While orogastric lavage may have a role in
this case, a large bore tube should be used as concretions
may have formed with large ingestions (although concretions can be difficult to withdraw with orogastric lavage).

Methaqualone
Methaqualone is a nonbarbiturate sedative-hypnotic that
belongs to the quinazoline group. While currently illegal
in the USA, it was commonly used as a hypnotic and
sedative in the 1960s and 1970s. Most recently there was
a nationwide drug seizure of methaqualone in the state of
New York, in which hundreds of thousands of pills were
noted to be produced in labs. It has also been used as
a recreational drug known as Quaaludes or Sopors.
Currently it is commonly used in Africa and is one of the
leading drugs of abuse, known as smarties or mandrax.
Methaqualone undergoes extensive protein binding upon
absorption, which is typically complete in 2–4 h. Effects
under normal dosing can manifest as euphoria and paresthesias. Although patients with methaqualone overdose
can present similarly to those with barbiturate overdose
(respiratory depression and hypotension), hyperreflexia
and increased muscular hyperactivity can occur and
these are atypical findings in sedative-hypnotic poisoning.
Treatment is typically supportive care [3].

Propofol
Propofol is a rapid-acting intravenous sedative-hypnotic
used for the induction and maintenance of general anesthesia as well as procedural sedation. It functions as
a postsynaptic GABAA receptor agonist and antagonist
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to glutamate at NMDA receptors. Propofol is highly lipid
soluble, which allows it to quickly cross the blood brain
barrier to exert its effect. Onset of action is rapid, usually
occurring within 1–2 min with duration of action of
4–8 min. Propofol is associated with many adverse events
such as respiratory depression and hypotension.
A rare and often fatal syndrome was described in the
critically ill children who were receiving large doses of
propofol (>4 mg/kg/h) for over 48 h [5]. The clinical
features of this syndrome consist of rhabdomyolysis,
renal failure, severe metabolic acidosis, and cardiac failure.
This syndrome was later noted in adults receiving high
doses of propofol. Although the etiology of this syndrome
is multifactorial and not entirely clear, propofol impairs
free fatty acid utilization and mitochondrial activity leading to imbalance between energy demand and utilization
in organs such as the skeletal and cardiac muscles. Treatment is primarily supportive with immediate withdrawal
of propofol upon recognition of this potentially fatal
disorder.

Zolpidem (Ambien)-Zaleplon
(Sonata)-Eszopiclone (Lunesta)
Zolpidem, zaleplon, and eszopiclone have largely replaced
the benzodiazepines as hypnotics. Although these drugs
are structurally unrelated to benzodiazepines, they interact with the type I benzodiazepine receptor (GABAA a1
subunit). Zolpidem and zaleplon have a lower affinity for
the type II (v2) receptor that is responsible for anxiolytic
and anticonvulsant properties. These drugs are metabolized in the liver. As a general rule, isolated overdoses of
these drugs are rarely associated with any serious morbidity or mortality [4]. Central nervous system depression is
very common in overdose with these particular medications. The deaths associated with overdoses of these agents
are almost always in the setting of a mixed ingestion.
Treatment for hypnotic overdose is typically supportive
but flumazenil has been reported to reverse the central
nervous depression.

Treatment
General Approach: The general approach to all patients
with sedative-hypnotic overdoses should focus on
maintaining adequate airway, oxygenation, and hemodynamic support. Most deaths from sedative-hypnotics are
from respiratory failure. The mainstay of treatment
includes respiratory support with supplemental oxygen
along with pulmonary aspiration prevention. Hemodynamic instability often occurs after respiratory depression
and should be initially managed with volume expansion
with isotonic fluids such as normal saline before

S

consideration of vasopressors. Lethal ventricular dysrhythmias can occur with certain agents such as chloral
hydrate and consideration should be given to the use of
a b-adrenergic antagonists [2].
Decontamination: Patients who present with
a significant ingestion of a sedative-hypnotic should
receive a dose of activated charcoal at 1 g/kg if there are
no contraindications such as risk of aspiration or altered
mental status. The use of multiple-dose activated charcoal
(MDAC) increases phenobarbital elimination by 50–80%.
Despite enhanced elimination, one randomized controlled study that evaluated MDAC versus a single dose
of activated charcoal in patients who overdosed on phenobarbital could not demonstrate any benefit in specified
outcome measures such as time to extubation and mortality [1].
The use of orogastric lavage should be carefully considered on a case-by-case basis. Orogastric lavage is associated with certain complications such as pulmonary
aspiration or esophageal perforation. It should be considered in patients who overdose with sedative-hypnotics
that may form concretions such as meprobamate. In general orogastric lavage is not recommended as most of these
patients do well with supportive care reducing the willingness to accept the risk attendant to orogastric lavage.
Most of the mortality of sedative-hypnotics is associated with their ability to cause respiratory depression.
Patients who present with a sedative-hypnotic ingestion
and are asymptomatic for 4–6 h can typically be monitored in a general observation floor. Patients who ingest
long-acting sedative-hypnotics such as meprobamate
should undergo observation for 24 h.
Flumazenil is a competitive benzodiazepine receptor
antagonist that rapidly reverses the sedative effects of
benzodiazepines. While flumazenil has been used frequently in the setting of an undifferentiated comatose
patient, the risk-benefit ratio is often poor with many
complications when not used judiciously. Flumazenil is
a benzodiazepine analog that acts as a competitive antagonist at the benzodiazepine receptors. Investigations that
use positron emission tomography (PET) to study receptor occupancy of flumazenil demonstrate 50% occupancy
with 1.5 mg of flumazenil and almost 100% occupancy
when 15 mg of flumazenil is used.
While flumazenil is used as a reversal agent in the
setting of conscious sedation with benzodiazepine such
as midazolam, its use in the overdose setting is controversial. One of the arguments against the use of flumazenil in
the setting of a benzodiazepine overdose is that there is
very little mortality associated with a pure benzodiazepine
overdose. Other important safety issues involve the
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precipitation of seizures in benzodiazepine-dependent
patients as well as dysrhythmias in patients who ingest
benzodiazepine with a proarrhythmic drug. In general the
risks often outweigh the benefits when flumazenil is used
in patients who are chronically on a benzodiazepine as
well as patients who present with ingestion that may cause
seizures or dysrhythmias such as cocaine or methylxanthines. In the event of a seizure precipitated with
flumazenil, a benzodiazepine should still be administrated. As flumazenil is a competitive antagonist at
the benzodiazepine receptor, a higher dose of a benzodiazepine may be required to overcome the receptor
blockade.
While the use of flumazenil may be problematic in the
undifferentiated comatose patient, the use of flumazenil
may be ideal for patients who overdose purely on
a benzodiazepine and do not have a history of chronic
benzodiazepine use. Refer to both Tables 1 and 2 for
indications and contraindications. It is important to realize that duration of effect of flumazenil is shorter than
many commercially available benzodiazepines so
resedation may occur requiring repeated doses.
Flumazenil has also been effective for overdoses of current
hypnotics such as zaleplon and zolpidem.
Flumazenil is available as Romazicon in
a concentration of 0.1 mg/mL in either 5- or 10-mL
vials. The dose of flumazenil should be administrated as
a low dose by slow intravenous titration of 0.1 mg/min
with the total dose 1 mg. A continuous intravenous
infusion of flumazenil can also be administrated if
a long-acting benzodiazepine is ingested and resedation

may be a concern although not approved by the FDA
for use in this manner. The dose ranges between 0.1
and 1 mg/h often placed in either 5% dextrose in water
or 0.9% normal saline following a loading dose as
described above.

Prognosis and After-care
When identified and treated shortly after the overdose the
prognosis is excellent with care as noted above. Aftercare
should include a focus on the underlying conditions that
led to toxicity or intentional overdose and will include
assessment of underlying psychiatric disorders, when
appropriate.
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Sedatives
Sedative-Hypnotic. Table 1 Indications for the use of
flumazenil

▶ Sedative-Hypnotic

1. Patient is naı̈ve to benzodiazepines
2. Normal vital signs (“coma with normal vital signs”)
3. Normal ECG

Selective Angiography
Percutaneous technique to visualize major blood vessels
after injection of a radio-opaque contrast.

Sedative-Hypnotic. Table 2 Contraindication for the use of
flumazenil
1. Chronic use of a benzodiazepine
2. Abnormal vital signs
3. Underlying seizure disorder
4. Any co-ingestion that may cause seizures or dysrhythmias
5. Abnormal electrocardiogram (i.e., QRS/QTc widening or
terminal rightward 40 ms axis)

Sengstaken–Blakemore Tube
A naso- or orogastric multilumen tube possessing esophageal and gastric balloons that may be inflated to compress
gastroesophageal varices to terminate bleeding.
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Synonyms
Systemic inflammatory response syndrome (SIRS) with
infection

Definition
Sepsis is defined as the presence of both a systemic inflammatory response and an infection. The increasing incidence of sepsis and the unacceptably high mortality rates
associated with the disease have led to global efforts to
understand pathophysiology, improve early diagnosis, and
standardize management. Understanding the spectrum of
the disease is important for gauging severity, determining
prognosis, and developing methods for standardization of
care in sepsis.
Numerous attempts have been made to accurately
define the concepts of the ▶ systemic inflammatory
response syndrome (SIRS) and sepsis. SIRS was introduced in 1991 and is defined by the presence of two or
more of the following: body temperature >38 C or
<36 C, heart rate >90 beats/min, respiratory rate >20
breaths/min or PaCO2 <32 mmHg, and a white blood cell
count >12,000 cells/ml or <4,000 cells/ml. The currently
accepted definitions define sepsis as the presence of two or
more signs and symptoms of the inflammatory response
plus a documented or suspected source of infection.
▶ Severe sepsis is sepsis that is associated with organ
dysfunction or hypoperfusion. Finally, ▶ septic shock is
sepsis with arterial hypotension despite adequate fluid
resuscitation.
In 2001, a consensus conference was convened to
reevaluate the definitions of sepsis given the criticisms
that previous definitions of sepsis were overly sensitive
and nonspecific [1]. While recommending to abandon
the term SIRS and expand the list of signs and symptoms
of sepsis beyond the arbitrary four initially described, this
conference reinforced the definitions of sepsis, severe sepsis, and septic shock. The list of signs and symptoms
indicating sepsis was expanded to better assess the patient
clinical response. In addition, a staging system was proposed for the purpose of incorporating both host factors
and response to a particular infectious insult. This concept, termed PIRO (Predisposition, Infection, Response,
Organ dysfunction) speaks to the need to define, diagnose,
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and treat septic patients more precisely as a variety of
evidence-based interventions now exist to improve outcomes in severe sepsis and septic shock. (See Table 1)
Integral to the development of diagnostic and management strategies is an understanding of the interplay
between the host’s immune, inflammatory, and procoagulant responses in sepsis. When a given infectious
agent invades the host, an innate response is triggered via
toll-like receptors (TLR). TLRs are transmembrane proteins with the ability to promote signaling pathways downstream, triggering cytokine release, neutrophil activation,
and stimulating endothelial cells. Activation of humoral
and cell-mediated immunity follows with specific B and
T cell responses and both pro- and anti-inflammatory
cytokine release. Proinflammatory mediators, including
tumor necrosis factor (TNF)- a, interleukin (IL)-1b, interleukin (IL)-6, and anti-inflammatory mediators, including
interleukin (IL)-10, IL-1 receptor antagonists (IL-1ra), soluble TNF receptors (sTNFr), are both significantly
upregulated in patients with severe sepsis.
As adaptive immunity is triggered and the inflammatory cascade of sepsis unfolds, the balance is shifted toward
cell death and a state of relative immunosuppression. At
this late stage, accelerated lymphocyte apoptosis occurs
and proinflammatory mediators, including TNFa, IL-1b,
and IL-6, may be downregulated. Innate defects in neutrophil response and host immunity may also play a role.
End-organ dysfunction ensues. Various mediators,
including TNF-a and IL-1b, induce nitric oxide and
cause myocardial depression and left ventricular dilatation
with decreased ejection fraction and systemic vascular
resistance. The end result of these hemodynamic changes
is an elevated cardiac output and generalized vasodilatation. This is often described as “high-output” shock.
As the inflammatory response progresses, myocardial
depression becomes more pronounced and may result in
a falling cardiac output. Altered Starling forces from vasodilation and endothelial dysfunction prompted by mediator release lead to capillary leak and pulmonary edema
that may progress to acute lung injury and acute respiratory distress syndrome (ARDS). A surge in catecholamines, angiotensin II, and endothelin causes renal
vasoconstriction and increases risk for nephrotoxicity
with renal failure.
The above changes are accompanied by alterations in
the coagulation cascade toward a procoagulant and
antifibrinolytic state. Increased thrombin, via tissue factor
upregulation, leads to endothelial and platelet activation
as well as vascular smooth muscle changes. As a result,
there is fibrin deposition and microvascular thrombosis
which may threaten end organs. The development of

2023

S

2024

S

Sepsis, Overview

Sepsis, Overview. Table 1 Diagnostic criteria for sepsis 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions
Conference
Infectiona
Documented or suspected and some of the followingb:
General parameters
Fever (core temperature >38.3 C)
Hypothermia (core temperature <36 C)
Heart rate >90 bpmor >2 SD above the normal value for age
Tachypnea >30 bpm
Altered mental status
Significant edema or positive fluid balance (>20 ml/kg over 24 h)
Hyperglycemia (plasma glucose >110 mg/dl or 7.7 mM/l) in the absence of diabetes
Inflammatory parameters
Leukocytosis (white blood cell count >12,000/ml)
Leukopenia (white blood cell count <4,000/ml)
Normal white blood cell count with >10% immature forms
Plasma C reactive protein > 2 SD above the normal value
Plasma procalcitonin >2 SD above the normal value
Hemodynamic parameters
Arterial hypotensionb (systolic blood pressure <90 mmHg, mean arterial pressure <70, or a systolic blood pressure
decrease >40 mmHg in adults or <2 SD below normal for age)
Mixed venous oxygen saturation >70%b
Cardiac index >3.5 l/min/m2c,d
Organ dysfunction parameters
Arterial hypoxemia (PaO2/FIO2 <300)
Acute oliguria (urine output <0.5 ml/kg/h or 45 mM/l for at least 2 h)
Creatinine increase 0.5 mg/dl
Coagulation abnormalities (international normalized ratio >1.5 or activated partial thromboplastin time >60 s)
Ileus (absent bowel sounds)
Thrombocytopenia (platelet count <100,000/ml)
Hyperbilirubinemia (plasma total bilirubin >4 mg/dl or 70 mmol/l)
Tissue perfusion parameters
Hyperlactatemia (>3 mmol/l)
Decreased capillary refill or mottling
a

Defined as a pathological process induced by a microorganism
Values above 70% are normal in children (normally 75–80%) and should therefore not be used as a sign of sepsis in newborns or children
c
Values of 3.5–5.5 are normal in children and should therefore not be used as a sign of sepsis in newborns or children
d
Diagnostic criteria for sepsis in the pediatric population is signs and symptoms of inflammation plus infection with hyper- or hypothermia (rectal
temperature >38.5 C or <35 C), tachycardia (may be absent in hypothermic patients) and at least one of the following indications of altered organ
function: altered mental status, hypoxemia, elevated serum lactate level, and bounding pulses
b

disseminated intravascular coagulation in severe sepsis is
a predictor of death and the development of multi-organ
failure. Antithrombin III, protein C, protein S, and tissue
factor pathway inhibitor levels are decreased in severe
sepsis leading to a prothrombotic, antifibrinolytic state.

Evaluation/Assessment
Despite advances in our understanding of the disease’s
mechanisms, it remains difficult to apply these lessons
clinically toward early diagnosis and treatment.
Addressing this dilemma is paramount given the
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availability of life-saving interventions, interventions
which lose their mortality benefit when delivered late. As
the host’s initial compensatory mechanisms are
overwhelmed and a patient moves through the disease
spectrum, tissue beds become hypoxic, and injury
occurs at the microvascular level. The resultant tissue
hypoperfusion, which characterizes severe sepsis and septic shock, can occur despite normal clinical parameters
including vital signs and urine output and may continue
following initial resuscitation. Failure to intervene at this
stage, prior to or early in the development of organ dysfunction, results in increased morbidity and mortality.
Poor outcomes in severe sepsis have been correlated to
the development of organ failure on as early as day 1 of
presentation.

Treatment
The increasing incidence and high mortality rates associated with sepsis has led to numerous treatment modalities.
The most effective treatment of sepsis likely depends upon
integration of various treatment interventions in a timely
fashion. The following interventions represent the most
effective means to treat sepsis; however, clinical judgment
must be used to determine the appropriateness of each
intervention for a particular patient.

Initial Resuscitation
In addition to developing a more comprehensive definition and staging system for identifying patients early,
lactate and central venous (superior vena cava) (ScvO2)
or mixed venous oxygen saturation (SvO2) have been used
as surrogate markers to identify patients with an imbalance of oxygen supply and demand who are, therefore, at
risk. While lactate itself lacks precision, in the appropriate
clinical setting an elevated level (4 mmol/l) is indicative
of tissue hypoperfusion and is an independent predictor of
mortality.
In the initial inflammatory phase, there is often an
increase in oxygen delivery, which may be associated
with a fall in ScvO2 or SvO2 due to increased oxygen
extraction at the tissue level and an inadequate cardiovascular response. As the inflammatory response progresses,
there are regional alterations in the microcirculation, leading to an elevation in ScvO2 or SvO2. As the host’s initial
compensatory mechanisms are overwhelmed and a patient
moves through the disease spectrum, tissue beds become
hypoxic, and injury occurs at the microvascular level. The
resultant tissue hypoperfusion, which characterizes severe
sepsis and septic shock, can occur despite normal clinical
parameters including vital signs and urine output and may
continue following initial resuscitation.
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Patients presenting with hypotension despite initial
fluid challenge or blood lactate >4 mmol/l define the
group of patients in septic shock. The early identification
and treatment of tissue hypoperfusion in these patients is
imperative. An elevated lactate in the appriopriate clinical
setting is indicative of tissue hypoperfusion and an independent predictor of mortality.
Recent consensus guidelines for sepsis management
define multiple physiologic parameters to target in the
initial resuscitation of septic patients [2]: A target central
venous pressure of 8–12 mmHg, mean arterial pressure
65 mmHg, urine output 0.5 ml/kg/h, and a central
venous or mixed venous oxygen saturation 70% or
65%, respectively. The goal of early resuscitation is to
reach these targets in the first 6 h of therapy to restore early
tissue perfusion. Poor outcomes in severe sepsis have been
correlated to the development of organ failure on as early
as day 1 of presentation [3]. Knowledge of the relationships between these physiological parameters and efforts
to optimize oxygen supply and demand in patients with
severe sepsis has evolved into ▶ goal-directed therapy. The
survival advantage of ▶ early goal-directed therapy
(EGDT), compared to conventional therapy, was first
illustrated by Rivers et al. in 2001 [3]. Patients in the
treatment group received greater volumes of resuscitation
fluid in the first 72 h, but the total volume of fluid and red
blood cells given was equivalent between the groups. The
patients in the treatment group showed a significantly
improved 28-day mortality rate (30.5 versus 46.5).

Antibiotic Therapy
Timely administration of antibiotics is a crucial step in the
treatment of sepsis. Ideally, cultures are obtained early in
the workup and do not delay the institution of antibiotic
therapy. Cultures should include two blood cultures and
cultures of other appropriate sites based on clinical
presentation.
Outcomes for patients receiving inadequate antimicrobial coverage are worse than for patients receiving
appropriate antibiotic coverage; therefore, patients should
be started on broad spectrum antibiotics. If a causative
organism is identified (20% of patients with sepsis have
negative cultures), then the antibiotic regimen should be
narrowed to decrease the likelihood of the emergence of
resistant organisms. The local microbiology profile and
patient factors need to be considered when choosing initial antibiotic therapy.
In addition to appropriateness of coverage, the timing of
antibiotic treatment affects the outcome of infected patients.
The mortality of infection increases dramatically as the delay
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in initiation of antibiotics increases. Ideally, intravenous
antibiotic therapy should be started as early as possible and
within the first hour for the patient’s in septic shock.

Source Control
The cause of sepsis must be identified as soon as possible,
and the appropriate intervention employed to eradicate
the infectious source. After initial resuscitation and antibiotic treatment, patients must be evaluated to determine
the site of infection. This may require imaging studies in
addition to history, physical exam, and laboratory data. If
a septic source amenable to intervention is identified, the
appropriate therapy should be performed soon after initial
resuscitation.

Vasopressor and Inotropic Support
All patients should be fluid resuscitated to adequate CVP;
however, despite adequate fluid therapy, vasopressor support is frequently required. The goal mean arterial pressure (MAP) should be approximately 65 mmHg. The
adequacy of the MAP may differ for each individual
patient and careful consideration of other markers of
tissue perfusion should be used as adjuncts to determine
appropriate MAP levels.
The first-line ▶ vasopressors should be dopamine or
norepinephrine. Dopamine increases MAP and cardiac
output, but may be limited by induction of tachycardia.
Norepinephrine primarily functions to elevate MAP
through vasoconstriction with mild effects on cardiac
output, but it tends to be a more effective drug at
correcting hypotension.
Vascular responsiveness to catecholamines diminishes
over time due to excessive nitric oxide production in
sepsis. Thus, the search for alternative vasopressors, used
alone or in combination with standard therapies, is of
great interest. The plasma vasopressin levels of patients
with septic shock are almost always increased at the initial
phase of septic shock and decrease afterward. Therefore,
patients in septic shock have been postulated to have
inadequate levels of vasopressin and the addition of vasopressin may allow for a reduction in standard vasopressors. In a randomized, controlled trial, however, the
addition of low dose vasopressin to norepinephrine
did not significantly improve the survival of patients
with septic shock. A positive effect on survival was
observed in a predetermined (norepinephrine dose
<15 mg/kg/min) subgroup of patients with moderate
shock. Vasopressin causes direct vasoconstriction, but its
effects are organ system specific. In the pulmonary
and coronary circulation, vasopressin therapy leads to

vasodilation, but the splanchic circulation is
vasoconstricted. Vasopressin should be dosed in the range
of 0.01–0.04 units/min and not titrated upward. Higher
doses of vasopressin have been associated with cardiac
and splanchnic ischemia.

Corticosteroids
The use of corticosteroids in sepsis remains highly controversial. Numerous studies have attempted to define the
role of corticosteroids in sepsis. They have evaluated the
appropriate dose, timing of therapy, and assessment of the
adrenal axis. High-dose corticosteroids (>300 mg of
hydrocortisone daily) are likely to cause harm and are
not recommended for treatment of sepsis. Low- to
medium-dose corticosteroids may impart some benefit
to patients in persistentseptic shock.
A single multicenter randomized control trial in which
patients with refractory shock despite vasopressors and
volume resuscitation received either hydrocortisone
(50 mg IV every 6 h) and fludrocortisone (50 mg daily)
or placebo for 7 days showed a mortality benefit at 28 days
for patients receiving corticosteroid treatment (53% versus 63%, p = 0.02) [4]. A secondary outcome finding was
that patients receiving steroid therapy were more likely to
wean off vasopressors (57% versus 40%, p = 0.001). This
benefit was restricted to the patients that were classified as
nonresponders to the adrenocorticotropin (ACTH) stimulation test.
Another multicenter randomized trial, CORTICUS,
reported contradictory evidence, showing no survival
benefit in patients receiving hydrocortisone [5]. Steroid
treatment in the CORTICUS trial did show a faster resolution of septic shock.
The reason for disparate findings in these two large
multicenter trials may be the difference in patient selection. The first study only included patients in shock with
blood pressure unresponsive to fluids and vasopressors
after 8 h, while the CORTICUS study included patients
in septic shock regardless of response to vasopressors up to
72 h after admission. Thus, at this time the best recommendation is for the use of low-dose corticosteroids
(200–300 mg/daily in divided doses for 7 days) in patients
that have been adequately fluid resuscitated and are in
vasopressor-dependent septic shock. The ACTH stimulation test does not need to be performed to identify patients
to whom corticosteroids are to be given. Although nonresponders may be the patients that benefit most from
corticosteroid therapy, multiple studies have shown
more rapid shock reversal with corticosteroids regardless
of ACTH stimulation test results.
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The wide range of results in clinical trials has led
to reexamination of the paradigm of adrenal insufficiency in the critically ill. ▶ Critical illness–related corticosteroid insufficiency (CIRCI) has recently been
redefined as inadequate corticosteroid activity for the
severity of the illness of a patient. The exaggerated
proinflammatory response that characterizes patients
with sepsis results in suppression of the HPA axis and
adrenal failure. However, experimental and clinical data
suggest that corticosteroid tissue resistance may also
play an important role. Therefore, CIRCI arises due to
corticosteroid tissue resistance together with inadequate
circulating levels of free cortisol. The role of exogenous
steroids in critically ill patients where nuclear glucocorticoid receptor activity may be impaired remains to be
defined.

Recombinant Human Activated Protein C
(rhAPC)
Therapeutic attempts to target the procoagulant and
inflammatory nature of sepsis have been disappointing.
Numerous drugs have been used in an attempt to control
the body’s response to sepsis, but only rhAPC therapy has
resulted in mortality reduction in human patients. The
PROWESS study, a multicenter, randomized controlled
trial with 1,690 patients, demonstrated a 19.4% relative
reduction and a 6.1% absolute reduction in the risk of
death (p = 0.005) [6]. It is important to note that this
improvement in mortality is likely restricted to patients
with a high risk of death (APACHE II >25, sepsis-induced
multiple organ failure, septic shock). A second trial,
ADDRESS, evaluated rhAPC in patients deemed to be at
low risk of death [7]. These patients demonstrated no
improvement in mortality with rhAPC. Both studies
clearly demonstrate an increased risk of bleeding events
in the groups treated with rhAPC.
While controversy exists, consensus guidelines recommend rhAPC and in the correct clinical setting and that
rhAPC should be considered in the treatment of severe
sepsis in selected patients. Benefits of the treatment are
seen irrespective of pathogen or site of infection and the
drug is cost effective when used appropriately.

Glucose Control
Sepsis is frequently accompanied by hyperglycemia and
insulin resistance. The presence of elevated blood glucose
has been proposed to lead to increased rates of infection
and increased mortality. In a landmark study in 2001, Van
den Berghe et al. demonstrated a reduction in both ICU
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and in-hospital mortality in surgical intensive care
patients treated with intensive blood glucose control
(blood glucose 80–100 mg/dl vs 180–200 mg/dl) [8].
This benefit was greatest in patients with a demonstrable
septic focus and multi-organ failure, although the study
included primarily cardiac surgery patients.
In contrast, a second study by Van den Berghe et al.
evaluating intensive insulin therapy in a population of
medical ICU patients failed to show a mortality benefit
in patients with tight blood glucose control. Finally, the
most recently published multicenter randomized controlled trial, the NICE-SUGAR study, showed an increased
mortality in patients treated in the intensive therapy
group [9]. In addition, there was no difference in the
ICU days, days on ▶ mechanical ventilation, or renal
replacement therapy.
The variability in insulin infusion protocols and rates
of hypoglycemia may explain the disparate results found
between the multiple studies evaluating glucose control.
Current evidence likely suggests that the tightest levels of
glucose control are probably not indicated and a more
conservative target (blood glucose <180) is more
appropriate.

Mechanical Ventilation
Severe sepsis and septic shock are frequently accompanied
by acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS). Excessive tidal volume and repeated
opening and closing of alveoli during mechanical ventilation have been shown in animal models to cause lung
injury. Lung-protective mechanical ventilation, with the
use of a tidal volume of 6 ml per kilogram of ideal body
weight (or as low as 4 ml per kilogram if the plateau
pressure exceeds 30 cm H2O) as compared with 12 ml
per kilogram of ideal body weight has been shown to
decrease the mortality rate (from 40% to 31%), to lessen
organ dysfunction, and to lower levels of cytokines. Positive end-expiratory pressure (PEEP) decreases oxygen
requirements; however, there is no significant difference
in mortality between patients treated with the usual PEEP
regimen of the Acute Respiratory Distress Syndrome
(ARDS) Clinical Trials Network and those treated with
higher PEEP levels. In addition to low volume ventilator
support, patients should be ventilated with the head of the
bed elevated at least 30 and the ICU should have
a weaning protocol in place to reduce the number of
ventilator days. Patients receiving ventilation require
appropriate but not excessive sedation, given the risks
of prolonged ventilation and nosocomial pneumonia.
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Titrating sedation and interrupting sedation daily
until patients are awake decrease the risks associated
with sedation. Neuromuscular blocking agents should be
avoided to reduce the risk of prolonged neuromuscular
dysfunction.

After-care
Once the patient’s clinical condition stabilizes, immediate
attention should be given to liberating the patient from
the ventilator. Invasive mechanical ventilation is associated with risks and complications that prolong the ICU
stay and increase the risk for death. Therefore, safely
weaning the patient from the ventilator as soon as possible
is paramount. Determining readiness for spontaneous
breathing, the first step in weaning, does not require
routine use of weaning predictors and can be conducted,
in certain patient populations, using protocols driven
by respiratory therapists or ICU nurses. Spontaneous
breathing trials can be conducted on low levels of
pressure support, continuous positive airway pressure, or
T-piece. Recent randomized trials suggest that noninvasive ventilation in patients with chronic obstructive
pulmonary disease and when used prior to the onset of
respiratory in high-risk patients can decrease extubation
failure.
Advances in critical care have led to improved survival
among those admitted to intensive care units (ICUs). In the
United States, approximately 55,000 patients are hospitalized in ICUs each day. In ICU survivors treated with
mechanical ventilation, approximately 33% or more will
develop chronic neurocognitive impairments. Among specific populations, such as patients with acute respiratory
distress syndrome (ARDS), chronic neurocognitive impairments may be as high as 78% at 1 year and 25% at 6 years.
The most frequent physical problems reported by ICU
survivors are severe muscle wasting and weakness which
persisted to 1 year after ICU discharge, and that the distance
they walked in 6 min was 66% of predicted for an age- and
sex-matched control population. Scores for the eight
domains of the Medical Outcomes Study 36-Item ShortForm General Health Survey (SF-36), a health-related quality of life measure, were lower than for the normal population at 1 year. Pulmonary function measures were within
the normal range by 6 months after ICU discharge but
carbon monoxide diffusion capacity remained low at 1year follow-up. The financial implications of a growing
population of survivors of critical illness are tremendous.
Over half of critically ill survivors require caregiver
support at 1 year amounting to an annual financial
burden of $18 billion. Twenty percent of patients reported

a family member had to quit working, 29% reported
the loss of the major source of income, and 31% the loss
of most or all of the family savings. Despite their disability,
survivors of ARDS gradually adapt and return to work
by 2 years.

Prognosis
There are approximately 750,000 cases of sepsis diagnosed
each year in the United States and the frequency of cases
is increasing. Sepsis is now the 10th leading cause of
death in the United States. The overall in-hospital mortality was 17.9% in patients from 1995 to 2000. Sepsis is
estimated to cost upwards of 16.7 billion dollars annually
in the US.
The mortality rate increases when the severity of sepsis
is greater. The mortality rate of severe sepsis is approximately 25–30%. In septic shock, mortality rates are even
higher at 40–70%. As mentioned above, the PIRO system
has been suggested as a staging system for sepsis, and it may
eventually assist in determining prognosis in septic patients.
Mortality may be reduced by focusing on early diagnosis,
targeted management, and standardization of the care
process. The standardization of care has been demonstrated
to be of benefit in other disease models like, for example,
cystic fibrosis, and emerging data suggest that this can also
be achieved in sepsis and septic shock.
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Synonyms
Septic shock; Septicemia; Severe sepsis

Definition
Sepsis is a very common problem in the intensive care unit
with significant morbidity and mortality rates. Despite the
widespread recognition of the problem, sepsis has been
very difficult to define. In 1991, the American College of
Chest Physicians (ACCP) and the Society of Critical Care
Medicine (SCCM) organized a consensus conference
which developed a framework for definitions of sepsis
which has been very useful in defining populations for
clinical research studies [1]. The group used commonly
measured clinical features to define systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis,
and septic shock. SIRS can be triggered by a large variety
of insults and is considered present when a patient has
two or more of the following clinical features: fever or
hypothermia, tachycardia, hyperventilation (tachypnea or
PaCO2 < 32 mmHg), or a white blood cell count > 12,000
cells/ml or < 4,000 cells/ml. Sepsis is defined as SIRS plus
infection, severe sepsis as sepsis with organ dysfunction or
hypotension, and septic shock as sepsis with hypotension
despite adequate fluid resuscitation.
While these definitions have been widely used and
have been quite valuable for defining patients who are to
be enrolled in clinical trials, they are quite general and
nonspecific. In 2001, the SCCM, ACCP, European Society
of Intensive Care Medicine, American Thoracic
Society and Surgical Infection Society jointly sponsored
the International Sepsis Definitions Conference [2].
This group reviewed the ACCP/SCCM Consensus
Conference definitions and looked for ways to improve
the definitions of sepsis. There were five subgroups, focusing on signs and symptoms, cell markers, cytokines,
microbiologic data, and coagulation parameters. The conference participants concluded that the current concepts
of sepsis, severe sepsis, and septic shock are useful and do
not need to be changed at this time. The definitions,
however, do not allow for accurate prognostication for
an individual patient with sepsis. The criteria for SIRS
are very sensitive and nonspecific, and so an expanded
list of common signs and symptoms may be more helpful
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in diagnosing sepsis. The conference proposed the PIRO
system for staging sepsis based on the Predisposing factors
the patient has, the Insult infection, the host Response,
and Organ dysfunction. In the future, it is likely that
measurement of immunologic and biochemical parameters will enable more precise definitions for sepsis and,
hence, better treatment.

Evaluation/Assessment
Epidemiology
The incidence of sepsis has been increasing over the past
two to three decades. Estimates from hospital discharge
data in the United States report the incidence of sepsis to
be 2.4–3 cases per 1,000 population, with a mortality rate
of 18–28.6% [3, 4]. The mortality rate is lower in children
(10%) and higher in the very elderly (38.4%). Mortality is
higher in men than in women, and is highest in black men.
While the mortality rate is decreasing over time, from
27.8% in 1979–1984 to 17.9% in 1995–2000, the increase
in the incidence of sepsis has led to an increase in the
number of sepsis-related deaths. It has been projected that
the incidence of sepsis is increasing by 1.5% per year.
Many factors contribute to the increase in the
incidence of sepsis. The aging of the population creates
a larger population that is at risk. Improved treatment of a
large variety of diseases has led to longer life span for
patients in whom the disease process or the treatment
alters the individual’s immune response and increases
the risk of sepsis. Use of broad spectrum antibiotics in
the intensive care unit has contributed to an increase
in fungal infections in the critically ill.

Risk Factors
Age is clearly a risk factor for sepsis, with the incidence
increasing at the extremes of age. In infants under 1 year of
age, the incidence is 5.3/1,000 population, and in the
elderly 85 years, the incidence is 26.2/1,000. These numbers compare to an incidence of 0.2/1,000 in children over
1 year of age. Gender also has an effect on the incidence of
sepsis, with the age-specific incidence being lower in
women than in men, as well as the type of sepsis, with
women having more genitourinary infections and men
having more respiratory infections [3].
Many chronic diseases are risk factors for sepsis and
are associated with an increase in mortality rate. The most
common comorbidities are chronic obstructive pulmonary disease, neoplasm, HIV disease, chronic liver or
kidney disease, diabetes, peripheral vascular disease, and
autoimmune diseases. Up to 55% of patients with
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sepsis have some underlying comorbidity [3]. Mortality
from sepsis is higher with preexisting diseases and with
increasing age.

Symptoms/Signs
Part of the difficulty in defining sepsis has been the fact
that the manifestations of sepsis are protean. The definition of SIRS with infection for sepsis has been helpful for
defining populations for clinical trials but has been less
useful for the clinician at the bedside. There are many
potential sites of infection that can trigger sepsis; identification of the site of infection (if possible) is important to
determine likely causative organisms and hence the most
appropriate antibiotic treatment. Sepsis can present with
a wide variety of nonspecific symptoms and signs and, in
fact, the physical findings may be unremarkable other than
the patient “looking sick.” Localized findings are helpful
in identifying the site of infection but may not always
be present.
General symptoms that should lead the clinician to
suspect sepsis include fever or hypothermia, tachypnea,
tachycardia, altered mental status, hyperglycemia (in the
nondiabetic), and (in the ICU patient) significant edema
or positive fluid balance [2]. Laboratory tests that suggest
inflammation include leukocytosis or leukopenia or an
increase in immature (band) forms, an elevated plasma
C-reactive protein, or an elevated procalcitonin. The presence of signs of SIRS and suspected infection should
trigger a search for the source of infection.
Respiratory infections are the most common cause of
sepsis [3]. Clinical signs of respiratory infection (in addition to signs of SIRS) include increased work of breathing,
abnormal sounds on auscultation of the chest, and production of purulent sputum. A chest x-ray is the most
useful test to determine the presence of pneumonia.
Primary bacteremia is another common cause of
sepsis. Positive blood cultures are the diagnostic test of
choice; prior to having a blood culture reported positive,
determination of primary bacteremia is very difficult.
Obtaining blood cultures prior to the administration of
antibiotics is critical for the diagnosis of bacteremia. Presence of an indwelling intravascular catheter (particularly
a central venous catheter) should raise the suspicion of a
catheter-related infection, and blood cultures should be
obtained through the catheter as well as from a peripheral
stick. Evidence of emboli in the skin (such as splinter
hemorrhages), kidneys (hematuria), brain (stroke
symptoms), or lungs (multiple nodules) may be signs of
endocarditis. In addition to multiple blood cultures,
an echocardiogram should be performed to look for

vegetations on the cardiac valves. Transesophageal
echocardiography is more sensitive than transthoracic
echocardiography in evaluating a patient for endocarditis.
Genitourinary infections should be suspected with the
patient complains of dysuria or flank pain. The presence of
an indwelling foley catheter is a risk factor for urinary tract
infection (UTI) and should increase the suspicion of UTI.
Urinalysis and a urine culture are important diagnostic
tests when considering a UTI.
The presence of nausea, vomiting, diarrhea, abdominal pain, distension, tenderness, guarding, rebound, or
absence of bowel sounds are signs that should trigger
consideration of an intra-abdominal infection. It should
be noted that some of these signs are nonspecific and
may be seen with sepsis from any etiology. Sepsis may be
associated with an ileus, which will produce several of
these signs and symptoms even in the absence of other
intra-abdominal pathology. Measurement of hepatic
transaminases or amylase and lipase may be helpful in
elucidating the presence of hepatitis or pancreatitis.
Abdominal imaging should be considered if there is
suspicion of an intra-abdominal source of infection.
It is important to consider the possibility that an
indwelling device may be the source of sepsis. There are
many commonly used devices, including those for
orthopedic, neurosurgical, cardiac, or vascular problems.
These devices can become infected even many years after
placement, so a thorough history is essential to consider
all possible sources of infection. Wound and skin infections can also lead to sepsis. All areas of the skin should be
inspected, including those that may be covered by
a dressing, splint, or cast, as occult infections under such
coverings can produce sepsis and septic shock.
Less common but no less important infections are
those of the central nervous system. Alterations in mental
status in a patient with SIRS should lead the clinician to
consider imaging the central nervous system and possibly
performing a lumbar puncture. In the presence of classic
signs of meningitis (fever, stiff neck, photophobia, altered
mental status), administration of antibiotics should not be
delayed if a lumbar puncture cannot be performed
immediately.

Organ Failure
Virtually, any organ system can be involved in the patient
with severe sepsis or septic shock. There may be primary
dysfunction if the organ is the site of infection (as in
pneumonia) or dysfunction secondary to sepsis and the
inflammatory process (as in acute respiratory distress
syndrome). Parameters that are indicators of organ
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dysfunction include hypoxemia, acute oliguria, an
increase in serum creatinine, coagulation abnormalities,
an ileus, thrombocytopenia, altered mental status, or elevated bilirubin [2]. The number of organ failures correlates with mortality; in one study, about 15% of patients
without organ failure died, compared to a 70% mortality
in patients with three or more organs failing [4]. The most
common organ failure seen in patients with sepsis is the
lungs (18%), with the kidney failure being next most
common (15%). The serum lactate is often elevated as
a general sign of inadequate perfusion to the tissues.
Cardiovascular dysfunction, initially manifesting as
hypotension, is very common in severe sepsis, and part
of the definition of septic shock. Patients often have
a hyperdynamic hemodynamic profile, with an elevated
cardiac index, decreased systemic vascular resistance, and
commonly a mixed venous oxygen saturation >70%.
The serum troponin may be elevated in patient with septic
shock, but typically is not markedly elevated. Despite the
hyperdynamic hemodynamic state, global myocardial
dysfunction is often present, and a global decrease in
contractility can be seen on echocardiography [5].

Diagnostic Tests
The clinical evaluation of a patient with suspected sepsis
should start with a detailed history and careful physical
examination, looking in particular for symptoms or signs
that may suggest the source of infection. A complete blood
cell count is important both to help establish the presence
of SIRS and to evaluate for thrombocytopenia. At least
two blood cultures should be drawn before antibiotics are
administered. General chemistries are important to look
for electrolyte abnormalities and renal dysfunction. The
serum bilirubin and coagulation studies (prothrombin
time and partial thromboplastin time) will help determine
the degree of organ dysfunction, and a serum lactate is
helpful as a general indicator of the adequacy (or inadequacy) of global perfusion. Specific test looking for the
source of infection should be considered as the clinical
status warrants. A chest x-ray, urinalysis, and urine culture
will be helpful in most patients. Other specific studies may
include a lumbar puncture, thoracentesis, paracentesis, or
arthrocentesis, as indicated by the physical exam. Imaging
studies, including x-rays, ultrasound, or CT scans, are
often indicated to evaluate the abdomen or other potential
sites of infection. Use of these tests is best guided by the
history and physical exam.
Virtually any organism can cause sepsis, severe sepsis,
and septic shock. Blood cultures and cultures of other
appropriate sites are necessary to determine the etiology
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of sepsis and guide antibiotic therapy. Gram-positive
bacterial infections are increasingly common, occurring
in 52.1% of patients with sepsis in 2000 [4]. Gramnegative bacteria are also very common causes of
infection, occurring in 37.6% of patients. Culture-negative
sepsis is a well-known entity and creates a therapeutic
dilemma for the clinician, in how long to treat with
broad spectrum antibiotics. The incidence of fungal sepsis
has increased markedly in the past two decades,
especially in the intensive care unit, where broad spectrum
antibiotics are so widely used.

After-care
Many patients who survive an episode of sepsis are
discharged home. Over the past two decades, however,
the number being discharged home has decreased, from
78.5% in 1979 to 56.4% in 2000 [4]. The rate of discharge
to other health care facilities (i.e., rehabilitation centers or
long-term care facilities) has increased as the length of
hospital stay has decreased. The long-term consequences
of critical illness are receiving an increasing amount of
attention, and appropriate long-term support, both
physical (e.g., to recover from prolonged weakness)
and psychological (to recover from post-traumatic stress)
is important to optimize the long-term outcome.

Prognosis
The prognosis for survival from sepsis has improved over
the past two decades; the mortality rate is now generally
reported as about 20–30%. Significant morbidity can
occur, however, related to organ dysfunction or to the
consequences of critical illness and ICU care. The
long-term prognosis will likely be related to attention to
both organ function and to physical and psychological
complications of critical care.
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Synonyms
Infectious sources of sepsis

Definition
The mortality rates of sepsis and septic shock have been
decreasing during the last decades due to a better understanding of the host reaction to infection and the implementation of management procedures (Sepsis Surviving
Campaign). However, mortality rates are still relatively
high, ranging from 20% to 40%. Presently, sufficient evidence is available with respect to the time elapsed before
the administration of antibiotics, ascertaining that the
patient outcome is dependent on the early identification
of the site of infection followed by an appropriate empiric
antibiotherapy.
The understanding and characterization of the primary infection responsible for the sepsis are essential as
those determine which type of antibiotic needs to be
administered. In fact, the choice depends on the suspected
causative agent at the site of infection, local and national
antibiotic resistance, pharmacokinetic behavior of the
antibiotic, and its variations in vivo.
Moreover, given that controlling the site of infection is
an integral part of sepsis management, determining the
primary site of infection is crucial. For instance, sepsis
originating from the urinary tract may be associated
with an obstructive process, such as renal lithiasis or an
abscess. Should this be the case, urinary tract drainage,
abscess drainage, or even nephrectomy may be necessary,
along with concomitant antibiotherapy. Empyema drainage, debridement of necrotic tissue, or removal of infected
prostheses are part of the control measures for managing
eradicable primary sites of infection.
In order to identify the primary site of infection,
microbiological documentation is required. This condition is not always met as, very often, a strong clinical
suspicion is sufficient. Furthermore, it is important to
differentiate the population subtypes with regard to the
severity, nosocomial vs. community-acquired type, and
surgical vs. medical background of the infection.
Our analysis is based on the principal studies which
focused on the epidemiology of sepsis.

Characteristics
Infection and Sepsis
Infection and Associated Severity
Sepsis is a major cause of admissions to the intensive care
unit (ICU) and counts among the most common causes of
mortality in noncardiac ICUs. It is characterized by
a systemic inflammatory response syndrome (SIRS) of
the body to the infection. A patient with an infection
may not always develop sepsis, whereas the opposite is
not possible. The SIRS and the criteria for sepsis were
defined in a consensus meeting in 1992.
Many patients with infections present SIRS criteria. As
these criteria are not specific, the epidemiological studies
conducted during the last decades on sepsis included
heterogeneous patient populations. These patient subgroups vary depending on the severity of sepsis (associated
organ dysfunction), concomitant comorbidities, type of
admission (medical, surgical, and trauma), as well as their
origin. Thus, patients who had contracted an infection in
ICUs, during hospitalization, or outside of the hospital are
sometimes simultaneously included in these studies.
Approximately one-quarter of patients presenting
sepsis develop severe sepsis.
In one of the first major studies dealing with sepsis,
Sands et al. revealed an incidence of 18% for SIRS, 4.5%
for sepsis, and 3.3% for severe sepsis among infected
patients from eight academic hospitals [1]. More recently,
in a prospective study on 14,364 ICU patients, Alberti et al.
reported an incidence of 28% for sepsis, 24% for severe
sepsis, and 30% for septic shock [2]. In 1995, while using
consensus criteria on 11,828 ICU patients, Brun-Buisson
et al. showed that severe sepsis occurred in nine cases
among 100 ICU admissions (6.3 cases/100 ICU admissions with documented severe sepsis) [3].
This data was confirmed in the USA by Dangus et al.,
who reported an incidence of 11/100 ICU admission
among a cohort of 191,980 patients with severe sepsis
[4]. The European SOAP (Sepsis Occurrence in Acutely Ill
Patients) study reported an even higher incidence of sepsis
(37/100 ICU admissions) and severe sepsis (30/100 ICU
admissions) among infected patients admitted to ICU [5].
In the USA, Martin et al. conducted the largest study
focused on the incidence of sepsis by collecting data based
on the ICD9-CM (International Classification of Diseases,
Ninth revision-Clinical Modification) codes between 1979
and 2000 [6]. A significant rise in the incidence of sepsis
was observed, with a rate increasing from 82.7/100,000
habitants to 240/100,000 habitants during the last period.
Moreover, whereas there was a decrease in the mortality
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rate from 27.8% to 17.9%, the rate of sepsis-induced organ
dysfunction (organ failure) increased from 19.1% to
33.6%. As mentioned by the authors, this increased incidence of sepsis may be accounted for by an improvement
in therapeutic possibilities (transplantation; chemotherapy) or by an increase in invasive procedures. The appearance of resistance to antibiotics and the community
dissemination of resistant species play a crucial role.

Factors Influencing the Incidence and
Etiology of Sepsis
The progress made in the field of oncology and organ
transplantation has led to an increased rate of
immunodepressed patients, thereby contributing to these
populations becoming vulnerable to infection. The emergence of HIV epidemics is another cause accounting for
the increased incidence of sepsis.
Another significant factor which influences the occurrence of sepsis is the aging of the population in industrialized countries. Martin et al. reported that most sepsis
cases occurred in patients older than 65 years (relative risk
of 13.1 compared to younger people) and that this group
presented an increased intrahospital mortality [6]. Age is
an independent risk factor for mortality in the case of
sepsis. However, it should be noted that elderly patients
often exhibit concomitant comorbidities.
In fact, the increased prevalence of chronic diseases
which potentially alter the immune defense, such as
chronic renal insufficiency, diabetes, HIV, congestive
heart failure, or chronic obstructive pulmonary disease,
facilitates the occurrence of infection and associated
sepsis.
In the EPISEPSIS study conducted in French ICUs,
54.1% of patients with sepsis presented chronic organ
dysfunction. The authors demonstrated that chronic
liver disease and heart failure were independent risk
factors of mortality.
Furthermore, patients suffering from cancer have an
increased risk of mortality in comparison with the general
population. The incidence of infection is influenced by the
patient’s origin. A higher rate of infection is observed
among patients admitted for urgent surgery or medical
diseases as compared to traumatized patients or patients
admitted for programmed surgery.
Moreover, ethnic factors may influence the incidence
of sepsis. Martin et al. observed that “nonwhite male
patients” were more at risk of sepsis [6]. This subgroup
was shown to be more likely to develop gram-positive
infections (59% versus 51%). This difference was not
accounted for by differences in the distribution of primary
infections.
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Documentation of Infection
In order to define sepsis, a source of infection must be
identified. Describing the sources of sepsis implies precise
documentation of the source of infection, which calls for
microbiological documentation, even though pertinent
clinical evidence may at times be sufficient (obvious peritonitis detected at laparotomy; drainage for purulent
empyema). In addition to bacteriological sampling, imaging techniques and biomarkers prove the existence of an
infection.
However, it should be noted that documenting the
infection may at times be impossible in patients with
pertinent clinical signs of sepsis. Furthermore, sepsis of
unknown origin exhibits a poor prognosis, as reported by
Vincent or Angus. Infections may be classified into three
categories: community-acquired, hospital-acquired, and
ICU-acquired infections. Some studies do not make any
distinction between hospital-acquired and ICU-acquired
infections.
The rate of ICU-acquired infections varies slightly
according to the study and is approximately 30%.
Thus, in the study conducted by Brun-Buisson et al.
microbiological documentation could have been obtained
for the majority of patients (71%), with only 3.4% of
patients presenting sepsis of unknown origin. Overall,
48% of infections were community-acquired and 52%
ICU-acquired infections [3].
In the SOAP study conducted in European ICUs on
1,177 patients with infectious diseases, 38.6% presented
a documented infection, whereas 39.8% displayed obvious
clinical signs of infection and sepsis without any strict
microbiological documentation [5]. The rate of ICUacquired infections was 23.5%, which is similar to that of
a previous study focusing on the prevalence of nosocomial
infections, which was 20.6% (EPIC: European Prevalence
of Infection in Intensive Care).
In general, as demonstrated by Alberti in 2002 [2],
microbiological documentation is more often obtained
for hospital-acquired infections (70.6%) than community-acquired infections (54.8%).
It must be mentioned that in certain cases of
polymicrobial sepsis, as commonly encountered in secondary peritonitis, microbiological documentation is not
necessary in immunocompetent patients as the results
modify neither patient management nor the type of antibiotics which need to be administered.
Lastly, it may sometimes be difficult to document
infection at a patient admission’s due to previously
administered antibiotics or the loss of microbiological
information. In this context, in 2010, the implementation
of management procedures initiated by the Sepsis
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Surviving Campaign revealed a better adherence to
haemoculture sampling prior to the administration of
antibiotics (an increase from 64.5% to 78.3%).
Bacteraemia occurred in 25–60% of cases, depending
on the studies, while 25% of patients with bacteraemia
developed severe sepsis. Brun-Buisson et al. showed that
bacteraemia occurred more often in patients with pulmonary or abdominal sepsis [3]. One has to keep in mind that
persistent bacteraemia under appropriate antibiotherapy
may be indicative of an infectious source that is not or
only poorly drained, as in obstructive uropathy, ascending
angiocholitis, mediastinitis, or in the presence of necrotic
tissue. In these situations, surgical or percutaneous drainage is necessary.
In general, bacteraemia worsens the prognosis when it
is acquired in the ICU and is associated with increased
mortality in the elderly when it is of pulmonary origin.

Source of Infection
After having determined the presence of infection, sepsis,
and its general repercussions (severity), it is crucial to find
the origin of the infection as this determines the choice of
appropriate antibiotherapy, depending on the expected
microorganism. As previously mentioned, prompt control
of the infectious source is vital for optimal therapeutic
management. The clinician must always consider the
necessity of draining the infectious source or removing
foreign bodies (bone sequestrae, articular or valvular prostheses, catheters, necrotic tissue, etc.).
In the case of nosocomial infections, the origin of the
infection is at times less obvious than for patients admitted to the emergency room. The characterization of the
patient’s flora by collecting smears and repeated samples
(nose, ear–nose–throat area, rectum, tracheal aspiration,
etc.) is instrumental for choosing an appropriate empiric
antibiotherapy.
The severity of the infection is independent of its site
and microbiological documentation. However, abdominal
infections are associated with increased severity (40% of
septic shock cases for abdominal infections in Alberti’s
study) and more frequent bacteraemias.

Distribution of Sepsis Sources
Although the large epidemiological studies comprise heterogeneous patient populations, the distribution of sepsis
sources has remained constant for the last 20 years.
In fact, as regards infections associated with sepsis
among ICU patients, of which at least 50% are community-acquired infections, all the studies reveal pulmonary
infections as the primary cause, followed by abdominal
and urinary tract infections, and lastly, skin and soft tissue

infections. Infections of the central nervous system and
endocarditis are rare (less than 10%).
Studies conducted in the 1960s and 1970s reported
that the abdomen and urinary tract were the main sources
of sepsis.
As demonstrated in the study by Martin et al.,
involving a 24-year follow-up, the lungs have been the
preferred site of infection leading to sepsis for the last
30 years [6].
Thus, in a cohort of 191,890 patients with severe
sepsis, Angus et al. reported that 44% were pulmonary
infections, 9.1% urinary infections, 8.6% abdominal
infections, and 2.2% soft tissue infections. Surprisingly,
17% of sepsis cases were bacteraemias of unknown origin.
Among the studies specifying the distribution of the
infectious sources depending on whether the infection was
community-acquired or nosocomial, such as the Alberti
study, a similar distribution was found [2]. With regard to
nosocomial infections, particularly those acquired in
ICUs, pulmonary infection was the primary source,
followed by urinary infections, primary bacteraemias
(primary bloodstream infection), and abdominal infections. These four sites represent more than 80% of sites
of infection.
The SOAP study confirmed these results, with
a respiratory origin identified for 64% of communityacquired infections and 80% for ICU-acquired infections,
followed by abdominal infections for the communityacquired group and primary bacteraemias for the nosocomial group. For both groups, the other most frequent
primary sites were the urinary tract and abdomen.
It is clear that the hierarchy of infectious sources is
modulated according to the patient type. Thus, primary
bacteraemia is an important source of infection among
ICU patients due to invasive procedures and multiple
catheters. Ventilator-associated pneumonia (VAP) is
another example, considering the increasing number of
patients under mechanical ventilation in ICUs.
The large therapeutic studies of the last 15 years
(PROWESS, Corticus, effects of ibuprofen, efficacy of monoclonal antibodies to human TNFa) reported an unchanged
distribution, with the bronchopulmonary tree being the
first source of infection, and the urinary tract and abdomen the second.
Age may modify this distribution to some extent. In
the patient population above 65 years of age, Martin et al.
reported a higher rate of sepsis of pulmonary (37.1%
versus 28.8% for patients below 65 years) and urinary
(28.2% versus 20.5% for patients below 65 years) origin.
In this series, the authors observed an increased incidence
of pulmonary infections among males (36% versus 29%)
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and genitourinary infections among females (35% versus
27%). Lastly, in cancer patients, the source of sepsis was
generally linked to the primary tumor.

Microorganisms
During the last decades, there have been significant
changes in the microbial etiology of sepsis. While gramnegative bacilli were the most common microorganisms,
a significantly increased prevalence of gram-positive pathogens for both community-acquired and nosocomial
infections has been observed. This trend is found in all
the studies conducted since the beginning of the 1980s.
In an observational study from 1979 to 2000, Martin
et al. reported that gram-negative bacilli were the main
microorganisms responsible for sepsis from 1979 to1987
[6]. In 2000, however, 52.1% of sepsis cases were caused by
gram-positive cocci versus only 37.6% by gram-negative
bacilli.
Alberti et al. reported in 1998 that 39.1% of community-acquired infections were due to gram-positive cocci,
while 35.7% were nosocomial infections [2]. In this series,
the majority of Gram-negative bacilli were acquired during hospitalization, particularly in ICUs (49.2%).
Whereas the EPIC study conducted in the beginning of
the 1990s reported more infections due to gram-negative
bacilli (34.4% by Enterobacteriaceae and 28.4% by Pseudomonas aeruginosa) than gram-positive cocci (30.1% by
Staphylococcus aureus and 19.1% by coagulase-negative
staphylococci) the SOAP study conducted 10 years later
revealed a preponderance of gram-positive infections,
i.e., 40% of all infections, of which 37% were community-acquired and 47% ICU-acquired.
Although the increase in invasive procedures might
have contributed to this altered bacterial ecology, the
prolonged use of broad-spectrum antibiotics to cover
gram-negative bacilli appears to be mainly responsible
for this trend. Resistant microorganisms such as Staphylococcus aureus resistant to methicillin are now found in
communities, particularly in the USA. These resistances
have to be taken into account when empiric antibiotherapy
is administered.
The increasing use of vancomycin or linezolid has
already led to the emergence of vancomycin-resistent species. Linezolid and methicillin-resistant Staphylococcus
arureus (LRSA) have also been reported in ICUs.
The emergence of increasingly resistant microorganisms complicates the microbiological management of
patients, possibly worsening the prognosis. For instance,
infections by Staphylococcus aureus (particularly if methicillin-resistant), Pseudomonas aeruginosa and Candida
albicans are associated with a higher mortality.
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Likewise, the number of sepsis cases due to fungal
organisms is in clear progress, especially in the USA
(5,231 cases in 1979 versus 16,042 cases in 2000 in the
study by Martin et al.). The prolonged use of broadspectrum antibiotics alters the microbiological flora of
patients hospitalized in ICUs, conditioning the emergence
of fungal infections. An increased number of biomarkers
for fungal infections and new antifungal molecules have
been developed during the last years. The increase in
immunodepressed patients also contributes to the recrudescence of fungal infections.
In order to improve bacterial ecology, an understanding of the local ecology along with an early and precise
microbiological documentation of the infection is
required. Only these measures will allow for a prompt
de-escalation of antibiotherapy, thereby avoiding the
emergence of resistances.

Conclusion
Although the mortality due to sepsis has decreased, sepsis
incidence is still on the rise. Determining the etiology
of sepsis is both crucial and challenging as the initial
therapeutic management, i.e., appropriate empiric
antibiotherapy and primary infection control, is dependent on this step.
Not all infections can be microbiologically
documented. In general, in 50% of community-acquired
infections and 75% of nosocomial infections, a microorganism is identified. In ICUs, bacteraemia has been shown
to be associated with higher infection severity and poorer
prognosis.
During the last decades, epidemiological modifications of sepsis have occurred. Thus, despite the heterogeneity of the patient populations studied, a change in the
distribution of sepsis sources has been observed, with
a predominance of pulmonary infections, followed by
urinary and abdominal infections. Moreover, the most
common microorganisms are currently gram-positive
pathogens for both community-acquired and nosocomial
infections. In addition, fungal infections are in clear
progression.
The number of immunodepressed patients is also on
the rise, which may be accounted for by the HIV virus
epidemics, as well as progress made in oncology and organ
transplantation.
Furthermore, sepsis is presently observed in elderly
patients, who are more likely to present chronic
comorbidities and develop organ failure.
While the development of new molecules which modulate the inflammatory response is likely to be associated
with improved sepsis outcomes in the future, a more
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rational use and adaptation of antibiotherapy will render
it possible to avoid the emergence of resistant species,
thereby improving patient prognosis.
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Definition
Emergency rooms and intensive care units are confronted
with severe sepsis and septic shock on a daily basis. Mortality rates are approximately 50%. Severe sepsis is defined
as sepsis plus dysfunction of one or more acute organs.
Septic shock is defined as sepsis accompanied by arterial
hypotension (mean arterial pressure less than 60 mmHg,
systolic blood pressure less than 90 mmHg, or a decrease
of 40 mmHg in systolic blood pressure compared to usual
blood pressure) which is refractory to a vascular filling of
20–40 mL/kg.
Discoveries of the past decades have allowed us to
better understand the inflammatory phenomena responsible for the severity of sepsis, as well as to develop innovative therapies.

Although the severity of sepsis depends on organ dysfunction, its management is rather constant and well
defined.
The management of sepsis is currently standardized by
the Sepsis Surviving Campaign (SSC) recommendations.
This campaign was launched by groups of experts, with
the goal of reducing sepsis mortality rates. The published
guidelines are aimed at improving early diagnosis and
optimizing sepsis management. These recommendations,
which are based on the key studies conducted in septic
patients, emphasize that both the precocity and aggressiveness of treatment are determining factors of patient
outcomes. To avoid treatment divergence and deficiency,
the SSC has developed evidenced-based recommendations
regrouped in bundles. A bundle is a series of diagnostic
and therapeutic measures which, when performed
simultaneously, are significantly more likely to improve
patient outcome than when performed individually.
These bundles underline the evidence grade of each
recommendation.
The overall management of severe sepsis/septic shock
mainly consists of hemodynamic treatment, antibiotics,
support therapies (mechanical ventilation, extrarenal
epuration, and glycemia control), as well as adjuvant
therapies (corticosteroids and activated protein C).
Two types of bundles have been defined. The Sepsis
Resuscitation Bundle, which must be applied during the
first 6 h, comprises the measures relating to hemodynamic
and infection management. The Sepsis Management Bundle contains the objectives to be achieved by support
therapies during the first 24 h.
Whereas the rapidity of the intervention and the
standardization of procedures are determining factors
of patient outcome, the implementation of these
procedures requires appropriately trained nursing care
teams.
The SSC has recommended that emergency rooms and
intensive care units build up multidisciplinary teams
(physician, nurse, pharmacist, and physiotherapist) to
take care of developing bundle-based protocols within
their institutions. Protocols that are adjusted to local
resources are instrumental in ensuring better adherence
to recommendations. Another mission of these multidisciplinary teams is to teach nursing staff sepsis management guidelines.
The application of these new procedures along with
their results has recently been reported based on observations at 165 centers. Procedure compliance was shown to
result in reduced hospital mortality rates [1].
This observation emphasizes that sepsis management
must be strictly organized and standardized.
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Pre-existing Condition
When a patient is suspected of developing severe sepsis/
septic shock, it is essential to consider both diagnostic and
therapeutic measures. Therefore, during diagnostic reasoning, antibiotic administration and hemodynamic
correction should not be delayed.
Initially, the infection must be diagnosed, based on the
symptoms of the affected organ or indirectly, through
signs related to inflammatory response (tachycardia,
polypnea, fever, or altered mental status). These symptoms
are not specific to the infection itself and generally precede
the development of hypotension. They must be identified
at an early stage in order begin treatment as soon as
possible. Furthermore, it should be noted that many
patients do not present fever (elderly, cirrhotic patients,
corticosteroid administration, etc.) and that hypothermia
may reveal an infection. Biological markers and imaging
techniques are considered useful diagnostic tools but
should in no case delay therapeutic management. Moreover, at times, the results of these investigations only
become positive after the clinical signs of sepsis have
already appeared.
The clinician must assess the impact of the infection,
which is a determinant of the severity of the sepsis. Hypotension and increased lactate levels should be considered
as indicative of circulatory failure.
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In this first stage when diagnostic and therapeutic
measures are both addressed, the team pursues two objectives (Fig. 1): antibiotic administration and management
of circulatory failure using fluids and vasopressors in
accordance with the Sepsis Resuscitation Bundle.
Upon initiation of antibiotic therapy, clinicians must
decide whether emergency measures are necessary in order
to control the infectious source. These measures include
surgery or percutaneous drainage (cf., Antimicrobial therapy and source control).
Early implementation of mechanical ventilation is
necessary in many patients due to sepsis-induced pulmonary parenchymal lesions.
Thereafter, the recommendations of the Sepsis Management Bundle should be applied during the first 24 h
(Fig. 1).

Application
Sepsis management is conducted according to the recommendations of the Sepsis Surviving Campaign based on
studies that have demonstrated improved outcomes. Early
goal-directed therapy, low tidal volume ventilation or the
use of activated protein C has been shown to have
a favorable impact on survival.
These recommendations, summarized in bundles,
specify both the therapeutic objectives and the time

1) Indentification of infection:
Focal signs of infection
Signs of systemic inflammation
Laboratory testing
Imaging

2) Sepsis and severity:

Within first hour

Hémodynamic alterations
Organ dysfunctions

Sepsis resuscitation bundle:
a)
b)
c)
d)

lactate
blood cultures
broad spectrum antibiotherapy
hemodynamic management

3) Need for emergent procedure?

4) Need for mechanical ventilation?
Sepsis management bundle:
5) Adjuvant therapy required?

a)
b)
c)

Protective ventilation
Adjuvant therapy
Glycemia control

Sepsis: Management, Including Sepsis Bundles. Figure 1 Initial management of sepsis
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necessary for them to be reached. As previously mentioned, the implementation of these guidelines requires
the creation of management protocols based on bundles.
These protocols encompass hemodynamic, microbiological, and support management (ventilation, extrarenal
epuration, and glycemia control), as well as adjuvant therapies (activated protein C and corticosteroids) [2].

Hemodynamic Management
Sepsis-related
hemodynamic
alterations
include
vasoregulatory dysfunction as well as “relative”
hypovolemia due to peripheral vasodilatation and capillary hyperpermeability. Early-onset myocardial depression is observed in 40% of cases. The circulatory
insufficiency causes tissue hypoxia, which leads to
hyperlactatemia. Treatment consists of correcting the
volemia and using vasopressor and inotropic agents as
necessary. These measures, along with red blood cell
administration, are aimed at restoring oxygen delivery by
improving oxygen content and cardiac output. Rivers et al.
demonstrated that when these resuscitation measures were
applied within the first 6 h, mortality rates decreased
(30.5% vs. 46.5%). Patients with severe sepsis were randomized to receive either standard therapy or early goaldirected therapy with precise objectives to be reached as
quickly as possible. Restoring venous oxygen saturation
(ScVO2) to 70% was one of these objectives as this parameter is indicative of the correction of circulatory failure.
This study was the first to define the impact of initial sepsis
management on patient survival [3].

Volume Therapy
Volemia restoration is among the first hemodynamic measures to be applied to septic patients with signs of circulatory failure. Initially, patients may present normal or
elevated arterial pressure, which is accompanied by signs
of peripheral hypoperfusion. In this case, hyperlactatemia
is most likely present.
Even though hyperlactatemia is not exclusively due to
peripheral anaerobic metabolism (increased lactate levels
may result from sepsis-induced metabolic changes),
enhanced lactate levels >4 mmol/L, with or without hypotension, indicate severe sepsis.
The fluid volume to be administered in the early phase
of severe sepsis is 20 mL/kg. No advantage was shown for
using either crystalloid or colloidal solutions. Resuscitation with crystalloids requires a volume two to three times
higher than that when using colloidal solutions. The
quantity of fluids to be administered is not mentioned in
the SSC as the degree of hypovolemia varies from one
patient to the other. Nevertheless, two parameters must

be monitored as guidelines for vascular filling: central
venous pressure (CVP) and central venous oxygen saturation (ScVO2 or SVO2).
If arterial hypotension and hyperlactatemia cannot be
corrected by repeated fluid challenges (and the volume of
infused fluid is at least 20 mL/kg), it is recommended that
clinicians enhance vascular filling by targeting a CVP of
8 mmHg (12 mmHg in ventilated patients). Notably,
patients who were randomized to the early goal-directed
therapy arm in the Rivers et al. study received higher fluid
volumes (5 L versus 3.5 L).
ScVO2 (or SVO2) correction and diuresis are the other
markers that are indicative of the disappearance of circulatory insufficiency. The SSC recommends maintenance of
ScVO2 at 70% in this situation (cf., 1.3 Inotropic agents).
The major risk associated with vascular filling is pulmonary edema. The infusion of large fluid volumes may
reveal capillary hyperpermeability syndrome at the pulmonary level. In this situation, monitoring cardiac output
may be useful, with or without pulmonary pressure assessment. Moreover, in case of right ventricular failure, which
can be seen during sepsis, administration of large volumes
of fluid may be associated with deleterious hemodynamic
effects due to excessive right ventricle dilatation. In this
case, rapid administration of inotropic agents is required.
Therefore, though the CVP must be maintained at
8 mmHg, this endpoint needs to be modulated depending
on the other signs that indicate restoration of peripheral
perfusion (lactate levels, diuresis, and arterial pressure).
Furthermore, decreasing the fluid infusion rate is
recommended if filling pressures (CVP, PCWP) increase
without concomitant hemodynamic improvement.

Vasopressor Therapy
Vasopressor agents are administered if arterial hypotension below 65 mmHg persists following the administration of at least 20–30 mL/kg of fluid. These agents should
be administered only after volemia has been corrected as
their administration is associated with the risk of critic
organs’ hypoperfusion, such as that of the gastrointestinal
tract. However, in the case of severe arterial hypotension
with the risk of vascular collapse, vasopressor agents are
administered even in the absence of adequate volemia
correction.
Vasoactive agents differ depending on their respective
affinities for a and/or b receptors. Of the most frequently
used vasopressor agents, norepinephrine displays vasoconstrictor a1 effects and only minor b effects, while
dopamine has a, b, and dopaminergic effects. Although
there are only few arguments supporting the superiority of
one of these agents over the rest, norepinephrine appears
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to be the quickest in correcting arterial hypotension.
Furthermore, De Backer et al. have recently shown that
dopamine administration was associated with significantly higher morbidity and mortality rates in case of
cardiogenic shock [4].
Pure a agonists are not used as first-line therapy due to
their risks of arrhythmias, decreased cardiac output (by
increased post-charge), or diminished splanchnic
perfusion.
Vasopressin was proposed for continuous infusions
at a low dose (0.01–0.03 U/min) because of the relative
vasopressin deficiency observed in septic patients. Yet,
vasopressin is not used as first-line therapy as this agent
brings cardiac and peripheral ischemic risks. Whereas
vasopressin is currently used in the case of refractory
hypotension, its use in conjunction with other vasopressor
agents was not shown to exert any significant effect on
mortality. The potential benefits of vasopressin administration still need to be proven.

Inotropic Agents
When hypovolemia has been corrected and mean arterial
pressure can be maintained at 65 mmHg, the ScVO2 value
obtained from a central venous catheter must be >70%
(or the SVO2 value obtained from a pulmonary arterial
catheter >65%). Venous oxygen saturation is a parameter
to be monitored in the early stages, as was the case in the
study conducted by Rivers et al. This measurement reflects
the adequacy of cardiac output in relation to systemic
needs as a marker of the balance between oxygen delivery
and demand.
The use of inotropic agents aimed at increasing cardiac
output and ScVO2 must be considered following the correction of all the parameters on which ScVO2 is dependent. In fact, ScVO2 is related to cardiac output, oxygen
carrying capacity, oxygen demand and arterial oxygen
saturation. Therefore, hypoxemia and anemia must be
corrected, while oxygen demand should be decreased by
means of antalgic and sedative agents in conjunction with
mechanical ventilation.
Dobutamine is the main inotropic agent used at a dose
of 2–20 mg/kg/min, depending on the agent’s effects on
ScVO2. This substance displays vasodilatory properties
and may induce or aggravate arterial hypotension. In
addition, it may cause cardiac arrhythmias and increase
myocardial oxygen consumption. Other inotropic agents
such as phosphodiesterase inhibitors can be used as
an alternative in the case of myocardial ischemia.
Levosimendan, a calcium sensitizer agent, enhances myocardial contractility without increasing intracellular calcium levels. Although its efficacy has been proven in the
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setting of cardiac failure, the drug benefits have not been
clearly demonstrated in septic patients. Yet, due to its
beneficial effects on systolic and diastolic cardiac function,
the drug may have a major role to play in septic
cardiomyopathy.

Antimicrobial Therapy and Source Control
Broad-spectrum antibiotherapy must be initiated as soon
as possible. Inadequate initial antibiotherapy is associated
with increased mortality in a large variety of infections
(pneumonia, meningitis, and bacteremia).
The duration of arterial hypotension, prior to the
administration of antibiotics, correlates with survival
from sepsis.
Samples for hemocultures must be obtained beforehand but without delaying any further the initiation of
antibiotherapy.
The choice of initial empiric antibiotics necessitates
the identification of the primary infection site as this
choice is modulated by the following factors:
●
●
●
●
●

Community infection vs. nosocomial infection
Presence of immunosuppression
Previously known microbial colonization
Recent antibiotic treatment
Risk of resistant microbes (nursing home, recent
hospitalization, etc.)
● Risk of fungal infection (tertiary peritonitis,
hemopathy, etc.)
● Associated comorbidities (COPD, cirrhosis, IBD, or
AIDS)
Although the use of broad-spectrum antibiotics is
indicated initially, the treatment choice must be
reevaluated within 48–72 h, with the goal of restricting
the spectrum of activity in order to avoid the emergence of
resistant microbes.
Lastly, the duration of treatment must at any time be
guided by the clinical response and should not exceed
7–10 days. In case there is no response to the adjusted
treatment, it must be assumed that control of the infectious source is very likely not optimal.
The clinician must envisage the control of the source
of infection as soon as the diagnosis of sepsis has been
established. Control of the infectious source may imply
either surgical or percutaneous draining of deep, infected
liquids or the removal of a foreign body (prostheses, bone
sequestra, etc.).
The relevance of the rapidity with which the infectious
source is controlled has also been demonstrated.
Moreover, vascular catheters must be removed, and
samples for cultures must be taken if they present signs of
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Empyema
Peritonitis or intra-abdominal abscess
Bowel ischemia-toxic megacolon
Ascending cholangitis
Infected pancreatic necrosis
Gangrenous cholecystitis
Endocarditis with paravalvular abscess or valve insufficiency
Mediastinitis
Obstructive uropathy
Renal abscess or pyonephrosis
Necrotizing fasciitis

Sepsis: Management, Including Sepsis Bundles. Figure 2
List of infections requiring urgent source control of infection

infection or if there are signs of sepsis with no primary
infection site identified (Fig. 2).

Supportive Therapies
Protective Ventilation
Approximately half of the patients with severe sepsis/septic shock present lesional pulmonary edema (ALI, ARDS),
necessitating mechanical ventilation.
It has been shown that mechanical ventilation may
induce stretching lesions at the airway level, which are
accounted for by pulmonary inflammation. The alveolar
release of inflammatory mediators is likely to perpetuate
the systemic inflammatory reaction (decompartmentalization process). Therefore, the protective ventilation concept has been introduced with the aim of preventing any
further pulmonary damage.
For this reason, it is recommended to prevent the
occurrence of lesions due to overdistention in connection
with high tidal volumes at elevated pressure plateaux.
The target tidal volume must be 6 mL/kg ideal body
weight (computed according to height), and the endinspiratory plateau pressure should not exceed
30 cmH2O. Acute Respiratory Distress Syndrome Network
has shown that when using restricted tidal volumes, mortality rates decreased from 39.8% to 31.0%.
Positive End Expiratory Pressure (Peep) is titrated
depending on the degree of hypoxemia. Clinical studies
comparing different Peep levels in ARDS/ALI were not
able to demonstrate improved survival outcomes.

Glycemia Control
Hyperglycemia is very common in septic patients due to
the development of insulin resistance secondary to the
release of inflammatory hormones and the secretion of
counter-regulatory hormones. Hyperglycemia is associated with oxidative stress, which is responsible for endothelial dysfunction, a pro-inflammatory and procoagulant

state. It is also associated with frequent infectious complications and has a poor prognosis.
Van den Berghe et al. were the first to show that strict
glycemia control (80–110 mg/dL) resulted in decreased
morbidity and mortality rates in ICU patients. Strict glycemia control eventually became widespread practice in
ICUs and is recommended by SSC.
Thereafter, several studies were not able to prove these
beneficial effects, though these studies either did not
achieve glycemia control or were discontinued prematurely
due to the occurrence of frequent hypoglycemic episodes.
The last study conducted to date (NICE-SUGAR)
compared intensive glycemia control (81–108 mg/dL)
with standard treatment (<180 mg/dL) in ICU patients.
This study did not reveal any between-group difference
with respect to ICU stay duration, need for renal replacement therapy, and mechanical ventilation. However, hypoglycemic episodes were more common in the intensive
treatment group, along with increased 90-day mortality.
While it is obvious that uncontrolled hyperglycemia
should be avoided in critically ill septic patients, the
recommended targets are not aimed at achieving
normoglycemia, owing to the risk of hypoglycemic
episodes.
The SSC recommends beginning insulin therapy
when glycemic levels exceed 180 mg/dL, while aiming for
glycemia levels <150 mg/dL.

Renal Replacement Therapy
Acute renal failure is common in septic patients, with
a prevalence estimated at 20% in sepsis, 25% in severe
sepsis, and approximately 50% in septic shock. Acute renal
failure during sepsis is associated with high mortality
(70%), as compared to renal failure in the absence of sepsis
(45%). Renal replacement therapy is used while awaiting
the recovery of renal function. In critically ill patients,
convective methods are preferred to diffusive methods
patient critique, with epuration by continuous venovenous
hemofiltration (CVVH) being the most common method.
The advantage of continuous renal replacement therapy as
compared to intermittent hemodialysis is that this technique provides a significantly higher hemodynamic stability while allowing for more flexible fluid removal.
Neither method appears to have any advantage over the
other in terms of mortality and renal recuperation.

Adjunctive Therapy
Low-Dose Corticosteroid Therapy
The use of corticosteroids in septic shock patients is still
controversial. The first studies that used corticosteroids
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because of their anti-inflammatory effects did not reveal
any advantage in terms of mortality. Yet, the involvement
of the hypothalamus–pituitary–adrenal axis has been
described in the setting of sepsis. The mechanisms that
lead to this dysfunction are still unclear. Complete adrenal
failure is rare but relative adrenal insufficiency is more
frequent.
Subsequent studies used low-dose corticosteroid therapy (200–300 mg/day) for a prolonged duration (7 days).
Annane et al. have shown survival benefits in patients
unresponsive to the hypothalamus–pituitary–adrenal
axis in an ACTH test.
Yet, a recent multicenter, randomized, double-blind
controlled study failed to show any benefit of corticosteroid therapy. In fact, mortality at 28 days did not differ
between responders and nonresponders. Moreover, the
use of the ACTH test was not a predictor of shock reduction following the administration of corticosteroids.
The SSC recommends neither the ACTH test nor the
administration of high-dose corticosteroid therapy in
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patients with septic shock due to their potentially dangerous effects. Low-dose corticosteroid administration is still
permitted in restricted patient groups i.e., patients with
refractory shock or those undergoing chronic corticosteroid therapies [5].
A more precise determination of the degree of adrenal
axis involvement in the setting of sepsis would allow us to
better define the patient populations where the use of
corticosteroid therapy might again be tested.

Activated Protein C
The SSC recommends that patients with severe sepsis/
septic shock presenting an APACHE II score of 25 (or
one or more organ dysfunctions) should be administered
dotrecogin alfa, the recombinant human form of activated
protein C (Fig. 3).
It has been shown that patients with severe sepsis
exhibited low protein C levels, associated with increased
mortality. Protein C (PC), an inactive precursor, is converted
into activated PC (APC) by thrombin in association with

Sepsis resuscitation bundle
(each item should be performed within the first 6 hours of identification of severe sepsis or
septic shock).
1. Measure serum lactate
2. Obtain blood cultures
3. Administer intravenous broad- spectrum antibiotherapy and consider source control
measures.
4. Begin resuscitation in patients with hypotension or elevated serum lactate (4 mmol/L):
a. Infuse minimum 20 ml/kg of liquids (crystalloid or colloïd)
b. Use vasopressors for hypotension not responding to fluid resuscitation
5. In the event of persistent hypotension despite fluid resuscitation and/or lactate > 4
mmol/L:
a. Achieve a central venous pressure (CVP) of >8 mm Hg
b. Achieve a central venous oxygen saturation (ScvO2) >70% or mixed venous
oxygen saturation (SvO2) >65%
Sepsis management bundle
(each item should be performed within the 24 hours of identification of severe sepsis or septic
shock).
1. Administer low- dose steroids for septic shock according to a standardized protocol.
2. Maintain glycemia controlled < 150 mg/dl and above 70 mg/dl.
3. Maintain a median inspiratory plateau pressure < 30 cmH2O if mechanical ventilation
is required.
4. Consider dotrecogin alfa administration if indicated and there is no contraindication.

Sepsis: Management, Including Sepsis Bundles. Figure 3 Sepsis bundles according to Sepsis surviving campaign
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thrombomodulin. APC displays anticoagulant, antiinflammatory, and anti-apoptotic properties.
Dotrecogin alfa was shown to exert beneficial effects
on survival, decreasing mortality rates from 30.8% to
24.7% in a large, randomized, double-blind trial, which
was discontinued prematurely due to proven efficacy [6].
Nevertheless, the risk of hemorrhages was more significant
in the active treatment group.
The efficacy of dotrecogin alfa was also investigated in
a group of septic patients with low mortality risk (i.e.,
APACHE II score <25 or single organ dysfunction); the
study results did not reveal any survival benefits while
confirming the drug’s hemorrhagic potential. In this
trial, the patients who had undergone surgery within the
previous 30 days exhibited higher mortality.
Contraindications for APC treatment are:
thrombopenia <30.000/mm3, hemorrhagic stroke within
the last 3 months, active hemorrhages, recent intracranial
surgery, trauma with risk of bleeding, cerebral tumor, or
epidural catheter.
Although APC was the first anti-inflammatory compound to demonstrate beneficial effects, the compound
has not been widely used by intensive care physicians.
The reasons for this are the molecule’s high cost and its
significant risk of hemorrhage. In addition, this drug was
not shown to be efficacious in patients presenting
a significant mortality risk. The initial study had excluded
certain subgroups of patients, such as cirrhotic patients,
patients treated with anticoagulant agents, or those undergoing hemodialysis.
Currently, the initial study is being repeated in order to
confirm the drug’s beneficial effects.
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Synonyms
Multiple organ dysfunction syndrome; Septic shock;
Systemic inflammatory response syndrome (SIRS)

Clinical Definition
Sepsis is a complex and life-threatening clinical syndrome
resulting from infections or inflammatory injury in
patients accompanied with the subsequent activation of
innate immune responses and resultant diffuse vascular
injury and organ hypoperfusion. While sepsis can result
from virtually any infectious organism in the right clinical
setting and from many different portals of entry, its final
manifestation in patients arises from microvascular injury
and cellular hypoxia of various key organs. Sepsis is often
described as a process of microcirculatory dysfunction and
endothelial injury is a key cellular event in its pathogenesis
[1–3].
As a disease entity, it exists along a clinical spectrum of
severity and is often related to the temporal progression of
the disease prior to its recognition and intervention with
treatment. Thus, early therapeutic interventions can result
in improved patient outcome and decreased morbidity.
The systemic inflammatory response syndrome, or SIRS,
is a clinical classification of patients, including both signs
of physical distress and laboratory analysis of peripheral
blood for leukocyte activation, encompassing early manifestations of diffuse inflammatory response to injury.
Patients are classified as having SIRS when two or more
of the criteria are met during a clinical evaluation [1];
● Core body temperature less than 36 C or greater than
38 C
● Heart rate greater than 90 beats/min
● Tachypnea greater than 20 breaths/min or an arterial
partial pressure of carbon dioxide less than 4.3 kPa
(32 mmHg)
● White blood cell count of less than 4,000 cells/mm3 or
greater than 12,000 cells/mm3, or the presence of
greater than 10% immature neutrophils on the differential count
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These clinical signs or their absence must be assessed
in the context of the individual patient. For example,
patients with SIRS or sepsis may chronically take medications that inhibit autonomic responses or the ability to
manifest fever and can present without overt clinical features and therefore may be undiagnosed for several key
hours when therapy should be initiated.
Unchecked, SIRS progresses to sepsis which includes
the manifestation of at least one primary organ dysfunction, followed by septic shock with systemic arterial hypotension, and eventually to circulatory collapse. Ultimately,
multiple organ dysfunction syndrome and subsequent
death occur in patients unresponsive to measures of resuscitation and life support. Common presentations of endorgan damage in patients with sepsis include acute lung
injury (ALI) with subsequent respiratory failure and
ARDS, acute renal failure, encephalopathy, hepatic injury
with impaired protein synthesis, and depressed cardiac
function with low cardiac output. Increased lactate production from anaerobic metabolism often results and can
be a harbinger of early organ hypoperfusion.

Pathogenesis
Sepsis results from the imbalanced interaction of multiple
systems in response to insults from pathogens. While
inflammation and immunologic responses are appropriate physiologically under conditions of infection, they
must be countered with mechanisms which turn off
proinflammatory signals in order to keep organ function
preserved. It is this imbalance between systemic inflammation, coagulopathy, and endothelial tissue that leads
from simple infections to sepsis and ultimately to multiple
organ dysfunction and death [4, 5].

Innate Immunity
The evolution of sepsis involves an introductory interaction between pathogens and the innate immune system
comprised predominantly of neutrophils, monocots, and
macrophages. These cells react by activation of conserved
pattern recognition receptors (PRR’s) that are stimulated
by bacteria, fungi, or their secretory products. The innate
immune response is one of the earliest engagements with
foreign pathogens and is characterized by cell-surface
receptors that recognize three dimensional structural patterns of invading organisms. Later involvement and host
response by the inducible adaptive immune system is
characterized by programmed cell-surface molecules that
recognize specific amino acid sequences in proteins on
pathogen surfaces [6]. Pattern recognition receptors are
cell-surface molecules on leukocytes which bind with
various microorganisms and become activated after
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dimerization with key components thereby eliciting transmembrane signaling and upregulating inflammatory
responses. Best described among innate cell-surface
PRR’s are a family of transmembrane proteins with fundamental roles in immune response activation, the Tolllike receptors (TLR). In addition, this functional class of
cell surface receptors includes retinoic acid-inducible gene
I(RIG-I)-like receptors (RLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and
a recently discovered novel signaling molecule, the receptor of advanced glycation end products (RAGE) [6–9].
TLRs are a branch of the Toll/IL-1 receptor containing
group of transmembrane signaling proteins with conserved homology across eukaryotic organisms. They
share a motif of an extracellular leucine domain responsible for the formation of homodimers or heterodimers
upon conjugation with various pathogenic stimuli in conjunction with a cytoplasmic TIR domain which activates
cytosolic kinase activity and ultimately stimulates transcription of inflammatory genes. To date, at least ten
distinct TLRs have been identified in humans, and each
interacts with products from various forms of bacteria
and fungi to mediate innate immune cell responses,
predominantly through the inducible transcription factor
NF-kB [6]. TLRs have been found not only on surfaces of
immune cells, but also on smooth muscle, endothelium,
and epithelial cells of the respiratory, gastrointestinal, and
genitourinary tracts, where they have sentinel roles in
responding to bacteria at sites of entry into the body [9].
Recent genetic investigation into TLRs has suggested associations with genetic polymorphisms among patients are
linked to different levels of downstream activation and
patient survival of sepsis [2].
Well described is the interaction between lipopolysaccharide (LPS), a ubiquitous component of gram-negative
bacteria, and TLR 4. After bacterial entry into the host, LPS
components of bacterial cell membranes engage LPSbinding protein circulating in the plasma of the human
host. This initial step then brings about engagement with
LPS cell-surface receptor CD14, and TLR4 homodimers are
then recruited to the cell surface to form a receptor complex. TLR4 homodimers function in this intricately orchestrated biologic process to stimulate multiple intracellular
kinase pathways and ultimately to activate NF-kB [6].
Extensive research has demonstrated that activation of
the NF-kB plays fundamental roles in the development of
sepsis. This transcriptional factor is elevated in all organ
systems in human patients and animal models of sepsis
such as cecal ligation and bowel perforation. To understand this complex relationship of cell activation and
inflammatory response, it is best to consider multiple
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organisms and cytokines utilizing pattern recognition
receptors to activate subsequent intracellular kinase pathways which then converge on activation of transcriptional
modulatory molecules, the most ubiquitous of which is
NF-kB (Fig. 1). The resultant products then bring about
cellular changes which, if large enough in magnitude, are
pathologic to the organs involved in addition to bringing
about removal of foreign pathogens [6]. Elevated NF-kB
levels in lung are clearly demonstrated in models of acute
lung injury and, reciprocally, inhibition of NF-kB in
models of sepsis can restore vascular tone, improved
microvascular endothelial leakage, and even reduce
neutrophil migration into tissues [6].
Similar to TLRs, NF-kB is cohort of proteins with
conserved pattern motif which form various combinations of dimers upon activation. Thus, the pattern of
combinations which compose different dimers in cells is
a result of the upstream stimulus or pathogen which

initiated their activation. NF-kB proteins have literally
hundreds of activating stimuli, including bacteria, fungi,
viruses, inflammatory cytokines, and even oxidant stress
itself (Table 1). Globally speaking, NF-kB proteins mediate two distinct cellular activities; regulating immunological function and inflammation, and controlling
apoptosis. At basal expression levels, for example, NF-kB
proteins maintain cellular integrity and propagate cell
survival. They also have vital roles in both innate and
adaptive immune functions. Responses to LPS are mirrored in NF-kB levels in circulating mononuclear cells and
correlates with patients APACHE scores [6, 7, 10].
NF-kB proteins modulate transcription of multitudes
of inflammatory genes which are responsible for cardiac
dysfunction, vascular permeability, leukocyte activation,
microvascular coagulation, and virtually all other cellular
derangements associated with sepsis and multiple organ
dysfunctions [6]. While the downstream molecular

Host cell

Kinase
activity
>>Transcription>>
Bacteria
Bacterial products
Cytokines

Pattern
Recognition
Receptors

NF-κB

Inflammatory cytokines
Adhesion molecules
Reactive oxygen species
Reactive nitrogen species

Acute lung injury
Microvascular coagulation
Increased vascular permeability
Leukocyte migration

Sepsis: Pathogenesis. Figure 1 Molecular interactions in sepsis: Innate immunity
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Sepsis: Pathogenesis. Table 1 Activators of mammalian NF-kB
Bacteria

Bacterial products/components

Cytokines

Anaplasma phagocytophilum

Cholera toxin (V. Cholera)

TNF-a

Bacteroides forsythus

Cytolysin (V. Vulnificus)

TNF-b

Bartonella henselae

Diphosphoryl lipid A

Interferon-b

Bordetella pertussis

Enterotoxin A

Interferon-g

Chlamydia pneumonia

Enterotoxin B

Interleukin-1a

Chlamydia psittaci

Flagellin

Interleukin-1b

Chlamydia trachomatis

Internalin B

Interleukin-1F6

Escherichia coli

Leukotoxin

Interleukin-1F8

Ehrlichia chaffeensis

Lipoteichoic acid

Interleukin-1F9

Fusobacterium nucleatum

Lipopolysaccharide

Interleukin-2

Gardnerella vaginalis

Lipoprotein

Interleukin-3

Helicobacter pylori

Porin IB

Interleukin-6

Hemophilus influenzae

Mannoproteins

Interleukin-8

Lactobacilli lactobacillus

Muramyl peptides

Interleukin-12

Listeria monocytogenes

Peptidoglycan

Interleukin-15

Mycobacteria mycobacterium

Peptidoglycan polysaccharide

Interleukin-17

Tuberculosis

Phospholipases

Interleukin-18

fermentans

Porins

GMCSFa

Shigella flexneri

Protein A

Macrophage CSFa

Salmonella Dublin

TSST-1 protein

Neisseria meningitides
Neisseria gonorrhoeae
Rhodococcus equi
Staphylococcus aureus
Streptococci group A
Streptococci group B
Rickettsia rickettsii
Streptomyces californicus
Ureaplasma urealyticum

S

Yersinia enterocolitica
a

CSF colony stimulating factor

signaling pathways of NF-kB have been investigated as
potential sites of therapy to improve outcomes in septic
patients, recent work has focused on these widespread
transcriptional proteins as a nodal site of reducing the
exaggerated response to infection and reducing tissue
loss. Functional inhibition of NF-kB with decoy oligonucleotides which compete for binding to promoter regions
of proinflammatory genes can reduce expression of iNOS,
COX-2, and ICAM-1 levels in murine models of ALI and
improves survival compared to controls [11]. Inhibition

of heat shock proteins has also been shown to improve
survival and reduce NF-kB levels in murine models of
sepsis and ALI by reducing levels of active IkB kinase
(IKK), a ubiquitous enzyme responsible for phosphorylation and nuclear localization of NF-kB dimers [12]. Thus,
multiple targets in the molecular chain which activate
NF-kB and its subsequent transcriptional target genes
are the focus of research into novel mechanisms for
inhibiting the exaggerated response of innate immunity
in septic patients.
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Microvascular Coagulopathy
The propagation of immune responses and their resultant
inflammatory mediators to vascular injury and derangements of coagulation are well described in models of
sepsis. In patients with acute lung injury microthrombosis
is a common feature in tissue specimens and can be seen in
association with foci of neutrophilic infiltration. Animal
models of sepsis and acute lung injury lead to diffuse
thrombosis of medium to small vessels and diffuse
alveolar damage of epithelial surfaces. Pattern recognition
receptors and adhesion molecules expressed on
endothelium surfaces play important roles in neutrophil
localization and translocation into infected tissues [4].
Proinflammatory cytokines and TLRs engaged to bacterial
products work in concert to turn on plasminogen activator inhibitor-1 (PAI-1) which imbalances the coagulation
system in favor of local thrombosis with impaired
anticoagulation effect. The apical surfaces of endothelium
in sepsis are sites of activation of complement and tissue
factor expression which leads to a procoagulant state and
significant clotting due to the extrinsic coagulation cascade [13, 14].
Clinically, it has been described for some time that
patients with septic shock had impaired levels of activated
protein C, a key anticoagulant molecule which acts to
balance vascular clotting activity in normal physiologic
states. Deficits in tissue factor pathway inhibitor and antithrombin are coupled with this deficiency of activated
protein C with resultant disseminated thrombosis of
microvascular beds. This thrombosis has two large categorical effects on tissues, prolonged inflammation and
cellular hypoxia due to impaired blood flow. Anaerobic
metabolism often results with subsequent rise in lactate
levels. The alterations in cellular metabolism due to poor
perfusion are reflected in organ dysfunction seen globally,
such as acute renal failure or acute lung injury [13–15].

Treatment
Sepsis and septic shock are sources of significant morbidity and mortality in health-care systems with patients
entering through virtually all portals from emergency
departments to long-term care facilities. Multiple specialties of medicine share the responsibility of addressing and
managing patients with this illness. As a result of the
impact sepsis has on patient well-being and its deleterious
impact on health-care costs, an initial consortium of
experts and leading critical care societies convened to
define universal language related to clinical aspects of the
disease and to outline management guidelines under the
direction of the Surviving Sepsis Campaign in 2003. These

guidelines were revisited and refined in 2008 and focus on
several key aspects of clinical care in patients with sepsis
and septic shock [1]. Apropos to the severity and rapid
time course to organ failure related to this disorder, early
diagnosis and interventions are the cornerstone of current
management strategies with identification of patients with
aspects of SIRS/sepsis and aggressive antimicrobial treatment being paramount. In the clinical course from presentation of symptoms or complaints of illness, several
areas of antibiosis and resuscitation are outlined in current
recommendations from the Surviving Sepsis Campaign
[1, 3, 4].

Early Goal-Directed Therapy
Patients presenting with hypotension or signs of organ
hypo perfusion, such as elevated plasma lactate, and
clinical features of sepsis are highly recommended to
be volume resuscitated with protocolized fluid management under the guidelines of early goal-directed therapy. This includes rapid crystalloid or colloid infusions
to maintain mean arterial pressure (MAP) greater than
or equal to 65 mmHg and to achieve a target central
venous pressure (CVP) of greater than 8 mmHg by
central venous pressure monitoring. Central venous
monitoring of mixed venous saturation levels (Scvo2)
is also incorporated into the goals of vascular resuscitation
and evidence supports maintaining Scvo2 levels at or
above 65%. If patients cannot attain appropriate Scvo2
with volume infusions alone, authorities advocate red
cell transfusions in patients with anemia in order to ultimately improve oxygen delivery. Dobutamine infusion
should be considered in specific patients undergoing
early goal-directed therapy in whom Scvo2 levels remain
depressed despite appropriate volume infusions and
hematocrit levels. In patients with tachyarrhythmias
dobutamine should be used with caution. Vasopressor
use is also recommended when necessary to maintain
mean arterial pressures above 65 mmHg. Dopamine and
norepinephrine are considered equally efficacious for
patients with sepsis [1].
Review and analysis of resuscitation efforts of
patients with sepsis strongly suggests that after diagnosis, the initial 6 h of management are the most critical in
resuscitation and management of tissue reperfusion.
This facet of care coupled with an often unavoidable
delay in critical care bed availability has moved resuscitation and therapy to the emergency department and
changed the focus for emergency room staff from initial
diagnosis and triage beyond to invasive monitoring and
treatment.
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Antimicrobial Care and Source Control
Prompt institution of intravenous antimicrobial therapy is
highly recommended within the first hour of identification of sepsis, and appropriate culture samples should be
obtained when possible prior to administration of drug.
Choice of specific antibiotics is a complex issue but should
include two fundamental aspects: initial broad spectrum
empiric coverage and consideration of the environment
patients have recently been exposed to. Patients residing in
skilled nursing facilities or rehabilitation hospitals, for
example, are now at higher risk of exposure to resistant
health care–associated infections such as drug resistant
staphylococcus or gram-negative bacteria, and a careful
history should guide choices of initial antimicrobials
along with regional antibiogram data [1].
Source control is another component of antimicrobial
therapy management in patients with sepsis and incorporates measures of not only diagnosing the primary site of
infection, but control of the focus on infection. In many
patients, infections arise from sites without a nidus of
infection in closed body cavities, such as simple urinary
infections. Tissue abscesses or similarly enclosed collections of bacterial growth, such as an empyema, require
definitive drainage in patients with sepsis. Early detection
of closed infections within body cavities is just as important as the initiation of intravenous antibiotics as antimicrobial therapy and host immune responses are often
inadequate to eliminate organisms in these areas without
definitive drainage. Source control encompasses all of the
following interventional measures in specific patients;
drainage of infected fluid collections, debridement of
infected solid tissue, removal of infected medical devices,
and definitive steps to correct anatomic defects that can
perpetuate ongoing microbial contamination [3, 16].

Mechanical Ventilation
Nearly half of patients with severe sepsis will experience
problems with acute lung injury as a result of their underlying disease, and many of those without ALI will require
mechanical ventilation due to altered mental status or
severe acidemia. Positive pressure mechanical ventilation
with low tidal volume ventilation strategies in patients
with ALI or ARDS have been shown to reduce plateau
pressure and subsequently barotrauma to lung units with
resultant improved survival in multiple clinical trials. Initial tidal volumes in patients with bilateral pulmonary
infiltrates and moderate to severe hypoxia should be set
at 6 mL/kg of ideal body weight and adjusted to maintain
plateau pressures less than 30 cm H2O. Pressure limited or
pressure-controlled mechanical ventilation has not been
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shown to be superior to volume-controlled modalities in
clinical trials of patients with ALI/ARDS but may offer
more physical comfort in specific individual patients.
Noninvasive positive pressure ventilation (NIPPV) has
not been extensively studied in patients with ARDS/ALI
or sepsis and, currently, is not recommended as a primary
modality for management of patients with severe hypoxic
respiratory failure [4].

Recombinant-Activated Protein C
Administration
Derangements of the coagulation system in the setting of
sepsis with diffuse microvascular thrombosis are well
described in both human and animal models. Recombinant human-activated protein C (rhAPC) counteracts the
prothrombic cascade in severe sepsis and functions to
improve tissue perfusion. Early work with rhAPC infusions administered to patients with severe sepsis demonstrated significant survival benefit, albeit selected patient
populations were sampled for investigation. Clinical benefit in patients with Acute Physiology and Chronic Health
Evaluation (APACHE) II scores less than 25 has not been
shown. Current guidelines recommend not administering
rhAPC to septic patients with APACHE II scores below 25,
those with severe sepsis and scores over 25 may have
clinical benefit, and the risk of bleeding with infusion
should be weighed by the individual practitioner. rhAPC
is currently being investigated in a subsequent randomized
placebo-controlled trial in patients with sepsis and vasopressor dependence to assess its benefit in this patient
population [1, 15].

Epidemiology
Sepsis and multiple organ dysfunction syndrome account
for the two highest rates of death among patients in
noncardiac medical intensive care units in the United
States. Estimates of the costs of health care per patient
range as high as $50,000 with cumulative annual costs
nationally upwards of $20 billion and uncountable
costs when considering the impact of death and severe
morbidity on work-force productivity and new lower
standards of living among many survivors [5]. Large
cohort analysis and evaluation of national data bases indicate in the previous 2 decades the incidence of sepsis is
growing by as much as 8% per year. An ever-increasing
geriatric population has significant impact on these statistics as well as advances in neonatology which have led to
higher rates of preterm infants surviving delivery and
being cared for in neonatal intensive care units. Thus,
patients at higher risk for sepsis, at the extremes of age,
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are increasing and therefore have some impact on incidence sepsis and septic shock. Retrospective review of
nearly 750 million hospitalizations indicates that the incidence and number of deaths related to are generally
increasing while length of hospital stay has declined in
the past 20 years, reflecting a trend in transfer of patients
to nonacute care medical facilities and likely increased
utilization of inpatient palliative care services [17]. Minorities continued to have higher rates of disease, black males
being the highest among them [17].

Evaluation and Assessment
The clinical evaluation and assessment of patients
presenting to emergency departments or other portals of
entry into health-care systems with possible SIRS or sepsis
involves a thorough history and physical exam, an initial
survey for possible sources of infection, and early initiation of the resuscitative process. Organ resuscitation and
broad spectrum antimicrobial therapy coupled with any
necessary source control are fundamental in improving
outcomes. Clinical scoring systems for pneumonia severity, for example, can help guide triage to the appropriate
level of inpatient care and consultation with intensivists or
other critical care physicians early, should be utilized.

After-care
Patients surviving sepsis with multiple organ failure often
have severe debilitation after discharge and require collaborated rehabilitation with appropriate support specialists,
such as physical therapy and speech pathology. While
many patients with acute lung injury can recover
much if not all lung function, persistent deficits in cognition are well described in literature. Trends in care are
demonstrating increased utilization of long-term care
units and pulmonary rehabilitation facilities for patients
with respiratory failure and sepsis [5].

Prognosis
Overall survival in patients with sepsis is highly dependent
on preexisting comorbidities and the number of organs in
failure as a result of their disease. Clearly, organ failure has
been demonstrated to contribute to mortality in analysis
of large data sets [5]. In patients with little previous
chronic illness presenting for evaluation, early determination of a diagnosis and implementation of aggressive
organ resuscitation coupled with aggressive antibiotic
therapy can lead to good clinical response and discharge
with return to functional status in a relatively short period
of time. Patients with progressive and incurable diseases
presenting with multiple organ failure and sepsis have

a much more dismal outlook and early discussion of
goals of care, and consultation with palliative care services
can provide appropriate and effective therapy.
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Synonyms
Septic acute renal failure

Definition
Sepsis-induced acute kidney injury (AKI) is defined as the
abrupt loss of kidney function resulting in the retention of
urea and other nitrogenous waste products, dysregulation
of extracellular volume and electrolytes in a patient who
has or is presumed to have an infection. Until recently,
there was no consensus as to how to define, identify, and
classify sepsis-induced AKI. However, a consensus definition of AKI that uses the acronym risk, injury, failure, loss
and end-stage renal disease (RIFLE) has been developed in
recent years [1]. This definition and classification system
is described in detail elsewhere in this book. The relevance
here is that the RIFLE classification and the widely
established international consensus definition for sepsis,
severe sepsis, and septic shock [2], together provide
a standard way to define sepsis-induced AKI.
Thus, sepsis-induced AKI is defined as simultaneous
presence of both the RIFLE criteria for AKI and the consensus criteria for sepsis in the absence of other clear and
established non-sepsis-related (e.g., radiocontrast exposure) causes of AKI or when sepsis is believed to be the
etiology of AKI on clinical grounds. The severity of AKI in
the setting of sepsis may range from minimal kidney
injury (risk) to severe AKI (failure) depending upon
a variety of factors, such as virulence of the pathogen,
degree of hemodynamic derangement, severity of illness,
host response to infection (e.g., inflammation), and presence or absence of underlying comorbid conditions (e.g.,
diabetes).

Treatment
Volume Replacement
The key principles in the management of a patient with
sepsis-induced AKI are to prevent death, ameliorate
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metabolic and extracellular volume complications, preserve existing renal function, facilitate renal recovery,
and prevent the development of chronic kidney disease.
Patients with sepsis-induced AKI should receive early and
aggressive volume resuscitation to maintain adequate cardiac output and renal perfusion. Both relative and overt
hypovolemia are significant risk factors for the development of AKI in patients with sepsis. Consequently, timely
fluid administration is a preventive measure which should
be instituted in all patients with sepsis who are at risk for
development of AKI. High-risk patients are those with
advanced age, preexisting comorbidity such as diabetes,
hypertension, history of chronic kidney disease, recent
major surgery, etc. When volume replacement is indicated, it should be performed in a controlled fashion
directed by hemodynamic monitoring, as injudicious use
of fluids carries its own inherent risk due to volume
overload. In the ICU patient, volume overload may manifest in several ways including prolonged mechanical ventilation or the development of intra-abdominal
hypertension, which by itself are risk factors for development and progression of AKI.
Volume replacement may consist of isotonic crystalloids, or colloids, or more commonly in clinical practice,
a combination of both. However, hypotonic fluids (such
as half normal saline, dextrose, etc.), which are ineffective
in replacing intravascular volume, should be avoided.
Isotonic crystalloids (e.g., 0.9% saline) are the preferred
first-line fluid of choice for hypotensive septic patients
with AKI. However, it should be noted that large volume
resuscitation (>2,000 mL) with isotonic fluids that contain high chloride concentration (e.g., 0.9% saline)
induces hyperchloremic metabolic acidosis. This may
result in renal vasoconstriction, resulting in reduction in
glomerular filtration as well as altered perfusion of other
organs such as the gut.
Crystalloids expand plasma volume by approximately
25% of the infused volume, whereas colloid infusion
results in a greater expansion of plasma volume. However,
hyperoncotic colloids should be avoided because they may
injure the kidney by osmotic tubular damage. Commonly
employed colloids include human albumin, gelatins, dextrans, and hydroxyethyl starch. Human albumin may
appear attractive in hypooncotic hypovolemia, but is
expensive and there is no evidence that it is superior to
other fluids. Dextrans are single-chain polysaccharides
comparable to albumin in size (40–70 kDa) and with
a reasonably high volume effect, although anaphylaxis,
coagulation disorders, and, indeed, AKI may occur at
doses higher than 1.5 g/kg/day. Hydroxyethyl starches
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(HES) contain highly polymerized sugar molecules characterized by higher molecular weight. Their volume effect
is greater than that of albumin, especially with larger-sized
polymers. Hyperoncontic starch solutions should be
avoided since they may induce osmotic nephrosis and
possibly medullary hypoxia, thereby worsening renal
injury [3].
Fluid therapy should be guided by monitoring indices of
adequacy of tissue perfusion such as lactate, mental status,
and urine output. Noninvasive or minimally invasive functional hemodynamic monitoring parameters such as stroke
volume variation and/or pulse pressure variation can be used
to assess volume responsiveness (i.e., increase in cardiac
output following fluid infusion) in mechanically ventilated, sedated patients. These functional hemodynamic
parameters have shown to have better sensitivity and
specificity for predicting volume responsiveness than traditional static hemodynamic measures such as central
venous pressure and pulmonary artery occlusion pressure.
These functional hemodynamic parameters can be used to
determine the requirement, timing, and the optimal
amount of fluid loading in patients with AKI, especially
in those who are oliguric. Vasopressor (e.g., norepinephrine) and ionotropic (e.g., dobutamine) agents should be
used judiciously when fluids alone are insufficient in
maintaining adequate blood pressure and cardiac output.
Agents such as renal dose dopamine (2–5 mcg/kg/min)
and loop diuretics purely for the purposes to maintain
urine output in oliguric patients have unequivocally
shown not to prevent AKI, need for dialysis, or mortality
and therefore should not be used.

Avoidance of Nephrotoxins
Antimicrobial therapy and source control of infection are
absolutely indicated in patients with sepsis. Prompt broad
spectrum antimicrobial agents should be immediately
administered once specimens (e.g., blood, urine, sputum)
are obtained for cultures. The choice of antibiotics should
depend on the setting in which the sepsis occurs as well
as the patient’s premorbid condition. Nephrotoxins
that potentiate renal injury (e.g., aminoglycosides,
amphotericin) should be avoided if possible and should
only be used if no alternative agents exist for treatment.
Aminoglycosides for instance commonly potentiate AKI
in patients with sepsis. Sustained elevations in levels that
occur from multiple daily doses seem to correlate with
toxicity, whereas bacterial killing depends on peak concentrations. Moreover, aminoglycoside uptake by proximal tubular cells is saturable. Hence, when one large dose
is given, more of the drug is excreted without undergoing
tubular resorption and therefore without accumulating in

the tubular cells and causing injury. Studies, however, have
demonstrated that there are no differences in the efficacy
of aminoglycosides when dosed once daily, and have
a tendency toward lower nephrotoxicity in the once daily
dosing groups.
AKI associated with conventional amphotericin
B occurs in 25–30% of patients, with progressive increase
in the risk of AKI with increases in cumulative dose. The
risk of renal dysfunction is relatively low at doses of
<0.5 mg/kg/day and a cumulative dose of <600 mg. The
use of lipid formulations of amphotericin B seems to cause
less nephrotoxicity compared with standard formulations
and should be used preferentially in patients with renal
insufficiency or evidence of renal tubular dysfunction.
Immediate administration of appropriate broad spectrum
antibiotics and investigations targeted at identification of
the causative organism, and identifying and prompt
drainage of focus of infection are absolutely warranted. If
these agents are used, then it should preferably be used for
a short period of time with careful monitoring of serum
drug concentrations and dosages adjusted for reduced
glomerular filtration rate.

Renal Replacement Therapy
Patients with severe, persistent, or progressive AKI should
be started on renal replacement therapy (RRT). Although
the timing of initiation of RRT is not definitively known,
the current limited evidence seems to suggest that early
treatment might be beneficial. Patients with sepsisinduced AKI are hypercatabolic and therefore
a minimum dialysis dose of at least 20 mL/kg/h using
continuous renal replacement therapy is required,
although higher doses of renal replacement therapy have
no further incremental benefit in survival or renal recovery. Hemofiltration has been shown to produce better
survival rates than peritoneal dialysis in patients with
AKI associated with malaria and other infections.
The key issues in the use of RRT in sepsis-induced AKI
are as follows.

The Modality of Artificial Kidney Support
Continuous renal replacement therapy (CRRT) is increasingly being used to treat AKI. CRRT can provide convective solute clearance (as CVVH or as CVVHDF) and has
an advantage over intermittent hemodialysis (IHD) in
that it provides greater hemodynamic stability and easier
fluid removal. Although existing evidence does not demonstrate a significant advantage of CRRT over IHD in
terms of mortality or renal recovery, many experts prefer
this mode of therapy. Moreover, CRRT is required for
patients with hemodynamic instability and for those
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who cannot tolerate IHD and this includes many patients
with sepsis. Peritoneal dialysis has been shown to be less
effective and is therefore not a recommended modality of
dialysis in critically ill patients with sepsis-induced AKI.
Whether hemofiltration can help in removal of
inflammatory mediators and hence help reduce cytokine
levels in severe sepsis is controversial. Conventional
ultrafiltration rates are inadequate to have a significant
effect on cytokine removal and for this purpose, highvolume hemofiltration (HVHF), using ultrafiltration rates
>35 mL/kg/h have been used. There is some evidence of
improved hemodynamics with reduced need for vasopressor support and a trend toward improved survival with
HVHF, but available evidence is insufficient.

Timing of Renal Replacement Therapy
The specific indications for initiation of RRT in sepsisinduced AKI is controversial; the traditional indications
used in chronic renal failure such as encephalopathy, pericarditis, and coagulopathy are less common in AKI, and
these manifestations may be due to numerous other reasons during critical illness. Incipient or established fluid
overload and electrolyte imbalance and/or acidosis, which
do not respond adequately to conservative management,
are clear indications for initiation of RRT. Evidence
regarding the ideal timing of RRT is scarce. Three different
studies have shown inconclusive results. A prospective
cohort study showed that the risk of death was lower
when dialysis was started at lower blood urea levels.
A specific blood urea nitrogen or creatinine level at which
RRTshould be commenced in AKI is difficult to define, and
no firm recommendation can be made based on current
evidence. Direct clinical or biochemical indications will
guide the initiation of RRT in sepsis-induced AKI. However, given the limited evidence of possible benefit of early
initiation of RRT, it would seem logical to initiate RRTearly
rather than late, especially in rapidly developing, symptomatic, oliguric AKI with metabolic derangement.

The Adequacy of Renal Replacement
Therapy
The use of urea clearance alone as a measure of adequacy
of dialysis has been questioned as many other small- and
middle-sized molecules contribute to the morbidity during critical illness. Measurement of Kt/V is the standard
method of assessing adequacy of dialysis, where K is the
urea clearance of the dialysis membrane used (mL/min),
t is the duration of dialysis (min), and V is the volume of
distribution of urea in the patient (mL). A Kt/V greater
than 1.2 has been traditionally accepted as a measure of
adequate dialysis. The adequacy of dialysis and
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corresponding Kt/V values have been extensively studied
in patients with chronic renal failure. However, the high
catabolic rate in sepsis-induced AKI, variable fluid volumes, and the post-dialysis “rebound” of urea concentrations from hypoperfused organs, limits the use of Kt/V as
a measure of adequacy of dialysis in critically ill patients.
Nevertheless, patients with sepsis-induced AKI should not
receive an intensity of dialysis <1.2 Kt/V three times per
week. Since urea equilibrates rapidly across the dialysis
membrane, urea clearance in CRRT is essentially equivalent to the volume of effluent (dialysate+ultrafiltrate), and
therefore CRRT dose is commonly expressed as L/kg/h of
effluent.
Recently, two large multicenter randomized clinical
trials evaluated the dose of RRT in patients with AKI in
the setting of critically illness. Both the studies compared
a lower intensity treatment strategy with that of higher
intensity treatment strategy and found no difference in
mortality and renal recovery. These studies do not indicate
that dose of RRT is not important, but do indicate that
a dose greater than 20–25 mL/kg/h does not add any
further benefit. However, it is important to reiterate that
a minimum dose of at least 20 mL/kg/h should be used in
all critically ill patients. Although these studies were
performed in a heterogeneous population of critically ill
patients with AKI that included patients with severe sepsis,
it remains to be seen whether a higher dose of RRT would
benefit patients with severe sepsis and septic shock. However, predefined subgroup analysis in both studies found
no advantage of higher intensity therapy for patients with
sepsis.

Epidemiology of Sepsis-Induced AKI
Severe sepsis is a leading cause of AKI and accounts for
approximately 50% of AKI cases occurring in the intensive
care unit (ICU) [4]. AKI also occurs in 19% of patients
with “non-severe” sepsis, 23% with severe sepsis, and 51%
with septic shock when blood cultures are positive. Furthermore, sepsis-induced AKI is not only common in the
ICU, but a recent study found that AKI occurred in 34% of
hospitalized patients with community-acquired pneumonia, and within 16–24% of patients with non-severe pneumonia [5]. This suggests that AKI is not just limited to
intensive care unit but is more prevalent in hospitalized
patients with sepsis and has a strong influence on risk of
death.

Pathophysiology
Recent evidence that has accumulated in the last decade or
so suggests that sepsis-induced AKI is caused by a number
of interactions that occur between hemodynamics,
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inflammation, coagulation, and endothelial dysfunction.
Traditionally, sepsis-induced AKI is thought to result from
renal ischemia due to inadequate renal blood flow. However, numerous lines of investigation suggest that renal
blood flow actually increases in severe sepsis secondary to
systemic vasodilation. Despite increases in renal blood flow,
a drop in glomerular filtration occurs in sepsis that has been
attributed to loss of efferent arteriolar tone. The resultant
drop in intraglomerular filtration pressure and glomerular
filtration rate is thought to be due to relative deficiency of
angiotensin II and/or dysfunctional angiotension II receptors in the efferent arterioles. Profound elevation of cytokines, such as TNF and IL-1, has been shown to cause
a decrease in angiotensin II receptor sensitivity to angiotensin II. Furthermore, activation of inflammation and coagulation has been shown to be strongly associated with
glomerular endothelial and tubular epithelial dysfunction
and also with the severity of AKI [5].

Evaluation/Assessment
Acute kidney injury should be suspected in any hospitalized patient admitted with sepsis. While there are no
specific tests for sepsis-induced AKI, newer urinary biomarkers such as urine neutrophil gelatinase-associated
lipocalin (NGAL) have been shown to predict the onset
of AKI earlier than serum creatinine and clinical development of organ failure. In patients with suspected AKI such
as those with marginal hypotension (but normal kidney
function), and coexisting organ system failure (e.g., respiratory failure, liver dysfunction) should be closely monitored for AKI. Serial estimation of creatinine or other
biomarkers are helpful to detect AKI earlier. Patients
who develop AKI are at increased risk of death and should
therefore be monitored closely, often in the ICU. Patients
with suspected AKI should have urine output and hemodynamics monitored carefully. Current data does suggest
that in septic AKI, biochemical analysis of urine using
standard measurements of sodium, urea, and creatinine
and calculating various indices of tubular function may be
misleading and caution is advised.

After-care
A number of long-term studies indicate that a significant
proportion of patients who suffer from AKI develop
chronic kidney disease. Nevertheless, it is also true that
many patients who have underlying chronic kidney disease develop frequent episodes of AKI which may in turn
further accelerate the progression of underlying chronic
kidney disease. As the population ages, the incidence of
chronic kidney disease and therefore AKI is likely to
increase congruently. Chronic kidney disease significantly

increases the risks for cardiovascular events, such as myocardial infarction and stroke, which largely account for the
reduction in life expectancy in patients with AKI. Therefore, patients with sepsis-induced AKI should receive frequent follow-up visits to monitor for development of
chronic kidney disease.

Prognosis
It is also now well known that patients who develop AKI in
the setting of sepsis are more likely to die than dialysisdependent patients with sepsis admitted to the ICU. This
suggests that a new onset AKI during sepsis by itself has an
“attributable” mortality, and that the poor outcome associated with the sepsis-induced AKI is independent of poor
outcome associated with that of sepsis syndrome alone.
Moreover, the mortality risk due to sepsis-induced AKI
has been reported to persist long after infection has
resolved and after discharge from hospital despite apparently “normal” vital signs. In a recent study of patients
with AKI secondary to community-acquired pneumonia,
the risk of death by 1 year was 36% for patients with AKI
compared to 20% of those without AKI. Moreover, this
risk of death following AKI was present up to 100 days
after discharge from hospital in all patients with pneumonia and up to 50 days in those with non-severe pneumonia
suggesting that despite normal vital signs and biochemical
parameters, small pertubations in kidney function are
associated with increased risk of death [5].
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Synonyms
Acute brain dysfunction; Confusion; Delirium

Definition
Sepsis is often characterized by an acute brain dysfunction
ranging from confusion to coma, which is associated with
increased mortality [1]. This encephalopathy is characterized by inattention, disorganized thinking, and fluctuating
mental status changes, and therefore, matches with current criteria for delirium. Delirium refers to an acute brain
dysfunction frequently observed in critically ill patients
that is nearly always a component of the multiple organ
dysfunction syndrome (MODS). Among the myriad of
conditions that can induce delirium in critically ill
patients, sepsis, in the form of sepsis-associated encephalopathy, represents the most frequent and severe cause.
Several nomenclatures have been proposed to describe the
encephalopathy or delirium in sepsis. While the neurology
literature tends to refer to this organ dysfunction in sepsis
as encephalopathy, the general medical, psychiatric, and
geriatric literature uses the term delirium more often. For
this entry, we will refer to it as sepsis-associated encephalopathy (SAE), about which we will draw on references
that use both terms encephalopathy and delirium. SAE is
considered a diffuse cerebral dysfunction as a consequence
of the systemic inflammatory response to an infection
with no direct central nervous system infection. Studies
point to disruptions in central muscarinic acetylcholine
receptor function as the final pathway mediating the
development of the acute and long-term cognitive deficits.
Diagnosing encephalopathy in a critically ill patient
implies a systematic diagnostic approach of all potential
factors, additionally to sepsis, that can contribute to brain
dysfunction. First of all, a direct central nervous system
infection (e.g., meningitis, brain abscess) should be ruled
out. Other factors that can contribute to brain dysfunction
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include baseline characteristics of the patient, iatrogenic
and environmental factors, metabolic disturbances, or
drugs toxicity. The aim of this entry is to describe the
diagnosis approach to a critically ill patient with encephalopathy in the context of sepsis.

Differential Diagnosis
Clinical Examination of the Acutely Confused
Critically Ill Patient
As stated above, the acute neuropsychiatric presentation
of SAE is the same as hypoactive delirium, which is defined
by the DSM-IVas an acute state of confusion characterized
by fluctuating mental status, inattention, and either disorganized thinking or altered levels of consciousness.
Studies have shown that in addition to being highly prevalent in the ICU, the neurocognitive manifestations of SAE
are an independent risk factor for three-fold increase in
mortality, with elderly patients being at an increased risk.
Incidence and severity of encephalopathy in septic
patients should prompt physicians to detect a brain
dysfunction, diagnose its causes, and finally, whenever
possible, propose a treatment. Detection of acute brain
dysfunction should be based on daily neurological assessment of mental status. SAE is characterized by acute
changes in mental status, cognition, alteration of sleep/
wake cycle, disorientation, impaired attention, or disorganized thinking. Sometimes exaggerated motor activity
with agitation, and/or hallucinations can be observed, and
agitation and somnolence can occur alternatively. Other
but less frequent motor symptoms include paratonic
rigidity, asterixis, tremor, and multifocal myoclonus. Physicians have at their disposal validated clinical instruments
for detecting delirium and for monitoring awareness,
including the Confusion Assessment Method for the ICU
(CAM-ICU) which has been shown to be highly valid and
reliable to detect ICU delirium in mechanically ventilated
patients, or the intensive care delirium screening checklist
(ICDSC) [2]. For awareness, Glasgow Coma Scale or
scores used for monitoring arousal and sedation, such as
the Richmond Agitation and Sedation Scale (RASS) or the
Assessment to Intensive Care Environment (ATICE) can
be used. Once delirium is identified, an exhaustive neurological examination assessing neck stiffness, motor
responses, muscular strength, plantar and deep tendon
reflexes, and cranial nerves is mandatory. The main limitation of clinical detection is sedation, as sedatives alter
awareness and cognition, even after their discontinuation.
The fact that most septic patients will have received sedative or analgesic medications is a reality of ICU medicine,
and it should be readily acknowledged by the ICU team
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that these potentially injurious medications may be a very
legitimate (and modifiable) component of the ongoing
organ dysfunction. In other words, the literature shows
that patients testing positive for delirium in the face of
sepsis and sedation must be considered to have a higher
risk of death, prolonged length of stay, and long-term
cognitive impairment than sepsis patients not testing positive for delirium. Neurological examination should be
daily performed in all septic patients several times daily
(Table 1). Occurrence of sudden fluctuations in mental
status or inattention unexplained by modification of
sedative infusion rate, occurrence of focal neurological
sign, seizure, and neck stiffness should prompt the
physician to consider neuroimaging, EEG, and lumbar

puncture (Fig. 1). In case of focal neurological signs,
a brain imaging is indicated. In case of seizure(s), including palpebral myoclonus, an EEG will be required to rule
out subtle status epilepticus. It has been recently shown
that sepsis is often associated with electrographic seizures
or periodic epileptiform discharge. Other EEG abnormalities include increased theta rhythms, triphasic waves, and
less often but more pejorative, burst suppression. Assessments of biomarkers have been proposed for detecting
brain dysfunction in sedated septic patients. Plasma
levels of brain injury markers, such as neuron specific
enolase and S-100 b-protein, can be more easily
performed. However, their specificity and sensitivity for
detecting sepsis associated brain dysfunction or injury are

Septic Encephalopathy. Table 1 Neurological approach in sedated patients
Assessment

Symptoms

Interruption of sedation

Investigation

Motor activity

Agitated

Careful

If no obvious explanationa

Awarenesss/Awakeness

Comatose

yes

If persistenta,b

Cognition

Delirium

yes

If persistenta

Motor and brainstem
responses

1. Modification not explained 1. Yes
by sedation

1. If persistenta

2. Focal signs

2. Not necessary

2. Any focal sign (MRI)

3. Myoclonus

3. No

3. Necessary (EEG, MRI. . .)

a

Biological, neuroradiological, and electrophysiologic complementary investigations have to be discussed
Use of antagonist of benzodiazepines or opı̈oids can be discussed

b

Sedation necessary
Non sedated

What
strategy ?

Sedated
Discontinuation of sedation
whenever possible
EXAMINATION

Normal

Monitoring

LUMBAR PUNCTURE IF ANY DOUBT
Focal sign

Brain imaging

Myoclonus

EEG - Biochemistry - Drugs

Coma

EEG - Biochemistry - Drugs

Brain imaging
Antagonist ?
Brain imaging

Delirium
Agitation

Biochemistry - Drugs

EEG

UNCONTROLLED SEPSIS?

Septic Encephalopathy. Figure 1 Neurological approach in septic patients

Brain imaging
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insufficient. Burst suppression of the EEG in septic
patients on high doses of sedatives (the likely culprit for
the burst suppression) has been shown an independent
predictor of death.

Complementary Investigations
In septic patients, evidence for focal neurological sign(s)
or seizure(s) are undisputable criteria for brain imaging.
It should be also considered when no cause for encephalopathy has been identified. Brain MRI has a higher sensitivity than CT for detecting acute CNS disorders such
as recent ischemic or hemorrhagic stroke, white matter
disorders, brain abscess, and for exploring cerebral arteries. However, before transporting the critically ill patient,
risks and benefits of brain MRI studies should be carefully balanced. Additionally to the importance of etiological diagnosis, assessment of the nature and extent of
brain damage may also influence patient’s treatments.
For example, evidence for brain hemorrhage should
lead to discontinuation of any drug with an anticoagulant activity.
In the absence of focal sign(s) or when neuroimaging
is normal, physicians should carefully screen all potential
metabolic or toxic causes of confusion that can be easily
treated. Standard laboratory tests should be done for
detecting common metabolic disturbances that can
impair consciousness (such as hypoglycaemia, hypercalcemia, hyponatremia or hypernatremia). Encephalopathy in critically ill patients can result from various
causes, which can be entwined, masked, or worsened by
a septic process. Sepsis can be the triggering and/or
aggravating factor of hepatic or uremic encephalopathy.
A careful screening of the drug chart should be systematically performed in order to identify potential neurotoxic substances that could be then discontinued (or
tapered according to their plasma levels or to the liver
and/or renal function). Additionally to sedative and
analgesics, many classes of drugs currently administered
in critically ill patients can induce confusion or coma,
notably number of antibiotics, steroids, and cardiac
drugs. It must be emphasized that encephalopathy is
often multifactorial. Finally, reappearance or persistence
of encephalopathy may indicate that sepsis is not
controlled.

Specific Causes of Encephalopathy
As aforementioned, a brain infection must always be
suspected and relevance of brain imaging and lumbar
puncture always addressed in a septic patient with any
central neurological symptoms. Critically ill patients are
also susceptible to drug overdose (notably of antibiotics

S

2055

that are the main cause of convulsive or non-convulsive
seizures in ICU patients) but also drug withdrawal,
notably of benzodiazepines and opioids. The chronological link and the neurological improvement after their
re-administration are arguments for a withdrawal syndrome. Tobacco dependency is a risk factor for delirium
in critically ill patients that may be prevented by use of
nicotine patch in chronic smokers admitted to the ICU.
Alcohol withdrawal delirium is often evoked in an alcoholic patient who develops an encephalopathy. Delirium
tremens is a potentially fatal complication that occurs
however in only 5% of hospitalized alcohol-dependent
patients and usually within 48–72 h of the last drink. The
predominance of psychomotor agitation, zoopsies, and
autonomic signs (hyperpyrexia, tachycardia, hypertension,
and diaphoresis) are suggestive of the diagnosis. In malnourished or alcoholic patients, Wernicke’s encephalopathy
must always be evoked and treated with intravenous
thiamine, especially if there is evidence of ophtalmoplegia
or ataxia. Thiamine deficiency can be aggravated by infusion of glucose. In a patient with unexplained neurologic
symptoms (focal neurologic sign or confusion) and bloodstream infection, an infective endocarditis should be
systematically ruled out. Finally, air embolism is an iatrogenic cause of sudden coma, agitation, seizure, or focal
neurological signs, and for which hyperbaric oxygen is
recommended.

Cross-Reference to Disease
Brain Signaling in Sepsis
The response to stress is physiologically triggered by an
activating signal that is mediated by two pathways. The
first one is the vagus nerve, which can detect visceral
inflammation through its axonal cytokines receptors.
The vagus nerve nucleus is connected to various brainstem
autonomic nuclei, notably the nucleus tractus solitarius
that integrates the baroreflex, but also to the paraventricular nuclei that controls adrenal axis and vasopressin
secretion. The second pathway involves the circumventricular organs, which are strategically located near
neuroendocrine and neurovegetative nuclei, are deprived
of a blood-brain barrier (BBB), and express components
of innate and adaptive immune systems. Once visceral or
systemic inflammation is detected by the first or the second pathway, the activating signal will spread to behavioral, neuroendocrine, and neurovegetative centers.
Various mediators (including pro-inflammatory and
anti-inflammatory cyokines, nitric oxide, prostaglandins,
chemokines, and carbon monoxide) will affect directly or
indirectly migroglial cells, astrocytes, and neurons. It is
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Septic Encephalopathy. Figure 2 Mechanisms of sepsis-associated encephalopathy

therefore conceivable that this brain-activating signal
can become pathogenic and induce such an alteration of
neurotransmission, which is the pathophysiological substratum of encephalopathy. Furthermore, behavioral
response is mainly controlled by amygdala and hippocampus, which are extremely vulnerable to hemodynamic and
metabolic (i.e., hypoxemia and hypoglycaemia) insults.
Additionally to these two pathways, endothelial cells
play a major role in sepsis associated brain inflammation.
Sepsis induces their activation, which result in BBB
dysfunction and release of various mediators into the
brain (Fig. 2).

Concept of Brainstem Dysfunction
If electroencephalogram indicates cortical damages and
abnormalities of somatosensory evoked potentials suggest
subcortical alterations, SAE cannot be limited to supratentorial dysfunctioning. Indeed, the brainstem controls
awareness (via the ascending reticular activating system)
but also the cardiovascular, respiratory and immune
systems via the sympathetic and parasympathetic systems.
Additionally to encephalopathy, sepsis is associated with
altered autonomic control of blood pressure, heart rate,
respiratory rate, and immune response. It has been
suggested that altered brainstem reflex in sedated critically
ill patients may have a prognosis value.

Alteration of Neurotransmission
Significant neurotransmitter alterations have been
described during experimental sepsis. These phenomena
predominate in cortex and in hippocampus, and may be
mediated by NO, cytokines, and prostaglandins. Neurotransmitter synthesis is also altered by ammonium and
tyrosine, tryptophan, and phenylalanine, whose plasma
levels are increased secondary to liver dysfunction and
muscle proteolysis. Their neurotoxic effect might be
potentiated by the decrease in branched-chain amino
acids. Imbalance between dopaminergic and cholinergic
neurotransmission is considered a major mechanism of
delirium in critically ill patients. It has been also hypothesized that reduced cholinergic inhibition of microglia is
involved in delirium. However, cholinesterase inhibitor
has been recently shown to be deleterious for treating
delirium in critically ill patients. Noradrenergic neurotransmission might be also particularly involved in SAE
as Dexmedetomidine, an agonist of alpha2 adrenoceptor
expressed in the locus ceoruleus, is associated with less
delirium in septic patients.

Mitochondrial Dysfunction, Oxidative Stress,
and Apoptosis
Various brain areas of septic rats, especially in the hippocampus and cortex, are liable to an early and transitory
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oxidative stress, which can be induced by NO, via formation of peroxinitrite but also decrease in anti-oxidant
factors imbalance between superoxide dismutase and
catalase activity as well as mitochondrial dysfunction.
One major consequence of oxidative stress is apoptosis.
Mitochondrial-mediated apoptosis has been evidenced in
experimental sepsis and might be related to a decrease
of intracellular pro-apoptotic (bcl-2) and an increase of
anti-apoptotic (bax) factors. In patients who had died
from septic shock, neuronal, and microglial apoptosis
have been detected in neurovegetative and neuroendocrine nuclei as well as in amygdala [3]. Intensity of apoptosis correlated with expression of endothelial iNOS.
Additionally to nitric oxide, other pro-apoptotic factors
have been incriminated, such as glutamate, TNFa, and
hyperglycemia. The excito-neurotoxicity of glutamate
has been extensively investigated in various neurological
disorders, including acute stroke and chronic neurodegeneration. Large amounts of glutamate are also
released by activated microglia, cell activation that is
consistently observed during sepsis.

Endothelial Activation, Microcirculatory
Dysfunction, and Blood-Brain Barrier
Alteration
Lipopolysaccharide (LPS) and proinflammatory cytokines
trigger the endothelial expression of various adhesion
molecules (CD40, E-selectin, vascular adhesion molecule-1, and intercellular adhesion molecule-1), activate
both the endothelial cyclooxygenase 2 synthesis and the
IkB-a/nuclear factor-Κb (NF-kB) pathway. LPS also
induces endothelial expression of IL-1 and TNF-a receptors, production of IL-1b, TNFa and IL-6 as well as the
activation of both endothelial and inducible NOS. Then,
this endothelial activation relays into the brain the inflammatory response by releasing pro-inflammatory cytokines
and NO that are able to interact with surrounding brain
cells. The other consequences of endothelial activation
may include impairment of metabolic supply (oxygen,
glucose, and other nutrients), microcirculatory impairment, which might compromise cerebral perfusion, and
BBB alterations, which might cause cerebral edema and
which will facilitate the passage of potential neurotoxic
factors. Microcirculatory dysfunction (MD) has been
experimentally documented and seems to precede both
neuronal and macrocirculatory alterations. Alterations of
BBB have been evidenced in experimental model of sepsis
but also in septic patients, with help of brain magnetic
resonance imaging. BBB breakdown can be localized
around the Virchow-Robin spaces or diffuse in the whole
white matter. It can also predominate in posterior lobes,
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being consistent with a posterior reversible encephalopathy syndrome. Endothelial activation alters vascular tone
and induces both microcirculatory dysfunction and
coagulopathy, which will in turn favor ischemic and or
hemorrhagic lesions. However, it has to be noted that
ischemia is consistently observed in brain areas susceptible
to low cerebral flow. Furthermore, it has been recently
shown that SAE is more likely associated with disturbed
autoregulation than with altered CBF or tissue oxygenation. One major unanswered issue is whether targeting
higher systemic blood pressures will result in improved
cerebral perfusion and oxygenation, given the presence of
a microcirculatory dysfunction. Finally, neuropathological examination reveals in about 9% of patients who died
from septic shock hemorrhages which were always associated with clotting disorders [4].

Outcomes
While advances in clinical care provided to septic patients
have greatly improved outcomes, several studies now indicate that sepsis survivors suffer from residual deficits
in cognitive function and physical performance that represent a downward and lasting trajectory change in their
lives [5]. Eidelman et al. showed in a landmark study that
about one-third of patients with sepsis had a Glasgow
coma scale less than 12, and that alteration of alertness
and consciousness was an independent prognosis factor,
increasing mortality rate up to 63% when Glasgow coma
scale drops below 8. Mortality also increases with severity
of electrophysiological abnormalities, ranging from
0 when EEG is interpreted as normal to 67% when it
shows burst suppressions. Epileptic seizures and periodic
epileptiform discharges have been also shown to be
associated with worst outcome. Surprisingly, mortality
rate also increases with plasma levels of biomarkers,
although they do not correlate with clinical and neurophysiological severity. More recent studies suggest that
delirium is an independent predictor of long-term cognitive impairment in survivors of critical illness. Severe
sepsis in an older population was also recently shown to
be associated with substantial and persistent new cognitive
impairment.

Treatment and Therapeutic Perspectives
There is no specific treatment for SAE yet. Thus, treatment
should focus on the underlying systemic illness and supportive measures such as control of sepsis, management of
organ failure and metabolic disturbances, and avoidance
of neurotoxic drugs. We do not know so far if cerebral
blood flow should be monitored and “optimized” in septic
patients.
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Among treatments currently used in septic patients,
intensive insulin therapy, activated protein C, and steroids
may have some effects on the main and supposed pathophysiological mechanisms of SAE, which are endothelial
activation, blood-brain barrier breakdown, neuroinflammation, oxidative stress, and apoptosis. However,
there is no evidence from clinical trial that any of these
drugs can reduce incidence or severity of SAE.
Insulin therapy could be neuroprotective as hyperglycemia experimentally induces oxidative stress and apoptosis. In septic patients, it is impossible to anticipate its effect
on brain function as cerebral metabolism of glucose is
highly complex and its disturbances in sepsis are insufficiently understood. On the one hand, LPS increased permeability of the BBB to insulin, then maximizing
its central effects, on the other hand, sepsis may alter
brain cells expression of different glucose transporters.
Therefore, neuronal sensitivity to hypoglycaemia and
hyperglycaemia might be modulated during sepsis.
Experimental models showed that steroids decrease
systemic inflammation, reduce brain edema, improve
BBB function but also modulate microglia functions.
The expression of steroids receptors in hippocampus,
reduction of NMDA receptors expression in hippocampus, and prevention by hydrocortisone of post-traumatic
stress syndrome suggest that they are involved in behavioral response to stress. Steroids have been also shown to
reduce LPS induced BBB alterations. The antiinflammatory and endothelial effects of activated protein
C in sepsis and experimental brain ischemia are also
appealing.

Conclusion
Sepsis represents the most frequent and severe cause of
delirium in critically ill patients. The mechanisms of SAE
are highly complex, resulting from both inflammatory and
non inflammatory processes that affect all brain cells and
induce BBB breakdown, dysfunction of intracellular
metabolism, brain cell death, and brain injuries. The diagnosis of encephalopathy relies essentially on neurological
examination that can lead to perform specific neurological
tests. In clinical practice, brain infection must be always
evoked. Then hepatic, uremic or respiratory encephalopathy, metabolic disturbances, drugs overdose, sedatives or
opioids withdrawal, alcohol withdrawal delirium, or
Wernicke’s encephalopathy are the main differential diagnosis of SAE. Currently, the treatment of SAE consists
mainly on controlling sepsis and optimizing cerebral perfusion and oxygenation. Central nervous system effects of
insulin therapy, activated protein C and steroids need to
be assessed. Sepsis-induced BBB dysfunction, brain

oxidative stress, and inflammation, but also brain signaling are highly interesting therapeutic, but still experimental, targets.
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Septic Ovarian Vein
Thrombophlebitis
▶ Septic Pelvic Thrombophlebitis

Septic Pelvic Phlebitis
▶ Septic Pelvic Thrombophlebitis

Septic Pelvic Thrombophlebitis
DUSHYANT MAHARAJ
Department of Obstetrics & Gynecology, University of
Otago, Wellington South, New Zealand

Synonyms
Septic ovarian vein thrombophlebitis; Septic pelvic
phlebitis; Suppurative pelvic thrombophlebitis

Definition
Septic pelvic thrombophlebitis (SPT) is the inflammation
of the pelvic/ovarian vein, caused by an infection.

Septic Pelvic Thrombophlebitis

The entity of SPT in early reports was mostly obstetric,
with a significant number following abortions. The incidence of the disease has been determined to be 0.05%,
with an overall incidence of 1:3,000 deliveries. The incidence for vaginal delivery is 1:9,000 compared to 1:800 for
cesarean section [1].
The risk of thrombosis increases during pregnancy
secondary to the prevalent hypercoagulable state. These
changes worsen around the puerperium, making SPT
more common after cesarean section than after vaginal
delivery. By the end of the nineteenth century, von
Recklinhausen described this entity characterized by
thrombosis of one or both ovarian veins while
the remaining pelvis was normal. He proposed surgical
excision as the therapeutic approach. A variety of factors
confer increased risk for SPT. These include:
● Pregnancy
● Cesarean section
● Pelvic infection (e.g., postpartum endometritis, pelvic
inflammatory disease)
● Induced abortion
● Pelvic surgery (e.g., hysterectomy)
● Uterine fibroids
● Underlying malignancy
● Hormonal stimulation
The evolution of SPT involves the presence of
a hypercoagulable state and the spread of infection from
the myometrium to the pelvic and ovarian veins.
The pathogenesis is thought to arise from injury to the
intima of the pelvic vein secondary to a spreading uterine
infection, bacteremia, and endotoxins. This may follow
the trauma of delivery or surgery. In this setting, Virchow’s
triad is completed since pregnancy is a well-known
hypercoagulable state and there is reduced blood flow in
dilated uterine and ovarian veins during the postpartum
period which causes venous stasis [2].

Evaluation/Assessment
The diagnosis of SPT is often a diagnosis of exclusion.
It should be suspected in the setting of persistent
unexplained fever during the week following delivery,
cesarean section, pelvic surgery, or other pelvic infection,
which fails to respond to standard broad-spectrum antibiotic therapy. Patients often complain of flank and lower
abdominal pain, typically described as non-colicky and
constant, of variable intensity and may radiate to the
groin or upper abdomen; this may be associated with
paralytic ileus. Frequently, the first sign is a pulmonary
embolus. When thrombophlebitis is recognized early, the
risk of pulmonary embolism can be greatly reduced with
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appropriate anticoagulant therapy. On physical examination, the patient usually does not appear toxic, there may
be tenderness in the lower abdomen, and a tender abdominal mass described as “rope-” or “sausage-shape”
may rarely be identified. The diagnosis is suspected
when a patient responds poorly to antibiotic treatment
of endometritis and a mass is palpable on pelvic examination. The diagnosis is confirmed by computerized
tomography (CT) of the pelvis or magnetic resonance
imaging (MRI). When diagnostic imaging is negative but
the diagnosis is highly suspected, a positive response to
a trial of anticoagulation therapy with heparin supports
the diagnosis [3]. Tomographic criteria for diagnosis
include
● Enlargement of the vein involved
● Low density lumen within the vessel wall
● Sharp enhancement of the vessel wall
On MRI, the thrombosed vessel will appear bright,
whereas a vessel with normal blood flow looks dark [2].
It is believed that both methods are comparable.
Color doppler ultrasonography may have a role in the
diagnosis of pelvic thrombophlebitis and in the monitoring of treatment response [2]. Laboratory tests that may
aid in the diagnosis and management of the disease
include a complete blood count with blood cultures.
However, blood cultures provide identification of
a microorganism in less than 35% of cases [2].

Treatment
When puerperal sepsis is suspected, broad-spectrum antibiotic treatment is initiated, and if there is no response to
treatment in 5 days, SPT, is a likely diagnosis, and
anticoagulation is initiated.
The mainstay of treatment is anticoagulation with
heparin along with broad-spectrum antibiotics for
7–10 days. Low-molecular-weight heparins (LMWH) have
replaced traditional heparin therapy for both prophylaxis
and treatment of thromboembolism in many clinical scenarios [4]. Although LMWH has proven anticoagulation
efficacy and fewer complications than unfractionated
heparin, there is little data to support its routine use in
pelvic vein thrombophlebitis. To date there are no
randomized control trials comparing LMWH and
unfractionated heparin. Its use is based on case reports,
expert recommendations, and interpretation of the available literature. Treatment regimens include therapeutic
dosing of enoxaparin (1 mg/kg twice daily) for 1 week as
an inpatient, followed by once-daily dosing at 1 mg/kg
for 8 weeks as an outpatient. Alternatively, 1 mg/kg
enoxaparin twice daily as an inpatient until fever
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resolution followed by 60 mg twice daily for 7 days has
been suggested [5].
Standard dosing of unfractionated heparin for management of SPT is an initial bolus of 5,000 units followed
by continuous infusion of 16–18 U/kg for a goal partial
thromboplastin time of 1.5–2.0 times the patient’s baseline. Subsequently, follow-up imaging to evaluate for
persistence or resolution of thromboses should be
obtained to guide further management.
Surgical ligation of infected veins is reserved for
patients who fail to respond to medical therapy. If there
is caval extension or pulmonary embolism despite
anticoagulation, occlusion of the inferior vena cava is
undertaken. Complications of this procedure may include
transient lower limb edema and persistent post-phlebitic
syndrome.

Septic Thrombophlebitis
▶ Phlebitis, Septic

Septicemia
▶ Burns, Sepsis
▶ Sepsis: Clinical Features

Sequential Systems Failure
▶ Multiple Organ Failure
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Serum and Urinary Low Molecular
Weight Proteins
STEFAN HERGET-ROSENTHAL
Department of Nephrology, University of
Duisburg-Essen, Duisburg, Germany

Synonyms
A1M;
Alpha-1-microglobulin;
B2M;
Beta-2microglobulin; BTP; Beta-trace-protein; RBG; Retinolbinding protein

Septic Phlebitis
A condition characterized by venous thrombosis associated with inflammation and bacteremia.
▶ Phlebitis, Septic

Definition
Low molecular weight proteins (LMWP) are physiologically freely filtered by the glomerulus and reabsorbed by the
intact proximal tubule. Serum concentrations of LMWP are
more closely correlated with glomerular filtration rate than
serum creatinine. In proximal tubular injury, lesser
amounts of LMWP are reabsorbed and increased urinary
excretion or tubular proteinuria develops.

Characteristics

Septic Shock
Sepsis with arterial hypotension despite adequate fluid
resuscitation.
▶ Sepsis: Clinical Features
▶ Sepsis: Pathogenesis

Pathophysiology
These LMWP have molecular weights from 12 (B2M) to
26 kDa (A1M) and serve in various immunological and
transport functions [1]. LMWP undergo free glomerular
filtration and are almost completely reabsorbed by the
intact proximal tubule. There is no tubular secretion and
only minimal extrarenal elimination. Therefore, their

Severe Acute Respiratory Syndrome, Viral (SARS)

serum concentrations correlate well with the glomerular
filtration rate (GFR) and may serve as GFR markers [1].
The correlation of LMWP and GFR is hyperbolic and as
with serum creatinine, which was especially shown for
BTP in CKD. However, the correlation curve is more
favorable compared to creatinine, as BTP concentration
increases already with mildly reduced GFR of 60–90
mL/min, that is, in the “creatinine-blind range.” Consequently, changes in GFR are earlier and more accurately
detected by changes in serum BTP. As recently discovered,
serum concentration of BTP is not affected by diabetes or
high doses of glucocorticoids. Serum B2M concentration
may be increased by hematological malignancies as multiple myeloma. In general, little data is available on the
effect of non-glomerular factors on serum LMWP levels.
AKI, especially renal AKI, is characterized by proximal
tubular injury. Thus smaller amounts of LMWP should
be reabsorbed and increased urinary excretion of LMWP
should develop in AKI.

Analytical Aspects

Stability of serum and urinary A1M and RBP at 4–8 C and
at –20 C is acceptable, B2M is highly unstable in the urine,
and no data is available for BTP. Presently, particleenhanced nephelometric immunoassays are the most
accurate, precise, established, and commercially available
methods to measure these 4 LMWP in serum, urine, and
other body fluids. Analytical time is about 5 min with large
intra- and inter-assay precision. Little data on interferences of LMWP with the measurement on serum and
urine reference ranges have been published. The serum
reference range is 0.40–0.74 mg/L for BTP and 1.09–2.02
mg/L for B2M. LMWP can be measured in urine samples
without the need of collection. As urinary concentrations
of LMWP are diuresis dependent, their values are normalized for urinary creatinine or osmolality.

Clinical Utility and Performance
There is especially data on serum BTP and B2M as accurate and precise GFR markers in CKD. Studies have shown
the higher diagnostic value of BTP and B2M particularly
to detect mildly reduced GFR compared to serum
creatinine with areas under the receiver operating curve
of 0.81–0.91 and 0.86–0.90 versus 0.65–0.71. However, the
LMWP serum cystatin C proved superior to all other
LMWP to detect GFR reduction (0.88–0.94). Recently,
equations containing serum BTP have been generated to
estimate GFR. Despite these initial promising results,
more data are required to thoroughly evaluate the value
of these equations as accurate GFR estimates. No data are
available on serum BTP or B2M as GFR markers in AKI.
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These studies are needed as AKI with its rapid GFR alterations varies considerably from CKD with it’s steady state
situation of GFR. Any good GFR marker in AKI needs not
only to detect absolute GFR values but also changes in
GFR rapidly and correctly. Therefore, no conclusions are
presently permitted on the diagnostic value of serum
LMWP as GFR markers in AKI.
Unlike with serum LMWP, some data are available on
urinary LMWP in AKI. Two recent but small studies
demonstrated good diagnostic performances of increased
urinary excretion of B2M and RBP to detect AKI early [2].
In one of these studies, urinary RBP was unable to discriminate between prerenal and renal AKI [2]. Finally, in
several studies increased urinary A1M and RBP performed
well to identify patients with more severe forms of
established AKI and permitted to discriminate patients
who required renal replacement therapy 4 days later
from those who did not [1]. Thus, increased urinary
excretion of LMWP indicates tubular injury and especially
reflects the extent of tubular injury and subsequent poor
clinical outcome in AKI. However, increased urinary
LMWP cannot discriminate between AKI and chronic
tubulointerstitial disease in CKD.
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Severe Acute Respiratory
Syndrome, Viral (SARS)
STEPHEN E. LAPINSKY
Interdepartmental Division of Critical Care, Department
of Medicine, Mount Sinai Hospital, University of Toronto,
Toronto, ON, Canada

Synonyms
Atypical pneumonia syndrome; SARS CoV infection

Definition
Severe acute respiratory syndrome (SARS) is a viral illness
characterized by a syndrome of fever and respiratory
symptoms that can progress to respiratory failure and
death. A highly contagious atypical pneumonia originated
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from the Guangdong province of the People’s Republic of
China in November 2002. The condition remained
isolated to this area until February 2003, when an infected
physician traveled to Hong Kong, resulting in a large
outbreak in that city. Infected guests staying in the hotel
of this index case returned to their own countries causing
outbreaks in Toronto, Vietnam, and Singapore.
SARS ultimately spread to 28 countries, resulting
in 8,096 probable cases of whom 1,706 (21%) were
health-care workers. There were 774 deaths, a case-fatality
rate of 9.6%.
A novel ▶ coronavirus (SARS-CoV) identified from
clinical specimens was shown to be the causative agent for
SARS [1, 2]. The etiological link was clearly established by
demonstration of this virus in the majority of SARS
patients and by the development of a SARS-like syndrome
in animals infected by the virus. SARS CoV is an RNA
virus, and based on its genome sequence, this agent does
not belong to previously known groups of coronavirus.
Serological studies suggest that this virus has not
previously produced disease in humans [1].
The SARS coronavirus is predominantly spread by
droplets from the respiratory secretions of infected
patients. Fecal or ▶ airborne transmission likely occurs
but seems to be less frequent. Most SARS patients probably transmit the virus to only a moderate degree, with
significant transmission occurring by a limited number of
so-called “super-spreaders” [2]. The majority of transmission of the disease occurred in health-care settings. Viral
load peaks in respiratory secretions at day 10 after the onset
of symptoms and in the stool peaks at day 13–14. Viral
shedding relatively late in the disease course increases the
risk for intensive care personnel. The virus is stable in feces
and urine at room temperature for at least 1–2 days. Diagnostic and therapeutic procedures, such as bronchoscopy
and endotracheal intubation, are potent aerosol-generating
events and increase the risk for viral transmission.
The incubation period for SARS has been reported as
2–10 days but may be as long as 14 days. Early manifestations are influenza-like symptoms such as fever, myalgia,
cough, and headache. Mild respiratory symptoms may
occur at the onset, and GI manifestations are less frequent.
Respiratory symptoms of dry cough and shortness of
breath usually start after 3–7 days.
The clinical course varies, ranging from mild symptoms to a severe pneumonia with progressive pulmonary
infiltrates and respiratory failure. Clinical deterioration
requiring intensive-care admission occurred in about
20% of patients, usually 7–10 days after the onset of
symptoms [3]. Ventilatory support for respiratory failure
was required in 15–20% of patients [3, 4]. A triphasic

pattern of disease progression was described. The initial
phase is characterized by systemic symptoms that may
improve after a few days, probably representing the period
of viral replication. In the second week, up to 75% of
patients experience recurrence of fever associated with
the onset of new pulmonary infiltrates, oxygen
desaturation and, sometimes, diarrhea. This period
represents an immune hyperactivity phase. About 20%
of patients progress to a third phase of pulmonary injury
with acute respiratory distress syndrome (ARDS),
necessitating ventilatory support.
Admission to the ICU is predominantly for acute
respiratory failure [3, 4]. The time course to the development of respiratory failure is relatively slow, with
a duration from onset of initial symptoms (fever, cough)
to mechanical ventilation being a median 8 days [3, 4].
In our experience, this slow progression allowed for the
critical care team to prepare so that adequate infection
control precautions could be instituted with less risk of
infection of health-care workers. Patients who develop
respiratory failure tended to be older (age >65 years)
with associated comorbidity. Organ dysfunction other
than respiratory failure was uncommon in the first
7 days, although a small percentage of patients develop
a shock syndrome.
The diagnosis of SARS is based on the presence of
compatible clinical features in the appropriate epidemiological setting, as well as laboratory testing. Initial investigations should include a search for other respiratory
pathogens. Bronchoscopy may be useful to exclude other
diagnoses but is not recommended in the patient with
a typical clinical picture and clear epidemiological link as
this procedure poses risk for disease transmission to
health-care staff. In immunosuppressed patients, or
where concerns regarding other diagnoses are high, the
potential risk of bronchoscopy may be acceptable.
Diagnostic tests for the SARS virus include (1) molecular tests, e.g., ▶ polymerase chain reaction (PCR) to
detect genetic material of the SARS-CoV in body fluids;
(2) antibody tests (▶ Enzyme-Linked Immunosorbent
Assay and ▶ Immunofluorescence Assay) to detect a rise
in titre of antibodies in response to SARS infection; and
(3) cell-culture techniques, identifying the presence of live
virus. Other abnormal laboratory findings common
in patients with SARS include thrombocytopenia,
lymphopenia, elevated serum Lactate Dehydrogenase
(LDH), and elevated Creatine Kinase (CK) levels.
Neutrophil and platelet count tend to rise as the disease
progresses.
The radiographic features of SARS are nonspecific, but
a characteristic distribution and progression has been
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described. Chest radiographic findings begin with small,
unilateral, patchy infiltrates, with a distribution that is
usually peripheral with a lower lobe predominance. This
may progress over 2–7 days to become multifocal or
bilateral with interstitial or confluent infiltrates in patients
who deteriorate clinically. Pleural effusions, cavitation,
and hilar lymphadenopathy are usually absent.
Computed tomographic studies (CT) demonstrate areas
of subpleural focal consolidation with air bronchograms
or ground-glass opacities, and these CTabnormalities may
occur in the absence of detectable lesions on the plain
chest radiograph.

Treatment
If the diagnosis of SARS is uncertain, empiric therapy for
community acquired pneumonia should be administered,
and in all series of SARS patients reported, therapy
has included broad spectrum antibiotics, including
a fluoroquinolone or macrolide.
Treatment strategies for SARS were diverse and
experimental, with several different approaches described.
Protocols have included antiviral agents and immunomodulating drugs or interventions. The duration of the outbreak was, however, not long enough for prospective
studies to evaluate efficacy. The group from Hong Kong
reported a standardized treatment protocol which
included antibacterial therapy, early antiviral therapy
with ribavirin, and corticosteroids (methylprednisolone
initially given at 1 mg/kg q8h with a weaning dose over
14 days). Higher-dose pulse corticosteroids were given to
patients who developed impending respiratory failure.
The antiviral drug ribavirin was also used in Toronto,
but without evidence for efficacy. Ribavirin has significant
adverse effects, including haemolytic anemia and teratogenic effects. Although utilization of ribavirin was less
frequent in the Singapore outbreak (52% of patients),
disease course and outcomes were similar [3, 4].
Common to all centers was the use of corticosteroids,
although dosing regimens varied considerably. Anecdotal
evidence suggested a benefit of corticosteroids in patients
with progressive pulmonary infiltrates and hypoxaemia.
A dramatic improvement was noted following steroid
therapy in some, but certainly not all patients. Dosing
regimens varied between centers, with initial doses ranging from oral prednisone (20–50 mg daily) to methyprednisolone 3 mg/kg/day. A study from China compared four
treatment regimens (including antibiotics, interferon,
ribavirin, and corticosteroids) and demonstrated an
improved outcome in the group receiving high-dose
methylprednisolone (160–1,000 mg/day) for progressive
pulmonary infiltrates. Nevertheless, the use of
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corticosteroids remains controversial and is associated
with significant adverse effects.
Other therapies which have been tried included
intravenous immunoglobulin, human convalescent
serum, and interferon. Protease inhibitors were used in
some centers, and reports from Hong Kong suggested that
the combination drug Kaletra® (lopinavir and ritonavir)
might have some efficacy in SARS, both as initial therapy
and in the rescue setting.
Respiratory support, including supplementary
oxygen therapy and mechanical ventilation is performed
according to the usual management principles for
pneumonia and ARDS, including the avoidance of
excessive pressure and volume, along with adequate
▶ lung recruitment.

ICU Transmission and Infection Control
Precautions
The SARS-CoV virus appears to be transmitted largely
by droplet spread, although surface contamination and
airborne spread may play a role. An effective infection
control strategy requires the development of clear
protocols and training of staff in these infection control
precautions. Personal infection control measures
for health-care workers exposed to SARS patients
should include:
● Use of isolation rooms preferably with negative
pressure
● Airborne precautions using a N-95 mask or equivalent
(FFP2 respirator)
● Contact precautions (including the use of hat, double
gown, and gloves)
● Eye protection with a nonreusable goggles or
face-shield
In the Intensive Care Unit, the risk of droplet spread is
increased. Nebulization therapy has been identified as
a potential risk factor for transmission, in that it may
increase aerosolization of virus and increase the risk of
droplet spread. Endotracheal intubation is a potentially
high-risk procedure for viral transmission, and strict
infection control precautions must be followed. Noninvasive ventilation has been implicated in increasing the
spread of the virus and was avoided in some, but not all
centers. The use of high-frequency oscillation may also be
associated with increased risk of droplet spread. Efforts to
avoid viral spread have included the avoidance of
nebulizers for drug administration and limiting the use
of noninvasive ventilation. During bag-mask-valve
ventilation, a filter must be used on the expiratory port
and if possible, a disposable bag should be used.
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High-risk procedures, including endotracheal intubation
and bronchoscopy, require additional precautions. Intubation should ideally be performed by the most skilled person
available using the method with which they are most
comfortable. Awake intubation may be associated with significant coughing and agitation, which can compromise
infection control precautions. Procedures which break the
integrity of the closed ventilator circuit, such as suctioning
and tube changes, should be limited. A Powered Air Purification Respirator (PAPR) (e.g., 3 M Airmate) can be used
to provide additional personal protection during all these
high-risk procedures. Mechanical ventilation should be
performed with the use of a viral filter on the expiratory
port. The importance of training and retraining staff
in instituting these new, stringent infection control procedures cannot be overemphasized. Training in infection
control procedures is probably the most important
component of preventing illness in health-care workers,
and during the SARS outbreak, it is likely that many infections in health-care workers were the result of breaks
in technique, rather than ineffective infection control
procedures.

corticosteroid treatment, many receiving high doses for
several weeks. Studies from China have documented
a high incidence of osteonecrosis, with an incidence of
23–58% based on MRI follow-up. Data from Hong Kong
was less dramatic; although 53% of patients reported
large joint pain, only 5% had evidence on MRI of
osteonecrosis. In several of these reports, a strong association with the cumulative dose of corticosteroids was
demonstrated.

Prognosis
The mortality rate for all patients with SARS was initially
reported at 4–10%, with the higher mortality reported in
studies with longer follow-up [3, 4]. A final tally by the
WHO generates a case-fatality rate of 9.6%, the majority
(75%) of deaths occurring in older patients with comorbidity, secondary to complications, including thromboembolic disease, septic shock, and multiorgan failure. The
mortality rate in those developing respiratory failure is in
the range of 40–55% [3, 4].
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Sex Steroids: Role in ICU Outcome

Severe Sepsis
Sepsis that is associated with organ dysfunction and
hypoperfusion.
▶ Sepsis: Clinical Features
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Synonyms
Estrogen; Gender; Testosterone

Background
Clinical and experimental studies demonstrate effects of
sex hormones and gender on humoral and cell-mediated
immune responses [1–4]. A female preponderance of
autoimmune diseases, i.e., systemic lupus erythematosus
(SLE), Hashimoto’s thyroiditis, rheumatoid arthritis, and
primary biliary cirrhosis, has been reported in both
human and experimental studies. Male sex steroids appear
to exhibit immunosuppressive properties whereas female
sex steroids enhance humoral immune responses. Support
for the concept that male and female sex steroids differently affect autoimmune disease processes comes from
studies which demonstrate lower androgen and increased
levels of active estrogen metabolites in women suffering
from SLE when compared with age-matched healthy
female controls [1–4].
Similarly, cell-mediated immune function has also
been shown to be affected by sex hormones. A shorter
experimental skin allograft rejection time was observed in
females compared to males. Moreover, depletion of male
sex hormones by castration of male mice shortens the time
period to skin rejection in these animals.
The above mentioned studies suggest that male and
female sex steroids have immunomodulatory properties
on humoral as well as cell-mediated immune functions
under normal conditions and during various disease
processes.
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Effect of Gender on Trauma, Shock, and
Sepsis-Associated Morbidity and
Mortality
Epidemiological studies demonstrate the impact of male
gender and age as risk factors of sepsis and multiple organ
failure following trauma. These studies indicate that
young males represent the majority of injured victims.
Gender differences, however, exist not only in the prevalence of trauma, but also in the increased susceptibility to
septic complications after trauma and blood loss as well as
following major surgery. Male gender has been identified
as an independent risk factor for the development of
severe infection in surgical patients. Furthermore,
a retrospective study involving 30,286 trauma victims
with an ISS >15 demonstrated a significantly higher incidence of pneumonia in males. Moreover, in a large multicenter trial that included 20,261 patients, female gender
was associated with a significant survival advantage following blunt trauma in premenopausal women aged less
than 50 years. Studies by Schroder et al. have shown
a significantly higher survival rate in women (74%) compared to men (31%) following the onset of sepsis. This
indicates that gender-specific morbidity and mortality
rates are not restricted to a specific shock entity.
In addition to differences in the incidence of gender
dimorphic septic complications, gender-specific cytokine
patterns have been observed in surgical patients. Significantly elevated IL-6 and procalcitonin levels have been
found in male trauma patients compared to females. In
contrast to those findings, others demonstrated genderspecific proinflammatory cytokine levels only in trauma
patients with septic complications.
Despite the fact that a large number of clinical studies
demonstrate gender dimorphic responses following shock
and sepsis, conflicting studies with varied conclusions
have also been published. No gender differences in
a huge cohort of trauma victims involving 22,332 patients
were reported. Moreover, studies have reported lower
survival for females with documented infection [4].
Differences in plasma sex hormone levels due to the
phase of the estrus cycle or age might explain why some
clinical studies have failed to demonstrate gender differences in the immune response following trauma and
other adverse circulatory conditions. Stratification for
hormone levels due to the estrus cycle or menopause has
not been included in analysis investigating gender-specific
outcome in patients. Furthermore, conflicting data may
be secondary to the nonhomogenous nature of the
patients analyzed or may possibly be due to the significant
variation in ICU care which can occur in a multicenter
study.

S

2066

S

Sex Steroids: Role in ICU Outcome

Clinical results demonstrating a gender-specific
immune response have been confirmed and extended by
several experimental findings. Following severe blood loss
and the induction of sepsis, similar results with female
animal advantage for survival have been reported. Female
Wistar rats have been shown to be more resistant to lethal
circulatory stress induced by trauma or intestinal ischemia
[5]. Furthermore, female mice in the proestrus phase of
the estrus cycle exhibit normal/enhanced splenic and peritoneal macrophage cytokine release capacity as opposed to
depressed immune responses in males following traumahemorrhage. Proestrus female mice show enhanced release
capacity of Th1 cytokines, i.e., IL-2, IFN-g, compared to
depressed Th1 responses in males following traumahemorrhage.
Gender-specific immune responses have also been
shown following the induction of sepsis or sepsis-like
states. Female mice in the proestrus phase of their estrus
cycle displayed significantly increased survival rates following polymicrobial sepsis compared to males (female
survival rate 60% compared to 25% for male animals).
This higher survival was associated with maintained
splenocyte immune functions in females compared to
depressed immune responses in male mice under those
conditions.
Furthermore, the phase of the estrus cycle influences
the immune responses following trauma-hemorrhage.
Studies suggest that the proestrus phase of the estrus
cycle is characterized by a more vigorous immune
response compared to the diestrus phase. The highest
levels of IL-1 release capacities have been found in mononuclear cells collected from proestrus females. This phase
of the menstrual cycle is characterized by elevated levels of
estrogen and pregnenolone suggesting a pivotal role of
estrogen in mediating gender-specific immune responses.
In addition to peripheral immune cells, genderspecific immune responses have also been demonstrated
in the thymus, the primary site of T-cell lymphopoiesis.
An increased thymocyte apoptosis rate was evident in
males, but not in proestrus females following traumahemorrhage. The increased apoptotic frequency in male
animals was associated with a depressed IL-3 release
capacity of thymocytes and a significant reduction in
thymocyte count.
Changes in the sex hormone levels with age also
appear to affect immune responses following hemorrhagic
or septic shock. In a population of aged mice, the reverse
gender-related immune response following traumahemorrhage has been identified. As opposed to young
mice, aged male mice exhibit enhanced release capacities
for proinflammatory cytokines by splenic macrophages

and Th1 cytokines by splenic lymphocytes compared to
depressed release in aged females following trauma-hemorrhage. Similarly, a higher mortality rate in septic postmenopausal women compared to male patients has been
found. In addition, a review of the medical records of
patients who fulfilled the criteria for the diagnosis of
Staphylococcus aureus endocarditis indicated that at age
60 or older, female gender was associated with higher
mortality.
The above studies collectively suggest that age and
gender, as well as the phase of the estrus cycle in females
should be taken into consideration in designing not only
experimental, but also clinical studies examining immune
responses following trauma with/without major blood loss.

Influence of Sex Steroids
In patients with sepsis or circulatory shock, alterations in
plasma sex hormone levels occur. Estrogen levels increase
in females and males whereas plasma testosterone levels
decrease in males. In addition, differences between intracellular sex hormone levels and circulating concentrations
have to be considered. Hormones within the sex steroid
synthesis are affected by shock. Increased 5a-dihydrotestosterone (DHT) synthesis and decreased catabolism of
this steroid hormone have been demonstrated in male T
lymphocytes
following
trauma-hemorrhage.
In
T lymphocytes of proestrus females the reverse occurs,
i.e., increased synthesis and decreased catabolism of 17bestradiol.
In addition to changes in sex hormone concentrations
and metabolism, modulation of immune and cardiovascular responses due to sex hormones has been shown
[1–5]. Numerous studies indicate that the gender-specific
immune response is hormonally regulated, and the
responsible hormones originate primarily from the gonads
and secondarily from the thymus and the hypothalamus–
pituitary gland. Studies indicate that depletion of male
sex steroids via castration prior to trauma and hemorrhage
prevented depression of splenic and peritoneal
macrophage cytokine release, as well as splenocyte immune
responses following trauma-hemorrhage. Castration of
male mice also attenuated the excessive proinflammatory
cytokine release by Kupffer cells after hemorrhagic shock.
In addition, depression of MHC II expression in splenic
and peritoneal macrophages was prevented by depletion of
testosterone prior to trauma-hemorrhage. Immunosuppressive properties of testosterone were confirmed by
treating castrated male animals with physiological amounts
of DHT. In those animals, immunosuppression was found
following trauma and hemorrhagic shock. Moreover, elevation of DHT levels in females to physiological androgen
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levels observed in males resulted in significantly suppressed
immune responses following adverse circulatory conditions. Those studies suggest immunosuppressive properties
of male sex steroids following trauma and blood loss.
In contrast to male sex steroids, female sex steroids
have been shown to exhibit immunoenhancing effects on
cell-mediated immune responses. Elevated circulating
levels of 17b-estradiol in proestrus females have been
shown to play a direct role in the maintenance of immunocompetence following trauma-hemorrhage. Moreover,
treatment of male animals with estradiol following
trauma-hemorrhage and resuscitation restored diminished splenocyte and splenic macrophage immune functions. This improvement in immune responses was
associated with a significantly increased survival rate
following the induction of subsequent sepsis. Conversely,
depletion of female sex steroids by ovariectomy prior to
trauma-hemorrhage depressed cell-mediated immune
responses following trauma-hemorrhage and also
increased the lethality from subsequent sepsis. Interestingly, the genetic background has been demonstrated to
affect sex steroid-mediated immunomodulation in mice
following a septic insult. Nonetheless, those studies collectively suggest that estrogen is the causative factor in the
maintenance of immunocompetence in females after
trauma-hemorrhage, and its administration in ovariectomized or postmenopausal females should be helpful in
preventing immune depression under such conditions.
Similar to the experimental results, stimulatory effects
of estradiol on the responsiveness of human PBMCs to
LPS in vitro have been demonstrated. Conversely, in ICU
patients, female sex steroids may exhibit detrimental
effects on patient outcome. Recent studies suggest that in
elderly patients with infections, mortality was not dependent on gender but was correlated with elevated 17bestradiol in both genders, with elevated progesterone in
males and elevated testosterone in females. Moreover,
elevated estradiol levels in ICU patients were associated
with diminished outcome irrespective of age and gender.
Another study reported that the lower survival following
community-acquired pneumonia in males compared to
females may be due to patterns of inflammatory, coagulation, and fibrinolysis biomarkers among males.

Potential Mechanisms
In vitro studies demonstrate immunomodulatory properties of sex steroids on immune cells. Addition of DHT to
the culture medium decreased the release of IL-3 and
increased the apoptotic frequency of thymocytes
harvested from sham and hemorrhaged animals. In addition, peritoneal macrophage TNF production was
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increased when they were cultured in the presence of
estradiol. Furthermore, the cytotoxic T lymphocyte activity has been found to be increased after addition of estrogen to the culture media in vitro.
Support for the notion that sex steroids exhibit direct
immunomodulatory effects on immune cells comes from
several studies which demonstrate the presence of estrogen
receptors on various immune cells, i.e., thymocytes, macrophages, leukocytes. Thus, sex steroids can modulate
immune responses directly via specific receptor-mediated
processes. Furthermore, blocking the effect of DHT at the
receptor in vivo by flutamide following traumahemorrhage restored macrophage and splenocyte functions and also cardiovascular functions. Recent studies
have shown that the salutary effects of flutamide are mediated via increased aromatse activity, causing increased
estradiol levels in males and thus upregulating estrogen
receptors in cells from male animals.
It should be noted that sex steroids exhibit different
immunomodulatory properties in shams compared to
hemorrhaged animals in vivo. Our studies indicated that
physiological plasma DHT levels are associated with
depressed cell-mediated immune responses following
trauma-hemorrhage, whereas sham-operated do not show
such a depression. Furthermore, recent studies indicate that
the synthesis of sex steroids is altered following traumahemorrhage. Increased DHTsynthesis and decreased catabolism of this steroid hormone have been demonstrated in
male T lymphocytes following trauma-hemorrhage,
whereas the reverse occurs in proestrus females, i.e.,
increased synthesis and decreased catabolism of estradiol
take place in the T lymphocytes.
The above studies demonstrate several potential
mechanisms by which sex steroids modulate immune
responses following adverse circulatory conditions. Nonetheless, we are in the early stages of elucidating the complex interactions of sex hormones and the immune
system. Further studies will be required to determine the
exact underlying pathways that are influenced by sex steroids under normal conditions as well as following low
flow conditions.

Therapeutic Approaches
Similar to DHT depletion via castration, administration of
the androgen receptor antagonist flutamide at a dosage of
25 mg/kg BW following trauma-hemorrhage and resuscitation normalized the depressed splenic and peritoneal
macrophage cytokine release in male animals. In addition,
prolonged flutamide administration for 3 consecutive
days following trauma-hemorrhage not only restored the
depressed splenocyte and splenic macrophage cytokine
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release capacities even after the induction of subsequent
sepsis, but also significantly decreased the mortality of
post-hemorrhaged animals subjected to a subsequent
septic challenge. Since flutamide is used in patients with
testicular cancer for periods longer than 3 days without
major adverse effects, the short-term use of this androgen
receptor antagonist in male trauma patients appears to be
a safe and useful adjunct for the treatment of immune and
cardiovascular depression under those conditions.
Furthermore, dehydroepiandrosterone (DHEA)
appears to be an interesting steroid hormone. It is the
most abundant steroid hormone in plasma and is an
intermediate in the pathway for the synthesis of both
testosterone and estrogen. Experimental studies indicate
that DHEA administration at a dose of 100 mg per animal
following trauma-hemorrhage and resuscitation prevented
the depression of cell-mediated immune responses as
evidenced by maintained splenic and peritoneal macrophage cytokine release and normalized splenocyte lymphokine release. In addition, administration of DHEA
following trauma-hemorrhage significantly improved the
survival rate of animals subjected to subsequent sepsis
compared to vehicle-treated animals. In female mice,
a further enhancement of cytokine release capacity by
splenic T lymphocytes was evident with DHEA administration. Similar to the experimental results, DHEA normalized the depressed in vitro proinflammatory cytokine
release capacities of human PBMC following major
abdominal surgery. The effect of DHEA on PBMC function
followed a dose-dependent manner. Gender of patients did
not change the protective effects of DHEA. The effect of
DHEA on PBMC appears to be mediated via the estrogen

receptor since addition of tamoxifen to the culture medium
completely abolished the immunoenhancing properties of
DHEA. Thus, DHEA, which is widely used in the USA as an
agent representing the “fountain of youth,” might also
exhibit beneficial effects in trauma patients and perioperative patients by preventing the depression of cell-mediated
immune responses under those conditions.

Summary
Despite the fact that gender differences in the morbidity to
and mortality from trauma, shock, and sepsis have been
observed in several clinical studies, alterations in the
immune functions following shock have been investigated
primarily using young male laboratory animals. Numerous studies have recently been initiated investigating the
effect of gender, age, and sex hormones on immune
responses following trauma and shock (Table 1). The
findings of those studies suggest that low DHT and/or
high estradiol appear to be protective for the host following trauma and severe blood loss. Although the exact
underlying mechanism(s) for the immunomodulatory
properties of sex hormones on cell-mediated immune
responses and cardiovascular response following traumahemorrhage remain unknown, there is evidence that both
direct and indirect effects of sex steroids synergistically
modulate the immune and cardiovascular responses. Sex
hormone receptors have been identified on various
immune and non-immune cells suggesting receptormediated processes. Other studies suggest the release of
secondary mediators which alter immune responses following adverse circulatory conditions. In view of these
findings, clinically relevant therapeutic strategies should

Sex Steroids: Role in ICU Outcome. Table 1 Experimental results dealing with the effect of sex steroids and gender following
trauma, shock, and sepsis
Effect of trauma, shock, and sepsis
Males

Females (Proestrus)

Immune response
Gender

Splenic/peritoneal Mf cytokine release ↓
Mf antigen presentation ↓
T cell proliferation and Th1 release ↓
T cell Th2 (IL-10) ↑

Splenic/peritoneal Mf cytokine release !
Mf antigen presentation !
T cell proliferation and Th1 release !
T cell Th2 (IL-10) !

Immune response
Sex steroids

Immunosuppressive

Immunoprotective

Mortality after sepsis

70% in mice after cecal ligation and puncture
Effect of sex hormone depletion Castration:
Immunoprotection
Flutamide (androgen receptor antagonist)
Treatment option
Estrogen
DHEA (via estrogen receptor)

20% in mice after cecal ligation and puncture
Ovariectomy:
Immunosuppression
Estrogen (in non-proestrus females)
DHEA

Shock, Ultrasound Assessment

use the androgen receptor antagonist flutamide and/or
estrogen or agents with estrogenic effects, i.e., DHEA,
which might yield safe and useful therapeutic adjunct
approaches for the treatment of immune and cardiovascular depression in trauma victims. Moreover, gender
should be taken into account when studying the immune
or cardiovascular responses following trauma and shock.
Clinical studies, however, have been unable to consistently reproduce the experimental findings following low
flow conditions. There continues to be a gap between the
“bench and bedside” in regard to our understanding
of gender-based differences following injury, shock, and
sepsis. Relative to controlled animal experiments,
predisposing comorbidities, injury characteristics, additional medication, and a lack of information about the
hormonal milieu of the trauma patient disallow reproducible results from clinical analyses. Continued clinical
research into potential sex hormone–based differences,
genetic differences, and the cellular and molecular mechanisms responsible for these gender-based differential
responses is required to close this gap. There is hope that
this research may ultimately promote therapeutic interventions, which will allow for improved outcomes for
male and female trauma victims in the near future.
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Synonyms
Bedside ultrasound; Circulatory collapse; Transthoracic
echocardiography

Definition
Shock is a life-threatening medical condition characterized by a decrease in tissue perfusion to a point at which it
is inadequate to meet cellular metabolic needs. According
to the Hinshaw and Cox classification, shock can be categorized into four subtypes: cardiogenic, hypovolemic, distributive, and mechanical. Bedside ultrasonography can
often help in determining both the type and specific cause
of shock.

Pre-existing Condition
Shock can occur in many clinical settings, and can be
multifactorial, resulting from two or more subtypes of
shock. For example, sepsis can cause hypovolemic, cardiogenic, and distributive derangements. The varieties of
shock and common underlying causes are as follows:
Cardiogenic – Myocardial infarction, dysrrhythmia, cardiomyopathy, congestive heart failure, sepsis, calcium
channel blocker toxicity, beta-blocker toxicity, pharmaceutical overdose
Hypovolemic – Blood loss (internal or external), sepsis,
dehydration, gastroenteritis
Distributive – Sepsis, anaphylaxis, spinal trauma, poisoning, pharmaceutical overdose
Mechanical – Cardiac tamponade, tension pneumothorax,
massive pulmonary embolism, acute valvulopathy

Indications
Traditionally, emergency physicians and intensivists have
relied on intravascular hemodynamic monitoring devices
to guide management of patients in shock. These devices
are invasive, require significant allocation of temporal and
manpower resources, have both short-term and delayed
complications, and are of variable accuracy. With the
exception of central venous oxygen monitoring ultrasonography non-invasively provides a similar spectrum of
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hemodynamic information in addition to functional and
anatomic information regarding the heart and lungs. It
can be deployed rapidly and used repetitively to monitor
changes of condition and/or response to therapy. Like all
diagnostic tests, bedside ultrasonography has limitations.
However, with appropriate caution the sonologist has
a powerful tool that extends diagnostic acumen regarding
the underlying causes of shock.
Mechanical, hypovolemic, and cardiogenic causes of
shock are particularly amenable to evaluation by bedside
ultrasonography since they result in sonographically identifiable effects in heart, great vessels, lungs, and serosal
spaces of the trunk. The following discussion will focus
on the utility of ultrasound in determining the etiology of
a patient’s shock and its severity, both of which form the
basis for initial treatment decisions and allow for
a rational approach for further work-up and/or imaging
tests.

Application
Intravascular Volume Assessment
Volume assessment can be accomplished by evaluating the
heart and the inferior vena cava (IVC). Assessment of the
IVC is made both qualitatively (shape) and quantitatively
(diameter and collapse index). For more information,
please see the chapter on Volume Assessment by Ultrasound
(Fischer)

Cardiac Function
Studies have shown that bedside ultrasonography provides accurate estimations of ejection fraction (EF) that
correlate well with those performed and interpreted by
experienced echocardiologists [1].
In circumstances in which cardiogenic shock is
suspected, bedside ultrasonography of the heart should
be performed to assess the function of the left ventricle.
For the purposes of decision making in the unexplained
hypotensive patient, left ventricular (LV) ejection fraction
can be divided into four broad categories:
Abnormally high: EF > 75%
Normal: EF 50–75%
Moderately depressed: EF 30–50%
Severely depressed: EF < 30%
An “abnormally high” LVEF, often with
a hyperdynamic heart and a collapsed IVC, suggests intravascular hypovolemia. However, an isolated high EF can
also be seen with hypertrophic cardiomyopathy; this is
usually identifiable by the presence of grossly thickened
LV walls with a small left ventricular end-diastolic volume.

A “severely depressed” EF suggests poor cardiac function
and mandates caution in the administration of fluids. In
conjunction with a well-filled IVC, it may also prompt the
clinician to initiate inotropic therapy and/or diuretics.
Mildly depressed LVEF is found in many patients. Caution
should be used in attributing a patient’s acute shock to the
heart in such situations. Finally, a patient in shock is
occasionally identified with a high LVEF and well-filled
IVC, which, if accompanied by warm and well-perfused
extremities, should suggest the presence of high-output
failure, often due to sepsis. Such patients should be considered for vasoconstrictor pressure support after intravascular volume optimization.

Congestive Heart Failure
In most cases, congestive heart failure (CHF) is a clinical
diagnosis; however, ultrasound may assist in assessing the
type of failure and the patient’s intravascular volume status, allowing for an informed and tailored choices among
therapeutic options, many of which would be deleterious if
used in the wrong patient (e.g., beta blockade in hypertrophic cardiomyopathy versus inotropic support in dilated
cardiomyopathy). Assessment of B-lines for increased lung
water secondary to CHF may also be helpful, and is
discussed in detail below. Gross cardiac size and wall
thickness can be assessed. Although nomograms exist
based on age, gender, and body habitus, they are time
consuming and difficult to apply in the acute setting.
Instead, a general range of normal should be applied.
Normal left ventricle end-diastolic wall thickness ranges
from 8 to 12.5 mm. Measurement is made of the septum or
the posterior free wall at the level of the mitral valve tips.
Greater wall thickness suggests hypertrophy, often associated with lusitropic failure (more responsive to beta- and
calcium-blockers). Myocardial effacement suggests dilated
cardiomyopathy or, if focal, prior ischemic injury.
Another parameter that may be of value in the setting
of CHF is mitral valve (MV) inflow velocity. MV inflow
velocity is measured in an apical four-chamber view.
Inflow velocity is measured at the tips of MV using pulse
wave or continuous Doppler. Normal MV inflow reveals
a dual positive deflection in diastole due to early passive
filling (E wave) followed by a late diastolic wave caused by
atrial contraction (A wave). Normal ratios for the E:A wave
are greater than 1. With decreased myocardial compliance,
often a result of diastolic dysfunction, there is a reversal of
the usual E:A ratio resulting in E:A < 1. As left atrial
pressure increases further, there is a pseudonormalization
of the E:A ratio which results in E:A > 1 despite the
presence of failure. Finally, in late stage dysfunction, very
high filling pressures causes E >>A.

Shock, Ultrasound Assessment

Myocardial Infarction
ST-segment elevation myocardial infarction is a diagnosis
that can usually be made on the basis of clinical history
and electrocardiographic changes. The American College
of Cardiology and American Heart Association guidelines
give echocardiographic diagnosis of suspected acute
infarction a class I recommendation when biomarkers or
EKG are non-diagnostic and when the study can be
performed during or within minutes of episodes of pain.
However, the assessment of focal wall motion abnormalities, even among experienced echocardiologists, has low
rates of interobserver agreement, making it a test of limited utility for bedside sonologists.

Cardiac Tamponade
Many pericardial effusions are clinically silent until they
cause symptoms of tamponade. Common causes include
rheumatic, malignant, infectious, and uremic effusions. In
the setting of shock, a view of the heart can be obtained
through the subxiphoid, parasternal, or apical windows to
quickly assess for the presence or absence of pericardial
effusion and tamponade physiology.
Several classification systems categorize the size of
a pericardial effusion. One widely used system is that of
the European Society of Echocardiography [2]:
Maximal thickness in diastole
Small

<10 mm

Moderate

10–20 mm

Large

>20 mm

Very large

>20 mm with cardiac compression

The difficulty in application of these guidelines in
a critically ill patient is compounded by the fact that
these guidelines were developed for patients with chronic
effusions. Acute effusions may cause tamponade with
much less than 10 mm of circumferential fluid, especially
in patients dependent on high filling pressures. Because of
this, it is more useful for the intensivists to divide pericardial effusions into four clinical categories:
Physiologic and/or noncircumferential
Circumferential (<10 mm)
Circumferential (>10 mm)
Any effusion causing evidence of tamponade
Tamponade occurs when pericardial pressures
approach diastolic filling pressures. The more rapid the
accumulation, the smaller the volume necessary to cause
tamponade. Several sonographic signs are present in
tamponade:
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Increased mitral valve inflow velocity variation
Right ventricular diastolic collapse
Right atrial systolic collapse
Left ventricular diastolic collapse
Increased mitral valve inflow velocity variation
(MVIV) variation is an echocardiographic correlate of
assessment for pulsus paradoxus. It is a reflection of the
cyclic changes in capacitance and vascular resistance of the
pulmonary vascular bed during respiration. MVIV is measured by placing the pulse wave Doppler gate at the mitral
valve tips in the apical four-chamber window. Under
normal circumstances there is less than 25% variation in
MVIV between maximal (in expiration) and minimal (in
inspiration) MVIV. More that 25% variation reflects the
hemodynamic impairment of LV diastolic filling present
in tamponade (Fig. 1).
Right ventricular diastolic collapse is both sensitive
and specific for tamponade. Right atrial collapse is sensitive but occurs in many other conditions, especially those
causing increased respiratory fluctuations in intrathoracic
pressure such as asthma or chronic obstructive pulmonary
disease (COPD). Left ventricular diastolic collapse is a late
finding. Almost all patients are tachycardic, and it may be
difficult to distinguish systole from diastole. It may be
helpful for the sonologist to focus on the RV free wall
and look for a serpinginous motion in which one part of
the wall moves in the opposite direction from the other,
reflecting focal areas of diastolic collapse. This may be
more apparent using frame-by-frame review of cineloop
images.
Pitfalls include the misidentification of other
hypoechoic structures, such as epicardial fat, pleural effusions, and vessels. Epicardial fat does not usually
masquerade as a hemodynamically significant effusion
except in the trauma evaluation where a small echogenic
pericardial effusion may portend an acute evolving
hemopericardium. Epicardial fat has several features that
distinguish it from pericardial fluid. It is noncircumferential, localized (usually along the distribution of the
coronary vessels), has an irregular outline, and demonstrates internal echoes. In contrast to effusion, it usually
gets thinner towards the apex. In the parasternal long axis
view, pericardial fluid conforms to the shape of the heart
and appears anterior to the descending aorta, while pleural fluid will appear to surround the aorta or be entirely
posterior to it. Additional imaging in the axillary or scapular lines to confirm the presence of pleural effusion can
aid in this diagnosis. The descending aorta, along with the
pulmonary vessels and coronary sinus, can also be mistaken for pericardial effusion. In the case of vasculature,
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Shock, Ultrasound Assessment. Figure 1 Mitral valve inflow velocity (MVIV). Respiratory variation in MVIV in this patient
is greater than 25%, indicative of impaired left ventricular diastolic filling and tamponade

this distinction can be made by systematically scanning
the anechoic area through all imaging planes. Although it
may appear to be an effusion when viewed longitudinally,
a vascular structure viewed in an orthogonal plane will
appear tubular. Acute pericardial hemorrhage will result
in clotted blood within minutes and result in echogenic
material with “whorls.” Severe hypovolemia will also cause
right atrial systolic collapse, but this will be associated with
a severely underfilled inferior vena cava. In the setting of
chronic pulmonary hypertension and elevated right ventricular filling pressures, ventricular end-diastolic collapse
may be a late finding.

Pulmonary Embolism
Ultrasound is unreliable in the diagnosis of most pulmonary emboli (PE). However, large, hemodynamically significant PE results in gross, readily identifiable
echocardiographic abnormalities [3]:
Increased right to left ventricular dimension ratio
“D-shaped” left ventricle in the short axis view
Paradoxical septal wall motion
Elevation of tricuspid regurgitant jet velocity
Intracardiac thrombus
Normal right ventricle (RV) to left ventricular dimension ratio, usually around 0.6, will be exceeded in hemodynamically significant PE. Abnormally high right to left

ventricular ratio is usually called when it is greater than 1.
Normal right end-diastolic diameter is less than 27 mm
(measured at the tips of the tricuspid leaflets in the apical
four-chamber view). RV dilatation reflects the volume
overload that is associated with hemodynamically significant pulmonary embolism. The right ventricular wall, in
the setting of acute volume and pressure overload, is also
often effaced and will be less than 7 mm in thickness. This
is useful in differentiating between acute and chronic
reversal of right to left ventricular ratio, as the latter is
usually associated with RV wall thickening.
With acute PE, RV preload and afterload are increased,
while the LV is underfilled due to obstruction of pulmonary circulation. This results in the right heart becoming
the high-pressure system in which contraction of the septal wall occurs towards the RV in systole, and relaxes into
the LV in diastole. This anomalous septal movement is
known as “septal paradox” or “paradoxical septal motion.”
The reversal of the normal RV and LV pressure relationship also results in the usual “O” shape of the LV being
replaced by a “D”-shape on the parasternal short axis view.
Tricuspid regurgitant (TR) jet velocity can also help
distinguish among three different states: the high-pressure
overload state of acute PE, the lower-pressure state of
acute RV infarction, and the chronic very high-pressure
state of pulmonary hypertension and cor pulmonale.
The TR regurgitant velocity is measured in the apical

Shock, Ultrasound Assessment

four-chamber view by placing the pulse wave Doppler gate
in the tricuspid regurgitant jet (identified by color flow
within the right atrium in systole). The TR jet velocity is
related to the pulmonary artery pressure by the modified
Bernoulli equation that states that P = 4v2 (where P = the
pressure difference across the valve, and v = the maximal
jet velocity). The calculated value for P is added to the
atrial pressure (either clinically estimated, or measured if
a central venous catheter is in place) to calculate the
pulmonary artery systolic pressure (PASP). Thus, if
a patient has a TR jet velocity of 2 m/s, the transtricuspid
pressure gradient is 2  2  4 = 16 mmHg. With an
estimated CVP of 8 mmHg, the patient’s PASP is 8+16=
24 mmHg. Normal PASP is 12–30 mmHg. In acute pulmonary hypertension (the commonest cause of which is
PE) the right heart is unable to generate a PASP >45 mm.
Conversely with chronic pulmonary hypertension, the RV
is able to generate PASP pressures well in excess of this.
Thus, in considering PE as the etiology of a patient’s
hypotension, a normal PASP is useful in making it much
less likely, and a PASP of 30–45 mmHg makes the diagnosis much more likely. With pressures >45 mmHg,
a clinical determination needs to be made because patients
with cor pulmonale are at the same risk of having a PE as
those without it (Fig. 2).
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Similar to the situation with cardiac tamponade, a PE
sufficient to cause hemodynamic instability almost invariably results in increased RA pressures reflected by a dilated
IVC. Thus, the absence of IVC distension should cause the
clinician to strongly question the diagnosis of pulmonary
embolus. Rarely an intracardiac thrombus is identified;
however, its absence cannot be used to rule out the presence of pulmonary embolus.

Tension Pneumothorax
Tension pneumothorax is a life-threatening mechanical
cause of shock. As in the pre-bedside sonography era, the
diagnosis should be a clinical one. However, since the
sonographic findings are the same as those for nontension PTX and bedside sonography can be very rapidly
deployed, it is occasionally possible to use ultrasound to
confirm the clinical diagnosis. In the normal expanded
lung, the parietal and visceral pleura are contiguous and
in constant movement in relationship to each other.
This can be visualized sonographically as “pleural sliding”
or “lung sliding.” In the presence of a pneumothorax,
visceral pleura will no longer be apposed to the parietal
pleura, and lung sliding is absent. Loss of lung sliding can
also occur in other circumstances, including pleural
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Shock, Ultrasound Assessment. Figure 2 Tricuspid regurgitant (TR) jet. The maximal tricuspid regurgitant jet velocity in this
image is 2.8 m/s. Using the modified Bernoulli equation and with an estimated normal CVP of 8, pulmonary artery systolic
pressure (PASP) in this patient is 4(2.8)2 +8, or 39.36 mmHg, within the range of 30–45 mmHg concerning for acute pulmonary
embolism in the appropriate clinical scenario
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scarring, adhesions, emphysema, or adjacent inflammatory processes such as pneumonia or pulmonary
contusion.
A more specific finding of pneumothorax is the “leading edge sign” or “lung point sign.” This finding is
a sonographic demonstration of the transition point
between expanded lung (showing lung sliding) and collapsed lung (no lung sliding). It will not be seen in
a complete pneumothorax, and may be missed in other
pneumothoraces if the transition point between collapsed
and expanded lung does not happen to lie in the rib spaces
evaluated by the sonologist. Overall, sonography has
a sensitivity of 50–60% and specificity of 99% for diagnosis of pneumothorax compared to chest CT.
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Sonographic Evaluation of the Lung
Dyspnea is not the focus of this entry; however, occasionally patients present with both hypotension and respiratory failure. In such patients, ultrasonography may
provide useful information that is unavailable from limited supine portable radiographs, and obviates the need to
transport a potentially unstable patient to the CT scanner.
“B-lines” or “Comet-tail artifacts” are caused by increased
interstitial lung water, most commonly the result of
conditions such as pulmonary edema, interstitial pneumonitis, and acute respiratory distress syndrome (ARDS).
B-lines arise from subpleural alveoli surrounded by thickened edematous interstitial tissue. These air-spaces, with
highly echogenic walls act as “echo chambers” just inside
the lung parenchyma adjacent to the pleura. The reverberation artifacts they generate must fulfill several criteria to
qualify as B-lines. They are hyperechoic, well defined, and
arise from the pleural line, extending to the lower margin
of the image; they move with lung sliding [4]. The exam is
performed by placing the probe in a longitudinal plane
perpendicular to the rib spaces in the midclavicular and
midaxillary lines on both sides of the chest. The probe is
placed in such a way as to identify the pleural line in
relationship to the rib shadow. Currently, precise criteria
for a positive test have not been determined; however,
studies have consistently shown that the number of
B-lines is directly related to the degree of a patient’s lung
water. Therefore, in the appropriate clinical setting, the
presence of multiple B-lines may help to distinguish
between patients with pulmonary edema, volume overload,
or ARDS for whom volume resuscitation might be deleterious, from those with other causes of dyspnea such as
asthma, COPD, pneumonia, or PE who may benefit from
intravenous hydration. A more detailed evaluation of lung
ultrasound is to be found in the ▶ pleural and lung ultrasound by Dr Anderson.

Shortness of Breath
▶ Dyspnea: Differential Diagnosis

Shunt-Associated Infection
▶ Shunt-Related CNS Infection

Shunt-Related CNS Infection
SONJA HANSEN, ELISABETH MEYER
Charité Campus Benjamin Franklin, Institute of Hygiene
and Environmental Medicine, Charité – University
Medicine, Berlin, Germany

Synonyms
Shunt-associated infection; Shunt-related infection

Definition
Shunt infections are foreign body infections in patients
with internal drainage of CSF from the cerebral ventricles
to another body cavity. CSF may be drained into the
cardiac atrium (ventriculoatrial), into the pleural cavity
(ventriculopleural), or preferably into the peritoneal cavity (ventriculoperitoneal).

Sickle Cell Disease

Shunt infection rates reported in the literature vary
from less than 3% to more than 20%. Risk factors for
shunt infection are postoperative CSF leakage, long duration of the insertion, the use of a neuroendoscope, thrombosis of the catheter, previous shunt infection, shunt
revision, or concurrent infection at a remote site.
About two thirds of these infections are caused by
Coagulase negative Staphylococci (CoNS) (60–75%) and
S. aureus.
The source is often the patient’s own skin. Infection
may be due to gram-negative bacilli in up to 20% of cases.

Evaluation/Assessment
Main symptoms are related to shunt malfunction and
include headache, nausea and vomiting, somnolence and
impaired cognitive function. The mainstay of diagnosis of
CSF shunt infections is percutaneous withdrawal of fluid
from the shunt for Gram stain and culture (shunt tap).
Lumbar puncture is usually not recommended because it
may be hazardous in obstructive hydrocephalus. The CSF
may show increased white cell count, higher protein, and
lower glucose than that found in patients with shunt
malfunction but no infection. Blood cultures are positive
in less than one third.
Further clinical signs may occur according to the site
of infection: Infections of the proximal part of the shunt
cause meningitis and or ventriculitis. In case of infections
of the distal part, symptoms appear analogous to the
location of the tip: ventriculoatrial shunts cause endocarditis, bacteremia, and rarely an immune-complexmediated glomerulonephritis; ventriculopleural shunts
cause empyema and patients with ventriculoperitoneal
shunting may show peritonitis or even acute abdomen.

Treatment
Generally, shunt replacement with concomitant antibiotic
therapy is the current treatment strategy and has higher
success rates than antibiotic treatment alone. However,
the decision as to whether the catheter can and should
be removed or retained depends also on the causing pathogen. In patients with infections due to low virulence,
microorganisms like CoNS that are susceptible to biofilm-active antibiotics like rifampicin, antibiotic therapy
without surgical treatment of shunt-associated infection
may be an effective treatment modality. Shunts can be
removed in total or partially. In the latter case, only the
distal part of the catheter is removed from, e.g., the peritoneal cavity and CSF will be drained into an external
collecting system. Once the infection has cleared, as
ascertained by serial cultures, the exteriorized shunt is
totally removed and replaced with a new, sterile shunt.
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The antibiotic regimen includes vancomycin (21 g/day)
plus a broad-spectrum cephalosporin (ceftazidime or
cefepime 32 g/day) or meropenem (3–42 g/day). In
most cases, treatment is continued for 10–14 days,
although shorter durations of 5–7 days are reported if
repeated CSF cultures are negative.

Prognosis
CSF shunt infections are associated with a mortality rate
up to 23% and might be followed by impaired cognitive
ability.
Prevention of infection can be achieved by reducing
the risk of colonization of the shunt during insertion and
by careful nursing of skin lesions across the subcutaneous
part of the shunt. Surveillance with feedback of shuntrelated infection rates helps to identify potential deficiencies concerning infection control measures [1].
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Sickle Cell Disease
B. J. BIEMOND
Academisch Medisch Centrum, Universiteit van
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Definition
Sickle-cell disease (SCD) is a common hereditary hemoglobinopathy, which is caused by a single point mutation
resulting in an enhanced polymerization of hemoglobin in
hypoxic conditions. SCD is characterized by chronic anemia and enhanced hemolysis both resulting in severe
morbidity, organ complications, and premature death.
The clinical presentation of SCD is characterized by recurrent vaso-occlusive crisis presenting with severe pain
mostly located in the extremities and spine. A severe complication of sickle-cell disease is acute chest syndrome,
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which is not only the most frequent cause of ICU admission but also the most common cause of death in SCD.
Acute chest syndrome is defined as the presence of a new
pulmonary infiltrate (alveolar consolidation of at least one
lobar segment on chest radiography) in combination with
clinical symptoms such as fever and respiratory symptoms
(tachypnea, wheezing, cough, or chest pain) in a patient
with SCD. This entry will focus on the pathophysiology,
clinical features, and management of acute chest syndrome.
Because of the broad definition, any sickle-cell patient
with respiratory symptoms and a new infiltrate on the
chest radiography is diagnosed with acute chest syndrome.
Fortunately, most patients do not require admission at the
ICU for respiratory support but may rapidly worsen to
clinical symptoms similar to acute respiratory distress
syndrome requiring mechanical ventilation. The causes
of acute chest syndrome are various, including pulmonary
infection (bacterial and viral), fat embolism due to bone
ischemia and hypoventilation resulting in intrapulmonary
sequestration of sickled erythrocytes, inflammation, and
infarction. Symptoms of acute chest syndrome characteristically develop 24–48 h after the initial symptoms of
a vaso-occlusive crisis and consist of respiratory symptoms and fever either due to infection or the severe inflammatory response and infarction. In a large trial on the
causes of acute chest syndrome in children and young
adults, atypical bacterial appeared to be the most frequent
detected microorganism although it should be considered
that the large majority of these patients used penicillin as
antibiotic prophylaxis [1]. Also, viruses such as respiratory
syncytial virus, influenza, and parainfluenza can cause
acute chest syndrome.

Treatment
Despite the fact that an acute chest syndrome cannot be
distinguished from a pneumonia, it is known that severe
acute chest syndrome, defined as a chest syndrome with
hypoxia requiring oxygen suppletion, does not recover
without blood transfusion or exchange transfusion.
Blood transfusion or exchange transfusion results in
a rapid improvement of the oxygenation suggesting that
circulating sickle cells are an important trigger in the
ongoing inflammatory response in the pathogenesis of
acute chest syndrome [2]. In young children, a simple
transfusion may be effective in case of an already low
hematocrit, however, in adults or patients with a relative
high hematocrit an exchange transfusion in order to
reduce the HbS below 30% is usually required to prevent
hyperviscosity. Hyperviscosity is observed in sickle-cell
patients with a hematocrit above 0.35, which may result
in stroke. All patients with acute chest syndrome should be

treated with broad spectrum antibiotics aimed at community acquired encapsulated and atypical bacteria. Besides
oxygen, antibiotics, and transfusion, adequate pain medication, thrombosis prophylaxis, and bronchodilatory treatment should be given. Although hyperhydration is usually
given to sickle-cell patients with a painful crisis, one should
be careful to prevent fluid overload for a patient with acute
chest syndrome, which may result in pulmonary edema.
The use of corticosteroids is controversial. Although a more
rapid improvement has been demonstrated in pediatric
patients treated with dexamethasone, many patients had
to be readmitted because of rebound symptoms upon stopping the steroids [3]. Striking improvements in oxygenation have been published upon nitric oxide inhalation to
counter the severe mismatch in ventilation and perfusion
in patients with acute chest syndrome [4]. In addition,
some reports about the use of extracorporeal membrane
oxygenation have been published [5].

Evaluation
Sickle-cell patients admitted at the ICU with respiratory
distress should be considered to have an acute chest syndrome, and immediate exchange transfusion is required
preferable by erytropheresis aiming at a HbS% < 30% and
a hematocrit of 0.30 L/L. Given the different causes of
acute chest syndrome, sputum and blood cultures should
be obtained and broad spectrum antibiotics should be
administered. In patients with combined heterozygous
form of sickle-cell disease (HbSC, HbSD, or HbS-b thalassemia), exchange transfusion should be aimed at
a HbA1% of >70%.

Prognosis
The overall mortality rate of acute chest syndrome is 3%.
In 13% of the cases, patients with acute chest syndrome
require mechanical ventilation increasing their mortality
rate to 19% [6]. Risk factors for acute chest syndrome are:
vaso-occlusive crisis, postoperative patients, relative high
hematocrit and low fetal hemoglobin (HbF), and leukocytosis. Platelet count of <200  109/L before the onset of
the manifestations of an acute chest syndrome is an independent risk factor for neurological complications and
mechanical ventilation.
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Slough
Slough is a layer or mass of dead tissue separated from
surrounding living tissue in the wound bed that can
appear yellow, tan, gray, green, or brown.

Slow Extended Dialysis
A hybrid form of semi-intermittent or semicontinuous
form of diffusive clearance that can be prolonged from 6
to 12 h per day.

Siderocalin
▶ NGAL as a Biomarker of Acute Kidney Injury

Smoke Inhalation Injury
Sieving Coefficient
The sieving coefficient is the measure of equilibration of
a substance through a semipermeable membrane. The
sieving coefficient of a substance is determined by its
molecular size and the porosity as well as the size of
pores in the semipermeable membrane.

Injury due to the inhalation of smoke, it may present with
varying degrees of acute lung injury and several physiological derangements that can cause a low ventilation/
perfusion ratio.
▶ Burn Injury, Inhalation Injury

Snake Bites
Sigmoidoscopy
▶ Gastrointestinal Endoscopy

DEAN OLSEN
Medical Toxicology and Emergency Medicine, New York
City Poison Control Center, Manhattan, NY, USA

Synonyms

Sign-Outs
▶ ED-ICU Handoffs

SILENT
Is the Syndrome of Irreversible Lithium-Effectuated Neurotoxicity, and is long-term neurologic or neuropsychiatric sequelae of lithium neurotoxicity.

Envenomation; Snake poisoning

Definition
A snakebite is defined as an injury caused by a bite from
a snake often resulting in puncture wounds inflicted by the
snake’s fangs and local or systemic effect from snake
venom. The vast majority of medically important snakebites result from venomous snakes and most of the morbidity and mortality attributable to snakebites around the
world are due to venom effects. There are approximately
3,000 species of snakes in the world of which 20% or about
600 are venomous. Venomous snakes are found in all
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continents except Antarctica and in all states in America
except Alaska, Hawaii, and Maine [1]. There are four
families of snakes that contain venomous members,
Colubridae, Elapidae, Atractaspididae, and Viperidae;
however, the vast majority falls into the families of
Elapidae and Viperidae [1]. Nearly all venomous snakes
possess fangs or specialized teeth through which venom
can be delivered to prey or predators. Fangs are usually
hollow or have an enclosed groove through which venom
is delivered, acting like a hypodermic needle. Most species
have the ability to control venom delivery and dry bites
(bites where no venom effect is noted) are known to occur.
Fangs may be located in the front of the mouth, some of
which may be mobile or hinge up when not in use, or
located in the rear or side of the mouth. Generally speaking, front fanged species pose more of a risk to humans
because these snakes possess the ability to strike and
deliver venom rapidly whereas rear fangs snakes must
hold on and “chew” their victim. Side fanged snakes can
be particularly difficult to handle because of their ability to
strike while being held behind the head. A venomous
snakebite is the single most important global cause of
human morbidity and mortality form venomous and poisonous animals of all types [1–3].
Venom is a complex mixture of proteins, peptides, and
enzymes produced in specialized venom glands used by
the snake for immobilization and digestion or prey as well
as defense. Venom glands evolved from digestive glands as
evidenced by the presence of various digestive enzymes in
snake venom, some of which may have severe injurious
effects on envenomated humans. Venom composition can
vary widely between snake family, species, and even time
of year. Venoms may contain any of several different
toxins: neurotoxins that may cause either flaccid paralysis
or fasciculations, myotoxins that can cause muscle damage, hemotoxins which may interfere with hemostasis, as
well as toxins that can directly affect the heart and kidneys
(cardiotoxins and nephrotoxins). Generally speaking,
snakes from the same genus have similar venom composition. Various species of snakes can inflict bites with
distinctly different venom effects ranging from local tissue
injury or other organ injury to coagulopathy to complete
paralysis. Venom toxicity is usually measured in LD50 –
that is the dose of venom that kills 50% of animals in
a specified time period. Venoms with lower LD50’s are
more toxic per a given dose. Although some venoms, such
as those produced by elapid snakes, may have very low
LD50’s, these snakes tend to produce and inject less
venom, and thus, worldwide, vipers, which tend to produce and inject larger amounts of venom, tend to cause
more mortality then elapids. The aggressiveness of the

snake and the potential for human encounters are major
factors in determining the overall danger of a particular
snake [1–3]. The lethality or severity of venom in humans
depends on various factors: toxicity of venom, quantity
injected, area on the body injected, location of venom
deposition (either subcutaneously or intravascular), and
access to health care and specific antivenom. While there is
usually similarity of venom effect in the same genus, some
snakes in the same family may have vastly different venom
effects then their familial counterparts. Thus, while the
treatment of most snakebites is similar, with antivenom
administration being the definitive therapy, antivenins
differ widely with regards to availability, indications, efficacy, and safety (see Tables 1–3).

Treatment
Antivenom
Antivenoms are the treatment of choice for most snakebites when available. Antivenom therapy has sometimes
been associated with the belief that its administration is
more dangerous than envenomation. While most of these
claims are usually ill founded, antivenom administration
does possess inherent risks and thus should only be used
when clearly indicated [1].
Antivenoms are purified antibodies directed toward
venom. They can be either whole or fractionated animal
immunoglobulin (Ig G) raised against whole venom. The
target venom is harvested from the species of interest and
in injected into the host animal. In the case of snake
antivenom, venom is obtained by “milking” the snake or
having the snake strike a container with a cloth over it and
collecting the venom which is produced. The host animal
is immunized with the venom by injection. The immunoglobulin produced by the host animal is harvested, purified and lyophilized for reconstitution when needed for
use. The host animal is usually a horse but sheep, goats,
rabbits, and even chicken egg yolks have been used. Generally speaking, horse or equine derived antivenoms have
a high incidence of adverse reactions but the rate of reactions is also related to the removal of proteins such as
albumin as well as the quality of refining. Newer
antivenoms are sometimes fractionated such that the Fc
portion of the IgG molecule is removed yielding Fab
fragments if treated with papain or Fab2 fragments if
treated with pepsin (Fig. 1). These fractionated
antivenoms are similar in efficacy but have a lower incidence of adverse reactions as well as shorter half lives
resulting in the need to re-dose some preparations during
a course of therapy. Antivenoms may be either polyvalent
or monovalent. Polyvalent antivenom is produced from
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Snake Bites. Table 1 Some medically important colubrid snakes
Scientific name

Common name

Distribution

Venom effects

Dispholidus typus

Boomslang

Central and Western Africa,
Southern Africa

Coagulopathy, hemorrhagic,
renal toxic

Thelatornis spp.

Vine or bird snakes

Southern Africa

Coagulopathy, hemorrhagic,
renal toxic

Rhabdophis spp.

Yamakagashi red-necked
keelback

Japan, China, Korea,
Southeast Asia

Coagulopathy, hemorrhagic,
renal toxic, local tissue
destruction

Malpolon monspessulanus

Montpelier snake

North Africa, Middle East,
Europe

Paralysis

Pseudechis spp.

Mulga, Papuan black and
Collett’s snakes

Australia, New Guinea

Myolysis, renal toxicity,
anticoagulant

Elapomorphus bilineatus

Argentine black headed snake South America

Coagulopathy, hemorrhagic

Tachymenis peruviana

Culebra de cola corta

South America

Coagulopathy, hemorrhagic,
local tissue destruction

Snake Bites. Table 2 Some medically important elapid snakes
Scientific name

Common name

Distribution

Venom effects

Notechis spp. Tropidechis
carinatus

Tiger snakes, Rough scaled
snake

Australia, New Guinea

Paralysis, myolysis,
coagulopathy, renal toxicity

Hoplocephalus spp.

Broad headed snakes

Australia, New Guinea

Coagulopathy

Austrelaps spp.

Copperheads

Australia, New Guinea

Paralysis, myolysis

Pseudonaja spp.

Brown snakes

Australia, New Guinea

Coagulopathy, myolysis,
paralysis

Pseudechis spp.

Mulga, Papuan black and
Collett’s snakes

Australia, New Guinea

Myolysis, renal toxicity,
anticoagulant

Pseudechis spp.

Red bellied black

Australia, New Guinea

Myolysis

Oxyuranus spp.

Taipans

Australia, New Guinea

Paralysis, myolysis,
coagulopathy, renal toxicity

Micropechis ikaheka

New Guinea small eyed snake Australia, New Guinea

Paralysis, anticoagulant,
myolysis

Acanthophis spp.

Death adders

Australia, New Guinea,
Southeast Asia

Paralysis

Calliophis spp.

Asian coral snakes

Southeast Asia

Paralysis

Maticora spp.

Asian coral snakes

Southeast Asia

Paralysis

Naja kaouthia

Monocled cobra

Southeast Asia

Local tissue reaction, Necrosis,
paralysis

Naja siamenisis and related
spp.

Thai spitting cobra

Southeast Asia

Local tissue reaction, Necrosis,
paralysis

Naja philippinensis

Philippines cobra

Southeast Asia

Paralysis

Ophiophagus hannah

King cobra

Southeast Asia

Paralysis, local tissue reaction

Bungarus spp.

Kraits

Southeast Asia, Indian sub
continent, Sri Lanka, China,
Korea

Paralysis
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Snake Bites. Table 2 (Continued)
Scientific name

Common name

Naja atra

Chinese cobra

Southeast Asia, China, Korea

Paralysis

Naja naja

Indian cobra

Indian sub continent, Sri
Lanka

Paralysis, local tissue reaction

Walterinnesia aegyptia

Desert black snake

Middle East, North Africa

Paralysis

Naja haje

Egyptian cobra

Middle East, North Africa

Paralysis

Boulengeria spp.

Water cobras

Central and Western Africa

Paralysis

Naja melanoleuca

Forest cobra

Central and Western and
Southern Africa

Paralysis

Dendroaspis spp.

Mambas

Central and Western and
Southern Africa

Paralysis

Naja mossambica

Mozambique spitting cobra

Southern Africa

Local tissue reaction and
necrosis

Naja nigricolis

Black necked spitting cobra

Africa

Local tissue reaction and
necrosis

Naja nivea

Cape Cobra

Southern Africa

Paralysis

Hemachatus haemachatus

Rinkhals spitting cobra

Southern Africa

Local tissue reaction, Necrosis,
Paralysis

Aspidelaps spp.

African coral snakes

Southern Africa

Paralysis

Elapsoidea spp

African garter snakes

Southern Africa

Local tissue reaction

Pseudohaje spp.

Tree cobras

Southern and central Africa

Local tissue reaction

Paranaja multifasciata

Burrowing cobra

Southern and central Africa

Local tissue reaction

Micruroides euryxanthus

American coral snake

North and central America

Paralysis

Micrurus spp.

American coral snakes

North and central America

Paralysis

Enhydrina schistosa

Beaked sea snake

Indo-Pacific oceans

Myolysis and paralysis

Indo-Pacific oceans

Myolysis and paralysis

Common name

Distribution

Clinical effects

Daboia russelli

Russell’s viper

Southeast Asia, Indian
subcontinent, Sri Lanka

Coagulopathy, hemorrhagic,
renal effects, myolysis,
paralysis, necrosis, local
reaction

Echis spp.

Carpet or saw scaled vipers

Indian subcontinent, Sri
Lanka, middle east, Asia,
Africa

Coagulopathy, hemorrhagic,
renal effects, necrosis, local
reaction

Pseudocerastes spp.

Horned vipers

Middle east, Asia

Paralysis

Vipera spp.

Vipers

Middle east, Asia, Europe,
northern Africa

Coagulopathy, hemorrhagic,
renal effects, myolysis,
paralysis, cardiovascular, local
reaction

Other species of sea snakes
Aipysurus spp., Astrotia
stokesii, Hydrophis spp.,
Laticauda spp., Hydrelaps spp.,
Lapemis spp., Pelamis platurus

Distribution

Venom effects

Snake Bites. Table 3 Some medically important viperid snakes
Scientific name
Viperinae subfamily

Snake Bites
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Snake Bites. Table 3 (Continued)
Scientific name

Common name

Distribution

Clinical effects

Vipera ammodytes

Long nosed viper

Europe, Asia

Local reaction, paralysis

Cerastes spp.

Horned vipers

North Africa

Local reaction, coagulopathy

Causus spp.

Night adders

Africa

Local reaction, paralysis

Atheris spp.

Bush vipers

Africa

Coagulopathy, hemorrhagic

Bitis arietans

Puff adder

Central western and southern Coagulopathy, hemorrhagic,
Africa
renal effects, necrosis, local
reaction, cardiovascular

Bitis gabonica, Bitis nasicornis

Gaboon viper, Rhinoceros
viper

Central western and southern Coagulopathy, hemorrhagic,
Africa
renal effects, necrosis, local
reaction, cardiovascular

Bitis spp.

Other African vipers

Africa

Local reaction

Trimeresurus spp.

Green tree pit vipers

Southeast Asia, China, Korea,
Japan, Indian subcontinent,
Sri Lanka

Coagulopathy, hemorrhagic,
local reaction

Gloydius spp.

Asian pit vipers including
mamushis

Southeast Asia, China, Korea,
Japan, Asia

Coagulopathy, hemorrhagic,
local reaction, Necrosis

Calloselasma rhodostoma

Malayan pit viper

Southeast Asia

Coagulopathy, hemorrhagic,
local reaction, necrosis, renal
effects

Deinagkistrodon acutus

Hundred pace viper

China, Korea

Coagulopathy, hemorrhagic,
local reaction, necrosis

Crotalinae subfamily

Hypnale spp.

Hump nosed vipers

Indian subcontinent, Sri Lanka Local reaction

Bothrops asper

Terciopelo

South America

Coagulopathy, hemorrhagic,
local reaction, necrosis

Bothrops atrox

Lancehead

South America

Coagulopathy, hemorrhagic,
local reaction, necrosis

Bothrops jararaca; B.
jararacussu; B. moojeni

Jarara; Jararacussu; Brazilian
lancehead

South America

Coagulopathy, hemorrhagic,
local reaction, necrosis, renal
effects, myolysis

Bothrops lanceolatus

Fer de Lance

Central America

Coagulopathy, hemorrhagic,
local reaction, necrosis

Bothrops spp.

Lacehead vipers

Central and south America

Coagulopathy, hemorrhagic,
local reaction, necrosis

Atropoides spp.

Jumping pit vipers

Central America

Local reaction, necrosis

Bothriechis spp.

Palm pit vipers

Central America

Local reaction, necrosis

Cerrophidion spp.

Montane pit vipers

Central America

Local reaction, necrosis

Porthidium spp.

Montane pit vipers

Central America

Local reaction, necrosis

Ophryacus spp.

Horned pit vipers

Central America

Local reaction, necrosis

Lachesis muta

Bushmaster

Central America, South
America

Local reaction, necrosis,
coagulopathy

Crotalus durissus

Neotropical rattlesnake or
cascabel

Central America, South
America

Paralysis, myolysis, renal
effects, coagulopathy,
hemorrhagic, local effects

Crotalus spp.

Other central and south
American rattlesnakes

Central America, South
America

Paralysis, local effects, renal
effects
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Snake Bites. Table 3 (Continued)
Scientific name

Common name

Distribution

Clinical effects

Crotalus spp.

North American rattlesnakes

North America

Local effects, necrosis,
hemorrhagic, coagulopathy,
renal (some species)

Crotalus scutulatus

Mojave rattlesnake

North America

Paralysis, local effects,
necrosis, coagulopathy,
hemorrhagic

Sistrurus spp.

Pygmy rattlesnake and
massasauga

North America

Local effects, hemorrhagic,
necrosis

Agkistrodon spp.

Copperhead, cottonmouth,
cantil

Central America, North
America

Local effects, necrosis,
hemorrhagic, coagulopathy,
renal (some species)

Modified and adopted with permission from [1]
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Snake Bites. Figure 1 Whole antivenoms are immunoglobulins (IgG). Fractionated antivenoms are produced by adding either
pepsin (Fab2) or papain (Fab) and removing the Fc fragment

the venom of several different species of snakes and thus
may be used when the exact identity of the snake is
unknown. Snakes in the same family and genus have
similar venom composition and share effective crossneutralization with one single antivenom. This potentially
allows hospitals to stock only one type of antivenom to
treat several different snakebites [3]. For example, in the
USA, a single polyvalent crotaline FAB antivenom is used
to treat over 35 different snake envenomations. However,
polyvalent antivenoms are known to be somewhat less
effective than monovalent antivenoms, and may be more
likely to induce allergic reactions, including anaphylactic
shock. Monovalent antivenom is raised against the venom
of a single snake venom and are effective against only
a single species of venomous snake, or to a few closely
related species [2].

Adverse Reactions
Patients treated with antivenom are at risk for two types of
adverse reactions, immediate and delayed hypersensitivity.
The first and most serious being a Gell and Coombs type
I anaphylactic or anaphylactoid type reaction that usually
occur shortly after therapy is started and can range from
a simple rash to a sudden and severe onset of airway
compromise and hypotension. Similar to any other immediate allergic reaction resulting from introduction of
a foreign protein intravenously, these reactions may be
life threatening. They are treated similarly to other anaphylactic/anaphylactoid reactions with epinephrine, steroids, histamine antagonists, and supportive care. The
second type of reaction is a type IV delayed hypersensitivity reaction also known as serum sickness. Serum sickness

Snake Bites

presents from 5 to 14 days after antivenom administration
with fever, chills, joint pain, myalgias, malaise, and can last
5–7 days. These reactions are not life threatening, resulting
only in several days of discomfort and may be treated with
steroids and supportive care. The use of fractionated antivenins has greatly reduced the frequency of these reactions
but not eliminated them completely.

Antivenom Administration
Because of the aforementioned risks, antivenom should
only be administered in a critical care area, either the
emergency department or ICU. Antivenom is most often
dispensed in vials and the dose varies depending on the
product used. Anywhere from one to several vials may be
administered at a single time. The package insert should
be consulted to determine the number of vials to administer initially and if re-dosage is recommended. During
administration the patient should be continuously monitored, with airway equipment available at bedside. Antivenom is lyophilized and must be reconstituted prior to
administration with saline or sterile water. The infusion
should be started slowly while the patient is closely monitored for signs and symptom of allergic reaction. If no
evidence of allergic reaction is noted, the infusion can be
increased to the recommended rate. Once started the
patient should be frequently reevaluated to determine if
venom effect is halted. Antivenom therapy will usually
result in a halting rather than reversal of venom effect,
thus timely administration is important to insure maximum efficacy. Antivenom dose is tailored to the individual
situation. The amount of antivenom needed to adequately
treat an envenomation is based on venom dose introduced
and severity of the envenomation, not the size of the
patient. It should be administered as soon as possible
because delay in administration can adversely affect outcome thus the intravenous route is preferred. Once
administered, the effect of the antivenom should be monitored. Poor response indicates either too little antivenom
or incorrect antivenom choice. The degree of envenomation dictates the amount of antivenom that will be
required. Often times the initial dose of antivenom is
inadequate and re-dosing is necessary to achieve adequate
treatment amounts especially when larger amounts of
venom are injected.

Nonantivenom Treatment
Antivenom is often the preferred treatment of significant
envenomation; however, it is not available in all areas of
the world or for all snakes. Other supportive measures
may be used as an adjunct to antivenom therapy or as
primary treatment when antivenom is unavailable.
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Patient’s envenomated by neurotoxic snakes that can produce paralysis are at significant risk for respiratory failure.
Intubation may be necessary; however, some data suggest
that acetylcholine esterase inhibitors may have a role in the
treatment of these envenomations especially in victims of
cobra bites [4]. Blood products such as fresh frozen
plasma may have a role in the replacement of depleted
clotting factors for snakes with hemotoxic and
coagulopathic venom. The criteria for the use of blood
products appears to be quite arbitrary in clinical practice,
but in general, blood products should be administered
along with antivenom if the patient is actively bleeding.
Although advocated in the past by some, surgical procedures have little role in the management of snakebites.
Even compartment syndrome following an envenomation
is not an absolute indication for surgical intervention.
Timely administration of appropriate antivenom can
avoid the need for fasciotomy thus reserving this procedure for incidences with documented sustained elevation
in compartment pressures [1, 2].
Wound care is also an important part of snakebite
treatment. Plain radiographs of the bitten area to rule
out the possibility of a retained fang, and tetanus prophylaxis are indicated in all venomous and nonvenomous
snakebites. The incidence of wound infection and sepsis
following snake bite is low in both venomous and
nonvenomous snakes. Nonvenomous snakebites require
little more than symptomatic and supportive care. Some
authors have suggested that some snake venoms may
possess antibacterial properties. Although many snakebite
victims usually receive antibiotics during treatment of
their snakebite, most data indicate that they are probably
not indicated in absence of confirmed infection [5].

Evaluation and Assessment
Most practitioners will only rarely encounter major snake
envenomations. Even for those practicing in areas where
snakebites are endemic it will take some years of practice
to become familiar with the species of snakes and their
venom effects as well as diagnostic and therapeutic
options available. Exotic snakebites may account for up
to one-fourth of presentations to health care requiring
even seasoned physicians to seek expert help. Local
experts, poison control centers, and local zoos can be
excellent resources for assistance with diagnosis, treatment, and antivenom acquisition.
Diagnosis and treatment of a snakebite can be challenging. Patients may present with evidence of a bite and
a clear description of the snake or may even bring in the
snake. For the latter, the diagnosis may be less complicated
although dangerous if the snake is still alive. Unfortunately
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most patients are not very good about accurately identifying snakes especially when bitten by one. Often the
anxiety of the situation makes it difficult to get details.
Bites on the hands suggest that the victim was handling or
taunting the snake. Even with assailant in hand, often
a certain amount of expertise may be required to determine the true identity of the snake and thus the antivenom
required to effectively treat the envenomation. More often
than not the identity of the snake is unknown making the
situation more complex.
Some symptoms of envenomation such as paralysis,
coagulopathy, and renal damage may have a delayed and
insidious onset making it dangerous for the physician to
medically clear a suspicious bite too soon. Very young
children may be unable to give any history at all, not
have an obvious bite, and present with signs and symptoms that could involve a large differential diagnosis.
Often times the physician must rely on narrowing down
the type of snake by geographic distribution and relying
on polyvalent antivenom to treat the most likely culprits.
A complete history is essential to evaluation and treatment of a snakebite. Date and time, description of the
snake, number of bites, location where bite occurred,
symptoms, and first aid administered are all important
facts to ascertain. Allergy to animal products such as
horses, sheep, and rabbits is also important since most
antivenom is derived from animal serum. The physical
exam should include vital signs and a thorough examination of the bite site. Distance between bite marks can be
used to estimate the size of the snake in some circumstances but may not be accurate if significant swelling has
occurred prior to initial evaluation. Lymph nodes should
be examined for swelling or tenderness which indicates
venom spread. Particular attention should be paid to
symptoms of venom effects. Ptosis, ophthalmoplegia,
loss of facial tone, decreased mouth opening or tongue
excursion, and loss of deep tendon reflexes are indications
of impending flaccid paralysis. Arrhythmias or cardiac
ectopy can indicate cardiotoxic venom. Myotoxic venom
can cause muscle pain weakness and tenderness on exam
with rarely signs of compartment syndrome. Oozing of
blood from venipuncture sites, bruising, and bleeding
gums indicates coagulopathic or hemorrhagic venom
components. Evidence of bite, number of puncture
wounds, local swelling or necrosis, and type of venom
effect can help narrow down the type of snake responsible
for the envenomation and the choice of antivenom.
Diagnostic testing should include complete blood
count, metabolic panel, coagulation studies, and urine
analysis. For snakes that possess hemotoxic and
coagulopathic venom, fibrin split products and fibrinogen

may be helpful. Labs should be repeated frequently during
and after antivenom therapy. Envenomation is a progressive process and laboratory trends are important in determining the need for antivenom, or the need to re-dose
antivenom if control of venom effect is not achieved with
the initial dose. In some areas that are endemic to many
different types of venomous snakes, a venom detection kit
may be available. A sample from the bite site or urine is
tested and the kit specifically identifies the presence and
type of snake venom to allow use of specific rather than
polyvalent antivenom. Even if the identity of the snake is
confirmed, the decision to treat with antivenom must
weigh in the risks and benefits of treatment and should
only be undertaken when clearly indicated.

After-care/Prognosis
After a full course of antivenom therapy and halting or
resolution of all venom effect patients can usually be
discharged from healthcare for outpatient follow up.
Duration of treatment varies according to the antivenom
used; the package insert should be consulted for these
instructions. Prognosis with snake envenomation varies
greatly depending on type and severity of envenomation.
With timely antivenom administration most patients will
have a complete recovery. However, the time to antivenom
administration is often a key factor in how much of venom
effect will reverse as opposed to simply a halting of venom
effect. As a general rule the sooner that appropriate antivenom therapy is administered the less venom effect will
occur and the more favorable prognosis. Myotoxic and
necrotoxic venom effect is often not able to be reversed
with antivenom administration yet if administered early
treatment will often halt progression of venom effects.
Swelling with viper bites usually resolves completely in
2–3 weeks, occasionally it can take 2–3 months, and in
exceptional cases the limb may remain permanently swollen. Thus time to antivenom is critical with regards to
prognosis. Neurotoxins have variable response to antivenom therapy. Presynaptic neuromuscular junction neurotoxins such as those found in kraits, taipans, and some
pit vipers have poor response to antivenom if administered after symptoms arise and symptoms may persist for
days, weeks, or even months. Maximal efficacy can be
achieved only with very early administration prior to
onset of symptoms as opposed to coral snakes, cobras,
mambas and adders which have a good response to antivenom even if administered after symptoms progress [1].
Even with timely administration some sequelae of
envenomation far outlast the duration of effect of the
antivenom. Viperine shock and abnormal bleeding generally resolve within a week in patients surviving without
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antivenom, but coagulation changes can persist for over 3
weeks even in patients receiving early antivenom therapy.
Coagulation studies often will generally return to normal
then after 24–48 h coagulopathy or thrombocytopenia will
reappear. This so called “venom recurrence” is well known
with certain species of pit viper and is most often benign.
Debate exists as to the role of late antivenom administration in these cases.
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clinically relevant end points such as hospital length of
stay, a requirement for dialysis, or death.
Effect estimates from combined analyses of all the
studies of NAC prophylaxis [8–10] would suggest that
NAC use results in a reduction in the incidence of contrast-induced nephropathy (CIN) – a surrogate marker for
dialysis requirement generally defined as a 25% increase in
serum creatinine or an increase of 0.5 mg/dl, but does not
impact the outcomes of dialysis or death. In summary,
sodium bicarbonate may significantly reduce the incidence of CIN; however, there is no evidence that it reduces
the requirement for dialysis or mortality in patients
undergoing routine angiographic procedures.

Other Renal Prophylaxis Indications
NAC has also been reported as an effective renoprotective
agent in a number of other clinical settings including
cardiac surgery [11], rhabdomyolysis [12], and tumor
lysis syndrome [13, 14]. No large trials have specifically
addressed these indications; however, alkaline diuresis is
commonly used in these settings.

Dosage
Prevention of contrast-induced nephropathy (CIN) : 154
meq/L sodium bicarbonate given at a rate of 3 ml/kg/h for
1 h prior to radiocontrast administration, then at a rate of
1 ml/kg/h for 6 h afterward.

Preparation/Composition
IV injection

Contraindications

Sodium Bicarbonate, Intravenous
NEESH PANNU
Division of Nephrology, Department of Medicine
University of Alberta, Edmonton, AB, Canada

Indications
Prophylaxis for Contrast Nephropathy
Sodium bicarbonate has recently gained favor as
a prophylaxis treatment for radiocontrast-induced acute
kidney injury. Several randomized trials evaluating various regimens of sodium bicarbonate alone or in combination with N acetyl cysteine (NAC) have been published
with conflicting results [1–7]. Like the studies evaluating
NAC, all studies when assessed individually have been
underpowered to detect a significant difference in

Alkalosis, hypernatremia, severe pulmonary edema,
hypocalcemia

Adverse Reactions
Cardiovascular: Cerebral hemorrhage, CHF (aggravated),
edema
Central nervous system: Tetany
Endocrine
and
metabolic:
Hypernatremia,
hyperosmolality, hypocalcemia, hypokalemia, increased
affinity of hemoglobin for oxygen-reduced pH in myocardial tissue necrosis when extravasated, intracranial acidosis, metabolic alkalosis, milk-alkali syndrome (especially
with renal dysfunction)
Respiratory: Pulmonary edema

Drug Interactions
Incompatible when run with the following medications:
abciximab allopurinol, amiodarone, amphotericin
B cholesteryl sulfate complex, calcium chloride, doxorubicin
liposome,
idarubicin,
imipenem/cilastatin
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inamrinone, leucovorin, midazolam, nalbuphine,
ondansetron, oxacillin, sargramostim, verapamil, vincristine, vindesine, vinorelbine.

Mechanisms of Action
The precise biological mechanisms that confer
renoprotection are not well understood. Ischemic renal
injury results in the generation of free oxygen radicals. It
has been postulated that sodium bicarbonate infusion
may decrease generation of free radicals mediated by the
Haber–Weiss reaction by increasing tubular pH, since the
reaction is most active at lower pH levels [1]. Sodium
bicarbonate infusion also may scavenge the potent oxidant
peroxynitrate, produced via a nitric oxide–mediated pathway [15]. Urine alkalinization is also thought to reduce the
tubular toxicity of heme pigment in rhabdomyolysis and
reduces the likelihood of tubular uric acid precipitation.
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Soft Tissue Infections,
Life-Threatening
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Synonyms
Fournier’s gangrene; Gas gangrene; Ludwig’s angina;
Myonecrosis; Necrotizing fasciitis; Streptococcal gangrene; Toxic shock syndrome

Definition
Life-threatening soft tissue infections have the common
features of fulminant destruction of tissue and systemic
signs of toxicity associated with high mortality (Table 1).
Necrotizing fasciitis and myonecrosis may be caused by
single or multiple pathogens, and both are frequently
associated with toxic systemic effects, including bacteremia, shock, and organ failure. Distinguishing these
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Soft Tissue Infections, Life-Threatening. Table 1 Differential diagnosis of infections involving muscle and fascia
Clinical information

Necrotizing fasciitis
Type I

Gas gangrene

Pyomyositis

Myositis – viral/parasitic

Type II

Fever

++

++++

+++

++

++

Pain (diffuse)

+

+

+

+

++++(a)

Pain (local)

++

++++(b)

++++

++

++

Systemic toxicity

++

++++

++++

+

+

Gas in tissue

++

++++

Obvious portal of entry ++++

+/(c)

Diabetes mellitus

+/

++++

++++(d)

a

Pain with influenza is diffuse myalgia. Pleurodynia may be associated with severe localized pain, i.e., Devil’s grip. Pain with trichinosis may be
severe and localized
b
Severe pain is present in necrotizing fasciitis associated with Group A streptococcal necrotizing fasciitis. Type I necrotizing fasciitis is associated
commonly with diabetics with peripheral neuropathy, hence the pain may not be severe
c
Fifty percent of patients with necrotizing fasciitis due to Group A streptococcus may not have an obvious portal of entry
d
Gas gangrene associated with trauma may be caused by Clostridium perfringens, C. septicum and C. histolyticum, and there is always an obvious
portal of entry. Spontaneous gas gangrene is commonly caused by C. perfringens, or the more aerotolerant C. septicum, and is usually not
associated with an obvious portal of entry. Organisms lodge in tissue as a result of bacteremia originating from a bowel portal of entry

entities is easy once they are fully developed; yet early in
the course of infection, they represent a demanding challenge even to the most astute clinician. Finally, despite an
early diagnosis and appropriate treatment, some patients
will lose limbs and others may succumb to systemic complications of the infection.
Though the clinical entity referred to as necrotizing
fasciitis may occur alone, commonly there is also evidence
of necrosis of the dermis and underlying muscle
(myonecrosis). The common pathologic features are
extensive tissue destruction, thrombosis of blood vessels,
abundant bacteria spreading along fascial planes and an
unimpressive presence of acute inflammatory cells,
though small collections of PMNL or micro abscesses
have been described. Despite these similarities, it is important to consider the many different types of necrotizing
soft tissue infections described in the medical and surgical
literature, because they may provide clinical clues which
prompt earlier surgical intervention and therefore an earlier diagnosis.

Necrotizing fasciitis is a deep-seated infection of the subcutaneous tissue that results in progressive destruction of
fascia and fat. Two clinical types exist: Types I and II
(Table 1).

in those with peripheral vascular disease. Non-clostridial
anaerobic cellulitis and synergistic necrotizing cellulitis are
both variants of the same syndrome. It may not be important to distinguish these entities from each other, because
all occur in diabetic patients and are caused by mixed
anaerobic–aerobic bacteria. Most commonly these infections occur on or about the feet with rapid extension along
the fascia into the leg. Though cellulitis also occurs commonly in diabetic patients, necrotizing fasciitis should be
considered in those with cellulitis and systemic signs of
infection such as tachycardia, leukocytosis, acidosis, or
marked hyperglycemia. In addition to its spontaneous
occurrence in diabetic patients, Type I necrotizing fasciitis
may also result from a breach of mucosal membranes from
surgery or instrumentation. In the head and neck region,
bacterial penetration into the fascial compartments can
result in a syndrome known as “Ludwig’s Angina” or may
develop into necrotizing fasciitis. In the perineal area,
breach of the gastrointestinal or urethral mucosa my result
in “Fournier’s gangrene,” an aggressive infection caused by
aerobic gram negative bacteria, enterococci, and anaerobic
bacteria such as bacteroides and Peptostreptococcus. These
infections begin abruptly with severe pain and may spread
rapidly onto the anterior abdominal wall, into the gluteal
muscles and, in males, frequently extend onto the scrotum
and penis.

Necrotizing Fasciitis Type I

Necrotizing Fasciitis Type II

Necrotizing fasciitis type I is a mixed infection caused by
aerobic and anaerobic bacteria and occurs most commonly after surgical procedures, in diabetic patients or

Necrotizing fasciitis type II is caused by group
A streptococcus (GAS) and was previously called “streptococcal gangrene.” In contrast to Type I necrotizing

Necrotizing Fasciitis
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fasciitis, Type II may occur in any age group and among
patients who do not have complicated medical illnesses
(reviewed in [1]). Predisposing factors include a history
of blunt trauma, chicken pox, non-steroidal antiinflammatory agent use, intravenous drug abuse, or
a penetrating injury such as laceration or surgical procedures. In most cases, the skin or mucous membranes
serve as the portal of entry for the streptococci. Among
patients without a defined portal of entry, hematogenous
translocation of GAS from the throat (asymptomatic or
symptomatic pharyngitis) to the exact site of blunt trauma
or muscle strain likely occurs.

intramuscular injection of epinephrine, criminal abortion, retained placenta, prolonged rupture of the membranes, or intrauterine fetal demise or missed abortion in
postpartum patients.

Clostridial Gas Gangrene

Toxic Shock Syndromes

Clostridial gas gangrene or myonecrosis is defined as an
acute invasion of healthy living muscle, undamaged by
previous trauma or ischemia and occurs in two different
settings: traumatic and spontaneous.

Both S. pyogenes and S. aureus cause a variety of distinctive
soft tissue infections which may or may not be associated
with a toxic shock syndrome. While these toxic shock
syndromes share some common features, there are important distinctions (Table 2). Lastly, a toxic shock-like syndrome is frequently observed in patients with soft tissue
infection due to Clostridium sordellii.

Traumatic Gas Gangrene
Traumatic gas gangrene develops after deep, penetrating
injury that compromises the blood supply (e.g., knife or
gunshot wound, crush injury, or automobile accident)
creating an anaerobic environment ideal for clostridial
proliferation (reviewed in [2]). This type of trauma
accounts for about 70% of cases of gas gangrene, and
Clostridium perfringens is found in about 80% of such
infections. The remaining cases are caused by Clostridium
septicum, Clostridium novyi, Clostridium histolyticum,
Clostridium bifermentans, Clostridium tertium, and Clostridium fallax. Other conditions associated with traumatic
gas gangrene are bowel and biliary tract surgery,

Spontaneous Gas Gangrene
Spontaneous or non-traumatic gas gangrene is commonly
caused by C. perfringens or the more aerotolerant C.
septicum; other clostridial species have also been implicated [3]. As described later, most of these cases occur in
patients with gastrointestinal portals of entry such as
adenocarcinoma [3].

Streptococcal Toxic Shock Syndrome (Strep
TSS)
The Working Group on Severe GAS infections and the
World Health Organization define Strep TSS as any GAS
infection associated with the early onset of shock and
organ failure [4]. Typically, Strep TSS is associated with
multiple organ failure, bacteremia, shock, and death,
though not all features occur in every patient. The sites
of infection are diverse and not limited to necrotizing
fasciitis/myonecrosis, though this is commonly associated

Soft Tissue Infections, Life-Threatening. Table 2 Comparison of features of staphylococcal and streptococcal toxic shock
syndromes
Feature

Staphylococcal

Streptococcal

Age

Primarily 15–35 years

Primarily 20–50 years

Sex

Greatest in women

Either

Severe pain

Rare

Common

Hypotension

100%

100%

Erythrodermal rash

Very common

Less common

Renal failure

Common

Common

Bacteremia

Low

60%

Tissue necrosis

Rare

Common

Predisposing factors

Tampons, surgical packing, NSAID use?

Blunt trauma, cuts, burns, varicella, NSAID use?

Thrombocytopenia

Common

Common

Mortality

3–5%

30–85%

NSAIDs Non-steroidal anti-inflammatory drugs
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with Strep TSS. In addition, some patients may not manifest shock and organ failure until later in the disease
course.
The pathogenesis of Strep TSS is complex and involves
the interplay of numerous bacterial exotoxins and surface
components with host immune cells. A “cytokine storm”
produced by the host in response to bacterial virulence
factors is thought to mediate cardiovascular dysfunction,
shock, and organ failure.
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These techniques should not replace thorough surgical
exploration of the infected site. When infection is near
the vital structures of the neck, surgical consultation is also
of major importance since exploration, drainage, and
debridement may be necessary to prevent airway
obstruction.

Pharmacologic Treatment
Type I Necrotizing Fasciitis

Staphylococcal Toxic Shock Syndrome
Toxic shock syndrome associated with S. aureus infections
was originally referred to as TSS though in this paper this
syndrome is designated Staph TSS to clearly distinguish it
from Strep TSS. It is characterized by the sudden onset of
fever, chills, vomiting, diarrhea, muscle aches and rash
(reviewed in [5]). It can rapidly progress to intractable
hypotension, multi-organ failure, and death. Desquamation, particularly on the palms and soles, can occur 1–2
weeks after the onset of illness.

C. sordellii Toxic Shock Syndrome
Clostridial infection of the endometrium can develop after
gynecologic procedures, childbirth, spontaneous abortion, or elective abortion (either via surgical or medical
approach) [6]. These infections are usually caused by C.
sordellii. Clinically, presentation consists of systemic manifestations, including edema, effusions, profound leukocytosis, and hemoconcentration, followed by rapid onset
of shock and multi-organ failure. Elevation of the hematocrit to 75–80% and leukocytosis of 50–200,000 cells/mL
with a left shift are characteristic of C. sordellii infection.
Pain may not be a prominent feature and fever is typically
absent. The systemic nature of the presentation with the
paucity of localizing symptoms may make early diagnosis
difficult.

Treatment
Surgical Intervention
For patients with local evidence of an aggressive soft tissue
infection or for patients with an innocuous local appearance of soft tissue infection but with systemic toxicity,
prompt surgical exploration is of extreme importance (a)
to determine the extent of infection, (b) to assess the
need for debridement or amputation, and (c) to obtain
specimens for Gram stain and culture. Early in the course
of infection, CT and MRI are invaluable for determining
whether the infection is localized or spreading along fascial planes, and needle aspiration or punch biopsy may
provide an etiologic diagnosis in at least 20% of cases.

Mixed aerobic/anaerobic infections of the head and neck
are usually caused by mouth anaerobes such as
Fusobacteria, anaerobic streptococci, Bacteroides, and spirochetes. Either penicillin or clindamycin is effective treatment largely because the Gram positive aerobic cocci and
anaerobes of the oropharynx are generally susceptible to
both [7]. Mixed aerobic/anaerobic infection of the abdomen, perineum, or gynecologic organs should be based
upon Gram stain, culture, and sensitivity information;
however, reasonable empiric treatment would be ampicillin or ampicillin/sulbactam combined with either
clindamycin or metronidazole. Alternatively, broader
Gram negative coverage might be necessary if the patient
has had prior hospitalization or if antibiotics have been
used recently. This can be accomplished by substituting
ticarcillin/clavulinic acid, piperacillin/sulbactam, or
a penem antibiotic for ampicillin or by adding
a fluorinated quinolone or an aminoglycoside [7].

Type II Necrotizing Fasciitis
Group A streptococcal necrotizing fasciitis/myonecrosis
should be treated with a combination of penicillin (3–4
million units IV every 4 h) and clindamycin (600–900 mg
IV every 6–8 h) for 10–14 days [7]. This recommendation
is based upon the following information: (a) all strains of
group A streptococci remain sensitive to penicillin; (b)
resistance to erythromycin is currently about 5% in the
USA, and there have been reports of resistance to
clindamycin, though this is very uncommon currently;
(c) clindamycin and erythromycin are more active in
experimental models of necrotizing fasciitis and
myonecrosis; (d) penicillin binding proteins are not
expressed during stationary phase growth of group
A streptococci, and thus penicillin is ineffective in severe
deep infections where large numbers of bacteria are present; (e) clindamycin suppresses exotoxin and M-protein
production by group A streptococci; (f) clindamycin has
a much longer half life; (g) combinations of penicillin and
clindamycin have indifferent interaction against group
A streptococci in vitro at clinically relevant concentrations
of antibiotics (i.e., no antagonistic effects were found);
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and (h) clindamycin suppresses cytokine production by
human mononuclear cells and can thus modulate the
component of the host immune response that leads to
shock and organ failure.

Traumatic or Spontaneous Clostridial Gas
Gangrene
Antibiotic treatment of traumatic or spontaneous gas
gangrene should consist of penicillin (3–4 million units
IV every 4 h) together with clindamycin (600–900 mg IV
every 6–8 h) for 10–14 days [7]. Penicillin is
recommended based on in vitro sensitivity data;
clindamycin is recommended based on superior efficacy
over penicillin in animal models of C. perfringens gas
gangrene and in some reports in humans. Clinical trials
comparing the efficacy of these agents in humans have not
been performed. The superior efficacy of clindamycin is
likely due to (a) its ability to inhibit bacterial protein toxin
production, (b) its insensitivity to the size of the bacterial
load or stage of bacterial growth, and (c) its ability to
modulate the host’s immune response.

Toxic Shock Syndromes
Staph TSS
Because of the emergence of antibiotic resistance in
S. aureus (particularly methicillin-resistance; MRSA),
appropriate cultures and sensitivities and local
antibiograms should guide treatment. Empiric treatment
should assume MRSA and use of vancomycin,
daptomycin, tigecycline, televancin, or linezolid should
be considered [7]. For MSSA, nafcillin has been the
recommended treatment. However, recent studies demonstrate that sub-inhibitory concentrations of nafcillin
increase and prolong S. aureus exotoxin production in
both MSSA and MRSA, whereas protein synthesis inhibitors, such as clindamycin or linezolid, suppress toxin
production [8]. There have been no clinical trials comparing these agents in the treatment of Staph TSS.

Strep TSS
Antibiotic treatment of Strep TSS is as described above for
streptococcal necrotizing fasciitis/myonecrosis.

C. sordellii TSS
There is little, if any, information regarding appropriate
treatments for C. sordellii infections [6]. In fact, the time
between onset of symptoms and death is often so short
that little time exists to initiate empiric antimicrobial
therapy. Indeed, anaerobic cultures of blood and wound
aspirates are time consuming, and many hospital

laboratories do not routinely perform antimicrobial sensitivity testing on anaerobes. Antibiotic susceptibility data
from older studies suggest that C. sordellii, like most
clostridia, are susceptible to beta lactam antibiotics,
clindamycin, tetracycline, and chloramphenicol but are
resistant to aminoglycosides and sulfonamides. Potentially, antibiotics which suppress toxin synthesis (e.g.,
clindamycin) could be useful adjuncts to therapy since
these agents have been proven effective in necrotizing
infections due to other toxin-producing gram positive
organisms.

Supportive
Management in the Intensive Care Unit
In patients with persistent hypotension, monitoring of
cardiac outputs, pulmonary artery occlusion pressure,
and mean arterial pressure is important. Intubation and
ventilator support is usually required due to the high
incidence of ARDS in patients with Strep TSS. Pressors
such as dopamine are used frequently, though no controlled trials have been performed in Strep TSS. In patients
with intractable hypotension, high doses of dopamine,
epinephrine, or phenylephrine have been used, but caution should be exercised in those with evidence of disseminated intravascular coagulation and in particular in those
with cold, cyanotic digits. Symmetrical gangrene involving
all 20 digits and toes, the tip of the nose, and the breast
areola has been described. In addition, amputation of 1, 2,
3, and even 4 extremities has been observed. In C. sordellii
TSS, reported treatments included the administration of
steroids, morphine, atropine, and/or vasopressors, all of
which proved ineffective once infection was established.

Dialysis and Hemoperfusion
Either of these methodologies may be necessary since
>50% of patients with Strep TSS develop acute renal
failure. Both dialysis and hemoperfusion may also
nonspecifically reduce the concentrations of circulating
toxins. Hemofiltration may also remove bacterial toxins
and improve survival in patients with Strep TSS.
A polystyrene superantigen-absorbing device (SAAD)
was developed in Japan and shown to be highly efficacious
in absorbing staphylococcal exotoxins from plasma and,
when used extracorporeally in animals, significantly
improved survival in animals challenged with lethal
doses of these toxins.

Fluid Resuscitation
Patients with toxic shock syndromes and necrotizing
infections, particularly those due to group
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A streptococcus, require massive fluid resuscitation
and replacement of albumin lost from a diffuse capillary
leak syndrome. If several liters of crystalloid intravenous
fluid challenge does not rapidly improve either blood
pressure (mean arterial pressure >60 mmHg) or tissue
perfusion, then invasive monitoring is indicated. The
goal should be to maintain a pulmonary artery occlusion
pressure of 12–16 mmHg. If this goal is reached, but
hypotension persists, serum albumin concentration and
hematocrit should be check since profoundly low
albumin levels are common and because hemolysins produced by group A streptococcus and strains of clostridia
can cause dramatic drops in circulating red cell mass.
Thus, transfusion with packed red blood cells with or
without albumin may be useful to improve blood pressure
and preserve tissue perfusion.

Adjunctive
Hyperbaric Oxygen (HBO)
The use of HBO is controversial; some nonrandomized
observational studies have reported good results with
HBO therapy for clostridial necrotizing infections when
combined with antibiotics and surgical debridement. Its
usefulness in other types of soft tissue infection is less well
studied, though some centers strongly advocate its use in
these settings. The absolute necessity of surgical debridement should not be delayed while pursuing HBO
treatment.
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potential efficacy of IVIG. It is clear that if IVIG were to be
used, it should be given early, and probably more than one
dose should be given since batches of IVIG have variable
neutralizing activity against streptococcal exotoxins.

Evaluation/Assessment
Patients presenting with sudden onset of severe pain in an
extremity, with or without an obvious portal of bacterial
entry or the presence of fever, should be evaluated for
severe soft tissue infection on an emergent basis. The
absence of fever could be due to use of antipyretics, in
particular NSAIDs. In addition, patients with C. sordellii
infection typically remain afebrile throughout the course
of infection.
Radiographs, CT scans, or MRI techniques will show
soft tissue swelling in group A streptococcal infection, and
gas in the tissues of patients with clostridial gas gangrene or
type 1 necrotizing fasciitis. Elevated serum creatine phosphokinase or serum glutamic-oxaloacetic transaminase
may suggest deep infection involving muscle or fascia (as
opposed to cellulitis). Elevated serum creatinine followed
by hypotension may occur in any necrotizing soft tissue
infection and is related to acute tubular necrosis. However,
in Strep TSS, serum creatinine elevation may precede hypotension. Modestly increased white blood cell count with
marked left shift suggests group A streptococcal infection,
leukemoid reactions, and profound hemoconcentration are
characteristic of C. sordellii infection.

Necrotizing Fasciitis
Intravenous Immune Globulin (IVIG)
The rationale for the use of IVIG in the treatment of Strep
TSS is based upon the data implicating extracellular exotoxins as mediators of shock and organ failure (reviewed
in [5]). Several reports have described the successful use of
IVIG in patients with Strep TSS. The largest treatment
group (15 patients) showed a significant reduction in
mortality compared to matched historical controls. The
mortality of 70% in the control group was among the
highest ever reported, whereas the mortality was 30% in
the IVIG group. This mortality is similar to some series
that did not use IVIG. Recently, a double blind clinical trial
was undertaken in northern Europe comparing IVIG with
albumin in patient with Strep TSS. All patients received
clindamycin. The mortality in the IVIG group was 16%,
whereas the albumin group was 32%. Unfortunately, the
study was stopped due to low enrollment, and only 7–
8 patients with proven GAS infections were in each group.
Thus, the differences were not significant. It is hoped that
further, double blind studies with sufficient numbers of
cases will resolve the continuing dilemma regarding the

Unexplained pain which increases rapidly over time may be
the first manifestation of deep-seated necrotizing soft tissue
infection. The early signs and symptoms of infection may
not be apparent, particularly in patients with post-surgical
infection, gunshot, or knife wounds, or with diabetes. In the
latter case, the absence of pain may be related to neuropathy
and anesthesia at the site of infection. In surgical, trauma,
and post partum patients, the increasing pain may be
incorrectly attributed to normal convalescence rather than
acute infection. Such a delay in diagnosis may allow the
disease to progress to later stages before appropriate antibiotics and surgical invention are initiated.
In addition to pain, fever, malaise, myalgias, diarrhea,
and anorexia may also be present during the first 24 h.
Erythema may be present diffusely or locally in some;
however, in most patients, excruciating pain in the
absence of any cutaneous findings may be the only clue
of infection. Within 24–48 h, erythema may develop or
darken to a reddish-purple color frequently with associated blisters and bullae. Conversely, erythema may be
absent, and the characteristic bullae develop in normal
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appearing skin. The bullae are initially filled with clear
fluid and rapidly take on a blue or maroon appearance.
When the bullous stage is observed, there is already extensive necrotizing fasciitis, and patients usually exhibit fever
and systemic toxicity.

Traumatic Gas Gangrene
The first symptom is usually the sudden onset of severe
pain at the site of surgery or trauma. The mean incubation
period is less than 24 h but ranges from 6 to 8 h to several
days, probably depending on the degree of soil contamination or bowel spillage and the extent of vascular compromise. The skin may initially appear pale, but quickly
changes to bronze then purplish red, and becomes tense
and exquisitely tender. Bullae develop; they may be clear,
red, blue, or purple. Gas present in tissue may be obvious
by physical examination, soft tissue radiographs, computerized tomographic (CT) scan, or magnetic resonance
imaging (MRI). Interestingly, none of these radiographic
procedures have been more specific or more sensitive than
the physical finding of crepitus in the soft tissue. However,
radiographic procedures are particularly helpful to demonstrate gas in deeper tissue such as the uterus. Signs of
systemic toxicity develop rapidly, including tachycardia,
low grade fever, diaphoresis, followed by shock and multiorgan system failure.

Spontaneous Gas Gangrene
Spontaneous gas gangrene generally occurs via hematogenous seeding of normal muscle with Clostridium
perfringens, C. septicum, C. novyi, or occasionally C.
tertium from a gastrointestinal tract portal of entry such
as colonic malignancy, inflammatory bowel disease, diverticulitis, necrotizing enterocolitis, cecitis, distal ileitis, or
gastrointestinal surgery. Other predisposing factors
include leukemia, lymphoproliferative disorders, chemotherapy, neutropenia, radiation therapy, and AIDS.
Because of the absence of an obvious portal of entry, the
correct diagnosis is frequently delayed or missed.

Staph TSS
The sudden onset of hypotension and diffuse sunburntype rash in menstruating females or in patients with
recent surgery utilizing packing materials (e.g., rhinoplasty) is suggestive of Staph TSS.

Strep TSS
Severe pain, recent trauma (blunt or penetrating) or
childbirth, evidence of renal impairment preceding
hypotension, and marked left shift are characteristic of
Strep TSS.

C. sordellii TSS
Physicians should suspect C. sordellii infection in patients
who present within 2–7 days following injury, surgical
procedure, drug injection, childbirth or abortion, and
who complain of pain, nausea, vomiting, and diarrhea
but are afebrile.
Early diagnosis of C. sordellii infection often proves
difficult for several reasons. First is the low prevalence of
these infections. Second, the initial symptoms are
nonspecific and frankly misleading. Early in the course,
the illness resembles any number of infectious diseases,
including viral syndromes. Given these vague symptoms,
and an absence of fever, physicians usually do not aggressively pursue additional diagnostic tests. The absence of
local evidence of infection and the lack of fever makes
diagnosis of C. sordellii infection particularly problematic
in patients who develop deep infection following childbirth, therapeutic abortion, gastrointestinal surgery, or
trauma. Such patients are frequently evaluated for pulmonary embolization, gastrointestinal bleeding, pyelonephritis, or cholecystitis. Unfortunately, such delays in
diagnosis increase mortality, and like most necrotizing
soft tissue infections, by the time local signs and symptoms are apparent, patients are hypotensive with evidence
of organ dysfunction. In contrast, infection is more readily
suspected in injecting drug users presenting with local
swelling, pain, and redness at injection sites. This early
recognition likely contributes to the lower mortality in
this latter group.

Differential Diagnosis
The sudden onset of severe pain and fever should heighten
concern about a deep necrotizing soft tissue infection.
Other possibilities include trauma alone, deep vein
thrombophlebitis, or arterial embolization.
The differential diagnosis of patients presenting with
shock and organ failure should include necrotizing soft
tissue infection, staphylococcal and streptococcal toxic
shock syndromes, gram negative sepsis, pneumococcal or
staphylococcal bacteremia, and Rocky Mountain Spotted
Fever.

Effectiveness
Distinguishing spontaneous clostridial gas gangrene from
streptococcal myonecrosis can be difficult. The presence of
gas in the soft tissue (demonstrated by CT or MRI) favors
clostridial infection. In both infections, histopathology
demonstrates profound tissue destruction with few infiltrating inflammatory cells. With clostridial species, edema
and gas formation are also seen.

Soft Tissue Infections, Life-Threatening

The finding of gas in the tissues by CT or MRI
is extremely useful in the diagnosis of clostridial soft
tissue infection; the finding of swelling alone is not
useful in patients with prior trauma, surgery, etc., since
swelling does not distinguish between infection and
inflammation.
Early diagnosis of C. sordellii infection may be difficult
because initial symptoms are vague, and many patients
have no obvious portal of entry. Delays in diagnosis
increase mortality, and there is a great need for a rapid
diagnostic test for this infection.

After-care
Necrotizing Fasciitis/Myonecrosis
Patients with necrotizing soft tissue infections require
extensive rehabilitation, skin grafting, and frequently
prosthetic limbs due to extensive surgical debridement.

Spontaneous Gas Gangrene
Patients with spontaneous gas gangrene and bacteremia
should be evaluated for carcinoma of the colon [3].
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Traumatic Gas Gangrene

Shock is present in 50% of patients at the time they
present to the hospital. Of those who developed shock at
some point in their hospitalization, 40% died, compared
to 20% mortality in the group as a whole. Bacteremia
occurs in 15% of patients and may be associated with
brisk hemolysis. One patient has been described with
a decrease in the hematocrit from 37% to 0% over a
24 h period. Subsequently, despite transfusion with
10 units of packed red blood cells over a 4 h period, the
hematocrit never exceeded 7.2%. Patients with bacteremia
and intravascular hemolysis have the greatest likelihood of
progressing to shock and death. Mortality is highest for
patients in shock at the time of diagnosis.
Additional complications of clostridial myonecrosis
include jaundice, renal failure, hypotension, and liver
necrosis. Renal failure is largely due to hemoglobinuria
and myoglobinuria but is complicated by acute tubular
necrosis following hypotension. Renal tubular cells are
likely directly affected by toxins, but this has not been
proven.

Spontaneous Gas Gangrene
Staph TSS
Women with Staph TSS following tampon use should not
resume their use, since tampons have been implicated in
recurrences.

The mortality of spontaneous gangrene ranges from 67%
to 100% [3]. The majority of deaths occur within 24 h of
onset. Risk factors for fatal outcome include underlying
malignancy and immunocompromised state.

Strep TSS

Toxic Shock Syndromes

Secondary cases of severe streptococcal infection have
been documented among close contacts of a primary
case. Thus, appropriate isolation procedures, and
occasionally prophylactic antibiotics, are warranted, particularly if the contacts are immune compromised, have
open wounds, or a history of recent surgery, or child
delivery.

Strep TSS: The prevalence of Strep TSS, which emerged in
the late 1980s, remains 3–5/100,000 population/year, and
mortality ranges from 30% to 85%. Secondary cases are
rare but have been reported among family members where
intimate contact with a case has occurred in nursing home
settings and among medical personnel caring for patients
with Strep TSS. The average cost of treating one patient
with GAS necrotizing fasciitis/myonecrosis was recently
estimated to be $60,000. With the annual incidence of
hospitalizations for these infections estimated at 0.5–1/
100,000, this equals $90–180 million/year in the USA
alone.
Staph TSS: The incidence of Staph TSS peaked in 1980
at 2.4–16/100,000 population; the vast majority of cases
occurred in Caucasian females 15–19 years of age during
menses. As of 1987 when the last active surveillance for
Staph TSS was performed by the Centers for Disease
Control and Prevention, the incidence was 1–2/100,000
among women 15–44 years of age. With timely diagnosis,
appropriate antimicrobial regimens, and intensive care,
the mortality rate is typically 3–5% (Table 2). Epidemiologic studies established that for vaginal colonization/

Prognosis
Necrotizing Fasciitis/Myonecrosis
Necrotizing fasciitis can exhibit a remarkably rapid progression from an inapparent process to one associated
with extensive destruction of tissue, systemic toxicity,
loss of limb, or death within 24–48 h. In patients with
group A streptococcal necrotizing fasciitis/myonecrosis
that lack a defined portal of entry, the correct diagnosis
is often delayed until after shock and organ failure are
manifested, causing the mortality in this group to
approach 70–85%. Such patients require emergent amputation or extensive surgical debridement and prolonged
hospitalization.
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infection Toxic Shock Syndrome Toxin-1 (TSST-1)producing strains of S. aureus were responsible. Nonmenstrual cases of Staph TSS occur among both sexes,
regardless of age, and are associated with surgical
procedures (e.g., rhinoplasty with Teflon stints or nasal
packing) or a variety of primary S. aureus infections (e.g., cutaneous infection, postpartum infection, focal tissue
infection, and pneumonia with or without antecedent
influenza infection). In contrast to menstrual cases of
Staph TSS, TSST-1 has been detected in only half of strains
isolated from patients with non-menstrual Staph TSS.
Finally, staphylococcal enterotoxin B (SEB) and, to
a lesser extent, enterotoxins A (SEA) and C (SEC) have
been found in the remaining strains.

C. sordellii TSS
In a recent case presentation and review of the literature
[6], Aldape et al. reported that of 45 cases, 18% (8/45)
were associated with normal childbirth, 11% (5/45) with
medically induced abortion, and 0.4% (2/45) with spontaneous abortion. The case fatality rate was 100% in these
groups. Twenty-two percent of C. sordellii infections (10/
45) occurred in injecting drug users, and 50% of these
patients died. Other infections (19/45, 42%) occurred
following trauma or surgery, mostly in healthy persons
and 53% died. Overall, mortality was 69% (31/45).
Eighty-five percent of all fatal cases died within 2–6 days
of initial infection or following procedures. The overall
mortality from C. sordellii infection was 69%. The pathogenesis of this infection has not been completely elucidated, though the profound capillary leak and leukemoid
reaction are likely due to potent exotoxins.

References
1.

2.

3.

4.

5.
6.

7.

Stevens DL (2000) Streptococcal infections. In: Goldman L, Bennett JC
(eds) Cecil textbook of medicine, 21st edn. WB Saunders, Philadelphia,
pp 1619–1624
Stevens DL (1996) Clostridial myonecrosis and other clostridial
diseases. In: Bennett JC, Plum F (eds) Cecil textbook of medicine,
20th edn. WB Saunders, Philadelphia, pp 2090–2093
Bodey GP, Rodriguez S, Fainstein V, Elting LS (1991) Clostridial
bacteremia in cancer patients. A 12-year experience. Cancer 67(7):
1928–1942
The Working Group on Severe Streptococcal Infections (1993) Defining the group A streptococcal toxic shock syndrome: rationale and
consensus definition. JAMA 269(3):390–391
Stevens DL (1996) The toxic shock syndromes. Infect Dis Clin
N Amer 10(4):727–746
Aldape MJ, Bryant AE, Stevens DL (2006) Clostridium sordellii infection: epidemiology, clinical findings, and current perspectives on
diagnosis and treatment. Clin Infect Dis 43(11):1436–1446
Stevens DL, Bisno AL, Chambers HF et al (2005) Practice guidelines
for the diagnosis and management of skin and soft-tissue infections.
Clin Infect Dis 41(10):1373–1406

8.

Stevens DL, Ma Y, Salmi DB, McIndoo E, Wallace RJ, Bryant AE
(2007) Impact of antibiotics on expression of virulence-associated
exotoxin genes in methicillin-sensitive and methicillin-resistant
Staphylococcus aureus. J Infect Dis 195(2):202–211

Solute Clearance
ZHONGPING HUANG1, WILLIAM R. CLARK2,3, CLAUDIO RONCO4
1
Department of Mechanical Engineering, Widener
University, Chester, PA, USA
2
Gambro Renal Products, Lakewood, CO, USA
3
Nephrology Division, Indiana University School of
Medicine, Indianapolis, IN, USA
4
Department of Nephrology, St. Bortolo Hospital,
Vicenza, Italy

Introduction
Although the concept of clearance actually can be traced to
early studies of glomerular physiology, its most widespread
application has been in the field of dialysis. Indeed,
a clearance-based approach is the standard methodology
used to estimate small solute removal in chronic dialysis
and adapted techniques are being employed for acute dialysis therapies. This entry introduces the concept of solute
clearance and its application to both conventional hemodialysis and continuous renal replacement therapy (CRRT) in
the setting of acute kidney injury (AKI).

Solute Clearance in Conventional
Hemodialysis
Definition of Clearance
By definition, [1] solute clearance (K ) is the ratio of mass
removal rate (N ) to blood solute concentration (CB):
K ¼ N = CB

ð1Þ

For a hemodialyzer, mass removal rate is simply the
difference between the rate of solute mass (i.e., product of
flow rate and concentration) presented to the dialyzer in
the arterial blood line and the rate of solute mass leaving
the dialyzer in the venous blood line. This mass balance
applied to the dialyzer results in the classical (i.e., arteriovenous) whole-blood dialyzer clearance equation:
KB ¼ ½ðQBi  CBi Þ  ðQBo  CBo Þ =CBi þ QF  ðCBo =CBi Þ
ð2Þ

S
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In this equation, KB is blood clearance, QB is blood
flow rate, CB is blood solute concentration, and QF is net
ultrafiltration rate. (The subscripts “i” and “o” refer to the
inlet [arterial] and outlet [venous] blood lines.)
It is important to note that diffusive, convective, and
possibly adsorptive solute removal occur simultaneously
in HD. For a non-adsorbing solute like urea, diffusion,
and convection interact in such a manner that total solute
removal is significantly less than what is expected if the
individual components are simply added together. This
phenomenon is explained in the following way. Diffusive
removal results in a decrease in solute concentration in the
blood compartment along the axial length (i.e., from
blood inlet to blood outlet) of the hemodialyzer. As convective solute removal is directly proportional to the blood
compartment concentration, convective solute removal
decreases as a function of this axial concentration gradient. On the other hand, hemoconcentration resulting
from ultrafiltration of plasma water causes a progressive
increase in plasma protein concentration and hematocrit
along the axial length of the dialyzer. This
hemoconcentration and resultant hyperviscosity causes
an increase in diffusive mass transfer resistance and
a decrease in solute transport by this mechanism. The
effect of this interaction on overall solute removal has
been analyzed rigorously by numerous investigators. The
most useful quantification has been developed by Jaffrin:
KT ¼ KD þ QF  Tr

ð3Þ

In this equation, KT is total solute clearance, KD is
diffusive clearance under conditions of no net ultrafiltration, and the final term is the convective component of
clearance. The latter term is a function of the ultrafiltration rate (QF) and an experimentally derived transmittance coefficient (Tr), such that:
Tr ¼ s ð1  KD =QB Þ

HD, the mass removal rate of small solutes like urea is very
high during the early stage of an intermittent HD treatment due to a favorable transmembrane concentration
gradient for diffusion at this time. As the treatment proceeds, a proportional decrease in the BUN and the urea
mass removal rate, which is determined by the instantaneous BUN, occurs. Equation 1 predicts that a proportional decrease in these parameters results in a constant
dialyzer clearance during the treatment (provided that
dialyzer function is preserved). Despite not being
a measure of actual dialytic solute removal, clearance
remains a very reasonable parameter to assess dialyzer
function. The relationship between solute clearance,
mass removal rate, and cumulative removal during a 4-h
hemodialysis treatment is shown in Fig. 1. As the figure
shows, even with constant dialyzer clearance, mass
removal rate falls during the treatment due to a reduced
concentration gradient.

Solute Clearance in CRRT
As noted above, solute clearance is the ratio of mass
removal rate to blood solute concentration. From
a kinetic perspective, Fig. 2 depicts the relevant flows for
determining CRRT clearances. In CRRT, the solute clearance expressions differ from those used in conventional
hemodialysis. In the latter therapy, the mass removal rate
(i.e., the rate at which the dialyzer extracts solute from
blood into the dialysate) is estimated by measuring the
difference in solute concentration between the arterial and
venous lines. In other words, a “blood-side” clearance

KHF urea
(mL/min)

ð4Þ

where S is solute sieving coefficient. Thus, Tr for
a particular solute is dependent on the efficiency of diffusive removal. At very low values of KD/QB, diffusion has
a very small impact on blood compartment concentrations and the convective component of clearance closely
approximates the quantity S∗QF. However, with increasing efficiency of diffusive removal (i.e., increasing KD/QB),
blood compartment concentrations are significantly
influenced. The result is a decrease in Tr and, consequently, in the convective contribution to total clearance.

Clearance Versus Mass Removal Rate
It is important to recognize that clearance is not a measure
of actual dialytic mass removal of a particular solute. In
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Solute Clearance. Figure 1 Relationship between solute
clearance, mass removal rate, and cumulative removal during
a 4-h hemodialysis treatment. Even with constant dialyzer
clearance, mass removal rate falls during the treatment due to
a reduced concentration gradient
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Solute Clearance. Figure 2 Relevant flow considerations for
the determination of solute clearance in CRRT. The modality
represented is continuous venovenous hemodiafiltration

approach is used. On the other hand, in CRRT, the mass
removal rate is estimated by measuring the actual amount
of solute appearing in the effluent. The mass removal rate
is the product of the effluent flow rate (QE) and the
effluent concentration of the solute (CE).
In continuous venovenous hemodialysis (CVVHD)
and
continuous
venovenous
hemodiafiltration
(CVVHDF), the effluent is dialysate and diafiltrate,
respectively. For these therapies, the extent of solute
extraction from the blood is estimated by the equilibration
ratio (E), also known as the degree of effluent saturation.
The benchmark for efficiency in these therapies is the
volume of fluid (dialysate and/or replacement fluid)
required to achieve a certain solute clearance target.
Clearance in post-dilution continuous venovenous
hemofiltration (CVVH) is the product of the sieving coefficient (see below) and the ultrafiltration rate (QUF). For
small solutes like urea and creatinine, the sieving coefficient is essentially 1 (under normal filter operation).
Therefore, small solute clearance in post-dilution CVVH
essentially is equal to the QUF. On the other hand, estimation of clearance in pre-dilution CVVH has to account for
the fact the blood solute concentrations are reduced by
dilution of the blood before it enters the filter. Thus, the
clearance has a “dilution factor,” which essentially is
the ratio of the blood flow rate (QB) to the sum of QB
and the replacement fluid rate (QRF). The dilution factor
can be viewed practically as a measure of the extent to
which pre-dilution differs from post-dilution for a specific
combination of QB and QUF.
It should be noted here these CRRT clearance considerations apply to ultrafiltrate-side measurements. Thus,
they are quite satisfactory for small solutes but are not
always appropriate for larger molecules, which may have

an adsorptive clearance component. As an example, for
the AN69 membrane, sieving coefficient interpretations
for larger molecules may be difficult due to its adsorptive
nature. Specifically, during the first 2 h of use of an AN69
filter, adsorptive removal of large compounds like B2M
may predominate over transmembrane removal. If a B2M
sieving coefficient determination is made during this early
period, the value may be very low (or zero) and the
untrained observer may conclude that the membrane is
not clearing any B2M. However, significant clearance is
occurring by adsorption – to appreciate this, a total clearance (i.e., blood-side) measurement needs to be made.
After the first 2 hours of treatment, the membrane may
reach adsorptive saturation and B2M “breakthrough” into
the filtrate may occur and a measurable sieving coefficient
obtained. Thus, the timing of AN69 clearance determinations for larger molecules is important for correct interpretation [2].

Sieving Coefficient
When a dialyzer is operated as an ultrafilter (i.e., ultrafiltration with no dialysate flow), solute mass transfer occurs
almost exclusively by convection. Convective solute
removal is primarily determined by membrane pore size
and treatment ultrafiltration rate [3]. Mean pore size is the
major determinant of a dialyzer’s ability to prevent or
allow the transport of a specific solute. The sieving coefficient (S) represents the degree to which a particular membrane permits the passage of a specific solute:
s ¼ CUF =CP

ð5Þ

In this equation, CUF and CP are the solute concentrations in the ultrafiltrate and the plasma (water), respectively.
Irrespective of membrane type, all filters in the “virgin” state
have small solute sieving coefficient values of 1 and these
values are typically not reported by dialyzer manufacturers.
Sieving coefficient values for solutes of larger molecular
weight are more applicable and manufacturers frequently
provide data for one or more middle molecule surrogates,
such as vitamin B12, inulin, cytochrome C, and myoglobin.
As is the case for solute clearance, the relationship between
S and solute molecular weight is highly dependent on
membrane mean pore size (i.e., flux) [4].
Sieving coefficient data provided by manufacturers are
usually derived from in vitro experimental systems in
which (nonprotein containing) aqueous solutions are
used as the blood compartment fluid. In actual clinical
practice, nonspecific adsorption of plasma proteins to
a dialyzer membrane effectively reduces the permeability
of the membrane [5]. Consequently, in vivo sieving

SP

coefficient values are typically less than those derived from
aqueous experiments, sometimes by a considerable
amount.
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Summary
In this entry, an overview of the concept of solute clearance in dialysis therapies used in AKI has been provided.
As solute clearance is closely associated with the therapy
dose, it is a very important concept that requires understanding for informed prescription of these modalities.
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Sorbents Modes
(A) Hemoperfusion (HP) consists in a direct contact of
the sorbent with blood without any other device in the
extracorporeal circuit. (B) The sorbent unit is placed in
series before the hemodialyzer (hemoperfusionhemodialysis HPHD) combining the adsorption with the
diffusion and convection used in the dialyzer. (C) The
sorbent unit is placed online in the ultrafiltrate produced
from a hemofilter. The hemofilter is placed in series with
the hemodialyzer. The system is used for online
hemodiafiltration in chronic patients and it is defined
paired filtration dialysis with sorbent (HFR). (D) The
sorbent unit is placed online in the plasmafiltrate produced from a plasmafilter. The plasmafilter is placed in
series with the hemodiafilter. The system is used for critically ill patients with multiple organ failure and septic
shock and it is defined coupled plasmafiltration adsorption (CPFA).

Solvent Drag
▶ Convective Clearance

Source Control
Sonoclot® Analyzer
Sonoclot® analyzer provides information on the entire
hemostasis process both in a qualitative graph (Sonoclot
Signature) and as quantitative results (ACT, clot rate,
platelet function).

Identifying the cause of sepsis as soon as possible, and
taking the appropriate intervention to eradicate the infectious source.

SP
Sonographic Measurement of the
Inferior Vena Cava
▶ Intravascular Volume Assessment by Inferior Vena Cava
Sonography

Secondary peritonitis, the most common form of peritonitis encountered clinically, occurs as a result of
a perforation or necrosis of a hollow organ leading to
a microbial inoculation and spillage of chemical irritants
(e.g., gastric contents) into the peritoneal cavity.
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Synonyms
Extradural abscess; Pachymeningitis abscess

Definition
Spinal epidural abscess (SEA) is defined as an acute or
chronic circumscribed exudative fluid collection located
on, or outside, the spinal dura mater. Although relatively
uncommon, SEA can cause rapid neurologic deterioration,
resulting in devastating morbidity and even death. Unfortunately, the diagnosis of SEA is often delayed due to factors
such as the failure to identify patients at risk for the disease,
the failure to recognize the limitations of laboratory studies,
or the performance of inadequate radiographic imaging
[1]. In fact, patients with SEA often have multiple visits to
either the emergency department or a primary care physician before the diagnosis is made. It is imperative to identify

patients with SEA, as once neurologic deficits have developed they are often irreversible. This entry will focus of the
epidemiology, pathophysiology, clinical features, diagnostic
evaluation, and treatment of SEA.

Epidemiology
Although SEA has been reported in patients as young as
10 days and as old as 87 years, the majority of SEAs occur
between 30 and 60 years of age [2]. Over the last two
decades, the incidence of SEA has doubled due mostly to
the aging population, increased use of intravenous drugs
of abuse, increased placement of indwelling vascular
devices, and increased number of invasive spinal procedures [3, 4]. Men and women are equally affected, with
reported male to female ratios ranging from 1:0.56 to 1:1
[4, 5]. The overall mortality rate from SEA is approximately 5%, with most patients dying from progressive
systemic infection or complications due to preexisting
comorbidities [4].
The majority of patients with SEA have at least one
identifiable risk factor for the disease [4]. Established risk
factors for SEA are listed in Table 1. Intravenous drug use
is one of the primary risk factors for SEA, accounting for
over 50% of cases in some series. In fact, any patient
presenting with back pain in the setting of intravenous
drug use should be considered to have a SEA until proven
otherwise. Similarly, back pain that develops in a patient
with a recent invasive procedure is highly suspicious
for SEA.

Spinal Cord Abscess. Table 1 Risk factors for spinal epidural abscess
Risk factors

Organisms

Intravenous drug use

Staphylococcus aureus; Pseudomonas
aeruginosa

60

Immunocompromised – (HIV, DM,
malignancy)

Multiple organisms; E.coli; Pseudomonas
aeruginosa; Mycobacterial; fungal
(Aspergillus fumigatus)

21

Alcohol abuse

Staphylococcus aureus; E.coli; Anaerobes

19

Recent spinal procedure

Staphylococcus aureus; Staphylococcus
epidermidis; Pseudomonas aeruginosa;
Coagulase-negative Staphylococcus;
Streptococcus species

16

Indwelling vascular device

Staphylococcus aureus; Staphylococcus
epidermidis; Pseudomonas aeruginosa

11

Recent spine fracture

Variable

3

Chronic renal failure

Staphylococcus aureus; Staphylococcus
epidermidis; Pseudomonas aeruginosa;
Coagulase-negative Staphylococcus

3

References used to generate the above Table [1–4]

Prevalence of risk factor (%)
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Pathophysiology
SEAs occur by either hematogenous or contiguous spread
of infection [2, 4]. Hematogenous spread from a distant
source accounts for the majority of all SEA cases [4].
Contiguous spread accounts for approximately one-third
of cases and, most commonly, is due to an adjacent vertebral
osteomyelitis or discitis. Invasive spinal procedures, including spinal analgesia, can also result in contiguous spread of
infection. The exact process by which a SEA induces spinal
cord injury is unclear. Current hypotheses include direct
cord compression, injury by bacterial toxins or inflammatory mediators, disruption of arterial blood supply, thrombophlebitis, or the development of a focal vasculitis.
Anatomic factors influence both the location and
severity of a SEA. SEAs more commonly affect the thoracic
and lumbosacral spine and typically span 3–5 spinal cord
segments [2, 4]. Most are posterior in location due to the
space that exists inferior to the foramen magnum, along the
posterior spinal column, and below the level of the first
lumbar vertebral body. This space contains infection-prone
adipose tissue and is narrowest in the cervical region. As
a result, small abscesses in the cervical region can manifest
with significant neurologic abnormalities. Anterior SEAs
are less common and are frequently associated with vertebral osteomyelitis or discitis. Anterior SEAs are associated
with increased morbidity due to the increased risk of spondylitis, a known sequelae of vertebral osteomyelitis [5].

Treatment
Definitive treatment of a SEA requires a multidisciplinary
approach. As soon as the diagnosis is suspected,
consultation with neurosurgery, orthopedic surgery, interventional radiologist, and infectious disease physicians
should be obtained. Although prospective randomized
trials to guide treatment algorithms are lacking, rapid
surgical evacuation along with systemic antibiotics is the
treatment of choice for SEA [4, 5]. Surgical evacuation
and debridement of devitalized tissue is imperative and
should be performed as soon as possible.
Ideally, antimicrobial therapy is administered once
tissue and fluid cultures have been obtained. Since patients
with a SEA can develop rapid, irreversible neurologic
deterioration, broad-spectrum antibiotics should be
administered promptly. Staphylococcal aureus remains
the most common isolate in cases of SEA. Recent studies
demonstrate an increasing percentage of SEAs are due to
methicillin-resistant S. aureus (MRSA) [4]. When compared to methicillin-sensitive isolates, SEAs caused
by MRSA are associated with worse outcomes. Gramnegative organisms such as Escherichia coli and Pseudomonas aeruginosa are the predominant isolate in one-third
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of cases [4]. Less common organisms include anaerobic
bacteria, mycobacteria, fungi, and coagulase-negative
staphylococcal species [4]. In approximately 6% of
patients, the causative organism cannot be identified.
The initial empiric antibiotic regimen must be broad
spectrum and effective against both gram-positive and
gram-negative organisms. A suggested initial regimen
includes a penicillinase-resistant penicillin plus a third
generation cephalosporin [2]. With the increased incidence of MRSA infections, vancomycin should be
included in the initial antimicrobial regimen. Currently,
there is no clear evidence to guide the optimal duration, or
route, of antibiotic administration. Once surgical evacuation has occurred, patients are typically given a 4–8 weeks
course of intravenous antibiotics. Longer durations of
therapy may be needed in patients with associated osteomyelitis or discitis. SEAs caused by atypical organisms,
such as Mycobacterium tuberculosis, may require up to
9 months of therapy. Duration and route of therapy is
largely based on patient comorbidities, extent of infection,
and causative organism and should be determined in
consultation with infectious disease physicians.
A small number of patients with SEA may be managed
without emergent surgical evacuation and debridement.
Unfortunately, the literature regarding patients treated
primarily with antibiotics alone is limited to case reports
and case series. In general, nonsurgical management is
administered to those who refuse surgery, are at high
operative risk, have fluid collections involving multiple
vertebral levels, and have paralysis that is present for
over 36 h prior to presentation [4]. The majority of these
patients are managed with computed tomography (CT)guided needle aspiration.
Currently, corticosteroids are not recommended in the
treatment of SEA. Proponents of corticosteroids cite the
anti-inflammatory properties of the medication, whereas
opponents highlight the impaired immune function and
wound-healing characteristics of these medications. Further studies are needed before definitive recommendations can be made regarding corticosteroids in the
treatment of SEA.

Evaluation/Assessment
Clinical Presentation
The classic triad of fever, spinal pain, and neurologic
deficits is present in less than 15% of patients at the time
of presentation [3, 4]. Back pain is clearly the most common symptom of SEA and tends to be midline in location
and severe [2]. Despite traditional teaching, the majority
of patients with SEA are afebrile [1, 2]. The absence of fever
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in a patient with risk factors for SEA should never dissuade
the physician from pursuing the diagnosis. Physical examination often reveals tenderness to percussion of the spinous
processes. Up to two-thirds of patients initially present with
a normal neurologic examination [1, 2]. If present, neurologic symptoms include motor weakness, sensory abnormalities, and rarely bowel or bladder dysfunction. As
discussed, the presence of neurologic findings is foreboding as patients can rapidly progress to complete paralysis.

Laboratory Evaluation
Laboratory studies frequently obtained in the evaluation
of the patient with suspected SEA include a complete
blood count (CBC), erythrocyte sedimentation rate
(ESR), and blood cultures. The utility of a CBC as
a screening tool for SEA is limited as less than 50% of
patients demonstrate a leukocytosis above 12,000 cells/
mm3 [1, 2]. Similar to fever, the diagnosis of SEA should
never be excluded based upon a normal white blood cell
count. In contrast to the white blood cell count, the ESR
has demonstrated better utility as a screening tool for SEA.
Studies have shown that an elevated ESR is present in over
90% of patients with an SEA [2, 4]. In some cases, ESR can
be used to guide therapy as it has been shown to correlate
with disease resolution.
All patients with suspected SEA should have blood
cultures obtained. Blood cultures correlate with the causative organism in approximately 60% of cases [4]. In
addition to identifying the organism, blood culture results
can be used to narrow antibiotic therapy.

loss of vertebral height, and bony lysis, these abnormalities
typically take weeks to become evident [2]. As such, less
than one-third of patients with SEA will have an abnormal
plain film [1, 2]. Reported sensitivities for plain films in
the evaluation of SEA are as low as 82% [1, 2]. In patients
at risk for SEA, a plain film should not be the sole diagnostic study used to exclude the diagnosis.

After-care
Complications of patients with a SEA are similar to those
with acute spinal cord injury and include urinary tract
infections, deep venous thrombosis, and decubitus ulcers
[4]. Patients with neurologic dysfunction due to SEA
require aggressive rehabilitation in combination with
measures to prevent these complications.

Prognosis
The prognosis of patients with SEA is dependent upon
preexisting patient comorbidities, causative organism,
extent of infection, and the location of spinal cord injury.
The single most important prognostic determinant of the
final neurologic outcome is the preoperative neurologic
examination. If motor abnormalities are present at the
time of drainage, the risk of residual motor deficits can
be as high as 90%. In fact, if neurologic deficits are present
for more than 24 h prior to diagnosis, complete neurologic
recovery is unlikely. Notwithstanding, the final neurologic
outcome should be assessed at least 1 year after diagnosis
and treatment as some patients may benefit from aggressive rehabilitation [4].

Diagnostic Imaging
Magnetic resonance imaging (MRI) with gadolinium contrast is the diagnostic study of choice in the evaluation of
patients with suspected SEA. MRI accurately defines the
extent of an SEA, highlights any surrounding inflammation, evaluates the degree of thecal sac compression, and
aids in the planning of surgical drainage [2, 4]. The overall
sensitivity and specificity of MRI for SEA is 96% and 92%,
respectively [2]. Because SEA can occur at multiple levels,
an MRI of the cervical, thoracic, and lumbosacral spine
should be obtained.
When MRI cannot be obtained or is contraindicated,
CT myelography is an acceptable alternative. Importantly,
CT myelography is invasive and carries the theoretical risk
of extending the infection into the subdural space. At
present, there is no data on the accuracy of CT
myelography in the diagnosis of SEA. Plain radiographs
of the spine are inadequate for the diagnosis of SEA.
Although plain films may demonstrate endplate erosion,
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Synonyms
Anterior spinal cord syndrome; Brown sequard syndrome;
Central cord syndrome; Posterior spinal cord syndrome;
Spinal cord disorders; Spinal cord paralysis; Spinal cord
stroke; Spinal cord trauma

Definition
Spinal cord injury syndromes are based on the functional
anatomy, and this means that the location of the damage
in the specific anatomical site determines the functional
manifestations of the syndrome [1–3]. Our understanding
of the functional anatomy of the different tracts and
nuclei at the various spinal levels is limited to the
lesions we have been able to observe. Functional imaging
in the form of MRI is a reality for the intracranial compartment however has yet to bear fruit at the spinal cord
level. The connections between the brain and spinal cord
are fixed, and changes in specific areas of the cerebrum can
be observed following spinal cord injuries. This leads to
our first concept when considering spinal cord anatomy
and their syndromes. The sagittal connectivity of the spinal cord refers to the link between the cerebrum and
brainstem cranially and the nerve roots caudally (cf.
Fig. 1). The spinal cord is at the junction between the
central nervous system (CNS) and the peripheral nervous
system (PNS). The axial anatomy on the other hand is
focused more on the topographical orientation of the
specific tissues in cross section. The substance of the spinal
cord consists of both white and gray matter, the former
serving as conduits in a rostro-caudal direction and
located more in the periphery of each cross section. The
gray matter on the other hand is focused on the axial
connections and is located in a basic “H” shape pattern
in the middle of the spinal cord (cf. Fig. 2). Differences will
be encountered based on the actual level within the spinal
cord; more white matter and tracts can be seen as we
ascend in the spinal cord. Enlargements of the gray matter
at the cervical and lower thoracic spinal cord will be
observed to reflect the increased connections with neurons

End
organs

Central nervous system = CNS
Peripheral nervous system = PNS

Spinal Cord Injury Syndromes. Figure 1 This diagram shows
the spinal cord as a tube connecting the brainstem and higher
cortical matter rostrally (Blue for CNS) with the nerve roots
(Red for PNS) caudally and the end organs

in the spinal cord innervating the upper and lower limbs,
respectively.
When referring to spinal cord syndromes the axial
anatomy will be used to explain the symptoms by correlating the tracts or nucleus with their respective function.
Thus, our efforts to explain the expected clinical presentations with injuries will rely on the axial images. Variations in the penetrations of the symptoms can be
attributed to the level of destruction of tissues in either
the axial or sagittal planes. The reader must appreciate
a certain level of simplification of the tracts and nuclei in
order to remain clinically practical.
The destruction of tissue can be from direct damage or
secondary to vascular insult. The vascular supply at each
axial level is divided into a single anterior spinal artery and
paired posterior spinal arteries. The former supplies the
anterior two-thirds of the axial substance of the spinal
cord leaving the posterior third to the posterior spinal
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arteries (Fig. 3). The supply of oxygenated blood to the
periphery of the spinal cord comes from the periphery
toward the center in a centripetal fashion but the supply of
blood to the central spinal cord is centrifugal [4]. This fact

will be important in understanding spinal cord syndromes. The supply of blood to the anterior and posterior
spinal arteries comes from a multitude of different vessels
based on the level (Table 1).

Characteristics
Anterior Spinal Cord Syndrome

Spinal Cord Injury Syndromes. Figure 2 This axial cut
represents a human spinal cord at the lower cervical level. The
red is showing the white matter while the more bluish color
represents the gray matter centrally. The “H” pattern of the
gray matter can be observed. The dotted line represents
the equator and the division between anterior and posterior
aspects of the spinal cord. Left and right are symmetrical,
and therefore, one side will be used to identify tracts in
the white matter and the other nucleus clusters in the gray
matter in the next figure

Posterior
1/3 supplied
by posterior
spinal arteries

2

2

5

The injury is to the anterior aspect of the cord as implied
by the name and includes the anterior spinal artery. This
leads to the anterior two-thirds of the axial cord being
affected. All deficits are seen bilaterally. The main symptom observed with this injury is loss of motor function.
The descending tracts such as the anterior cortico-spinal
tract and the anterior aspect of the gray matter both are
involved in voluntary motor function. The other important voluntary motor tract is the lateral cortico-spinal
which is located more posteriorly and can be in some
cases partially spared with an anterior spinal cord syndrome. Difficulty with coordination of movement can also
be seen by partial involvement of the spino-cerebellar
tract. The anterior spino-cerebellar and the anterior aspect
of the posterior spino-cerebellar tract can be affected and
disruption of the information from the muscle spindles
resulting in difficulty executing smooth and fluid movement. Spasticity can also be observed due to the disruption
of the lateral vestibulo-spinal and medullary reticulospinal tracts leading to over-activation of muscle tone.
The sensory deficits are seen due to interruption of the

3

3

4

7

4

Anterior
2/3 supplied
by anterior
spinal arteries

7

6

5

6
1

1

Spinal Cord Injury Syndromes. Figure 3 This axial cut represents a human spinal cord at the lower cervical level. The color and
numbered tracts from Table 1 are included to demonstrate their location. Grouping of the colors, blue for sensation, red for motor,
green for cerebellar, and yellow for muscle tone are included for reference. The vascular supply is also included, showing
the distribution pattern
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Spinal Cord Injury Syndromes. Table 1 Anatomical and functional correlation for each of the spinal cord syndrome. The colored
numbers can be viewed on Fig. 3 to understand the constellation of symptoms for a specific syndrome
Color and
number

Anterior spinal
cord syndrome

Posterior spinal
cord syndrome

Brown Sequard
syndrome

Crude touch,
pain,
temperature

Loss

No effect

Contralateral loss No effect

Dorsal column

Fine touch,
vibration,
proprioception

No effect

Loss

Ipsilateral loss

Minimal deficits

#3 red

Lateral corticospinal

Ipsilateral fine
voluntary motor

Loss

No effect

Ipsilateral loss

Hands and arms
worse than legs

#4 red

Anterior corticospinal

Contralateral
axial motor

Loss

No effect

Contraleral loss

Hands and arms
worse than legs

#5 green

Spino-cerebellar
(anterior and
posterior)

Fluid
coordination of
movement

Loss

No effect

Contralateral loss Hands and arms
worse than legs

#6 yellow

Lateral vestibulo- Tone
spinal

Increase
(spasticity)

No effect

Ipsilateral
increase

Minimal effect

#7 Yellow

Medullary
reticulo-spinal

Increase
(spasticity)

No effect

Ipsilateral
increase

Minimal effect

Tract

Function

#1 blue

Anterolateral
system (spinothalamic)

#2 blue

Tone

anterolateral system which carries pain and temperature
sensations as well as crude touch information. Preservation of the dorsal column tracts which carry input from
the lower limbs via the fasciculus gracilis and the upper
limb via the fasciculus cuneatus can be tested with discriminative touch, joint position or proprioception, and
vibration.

Posterior Spinal Cord Syndrome
The injury is to the posterior one-third of the spinal cord.
As opposed to the anterior spinal cord syndrome, the
predominant deficit is loss of sensation. The major pathway affected includes the dorsal column which results in
a loss of proprioception, vibration sense, and fine touch
discrimination. This can impact significantly the ability of
the patient to walk even though there is a lack of motor
deficits.

Central cord
syndrome

for example, crosses from one side to the other at the lower
medulla, and therefore, results in a motor deficit ipsilateral
to the lesion. The lateral cortico-spinal is responsible for the
fine motor movement of the limbs and in particular the
hands. This motor tract is in contrast to the anterior
cortico-spinal tract which decussates at the level it exits
and controls more axial musculature. The sensory deficits
are divided since the dorsal column decussates at the level of
the medulla, and therefore, there is loss of fine touch,
vibration, and proprioception on the ipsilateral side. In
contrast, the anterolateral system or spino-thalamic tract
which carries crude touch, pain, and temperature crosses
over at the level where it exits, leading to contralateral
deficits. The involvement of the lateral vestibulo-spinal
and medullary reticulo-spinal tracts have an ipsilateral
effect on muscle tone and cause spasticity.

Central Cord Syndrome
Brown Sequard Syndrome
The symptoms are determined by understanding the level
of decussation of each tract. The lateral cortico-spinal tract,

The symptoms are determined by involvement of the
central part of the cord. This is the result of
a hyperextension injury to the cervical spine and
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compression of the cervical spinal cord. The mechanical
and vascular injury results in preferential destruction of
the central tissue, affecting the gray matter of the cervical
enlargement and the more medially located tracts of
the upper limbs. This topographical orientation
explains the symptoms affecting the hands and arms
more than the legs. This type of spinal cord syndrome is
one of the more frequent since the cervical spondylotic
process renders older individuals more prone to such
injury with even minor trauma.
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▶ Spinal Cord Injury Syndromes

Synonyms
Early fixation of unstable spine fractures

Spinal Cord Trauma
▶ Spinal Cord Injury Syndromes

Spinal Epidural Abscess
▶ Abscess, Epidural

Definition
Early fixation (<24 h) of unstable thoracic and lumbar
fractures in multiply injured patients with the aim of
discontinuing log-roll precautions thereby reducing the
incidence of systemic complications.

Application
In contrast to the management of isolated spine injuries,
which has been well defined and standardized in the

Spine Damage Control

community among spine surgeons, the “ideal” timing and
modality of fracture fixation for unstable thoracolumbar
spine fractures in multiply injured patients remains controversial [1]. Polytrauma patients are highly susceptible
to iatrogenic “2nd-Hit” insults which contribute to
increased complication rates and adverse outcomes [2].
The underlying pathophysiological changes which render
multiply injured patients prone to “2nd-Hit” injuries are
a period of hyperinflammation followed by a period of
immunosuppression. The deranged hyperinflammatory
response to trauma is characterized by an early and excessive activation of innate immunity. This is followed by an
immunosuppressed state marked by delayed attenuation
of adaptive immunity with decreased T-cell function.
These immunological changes increase the patients’ susceptibility to infection, sepsis, and multiple organ failure
(MOF) [2]. In addition, more than 30% of all polytrauma
patients are coagulopathic upon arrival to the emergency
department. This clotting dysfunction is associated
with an increased incidence of MOF and death compared
to severely injured patients with a normal clotting
system [3].
The concept of “damage control orthopaedics” (DCO)
has evolved globally in the past decade and provides a
safe guidance for temporary external fixation of longbone or pelvic fractures in multisystem trauma. DCO is
aimed at reducing posttraumatic morbidity and mortality
related to “2nd -Hit” insults [2]. The DCO concept
has been recently adapted for unstable spine injuries
and is postulated to be a safe and efficient management
strategy in the highly critical subset of severely injured
patients [4].
A “spine damage control” (SDC) approach is defined
as a staged procedure of immediate posterior fracture
reduction and instrumentation within 24 h (“day 1
surgery”) [2], followed by scheduled 360 completion
fusion during a physiological “time-window of opportunity” (>3 days after trauma). Proceeding with the
second stage is done if an adjunctive anterior decompression and fusion is indicated for neurological or
biomechanical reasons [4]. This concept differs from
the more common elective strategy of staged spine fixation by initial posterior fixation and delayed anterior
completion in two ways. First, by its timeliness (posterior fixation within 24 h), and second, by its expanded
applicability to all unstable thoracolumbar fractures,
including pure anterior column burst fractures. The
analogy of management strategies for femur shaft fractures and unstable thoracolumbar spine fractures in
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multiply injured patients is schematically outlined in
Fig. 1. There is a wide consensus on the notion that
femur shaft fractures should be stabilized as early as possible in polytrauma patients, in order to avoid potentially
lethal complications. The option of initial nonoperative
management and delayed stabilization of femur fractures
is considered antiquated and obsolete in modern
polytrauma management strategies (Fig. 1a). Furthermore, the more aggressive option of “early total care”
(ETC) for femur shaft fracture fixation (Fig. 1c) has been
widely abandoned due to increased morbidity and mortality in multiply injured patients. This has been replaced
by DCO strategy characterized by initial external fixation
and scheduled conversion to intramedullary nail fixation
(Fig. 1e).
The currently disseminated practice standards for fixation of unstable thoracolumbar fractures in polytrauma
patients consist of either (a) a conservative approach of
delayed spine fixation after recovery from associated injuries (Fig. 1b) or (b) a more proactive approach of immediate ETC by invasive anterior approaches, vertebral
corpectomy, decompression, and anterior fusion
(Fig. 1d). The concept of “no touch” in the early management of unstable thoracolumbar spine fractures (Fig. 1b)
is based on the notion that multiply injured patients are
“too sick” for surgery within the first few days after major
trauma [4].
In a landmark article, Croce and colleagues
performed a retrospective analysis of a prospective database on 291 consecutive patients with unstable spine
fractures requiring surgical fixation [1]. Patients were
matched for injury severity and stratified by level of
spine injury into two distinct cohorts, depending on the
timing of fracture fixation: “early” fixation (within 3 days,
n = 142) versus “late” fixation (>3 days, n = 149). The
authors found that the early fixation of thoracic spine
fractures resulted in a lower incidence of pneumonia,
fewer ventilator-dependent days, a shorter ICU stay, and
reduced hospital charges. This notion was confirmed by
a recent systematic review of the pertinent peer-reviewed
literature in the field [5]. In their review, Rutges et al.
analyzed all published articles in Medline and Embase
databases which provided a comparison between
different time-points of surgical stabilization of thoracic
or lumbar spine fractures [5]. Ten papers encompassing
1,427 patients met the inclusion criteria. Based on
their systematic review, the authors concluded that the
early intervention for fracture stabilization in the
thoracolumbar spine is safe, advantageous, and associated
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Polytrauma with
Femoral shaft fracture

Unstable thoracolumbar fracture

Delayed fixation

Delayed fixation

a

b
“Early total care”

“Early total care”

c

d

Damage control orthopaedics
Stage I (<24 h)
“Day 1 surgery”

e

Spine damage control
Stage I (<24 h)
“Day 1 surgery”

Stage II (>3 days)
Scheduled surgery

Stage II (>3 days)
Scheduled surgery

f

Spine Damage Control. Figure 1 Analogy of management strategies for femur shaft fractures and unstable thoracolumbar
spine fractures in multiply injured patients. See text for details and explanations (Adapted from Stahel et al. [4], an open-access
article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
©2009 Stahel et al.; licensee BioMed Central Ltd)
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with a significantly decreased incidence of postoperative
complications.
However, due to the lack of high-level scientific evidence from prospective randomized trials, a consensus
on the “ideal” timing of spine fracture fixation in
multisystem trauma has not yet been reached. Advocates
of early spine fixation cite multiple intuitive advantages
when managing severely injured patients with unstable
spine fractures. Prolonged bed rest and the inability to
adequately position and mobilize polytrauma patients
have been associated with severe posttraumatic complications. These complications include the development of
pressure sores, thromboembolic events, and those related
to the pulmonary system. Polytrauma patients require
unrestricted options for mobilization and positioning in
the ICU, including the upright seated position for treatment of head injuries and the prone position for respiratory therapy of pulmonary complications, such as the
acute respiratory distress syndrome. Last but not least, an
irreduced and unfixated thoracolumbar fracture may
contribute to the “antigenic load” of trauma by increasing stress and pain. This translates into an increased
overall trauma burden and can turn the physiological
“host defense response” into a pathological “host defense
failure.” This rationale provides a strong argument for
the early clearance of bed rest and log-roll precautions in
multiply injured patients and forms the basis of SCD
concept [4]. The safety and feasibility of the SCD strategy
will have to be validated in a well-designed, prospective,
multicenter trial on a large cohort of multiply injured
patients. Until then, spine and trauma surgeons should
consider the option of SDC when polytraumatized
patients with unstable thoracolumbar fractures are
encountered.

Competing Interests
The authors declare no competing interests related to this
manuscript.

References
1.

2.

Croce MA, Bee TK, Pritchard E, Miller PR, Fabian TC (2001)
Does optimal timing for spine fracture fixation exist? Ann Surg
233:851–858
Stahel PF, Smith WR, Moore EE (2009) Current trends in resuscitation strategy for the multiply injured patient. Injury 40(Suppl 4):
S27–S35

3.

4.

5.

S

2107

Stahel PF, Moore EE, Schreier SL, Flierl MA, Kashuk JL (2009) Transfusion strategies in postinjury coagulopathy. Curr Opin Anaesth
22:289–298
Stahel PF, Flierl MA, Moore EE, Smith WR, Beauchamp KM,
Dwyer A (2009) Advocating “spine damage control” as a safe
and effective treatment modality for unstable thoracolumbar
fractures in polytrauma patients: a hypothesis. J Trauma Manag
Outcomes 3:6
Rutges JP, Oner FC, Leenen LP (2007) Timing of thoracic and lumbar
fracture fixation in spinal injuries: a systematic review of neurological
and clinical outcome. Eur Spine J 16:579–587

Spleen Injury Grading
DEMETRIOS DEMETRIADES
University of Southern California, Los Angeles,
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The severity of splenic injury can objectively be described
with a grading system developed by the American Association for the Surgery of Trauma [1]. The grading is based
on the CT scan, operative, or autopsy findings. There are
five grades of splenic injury (Fig. 1; Table 1). Generally,
grades I and II are considered as minor injuries, grade III
as a moderate injury, and grades IV and V as severe injuries
(Figs. 2–6).
CT scan grading sometimes underestimates the
severity of the injury and superficial splenic injuries
might be missed. In addition, there is some inter-rater
discrepancy in grading the injury on the basis of
CT scan [2].
This grading system standardizes and facilitates clinical investigations and outcome research and may help in
the management (operation or observation) of the injuries. As a rule almost all grades I or II injuries, about 80%
of grade III, about 65% of grade IV and less than 10% of
grade V injuries can safely be managed nonoperatively
(Table 2). This grading system does not always correlate
very well with the clinical course of the patient and many
severe injuries on CT scan can successfully be managed
nonoperatively.
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Laceration 1–3 cm

Laceration < 1 cm
Subcapsular
hematoma < 10%
of surface area

Grade I

Subcapsular
hematoma
10–50% of
surface area

Grade II
Ruptured subcapsular
or parenchymal
hematoma

Laceration > 3 cm
Subcapsular
hematoma
>50% of
surface area

Grade III

Shattered spleen

Hilar injury

Segmental or
hilar vascular injury

Devascularization
> 25% of spleen

Grade IV

Grade V

Spleen Injury Grading. Figure 1 American Association for the Surgery of Trauma splenic injury grades

Spleen Injury Grading

S

2109

Spleen Injury Grading. Table 1 AAST splenic injury grading system
Grade Type

Description

I

Hematoma

Subcapsular, <10% SA

Laceration

Capsular tear, <1 cm parenchymal depth

Hematoma

Subcapsular, 10–50%, SA; intraparenchymal <5 cm diameter

Laceration

1–3 cm parenchymal; no trabecular vessel involvement

II

Hematoma

Subcapsular, >50% SA or expanding; ruptured subcapsular or parenchymal hematoma

Laceration

>3 cm parenchymal depth or trabecular vessel involvement

IV

Laceration

Involving segmental or hilar vessels and major devascularization (>25% spleen)

V

Laceration

Shattered spleen

Vascular

Hilar injury devascularizing spleen

III

SA+surface area

Spleen Injury Grading. Figure 2 CT scan appearance of a grade I splenic injury

S
Spleen Injury Grading. Figure 3 CT scan appearance of a grade II splenic injury

Spleen Injury Grading. Figure 4 CT scan appearance of a grade III splenic injury, rupture of subcapsular hematoma
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Spleen Injury Grading. Figure 5 CT scan of a grade IV splenic injury

Spleen Injury Grading. Figure 6 CT scan and operative specimen of a grade V splenic injury

Spleen Injury Grading. Table 2 Successful nonoperative
management of splenic injuries. According to AAST grade
injuries
Grades

Successful NOM

I

100%

II

>95%

III

80%

IV

65–70%

V

<10%

NOM = Non-Operative Management
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Spleen, Nonoperative
Management
ANDREW B. PEITZMAN
Department of Surgery, University of Pittsburgh School of
Medicine, Pittsburgh, PA, USA

The spleen is the most commonly injured abdominal
organ following blunt trauma. More than 90% of cases
result from a blunt mechanism; motor vehicle collisions
account for 58% of splenic injuries. Patients with injury to
the spleen from blunt mechanism should be managed
based on hemodynamic status. Patients are hemodynamically normal (never hypotensive or tachycardic);
responders (one or two episodes of tachycardia or hypotension, but stabilize their vital signs with fluid resuscitation); or unstable (hypotensive or tachycardic patients
who do not respond or transiently respond to fluid resuscitation). Computed tomography (CT) has revolutionized
the diagnosis and treatment of blunt spleen injuries.

Spleen, Nonoperative Management

Contrast enhanced CT has become the standard of care for
diagnosis of blunt splenic injury in hemodynamically stable patients. (Hemodynamically unstable patients should
go directly for laparotomy.) CT is widely available and is
both sensitive and specific. CT allows identification and
grading of specific organ injuries. The AAST organ injury
scale provides a standardized grading system for splenic
injuries based on size of hematoma or laceration and
degree of vascular injury (Table 1).
Management of splenic injury can be broadly categorized as nonoperative or operative. Historically, splenectomy was the standard of care for all splenic injuries,
irrespective of the degree of injury. Recognition of overwhelming post-splenectomy infection (OPSI) prompted
the development of spleen preserving treatment strategies
including splenorrhaphy and partial splenectomy in the
1980s. In 1989, Cogbill et al published the landmark
multicenter study of 832 patients with splenic injury;
36% were children and 64% were adults. Eighty-six percent of the patients underwent immediate laparotomy.
One hundred and twelve patients (14% of the group)
were admitted for nonoperative management of their
splenic injury. Currently, over 60% of adults and 92% of
children with blunt spleen injuries are successfully managed nonoperatively.
Successful nonoperative management relies on appropriate patient selection. Candidates for nonoperative therapy must have normal hemodynamics and without other
indication for laparotomy. Other factors such as age,
injury severity score (ISS), concomitant and degree of
hemoperitoneum as indications for operation have been
debated in the literature. Although failure of nonoperative
management is higher in the very old, age alone is not an
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indication for operation. Patients with high ISS are both
more likely to require immediate operation and to fail
observation. Associated head injury is not an absolute
indication for laparotomy for splenic injury. These
patients can be closely monitored in the ICU. In addition
to appropriate candidate selection, nonoperative therapy
mandates immediate availability of a surgeon and operating room. Patients should be placed in the intensive care
unit, undergo serial abdominal examination, and have
serial hematocrits followed.
The majority of children with blunt splenic injury are
hemodynamically normal and can be observed; need for
splenectomy is infrequent (1% or 2%). Interestingly, children are more likely to undergo splenectomy when managed by adult versus pediatric surgeons. Management of
blunt splenic injury in adults has been more controversial.
1,488 adult patients with splenic injury admitted to 27
trauma centers were reviewed in a multicenter study from
EAST published in 2000. Thirty-nine percent of patients
went directly to the operating room; 61% were admitted
for nonoperative management. Failure of nonoperative
management was defined as any patient who was admitted
with diagnosis of splenic injury with planned
nonoperative management who later required laparotomy. Eleven percent of adult patients with blunt splenic
injury failed observation. Failure of nonoperative management increased significantly with grade of spleen
injury. The indications of failure of nonoperative management included: falling hematocrit (36%), change in CT
findings (21.6%), abdominal pain (16.5%), and hypotension (15.5%). Nonoperative failure was reported in: 5% of
grade I, 10% of grade II, 20% of grade III, 33% of grade IV,
and 75% of grade V injuries. The ultimate need for

Spleen, Nonoperative Management. Table 1 Spleen organ injury scale 1994 revision by the American Association for the
Surgery of Trauma
GRADE

Injury description
Subcapsular, <10% surface area

AIS-90

I

Hematoma
Laceration

Capsular tear, <1 cm parenchymal depth

2

II

Hematoma

Subcapsular, 10–50% surface area; intraparenchymal, <5 cm in diameter

2

Laceration

1–3 cm parenchymal depth that does not involve a trabecular vessel

Hematoma

Subcapsular, >50% surface area or expanding; ruptured subcapsular or parenchymal
hematoma. Intraparenchymal hematoma>5cm or expanding

III

2111

2

3

Laceration

>3 cm parenchymal depth or involving trabecular vessels

3

IV

Laceration

Laceration involving segmental or hilar vessels producing major devascularization
(>25 of spleen)

4

V

Laceration

Completely shattered spleen

5

Vascular

Hilar vascular injury that devascularizes spleen

5
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laparotomy (either on admission or as failure of
nonoperative management) also increased with increasing
grade of splenic injury. Seventy-five percent of grade
I splenic injuries were amenable to nonoperative management. On the other hand, 77 of 78 (98.7%) of grade
V injuries required laparotomy; 74 patients direct from
ED to operating room, and three of four patients as failure
of observation. In total, 83% of grade IV and 98.7% of
grade V splenic injuries in adults ultimately underwent
operation. Two studies from the National Trauma Data
Bank have corroborated this observation. Smith et al
reported 23,532 patients with blunt injury to the spleen,
confirming failure of observation in 53% of Grade IV and
V injury. Watson et al described 3,085 adults with grades
IV and V blunt splenic injury; nonoperative management
was attempted in 40.5%. However, observation ultimately
failed in 55% of these high grade splenic injuries.
Quantity of hemoperitoneum was described in the
EAST study based on CT or intra-operative findings.
Small hemoperitoneum was defined as perisplenic blood
or blood in Morison’s pouch. Blood in either of the
paracolic gutters represented moderate hemoperitoneum,
while the finding of blood in the pelvis defined large
hemoperitoneum. Eighty-five percent of patients with
small hemoperitoneum were treated nonoperatively
with a 6.3% failure rate. Sixty-two percent of patients
with moderate hemoperitoneum initially underwent
nonoperative management, with a 19% failure rate. Of
the 35.3% of patients with large hemoperitoneum initially
treated nonoperatively, 22.3% failed. Overall,
nonoperative management was successful in 80.1% of
patients with small hemoperitoneum, 50.6% of patients
with moderate hemoperitoneum, and 27.4% of patients
with large hemoperitoneum. This study demonstrated
that increasing quantity of hemoperitoneum is associated
with higher rate of failure of nonoperative management,
and the ultimate management strategy also correlates with
the degree of hemoperitoneum. When degree of
hemoperitoneum is considered as a function of grade of
injury, the EAST study showed that successful
nonoperative management declined as the quantity of
hemoperitoneum increased within each injury grade.
The overall failure rate for nonoperative management
reported in the EASTstudy was 11%; 61% of these patients
within the first 24 h. Another multicenter study by EAST,
published in 2005, sought to identify common variables in
patients who failed nonoperative management. Of the 97
adult patients in the EAST study who failed nonoperative
management, charts of 78 patients were reviewed to determine common variables in these patients. Patients were
categorized based on heart rate and blood pressure from

prehospital and emergency department records. Group 1
consisted of hemodynamically stable patients (normal)
who never had a systolic blood pressure less than 90
mmHg or a heart rate greater than 112 beats per minute
(44% of total). Group 2 included patients with one or two
periods with systolic blood pressure less than 90 or heart
rate greater than 112 beats per minute (31% of total), but
then stabilized with fluid resuscitation (responders).
Group 3 was composed of patients with three or more
episodes of hemodynamic instability (25% of total)
(unstable). Thus, hemodynamically unstable patients
were admitted with the intent to manage them
nonoperatively. Two-thirds of these patients in group 3
(unstable) underwent laparotomy within 12 h of admission, and 100% required laparotomy within 72 h. Comparatively, 82% of patients in group 1 and 78% of patients
in group 2 underwent laparotomy within 72 h. Mortality
was significantly different among the three groups: group
1 (3%), group 2 (8%), group 3 (37%), without comparable differences in ISS. In this study of patients who failed
nonoperative management, overall mortality was 12%.
The majority (60%) of deaths were from delayed treatment of intraabdominal injuries. This study provides convincing evidence that the risk of failure of nonoperative
management of blunt splenic injury in adults includes
mortality. This study furthermore emphasizes the absolute necessity to appropriately select patients for
nonoperative management, as most of the preventable
deaths occurred in unstable patients.
The role of arteriography/embolization of blunt
splenic injury is still a process in evolution, and quite
variable between institutions. Liberal use of angiography/
embolization has been reported by some to increase success of nonoperative management of blunt splenic injury;
other authors report no improvement in outcome with
angiography/embolization. The majority of this literature
is historical comparison of two groups from different
periods of time. With the rapid evolution toward more
nonoperative management, such historical reviews are
difficult to assess. The Western Trauma Association literature review stated, “There is considerable variability in
the use of angiography across centers. Although more
aggressive use of angiography is associated with the
highest rates of nonoperative management (80%) and
the lowest rates of failure (2–5%), there is ongoing debate
over the optimal use of this intervention because it is labor
intensive and there have been several reports that document a surprisingly high rate of complications.” Recent
data have reemphasized that pseudoaneurysms, which
were not seen on initial CT, often are seen on follow-up
CTof the abdomen at 48 h. It is important to keep in mind
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that 10–15% of patients who undergo angio-embolization
will rebleed, with splenectomy generally indicated at
that point.
Follow-up care for patients managed nonoperatively
remains controversial. Some surgeons advocate follow-up
CT scan within 48 h of injury. The current practice at our
institution is to repeat CT in 48 h in all patients with grade
III and IV injuries. Lower grade injuries are managed
without follow-up imaging, and essentially all grade
V injuries are managed operatively. The role of follow-up
CT after discharge from the hospital is less clear. While
there is no available data in the adult literature, data from
the pediatric literature suggests that CTscan after discharge
is not necessary. Splenic cysts and splenic abscesses may
result from nonoperative management. These patients are
generally symptomatic from these complications.
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Definition
OPSI is defined as septicaemia, meningitis, or pneumonia
occurring post splenectomy [1]. The risk of sepsis is
greatest during the first 2 years after surgery; however, it
persists for the duration of the patient’s life. The lifetime
incidence of OPSI is 5%. The incidence of OPSI observed
in the pediatric population (0.13–8.1%) is higher than
that in the adult population (0.28–1.9%) [2].
Those at highest risk are individuals undergoing splenectomy for hematological or malignant pathologies,
those who are immunosuppressed and the pediatric population. The lower rate of OPSI in patients who have
undergone splenectomy for trauma may relate to peritoneal implantation of splenic remnants, also known as
splenosis.

Splenic Function
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Synonyms
infection

● Phagocytosis of antibody-coated or opsonised bacteria
● The production of tuftsin which promotes
phagocytosis
● The production of properdin which stimulates the
alternate complement pathway
● Generation of IgM in response to nonopsonized
bacteria
The asplenic state is associated with impaired phagocytosis, complement activation, and antibody production
against encountered antigen. Encapsulated bacteria
such as S. pneumoniae (pneumococcus), Neisseria
meningitidis (meningococcus), and Haemophilus
influenzae (Hib) are extremely resistant to phagocytosis.
In the asplenic state, exposure to these bacteria leads to
their rapid proliferation and subsequent sepsis [3].

Microbiology

Splenectomy: Infectious
Complications

Overwhelming post-splenectomy
Postsplenectomy Sepsis

In addition to its hematological functions, including both
fetal haematopoiesis and filtration of senescent or damaged red blood cells, as the largest lymphoid organ in the
body, the spleen also plays a critical role in the function of
the immune system. This includes:

(OPSI);

The most frequent causative microorganism observed in
OPSI is S. pneumoniae, which accounts for 50–90% of
cases [4]. Pneumococcal infections appear to become
more common with increasing age. Hib is reported to be
the second most common cause of OPSI and occurs predominantly in children [3]. The role of splenectomy in
increasing the frequency of meningococcal sepsis is
unclear as fulminant meningococcal infection is observed
in individuals with an intact spleen. It is however generally
regarded that asplenic patients are more susceptible to
meningococcal infections.
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Other potential causes of sepsis include Grp
A Streptococci, Capnocytophaga canimorsus (a potential
source of sepsis following dog bites or scratches),
Salmonella, E.coli, and Pseudomonas. There is also an
increased incidence of protozoal infections, including
Babesia and Plasmodium falciparum and vivax in the
asplenic patient.

Treatment
The presenting symptoms of OPSI are typically
nonspecific. Frequently, it is characterized by the development of fever (the most common symptom), headache,
lethargy, myalgia, rigors, and gastrointestinal upset,
including nausea, vomiting, diarrhea, and abdominal
pain. These initial symptoms are then followed by the
rapid onset, over the course of hours, of septic shock.
Pneumonia and meningitis may be found in up to 50%
of cases, though, in many cases, an infective focus may not
be identified [5]. Peripheral ischaemia and gangrene may
develop as a consequence of disseminated intravascular
coagulation and hypotension.
Treatment of OPSI is a medical emergency and should
be undertaken in the intensive care unit.
Antibiotic therapy should be commenced immediately
and not be delayed by a diagnostic work-up. Empirical
antibiotic therapy should provide adequate coverage of
pneumococcus, meningococcus, and haemophilus. With
increasing emergence of penicillin-resistant pneumococci
and beta lactamase–producing microorganisms, cephalosporins such as Ceftriaxone (2 g IV daily or 2 g IV twice
daily if meningitis is suspected) or Cefotaxime (2 g IV
eighth hourly) are recommended as first-line agents.
Vancomycin (1 g IV twice daily and titrated according
to trough levels) should be added, where high-level penicillin-resistant pneumococci are suspected. Local resistance patterns should be used as a guide. For those
individuals allergic to penicillin and cephalosporins,
Ciprofloxacin (400 mg IV twice daily) together with
Vancomycin should be used. Antibiotic therapy can be
further guided by culture and sensitivity results as they
become available.
In addition to antibiotic therapy, these patients
often require inotropic support for management of
septic shock. Ventilatory support may be required
for respiratory distress or reduced level of consciousness. Supportive management of disseminated intravascular coagulation with platelet transfusion, clotting
factor replacement, and heparin may be required.
Gangrenous tissue will require debridement or
amputation.

Evaluation/Assessment
The diagnosis of OPSI requires a high index of suspicion,
and the presence of a fever in a splenectomised patient
should be managed as OPSI until proven otherwise.
The diagnostic work-up should not delay the commencement of antibiotic therapy. However, the results
obtained as they become available can be used to guide
selective antibiotic therapy.
Investigations which should be performed include
routine hematology, biochemistry, and a coagulation profile. Cultures of tissue/fluid from any possible involved
site, including blood, urine, sputum, cerebrospinal fluid
(particularly in the pediatric population where there is
a higher incidence of meningitis), and ascitic fluid, should
be obtained. Blood cultures are frequently positive within
24 h. Both the peripheral blood smear and buffy coat
should be examined to detect the presence of bacteria
[5]. Specific examination for malaria or babesiosis is
guided by patient history. Radiological investigations
such as chest radiograph and others as guided by symptoms should be completed.

After-care
Preventative strategies have been developed to reduce
the incidence of OPSI. Fundamental components include
the use of prophylactic immunization, chemoprophylaxis
with antibiotics and patient education with respect to the
risks of post-splenectomy sepsis.

Immunization
Immunization should not offer a false sense of security as
sepsis has been noted to occur despite vaccination. It is
however an important component of the defense against
OPSI.
Vaccinations are available for the three main causative
agents of OPSI. The most commonly used pneumococcal
vaccine in the adult population is the 23 valent polysaccharide vaccine. This vaccine combines the bacterial types
responsible for 70–90% of pneumococcal strains causing
OPSI. In children aged up to 9 years, the seven valent
pneumococcal vaccine is more immunogenic.
Revaccination is recommended after 5 years or sooner if
declining antibody titres are suspected.
Hib vaccination is advised for all children and adults,
particularly those who have contact with children younger
than 5 years. Hib is usually reliably immunogenic, and the
need for revaccination is uncertain.
Immunization with the meningococcal C conjugate
vaccine is followed 2 weeks later by a single dose of the
tetravalent polysaccharide vaccine. Reimmunization with
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the tetravalent vaccine is recommended after 5 years in
those with ongoing risk.
All asplenic patients should receive annual influenza
vaccination.
Vaccination is recommended 2 weeks prior to surgery
for those patients undergoing elective splenectomy. For
those who have undergone an unplanned splenectomy,
vaccination should take place when the patient has recovered from surgery. Those individuals who have undergone
splenectomy previously and not received the appropriate
vaccinations should receive them at the first opportunity.
The efficacy of vaccination may be reduced by concurrent
chemotherapy. In such circumstances, prophylactic
antibiotics should be used and vaccination delayed for
6 months after the completion of chemotherapy.

Chemoprophylaxis
Recommendations regarding the use of prophylactic antibiotics are variable. Most authorities recommend the use of
prophylactic antibiotics in the pediatric population as they
are more susceptible to the development of OPSI. At least
2 years of therapy is advised, though some groups advocate
therapy continue for 5 years or until the age of 21 years. The
use of antibiotics in the adult population is somewhat more
controversial as there is a paucity of data pertaining to their
efficacy in reducing the risk of OPSI. Selection of resistant
strains and patient noncompliance detract from their use.
The decision to commence prophylactic antibiotics in the
adult patient should be made after discussion between
patient and treating physician. If prophylaxis is commenced, it should continue for 2 years.
Antimicrobials of choice have traditionally been
amoxycillin (20 mg/kg daily for children; 250 mg daily
for adults) or phenoxymethylpenicillin (125 mg twice
daily; 250 mg twice daily for adults). With increasing
resistance to pencillin, agents such as amoxycillin/
clavulanic acid or trimethoprim/sulphamethoxazole are
being used more frequently. The choice of antibiotic
should be guided by local resistance patterns.
If a decision is made not to commence prophylactic
antibiotics, all patients should have a supply of “stand-by”
antibiotics available for use at the onset of a febrile illness.
Antibiotics of choice for this purpose include amoxycillin
(3 g initially followed by 1 g eighth hourly), amoxycillin/
clavulanic acid (500 mg/125 mg eighth hourly),
cefuroxime (250 mg twice daily), or a fluoroquinolone
such as moxifloxacin for those with a severe penicillin
allergy. Patients should be given clear instructions to commence their stand-by antibiotic with the onset of fever or
respiratory tract infection and to seek medical attention
immediately.
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Patient Education
All patients, relatives and their carers should be educated
regarding the risk of sepsis following splenectomy and
preventative measures to reduce this risk. In addition to
the measures outlined above, patients should be advised
to:
● Exercise caution when travelling to regions with a high
prevalence of babesiosis or malaria and ensure adequate prophylaxis is used.
● Ensure all animal bites are thoroughly cleansed and
stand-by antibiotics commenced if an animal bite is
sustained.
● Wear or carry a “Medic Alert” indicating their asplenic
state.
● Seek medical attention immediately with the onset of
fever, rigor, shivers, respiratory tract infection, or
abdominal pain.

Pharmacoeconomics
Post-splenectomy registries have been proposed as
a means of attaining adherence to preventative measures,
reduced rates of sepsis, and associated health-care costs.
Research conducted by an infectious diseases unit in
Victoria, Australia, concluded that a splenectomy registry
was associated with a cost of Aus$16,113 per life year
gained in the avoidance of OPSI. This compared favorably
with other public health measures such as colorectal
cancer screening programs [6].

Prognosis
OPSI is associated with mortality rates ranging from 38%
to 70%. The majority of cases of OPSI present within the
first 2 years after splenectomy; however, the risk persists
lifelong. Greater than 50% of deaths which occur do so
within 48 h of hospital admission. There is some evidence
indicating that mortality rates can be reduced to 10% in
those individuals who seek medical attention early [5].
This serves to emphasize the importance of educating
patients with respect to the risks of sepsis and the need
for urgent aggressive medical intervention with the onset
of concerning symptoms.
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Splenic Angioembolization
A method for achieving splenic salvage that involves an
interventional radiographer passing a catheter into the
splenic artery and occluding a vessel by embolization of
coils, or other pro-thrombotic material. The radiographer
embolizes either a discrete vessel within the splenic parenchyma or the main splenic artery proximal to the hilum.

Splenic Angiography
▶ Angioembolization, Splenic

Splenic Arteriography with
Embolization
▶ Angioembolization, Splenic

Splenic Arteriovenous Fistula
A rare vessel abnormality within injured spleen that is
associated with high risk for delayed hemorrhage.

Splenic Autotransplantation
DAVID H. WISNER
Department of Surgery, University of California,
Sacramento, CA, USA

Synonyms
Splenic autotransplantation is, by a wide margin, the most
common term applied to the phenomenon of taking
a portion of an excised spleen and implanting it to a
heterotopic site. This maneuver is also occasionally
known as reimplantation of splenic tissue or transplantation of splenic tissue

Definition
As outlined above, splenic autotransplantation is the
implantation of a portion of the excised spleen, generally
to a heterotopic location in the peritoneal cavity. It has
most commonly been applied therapeutically in the
trauma setting. Spontaneous autotransplantation also
occurs after either traumatic injury or spontaneous
splenic rupture; such unintentional autotransplantation
will not be dealt with further here. ▶ Accessory splenic
tissue, which occurs naturally and is present in about 30%
of the population, is another circumstance in which
splenic tissue can be found in heterotopic locations
in the peritoneal cavity; it also will not be dealt with
further here.

Pre-existing Condition
Splenic injury is the most common clinical situation in
which splenic tissue is intentionally transplanted to heterotopic sites in the peritoneal cavity. Autotransplantation
also likely occurs spontaneously as an unintentional consequence of splenic injury. Such “seeding” of the peritoneal cavity by disrupted splenic tissue is analogous to the
sort of autotransplantation seen after spontaneous splenic
rupture and can occur in patients who have either splenectomy or splenorrhaphy and also in patients whose
splenic injuries are treated nonoperatively [1].

Application
Splenic autotransplantation in the trauma setting is controversial and the degree to which it is practiced varies
widely. Some surgeons employ it routinely in stable
patients [2] while many never use it. While there is some
experimental and theoretical rationale for splenic
autotransplantation, the evidence for its value has not
been strong enough to convince the surgical community
to make splenic autotransplantation after splenic injury
the conventional wisdom.
For many years, splenectomy was recommended for
any patient with a known splenic injury. Several factors
have led to a realization over the last 20–30 years that not
all splenic injuries mandate splenectomy. Vastly improved
imaging capabilities have allowed for the diagnosis of far
more splenic injuries than we previously knew existed and
it was gradually appreciated that many of these injuries
were in patients who were quite stable and who did not
require operative intervention. In other words, we realized
with improved imaging that we had always been managing
some splenic injuries nonoperatively without knowing we
were doing so.
A second factor contributing to the development of
splenic salvage techniques and nonoperative algorithms
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for the management of splenic injury was a more sophisticated understanding of the importance of the spleen for
immune function. During the era of mandatory splenectomy for any known splenic injury, the spleen was felt to
be relatively unimportant and there were no known consequences of splenectomy. It gradually became apparent
that the spleen performs important filtration and immunologic functions in addition to its already known hematopoietic and reservoir functions. A realization that
splenectomy could leave a patient vulnerable to infection
led to increased efforts to salvage injured spleens. This
realization is also the primary rationale for attempts at
splenic autotransplantation.
The development of a nonoperative approach for
splenic salvage in stable patients has been quite successful
and in reports of large series of splenic injuries, most
injuries diagnosed by CT scanning have been treated successfully without operative intervention. All injuries cannot be treated with observation alone, however, and there
are patients who are unstable on presentation, cannot be
rapidly stabilized, and require early operative intervention. Some of these spleens can be salvaged
intraoperatively with ▶ splenorrhaphy and other splenic
conservation techniques but, not surprisingly, splenic
injuries in unstable patients that require immediate operative intervention tend to be more severe than injuries in
stable patients and splenectomy is therefore often indicated. Patients who require early operative intervention
for splenic injury have also frequently suffered multiple
injury and splenectomy to remove the spleen as a potential
variable in subsequent management is often the wisest
course of action. Since the advent of nonoperative
approaches to management of the spleen, splenorrhaphy
has been used less and less frequently in the management
of splenic injury.
While ▶ nonoperative management of splenic injury
has been for the most part highly successful, there are
occasions when it becomes clear during a patient’s observation period that there is continued bleeding and that the
patient should undergo operative intervention. Most of
the time when a nonoperative approach has been deemed
a failure, operation results in splenectomy. Splenectomy is
the most common outcome in such situations in part
because the injuries that result in failure tend to be somewhat worse than those which can be successfully managed.
Another potential reason why failed nonoperative management most commonly results in splenectomy is that
the operating surgeon may feel as though he/she has
already given a minimally aggressive approach; a failed
attempt at splenorrhaphy requiring yet another operation
is the worst possible outcome and merits an aggressive
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intraoperative approach to eliminate the spleen as a source
of trouble.
Regardless of the reason why a patient ends up in the
operating room for management of a splenic injury, operative options include splenorrhaphy, splenectomy without
autotransplantation, and splenectomy with autotransplantation. As mentioned above, splenorrhaphy is
somewhat infrequently practiced and for the most
part has been reserved for patients with moderate and
isolated injuries. Splenorrhaphy should be avoided in
patients who are unstable and/or who have multiple injuries which will make following them in the postoperative
period difficult. For the most part, splenectomy should be
done in such circumstances. Splenectomy with splenic
autotransplantation should be reserved for patients who
are stable and can tolerate the extra operating time
required.
Splenic tissue has a remarkable ability to survive in
heterotopic locations even in the absence of an identifiable
specific blood supply, which allows for its simple implantation in heterotopic sites. The empiric observation that
small portions of the spleen seeded as a consequence of
trauma or spontaneous splenic rupture led to the logical
thought that such seeding could be done intentionally in
patients who require splenectomy. Whether or not enough
splenic tissue can be successfully transplanted or if enough
of what is autotransplanted survives to improve a patient’s
immunocompetence is debatable [3]. While there is
experimental evidence of the potential beneficial effects
of splenic autotransplantation, there have been reports of
patients developing overwhelming ▶ post-splenectomy
sepsis even after autotransplantation done at the time of
splenectomy, which calls into question the efficacy of the
procedure [4]. Splenic autotransplants have been shown
to survive long term after autotransplantation. Further,
they have been shown in animal models to partially restore
erythrocyte deformability (filtering function), as well as to
be able to participate in IgM production and partially
restore lymphocyte/granulocyte ratios to more normal
values [2].
Initial experimental interest in splenic autotransplantation paralleled initial understanding of the importance of the spleen for immune function. Early
experimental models and work in patients established
that splenic autotransplants sometimes did indeed survive
and could be followed with scintigraphy and ultrasound.
Further investigations demonstrated that erythrocyte
deformability, typically impaired in the asplenic state,
was improved after splenic autotransplantation and that
splenic autotransplants were involved to some extent in
IgM production. While multiple investigations in both
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Omentum

Splenic
tissue

Splenic Autotransplantation. Figure 1 A diagram of the most common method for splenic autotransplantation in which
small pieces of splenic tissue are placed in multiple pouches in the greater omentum. Note: I propose the use of the figure of
omental splenic autotransplantation from Millikan JS, Moore EE, Moore GE, et al: Alternatives to splenectomy in adults after
trauma: Repair, partial resection, and reimplantation of splenic tissue. Am J Surg 144:711, 1982

animals and patients have shown restoration of at least
some splenic filtering and immune function after
autotransplantation, whether these changes routinely confer measurable benefit remains an open question.
Several different techniques have been described for
splenic autotransplantation [5]. The most common is to
place multiple small pieces of splenic tissue in omental
pouches (Fig. 1). No attempt is made to provide specific
blood supply; the vessel-rich supply of the omentum is
sufficient to allow for survival of at least some of the tissue.
As mentioned above, it is uncertain whether or not
splenic autotransplantation is of any benefit with respect
to post-splenectomy immunocompetence. As a consequence, exactly how much spleen is necessary to
autotransplant is also an open question. Animal models
have shown that function of the autotransplanted splenic
fragments does not occur immediately and can take many
months.
Splenic autotransplantation is technically fairly simple
to do and in the stable patient likely has no serious associated complications other than a prolongation of operating and anesthesia time. Its potential benefits, while
theoretically attractive, have not been backed to date by
conclusive experimental evidence. Studies of effectiveness

in patients are hampered by the fact that the incidence of
serious post-splenectomy sepsis, the primary complication that autotransplantation is designed to combat, is
exceedingly low. Determination of the effectiveness of an
intervention like autotransplantation is, therefore,
extremely difficult. Animal studies show only partial restoration of function and the significance of that partial
restoration is uncertain, so splenic autotransplantation
should not be considered in unstable patients in whom
the extra operating time might be deleterious.
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Splenic Contrast Blush
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Synonyms
As with many phenomena in medicine, a number of
different terms have been applied to the finding of
a splenic contrast blush on abdominal computerized
tomography. The blush is the result of contrast extravasation during the arterial phase of the scan, so the terms
“contrast extravasation”, “contrast blush”, and “arterial
blush” have also been used. The term “blush sign” has
been used by some, as have the seemingly contradictory
descriptions of the finding as “pseudoaneurysms” (implying a damaged intraparenchymal vessel with the bleeding
contained) or as “active bleeding” (implying that the
bleeding is not contained).

Definition
Regardless of the term chosen, the description is of
a splenic injury with associated bleeding as evidenced on
CT scanning by contrast extravasation and pooling. The
localized contrast extravasation and pooling result in
a concentrated area of contrast that gives rise to the
“blush” (Fig. 1).
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The concept of a splenic blush seems simple and the
underlying pathologic anatomy is easy to understand. The
radiographic diagnosis, however, is not always a simple
one to make and different observers differ with respect to
what they call a blush. An interesting study by Barquist
et al. [1] had four trauma radiologists review a number of
CT scans demonstrating splenic injury, with each of them
making independent determinations about the presence
of a splenic contrast blush. Inter-rater reliability was quite
poor, with a great deal of variability in what was determined to be a blush. Experienced trauma surgeons who
read CTscans on a regular basis also know this subjectivity
to be true.

Differential Diagnosis
There is very little in the way of differential diagnosis of
a splenic blush on CT scan, especially when the scan is
being done in the setting of recent blunt abdominal
trauma. Other very uncommon possibilities for findings
on CT scan similar to a post-traumatic blush are splenic
hamartomas or highly vascularized lesions of the adjacent left adrenal of the tail of the pancreas. Splenic contrast blush can occur in the middle of the splenic
parenchyma but is more commonly associated with
parenchymal disruption that involves the surface of the
spleen; so, the lack of associated perisplenic fluid should
make one suspicious of the diagnosis of post-traumatic
splenic blush.

Cross-Reference to Disease

Splenic Contrast Blush. Figure 1 An obvious contrast blush
apparent in the splenic parenchyma

The significance of a splenic contrast blush on abdominal
CT scanning relates to its association with subsequent
failure of expectant management. The association of
splenic blush and failure of expectant management
makes intuitive sense in that the presence of presumed
ongoing bleeding into the injured splenic parenchyma
would seem to indicate an increased chance that the
bleeding will not stop and an increased chance that the
patient will require further intervention. Several studies,
the initial ones being done at the Elvis Presley Trauma
Center in Memphis, Tennessee, have documented a strong
association between a splenic contrast blush and subsequent further intervention [2, 3].
While there is a definite association between splenic
blush and subsequent intervention, this does not necessarily prove that the blush is a cause of failed nonoperative
management, i.e., the presence of association does not
prove cause and effect. As pointed out above, the presence
of a blush is quite logically presumed to be a sign of more
serious splenic injury and ongoing bleeding that may not

S

2120

S

Splenic Contrast Blush

stop. The decision that nonoperative management of
splenic injury has failed is largely a subjective one, however, and if a splenic contrast blush is felt to be a sign of
a more serious injury that is less likely to stop bleeding on
its own, there is a chance that increased intervention is
simply in response to the presence of the blush rather than
significantly worse ongoing bleeding and that the
increased incidence of further intervention in the face of
a blush is a self-fulfilling phenomenon. In other words,
increased intervention may just be in response to the
presence of the blush itself rather than in response to
more active and aggressive bleeding. There is evidence
that the association between the presence of a blush and
the need for subsequent intervention may not be that
strong [4].
The options for further intervention available to the
treating physician in the presence of a splenic blush are
angiography with embolization or operative intervention
with either splenorrhaphy or more commonly splenectomy (Figs. 2 and 3). Angiography with embolization
often allows for nonoperative management of splenic
injury but should be limited to patients who are hemodynamically stable and those who have minimal signs or
symptoms of associated intra-abdominal injury requiring
operation. Laparotomy should be done in patients who
are unstable or who have other indications for abdominal
exploration. When the patient is stable and has no other
reasons for abdominal exploration, a splenic blush is typically described as an indication for angiography and
embolization as needed. The degree of blush that warrants
embolization is not clearly defined, however [5]. As
pointed out above, the simple determination of whether
or not a blush is present is a subjective determination, so
determinations about how much of a blush warrants angiography can also be difficult in patients with small or
moderate blushes. Some centers have argued for a very
low threshold for angiography in the presence of any
splenic injury, let alone a splenic blush. For others, the
presence of a blush is not considered that important an
indicator for intervention if the patient is otherwise hemodynamically stable. Angiography, when it is employed,
often does not show any signs of ongoing bleeding. In
such circumstances, many practitioners choose to
embolize the vessels feeding the area of injury anyway,
but some do not. Selective embolization is likely safer and
associated with a lower complication rate than is more
central embolization of the splenic artery, and cases of
splenic and pancreatic infarction after embolization have
been reported. Several recent reports have questioned the
adoption of aggressive angiographic embolization of

Splenic Contrast Blush. Figure 2 A post-embolization view
of the same patient as in Fig. 1. The coils used for embolization
can be seen

Splenic Contrast Blush. Figure 3 A follow-up CT scan of the
same patient as in Figs. 1 and 2 done after embolization.
Artifact from the embolization coils is present. The blush is no
longer apparent

splenic injuries as being both unnecessary and associated
with complications.
Operative intervention in the presence of a splenic
blush is the other possible intervention besides angiographic embolization. As mentioned above, operative
intervention should be carried out expeditiously in
hemodynamically unstable patients with a splenic
blush on CT scan. While angiographic embolization is
sometimes overused, embolization should be the first
intervention entertained when a patient is stable

Splenic Cysts

hemodynamically and has a large blush seen on CT scanning of the abdomen.
Increased pain is very common after ▶ splenic embolization, presumably because of resultant ischemia of the
splenic parenchyma supplied by the embolized vessels.
Fever is also moderately common. Expectant management
is indicated in these circumstances unless the patient
becomes unstable hemodynamically or develops peritoneal signs in areas other than the left upper quadrant,
which may be indicative of a missed associated injury
to the bowel. Post-embolization pancreatitis and
pancreatic necrosis are also potential post-procedural
complications, particularly after proximal splenic artery
embolization.
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Splenic Cysts
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Department of Surgery, MetroHealth Medical Center,
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Synonyms
Epidermoid cysts of the spleen; Splenic pseudocysts

Definition
Splenic cysts are uncommon. There are approximately
1,000 reported cases of splenic cysts, mostly in small case
series. Splenic cysts are broadly classified as either parasitic
or non-parasitic in origin (see Fig. 1). Parasitic cysts are
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Congenital (90%)
Nonparasitic
Primary
(20%)
Splenic cysts

Neoplastic (10%)
Parasitic

Secondary (80%)

Splenic Cysts. Figure 1 Classification of splenic cysts

usually due to Echinococcus granulosus and are rare, even
in endemic areas. The spleen is the third most common
organ involved by parasitic cysts following the lung and
kidney; however, the spleen represents less than 10% of
overall organ involvement.
Non-parasitic cysts are classified as either primary or
secondary (see Fig. 1) [1]. Primary cysts are “true cysts”
and have a cellular lining. Secondary cysts lack a cellular
lining and also are referred to as “false cysts.” Secondary
cysts comprise approximately 80% of all splenic cysts and
most commonly occur in young, adult males, reflecting
their propensity to occur as a consequence of injury. These
pseudocysts can result from inflammatory diseases such as
acute pancreatitis or may occur after splenic infarction or
bacterial infection. Secondary splenic cysts generally occur
after formation of a cavity in the spleen due to hemorrhage. This is followed by liquefactive necrosis which fills
the cyst cavity with debris and fluid.
Ninety percent of primary splenic cysts are congenital
in origin and are also referred to as epidermoid cysts.
These cysts have a cellular lining that is composed of either
mesothelial or squamous cells and are usually found in
children and young adults. The cellular lining in congenital splenic cysts may not be uniform and hence multiple
areas of the cyst wall need to be examined in order to
ascertain the cell line of origin.
Neoplastic cysts account for the remaining 10% of
primary cysts. These are usually hemangiomas or
lymphangiomas. On rare occasion a dermoid neoplastic
cyst of the spleen has been reported, which has characteristics similar to teratomas located elsewhere. Malignant
cysts of the spleen are exceedingly rare. Metastases to the
spleen are very uncommon and when metastases have
a cystic appearance it is due to degeneration or because
the primary tumor has cystic characteristics.

Treatment
The natural history of benign non-parasitic splenic cysts is
unknown. Secondary splenic cysts that are less than 5 cm
in diameter should be observed. These cysts are usually
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asymptomatic and discovered incidentally. Most cysts less
than 5 cm in diameter are thought to undergo spontaneous resolution [2, 3]. If observation management is chosen, a follow-up imaging study should be done to assess
for resolution or a change in cyst size. Cysts of 5 cm or
more in diameter should be excised. Percutaneous aspiration of secondary splenic cysts has been reported to be
successful, however recurrence is common. This technique
may be useful for high-risk patients.
Primary splenic cysts should be removed. There is
a concern for neoplastic transformation of these cysts
although this is thought to be exceedingly rare.
The majority of splenic cysts occur in the lower pole of
the spleen. As a result, most cysts can be removed by
partial splenectomy, which can be done either with an
open or laparoscopic resection [2]. Partial splenectomy
helps to preserve splenic function and avoids the risk of
overwhelming post-splenectomy infection. Splenectomy
may be required for very large cysts or cysts located in
the mid-portion of the spleen. Marsupialization of the cyst
wall has been reported in a few patients but there is
a paucity of follow up information on this technique and
it should not be performed routinely.
Parasitic cysts also can be treated either by partial or
total splenectomy. It is important to avoid spillage of the
scolices during operation since this can result in anaphylaxis. Injecting the cyst with 3% normal saline solution at
the time of operation kills the scolices and avoids this
complication. Percutaneous aspiration should not be
done for parasitic cysts because of the risk for spillage of
cyst contents. Albendazole is a useful adjunctive treatment
in selected cases.

Evaluation/Assessment
Most patients with small splenic cysts are asymptomatic.
Larger cysts can present with nonspecific symptoms of
early satiety, vague abdominal fullness or discomfort, or
left shoulder and back pain. Physical examination may
reveal splenomegaly or a palpable mass in the left upper
quadrant.
Imaging with either ultrasonography (US) or computed tomography (CT) will define cyst size as well as
characteristics that may assist in diagnosis [4]. On US,
typical non-parasitic splenic cysts appear as round, thinwalled, homogeneous, and anechoic with enhancement of
the surrounding parenchyma. CT demonstrates
a unilocular mass of low attenuation that does not
enhance with contrast. Parasitic cysts often have small
daughter cysts at the periphery of the main cyst with
mixed echogenicity. Ring-like calcifications contained
with the pericyst are often seen in the periphery. There

may be cysts with a similar appearance present in the liver.
Secondary cysts have mixed echogenicity within the cyst
due to debris as well as calcifications within the pseudocyst
wall. Cystic hemangiomas enhance on CT after contrast
administration and demonstrate blood flow on color
Doppler flow US. Lymphangiomas may have internal
septations and echogenic debris on US. These neoplasms
do not enhance with contrast and may contain small
marginal linear calcifications.
An antecedent history of trauma, acute pancreatitis, or
other diseases involving the spleen is often present in
patients who have secondary splenic cysts. Age is a useful
criterion to distinguish congenital cysts since these frequently occur in younger patients.
There is no specific laboratory test that is diagnostic
for splenic cysts. Patients with suspected parasitic cysts
have eosinophilia in 20–30% of cases and parasitic serology should be performed whenever this diagnosis is being
considered. Patients with congenital cysts often have elevated serum CA19-9 and the cellular lining of congenital
cysts frequently stains positive for this tumor marker.

After-care
Follow-up imaging studies should be done for patients in
whom observation management is selected. Albendazole
may be useful in selected cases of parasitic splenic cysts.

Prognosis
The prognosis is excellent after excision and recurrence is
uncommon. There is little information available about the
natural history of untreated splenic cysts.

References
1.
2.

3.
4.

Dawes LG, Malangoni MA (1986) Cystic masses of the spleen. Am
Surg 52:333–336
Pachter HL, Hofstetter SR, Elkowitz A, Harris L, Liang HG
(1993) Traumatic cysts of the spleen – the role of cystectomy and
splenic preservation: experience with seven consecutive patients.
J Trauma 35:430–436
Hansen MB, Moller AC (2004) Splenic cysts. Surg Laparosc Endosc
Percutan Tech 14:316–322
Urrita M, Mergo PJ, Ros LH, Torres GM, Ros PR (1996) Cystic
masses of the spleen: radiologic–pathologic correlation. Radiographics 16:107–129

Splenic Embolization
The angiographic embolization of the vessels feeding
injured splenic parenchyma.
▶ Angioembolization, Splenic
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Splenic Injury, Immunization
ANDREW B. PEITZMAN
Department of Surgery, University of Pittsburgh School of
Medicine, Pittsburgh, PA, USA

Asplenia or splenic dysfunction places a patient at lifelong
risk of overwhelming postsplenectomy infection (OPSI).
The importance of the spleen in defense against overwhelming infection has been known since the classic laboratory study in 1919 by Morris and Bullock. However,
the clinical importance of this finding was forgotten until
1952 when King and Schumacher reported five deaths in
infants after splenectomy for hemolytic anemia. Although
OPSI occurs more commonly in children, splenectomy
results in a lifelong risk of OPSI in both adults and
children. We know now that patients who are asplenic or
have functional hyposplenism are at lifelong risk for
a number of infections, particularly with encapsulated
organisms such as Streptococcus pneumonia, Haemophilus
influenza, or Neisseria meningitides. Organisms associated
with overwhelming postsplenectomy infection are given
below:
Streptococcus pneumonia
Neisseria meningitides
Haemophilus influenza
Escherichia coli
Pseudomonas pseudomallei
Capnocytophaga canimorsus
Group B streptococcus
Enterococcus species
Salmonella species
Babesia microti
Falciparum malaria
Pneumococcus is the organism in more than 60% of cases
of OPSI. Although the risk of infection in asplenic individuals is probably low, it is higher than the general population. The precise risk of serious infection in asplenic
patients is difficult to establish because of lack of large
cohort studies and consistent follow-up [1–6]. The major
determinants of the risk of OPSI are the age at the time of
splenectomy and the indication for splenectomy. The
younger the age of the patient undergoing splenectomy,
the higher the risk of OPSI, particularly if the patient is
younger than 2 years of age. If possible, splenectomy
should be delayed in children until at least 5 years of age.
In children, 80% of cases of OPSI occur within 2 years of
splenectomy; in adults, the risk is much lower and declines
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progressively over many years. However, patients are at
lifelong risk for OPSI following splenectomy.
In adults, the major indications for splenectomy are
hypersplenism, trauma, and incidental to other surgery. In
children, the common indications are hypersplenism,
hereditary spherocytosis, ITP, and hemolytic anemias.
Patients with intrinsic diseases which affect cellular immunity such as Hodgkin’s Disease, bone marrow transplantation, or chemotherapy-induced cellular dysfunction
have impaired ability to generate antibody response;
thus, a higher risk of serious infection after splenectomy.
Trauma patients, particularly adult trauma patients who
undergo splenectomy, have a 0.025% lifelong risk of OPSI,
as best surmised from the literature [1–6]. This risk is low,
but still many times higher than the healthy patient with
a spleen. Patients who are functionally hyposplenic such as
sickle cell disease, celiac disease, systemic lupus
erythematosus, and cirrhosis of the liver are also at risk
of OPSI and should be treated as if asplenic.
The spleen comprises 25% of the lymphoid mass in
humans. The functions of the spleen include phagocytosis,
hematopoiesis, destruction of old red and white cells, as
well as phagocytic and immunologic host defenses.
Important functions of splenic macrophages include filtration of old or abnormal cells, phagocytosis of bacteria,
and antibody production. The liver will perform these
functions in the asplenic patient, but an intact complement system and higher antibody concentrations are
required. The spleen is the main site for synthesis of
immunoglobulin M (IgM) and levels fall following
splenectomy. The spleen appears to be essential for the
survival of IgM memory B cells, which produce antibodies
and are necessary for T-independent responses against
encapsulated bacteria. In addition, the spleen is the
primary site for production of properdin and tuftsin,
proteins which serve as opsonins.
Elderly patients have blunted immunologic response
to vaccinations relative to younger patients. Immunosenescence results in both increased susceptibility to
infection and impaired capacity to respond to vaccination.
For example, influenza vaccine provides protection in
65–80% of young adults, but vaccination in the elderly is
protective in only 30–50%. On the other hand, although
priming to new antigens is impaired in the elderly, the
recall to booster doses of a previously primed antigen
seems to be intact [4, 7].
With the recognition of OPSI, nonoperative management of blunt splenic injury has preserved the spleen in
the majority of both children and adults with splenic
injury. If operative splenorrhaphy is attempted, realize
that 40–50% of the spleen must be conserved for the
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patient to remain immunocompetent. Furthermore,
the data suggest that immunocompetence is preserved in
the majority of patients following angioembolization of
splenic injury.
Recommendations for the asplenic or hyposplenic
patient have been provided by the British Committee
for Standards in Hematology (2002) and the Center
for Disease Control in the United States [1, 5]. These
include:
1. These patients should receive pneumococcal vaccination. The current vaccine incorporates 23 pneumococcal serotypes that cover 88% of bacteremic
pneumococcal disease in the United States.
Revaccination with pneumococcal vaccine is
recommended 5 years after the initial dose in high
risk individuals (i.e., asplenic patients). Patients not
immunized previously should receive Haemophilus
influenza type B vaccine. Similarly, patients not previously immunized should receive meningococcal group
C conjugate vaccine. For elective splenectomy, these
vaccines should be given at least 2 weeks preoperatively to maximize antibody response (ideally earlier).
Obviously, this is not feasible in trauma. The timing of
vaccination postsplenectomy is somewhat controversial, with some authors recommending vaccination
14–28 days postoperatively. Our approach is vaccination during the index hospitalization to ensure it
occurs. Influenza vaccination should be given yearly.
Despite documented poor compliance in multiple
studies, the British Committee recommended lifelong
prophylactic antibiotics (oral phenoxymethylpenicillin or erythromycin). In general, penicillin is
recommended in children who are asplenic, but
there is little support for long-term antibiotics for
adults who are asplenic, particularly if as a result of
trauma.
2. Patients who develop infection, with the first sign of
febrile illness, should urgently be admitted to the hospital and receive intravenous antibiotics.
3. Patients should be given written information and have
repeated discussions regarding the risk of overwhelming infection. A card, bracelet or pendant can identify
the patient as asplenic for health-care providers. Singer
recommends that dental procedures be covered with
penicillin therapy.
4. Patients should be educated about the risks of overseas
travel, particularly with regard to malaria and other
unusual infections.
5. Patient records should clearly document the increased
risk of infection and vaccination status kept up to date.
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Splenic Salvage
RICHARD J. MULLINS
Department of Surgery, Oregon Health & Sciences
University, Portland, OR, USA

Definition
The spleen with its fragile parenchyma and thin capsule is
commonly injured by concussive forces inflicted during
significant blunt torso trauma. Patients shot or stabbed in
the left upper quadrant of the abdomen can sustain laceration, puncture, or disruption. Surgeons routinely explore
the abdomen of patients with penetrating spleen injury
because the other organs are at risk of injury. On the other
hand, the majorities of patients with blunt injury to the
spleen do not require a laparotomy and retain their spleens.
Surgeons deciding the treatment of patient with damaged
spleens balance the benefits of retaining the spleens against
the risks of failing to promptly and definitively control
hemorrhage. Splenic salvage is the preferred goal of treatment, but vigilance is needed so that complications are
managed promptly. Algorithms have been developed to
guide the surgeon in standard management of injured
patients with splenic trauma. Nonetheless, a patient’s unique
circumstances and the surgeon’s appraisal of the available
resources should always influence the choice of treatment.

Splenic Salvage

Characteristics
Preservation of a Damaged Spleen
Reduces Patients’ Risks
A substantial body of clinical scholarship supports the
hypothesis that following splenectomy, patients have
impaired immune function. In a study based upon
decades of follow-up of a cohort whose spleen had been
surgically removed, asplenia imparted to patients a risk of
7.16 serious infections per 100 person years of follow-up,
and a risk of 0.18 cases of fulminant sepsis per 100 person
years of follow-up. The lethal syndrome of ▶ overwhelming postsplenectomy infection (OPSI) is a rare but devastating problem. Two characteristics of OPSI make it
dangerous; an abrupt onset and fulminating deterioration
over a few hours to death. Patients with OPSI have
a septicemia-mediated progression to profound shock.
Encapsulated organisms (e.g., Steptococcus pneumoniae,
Haemophilus influenza, Neisseria meningitides) have been
identified as the commonly cultured pathogens in OPSI.
Fulminating sepsis in a patient who is asplenic is attributed to an impaired capacity to defend against bacteremia.
The majority of surgeons have adopted vaccination as part
of their management of postsplenectomy patients. Vaccination against the bacteria that are commonly the cause of
OPSI induces lymphocytes to synthesize antibodies that
circulate in blood ready to augment bacterial clearance.
The standard of care for postsplenectomy patients is
immunization with the polyvalent pneumococcal vaccine
(PPV23) that contains 23 antigens. In addition to pneumococcal protection, surgeons administer two additional
prophylactic immunizations. Although little evidence
supports immunization with H. influenza type b
conjugate and meningococcal polysaccharide vaccine,
vaccination has a low risk and may be beneficial to the
susceptible patient without a spleen. OPSI is more common in children, and most surgeons agree that extraordinary efforts at splenic salvage are appropriate in patients
under the age of 16.
Following splenectomy, observational studies have
noted that patients have an exceptionally high risk for
complications related to thrombosis and embolism.
A common laboratory abnormality noted in patients following the removal of their spleen is thrombocytosis.
Hematologists debate management of platelet counts
that exceed one million cells/mm3. A postsplenectomy
thrombocytosis has been associated with the rare
postsplenectomy complication of portal vein thrombosis.
There is little evidence that anti-platelet drugs such as
aspirin are effective prophylactic therapy. The
hypercoagulable state following splenectomy may be an
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enhanced cascade of the coagulation proteins.
A perioperative prophylactic anticoagulant, for example,
low molecular weight heparin, is a reasonable therapy in
injured patients who have had a splenectomy, particularly
if they have other thrombosis risk factors such as older age,
blood transfusion, and fractures that required immobilization. Splenic salvage may do more to protect the patient
from thrombosis and embolism than drug therapy.
The surgeon’s decision to perform a laparotomy in
a patient with a significant spleen injury is frequently the
defining moment in an unsuccessful effort at splenic salvage. Once the abdomen is open, the surgeon feels compelled to remove the bleeding, damaged spleen. Surgeons
who successfully avoid laparotomy evade a number of
complications. The standard risks in elective surgery of
a general anesthetic are enhanced in an emergency due to
the possibility of a full stomach, vomiting, and pulmonary
aspiration. Operative pitfalls of splenectomy include
injury to the tail of the pancreas, the gastric wall, or splenic
flexure of the colon. Avoided are postoperative problems
of infection, prolonged ileus, and dehiscence of the incision. Patients following laparotomy have a life long term
risk of bowel obstruction following laparotomy, estimated
to be approximately 10% in the remaining years of an
adult’s life. Splenic salvage achieved by nonoperative management of the injured spleen has short term and life-long
benefits to the patient, which justify the surgeon’s calculated risk in a specific patient to rely on serial physical
examination and laboratory testing instead of routine
splenectomy.

Techniques to Repair the Injured Spleen
During Laparotomy
Surgeons decide shortly after they enter the peritoneal
cavity whether to remove the injured spleen or make an
effort at splenic salvage. A timely decision is appropriate
because dithering followed by eventual removal of the
spleen needlessly increases blood loss. A large volume of
blood in the peritoneal cavity associated with shock or
multiple injuries to other organs persuade most surgeons
to immediately perform splenectomy. The surgeon lifts
the spleen into the anterior midline, and accurately clamps
and cuts the vascular pedicle and removes the spleen.
Surgeons’ view of a bleeding near the splenic hilum is
often considerably improved by expeditious removal of
the organ. Precise suture ligation of the splenic hilum
vessels and short gastric vessels reduces the risk of injury
to the tail of the pancreas and perforation of the greater
curvature of the stomach. Temporary minimally traumatic control of a bleeding pedicle can be accomplished
by the surgeon’s assistant who pinches the hilum.
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A fragmented devascularized spleen, multiple deep lacerations with brisk bleeding or a large subcapsular hematoma indicate the futility of attempts to repair the spleen.
Successful splenic salvage at laparotomy depends upon
the surgeon achieving hemostasis. Spleens with a focal site
of bleeding from a capsular tear, surgeons will leave the
organ in-situ in the left upper posterior quadrant. Bleeding in these locations can be stopped by electro cautery,
laser coagulation, compression of the bleeding site with
any of a variety of topical haemostatic agents that
tamponade and accelerate clot formation. Surgeons
know that preexisting or acquired bleeding disorders,
problems that occur regularly in the multisystem trauma
patients, impair efforts to get even a small tear in the
splenic capsule to stop bleeding. Consequently, surgeons
who have stopped bleeding with gauze packing may elect
damage control methods and leave the gauze packs for
later removal at a second laparotomy performed after the
coagulation disorder has been corrected or other life
threatening problems have been treated.
To repair the spleen with deep lacerations the surgeon
mobilizes it into the anterior midline (Fig. 1). This
maneuver starts with sharp incision or finger fracture

disruption of the peritoneum on the posterior edge of
the spleen. By blunt dissection and continuous traction
the surgeon elevates anteriorly as a unit the spleen, attached
tail of the pancreas, and greater curvature of the stomach.
The surgeon places multiple laparotomy gauze pads in the
splenic bed, which tamponade bleeding in retroperitoneal
tissues and their bulk boost and hold the spleen to the
midline position. The surgeon can then inspect the organ
damage in detail. Faced with brisk bright red hemorrhage
from a deep laceration near the hilum, the surgeon can
remove the upper or lower pole of the spleen to expose the
bleeding vessels. ▶ Hemi-splenectomy is an effective technique although when repositioning the splenic remnant
against the diaphragm, the surgeon must make sure that
retained spleen does not twist around the remaining vascular pedicle. A dark ischemic spleen may not be bleeding
but is not functional and should be removed.
Surgeons have successfully controlled bleeding in
disrupted spleens with multiple deep lacerations by wrapping the organ in an absorbable synthetic mesh of
polyglycolic acid that can be used to circumferentially
compress the spleen (Fig. 2). Attempts to suture the thin
fragile capsule of the spleen often fail to stop bleeding.

Splenic Salvage. Figure 1 The CT scan images reveal
a completely fractured spleen (AAST grade V spleen injury)
with contrast extravasation visible as a pool on white contrast
adjacent to the rib. In a hemodynamically unstable patient,
most surgeons would take this patient to the operating room
and perform splenectomy

Splenic Salvage. Figure 2 A follow-up CT scan 2 days after
admission of a patient who fell from his bike, had a spleen
injury that the surgeon managed without laparotomy. There is
a large subcapsular hematoma and minimal intra-peritoneal
blood. The capsule covering the splenic hematomas can thin
over days and suddenly rupture, causing delayed bleeding

Splenic Salvage

The pliable synthetic mesh is configured to form a bag
with a narrowed open end through which passes the
splenic artery and vein. Precisely place sutures into the
mesh reduce the volume of bag without occlusion of
the vascular pedicle. Prior to tightening the mesh bag,
a segment of the omentum placed on the bleeding surface
of the spleen enhances tamponade.
In circumstances when the spleen has been removed,
surgeons have attempted to restore spleen function by
performing ▶ splenic autotransplantation. The surgeon
prepares implants by cutting the spleen into cubes
with dimensions of 5 by 5 by 1 cm. These are placed in
“highly vascularized” pockets of the greater omentum.
Ten to twenty cubes are autotransplanted if sufficient
omentum is available. Evidence in support of the
efficacy of implanted spleen autotransplants has been
indirect. Nuclear medicine scans have indicated the
autotransplanted spleen tissue can take up intravenously
injected colloids. Investigators conducted a provocative
test of the capacity of injured patients who had
a splenectomy to make antibody in response to vaccination with 23-valent pneumococcal vaccine. Patients
who had autotransplantation were compared to control
asplenic patients. The investigators observed the
autotransplanted patients had significant greater increases
in IgG and IgM, and therefore concluded this was evidence
in support of the immune restorative efficacy autotransplantation. Autotransplantation is a procedure with low
risk and a reasonable option in high risk younger patients
who have required splenectomy.

Nonoperative Management of the Patient
with an Injured Spleen
Most surgeons perform a laparotomy if the patient has
a stab wound or gunshot wound that penetrates the peritoneum into the left upper quadrant. Surgeons who decide
to follow up a patient with penetrating trauma and CT
scan evidence of an isolated non-bleeding spleen, through
serial examination and laboratory testing, are attentive to
signs of sepsis or peritonitis. Injury to the diaphragm is
a common occult injury in these patients that when not
repaired can lead years later to trans-diaphragmatic herniation. Laparoscopy has been used to identify and repair
small perforations of the diaphragm.
The majority of blunt trauma patients with a spleen
injury evident on CT scan do not need a laparotomy
(Table 1). Nonetheless, while splenic salvage is often the
priority for experienced trauma surgeons, they also know
a bleeding spleen can be the origin of rapidly lethal
exsanquination. Therefore, most surgeons prefer to manage in the operating room injured patients who present to
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Splenic Salvage. Table 1 Representative clinical series of
blunt trauma patients with an injured spleen. Percents are
percent of the total population of patients treated
Year
published

2000

2006

2008

2010
a, b

Sabe [5]a, b

First
author=>

Peitzman Gaarder
[3]a, b
[1]a

Wei [4]

Immediate
Laparotomy

38%

26%

17%

12%

NOM only

51.5%

22%

65%

56%

Failed NOM

11%

3%

1%

3%

NOM + Angio NA

44%

16%

28%

Failed Angio

5%

1%

1%

NA

NOM is nonoperative management. Angio is angiography and possible
embolization.
a
indicates children excluded.
b
indicates that spleen injured patients were managed according to
a protocol that regularly includes angiography and embolization.

the emergency department with shock and a large
hemoperitoneum. Contemporary published series of
large cohorts of adult patients with spleen injury report
that immediate laparotomy rates were between 17% and
38% (Table 1). Diagnosis of hemoperitoneum in the
trauma resuscitation area can be made quickly by diagnostic peritoneal lavage or ultrasound. In patients who
have a CT scan, a large volume of blood in the peritoneal
cavity and active extravasation of vascular contrast identified in the injured spleen are indications for laparotomy
or angioembolization (Fig. 3). Additionally, evidence on
CT scans of associated injuries, for example a ruptured
diaphragm following blunt trauma, mandate laparotomy.
Following introduction of the routine use of CT scans
in the 1980s to evaluate the torso of patients with blunt
trauma, scholarship has accumulated that nonoperative
management is successful in the majority of spleen injured
patients (Table 1). Technological advances in CT scans
enable precise images of the chest and abdomen to be
obtained within minutes of an injured patients’ arrival of
the emergency department. Details regarding pathologic
damage are revealed by CT scan images if properly timed
to acquired when intravenous contrast is in the vascular
phase. The American Association for the Surgery of
Trauma (AAST) sponsored an expert panel to categorize
severity of spleen injury, and the panel proposed a fivelevel spleen injury severity scoring system (Table 2).
Investigators attempted to validate the ▶ AAST spleen
injury scale using information contained in a large multiinstitutional population of patients entered into the
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Splenic Salvage. Figure 3 The spleen with a deep laceration
has been mobilized by the surgeon into the midline incision
and is held there for inspection and repair by laparotomy
gauze pads placed behind it

Splenic Salvage. Table 2 Spleen injury scale, American
Association for the Surgery of Trauma
Hematoma

Capsule
laceration

Grade I

Subcapsular,
<1 cm into
<10% surface area parenchyma

Grade II

Subcapsular, 10– 1–3 cm into
50% surface area, parenchyma Not
Intraparenchymal, involving vessels
<5 cm diameter

Grade III

Subcapsular,
>50% surface area,
expanding,
ruptured
subcapsular or
parenchyma
hematoma

Grade IV

Grade V

>3 cm into
parenchyma
Involving
trabecular vessels

Involves
segmental or hilar
vessels. >25%
spleen
devascularized
Shattered spleen

Hilar vessel
disruption

National Trauma Data Bank (NTDB; Table 3). Patients
with spleen injury were identified by discharge diagnosis
codes. In patients with isolated spleen injuries, a higher
injury scale was associated with lower rate of hospital

survival, greater likelihood of surgery, and longer hospitalization. A strength of this study is that the data are
contemporary (NTDB for 2000 to 2004), included over
1.1 million patients treated in trauma centers. However,
the authors concede that they used the Abbreviated Injury
Scale (AIS) assigned in the trauma registry document to
impute the AAST Trauma Spleen Injury Scale. Tinkoff ’s
study confirmed that the majority of patients with spleen
injury in the NTDB were managed nonoperatively.
Pietzman and multiple colleagues in the Eastern Association for the Surgery of Trauma conducted a multiinstitutional review of the management of injured patients
[1]. These investigators determined there was a good association of the AAST spleen injury scale severity an laparotomy rates. The proportion of patients with each grade
of spleen injury who had immediate operation were: grade
I (24%), grade II (22%), grade III (38%), grade IV (74%),
and grade V (95%). Among patients initially managed
nonoperatively, the proportion who failed and had
delayed laparotomy increased significantly by AAST
grade of splenic injury; grade I (5%), grade II (10%),
grade III (20%), grade IV (33%), and grade V (75%).
Given the clinical importance of the AAST splenic
injury scale it is surprising only a few investigators have
published reports on the inter- and intra-rater reliability
of examiners assigning a grade of spleen injury based upon
CT images using the AAST spleen injury scale. Barquist
et al. reported that the reliability was mediocre to poor [5].
Barquist et al. specifically determined both inter-rater
agreement among four trauma radiologists and also
intra-rater agreement by having each radiologist interpret
the same scans three times, and in both categories of
reliability found substantial disagreement. Additionally,
the four radiologists had poor agreement on the binary
categorization of whether the patient did or did not have
a contrast blush. In conclusion, the spleen injury pattern
on CT scan provides the surgeon some information, but it
should not be considered definitive, and Barquest et al.
recommend that surgeon’s decisions regarding therapy be
determined by a synthesis of “all available clinical information including radiologic, laboratory and examination
findings” [2].

Angiography and Embolization of Bleeding
Spleen Is an Alternative to Laparotomy
Surgeon scholars have reported in the past decade
improved splenic salvage by reliance upon an increasing
proportion of blunt trauma patients with significant
spleen disruption having angiography and splenic artery
embolization (Table 1). Trauma centers vary in their
reported reliance upon ▶ splenic angioembolization with
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Splenic Salvage. Table 3 Outcome of patients in the NTDB (2000–2004) with spleen injury; divided into those with multiple
injuries including the spleen (n = 21,722). and isolated spleen injury (n = 15,388) Tinkoff G, Esposito TJ, Reed J et al (2008) American Association for the Surgery of Trauma Organ Injury Scale I: spleen, liver, and kidney, validation based on the National Trauma
Data Bank. JACS 207:646–655
Patient overall Multiple trauma

Multiple trauma

Multi-trauma

Isolated

Isolated

Isolated

Mortality (%)

Laparo-tomy (%)

LOS (days)

Mortality (%)

Laparo-tomy (%)

LOS (days)

Grades I and II

10

11

9.9

7

10

8.9

Grade III

10

30a

10.2a

7

28a

9.4a

a

a

9

a

54

10.3a

23a

77a

12.0a

a

Grade IV

14

Grade V

30a

57

11.6

77a

12.5a

a

indicates significantly different from previous grade. LOS is length of hospitalization
When the analyses were repeated on 13,746 patients with isolated spleen injury, excluding the severe TBI patients, the trends were similar.

from 4% to 44% of patients having angiography. In those
institutions preferring angiography, protocols are
followed that direct patients be transported promptly to
the angiography suite if the CT scan reveals a high risk
pattern of injury. Two interventional radiology embolization techniques have been reported. Patients with a focal
area of bleeding within the spleen, identified as contrast
blush on CT scan, have subsegmental catheterization of
the damaged vessel within the organ. The bleeding vessel is
occluded with coils, Gelfoam or other hemostatic material. This focal embolization within the spleen has also
been used in the patient who have a non-bleeding arteriovenous fistula that trauma surgeons consider high risk for
delayed rupture. Patients tolerate embolization mediated
infarction of a segment of their spleen. An alternative
technique used by angiographers is that they totally
occlude the main splenic artery before it divides at the
hilum. The arterial circulation to the spleen is preserved by
inflow from the short gastric arteries but at a lower mean
perfusion pressure that the angiographer expects will
reduce hemorrhage from disrupted vessels.
The majority of reports in the recent surgical literature
have endorsed angioembolization in spleen injury as safe
and effective with failure rates under 5% of the total
population of spleen injured patients (Table 1). In the
majority of reports, institutions have reduced their immediate laparotomy rate by following a protocol of routine
reliance upon angiography in high risk patients. Wei et al.
reported that specific findings on CT scan (grade of injury,
obvious blush, suspected blush, pseudoaneurysm, and
magnitude of hemoperitoneum) identified patients who
benefited from angiography and embolization [3].
Authors of the majority of contemporary series of spleen
injured patients conclude that angioembolization
increases the rate of splenic salvage [4, 5]. Authors debate

two controversial issues. First is whether the retained
presumably ischemic spleen continues to provide effective
immune function. Second is whether angioembolization
reduces the need for blood transfusion. What is clear is
that trauma centers that decide to include angioembolization in their protocol for splenic salvage need to prospectively organize systems that enable the procedure to be
performed by experts within minutes of the patients
arrival and that the trauma team must participate in the
resuscitation and monitoring of the patient while they are
in the radiology suite undergoing the procedure. Finally,
the trauma team leadership should establish guidelines as
to what will be done when angiography does not demonstrate a bleeding source in the spleen.

Additional Considerations in Splenic Salvage
Nonoperative management of splenic injury presents the
surgeon with the question of how long the patient is at risk
for delayed hemorrhage. Two clinical patterns of failure
from hemorrhage are common in patients being managed
with observation and not immediate laparotomy. One
pattern is continued bleeding at a low rate during the
first 24 h associated with a falling hemoglobin concentration and need to transfuse blood. The second pattern is
sudden, in some cases exsanguinating, hemorrhage occurring days or even weeks after a clinically stable course.
High risk CT scan patterns associated with late failure of
nonoperative management are active bleeding evident as
contrast extravasation, ▶ splenic arteriovenous fistula, or
a large intact sub-capsule hematoma (Fig. 4). Peitzman
and colleagues determined in their retrospective review of
a large population of patients that 61% of the patients
failed nonoperative management within 24 h of admission, and another 31% had laparotomy within 1 and 8
days of injury [1]. Only 8% failed 9 days or later after
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Splenic Salvage. Figure 4 To achieve splenic salvage the
surgeon has compressed this fractured spleen by wrapping it in
a polyglycolic acid mesh bag

injury. Rare cases of delayed hemorrhage have been
reported after 1 month, and in those circumstances,
splenic hemorrhage may have been caused by a second
traumatic event. Another aspect of this issue is the commonly asked question; when can a patient with an injured
spleen return to full activity? There is no consensus in the
current literature on the answer to this question.
For 3 decades, pediatric surgeons have made extraordinary efforts to avoid splenectomy in children and have
been successful. In most pediatric series, the success of
nonoperative management exceeds 95%. Pediatric surgeons working in children’s hospitals have achieved these
high rates of success in nonoperative management without angioembolization. However, this success rate is
sometimes tempered by the need to repeat CT scans in
symptomatic patients, which expose the child to the lifelong risk of cancer related to exposure to radiation.
Patients often are uncomfortable during the clinical
course of nonoperative management of major spleen injuries. Patients with a hemoperitoneum complain of
abdominal distention and diffuse abdominal pain develop
an ileus and are troubled by nausea and vomiting. An
inflammatory response to the injured spleen can cause
left shoulder pain and large left pleural effusion. Fever,
elevated white blood cell counts, and tenderness in their
left upper abdomen suggest there may be a missed injury,
and prompt additional CT scans. The surgeon who commits to nonoperative management of an injured spleen
often finds they are required for weeks to pay close attention to the patient, which is in contrast to the often
uneventful postoperative course following splenectomy.

Surgeons encounter complex challenges when they
attempt splenic salvage in patients with multiple injuries
that include the spleen. For example, even one bout of
hypotension and hemodynamic instability increases the
risk of death in patients with a traumatic brain injury.
Thus, surgeons feel an appropriate motivation to achieve
prompt definitive control of bleeding by splenectomy in
the brain injured patient population. Another issue surgeons must consider in deciding on nonoperative management is the resources available to them should the
patient suddenly have exsanguinating hemorrhage. For
example, a single surgeon in a remote rural hospital
should have a lower threshold for splenectomy and definitive control of bleeding then a team of trauma experts in
a large tertiary care trauma center.
Blood transfusion is an independent risk factor for
adverse outcome. Patients with a bleeding spleen have
been successfully managed without surgery, but one consequence has been the need to transfuse them [5]. Thus, an
added consideration in surgeon’s decision to embark on
nonoperative management must be the extent to which
the treatment will expose the patient to additional blood
products. Splenic salvage achieved with the consequence
that the patient is transfused with additional units of
blood may be a negative-sum situation in terms of risk
exposure.

Conclusion
Patients with a retained functional spleen are at advantage
compared to asplenic patients. Surgeons managing
patients with splenic injury should always consider, and
regularly attempt splenic salvage. CT scans can identify
low grade splenic injuries that have a high probability of
not requiring any treatment. These are best managed by
serial clinical examination. Spleens that have sustained
major disruption following blunt trauma can be repaired
at laparotomy or bleeding can be controlled by
angioembolization. The majority of patients with major
spleen injury can be successfully managed without
a laparotomy, but this approach requires a vigilant trauma
team that can assure over days sequential examinations,
laboratory tests, and additional imaging. While algorithms are useful, the surgeon’s choice of management in
an individual patient should be guided by that patient’s
associated injuries and medical conditions, as well as the
circumstances and resources available to the surgeon.
Accurate measurement of these risks and benefits require
life-long follow-up, and this information is not available
to the surgeon compelled to make a decision in the trauma
resuscitation bay. Surgeons will continue to depend on
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short-term measures of outcome including duration of
shock and need for blood transfusion to identify when
splenectomy is prudent or meddlesome.
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Splenorrhaphy

ST Elevation Myocardial Infarction
(STEMI)
▶ Coronary Syndromes, Acute

Staged Laparotomy
▶ Open Abdomen

Staging Laparotomy
▶ Laparotomy

Repair of an injured spleen done at the time of surgical
intervention.

Split-the-Sternum
▶ Sternotomy

Spontaneous Breathing Trial
(SBT)
A period of spontaneous breathing performed on no or
minimal ventilatory support usually lasting from 30 to
120 min. Tolerance for the SBT indicates that the patient
no longer requires mechanical ventilatory support.

Spontaneous Subarachnoid
Hemorrhage
▶ Subarachnoid Hemorrhage, Aneurysmal

Staphylococcal Toxic Shock
Syndrome (TSS)
▶ Toxic Shock Syndrome, Skin Source
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Evolution of Resistance
Over the last two decades, methicillin-resistant Staphylococcus aureus (MRSA) has become a major cause of
mortality and morbidity. Starting as a cause of mostly
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nosocomial and healthcare-associated infections (HCAMRSA), MRSA has evolved molecular mechanisms
to produce strains of bacteria now responsible for
community-acquired infections (CA-MRSA).
MRSA’s evolution both genotypically and phenotypically reflects the confluence of several factors. The mecA
gene confers a low affinity for b-lactam antibiotics and has
become incorporated into Staphylococcal chromosome
cassette (SCC) vector element. Once this transpires, this
SCC can easily invade the genome of a methicillinsusceptible S. aureus (MSSA), converting it to MRSA.
Some MRSA strains are developing decreased susceptibility to vancomycin, historically the primary agent for
treating MRSA. Fortunately, to date only a handful of
vancomycin-resistant S. aureus (VRSA) have been
reported. Despite confusion in the literature with regard
to susceptibility break points defining vancomycinintermediate susceptibility (VISA, generally S. aureus
with the minimum inhibitory concentration [MIC]
4–8 mg/mL) and VRSA (generally S. aureus with the
MIC  16 mg/mL), the diminishing in vitro efficacy of
vancomycin is troublesome. This is particularly a concern
since multiple investigators have described higher rates
of clinical failure in MRSA infections when the MIC is
2 mg/mL, even though this is still within the range of
“susceptibility” (see below). Beyond standard concepts
of resistance, MRSA may display hetero-resistance. This
designates a VRSA that develops from a initially susceptible culture whose progenitor cells exhibit vancomycin
resistance. The clinical significance of this phenomenon,
however, is not yet well understood and requires further
study.

Epidemiology
Clinically, MRSA represents a substantial burden to the
US healthcare system. A recent active surveillance study in
the USA estimated that the total annual burden of invasive
MRSA approached 95,000 cases in the USA in 2005 – and
this was accompanied by nearly 19,000 fatalities [1].
Others have confirmed this by estimating that the total
volume of MRSA pneumonia and septicemia discharges in
the USA exceeded 90,000 in 2005 [2].
Not only is the annual burden of invasive MRSA great,
but it has been rising over time. Several studies from the
National Nosocomial Infection Surveillance (NNIS)
System, now expanded to the National Hospital Safety
Network (NHSN) System, in the USA have documented
an increase in the prevalence of MRSA. Although there are
recent encouraging data that the rates of MRSA bloodstream infections (BSIs) are declining, MRSA continues to

increase as a percentage of all S. aureus BSI. In ventilatorassociated pneumonia (VAP), MRSA represents nearly
70% of all S. aureus infections [3, 4].

Outcomes
Many studies describe MRSA’s negative impact on both
clinical and economic outcomes. Cosgrove and colleagues
performed a systematic review and meta-analysis to summarize the impact of methicillin resistance on mortality in
S. aureus blood stream infections [5]. In the 31 studies
identified, representing 3,963 patients, the authors
reported a doubling of the risk of death among patients
infected with MRSA compared to those with MSSA. In
subgroup analyses, MRSA consistently conferred an
increased risk of death relative to MSSA.
Efforts to examine the economic impact of MRSA
compared to MSSA infection have shown that here as
well MRSA results in worsened outcomes. MRSA is independently associated with doubling the need for ICU care,
5-11-day prolongation in hospital and ICU lengths of stay,
and $14,000 in extra charges [6, 7].

Vancomycin Resistance
Although clinically the prevalence of VRSA/VISA has been
low, laboratory-based studies appear to herald decreasing
staphylococcal susceptibility to vancomycin. This has been
primarily manifested by an increase in the MIC and/or
minimum bactericidal concentration (MBC), also referred
to a “MIC/MBC creep.” More importantly, higher MICs
are associated with worse outcomes. For example, in
a single-center study Moise-Broder and colleagues examined 122 MRSA isolates from 87 patients treated with
vancomycin to identify correlates of treatment failure
[8]. They reported significantly greater proportions of
isolates with higher MIC values among failures (MIC
2.0 mg/mL in 51%) compared to the success (MIC
2.0 mg/mL in 11%) group. Although several other investigators have also observed a correlation between vancomycin MIC and outcomes, the true frequency of and
implications of these trends are unclear. Some large surveillance studies report low rates of MRSA with MICs
equaling 2.0 mg/mL, while many of the studies examining
MIC levels and outcomes have been small, retrospective,
and limited due to many potential confounders.
In part because of this potential change in the MICs of
MRSA to vancomycin, some advocate utilizing higher
doses of vancomycin in order to optimize the pharmacodynamics of this anti-infective. The value of this approach,
though, remains unproven. Several recent reports have
tempered the enthusiasm for this approach. These analyses document lower response rates, an increased risk of
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nephrotoxicity, and higher mortality in the presence of
higher vancomycin trough levels. Therefore, it appears
that more aggressive dosing may not improve outcomes.

Role of Screening and Decolonization
In hopes of controlling the spread of MRSA, many investigators have examined the effectiveness of screening and
decolonization. Several studies have noted that MRSA
colonization itself identifies subjects at increased risk for
a subsequent MRSA infection. This, in turn, raises the
possibility that decolonization may reduce this risk.
Unfortunately, the two largest and most well-designed
studies to date dealing with screening and decolonization
have arrived at conflicting results. Harbath and coworkers
conducted a large prospective single-center interventional
cohort study among nearly 22,000 surgical patients [9].
The effect of rapid screening at admission followed by
aggressive compliance with standard infection control
measures did not alter rates of either nosocomial MRSA
infection, MRSA surgical site infection, or nosocomial
acquisition of MRSA. The authors concluded that universal rapid screening did not reduce MRSA infections in the
setting of low rates of infection. In contradistinction,
Robicsek and colleagues arrived at a different conclusion
[10]. These researchers investigated the impact of MRSA
screening in three surveillance periods, using a beforeand-after study design, within a large three-hospital organization in Illinois. The purpose was to examine the
impact of first ICU and then universal screening followed
by decolonization on rates of MRSA during the incident
hospitalization and the ensuing 30 days after discharge. In
the two surveillance periods, over 65,000 admissions were
screened, 62,035 of which occurred during the universal
screening and decolonization period. The observed prevalence density of MRSA infections went from 8.91 cases
per 10,000 patient-days in the baseline period to 7.45
during the ICU only screening and to 3.88 in the universal
screening period. The authors concluded that the introduction of universal MRSA screening on admission was
associated with a significant reduction in MRSA disease.
Although these results may represent simple secular trends
in MRSA infections or the Hawthorne effect, the fact that
MSSA bacteremia rates did not diminish during the study
period would imply otherwise. Although the bulk of the
evidence points to an association between colonization
with and subsequent development of a MRSA infection,
both, the Society for Hospital Epidemiology of America
(SHEA) and the Association of Professionals Infection
Control (APIC) recommend against active surveillance
for resistant pathogens in hospitalized patients. In the
absence of microbiologic screening, however, several
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investigators have found predicting colonization with
MRSA to be elusive. On the other hand, while controversy
persists as to the best approach to limiting MRSA carriage,
in the setting of an outbreak the course is better defined:
preemptive barrier precautions are effective at curbing
transmission of MRSA.

Treatment
One central aspect of successful MRSA treatment is the
prompt institution of a therapy that is in vitro active
against the pathogen. This approach results in reduced
rates of mortality in many infections ranging from VAP
to skin and soft tissue infections. Additionally, it is associated with a reduction in hospital resource utilization.
Currently available MRSA treatment options in the
USA include vancomycin, daptomycin, tigecycline, and
linezolid. Tiecoplanin is available in Europe and in other
locations outside the USA. Although quinopristin/
dalfopristin has been studied in MRSA infections, it is
not used with any frequency. Vancomycin remains a
mainstay of therapy for all types of MRSA infection ranging from complicated skin infections to endocarditis. Vancomycin represents a “slowly” bactericidal agent, although
the clinical significance of this property remains unclear.
The emerging MIC creep for vancomycin against MRSA
has prompted new recommendations to target trough levels
of greater than 15–20 mg/mL, almost always requiring
a dose of 1,500 mg every 12 h. While, theoretically, higher
doses of vancomycin may additionally help to improve its
lung penetration, this has not been demonstrated in clinical
studies. Moreover, nephrotoxicity has emerged as a concern
with more aggressive dosing of vancomycin.
Clinical trials of alternative agents have been unable to
demonstrate conclusively superiority against vancomycin.
Before reviewing these other options, readers should note
that many of the trials comparing vancomycin to novel
agents have been underpowered to demonstrate superiority. Also complicating these trials is some agreed-upon
definitions of “vancomycin failure.”
Daptomycin, a glycopeptide approved for skin infections, bacteremia, and endocarditits, is rapidly bactericidal
against MRSA. It has been demonstrated to be noninferior to vancomycin and is associated with less nephrotoxicity. Importantly, however, patients may develop
daptomycin-resistant MRSA while on therapy with this
agent. Further limiting the utility of this agent is the fact
that it is inactivated by surfactant. Hence, the drug cannot
be given for therapy in pneumonia.
Tigecycline is a novel extended-spectrum minocycline
derivative that circumvents bacterial resistance because it is
unaffected by efflux pumps and ribosomal protection. It has
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been approved for use in skin, soft tissue, intra-abdominal
infections and community-acquired pneumonia (the latter
despite the fact that no patients in the pivotal trial for
pneumonia suffered from MRSA). In a comparatorcontrolled trial in nosocomial pneumonia, this agent failed
to meet its primary endpoint of non-inferiority.
Linezolid represents an oxazolidinone that acts by
inhibiting protein synthesis at the level of the ribosome.
Linezolid is the only orally available agent for the treatment of of MRSA. Linezolid does not result in nephrotoxicity. In multiple studies of linezolid for skin infections,
this agent has performed well against vancomycin. However, no single analysis had documented superiority compared to vancomycin. Clinical trials along with subsequent
observational reports document that the ability to transition patients to an oral agent does decrease hospital length
of stay relative to that seen with vancomycin. Unlike
daptomycin and vancomycin, linezolid has excellent lung
penetration. Not surprisingly, therefore, linezolid has been
shown to be non-inferior to vancomycin in early studies
comparing these agents. Several addressable safety issues
have emerged with linezolid, including a potential link to
serotonin syndrome in persons concomitantly taking
selective serotonin reuptake inhibitors (SSRIs), and
reversible myelosuppression. The risk for myelosupression
appears low in persons given less than 2 weeks of therapy
with linezolid.
With respect to CA-MRSA, no clinical trials exist to
guide physician decision-making. Although many betalactams and cephalosporins exhibit in vitro activity
against MRSA, they do not necessarily lead to good clinical
outcomes. Similarly, these agents have been shown to
enhance PVL toxin production. Other alternatives commonly deployed against CA-MRSA include trimethoprim-sulfamethoxazole (TMP-SMZ) and clindamycin.
Published experience with these alternatives has been
mainly limited to treatment of skin infections. TMPSMZ has seen diminishing in vitro activity against CAMRSA, but the clinical significance of this remains uncertain. Clindamycin appears to be retaining in vitro activity
against strains of CA-MRSA. Clinidamycin, like linezolid,
decreases protein synthesis and thus may have theoretical
advantages for the treatment of toxin producing strains of
MRSA. In addition to being a frequent cause of Clostridium difficile infections, a concern with clindamycin use is
that CA-MRSA may display inducible resistance: while
appearing active in routine susceptibility testing, the
organism possesses mechanisms that may allow it to
evade the activity of clindamycin. This inducible resistance
can be confirmed in the microbiology laboratory via
the D-test.

Many other agents ranging from novel glycopeptides
to monoclonal antibodies to MRSA are being evaluated in
clinical trials. Unfortunately, some agents, which have
seemed promising initially, have later failed in larger clinical trials or have been found to have toxicity issues.
Hopefully, in the future, clinicians will be able to have
a number of options available so they can choose the
optimal agent in a particular patient based on the clinical
scenario, the organism’s resistance patterns, and patient
factors.
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START and JumpSTART
The Simple Triage and Rapid Transport (START) triage
tool is used in most US emergency medical services (EMS)
jurisdictions and is the most commonly used MCI triage

Status Epilepticus

tool used in the United States, Canada, and other countries. It enables responders to quickly assess immediacy of
treatment need using respiratory rate, radial pulse, and
mental status, and then communicate this assessment to
treatment personnel using a color-coded tag. JumpSTART
is an MCI triage tool that is a modification of the START
system for use in pediatric patients.
Deceased

Not breathing, no
pulse

Immediate

Life-threatening
injury

Delayed

Serious, not life
threatening

Minor

Walking
wounded

Static Index of Preload
Parameter measured under a single ventricular loading
condition able to provide an estimation of ventricular
preload. Central venous pressure and right atrial pressure
are the most commonly used markers of right ventricular
preload. Pulmonary artery occlusion pressure and left
ventricular end-diastolic dimensions are used as markers
of left ventricular preload. Although these indices provide
an acceptable estimation of preload, they fail to assess
preload responsiveness and hence volume responsiveness.
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Definition
Status epilepticus (SE) represents the most common neurological emergency after stroke, and implies a multidisciplinary management, including paramedics and nurses,
neurologists, emergency specialists, and intensive care
unit physicians. SE is a heterogeneous condition defined
by prolonged epileptic seizures, or two or more distinct
seizures without return to baseline clinical conditions in
between. A minimal duration of 30 min is generally used
in epidemiological surveys; the rationale of this cutoff
arises from animal studies: irreversible brain damage
occurs, mostly in limbic structures, after more than
30 min of epileptic activity. However, in clinical practice,
a time frame of 5 min is preferred as an “operational
definition,” in order to allow an early pharmacological
treatment [1]. Indeed, EEG-video studies show that the
vast majority of isolated seizures last clearly shorter than
5 min: the median duration has been reported between 60
and 70 s. It has also been shown that seizures lasting less
than 30 min are more likely to abort spontaneously as
compared to longer events. Therefore, the probability that
a seizure will stop without specific treatment decreases the
longer the seizure lasts, and the most important cutoff
appears to be at 5 min.
From a semiological point, several SE forms may be
identified, according to the dominant seizure type:
absence SE, complex-partial SE, generalized convulsive
SE, SE in coma (also called subtle status). The latter two
forms are the most dangerous, since they can induce
systemic changes leading to important implication regarding the patient’s prognosis.

Epidemiology

Status Asthmaticus
▶ Acute Asthma

Status Epilepticus
ANDREA O. ROSSETTI
Service de Neurologie, Centre Hospitalier Universitaire
Vaudois (CHUV-BH07), Lausanne, Switzerland

Using the 30 min frame, yearly incidence of SE has been
estimated at 10–30/100,000 persons [2]. The age distribution shows a “U-shaped” form, indicating that children
(particularly infants) and elderly patients have an
increased incidence of this condition. The marked differences in the aforementioned numbers depend on variable
patient selection among studies, including hospital- versus population-based assessments, inclusion versus exclusion of pediatric subjects, race (African-American patients
having probably a higher incidence than Caucasians),
prospective versus retrospective designs, inclusion of
recurrent episodes versus only incident, and inclusion
versus exclusion of post-anoxic episodes (having an
almost invariable dismal prognosis).

Synonyms

Evaluation/Assessment

État de mal épileptique (French); Prolonged epileptic
seizures

Four main criteria contribute to SE diagnosis: clinical
presentation, duration, electroencephalographic (EEG)
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appearance, and response to treatment. Diagnosis is often
not straightforward, however, because clinical features are
extremely variable, seizure onset may be difficult to determine, EEG patterns tend to evolve with time, and treatment response is not uniform. Imitators of SE are usually
characterized by abnormal movements and diminished
responsiveness. Whereas classic movement disorders (parkinsonian tremor, dystonia, chorea) can be easily identified according to their typical features, post-sedation
shivering or posturing in the ICU may sometimes prove
hard to differentiate from subtle SE; also, so-called diencephalic seizures, also termed paroxysmal sympathetic
storm, can include tonic posturing or tremor that may
mimic convulsions. The most important entity that needs
to be positively identified, however, are prolonged psychogenic non-epileptic seizures. These may be frequently mistaken for SE, leading to potentially dangerous medical
overtreatment.
During the initial assessment, diagnostic procedures
run in parallel with the first therapeutic steps, including
securing respiratory and cardiac function, administration
of fluids through intravenous lines, administration of
B vitamins if malnutrition with Wernicke encephalopathy
is suspected. Sequential laboratory and neuroradiological
work-ups are needed in order to address SE etiology, since
its specific treatment may greatly influence the success of
specific antiepileptic drug prescription. SE treatment
should ideally be performed with the help of EEG, at
best using prolonged (video-) recordings; this not only
allows to judge on the efficacy of administered agents, but
is also mandatory for the diagnosis of non-convulsive SE
(i.e., complex-partial, absence, or SE in coma).

Treatment
At the SE beginning, there is an imbalance between inhibitory (mostly GABAA) and excitatory (predominantly
glutamate-mediated, kainate and AMPA) inputs of neuronal
circuits. This represents the rationale to start SE treatment
with benzodiazepines, rapidly acting GABA-ergic agents.
GABA resistance develops progressively due to GABAreceptor internalization and subunit changes; afterward,
a shift toward self-sustaining glutamate-mediated
excitotoxicity occurs, resulting primarily from the activation of NMDA receptors. These changes may explain both
refractoriness to benzodiazepines and excitotoxic neuronal damage. During the first stage, metabolism is hypercompensatory, with arterial hypertension, hyperglycemia,
and cerebral hyperperfusion, whereas in the second stage,
following a transitional period occurring in experimental
animals after 30–60 min, there is progressive deregulation

leading to cerebral hypoperfusion, lactic acidosis, and
multiorgan failure [3].
Studies focusing on SE therapy are scarce; even
national and international therapeutic recommendations
are mostly based upon experts’ opinions. In view of the
pathophysiological considerations, a timely treatment is
strongly advocated, in order to prevent potential irreversible neuronal damage following repetitive discharges. SE
treatment is currently based on a three-step approach (see
synopsis, Fig. 1); awareness of a protocol greatly facilitates
this practical approach, and allows smooth interplay
between the different providers (paramedics, emergency
or ICU team, neurologists). This approach should be
sequential, meaning that the next step is initiated as soon
as the previous one is considered to have failed, and
additional, implying that previous treatment lines should
not be discontinued, allowing a complementary action
thanks to different pharmacodynamic mechanisms. Treatment is at best administered intravenously, and starts
with benzodiazepines aiming at rapid SE control, followed
by classical antiepileptic drugs (classically, phenytoin,
valproate, or phenobarbital; more recently levetiracetam
or lacosamide), targeting early resistant forms and
beginning long-term coverage, and finally pharmacological coma-induction in refractory episodes with an appropriate anesthetic agent (thiopental, propofol, or
midazolam) [4].
Other anesthetics, like ketamine or isoflurane, represent further options for extremely refractory SE. If an
immune etiology is suspected, immunomodulatory treatments, such as steroids, immunoglobulines, or plasma
exchanges, may be administered after exclusion of concomitant infections. Ketogenic diet, even in adult ICUpatients, has been recently described in selected cases.
Non-pharmacological approaches, such as hypothermia,
vagal-nerve stimulation, repetitive transcranial magnetic
stimulation, or respective surgery, have also been
attempted with various success rates in very severe forms.
Coma-induction is generally reserved for patients with
SE resistant to the first two steps (“refractory SE”), but
bears several potential risks related to both treatment,
such as excessive sedation with arterial hypotension, or
propofol infusion syndrome, and prolonged mechanical
ventilation – e.g., pneumonia, deep vein thrombosis, pulmonary embolism, paralytic ileus. It appears therefore
advisable to carefully balance risks and benefits of such
an approach, especially in patients with potentially less
dangerous SE forms. Therefore, while it is recommended
to proceed early to coma-induction in refractory generalized–
convulsive SE, it appears reasonable to avoid coma-induction
in absence SE (that readily responds to benzodiazepines and

Status Epilepticus

Time

First choice

Alternative

0–5 minutes

lorazepam
0.1 mg/kg
(2–4 mg/min)

clonazepam
0.025 mg/kg
(1 mg/min)

SE treated

5–30 minutes
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First choice for absence
or myoclonic SE

phenytoin
20 mg/kg (50 mg/min),
or fosphenytoin
(150 mg/min)
cardiac monitor !

valproate
20 mg/kg
(200 mg/min)

SE treated
Avoid in early phase of
complex -partial SE
>30 minutes

midazolam
0.1–0.6 mg/kg/h
EEG monitoring

propofol
2–10 mg/kg/h
add benzodiazepines
avoid >48 hours at >5mg/kg/h
EEG monitoring

Status Epilepticus. Figure 1 Synopsis: Proposed protocol for the pharmacological SE treatment

valproic acid), and to defer it after several non-sedating treatment attempts in complex-partial SE. Postanoxic SE, the
expression of a severe underlying encephalopathy, is often
refractory to standard treatments; in very selected cases, however, after considering other prognostic factors, such as EEG
reactivity, brainstem reflexes and somatosensory evoked
potentials, antiepileptic compounds including anesthetics
have been prescribed, leading to a subsequent awakening of
the patient.

Effectiveness
The first-line treatment of status epilepticus (SE) has been
far better investigated than second- and third-line. A large
Veteran Affairs trial, focusing on generalized convulsive SE
and assessing the efficacy of LZP, phenobarbital (PB),
diazepam (DZP) followed by phenytoin (PHT), and
PHT alone, found better efficacy of LZP as compared to
PHT alone, but not to the other treatment arms [5]. The
overall response in overt SE was much higher than in
subtle SE (about 60% vs 20%). This study has been
criticized for choice of the treatment arms (lack of LZP+
PHT), and the assessment of efficacy at 20 min, before the
likely peak action of PHT and PB. Nevertheless, as SE
becomes more refractory to treatment with time, and the
first treatment has a far better chance of success than

the second or third, regardless of the drug (55% vs. 7%
vs. 2%), it is important to administer IV drugs that act
quickly. Therefore, benzodiazepines represent the better
option over PB and PHT, although there is usually no
contraindication to giving both at essentially the same
time. Compounds with a long CNS elimination half-life
are desirable, since this avoids rebound seizures as drug
levels decline.
Although several different compounds are used as
second-line agents, to date, prospective comparative
assessments are lacking. The Veteran Affairs study
included a PHT and a PB arm as initial SE treatment,
and found a nonsignificant trend toward a better efficacy
of PB.
Regarding the third-line, barbiturates, propofol, and
midazolam do not seem to bear any significant difference
in short-term mortality, although discrepancies can be
noted in both efficacy and tolerability. The only comparative trial, which was recently published but is
undersampled, disclosed a definite longer need for
mechanical ventilation in patients treated with barbiturates as compared to propofol. There is also considerable
uncertainty regarding the optimal extent of EEG suppression, and the optimal length of treatment. Since it is
advisable to continuously monitor patients with EEG
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during coma treatment, a target of burst-suppression having an interburst interval of about 10 s, maintained for
24–36 h, followed by progressive tapering over 12–48 h
represents a valuable practical option.

Tolerance
Benzodiazepines may induce respiratory depression,
as phenytoin; the latter is also known for possible cardiac
arrhythmias, especially if administered too fast. Concomitant monitoring is therefore mandatory for these agents.
Valproic acid, levetiracetam, and lacosamide, on the
contrary, may be given “in the field”; the latter two may
also represent valuable options in patients having
a potential for pharmacokinetic interactions with other
drugs. Anesthetic agents should only be administered in
ICU settings; the propofol infusion syndrome (PRIS) is
a rare but feared complication implying a routine monitoring of lactate, creatine-kinase, and triglycerides.
The aforementioned agent-specific adverse events are
rather rare and may be managed relatively easily if they are
recognized quickly; their risk is overshot by far by that of
an untreated SE episode.

fatality appears mostly dependent on the SE etiology,
rather than on the SE episode itself. At long-term, the
cumulative mortality represents a threefold risk as compared to the general population. Functional outcome has
not been systematically assessed, but seems mostly to
depend on the underlying etiology.
The most important independent outcome predictors
found in multivariate analyses are etiology, older age, and
extent of consciousness impairment before treatment
institution. Importantly, a symptomatic SE episode
increases the risk of developing epilepsy by a factor 3 as
compared to isolated symptomatic seizures. It is important to consider that the biological background determines to a large extent the SE prognosis; therefore, the
treatment strategy should be adapted to each particular
case, in order to minimize the risks of over- and undertreatment. The art of treating SE effectively resides more in
the fine-tuning of the approach than in the automatic
application of sequential agents.
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Sternal Dehiscence
Nonunion of the sternum. Usually occurs after
sternotomy for cardiac surgery or after chest trauma. It
can be sterile in which case it can be closed primarily. If
deep infection occurs, it will cause mediastinitis and will
need further treatment.

Prognosis
Short-term mortality after SE has been estimated between
7% and 39% in several epidemiological studies in Europe
and the USA [2]; interestingly, similar proportions are
described in studies from developing countries. Again
the numbers vary according to the different underlying
etiologies, ages and, in some studies, ethnicities. Case-
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Sternotomy
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Synonyms
Mediansternotomy; Partial sternotomy; Split-the-sternum

Definition
Sternotomy is an incision in the middle of the anterior
chest, made through the middle of the sternum and used
to expose structures in the mediastinum or the anterior
part of either hemithorax. This incision may be extended
or used in association with other incisions to achieve
special exposures.

Alternative Concept
An incision may be made transversely through the middle
of the body of the sternum, in combination with bilateral
transternal anterolateral thoracotomies. This creates what
is known as a “clamshell” incision.

Position
For a sternal incision, the patient is placed in the supine
position with the arms either extended or tucked at
the side.

Instruments
Beside the usual scapels, hemostats, electrocoagulation
equipment, scissors, and sutures, an instrument to cut
through the bony sternum is required. This is accomplished with either a sternal saw or a Lebsche knife. In
the early 1960s, the latter was used to vertically split the
sternum prior to the introduction of the mechanical sternal saw. The Lebsche knife is actually a sharp edged chisel
with a lip on its end, which is inserted beneath the xiphisternum. A hammer strikes the side of the Lebsche knife,
opposite the cutting sharp edge, and it advances up
through the middle of the sternum, as the handle on the
Lebsche knife is pulled toward the ceiling to protect the
pericardium or heart from being cut by the knife.
The sternal saw has a similar lip to elevate the sternum
and a reciprocating saw to cut the bone. A similar action
to that of the Lebsche knife is used to cut through the
sternum. Care is taken to avoid entering the pericardium
during this sternal opening maneuver.
After the sternum is divided, a “sternal” retractor is
placed into the incision, and the edges are engaged in the
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lips and curve of the retractor sides, and the sternum is
slowly spread apart. Care must be taken to not spread too
quickly, open too widely, or fracture the sternum with the
retractor edges.

Cautions, Hazards, Pitfalls
The sternotomy is a technical maneuver performed to
allow exposure of organs behind and beneath the breast
bone. There are hazards and pitfalls inherent with this
procedure, so the surgeon must take care to:
● Stay within the middle of the sternum and avoid
getting off to one side
● Avoid fracturing the sternum by being too aggressive
in opening the sternal retractor
● Assure that the internal thoracic artery is not divided,
and if divided, assure that it is ligated prior to sternal
closure
● Avoid opening the pericardium with the sternal saw
● Avoid injury to the innominate vein at the upper end
of the sternal opening
● Avoid a “repeat” sternotomy, as the complication rate
is much higher

Indications for Sternotomy
Sternotomy has most often been used as an access to the
mid portion of the chest for operations on the heart,
ascending aorta, innominate artery, superior vena cava,
thymus, and main pulmonary arteries. Lesions caused by
congenital anomalies, infections, occlusion, aneurysmal
dilatation, atherosclerosis, trauma, neoplasia, and degeneration have all been exposed via a sternotomy.

Benefits
Sternotomy offers wide visualization and access to structures in the anterior mediastinum. This incision and exposure allows for placing a patient on total cardiopulmonary
bypass, cardiac transplantation, repair of complex congenital heart defects, approach to cardiac and anterior great
vessel injury, and open pulmonary embolectomy.

Limitations
A sternotomy does not provide a good exposure to
structures in the posterior mediastinum, such as the
descending thoracic aorta or the esophagus. It is a poor
incision for accomplishing major pulmonary lobectomies.

Extensions and Variations
Variations to the sternotomy are designed to exposure
under special circumstances.
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Minimal or Partial Sternotomy

Complications

For selected cardiac or anterior mediastinal operative
procedures, the surgeon may elect to perform a partial
sternotomy, rather than making the incision from the
manubrium to the xiphisternum. A partial sternotomy
(minimalist approach) might allow the required exposure,
yet achieve the required exposure for the intended operation. Some cardiac surgeons use the partial sternotomy for
cardiac valve operations.

Complications following a sternotomy are related to both
the underlying organ operations and the sternotomy itself.
Immediately postoperatively, bleeding is the most
common complication, sometimes requiring return to
the OR for operative control. Surgical principles must be
adhered to meticulously to minimize postoperative sternal
infections, a dread complication, requiring long-term secondary treatment. During closure or during the postoperative period, the sternal wires might break. Broken
sutures weaken the bony sternal closure, and the surgeon
must assure the closed sternum is as stable and secure as
possible. With broken wire sutures, reoperation must be
considered.

Neck or Supraclavicular Extension
Especially in trauma to the thoracic outlet, extension of
a median sternotomy incision to the neck, along the
anterior border of the sternocleidomastoid muscle or
along the upper border of the clavicle will aid in exposure
of an injury to structures in this area, particularly to the
proximal carotid, the innominate, or subclavian arteries.

“Trap-Door” or “Book”
For highly selected injuries, especially to the area of the left
thoracic outlet, a “trap-door” or “book” incision has been
advocated by some trauma surgeons, especially during the
1970–1980 era. This combination of incisions included
a fourth interspace anterolateral incision, partial
sternotomy, and supraclavicular extension of the partial
sternotomy. The thoracic wall flap was then retracted to
expose the structures in the upper left mediastinum and
thoracic outlet. This rather extensive and somewhat morbid incision would yield an exposure that was not much
different from a sternotomy alone. This incision also was
reported to result in significant post incision “causalgia”
type pain in the back and upper extremity. It is currently
infrequently performed.

Sternotomy for Trauma
▶ Thoracotomy for Trauma

Stimulant Toxicity
▶ Cocaine

StO2
▶ Near Infra-Red Spectroscopy

Closure
All incisions ultimately require closure, and closing
a sternotomy incision is different because of the bony
sternum, combined with the need to protect the heart,
lungs, and thoracic function. First, the surgeon must
assure there is no lateral or mediastinal bleeding that
might contribute to postoperative pericardial tamponade.
Specifically, one must assess the vessels parallel to the
sternum, particularly the internal thoracic arteries, and
assure hemostasis. The sternum is most often closed with
interrupted sternal wire sutures, taking care not to place
the sutures too far laterally – avoiding injury to the internal thoracic artery. Following completion of the wire
sutures, residual wire is “buried” into the area of the
sternum to assure that the wires are not palpated from
the skin. Then, the subcutaneous tissue and skin are closed
in a routine manner. Often, a temporary substernal drainage tube is utilized.

Straight Leg Raise
▶ Passive Leg Raising Test

Strategy
▶ Resuscitation Endpoints

Streptococcal Gangrene
▶ Soft Tissue Infections, Life-Threatening
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Introduction
The principal pathogens for this entry are beta-hemolytic
streptococci. The skin- and soft-tissue infections reviewed
here are commonly attributed to group A Streptococcus
(GAS, Streptococcus pyogenes), but the incidence of invasive diseases due to group B (GBS, S. agalactiae), C (GCS,
S. equisimilis), and G streptococci (GGS, S. dysgalactiae) is
increasing [1, 2]. Streptococcal skin- and soft-tissue infections commonly include impetigo, ecthyma, paronychia,
erysipelas, cellulitis, and necrotizing fasciitis. Betahemolytic streptococci can also cause other diseases that
secondarily involve the skin and soft tissue, such as scarlet
fever, purpura fulminans, erythema nodosum, and erythema marginatum. However, these entities are not primarily classified as skin- and soft-tissue infections and/or
are more often caused by pathogens other than streptococci, and hence, beyond the scope of this entry.
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Erysipelas is an infection of the dermis that often also
involves the lymphatic tissue. It usually occurs on the face
or the lower extremities and is characterized by an edematous erythema that is clearly demarcated from adjacent
normal tissue (Fig. 1). Causative pathogens are almost
always beta-hemolytic streptococci, mostly GAS. Rarely,
S. aureus or gram-negative bacilli is involved.
Cellulitis is an infection of the subcutaneous tissue.
The affected skin region is swollen, erythematous, and
tender. The disease can also be accompanied by
lymphangitis and lymphadenitis. In contrast to erysipelas,
no clear demarcation line occurs (Fig. 2). Cellulitis is
commonly caused by GAS or S. aureus, although other
pathogens such as gram-negative bacilli or polymicrobial
involvement are increasingly reported.
Necrotizing fasciitis and streptococcal gangrene are used
synonymously for an infection of the deeper subcutaneous
tissue and fascia. Distinction between cellulitis and necrotizing fasciitis might be difficult in some cases: the latter is

Definition and Synonyms
Definitions for streptococcal skin infections include the
skin level they affect. Therefore, it is important to keep in
mind the distinct skin layers: the epidermis, the dermis,
the subcutaneous tissue, and the fascia.
Impetigo, impetigo contagiosa and pyoderma are synonymous terms used to describe a contagious superficial
infection commonly caused by GAS and/or Staphylococcus
aureus. Impetigo usually presents with thin, seropurulent
lesions that dry and form honey-colored crusts. The
disease often begins on the face and spreads to other
parts of the body and to other people by direct contact.
Children are commonly affected, and acute systemic illness is rare.
Ecthyma is a form of impetigo. The lesions also present
with the characteristic yellow crust but resemble a deeply
punched-out ulcer.
Acute paronychia and pyogenic paronychia are synonymous terms for a bacterial infection affecting the skin that
surrounds the nail bed. The causative pathogens include
GAS, S. aureus, and gram-negative bacilli. The affected
skin region is erythematous, swollen, and painful.

Streptococcal Skin Infection and Necrotizing Fasciitis.
Figure 1 Erysipelas of the lower extremity showing an
edematous erythema that is clearly demarcated from adjacent
distal normal tissue
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Figure 2 Cellulitis of the lower extremity displaying an
erythematous skin region that shows no clear
demarcation line

2142

S

Streptococcal Skin Infection and Necrotizing Fasciitis

but the infection is commonly polymicrobial, including
Enterobacteriaceae, microaerophilic, and anaerobic
organisms.
Gas gangrene is a necrotizing myositis (myonecrosis)
due to Clostridium species. It is, therefore, a different
entity than streptococcal skin infections. A contaminated
wound provides an anaerobic environment, which is ideal
for clostridial proliferation and gas production. These
processes then extend along the fascia and within healthy
muscle tissue. It is important to distinguish gas gangrene
from necrotizing fasciitis in the differential diagnosis.

Treatment
Streptococcal Skin Infection and Necrotizing Fasciitis.
Figure 3 Necrotizing fasciitis of the thigh presenting with fluid
containing bullae and dark necrotic skin lesions. The incision
was made along the area of necrosis, revealing grey fat tissue
in the subcutaneous tissue

usually a very acute process, extremely painful and tender,
but reveals initially little visible skin involvement. Fluid
containing bullae may be present on the skin (Fig. 3). Dark
necrotic skin lesions are often not observed until the later
course of the infection, and their lack must not be to
exclude the diagnosis. Lymphangitis is infrequently
found. Although swelling of the deep soft-tissue structures
may be detected in MRI, the suspicion diagnosis must be
raised clinically. Necrotizing fasciitis has been categorized
into two types. Type I is usually a polymicrobial infection
(including anaerobic bacteria) that is associated with antecedent surgery, diabetes mellitus, and vascular diseases.
Type I manifests clinically with destruction of subcutaneous fat along the superficial body fascia. Type II is
monomicrobial, typically but not exclusively caused by
GAS, and occurs commonly in patients without underlying diseases. Type II often presents with severe local pain,
rapidly extending necrosis of the subcutaneous tissue, and
systemic toxicity. The frequent coexistence of streptococcal toxic shock syndrome (STSS) makes the management
of necrotizing fasciitis difficult because surgical treatment
is rapidly required.
Fournier gangrene and (streptococcal) scrotal gangrene
and perineal phlegmon are used synonymously. It is a form
of necrotizing fasciitis that involves the male genitalia.
Trauma (i.e., minor skin or mucosa lesion) is a frequent
cause that initiates an infectious process in the anorectum,
the urogenital tract, or the skin of the genitalia. Betahemolytic streptococci may be involved (e.g., balanitis),

Apart from medical treatment, certain skin- and softtissue infections also require surgical therapy [3]. Specific
treatments concept will be discussed separately, according
to clinical entity.

General Principles of Medical Treatment
Since all skin diseases can be caused by pathogens other
than streptococci, empiric antimicrobial treatment should
include anti-staphylococcal activity, as well as antimicrobial activity against streptococci and gram-negative bacilli.
Regional epidemiological data about methicillin-resistant
S. aureus (MRSA) are decisive for the empiric use of
glycopeptides. The patient’s history, such as intravenous
(IV) drug abuse, organ transplantation, or immune suppressive medication, should influence the choice of agents
(i.e., agents with activity against Pseudomonas spp.). After
beta-hemolytic streptococci are identified, antibiotic
treatment should be streamlined accordingly. Clinical isolates of beta-hemolytic streptococci are susceptible to
penicillin, the antimicrobial agent of choice for treating
these invasive diseases. In penicillin-allergic patients, the
type of hypersensitivity must be evaluated. The use of
vancomycin should be restricted to patients with anaphylactic hypersensitivity and in whom the isolated streptococci reveal clindamycin resistance. Otherwise, a firstgeneration
cephalosporin
or
clindamycin
is
recommended. The dosages of antimicrobial agents indicated below are considered in cases of normal renal function. In cases of renal impairment, dosages must be
adapted accordingly.
Impetigo and ecthyma: Treatment options include both
topical and oral systemic therapy. Topical therapy (e.g.,
mupirocin or fusidic acid or retapamulin, three times per
day) can be administered if there are a limited number of
lesions. Oral antibiotic therapy should be used when the
lesions are bullous and when the extent or location
of lesions requires systemic therapy. Because of the
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suboptimal bioavailability of oral penicillin formulations
and the potential involvement of penicillin-resistant
S. aureus, amoxicillin/clavulanate (1 g, three times per
day) or cefuroxime (500 mg, two times per day) or
clindamycin (300 mg, four times per day) is
recommended. In cases of suspected MRSA, some physicians recommend the use of trimethoprim-sulfamethoxazole. It is, however, important to note that this agent
has no activity against beta-hemolytic streptococci.
The duration of antimicrobial treatment is short and
based on clinical improvement (i.e., 5–7 days). Rarely,
impetigo is the source of infection that leads to severe
sepsis.
Paronychia: The affected digit must be examined properly to identify whether or not an abscess is present. If an
abscess has not formed, local care (i.e., warm compresses
or soaks, iodine baths) is often sufficient. Topical antibiotics (e.g., mupirocin) may be beneficial. In cases of an
abscess, incision and drainage is required. It is essential to
culture specimens from drained paronychia. The infection
may rapidly expand to proximal parts of the extremity and
cause cellulitis, necrotizing fasciitis, and/or STSS. Therefore, examination and incision of paronychia should be
performed by a qualified physician (i.e., a hand surgeon).
Erysipelas: Whether oral or IV therapy is adequate, and
at what time parenteral antibiotics can be changed to oral
therapy, should always be considered. In erysipelas, penicillin G (3 million units IV, every 4 h) or cephalosporin
(e.g., cefazolin 1 g IV, every 8 h, or ceftriaxone 2 g IV once
daily) is commonly administered. Thereafter, systemic
inflammatory response signs often resolve within
1–2 days, and treatment can be promptly switched to
oral antibiotics. Antimicrobial agents, such as amoxicillin
(1 g, three times per day) or clindamycin (300 mg, four
times per day, in cases of a clindamycin-susceptible
strain), among others, are effective in treating betahemolytic streptococci. Most regimens for uncomplicated
erysipelas include a 5–10-day course of antimicrobial
treatment.
In both erysipelas and cellulitis, local measures, such
as cooling and immobilization and elevation of the
extremity, may be helpful.
Cellulitis: Systemic manifestation and bacteremia is
more frequent in cellulitis than in erysipelas, and hence,
IV antimicrobial treatment is commonly started in clinical
practice. Antibiotics are switched to oral agents after the
infected area has begun to improve (e.g., within 3–5 days).
In uncomplicated cases, the agents used are similar to
those used for erysipelas, as is the duration of antimicrobial treatment.
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Necrotizing fasciitis: The diagnosis and treatment of
necrotizing fasciitis is an absolute emergency, which
requires early and aggressive surgical exploration, debridement of necrotic tissue, antibiotic therapy, and intensive
care support. When this life-threatening disease is
suspected, a rapid interdisciplinary approach is crucial,
involving surgeons, infectious disease and intensive care
specialists. Early bedside examination by experienced physicians must be prioritized over sophisticated diagnostic
tools (i.e., diagnostic scores, MRI), which may potentially
delay the required surgical intervention, leading to a fatal
outcome. Microbiological sampling (e.g., blood cultures)
should be performed immediately after patient admission,
followed by administration of IV antibiotics. As is the case
for all septic patients, prolonging the interval from firstphysician contact to application of IVantimicrobial agents
worsens the outcome.

Medical Treatment of Necrotizing Fasciitis
IV beta-lactam antibiotics are the basis for the treatment of
streptococcal necrotizing fasciitis: penicillin (4–5 million
units, every 4 h) or cefazolin (2 g, every 6 h) or cefuroxim
(1.5 g, every 6 h) or ceftriaxone (2 g, once daily) are the
options. In patients with anaphylactic hypersensitivity to
penicillin, vancomycin can be administered (25–30 mg/kg
body weight loading dose, followed by 15–20 mg/kg body
weight, every 12 h). The duration of antimicrobial treatment is not standardized and generally based upon clinical
judgment. Reported treatment durations from case series
include 14–21 days IV antibiotics, followed by 14–21 days
oral treatment. However, beta-hemolytic streptococci
rapidly die after initiation of adequate antimicrobial treatment. Therefore, repetitive culturing of deep samples can
help to determine the duration of treatment.
Aminoglycosides: Synergistic killing of beta-hemolytic
streptococci by gentamicin in combination with penicillin
has been shown in vitro. These results have been extrapolated in therapeutic strategies for severe sepsis cases and
for isolates with penicillin tolerance. However, increasingly solid evidence, though more for gram-negative
than for gram-positive pathogens, shows that the addition
of an aminoglycoside to a beta-lactam is not beneficial in
sepsis and carries the risk of nephrotoxicity. The clinical
significance of a penicillin-aminoglycoside combination
for penicillin-tolerant strains has not yet been established.
Therefore, the routine addition of an aminoglycoside to
penicillin should not be encouraged.
Clindamycin: Dosages of 600–900 mg, every 8 h, in
combination with penicillin is generally administered in
cases of necrotizing fasciitis with or without STSS.
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The efficacy of clindamycin is likely related to its ability
to suppress the synthesis of GAS proteins, including
M-protein and streptococcal pyrogenic exotoxins, and to
modulate host cytokine production. The bactericidal
effect of clindamycin is not dependent on bacterial growth
stage or inoculum size; in contrast, these factors have been
proposed as an explanation for decreased bacterial killing
at higher penicillin concentrations (“Eagle effect”). However, while some clinical studies on invasive GAS infections suggested a reduced mortality in patients with
necrotizing fasciitis who were treated with clindamycin,
others failed to prove its significant efficacy. Nevertheless,
the drug distributes well into body tissues and bone. Also,
because clindamycin is actively transported into polymorphonuclear leukocytes and macrophages, it penetrates to
the local site of infection and into abscesses. Therefore, we
recommend adjunctive clindamycin therapy for the treatment of streptococcal necrotizing fasciitis.
Intravenous immunoglobulins (▶ IVIG): In the case of
STSS, which often occurs together with necrotizing fasciitis, the administration of IVIG (1–2 g/kg body weight on
day 1, followed by 0.5–1 g/kg body weight on days 2 and 3)
should be considered, in particular when hypotension is
difficult to control. IVIG can neutralize circulating streptococcal toxins, although solid clinical data are lacking. In
a double-blind, placebo-controlled trial comparing IVIG
with placebo as adjunctive therapy, the mortality rate was
3.5-fold higher in the placebo group than in the IVIG
group [4]. However, this difference was statistically not
significant, likely due to the small sample size. Several
case series including patients with necrotizing fasciitis
treated with IVIG along with beta-lactam and clindamycin
have demonstrated a favorable clinical course [5]. In
summary, although no firm recommendation about the
use IVIG in necrotizing fasciitis can be made, the administration of this often well-tolerated adjunctive treatment
for a disease with such a high mortality rate should be
considered.

Surgical Treatment of Necrotizing Fasciitis
The goal of the surgical treatment is to remove all necrotic
tissue, to decrease the local toxin load, and to improve
drainage of the perifocal edema. Whenever possible, the
most experienced surgeon available should be actively
involved. Incisions are made along the area of maximal
darkness of the lesion/erythema down to the muscle fascia. The subcutaneous macroscopic findings include
necrotic skin, “dishwater” or grey edema, grey fat tissue,
and thrombosed microvessels (Fig. 3). The extent of
necrosis is best evaluated by performing sequential parallel

incisions from the center toward the periphery of the
infection site until normal tissue is visualized. If the infection penetrates the fascia, muscle viability has to be evaluated by opening the compartments. In the case of
necrosis, the involved muscle bellies must be tangentially
excised or even entirely removed. Again, all necrotic tissues must be meticulously removed. Joints should be
explored only if there is a strong suspicion of involvement.
In such cases, extensive and recurrent joint lavage is
required. Multiple tissue biopsy samples must be obtained
and sent for histological and microbiological investigations. After the surgery, the wound is dressed with wet
gauze and a layer of absorbing tissue. In certain cases,
amputation is the only (and last) solution to control the
infection, because the affected limb is massively and purulent inflamed, and more important, the source of persistent and severe systemic toxicity.
Cervical necrotizing fasciitis is a particularly delicate
matter because of the proximity to vital structures of the
neck. In such cases, otorhinolaryngology surgeons should
also be involved at the very early stage of the disease.
Imaging (i.e., CT, MRI) may be helpful to estimate the
extent and depth of the infection (i.e., proximity to the
carotid vessels), but must never delay the surgical therapy
while the disease and systemic toxicity are progressing.
Fournier’s gangrene requires the involvement of general
surgeons or urologist because cystostomy, colostomy, or
orchiectomy may be required.

Evaluation and Assessment
Streptococcal skin infections, and necrotizing fasciitis in
particular, require constant evaluation within the first
few days of treatment. Lack of repetitive assessment may
lead to unrecognized progression of the disease and
may worsen the outcome. Assessments include clinical
examination, laboratory testing, and microbiological
evaluation.
Clinical evaluation: Except in immunocompromised
hosts, impetigo generally has a favorable course. If in
paronychia, the abscess is not adequately drained, the
infection may advance, necessitating more extensive surgery and IV antibiotics. Therefore, signs and symptoms
such as redness, tenderness, and swelling should be closely
monitored within the first 24–72 h after the diagnosis.
Erysipelas and cellulitis must be evaluated for clinical
improvement, in particular in the outpatient setting.
Despite administration of the correct antimicrobial
agents, the infection may progress when the extent of the
affected skin region is underestimated or the antibiotics
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do not reach a sufficient trough level. Pain, area of inflammation, erythema, warmth, and texture of the skin on
palpation are parameters for monitoring the clinical
course. Outlining the involved skin with a felt-tip marker
and indicating the date and time of drawing is an easy and
helpful tool for monitoring the infection. These clinical
markers for monitoring the infection must also be used in
necrotizing fasciitis, in particular, on admission. Moreover,
skin must be continually examined for epidermolytic
areas, which may progress to deep skin necrosis. However,
in necrotizing fasciitis, the immediate postoperative care
usually consists of the hemodynamic stabilization of the
patient, which is ideally performed in an intensive care
unit. Re-exploration, re-debridement, and dressing
changes are required, within 12 h after initial surgery, or
even earlier if deemed necessary. Thereafter, surgical
procedures are repeated in 12–24-h intervals to
prevent local progression of the disease. Once a stable
clean and vital wound is achieved, a vacuum-assisted
dressing can be applied. During every exploration,
deep tissue biopsy samples should be obtained for microbiological cultures and used to assess the success of
antimicrobial treatment.
Laboratory evaluation: In most streptococcal skin
infections, inflammatory laboratory values (white blood
cell count, C-reactive protein) are an additional tool to
evaluate the course of the infection and to assist the
decision in switching antibiotics from IV to oral formulation or in stopping treatment. However, initiation of antimicrobial treatment should primarily be based on clinical
judgment because an increase in these inflammatory
values may be delayed in comparison to the actual course
of the disease. In necrotizing fasciitis with STSS, laboratory values are used to establish the diagnosis of toxic
shock (CDC case definition of STSS). Given the
multiorgan involvement of the disease, laboratory values
for coagulopathy and renal and liver impairment must be
monitored and used to assist the guidance of intensive care
support and the adaption of antibiotic dosages. In the case
of vancomycin therapy, trough levels have to be determined to monitor treatment doses (suggested target 15–
20 mg/L).
Microbiological evaluation: Antimicrobial susceptibility and minimum inhibitory concentration (MIC) testing
should be performed for various antimicrobial agents,
including penicillin, first-generation cephalosporin, and
clindamycin. Erythromycin and clindamycin resistance is
steadily rising. Strains demonstrating resistance to
macrolides should be tested for macrolide-lincosamidestreptograminB (MLSB) resistance, in particular when
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considering clindamycin treatment. Although most betahemolytic streptococci are susceptible to meropenem,
levofloxacin, and vancomycin, these agents must not be
used routinely and should be administered only after
consulting an infectious disease specialist. The occurrence
of penicillin tolerance in clinical beta-hemolytic streptococci is rare and should be sought, if prolonged microbiological persistence can be documented, despite correct
medical and surgical treatment.

After-care
Because streptococcal skin infections are commonly
caused by an exogenous source, the locus of bacterial
entry (e.g., foot ulcer) should be identified and, if possible, cured. Other focal infections such as endocarditis
or osteomyelitis that may have been unrecognized in the
early course of the disease must be excluded. Bacterial
persistence at the local site of infection has also been
speculated as a cause of recurrent skin- and soft-tissue
infections. In relapsing erysipelas and cellulitis, occasionally observed as a complication after surgery, lymphatic tissue is altered and may lead to locally impaired
immune responses and insufficient bacterial clearance.
The observation of intracellular persistence in host cells,
as shown in streptococcal necrotizing fasciitis, could
also help to explain relapsing infections; through this
strategy, bacteria may escape common extracellular
immunological mechanisms and bactericidal concentrations of antibiotics. If the infection relapses frequently,
prophylactic antibiotics should be considered. Treatment options include monthly intramuscular
benzathine penicillin injections (1.2 million units) or
oral therapy with amoxicillin (0.75–1 g, twice per day)
or, in susceptible strains, erythromycin (250 mg, twice
per day), although the success rate of these regimes is
uncertain.
In necrotizing fasciitis, after-care treatment consists of
open wounds and aesthetic issues. Frequently, split skin
graft coverage is required. Flap coverage is necessary if
structures such as vessels, nerves, tendons, or bones were
exposed to aggressive debridement. Patients who recover
from necrotizing fasciitis of an extremity may develop
chronic lymphedema, which is itself a risk factor for
relapsing erysipelas or cellulitis.

Prognosis
Apart from necrotizing fasciitis, the prognosis of streptococcal skin infections is good. Among patients with necrotizing fasciitis, the mortality rate is higher in cases with
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STSS, ranging from 15% to 35%, even with optimal therapy. Any delay in both diagnosis and surgical debridement
significantly reduces the prognosis. In addition, inadequate or incomplete removal of necrotic or semi-viable
tissue obviates treatment success. Evidence of one or more
underlying conditions and sepsis at admission is associated with increased mortality. Approximately 10–20% of
patients will experience amputation of a limb to prevent
death. Factors associated with amputation include, among
others, diabetes mellitus and signs of gangrene on
admission.

Economics
The therapeutic costs of streptococcal skin infections overall remain limited due to the good prognosis. An exception, however, is the treatment of necrotizing fasciitis,
which is estimated at $60,000 per patient (year 2005).
These costs do not take into account the “after care” and
rehabilitation expenses, which may be substantial. Consecutive personal disability, stigmata, and familial burden
are also not included in this estimate. Although necrotizing fasciitis is a rare disease overall, it imposes a significant
economic burden.
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Synonyms
Streptococcus pneumoniae infections

Definition
Pneumococcal infections are infections caused by the bacterium Streptococcus pneumoniae, also known as the pneumococcus. The pneumococcus remains the most common
bacterial cause of pneumonia, meningitis, and otitis media
[1]. Pneumococcal pneumonia and meningitis, particularly when associated with sepsis, are common reasons for
the admission of patients to the intensive care unit (ICU)
and therefore continue to be associated with significant
morbidity and mortality worldwide.
Severe community-acquired pneumonia requiring
ICU admission is considered to be a somewhat distinct
pneumonia entity, accounting for approximately 5–35%
of hospital-related cases of pneumonia, with a greater
spectrum of microbial causes, and poorer patient outcomes [2]. However, the overwhelming majority of studies
confirm that the pneumococcus is the most commonly
encountered pathogen in CAP patients requiring ICU
admission, accounting for up to 30% of microbiologically-confirmed cases. Similarly, in both the developed
and developing worlds, in association with eradication of
Haemophilus influenzae type-B infection by vaccination
on the one hand and the concomitant human immunodeficiency virus (HIV) epidemic on the other, pneumococcal meningitis has become the leading cause of
community-acquired bacterial meningitis [3]. Concerns
have been raised that the management of pneumococcal
infections may be compromised by the emergence of
resistance among these pathogens to the most commonly
used antibiotics [1, 2].

Streptococcus pneumoniae

Pathogenesis of Pneumococcal Infections
Colonization of the nasopharynx generally results in
asymptomatic carriage of the pneumococcus. Nevertheless, it is the first step in the pathogenesis of invasive
disease as well as in the horizontal spread of virulent
strains of the pneumococcus [1].
During colonization, virulence factors that neutralize
both innate and adaptive host defense mechanisms enable
pneumococcal adhesins to promote attachment to airway
epithelium. Neutralization of innate host defenses is
achieved by several interacting mechanisms, including:
(1) the polysaccharide capsule which subverts both phagocytosis and entrapment of the pneumococcus by mucopolysaccharides in airway mucus; and (2) interference
with the protective functions of ciliated respiratory epithelium by hydrogen peroxide, the protein cytotoxin,
pneumolysin, and hyaluronidase, acting in concert [1].
In the case of adaptive host defenses, cleavage of secretory
IgA1 by the bacterial zinc metalloprotease favors adhesion
of the pneumococcus, while both innate and adaptive
mechanisms are compromised by pneumococcal surface
proteins A and C (PspA/PspC) which interfere with
opsonization by targeting the critical complement pathway protein, C3 [1]. These mechanisms, together with the
pro-adhesive actions of pneumococcal phosphorylcholine, which binds to the platelet-activating factor
receptor on epithelium, facilitate translocation of the
pneumococcus to the lower airways. PspA and PspC,
which bind to the polymeric Ig receptor, promote
transcytosis of the pneumococcus across the epithelial
barrier, enabling access to the bloodstream and invasion
of the central nervous system.
Consequently, colonization has several possible
outcomes. Firstly, the bacteria may be eradicated by the
combined action of innate and acquired host defense
mechanisms. Secondly, and somewhat speculatively,
innate host defenses may initially subdue the pneumococcus, which, as a stress response, protects itself by producing biofilm, entering a quiescent phase of asymptomatic
carriage. Biofilms are self-generated polymer matrices
which have the ability to bind cells and organic and inorganic materials to each other and to various other substrates. They have a tightly formed structure which
promotes bacterial adherence to epithelium, prevents
bacterial dehydration, and protects bacterial pathogens
against both antibiotics and host defenses, promoting
bacterial persistence. Concealed in biofilm, the pneumococcus can reemerge at times when host defenses are
transiently or irreversibly compromised, as may occur
during infection with influenza virus/respiratory syncitial
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virus or HIV-1 respectively. Thirdly, in highly susceptible
individuals, such as the very young, the elderly, or other
immunocompromised groups, colonization may proceed
rapidly to acute infection as described above.

Antipneumococcal Host Defenses
In the immune individual, antibodies, especially secretory
IgA, as well as both circulating and mucosal antibodies of
the IgG class, directed against the anti-phagocytic capsule
of the pneumococcus, are generally recognized to be the
primary determinants of immune-mediated, type-specific
protection against the pneumococcus [1]. There is also
increasing awareness of the involvement of interferon-g
(IFN-g) secreting CD4+ T helper-1 (Th1) and IL-17Aproducing lymphocytes (Th17) in the acquired immune
response to the pneumococcus, particularly in eradicating
colonization. However, in the early stages of colonization,
innate host defenses, activated by pneumolysin and
lipoteichoic acid, are necessary to contain the spread of
the pneumococcus until effective adaptive immune
responses are mobilized [1].
Pneumolysin, a primary protein virulence factor of the
pneumococcus, activates innate host defenses by two distinct, albeit interactive mechanisms. These are: (1) induction of calcium influx, particularly into epithelial cells and
phagocytes, as a consequence of sublytic pore formation;
and (2) interaction of the toxin with Toll-like receptor
(TLR) 4, which in turn leads to upregulation of expression
of TLR2, for which lipoteichoic acid is a ligand [1]. In both
cases, the consequence is activation of intracellular signaling cascades which trigger the synthesis of a range of proinflammatory chemokines/cytokines, including interleukin (IL)-8 and IFN-g, which attract and activate neutrophils and macrophages, respectively [1]. TLRs are also
expressed on naı̈ve CD4+ T lymphocytes, as well as on
central memory CD4+ T cells and Th1 cells, activation of
which results in cytokine/chemokine production by these
cells independently of TCR ligation, as well as potentiation
of TCR-driven immune responses [1]. Eradication of the
pneumococcus and prevention of recolonization appears
to require Th1/Th17 lymphocyte-driven cell-mediated
immune responses acting in concert with capsule-specific
antibodies. The involvement of cell-mediated immune
mechanisms in combating pneumococcal colonization
may explain the high rates of pneumococcal carriage and
severe infection in HIV-infected individuals.
Although of critical importance in controlling pneumococcal colonization and acute infection, excessive activation of these same host defense mechanisms may occur
during acute infection. The consequent, over-exuberant
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inflammatory responses result in uncontrolled release of
phagocyte-derived reactive oxygen species and proteases,
causing alveolar, neuronal, and tympanic membrane damage in pneumococcal pneumonia, meningitis, and otitis
media, respectively. This is further exacerbated by
pneumolysin, which, notwithstanding its proinflammatory activities, is directly cytotoxic for epithelial
cells, endothelial cells, and neurons. Inflammation- and
pneumolysin-mediated disruption of epithelial/endothelial barriers may in turn promote intravascular dissemination of the pneumococcus.

Treatment
Site of Care Decisions
A number of factors need to be considered when evaluating a patient presenting with an infection, not least of
which is an assessment of the severity of their illness [4].
In many infections, such as CAP, severity of illness
determines a number of important management issues,
including the appropriate site of care, the extent of
the microbiological work-up and perhaps, most importantly, the choice of initial empiric antimicrobial
chemotherapy.
While no formal tools have been developed to assess
severity of illness in patients with meningitis in patients
with CAP, a number of “severity-of-illness” indices or
scores have been developed [4]. Most of these tools were
initially developed to determine mortality risk, and studies
have clearly indicated that risk of mortality does not
always equate with the need for hospitalization or even
the need for ICU admission. Furthermore, a number of
studies have identified additional risk factors for mortality, including both social and clinical factors, which are
not specifically considered in any of the scoring indices
currently used.
While some scoring systems, such as the Pneumonia
Severity Index (PSI), were developed primarily to identify
those patients who were milder and could safely be managed at home, other scoring indices, such as the CURB-65
score, were developed to help evaluate the more severely ill
cases that may best benefit from in-hospital or even ICU
care. Most of the early studies were conducted in cases of
all-cause CAP and included predominantly non-critically
ill cases; however, more recently, attention has focused on
studying critically ill cases, as well as pneumonia specifically caused by the pneumococcus.
Among the early severity of illness scores that were
developed in order to help evaluate the need for ICU
admission in CAP patients were the American Thoracic

Society (ATS) criteria developed in 1993, which were
followed by the modified ATS criteria that were developed
from a validation study [4]. The modified ATS criteria
indicated that the presence of two of three minor criteria
(systolic BP  90 mmHg, multilobar disease, PaO2/FiO2
ratio  250) or one of two major criteria (need for
mechanical ventilation or septic shock) best defined the
need for ICU admission. This rule had a better sensitivity
and specificity than the PSI or CURB-65 score.
The latest revised IDSA/ATS pneumonia guideline
(2007) defined a new prediction rule to help identify
patients with severe CAP, which included an expanded
list of nine minor criteria [4, 5]. One study of this new
approach indicated that it had a sensitivity of 71% and
specificity of 88% for predicting need for ICU admission
(similar to the 2001 ATS criteria – 66% and 90%, respectively). The new criteria had a higher sensitivity (58%
versus 46%) and similar specificity (88% and 90%) in
predicting hospital mortality when compared to the
2001 criteria. However, the major determinant for ICU
admission was need for mechanical ventilation, followed
by septic shock, while in the absence of both major criteria,
ICU admission was not related to survival of patients with
only minor severity criteria, bringing into question the
value of expanding these minor criteria in the latest
guideline.
Severity scoring indices have also occasionally been
studied in pneumococcal CAP, specifically to determine
their ability to predict death and/or need for ICU care
among these cases. In two recent studies of critically ill
cases with pneumococcal CAP, the PSI had high sensitivity
(89–100%) and low positive predictive value (PPV)
(7–25%), whereas the CURB-65 had high specificity
(86–97%) and high NPV (95%). We recently compared
the accuracy of various “severity-of-illness” scoring indices in evaluating the severity of illness in 766 patients with
bacteremic pneumococcal pneumonia in order to assess
which scoring system would be most useful in selecting
patients at high risk of mortality who might best benefit
from intensified ICU care. Both the Pitt Bacteremia Score
(PBS) and the modified ATS criteria most accurately identified those cases that would most benefit from intensified
care, and both were superior to the CURB-65 and CRB-65.
The mortality of those cases identified by the PBS and
modified ATS criteria as needing ICU admission, who had
actually been admitted to the ICU was 48% and 26%
lower, respectively, than the mortality of those cases that
had not been admitted to the unit. The high sensitivity
and low PPV of both the PSI and the IDSA/ATS guideline
criteria (2007) rendered them unsuitable for decision
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making in critically ill cases with bacteremic pneumococcal pneumonia.
More recently other tools for evaluating severely ill
CAP cases have been investigated, including the SOAR
criteria which were found to be useful for better identification of severe CAP in advanced age, where raised urea
and confusion are common, a clinical prediction rule
developed by Espana and colleagues which allowed the
identification of those cases evolving toward severe pneumonia using clinical criteria determined at initial evaluation, SMART-COP, which consisted of eight clinical and
laboratory variables, which was found to be a useful tool to
predict need for intensive vasopressor support in patients
with CAP, even among cases not needing immediate ICU
admission, and the REA-ICU index which was found to
accurately stratify the risk for ICU admission on days 1–3,
even in cases with pneumonia with no obvious indication
for immediate ICU admission.
It remains important to bear in mind that while each
of these scoring systems has their individual strengths and
weaknesses, none is able to replace sound clinical judgment; and it has been clearly shown that a small but
significant number of cases that are assessed as low mortality risk are admitted by clinicians to hospital, and some
of these patients do develop severe complications, and
a small percentage even ultimately die.

Antimicrobial Therapy of Pneumococcal
Infections
While supportive care of patients with infections is essential, especially with attention to issues such as oxygenation, nutrition, hydration, and pain management, it is the
antibiotic treatment that remains the mainstay of therapy
[5]. A number of review articles and/or guidelines have
been published internationally describing the optimal
antibiotic management of patients with pneumococcal
infections, and in particular CAP, in the various settings,
including the ICU. One question that still remains,
however, is whether adherence to guideline recommendations is associated with better outcomes in patients with
CAP; however, there are indications from a number of
publications that guideline compliance improves prognosis of CAP.
With regard to antibiotic therapy, all publications
concur that antibiotics need to be started empirically for
patients with CAP and/or meningitis since these are serious infections, and antibiotic decisions cannot await the
results of microbiological investigations. It has further
been recommended that antibiotics are initiated within
4–6 h after presentation in patients with pneumonia, in an
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attempt to improve the outcome, although there is
a considerable discussion and debate regarding this recommendation [2]. The latest IDSA/ATS guideline recommends initiation of antibiotics within the emergency
department rather than specifying a particular time
frame [5]. With regards to meningitis, it has clearly been
shown that each delay of 1 hour in the initiation of
antibiotic treatment is associated with a further increase
in mortality. Another important concern is whether antimicrobial resistance is likely to have any impact on the
outcome of pneumococcal infections.

Treatment of Pneumococcal CAP
Overall, it would appear that current levels of beta-lactam
resistance among pneumococcal isolates are such that
provided appropriate agents are used, in appropriate
doses, treatment failures for CAP are unlikely to occur,
even in the presence of bacteremia [1, 5]. The current
recommendations for the empiric treatment of ICU cases
with CAP, which would be suitable for the management of
pneumococcal CAP, are the combination of an appropriate beta-lactam agent (e.g., cefuroxime, ceftriaxone,
cefotaxime, or amoxicillin-clavulanate) together with
a macrolide or a fluoroquinolone. The use of
a macrolide or a fluoroquinolone would ensure adequate
cover for infections with Legionella species. The use of
a fluoroquinolone alone has not been established for
severe CAP, and the efficacy of fluoroquinolone
monotherapy, particularly in the presence of associated
pneumococcal meningitis, is uncertain [5]. Therefore, if
a fluoroquinolone is used, it should be in combination
with another agent. Furthermore, a number of studies
have indicated that in severely ill patients with bacteremic
pneumococcal pneumonia, mortality is lower in cases
receiving combination therapy (most commonly the use
of a beta-lactam together with a macrolide) than
monotherapy [1, 2, 5]. The mechanism of this benefit
has not been firmly established, but it is seemingly
unrelated to the antimicrobial susceptibility of the cultured pneumococci and may result from the anti-inflammatory, immunomodulatory effects of the macrolides, as
described below [1, 2]. For this reason, it is commonly
recommended that should such combination therapy be
used, it should be continued for the first 48–72 h.

Treatment of Pneumococcal Meningitis
In the case of meningitis, the occurrence of antimicrobial
resistance among the pneumococcal isolates is problematic because of the limited ability of the antibiotic agents
used to penetrate adequately into the cerebrospinal fluid
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space. For this reason, current recommendations for the
empiric therapy of meningitis, which would be suitable for
the management of pneumococcal meningitis, are the use
of an extended spectrum cephalosporin (e.g., ceftriaxone
or cefotaxime), with more recently the suggestion by some
that this should be combined with vancomycin because of
increasing antimicrobial resistance among the isolates [3].
Empiric therapy can be tailored appropriately once the
results of the microbiological investigations, including the
antimicrobial susceptibility patterns of the isolates, are
available.

Adjunctive Therapies in Severe
Pneumococcal Disease
Beta-lactam antibiotics remain the cornerstone of the
pharmacotherapy of severe pneumococcal disease. However, beta-lactams have been found to potentiate inflammation-mediated tissue damage in animal models of
severe pneumococcal disease. This is a consequence of
the bactericidal properties of these agents, leading to disintegration of pneumococci and release of highly proinflammatory cell-wall components, enzymes, and toxins,
especially pneumolysin. Many potential adjunctive antiinflammatory strategies have been proposed, including
monoclonal antibodies which target pneumolysin, TLRs,
or pro-inflammatory cytokines and their receptors, as well
as pharmacological agents which target various lipid
mediators of inflammation. However, only two such strategies are currently practical and efficacious in the clinical
setting of severe pneumococcal disease. These are based on
the use of macrolide antimicrobial agents and/or
corticosteroids.

Anti-Inflammatory Activities of Macrolides
Macrolides complement beta-lactams by inhibiting the
production of pneumococcal virulence factors, including
pneumolysin, thereby antagonizing the direct cytotoxic as
well as the pro-inflammatory activities of the toxin. In this
setting, the anti-inflammatory actions of the macrolides
are clearly a consequence of the antimicrobial activities of
these agents, and, interestingly, as mentioned above, are
evident not only in macrolide-susceptible strains of the
pneumococcus, but also in macrolide-resistant strains
with inducible ribosomal methylase-mediated resistance
mechanisms [1]. These inhibitory effects of macrolides on
the production of toxic/pro-inflammatory, virulence factors by macrolide-resistant strains of the pneumococcus
are probably due to transient inhibition of bacterial
growth during the induction phase of resistance following
exposure to macrolides. Although unproven in the clinical

setting, there is sound theoretical rationale to recommend
that macrolides (or other inhibitors of bacterial protein
synthesis) are administered to patients with severe pneumococcal disease prior to beta-lactams in order to maximize their anti-inflammatory actions.
In addition to pathogen-targeted anti-inflammatory
activity, macrolides are also effective in controlling neutrophil-mediated inflammation, a property of these agents
which is of considerable potential benefit in severe pneumococcal disease. These neutrophil-directed antiinflammatory activities of macrolides are unrelated to
antimicrobial activity and are achieved primarily via the
inhibition of production of the potent neutrophil
chemoattractant, IL-8, by bronchial epithelial cells,
eosinophils, monocytes, fibroblasts, and airway smooth
muscle cells [1]. Macrolide-mediated interference
with the production of IL-8 appears to involve the
inhibition of intracellular signaling mechanisms which
converge on transcriptional activation of IL-8 gene
expression.
Combining macrolides with beta-lactam antimicrobial chemotherapy, as recommended in the guidelines
for treatment of CAP, is therefore a potentially useful
strategy to reduce morbidity and mortality in patients
with severe pneumococcal disease [1]. Although
supported by experimental evidence, less is known about
the efficiency of beta-lactam/macrolide dual therapy in
patients with pneumococcal meningitis.

Corticosteroids
There is increasing evidence in support of a role for early
corticosteroid adjunctive therapy in the management of
severe pneumococcal disease. A number of admittedly
small studies have reported beneficial effects of early
administration of corticosteroids on outcome of patients
with pneumococcal meningitis or CAP, while several clinical trials have demonstrated significant benefit of lowdose corticosteroids in patients with septic shock/ARDS
[1]. The use of adjunctive dexamethasone together with or
prior to administration of antibiotics not only decreases
mortality in adults with bacterial meningitis, most notably
those with pneumococcal meningitis, but also reduces
neurological sequelae [3]. On the basis of a meta-analysis
of relevant studies, it has been proposed that dexamethasone should be administered to all adult patients with
pneumococcal meningitis as is indeed recommended in
current guidelines [3]. Nevertheless, in certain subgroups
of patients the use of adjunctive corticosteroids requires
clarification, especially the use of high-dose steroids
in patients with both meningitis and septic shock.

Stroke Volume Variation (SVV)

In addition, studies in animal models of experimental
meningitis have raised concerns that steroids may impede
the penetration of vancomycin into cerebrospinal fluid
and may also lead to cognitive impairment in younger
subjects [3]. Notwithstanding these concerns, the emerging evidence with regard to the use of corticosteroids in
severe pneumococcal disease is clearly promising. On
a cautionary note, however, corticosteroids are relatively
ineffective in controlling neutrophil-mediated inflammation and may be most effective when used in combination
with macrolides.

After-care
A number of additional management steps are
recommended in respect of patients discharged after an
episode of CAP, and these should be tailored to the individual case [5]. Smoking is recognized to be one of the
major risk factors for invasive pneumococcal disease, even
in non-immunocompromised, non-elderly patients.
Therefore, smoking-cessation strategies need to be
implemented in hospitalized patients who smoke. Such
measures may be attempted while the patients are in the
hospital and should be sustained on discharge.
The vaccination status of the patients should also be
ascertained on admission to hospital and appropriate
influenza and pneumococcal vaccination subsequently
administered, if indicated [5]. These vaccines may be
administered either at hospital discharge or at the
outpatient follow-up. There is also a recommendation
that influenza and pneumococcal vaccination be
administered to smokers who will not quit, even if
other clear-cut indications for such vaccination do
not exist.
Many patients who have had pneumococcal meningitis have complications that may need ongoing management at hospital discharge. Several studies report a very
high rate of neurological sequelae in patients surviving an
episode of pneumococcal meningitis (29–72%) [3]. These
patients should similarly be evaluated as to their pneumococcal vaccine status to determine whether indications
exist for such vaccination.
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pneumococcal meningitis ranges from 16% to 37%, and
neurological sequelae occur in approximately 30–52% of
adults that survive the infection [3]. Similarly, patients
with severe CAP, of which the pneumococcus is the most
common cause, frequently have established respiratory
failure, severe sepsis, and even septic shock on admission
to the ICU. Pneumococcal CAP also has a poor prognosis
with reported mortality rates of 21–35%. Prevention
of these infections should ultimately be the goal of
management.
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Prognosis
Despite the many advances in medical therapy, pneumococcal infections continue to exact a high toll. Both acute
meningitis and severe CAP are life-threatening conditions
with high morbidity and mortality. Many patients
presenting with pneumococcal meningitis are comatose
(11–19%), with a high rate of focal neurological defects
(29–42%) and seizures (7–21%). Mortality from
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Stroke Volume Variation (SVV)
The cyclical change in the stroke volume during one
mechanical breath; serves as a useful tool for the prediction of fluid responsiveness in mechanically ventilated
patients.
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acute ICH improves outcomes, there appears to be
a relationship between higher BP and poor outcome in
ICH. It is theorized that hypertension contributes to
hematoma growth, peri-hematoma edema, and
rebleeding [3].

Treatment
Acute Ischemic Stroke

Synonyms
Acute intracerebral hemorrhage; Acute ischemic stroke;
Elevated blood pressure; Hypertension; Hypertensive
emergency

Definition
Acute Ischemic Stroke
An ischemic stroke occurs when there is reduction in
blood flow to an area of the brain resulting in infarction,
usually due to thromboembolic disease. Cerebral perfusion is severely reduced in the center of the infarct, while
infarction in the surrounding brain tissue is delayed due to
collateral blood flow. It is hypothesized that the survival of
this “at risk” brain, known as the penumbra, is dependent
on systemic blood pressure (BP) due to impaired
autoregulation in the area of ischemia [1].
Elevated BP is common during acute ischemic stroke
and usually persists for several hours after onset. There is
concern among experts that elevated BP contributes to
edema, hemorrhagic conversion of the infarct, and
increased risk of early recurrent stroke. However, at the
same time, perfusion to the penumbra must be preserved
to prevent further extension of the infarct [2].

Acute Intracerebral Hemorrhage
Nontraumatic intracerebral hemorrhage (ICH) occurs
when there is spontaneous bleeding into the brain parenchyma. Hypertension is a common etiology for ICH,
particularly in areas of the brain where smaller perforating
arteries into areas such as the basal ganglia or the pons are
not able to contain elevated systemic BP. The resultant
hematoma causes neurologic injury by direct cytotoxic
injury from the blood itself and by compression of adjacent brain tissue. Unlike acute ischemic stroke, the existence of an ischemic penumbra has never been identified
for ICH [3].
No matter what the etiology, BP is frequently elevated
in acute ICH, and the BP elevation seen in ICH is typically
more severe than the elevation seen in acute ischemic
stroke [3]. While it is unknown whether lowering BP in

Treatment of arterial hypertension in the setting of isolated acute ischemic stroke remains controversial due to
the lack of definitive data. The main considerations in
determining treatment thresholds are the lack of available
data supporting rapid lowering of blood pressure, the
need to maintain adequate cerebral perfusion pressure to
the penumbra, and the opposing concern that hypertension leads to hemorrhagic conversion and edema.
Based on available data and theoretical rationale,
a panel of experts from the American Stroke Association
(ASA) has established the following consensus guidelines.
Antihypertensive agents should be withheld unless the
systolic BP is greater than 220 mmHg or the diastolic BP
is greater than 110 mmHg. It also recommends that the
blood pressure be lowered by 15–25% in the first 24 h [2]
(see Table 1).
Blood pressure management is particularly critical for
those patients who are candidates for intravenous tissue
plasminogen activator (rt-PA), as severely elevated BP
increases the risk for symptomatic ICH post-thrombolytic
administration. The ASA recommends using the eligibility
thresholds used for inclusion in the NINDS rt-PA efficacy
trial, in which patients had to have a BP less than 185/
110 mmHg. Frequent BP monitoring in an ICU and
the use of short-acting antihypertensive agents are
recommended [2] (see Table 1).
There are no data to support the use of any particular
medication for the treatment of arterial hypertension in
acute ischemic stroke. While care should be taken not to
lower the BP too quickly, the specific antihypertensive

Stroke, Blood Pressure Management. Table 1 Blood pressure treatment thresholds for acute stroke
Acute ischemic stroke
Without rt-PA
With rt-PA
Acute intracerebral
hemorrhage

Treat if BP > 220/110 mmHg
Treat if BP > 185/110 mmHg
Treat if SBP > 180 mmHg or
MAP > 130 mmHg
Maintain CPP > 60 mmHg

Stroke, Blood Pressure Management

agent chosen will and should vary based on the individual
patient [2].
Hypotension may also be seen in acute ischemic
stroke, although infrequently, and can result in extension
of the infarct due to under-perfusion. In the case of hypotension, the ASA expert panel recommends an aggressive
search for the underlying cause of hypotension, such as
aortic dissection, volume depletion, blood loss, and
cardiac dysfunction secondary to myocardial ischemia or
cardiac dysrhythmias, with prompt treatment of the cause
once it is discovered. The ASA recommends correction of
hypovolemia with normal saline and optimization of cardiac output by correction of cardiac dysrhythmias, such as
slowing atrial fibrillation with rapid ventricular response
[2]. It is also reasonable to utilize vasopressor agents to
increase systemic BP in patients who are unresponsive to
volume replacement, particularly in the setting of worsening neurologic deficit [4].
Many of these patients will require long-term antihypertensive therapy. While there is some controversy and
limited data in regard to the timing of initiation of oral
antihypertensive medications, the ASA recommends
considering starting oral therapy 24 h after onset of
acute ischemic stroke [2]. Swallow function should be
assessed but should not be a deterrent to enteral administration. If the patient has impaired swallow function, then
an enteral feeding tube should be placed.

Acute Intracerebral Hemorrhage
The theory behind the treatment of arterial hypertension
in acute intracerebral hemorrhage is that elevated BP
contributes to hematoma growth, although it is unknown
whether acutely lowering BP improves ICH outcomes. In
contrast to BP management in acute ischemic stroke,
available evidence suggests that the injured brain with an
acute ICH can tolerate more aggressive BP reduction.
Therefore, the ASA notes that it is probably safe to acutely
lower systolic BP as high as 220 mmHg down to
140 mmHg [3]. If systolic BP is greater than 200 mmHg
(mean arterial pressure (MAP) greater than 150 mmHg)
then aggressive reduction of BP with continuous intravenous infusion is recommended. If systolic BP is greater
than 180 mmHg (MAP greater than 130 mmHg) but less
than 200 mmHg, then judicious reduction of BP is
recommended, as long as there is no evidence of elevated
intracranial pressure (ICP). If there is concern for elevated
ICP, then ICP monitoring should be considered with
a goal cerebral perfusion pressure (CPP) of greater than
60 mmHg. (Recall that CPP = MAP – ICP. Therefore, ICP
monitoring allows the practitioner to ensure that the
patient likely has adequate CPP to maximize oxygen
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delivery to the brain.) BP should be monitored closely in
an ICU setting (every 5 min if using a continuous infusion
or every 15 min with intermittent dosing) [3] (see
Table 1).
In choosing an antihypertensive agent, short-acting
intravenous medications with rapid onset are preferred,
such as labetalol, hydralazine, enalapril, nicardipine, or
esmolol. Nitroglycerin and nitroprusside can also be
used; however, there is concern that these agents can
increase ICP [4]. Nitroprusside can also result in rapid
and unpredictable fluctuations in BP, which is particularly
undesirable in patients with acute ischemic stroke.
There are no data-driven recommendations regarding
the initiation of oral antihypertensive therapy after acute
ICH. Patients should be maintained on a short-acting
intravenous antihypertensive agent for the first 24 h or
until the ICH is stable. Long-term control of BP is critical
to prevent recurrence, particularly when hypertension is
the most likely etiology for the initial ICH.

Evaluation/Assessment
Patients with acute stroke and elevated BP requiring antihypertensive therapy should be admitted to an ICU for
close BP monitoring until both neurologic status and BP
are stable. In general, a properly sized, inflatable cuff is
adequate to measure BP. Invasive BP monitoring via an
arterial catheter should be considered for patients on
continuous antihypertensive infusion requiring frequent
titration [1].
The neurologic exam is an important element of BP
management and should be assessed frequently. Patients
who demonstrate a decline in neurologic exam concurrently with a change in BP should be managed aggressively
with either BP augmentation or reduction, as appropriate
to the recent change. These patients should also be considered for invasive BP monitoring.
Patients with acute stroke and hypertension should
also be assessed for the possibility of concurrent hypertensive encephalopathy, aortic dissection, acute renal failure,
acute pulmonary edema, acute myocardial infarction, and
other complications of hypertensive emergency. These
patients should undergo more aggressive BP reduction.
For patients with suspected increased ICP, monitoring
of ICP should be considered in order to ensure maintenance of CPP greater than 60 mmHg. Patients with a poor
neurologic exam should also be considered for ICP
monitoring.

After-care
In addition to BP management, standard ICU care should
be initiated as soon as possible, including early enteral

S

2154

S

Structural Biomarkers

nutrition and deep vein thrombosis prophylaxis. The
patient’s glucose should be monitored and insulin administered as needed with a goal glucose of less than 150 mg/dL.
Fever should be managed with antipyretics and active
cooling with a goal of euthermia. Euvolemia should be
maintained. Aspiration precautions should be taken for
patients with impaired swallow function. Physical, occupational, and speech therapy should be instituted as soon as
possible to maximize the patient’s potential for
rehabilitation.
For patients with a previous diagnosis of hypertension,
home medications can generally be restarted after 24 h
and titrated up as needed. If the patient does not have
a previous diagnosis of hypertension, then secondary
causes of hypertension should be considered and worked
up as indicated. Patients with refractory hypertension may
require consultation from or referral to a nephrologist or
cardiologist to assist with both short-term and long-term
management.
Patients with more severe neurologic injury may
require long-term feeding and/or ventilatory support
necessitating percutaneous endoscopic gastrostomy and
tracheostomy. These may only be temporary if the patient
is able to regain swallow function or wean from the
ventilator and is considered low risk for aspiration.
Disposition is also dependent on severity of neurologic
deficit. Patients with more severe neurologic injury will
likely require placement in a long-term care facility,
patients with moderate injury who are able to participate
in therapy activities may be candidates for inpatient
rehabilitation, while patients with milder injury may be
appropriate for home/health-care services or outpatient
physical, occupational, and speech therapy. Patients will
also require follow-up with either a primary care physician
or a specialist for further BP management to reduce the
risk for a recurrent stroke.

Prognosis
Prognosis is dependent on the severity of the stroke and
the subsequent neurologic injury, as well as the patient’s
motivation for rehabilitation. While it is theorized that
appropriate BP management in the first 24 h after stroke
may result in less injury, there is no outcome data available
at this time.
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ST-Segment Elevation Myocardial
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Synonyms
Q-wave myocardial infarction is older terminology that
reflects the evolution of Q-waves after infarction.
Although both STEMI and Q-wave infarction are typically
larger than NSTEMI or non-Q-wave infarction and usually reflect transmural infarction although this is not
always true and thus the terms are not precisely
synonymous.

Definition
The diagnosis of ST elevation myocardial infarction
(STEMI) is largely based on the initial electrocardiogram
findings of ST-segment elevation in anatomically contiguous leads or new left bundle-branch block. Elevated
serum cardiac enzymes are also necessary for confirmation
of the diagnosis.

Pathophysiology
STEMI is usually caused by an acute event involving
existing atherosclerotic plaque in an epicardial vessel.
Plaque rupture exposes the lipid core leading to platelet
adhesion and aggregation, activation of the coagulation
cascade, and formation of a platelet-rich thrombus. In
STEMI, the thrombus often progresses from subtotal to
complete artery occlusion. Dispersion of the thrombus to
restore coronary blood flow is the immediate treatment
goal in STEMI. Rapid reperfusion may result in the limitation of infarct size, preservation of left ventricular function, and reduction in mortality [1].

ST-Segment Elevation Myocardial Infarction

Treatment
The management of patients with STEMI begins with an
initial choice between two treatment approaches: pharmacological reperfusion by fibrinolysis or mechanical reperfusion by primary percutaneous coronary intervention
(PCI).

General Measures
All patients with STEMI should receive cardiac monitoring, two large-bore intravenous catheters, and supplemental oxygen. Supplemental oxygen is routinely given to all
patients with suspected ACS despite no demonstrated
long-term benefit. Guidelines recommend that supplemental oxygen should be given to patients with hypoxia
(oxygen saturation less than 90%), but administration
is reasonable for all patients with STEMI. However, excessive oxygen administration may cause peripheral vasoconstriction, elevating afterload, and worsening myocardial
ischemia [1].

Reperfusion
Reperfusion therapies include mechanical and pharmacologic options. The type of reperfusion strategy utilized
depends on capabilities of the treating facility and patient
characteristics. In general, patients better suited for PCI
include those at high risk of bleeding from fibrinolytic
therapy, those at high risk of complication from STEMI,
and those presenting more than 3 h after onset of symptoms [2].
The efficacy of fibrinolysis decreases with time and is
highest within the first 2 h from symptom onset. “Doorto-balloon time,” or time from hospital arrival to first PCI
balloon inflation, also correlates with morality among
patients undergoing primary PCI. When performed
immediately, both reperfusion strategies are efficacious
among patients presenting within 2–3 h of symptom
onset. For patients who present between 3 and 12 h of
symptom onset, the ACC/AHA recommends PCI as the
preferred method of reperfusion therapy if the expected
“door-to-balloon” time is less than 90 min [2].

Fibrinolysis
Fibrinolytic agents act both directly and indirectly to
promote thrombus breakdown. They activate free and
clot-bound plasminogen to form plasmin, which breaks
the cross-links between fibrin molecules in the thrombus
and degrades circulating fibrinogen.
Fibrinolytic therapy is indicated for reperfusion in
patients with STEMI when time to treatment is less than
12 h from symptom onset and the electrocardiogram has
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at least 1 mm of ST-segment elevation in two or more
contiguous leads. It has been shown to have the greatest
benefit in large, anterior infarctions [1].
Although fibrinolysis is considered a standard-of-care
therapy for patients with STEMI, it does have limitations.
First, multiple contraindications to fibrinolytic therapy
exist (Table 2). Second, the success of fibrinolytic agents
is highly variable; they do not achieve early and complete
restoration of coronary blood flow in 40–50% of patients.
Lastly, fibrinolytic therapy carries a risk of systemic bleeding. One-half to 1% of patients treated with fibrinolytic
agents experiencing a potentially fatal intracranial hemorrhage [1] (Table 1).

Percutaneous Coronary Intervention
Primary PCI is the treatment of choice in STEMI [2]. It is
more effective in establishing flow and reducing
reocclusion in the infarct-related artery than fibrinolysis, and it has a lower rate of adverse events. Primary
PCI has greatest efficacy when performed in centers
with expertise in direct angioplasty. When STEMI
patients present to a PCI-capable facility, efforts should
be made to achieve the shortest possible “door-to-balloon” time.
When STEMI patients present to a non-PCI-capable
facility, they should initially be triaged to fibrinolytic therapy or immediate transfer for primary PCI.
A pharmacoinvasive strategy involving fibrinolytic therapy followed by immediate transfer to a PCI capable
facility for early PCI is recommended for specific groups
of patients. In 2007, the ACC/AHA guidelines
recommended this approach for patients who have cardiogenic shock, severe heart failure, or ventricular
arrhythmia after receiving fibrinolytic therapy [3]. In
2009, the ACC/AHA guidelines extended this recommendation to include patients with high-risk features [2].
“High-risk” features include extensive ST-segment elevation, new-onset left bundle-branch block, previous MI,
Killip class greater than 2, systolic blood pressure less than
100 mmHg, heart rate greater than 100, or left ventricular
ejection fraction less than or equal to 35%. For patients
not at high risk, transfer to a PCI-capable facility following
fibrinolytic therapy should be considered if symptoms
persist and failure to reperfuse is suspected. An electrocardiogram (ECG) at 90 min following initiation of fibrinolytic therapy that shows less than 50% resolution of
the ST-segment elevation is concerning for failure
to reperfuse. Remaining patients may be moved to a
PCI-capable facility after receiving antithrombotic therapy or may be observed in the initial facility [2].
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ST-Segment Elevation Myocardial Infarction. Table 1 ACC/AHA recommended doses of drugs used in the emergency
treatment of STEMI
Antiplatelet agents
Aspirin

162–325 mg PO

Clopidogrel

Loading dose of 300 mg PO (consider 600 mg if PCI anticipated) followed by 75 mg daily. No loading
dose in patients >75 years old receiving fibrinolytics.

Prasugrel

Loading dose of 60 mg followed by 10 mg a day

Ticagrelor

Loading dose of 180 mg followed by 90 mg twice a day

Antithrombins
Heparin

Bolus of 60 units/kg (maximum, 4,000 units) followed by infusion of 12 units/kg/h (maximum, 1,000
units/h) titrated to a PTT 1.5–2.5 times control

Enoxaparin

30 mg IV bolus followed by 1 mg/kg SC q12 h

Fondaparinux

2.5 mg subcutaneously

Bivalirudin

0.75 mg/kg bolus followed by 1.75 mg/kg/h infusion

Fibrinolytic agents
Streptokinase

1.5 million units over 60 min

Alteplase (tPA)

Body weight >67 kg: 15 mg initial IV bolus; 50 mg infused over next 30 min; 35 mg infused over next
60 min
Body weight <67 kg: 15 mg initial IV bolus; 0.75 mg/kg infused over next 30 min; 0.5 mg/kg infused
over next 60 min

Reteplase (rtPA)

10 units IV over 2 min followed by 10 units IV bolus 30 min later

Tenecteplase (TNKase)

Weight (kg)

Dose (total dose not to exceed 50 mg)

<60

30

60 but <70

35

70 but <80

40

80 but <90

45

90

50

Glycoprotein IIb/IIIa inhibitors
Abciximab

0.25 mg/kg bolus followed by infusion of 0.125 υg/kg/min (maximum, 10 mg/min) for 12–24 h

Eptifibatide

180 υg/kg bolus followed by infusion of 2.0 υg/kg/min for 72–96 h

Tirofiban

0.4 υg/kg/min for 30 min followed by infusion of 0.1 υg/kg/min for 48–96 h

Other anti-ischemic therapies
Nitroglycerin

SL: 0.4 mg q5 min3 prn pain
IV: start at 10 υg/min, titrate to 10% reduction in MAP if normotensive, 30% reduction in MAP if
hypertensive

Morphine

2–5 mg IV q5–15 min prn pain

Metoprolol

50 mg PO q12 h first day, unless significant hypertension, may consider 5 mg IV over 2 min q5 min up
to 15 mg; withhold b-blockers initially if the patient is at risk for cardiogenic shock/adverse effectsa

Atenolol

25–50 mg PO, unless significant hypertension, may consider 5 mg IV over 5 min, repeat once 10 min
later; withhold b-blockers initially if the patient is at risk for cardiogenic shock/adverse effectsa

(1) Signs of heart failure, (2) evidence of a low cardiac output state, (3) increased risk for cardiogenic shock (cumulatively: age >70 years, systolic
blood pressure<120 mmHg, sinus tachycardia>110 beats/min or bradycardia<60 beats/min, and longer duration of STEMI symptoms before
diagnosis and treatment), or (4) standard relative contraindications to b-blockade (PR interval>0.24 s, second- or third-degree heart block, active
asthma, or reactive airway disease)
MAP mean arterial pressure, PCI percutaneous coronary intervention, PTT partial thromboplastin time, SL sublingual

a

ST-Segment Elevation Myocardial Infarction

ST-Segment Elevation Myocardial Infarction. Table 2 Contraindications to fibrinolytic therapy in acute myocardial
infarction
Absolute contraindications
Previous hemorrhagic stroke at any time
Bland CVA in past year
Known intracranial neoplasm
Active internal bleeding (excluding menses)
Suspected aortic dissection or pericarditis
Relative contraindications
Severe uncontrolled blood pressure (>180/100 mmHg)
History of chronic severe hypertension
History of prior CVA of known intracranial pathology not
covered in contraindications
Current use of anticoagulants with known INR >2–3
Known bleeding diathesis
Recent trauma (past 2 week)
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Inhibiting this cascade, with the goal of preventing clot
propagation and further myocardial injury, is an integral
step in the initial management of STEMI patients.
Aspirin

Aspirin has a rapid antithrombotic effect with immediate
and near-total inhibition of thromboxane A2 production.
As soon as STEMI is suspected, 162–325 mg should be
administered. Because gastric absorption may be delayed
in STEMI due to hypoperfusion, aspirin should be chewed
to take advantage of rapid buccal absorption.
Aspirin may be administered rectally to patients unable
to take oral medications. Aspirin use should continue into
the post-myocardial infarction setting. Depending on the
choice of reperfusion strategy and type of stent, patients
continue on aspirin 325 mg daily for a period of time prior
to being transitioned to 81 mg daily. Lower aspirin doses in
the setting of long term dual antiplatelet therapy result in less
bleeding complications [3].

Prolonged CPR (>10 min)
Major surgery (<3 week)

Adenosine Diphosphate Receptor Antagonists

Noncompressible vascular punctures (including subclavian
and internal jugular central lines)

The adenosine diphosphate receptor antagonists (ADRAs)
inhibit thrombus formation by binding to the ADP receptor and blocking ADP-induced platelet aggregation and
activation. The ADRAs that have been studied for use in
STEMI patients are clopidogrel, prasugrel, and ticagrelor.

Recent internal bleeding (2–4 week)
Prior streptokinase should not receive streptokinase
Pregnancy
Active peptic ulcer disease
Other medical conditions likely to increase risk of bleeding
CVA cerebrovascular accident (stroke), INR international normalized
ratio

Adjunctive Therapies
Antiplatelet Agents
Plaque rupture causes platelet activation, thrombus formation, and ultimately coronary artery occlusion. Endothelial damage from the plaque rupture exposes
underlying collagen and von Willebrand Factor (vWF),
which recruits additional clotting factors and promote
platelet adhesion. This adhesion to the endothelial wall
activates the platelets. Collagen, vWF, thrombin, adenosine diphosphate (ADP), thromboxane A2 (TxA2), and
epinephrine are all involved in the process of platelet
activation. Activated platelets release substances such as
thromboxane A2 that promote additional platelet activation. Glycoprotein IIb/IIIa receptors are exposed on the
surface of activated platelets, increasing their affinity for
binding fibrinogen and forming a mature thrombus.

Clopidogrel The most commonly used of the ADRAs,
clopidogrel is an irreversible inhibitor of platelet activation. In the setting of fibrinolysis, the standard dose
of clopidogrel is a 300-mg load followed by 75 mg/day.
The optimal loading dose of clopidogrel in the setting of
primary PCI is unknown, but the current ACC/AHA
guidelines recommend 600 mg based on available
data. In patients undergoing PCI within 24 h of fibrinolysis, a reduced load of 300 mg should be used. The guidelines also recommend 5 days free of clopidogrel before
cardiac surgery to reduce the risk of bleeding complications [2].
Some patients do not metabolize the drug properly
and may receive little benefit from it. This individual
variation in response to therapy has been attributed to
loss-of-function alleles in the gene encoding CYP450
2 C19, which is responsible for the metabolism of
clopidogrel [2]. Patients with loss-of-function alleles
have been shown to have worse outcomes than other
patients treated with clopidogrel, but they do not have
worse outcomes than patients who do not receive
clopidogrel. This finding has led to discussions regarding
the need for genetic testing in patients on clopidogrel to
identify those at risk for poor platelet inhibition.
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Prasugrel is a newer ADRA that irreversibly
inhibits platelet activation and aggregation. It is more
potent than clopidogrel and has demonstrated less individual variability in platelet inhibition. In STEMI patients,
it reduces the risk of cardiovascular death, nonfatal MI, or
nonfatal stroke by 2.2% compared to clopidogrel but also
carries an increased risk of bleeding. Insufficient data
exists to support or refute the benefit of prasugrel in the
setting of fibrinolysis and in patients being medically
managed [2].

Prasugrel

Ticagrelor Ticagrelor is a reversible antiplatelet agent
recently approved for use in patients with ACS. In
a subgroup analysis of patients with STEMI, administration of ticagrelor compared to clopidogrel showed
a significant reduction in the composite endpoint of cardiovascular death, myocardial infarction, or stroke.
A trend toward benefit over clopidogrel was also seen in
the subgroup of patients with STEMI undergoing PCI. No
significant difference was found between ticagrelor and
clopidogrel with respect to bleeding complications [4].
Glycoprotein IIb/IIIa Inhibitors (GP IIb/IIIa)

Glycoprotein IIb/IIIa inhibitors occupy the IIb/IIIa receptors on the surface of platelets, blocking the final step in
the platelet aggregation pathway and preventing formation of a mature thrombus.
The GP IIb/IIIa inhibitors available in the USA are
abciximab, tirofiban, and eptifibatide. In their 2009 guidelines, the ACC/AHA stated that the use of these agents
cannot be recommended as routine therapy for patients
undergoing primary PCI who have already received dual
antiplatelet treatment. However, they do suggest that these
drugs might benefit select patient populations, particularly
those with extensive thrombus burden and those who do
not receive adequate dual antiplatelet therapy prior to PCI
[2]. No recommendations currently exist regarding the
use of a GP IIb/IIIa inhibitor in the setting of fibrinolysis.

Antithrombins
Thrombin activates many factors in the clotting cascade,
including factors XI, V, and VIII, which ultimately promote fibrin cross-linking and increase stability of the clot.
Heparin and other antithrombin medications reduce the
formation of fibrin clots by inhibiting thrombin activity.
Unfractionated Heparin

Unfractionated heparin (UFH) binds to and activates
antithrombin III (ATIII). The heparin/ATIII complex
inactivates thrombin and factor X. In the setting of fibrinolytic therapy and PCI, UFH is still the most widely used

antithrombotic component of adjunctive therapy. The
ACC/AHA guidelines for the treatment of patients with
STEMI recommend the administration of UFH to patients
who will undergo primary PCI and to patients who receive
reperfusion therapy with alteplase, reteplase, or
tenecteplase. The use of intravenous UFH is also
recommended for those with nonselective fibrinolytic
therapy (streptokinase, anistreplase, and urokinase) who
are at high risk for systemic emboli, including those
patients with a large or anterior infarction, atrial fibrillation, history of embolus, or known left ventricular thrombus [1]. Aside from the risk of bleeding, UFH can also
induce platelet activation, leading to thrombocytopenia,
intravascular thrombosis, and arterial emboli.
Low-Molecular-Weight Heparins

The depolymerization of heparin yields low-molecularweight heparin (LMWH) fragments. These agents bind
to ATIII and inhibit factor X. LMWH is administered as
a subcutaneous injection once or twice daily. Compared
with UFH, LMWH usually does not require monitoring,
has more predictable kinetics, and has a lower potential
for inducing platelet activation.
Current ACC/AHA guidelines identify three LMWHs
that have been evaluated in STEMI patients: reviparin,
fondaparinux, and enoxaparin [2]. Algorithms are provided for prolonged anticoagulant therapy in patients who
have undergone fibrinolysis.
LMWH may be considered as an alternative to UFH in
STEMI patients who have undergone primary PCI.
ACC/AHA guidelines provide dosing recommendations
based on time elapsed between prior anticoagulation and
PCI, patient age, and creatinine clearance. Due to the risk
of catheter thrombosis, fondaparinux should not be used
as the sole anticoagulant to support PCI.
Direct Thrombin Inhibitors

Bivalirudin is a direct thrombin inhibitor that was recently
studied in a single prospective, open-label, randomized,
multicenter, international trial of STEMI patients undergoing primary PCI. Patients were randomized to treatment with UFH plus a GP IIb/IIIa receptor antagonist or
to bivalirudin alone with a composite endpoint of major
bleeding, cardiovascular death, re-infarction, target vessel
revascularization for ischemia, and/or stroke within
30 days. Compared to UFH alone, bivalirudin demonstrated a lower incidence of net adverse clinical events
at 30 days (9.2% vs 12.1%; RR 0.76; 95% CI 0.63–0.92;
P=0.005; NNT=34) [5]. In the 2009 AHA/ACC guidelines, bivalirudin was added as an acceptable anticoagulant
for STEMI patients undergoing primary PCI.
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Nitrates

Angiotensin-Converting Enzyme Inhibitors

Nitroglycerin is denitrated in smooth muscle cells to
release nitric oxide. Nitric oxide relaxes vascular smoothmuscle cells, causing systemic venodilation which reduces
cardiac preload and ultimately myocardial oxygen
demand. Nitroglycerin exerts a greater relaxing action
on veins than arterioles, but afterload reduction via arteriolar dilation also contributes to its hemodynamic action.
By decreasing overall myocardial oxygen consumption,
nitroglycerin has the potential to reduce ischemia and
injury. There is evidence that nitroglycerin also acts
directly on the coronary vascular bed, dilating collateral
coronary vessels, and increasing myocardial perfusion
in ischemic regions. Lastly, nitroglycerine may have
antiplatelet activities.
Two clinical trials demonstrated the benefit of nitroglycerin in acute MI, although both were relatively small
by current standards and were performed prior to the
routine administration of reperfusion therapy. Their findings included improved regional ventricular function with
significant reductions in infarct size and cardiovascular
complications. Whereas clinicians typically titrate intravenous nitroglycerine to symptom relief, in these trials the
drug was administered to a mean arterial pressure reduction of 10% in normotensive patients and 30% in hypertensive patients [1].
The ACC/AHA guidelines recommend that STEMI
patients with ongoing chest pain receive sublingual nitroglycerin (0.4 mg every 5 min, to a total of three tablets or
sprays). Intravenous nitroglycerin is recommended for
relief of continuing ischemia, control of hypertension,
and management of pulmonary congestion. Patients
with right ventricular infarction are often preload dependent, and nitroglycerin should be administered cautiously
as it may cause hypotension.

Angiotensin-converting enzyme inhibitors (ACE-I) have
been well established to reduce mortality after an acute
myocardial infarction. Their effect has been attributed to
reduction in the renin-angiotensin aldosterone system
and attenuation of cardiac remodeling. The current
AHA/ACC STEMI guidelines recommend that patients
receive early ACE-I inhibitors in the setting of STEMI.
Patients with cardiogenic shock or hypotension should
not receive an ACE-I.

b-Blockers
During AMI, b-Blockers diminish myocardial oxygen
demand by decreasing heart rate, systemic arterial pressure, and myocardial contractility. Based on recent clinical
trials, the current recommendation for b-Blockers in
STEMI is oral (not IV) b-antagonists within 24 h provided
the patient does not have heart failure, a low cardiac output
state, an increased risk for cardiogenic shock (age >70 years,
systolic blood pressure<120 mmHg, sinus tachycardia
>110 beats/min, or bradycardia<60 beats/min) or
standard relative contraindications to b-blockade
(PR interval>0.24 s, second- or third-degree heart
block, active asthma, or reactive airway disease) [3]. Intravenous therapy is reserved for patients with significant
hypertension.

2159

Analgesia
Morphine has yet to be evaluated in clinical trials for the
management of pain in STEMI, but its perceived analgesic
and anxiolytic effects have led to its widespread use in
STEMI. Current ACC/AHA STEMI guidelines state that
all patients with STEMI should receive intravenous morphine in increments of 2–4 mg every 5–15 min as needed,
especially in those patients whose pain is not relieved with
nitroglycerine [3].
Cyclooxygenase-2 (COX-2) inhibitors and other nonsteroidal anti-inflammatory drugs (NSAIDs) are not recommend in patients with a STEMI and should be
discontinued immediately at the time of STEMI as
they have been associated with a higher risk of adverse
outcomes [3].

Evaluation and Assessment
The electrocardiogram (ECG) is integral to the initial
evaluation of patients with a STEMI. History and physical
examination are important components as they are useful
in the risk stratification of STEMI patients and may provide valuable information used to determine the optimal
reperfusion strategy.

History
Chest pain is usually the primary symptom of STEMI.
It may be described as discomfort, pressure, heaviness,
tightness, fullness, or squeezing. The pain may radiate to
the arm, neck, or jaw and be associated with symptoms
such as shortness of breath, nausea, vomiting, and diaphoresis. Patients with atypical presentations, including
women, diabetic, and the elderly may lack these classic
symptoms.

Physical Examination
Physical exam findings in patients with STEMI are variable. Patients with STEMI usually appear uncomfortable,
but findings may range from a normal exam to
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cardiogenic shock. Cardiac exam may reveal normal rate,
bradycardia, or tachycardia; similarly, rhythm may be
regular or irregular. Signs of heart failure including rales,
S3 gallop, jugular venous distention, hepatojugular reflux,
and peripheral edema, may also be seen. Physical examination findings of bradycardia in the setting of an anterior
myocardial infarction, heart failure, and hypoperfusion
have all been associated with poor prognosis.

Electrocardiogram
The ECG is useful in the diagnosing STEMI, identifying
the infarct-related vessel, and risk-stratifying patients.
Recognizing the importance of early identification of
STEMI, the AHA/ACC guidelines encourage the use of
pre-hospital electrocardiograms and recommend that an
ECG be obtained within 10 min of hospital arrival in all
patients with ongoing chest pain in whom ACS is
suspected [2].
The current guidelines for the ECG diagnosis of the
STEMI require at least 1 mm (0.1 mv) of ST-segment
elevation in the limb leads, and at least 2 mm elevation
in the precordial leads [1]. These elevations must be present in anatomically contiguous leads. Leads I, aVL, V5,
and V6 correspond to the lateral wall of the left ventricle,
and ST elevation in these leads typically indicates a lesion
in the left circumflex artery. Leads V2 through V4 represent
the anterior wall, and STelevation here is usually the result
of a lesion in the left anterior descending artery. Leads II,
III, and aVF correspond to the inferior wall, and ST
elevation in these leads suggest a right coronary artery
lesion. The right ventricle, also supplied by the right coronary artery, is represented by leads V1 and V4R.
ST-segment elevation in the inferior leads and lead V1 or
lead V4R predicts a proximal right coronary artery lesion
with accompanying right ventricular infarction.

Serum Markers of Myocardial Injury
Measurement of serum markers are not useful for the
diagnosis of STEMI in those patients with classic electrocardiogram finding of STEMI, as it takes several hours
from infarction for serum markers to rise. Serial biomarkers may be useful in the identification of patients
suffering a re-infarction during hospitalization.

Complications
Complications of STEMI are similar to those seen in non
STEMI (NSTEMI). As STEMI usually involves a greater
amount of myocardium than NSTEMI, its overall rate of
complications is also greater.

Arrhythmias and Conduction Disturbances
Tachyarrhythmias
Activation of atrial and ventricular receptors in the myocardium may result in enhanced efferent sympathetic activity,
increased circulating catecholamines, and increased local
catecholamine release. These increased catecholamines in
the setting of a sensitive myocardium form the substrate
for the generation of tachyarrhythmias. These arrhythmias
may impair hemodynamic performance and compromise
myocardial viability by increasing myocardial oxygen
requirements. In general, a hemodynamically unstable
patient with a tachyarrhythmia requires treatment with cardioversion. Those who are hemodynamically stable may be
candidates for pharmacotherapy. Implantable cardioverterdefibrillator (ICD) placement is reserved for selected patients
[1]. Discussion on the treatment of specific tachyarrhythmias can be found elsewhere in this encyclopedia.

Bradyarrhythmias and Conduction
Disturbances
Early in the course of AMI, patients frequently experience
increased autonomic nervous system activity. Sinus bradycardia and various degrees of atrioventricular block may
occur due to increased vagal tone during STEMI. Current
ACC/AHA guidelines recommend treatment based on
patterns of atrioventricular and interventricular conduction, with options including observation, administration
of atropine, transcutaneous pacing, and transvenous pacing. Some patients may require placement of a permanent
pacemaker [1]. Further discussion of bradyarrhythmias
and conduction abnormalities can be found elsewhere in
this encyclopedia.

Heart Failure
Heart failure following MI may result from systolic dysfunction, diastolic dysfunction, or mechanical complications. Heart failure complicates approximately 30% of
STEMIs and is associated with a higher risk of death or
re-infarction at 30 days [6]. The degree of left ventricular
dysfunction in any single patient depends upon prior
myocardial dysfunction, baseline myocardial hypertrophy,
acute myocardial necrosis, and reversible dysfunction due
to transient ischemia.

Cardiogenic Shock
When STEMI causes severe right or left ventricular dysfunction, cardiogenic shock may result. When shock cannot be quickly reversed with pharmacotherapy, intraaortic balloon counterpulsation is recommended [1].
The net effect of intra-aortic balloon counterpulsation is
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an increase in cardiac output, reduction in systolic arterial
pressure, increase in diastolic arterial pressure, and
decreased myocardial demand. If recurrent ischemia is
suspected as the cause of cardiogenic shock, intra-aortic
balloon counterpulsation may be used as a bridge to
revascularization.

anticoagulation should be added to the treatment regimen
[1]. Patients with hemodynamic instability, poor LV function, or a large area of myocardium at risk should receive
urgent cardiac catheterization and PCI or CABG as indicated. Patients who initially underwent PCI with stent
placement are also at risk for stent re-stenosis.

Left Ventricular Aneurysm

After-care

Left ventricular aneurysm occurs when an akinetic or dyskinetic segment of the left ventricular wall forms an area of
paradoxical bulging that reduces left ventricular ejection
fraction. It also predisposes to development of a ventricular
thrombus. ACC/AHA guidelines state that STEMI patients
who experience significant complications from a left ventricular aneurysm may be considered for aneurysmectomy
and coronary artery bypass grafting (CABG) surgery if
medical and catheter-based therapies fail [1].

Myocardial Rupture
Sudden decompensation of previously stable STEMI
patients is concerning for a myocardial rupture. Rupture
occurs when areas of the myocardium weakened by infarction are unable to withstand the shear stress that occurs
with cardiac contraction. The primary sites for myocardial
rupture are the ventricular free wall, interventricular septum, and papillary muscles. Rupture of the atrial wall is
rare. Myocardial rupture occurs more frequently in
patients who receive fibrinolytics than in those who
receive PCI only. Other risk factors include no revascularization, female sex, older age, and no previous history of
myocardial infarction [7]. Echocardiography is the diagnostic test of choice for myocardial rupture, and treatment
is surgical [1].

Risk factor modification should include smoking cessation, blood pressure control, diabetes control, and aggressive lipid lowering therapy with a target LDL <70. Patients
should receive long-term antiplatelet therapy with aspirin.
In addition to aspirin, clopidogrel should be given for at
least 1 month with bare metal stents and 3 to 6 months
with currently available drug eluting stents, but preferably
up to 1 year. ACC/AHA guidelines recommend that an
ACE-I be prescribed for all STEMI patients without contraindications [1]. In addition, they recommend an aldosterone receptor blocker for post-STEMI patients who are
already receiving therapeutic doses of an ACE-I, have an
LVEF less than or equal to 40%, and have either symptomatic heart failure or diabetes [1].

Prognosis
The prognosis for patients with STEMI depends on past
medical history, presenting characteristics, and time to
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Components of risk scores for risk stratification of STEMI
patients
TIMI

GRACE in-hospital

Pericarditis

Age: 65–74 years; 75 years

Age: per 10-year increase

Post-MI pericarditis usually develops within one week
after STEMI and is felt to be due to inflammation associated
with ischemia-reperfusion injury. Incidence has decreased
significantly following the introduction of fibrinolysis.
Dressler syndrome (post-AMI syndrome) is a secondary pericarditis that occurs 2 to 10 weeks after AMI and
presents as chest pain, fever, and pleuropericarditis. Treatment is symptomatic with aspirin up to 650 mg PO every
4–6 h. The pericardial effusion associated with Dressler
syndrome rarely causes cardiac tamponade.

Anterior ST elevation or LBBB ST-segment deviation

Recurrent or Refractory Ischemia
STEMI patients with recurrent chest pain concerning for
ischemia should receive optimal medical therapy with
nitrates and beta-blockers to decrease myocardial oxygen
demand and reduce ischemia. If not already initiated, IV
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Killip class II–IV

Killip class: per increase in
class

Systolic blood pressure
<100 mmHg

Systolic blood pressure: per
20 mmHg decrease

Heart rate >100 bpm

Heart rate: per 20–50 bpm
increase

Diabetes, history of angina or
hypertension
Time to treatment >4 h
Weight <67 kg
Cardiac arrest at admission
Initial serum creatinine level:
per 0.4 mg/dL increase
Elevated cardiac biomarkers
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STSS

treatment. Initial assessment of risk can be determined
with the TIMI or GRACE risk scores (Table 3). The TIMI
risk scoring system is the simpler of the two risk scores,
using eight variables to generate a score from 0 to 14. The
GRACE score ranges from 0 to 372, and its calculation
involves the use of a nomogram to assign the appropriate
point value to each variable [1].

– Coagulopathy: Platelets100,000/mm3 or DIC.
– Renal impairment: Creatinine  2 mg/dL

–
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(177 mmol/L). (In patients with preexisting
renal or liver disease, the criteria is fulfilled when
the mentioned laboratory values are twofold
over the baseline level.)
Liver involvement: ALAT, ASAT, total bilirubin
levels twofold the upper normal limit. (In
patients with preexisting renal or liver disease,
the criteria is fulfilled when the mentioned laboratory values are twofold over the baseline level.)
Lung: ARDS.
Skin: A generalized erythematous macular rash
that may desquamate.
Soft tissue: Necrosis, including necrotizing fasciitis
or myositis, or gangrene.
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Synonyms
Intracerebral hemorrhage; Spontaneous subarachnoid
hemorrhage

STSS
Streptococcal toxic shock syndrome: A syndrome with the
following clinical manifestations occurring within the first
48 h of illness and in the absence of another identified
etiology for the illness:
Hypotension: Systolic blood pressure  90 mmHg.
● Microbiological isolation of Group A Streptococcus
(GAS).
● Multiorgan involvement characterized by  2 of the
following:

Definition
A subarachnoid hemorrhage results from bleeding below
the arachnoid membrane and above the pia mater on the
surface of the brain. This subarachnoid space represents
a potential space that is normally filled with cerebrospinal
fluid. With a subarachnoid hemorrhage, this space
becomes filled with blood and can result in permanent
brain injury from stroke, seizures, or brain edema.
A subarachnoid hemorrhage is generally classified into
two categories: traumatic and spontaneous. Traumatic
head injury can result in shearing of blood vessels within
the subarachnoid space and bleeding. Cerebral aneurysms,
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bulge-like projections from intracranial vessels, may rupture within the subarachnoid space and remain an important cause of spontaneous subarachnoid hemorrhage.
Arteriovenous malformations (AVMs), which are abnormal interfaces between arteries and veins, may also rupture and release blood products within the subarachnoid
space. This article will focus on the clinical features, management, and prognosis of the most common form of
spontaneous subarachnoid hemorrhage, aneurysmal subarachnoid hemorrhage.

Treatment
Control of Intracranial Pressure (ICP)
Obstructive hydrocephalus is a common complication
following SAH. In cases of diminished level of consciousness, an external ventricular drain is placed for adequate
treatment and monitoring of intracranial pressure.
Upward of 20% of aSAH patients develop global cerebral
edema following aneurysm rupture. The etiology of this
phenomenon is unknown but may be related to sudden
ICP elevation and cerebral circulatory arrest. When seen,
global cerebral edema should be treated aggressively as it is
associated with increased mortality and cognitive disability among survivors. A hyperosmolar state can be achieved
with either Mannitol or 3% saline.

Prevention of Rebleeding
With a morbidity approaching 50%, aneurysm rebleeding
is a major cause of morbidity and mortality. After initial
patient stabilization, securing the aneurysm is of paramount importance. Anticonvulsant therapy is administered to prevent seizures which may cause an increase in
intracranial pressure. Due to recent evidence of impaired
cognitive recovery following its use, phenytoin for seizure
prophylaxis is becoming less in favor to other agents.
Hypertension should be treated prior to aneurysm
treatment. Nitrates should be avoided due to their effect
on intracranial pressure. In intubated patients, sedatives
and analgesics such as propofol or fentanyl can be used for
agitation. Pain control with narcotic analgesics are often
necessary for pain control. Low dose dexamethasone can
be considered for meningismus. Symptomatic treatment
should also include antiemetics and stool softeners.
A quiet environment without overstimulation is generally
favored in patients awaiting treatment.
Should a delay occur with aneurysm treatment,
antifibrinolytics can be used to prevent the risk for
rebleeding. Although controversial, agents such as epsilon-aminocaproic acid have been shown to reduce the risk
of rebleeding in unsecured aneurysms. The benefit in
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patient outcome is lacking however, likely due to the
increased risk of delayed cerebral ischemia following
prolonged administration. Due to this risk, the use of
antifibrinolytics beyond post-bleed day 3 should be
avoided.
The most effective treatment to prevent rebleeding is
treatment of the underlying aneurysm. Controversy
remains as to the best mode of aneurysm treatment and
is beyond the scope of this chapter. A multidisciplinary
approach to aneurysm treatment is often necessary as
patient factors, aneurysm size, morphology, and location
are all important considerations.

Prevention and Treatment of Delayed
Cerebral Ischemia (DCI)
The leading cause of morbidity and mortality from aneurysmal subarachnoid hemorrhage among survivors is
DCI. DCI may occur in up to 46% of patients (between
days 3 and 14 following hemorrhage and contributes to
a high prevalence of cognitive impairment among survivors. Poor clinical condition on admission and amount of
extravasated blood has been shown to be the strongest risk
factors for its development. Other risk factors include
intravascular volume depletion, hypertension and fever,
and cigarette smoking. Oral nimodipine has been found to
reduce poor outcome presumably by relaxation of vascular smooth muscle.
Despite extensive research, the pathogenesis of DCI
has yet to be determined. It is widely believed that DCI is
a result of angiographic vasospasm based upon studies
showing a relationship between angiographic proven
vasospasm and the presence of DCI. The delayed
narrowing of both large and small intracranial arteries
leads to cerebral ischemia and sometimes to infarction.
A literature review including articles published after 1960
suggested that 67% of 2,738 patients with aSAH had
angiographic vasospasm during the 2nd week after aSAH
[1]. While angiographic vasospasm is much more common in patients following aSAH than DCI, such neurological deterioration or focal deficits occurs only in a small
proportion of patients with angiographic narrowing.
When DCI does occur, about half of patients who experience it progress to significant cerebral infarction or death.
Although the association with DCI and cerebral vasospasm has been shown in several studies, the fact that
angiographic vasospasm may be found in the absence of
DCI has lead to the differentiation of asymptomatic and
symptomatic vasospasm. Asymptomatic vasospasm, which
may occur in up to 70% of patients, is the finding of
narrowing of the cerebral vessels on angiography in the
absence of symptoms. Symptomatic vasospasm is defined
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as clinical features of DCI combined with radiologic vasospasm in the same region, and occurs in a much lower
percentage of patients [2]. The pathogenesis of cerebral
vasospasm and subsequent symptoms of DCI are still
unknown. Theories range from microcirculatory arterial
vasospasm from hemoglobin breakdown products within
the subarachnoid space to erythrocyte hemolysis evoking
spreading cortical depressions which lead to microvascular spasm and cortical spreading ischemia.
The presence of DCI in patients is ascertained through
the bedside neurological examination. In awake and alert
patients, the neurological examination remains the most
important clinical test for its detection. Symptoms may
range from focal neurological signs such as hemiparesis or
aphasia, depending upon the vascular territory affected.
Symptoms such as depressed level of consciousness or
inattention can result from distal vasospasm affecting
small penetrating branches. It is in high-grade patients,
where the clinical exam is difficult to perform, where
detection may be problematic. It has been shown that
20% of SAH patients who meet the definition of DCI
experience new infarction from spasm in the absence of
clinically apparent deterioration, that this phenomenon
occurs most commonly in comatose patients, and that
these clinically “silent” infarcts independently contribute
to poor outcome.
In addition to the neurological examination, daily
transcranial dopplers ultrasound (TCD) examinations
are performed and can provide an early clue to the onset
of vasospasm through the measurement of blood flow
velocities. Patient variability exists but velocities above
200 cm/s are fairly accurate in the detection of cerebral
vasospasm. Importantly, daily trends should be monitored
as sudden increases may also signal its onset. Any sudden
changes noted in TCD velocities should be correlated with
the patient exam before changes in therapy are considered.
In the event that symptoms occur suggestive of DCI,
a CT scan should be immediately performed to exclude
alternate causes such as hemorrhage or hydrocephalus.
Other mimics that should be quickly excluded include
hyponatremia, hypoxia, or fever. An initial CT angiogram
with perfusion is useful to correlate the clinical symptoms
with radiographic regions of vasospasm. Findings of
increased meant transit time with perfusion imaging can
identify tissue at risk for infarction.
Hypertensive hypervolemic therapy (HHT) or
hyperdynamic therapy is the mainstay of treatment of
DCI. HHT involves inducing hypertension pharmacologically with vasopressors with the goal of improving
cerebral perfusion pressure within regions affected by
cerebral vasospasm. In addition, patients are placed in a

hypervolemic state with the assistance of intravenous
fluids and albumin in an effort to increase cerebral blood
volume and flow to ischemic areas. Although clinical
improvements can be dramatic with the use of HHT [3],
the use of HHT has been associated with severe side
effects. The use of pharmacological agents to induce
hypertension such as may result in arrhythmias and myocardial injury. The use of volume expansion may result in
pulmonary edema and congestive heart failure. Despite
these potential side effects, the use of HHT has become the
mainstay of treatment for DCI.
In those patients who remain refractory to medical
treatment or who develop complications, the use of
intra-arterial papaverine or calcium channel blockers
may enhance perfusion. The use of angioplasty may provide more sustained vasodilation but is without potential
complications including arterial occlusion, dissection, or
rupture.

Medical Complications
Cardiopulmonary
It has been estimated that up to 33% of aSAH patients will
have a cardiac complication within 5 days of aneurysmal
rupture. Important complications range from ECG
changes, arrhythmias, cardiac enzyme elevations, and pulmonary edema. Cardiac wall motion abnormalities have
been well described after aSAH. Abnormal wall motion
can be focal or diffuse and frequently occur in the left
ventricular apex and septum. Severe cardiac dysfunction
leading to abnormal cardiac index and cardiogenic shock
has been reported as well in association with aSAH.
A sudden catecholaminergic surge has been implicated
in the development of this syndrome. The effects of high
catecholamines appear to induce important strain in the
myocardial fiber which can be reflected by ventricular
dysfunction, myocardial enzymatic release, and evidence
of contraction band necrosis in the myocardial wall. This
neurogenic stunned myocardium occurs within hours
following hemorrhage and is typically transient lasting
for 3–5 days after insult. Management can be problematic
however due to systemic hypotension and pulmonary
edema. Management involves use of inotropic agents to
augment cardiac performance.

Hyponatremia
Both cerebral salt wasting (CSW) and the syndrome of
inappropriate secretion of antidiuretic hormone (SIADH)
are important causes for hyponatremia following aSAH.
The differentiation of the two can be challenging at times.
Generally, CSW occurs more commonly and is manifested
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by a negative fluid balance and high urinary sodium levels.
Treatment of hyponatremia should entail the use of isotonic crystalloid. Fluid restriction should be avoided due
to the risk for causing symptoms of DCI. In cases of severe
hyponatremia, hypertonic saline may be utilized. Other
options include the use of fludrocortisone. It is important
to monitor sodium levels frequently to avoid rapid
correction.

investigated fully for the presence of subarachnoid hemorrhage. Patients may exhibit signs of meningeal irritation
or low back pain due to irritation of the lumbar roots from
dependent blood. Ocular hemorrhage may be apparent on
funduscopic examination due to compression of retinal
veins from elevated intracranial pressure. Findings on
neurological examination may provide clues to aneurysm
location.

Epidemiology

Imaging

Traumatic head injury is the most common cause of
SAH. Among spontaneous SAH, the majority of cases
are the result of cerebral aneurysms. Arteriovenous
malformations and intracranial dissection contribute up
to 15% of spontaneous SAH. Angiographic negative subarachnoid hemorrhage comprises 10–15% of cases, with
perimesencephalic hemorrhage being the more common
presentation. The annual incidence of aneurysmal subarachnoid hemorrhage (aSAH) exceeds 30,000 persons
and occurs with a median age of 59[4]. It is estimated
that 20% of all hemorrhages occur between the ages of 15–
45 years. There appears to be a female preponderance with
females having up to a fourfold increase in risk in some
studies.

Increasing age, female gender, and black race have all been
implicated as non-modifiable risk factors for aSAH. Similar to other forms of cerebrovascular disease, traditional
modifiable risk factors include cigarette smoking, heavy
alcohol consumption, oral contraceptives, and hyperlipidemia. Although rare, certain heritable connective tissue
diseases such as Ehler’s-Danlos Syndrome type IV and
pseudoxanthoma elasticum have been associated with
aSAH. Autosomal dominant polycystic disease is associated with the formation of intracranial aneurysms and
subsequent rupture.

The initial study of choice for aSAH is non-contrast computed tomography (CT scan) with 95% sensitivity if done
within 48 h of hemorrhage. CT is an efficient and rapid
tool for making the diagnosis but also is invaluable in
determining other features such as the presence of hydrocephalus, intracerebral or subdural hemorrhage, and
global cerebral edema that may require additional emergent medical or surgical treatment. CT may also provide
clues on aneurysm location based upon the distribution of
hemorrhage. It is important to note that the diagnostic
sensitivity of CT diminishes over time with only 50%
sensitivity at 1 week. Severe anemia, small volume SAH,
and sentinal hemorrhage may all cause a falsely negative
CT. If the clinical suspicion remains high, further investigations are warranted in the face of a negative CT. CT
angiography (CTA) is a technology that is becoming more
prevalent in its use as a diagnostic tool for the presence of
intracranial aneurysms. Sensitivity rates have been comparable to conventional angiography and are increasingly
being used prior to surgery without conventional angiography. Certain limitations do exist for CTA such as technical error and reduced sensitivity for detection of small
intracranial aneurysms. Regardless of CTA results, it is
generally recommended that all patients with a rupture
cerebral aneurysm undergo a conventional angiogram at
some point as up to 15% of patients may have multiple
aneurysms present.

Evaluation and Assessment

Cerebrospinal Fluid Analysis

Risk Factors

Clinical Features
The predominant feature of aSAH is the presence of
a sudden, severe headache. Accompanying symptoms
may include nausea, vomiting, photophobia, depressed
level of consciousness, and focal neurological signs. Nearly
half of patients will have a history of sudden, severe headache that often terminates within hours and may occur
several weeks prior to the hemorrhage onset, termed
sentinal headaches. The presence of such headaches, especially in individuals without a known history of headache
are commonly missed by medical personnel and should be

In instances of a high clinical suspicion and negative CT,
a lumbar puncture should be performed for cerebrospinal
fluid analysis. The classic yellow discoloration of
xanthochromia following centrifugation may be present
within hours following hemorrhage but may be absent
if done early. The typical appearance of non-clotting
bloody fluid that does not clear with sequential tubes
is characteristic. It is important to send multiple tubes
for cell count as the red blood cell count should not
vary significantly between tubes. In cases of equivocal
results, conventional four-vessel angiography should be
performed.
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Conventional Four-Vessel Angiography
Conventional angiography remains the gold standard
in diagnosis and identifies the source of aSAH in up to
85% of cases. In the presence of a negative angiogram,
other etiologies such as vascular malformations, dissection, or perimesencephalic nonaneurysmal hemorrhage
should be considered. A repeat angiogram increases the
diagnostic yield and should be performed in 7 days
following hemorrhage as the occult aneurysm may be
obliterated by thrombosis at the time of initial
angiography.

outcome. Other factors associated with poor functional
outcome include age, fever, hyperglycemia, and delayed
cerebral ischemia.
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Grading Scales
Numerous grading scales exist for subarachnoid hemorrhage. The two more widespread clinical grading scales in
use include the Hunt and Hess grading scale (HHG) and
the World federation of Neurological Surgeons Scale
(WFNS). These two clinical grading scales both consist
of five categories of increasing clinical severity and are
utilized to predict mortality following aSAH. The radiographic scales in use include the Fisher grading scale and
the modified Fisher scale (mFS). These radiographic scales
are used to predict risk for the development of delayed
cerebral ischemia. The mFS, which accounts for thick
cisternal blood and intraventricular hemorrhage was
found to be more predictive of delayed cerebral ischemia
than the Fisher scale.

After-care
The majority of survivors of aneurysmal subarachnoid
hemorrhage will require some level of rehabilitation.
Many will be discharged to acute rehabilitation facilities
and undergo intensive physical, occupational, and cognitive rehabilitation. Others will require placement in longterm acute care hospitals for chronic ventilator weaning
prior to placement to subacute nursing facilities. Frequently, patients will require continued social support
services due to an inability to return to work, loss of social
reintegration, marital strain, and depression.

Prognosis
Due to advances in medical and surgical treatment of
ruptured brain aneurysms, more patients are surviving
and living longer. Case fatality rates have decreased by
17% between 1973 and 2002 and survivors have
a reduced risk of death or dependency at 12 months.
Despite these encouraging numbers, many survivors live
with a significant level of disability. Among survivors, up
to 12% are discharged to a nursing home and less than
60% will achieve functional independence [5]. Admission
Hunt and Hess grade remains the main primary driver of
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Subarachnoid Monitor
▶ Intracranial Pressure

Subclinical Hypothyroidism
Is characterized by elevated levels of serum TSH accompanied by normal thyroid hormones levels.

Subdural Abscess
▶ Subdural Empyema
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Synonyms
Subdural abscess

Subdural Empyema

Definition
Subdural empyema (SDE) is a collection of suppurative
material between the dura mater and arachnoid surrounding the brain. It accounts for approximately 15–25% of
pyogenic intracranial infections and is most often
a complication of otorhinologic infection such as sinusitis,
otitis media, or mastoiditis. Less often, organisms may
spread inward through Haversian channels in bone as
a complication of osteomyelitis. Subdural empyema may
also occur as a complication of neurosurgical procedures
or, occasionally, after head trauma. Rarely, subdural
empyema will develop after bacteremic seeding from
a distant focus of infection.
Intracranial subdural empyema predominantly affects
children and young adults, such that approximately 70%
cases occur in the second and third decades of life. The
condition is significantly more common in men than in
women.

Treatment
Surgical drainage of a subdural empyema is essential. The
advantage of craniotomy is that it allows for greater exposure and ease of removing pus from a larger area.
Stereotatic burr hole placement is less favorable due to
decreased exposure and difficulty obtaining complete
evacuation of the purulent material [1].
Clinical suspicion of a subdural empyema requires
prompt institution of parenteral antibiotic therapy.
Choice of antibiotics should be based on the suspected
source of infection and on the organisms known to commonly cause subdural empyema. Otorhinogenic subdural
empyemas are most commonly due to aerobic and anaerobic streptococci and less often due to coagulase-positive
staphylococci and other anaerobes. Infections following
head trauma or surgery are caused by coagulase-positive
and coagulase-negative staphylococci and gram-negative
bacilli. An acceptable empirical antibiotic regimen
includes a beta-lactamase-stable penicillin, a thirdgeneration cephalosporin, and metronidazole. If there is
concern for a methicillin-resistant Staphylococcus aureus
or coagulase-negative staphylococci, vancomycin should
be used instead of the beta-lactamase-stable penicillin.
Currently, there is no evidence to support irrigation of
the subdural space with antibiotics [2].
The optimal duration of antimicrobial therapy for
SDE is uncertain. In one large retrospective study of
patients with SDE who were treated with craniotomy or
burr hole, patients did well if treated for as little as 2 weeks
with intravenous antibiotics if the patient’s body temperature, erythrocyte sedimentation rate and CT findings had
improved. Until further studies confirm the value of
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shorter antibiotic courses, parenteral antimicrobial therapy should continue for at least 3 weeks after surgical
intervention to be followed by at least 3 weeks of oral
therapy, to be guided by culture results.

Evaluation/Assessment
High index of suspicion and rapid diagnosis of subdural
empyema are essential for a good clinical outcome. Frequently, patients report a nonspecific illness for a few days
to weeks prior to presenting to the hospital. The most
common symptoms and signs include headache, fever,
and stiff neck. If present, focal neurological signs
may help to localize the empyema. Given the often
nonspecific presenting symptoms, intraparenchymal
abscess, epidural abscess, meningitis, meningoencephalitis,
and subdural hematoma should be included in the differential diagnosis.
The mainstay of diagnosis is radiographic imaging
such as CT or MRI. Noncontrast CT scan typically demonstrates a crescent-shaped extraaxial hypodense collection over one or both cerebral convexities. MRI is the
study of choice for detection of subdural empyema, as
MRI has a higher sensitivity for detection of small subdural fluid collections. On MRI, subdural empyemas have
iso-intense signal on T1-weighted imaging (T1WI), likely
secondary to increased protein content and high signal on
T2-weighted imaging (T2WI). MRI can also help to differentiate subdural empyemas from other extra-axial fluid
collections, such as sterile effusions (usually low signal on
T1WI) and chronic subdural hematomas (usually high
signal on T1WI). A thin rim of enhancement may be
seen, which is usually more prominent along the inner
table of the skull.
Lumbar puncture is of little value as it is neither
sensitive nor specific for subdural empyema. CSF studies
are unpredictable it is rare to identify the causative organism by gram stain or culture. Additionally, Neurological
deterioration and transtentorial herniation after lumbar
puncture are well described.
The offending agent of subdural empyema is
established by Gram stain and culture of evacuated pus
from the subdural space after surgical drainage. Infections
are often polymicrobial. Anaerobic Gram-positive cocci,
Streptococcus spp, Staphylococcus spp, and anaerobic
Gram-negative bacilli are the most commonly isolated
organisms from empyema material.

After-care
Patients need to be monitored for recurrence of subdural
empyema as this would require an urgent craniotomy. An
assessment by Physical Therapy and Occupational
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Therapy should be performed to determine rehabilitation
needs. Outpatient follow-up by the treating medical, surgical, and infectious disease teams is required.

Several factors such as age of patient, source of infection,
organisms involved, time from presentation to surgery,
level of consciousness at presentation and surgical technique seem to play a role in predicting patient mortality.
There are some reports of less overall mortality in subdural empyemas secondary to paranasal sinusitis compared to other primary sources of infection. However,
based on several studies, level of consciousness at presentation is the best predictor of outcome. Patients who are
awake and alert at presentation have the greatest chance of
survival and those unresponsive at presentation are the
least likely to survive [3].

or on the tentorium. The outer contour of a subdural
hematoma is determined by the contour of the dura
which most commonly exactly follows the contour of the
cranial bone to which the dura is attached but the inner
contour can vary greatly, being influenced by the resistance of the underlying brain. Therefore, subdural hematomas, unlike epidural hematomas, are not consistently or
reliably biconcave in shape. In the first hours and days
after trauma, they can be concave or quite irregular on
their inner surfaces but over subsequent days and weeks
the blood lyses and tends to spread quite widely with
a resultant less radio-dense mass having concave inner
surface. Subdural hematomas most commonly occur
over the cranial convexity but may occur on either the
surface of the tentorium or in the spine. Their size and
location are not influenced by cranial suture lines, as is
true for epidural hematomas.
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General Comments
Subdural hematoma is the presence of blood, clotted or
otherwise, in the subdural space. The subdural space is
bounded on its inner surface by the arachnoid mater
and on its outer surface by the dura. There is normally
no cranial subdural space because the arachnoid membrane is loosely adherent to the dura. The subdural
space comes into existence when the arachnoid is separated from dura by pressure from bleeding, most
commonly venous and this is almost always in the setting
of trauma.
Intracranial subdural hematomas can occur anywhere
over the central nervous system, including along the falx
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clotting stops the bleeding or until the opposing force
(intracranial pressure plus the force necessary to separate
arachnoid mater from dura mater) approaches that of the
bleeding source.
In the adult population, bleeding into the subdural
space is most common in the elderly, in alcoholics, and in
people with clotting abnormalities, for example those
taking anticoagulants. The extracerebral spaces enlarge
with advancing age, thereby allowing the brain to move
more easily and farther in response to acceleration of the
head, thereby increasing the risk of stretching and breaking bridging veins. Alcoholic individuals often have some
cerebral atrophy and hence a brain that is less snugly
ensconced in the cranial vault than normal for age plus
coagulopathy associated with liver disease.
In infants and small children the brain is normally
snugly ensconced within the cranial vault and
coagulopathy is quite uncommon, but they are often the
victims of non-accidental trauma in the form of acceleration injuries produced by vigorous shaking or impacting
the head against some stationary surface or object. Compared to an adult, the head of a child is much larger than
the trunk and the cervical muscles are less able to
volitionally or reflexively counter the acceleration. Also
children with abnormally large CSF spaces, as occurs in
some who have hydrocephalus, brain atrophy, or subarachnoid cysts are more vulnerable to subdural bleeding
than normal children. Subdural bleeding in patients with
CSF-shunts and large ventricles encounters only the resistance of the shunt valve and therefore, can become quite
large as CSF is displaced down the shunt tube. Nonaccidental trauma should always be considered in infants
and all small children with subdural hemorrhage.
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Chronic Subdural Hematoma
Subdural hematomas almost always occur as a consequence of blunt cranial trauma, and should be considered
in all cases of head trauma. An attempt to make the
diagnosis on the basis of history of severity of trauma is
unreliable. Seemingly minor trauma can produce subdural bleeding. It can occur at any age, with or without
loss of consciousness, and with or without fracture of the
skull. There is no reliable clinical presentation. It is common to have no history of trauma. This is because many
elderly patients do not remember the trauma and relatively minor trauma can result in slow subdural bleeding
and all have some degree of cerebral atrophy. Alcoholic
patients also may not remember the trauma and they
commonly have cerebral atrophy and a significant
coagulopathy. Small children cannot give a history and
the cause is commonly non-accidental in origin with caretakers having a strong reason to not disclose the accurate
history of trauma. There is no typical or classic clinical
presentation of chronic subdural hematoma.
More commonly today chronic subdural hematomas
in adults are diagnosed when computed tomography of
the head is done as part of an evaluation or screening in
a patient who has suffered head trauma but the clinician
ordering the study has no specific diagnosis – subdural
hematoma or other – in mind. In small children, chronic
subdural hematoma may present with impaired consciousness, evidence of bruising over the head or other
parts of the body, and an abnormally large cranium for
age. It is not unusual to find subdural hematomas of
apparent different ages in children with non-accidental
trauma. Suspicion is greatly elevated if the history of
trauma evolves or changes as a child is being evaluated.
In any child with suspicion of head trauma, computed
tomography should be done.

Radiographic Appearance of Subdural
Hematoma

Diagnosis of Chronic Subdural Hematoma

Subdural blood can have a broad spectrum of radiodensity on computed tomography. If computed tomography is done before the subdural blood has clotted,
that portion of the subdural mass – i.e., hyperacute
hematoma – will have a radiolucent appearance; this
is quite rare. Acute subdural hematomas are quite
radio-dense; however, as the blood clots and contracts
over minutes and hours, there can be a serous component
that is more radiolucent. The radio-density of subdural
blood changes with time and passes through a stage of
being isodense with brain and eventually hypodense. New
bleeding into an existing chronic subdural hematoma
produces a mixed appearance on CT and can be confused
with a newer hematoma with clot contraction.

Diagnosis of chronic subdural hematoma is now almost
always made by computed tomography. Adults with loss
of consciousness from cranial trauma, or who have
impaired neurologic function following head trauma
should have a CT and almost everyone who has received
a hard blow to the head should have a CT, regardless of
neurologic impairment. Of course a clinician must use
judgment in determining what constitutes a hard blow
to the head but assessment of severity of head trauma
based on history from the patient or other sources is not
always unreliable.
The presence of injury to the any impaired consciousness, scalp, anisacoria, reflex asymmetry, hemiparesis,
abducens nerve paresis are often seen in patients with
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subdural hematoma but it is not uncommon to have none
of these. The identification of a skull fracture is of particular concern. There should be high suspicion in all
patients with multiple system trauma and in all patients
with suspected alcohol intoxication, regardless of neurologic findings. Also patients with bleeding disorders and
those on anticoagulants are much more prone to have
significant intracranial bleeding and more likely to have
rapid expansion of small identified hematomas.
The rapid transfer of trauma victims to trauma centers
results in very early evaluation and scanning. Because such
early scanning may detect no subdural blood or only very
small amounts of blood, this, particularly if combined
with a normal or near normal neurologic examination,
can result in the false conclusion that all is well and little or
no observation is necessary.

Indications for Treatment
There is usually time for thoughtful deliberation in cases
of chronic subdural hematoma. Only rarely is truly emergent intervention required. Very thin chronic subdural
hematomas may be identified in patients with little or no
symptoms or signs and therefore require no surgical intervention. Large chronic subdural hematomas causing significant displacement of brain, perhaps with transfalcine
or transtentorial cerebral herniations are life-threatening
and require emergent surgical evacuation. But many
patients have moderately large subdural collections and
are alert and neurologically stable. The clinician has to
make a decision regarding surgical evacuation in these
cases and there is considerable inconsistency among surgeons on just what size hematoma can be observed safely
and what size requires surgery. It is important in assessing
the size – i.e., volume – of a chronic subdural hematoma to
pay attention to the extent to which the hematoma is
spread over the brain and not just look at the depth of
the hematoma. In children with open fontanels, the
impact of a hematoma on intracranial pressure can be
assessed quite accurately but this is not consistently possible in children. Lumbar puncture is rarely safe and
should usually be avoided in this setting.
Large chronic subdural hematomas are evacuated to
relieve cerebral compression that is often life-threatening.
The small ones usually do not expand sufficiently to
become life-threatening. With the development of early
and rapid neuroimaging and with the relative ease in serial
neuroimaging, it has become clear that many subdural
hematomas never become life-threatening and the blood
will slowly resolve over a few days or weeks.
Also chronic subdural hematomas can expand over
days and weeks as a consequence of movement of water

into the decomposing and hence hyperosmolar blood. For
this reason, for all except the very tiny hematomas, one or
more follow-up CTs should be done until it is clear that
the hematoma is diminishing in size or has completely
cleared. A surgically insignificant chronic subdural hematoma can become quite significant.

Surgery for Chronic Subdural Hematoma
This subject is not as simple or straightforward as might be
expected and the opinion of a neurosurgeon should be
obtained in most cases. Most identified subdural hematomas are quite small and have no significant impact on the
brain and therefore require no treatment. Hematomas
causing significant displacement of brain do require treatment but there are no rigid criteria for defining “significant.” Certainly those causing transfalcine or
transtentorial herniatio should almost always be treated.
A report of the thickness of a chronic subdural hematoma,
with no other details is often not sufficient information for
decision-making, except for extremely large hematomas
causing cerebral herniation. A chronic hematoma of 1 cm
thickness feathered out for 1 or 2 cm laterally often
requires no treatment, whereas a 1 cm hematoma with
8–10 cm of AP and vertical extent has considerable volume
and often requires treatment.
The goal of the surgery is to decompress the brain by
removing a large amount of the offending hematoma but
not necessarily all of it. Most chronic subdural hematomas
in children and adults can be adequately evacuated via
burr holes and irrigation of the subdural space. The number of burr holes required is dependent on the extent of the
hematoma and whether or not it is thought to be
multiloculated. It is not necessary to accomplish total
evacuation. If the hematoma is not predominantly
lysed – in a liquid state – the solid portion can usually
not be removed via burr holes. Occasionally a surgical plan
to do only burr holes has to be upgraded to craniotomy.
If the brain does not immediately expand significantly
or if the hematoma was huge, it may be necessary to leave
a silastic catheter in the subdural space to allow drainage
over the hours or days required for the brain to expand.
Craniotomy for chronic subdural hematoma is
not commonly necessary in adults but in cases of
multiloculation, particularly if there have been several
unsuccessful attempts at clearing the problem via burr
holes and subdural drainage, craniotomy is quite
reasonable.
Some infants with chronic subdural hematomas that
have been present for many weeks or months develop
membranes surrounding the liquid center and these membranes can become quite vascular on their dural side and
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occasionally several millimeters thick. These children do
require craniotomy, a large dural opening and stripping of
the subdural membranes. Quite often the membranes are
tightly adherent to the large bridging veins along the
superior sinus and the attempts to achieve total removal
of this part of the subdural membranes typically precipitate vigorous bleeding that can be life-threatening. No
vigorous attempt should be made to remove this part of
subdural membranes. Also the dura in these infants is
often quite vascular and requires much attention to hemostasis. A large near circumferential durotomy is often very
beneficial in obtaining hemostasis. Because many small
children with chronic subdural hematomas have
quite large cranial vaults and hence postoperative
cranio-cerebral disproportion, recurrent bleeding into
the extracerebral space from rather minor cranial trauma
is a significant risk.

Acute Subdural Hematoma
Trauma that produces an acute subdural hematoma space
is usually quite severe and may be either blunt or penetrating. Acute subdural hematomas are commonly associated with other cranial and intracranial injuries – for
example, skull fracture, epidural hematoma, cerebral contusion, cerebral laceration, or intracerebral bleeding. The
bleeding source may be arterial, venous, or both.

Diagnosis
The diagnosis of acute subdural hematoma is almost
always made with computed tomography (CT). Clotted
blood is readily apparent as a radio-dense mass in contact
with dura and rarely is it mistaken for anything else.
Depressed or linear non-displaced fractures are often
seen in relationship to the hematoma but are not consistently present. Displacement and compression of brain, if
the hematoma is large, is readily apparent on CT as are
other abnormalities such as intracerebral clots, lacerated
brain, etc.

Indications for Treatment
Decisions on surgical and non-surgical management of
patients with acute subdural hematomas are not always
simple and considerable clinical expertise and judgment is
required. Many patients with subdural hematomas do not
require craniotomy because not all subdural hematomas
are large enough to significantly affect the underlying
brain and not all continue to expand. Size and location
of the hematoma, as well as associated injuries must be
considered in making decisions regarding. Hematomas if
5 mm or less in thickness and those with only 1–2 cm in
lateral extension would probably be considered safe to
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observe by most neurosurgeons. Those greater than a cm
in thickness are more likely to be unsafe, but there is no
general agreement on which amount of thickness is safe
and which is unsafe to observe. If a subdural hematoma is
to be observed – i.e., not immediately evacuated – there
should be close neurological monitoring and serial CT
evaluations done until it is clear that the hematoma is
stable in size or is slowly becoming smaller and that the
hematoma itself is not impairing the patient’s brain function. If associated with significant intracranial hypertension, non-surgical management becomes more complex
and the risk of delayed evacuation more dangerous. Nevertheless, it is the author’s opinion that there is a trend to
manage more patients with subdural hematomas by careful observation and serial scanning.
Acute subdural hematomas causing significant displacement of brain require surgical evacuation but there
are no generally accepted criteria for being “significant.”
A report of the thickness of a chronic subdural hematoma,
with no other details, is not sufficient information for
decision-making, except for extremely large hematomas
which can be confidently inferred to be causing cerebral
displacement. Continuing bleeding over a few hours can
expand a small acute hematoma and cause significant
displacement of brain. For this reason, follow-up evaluation with CT should be done in all unoperated acute
subdural hematomas, except the very small ones.
Large acute subdural hematomas and particularly
those causing transfalcine or transtentorial herniation
require emergent craniotomy for evacuation. Attempt to
evacuate a large acute subdural hematoma via burr holes is
inadequate and delays appropriate. For almost all patients
there is sufficient time for thoughtful decision-making
and this includes attention to the positioning of the
patient on an operating table, scrubbing the scalp, and
calm deliberate execution of the surgical procedure. In
patients experiencing rapid or precipitous neurologic
deterioration, which can include cardiac arrest, some or
all of these steps can be minimized or even skipped. After
the clot is removed, attention can be given to the details
that received little attention at the start of the operation.

Surgical Treatment of Acute Subdural
Hematoma
The goal of treatment of acute subdural hematoma is total
removal and this can almost always be accomplished;
a small residual is rarely a problem. Craniotomy for evacuation is often technically simple for an experienced neurosurgeon but obtaining hemostasis can be quite complex
and difficult. A large cranial bone flap, ideally extending
beyond the preoperatively identified limits of the
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hematoma, is usually most appropriate. It is not unusual
for hematoma found at surgery to be significantly larger
than that which was apparent on preoperative imaging.
Typically the dura is taut and bluish in color. The clot
often begins to extrude spontaneously as the dura is
opened and the remainder of the clot can be removed
with suction and forceps. Occasionally there is
a precipitous drop in blood pressure as the intracranial
pressure is released. It is necessary to identify and control
all sources of bleeding. Sometimes this is simple, as when
a single bleeding artery is identified and coagulated. However, active venous bleeding from one and often multiple
disrupted veins along the superior sinus can be extremely
difficult to control in both children and adults, and in the
most extreme cases blood loss can become life-threatening. The most effective and sometimes the only method of
securing hemostasis is packing with hemostatic agents
such as Gelfoam and several large cottonoids or even
a raytec sponge. In these cases much of the involved
cerebral hemisphere has already suffered extensive venous
disruption and will likely infarct. The packing material can
be removed approximately 5 days later with little risk of
significant blood loss.
Another advantage of a large cranial opening in
patients with extensive cerebral injury associated with
acute subdural hematoma is the commonly occurring
expansion of the brain after the clot is removed. In such
cases, the dura must be left widely open and it is common
practice to also not replace the bone flap. The bone flap
can be preserved by freezing and, when the edema resides,
the dura can be repaired and the bone flap replaced. In
extreme cases of cerebral expansion occurring immediately after clot removal, the surgeon must rapidly close the
scalp to prevent tearing of the brain as it becomes tightly
stretched over the raw bony edges of the intact cranium;
few if any of these patients survive.
Bleeding into the subdural space from large venous
sinuses, although rare, can occur from penetrating
wounds. Hemostasis in this setting can be quite difficult.
Electrocoagulation, if applied to large openings in
a venous sinus or if persistently applied to small sites,
often enlarges the opening into the sinus and increases
the bleeding. Vigorously bleeding venous sites can usually
be controlled with several minutes of manual pressure
applied to cottonoids overlying a strip of Gelfoam. Sometimes bone fragments or a bone flap can be placed over the
Gelfoam, as the cottonoids are removed, in a manner
which tamponades the bleeding. Attempt to close an
opening in a large venous sinus with sutures is usually
unsuccessful, makes the opening larger, and increases the
blood loss. In all but the most extreme circumstances, no

attempt should be made to ligate a large venous sinus. This
is almost never necessary and, depending upon location,
can result in extensive venous infarction.
If the brain is not severely injured and not thought
likely to expand with edema, the dura can be repaired and
the bone flap secured in place by any of the common
techniques. Many surgeons leave a temporary drain,
often Jackson-Pratt type, in the subdural space to deal
with any delayed accumulation of blood, or CSF. If there
is concern about delayed or progressive cerebral edema or
elevated intracranial pressure, a ventricular catheter or an
intraparenchymal pressure measuring device may be
implanted after closure of the scalp.
Under emergent conditions in which no surgeon who
is confident in doing a craniotomy is available, the
patient’s life may be saved by one or more burr holes and
suction removal of some portion of the clot that is
exposed; however, in most cases very little of the firm
clot can be removed and little benefit is gained. A larger
bony opening can be made with ronguers for removal of
more of the clot. Active bleeding may persist but the
wound may be packed open to allow additional draining
as the patient is transferred to a medical center for more
definitive surgical attention.

Postoperative Management
The postoperative management of patients with a diagnosis of acute subdural hematoma can be very complex
and difficult. In general, sedation and analgesics should
be used sparingly and intravenous fluids minimized.
In patients with multiple-organ injury, competing – even
contrary – indications for hydration can make decisionmaking very difficult. After evacuation of an acute subdural hematoma, all patients must be closely monitored in
an intensive care unit. Uncommonly, but very importantly, recurrent bleeding into the subdural space may
occur; the earlier this is detected the better. Also in severely
injured patients, delayed subdural hemorrhage in other
locations, even contralateral, may become apparent in the
hours or first day or two after surgery. Bleeding into the
ventricles or brain parenchyma can occur and cerebral
edema may become apparent or worse after removal of
an acute subdural hematoma. Therefore, all patients
should have neuroimaging repeated within a few hours
after surgery and, depending on clinical features, often
once or more thereafter.

Spinal Subdural Hematoma
Spinal subdural hematoma that comes to clinical attention
after spinal trauma is uncommon, can occur at any level,
and usually does not require surgery. Acute spinal
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subdural hematomas are occasionally identified on CT in
patients with traumatic fractures of vertebral bodies with
bony displacement or subluxation. Usually these hematomas do not expand and the presence of the hematoma
itself is less significant than the bony displacement and
cord injury. However, if there is neurologic worsening, it
may be necessary to evacuate the hematoma via emergent
laminectomy. Subdural hematomas, both acute and
chronic, can result from needles inserted for lumbar puncture or for epidural anesthetic delivery.
Chronic spinal subdural hematomas are also uncommon but may be discovered unexpectedly on neuroimaging done to evaluate persistent back pain after spinal
trauma. These tend to resolve over days and only quite
rarely require surgical intervention.
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Sublingual Capnometry
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Synonyms
Sublingual capnography; Sublingual CO2 monitoring

Definition
Sublingual capnometry evaluates the adequacy of sublingual perfusion compared to metabolism in the sublingual
area. Tissue CO2 content represents the balance between
inflow of CO2 (arterial CO2 content), CO2 production
(metabolism), and CO2 elimination (perfusion) (Fig. 1).
Since tissue PCO2 is affected by the inflow of CO2 to
the tissue, tissue PCO2 is affected by arterial PCO2
(PaCO2). Accordingly the PCO2 gradient, representing
the difference between tissue and arterial PCO2, is usually
presented. The normal PCO2 gradient is comprised
between 0 and 10 mmHg.
Tissue perfusion is a crucial determinant of tissue
PCO2. When flow decreases or is insufficient for metabolic
needs, tissue CO2 production exceeds CO2 elimination
capacities and CO2 accumulates in tissue. This can occur
not only as the result of gross hypoperfusion of the organ,
but also as a result of alteration in microvascular perfusion, with an increase in perfusion heterogeneity (and
development of hypoperfused areas even though global
perfusion to the organ is preserved).
Excessive CO2 production, in conjunction with inadequate flow, may also occur. In normal conditions, CO2 is
produced during aerobic metabolism and is proportional
to VO2 at a given respiratory quotient. However, flow
adapts to metabolic requirements and tissue PCO2 is
very close to arterial PCO2. If metabolism increases, usually tissue perfusion also increases, so that metabolic production of CO2 is not a crucial determinant of tissue CO2.
In anaerobic conditions, CO2 is generated by buffering of
H+ ions. Indeed, in anaerobic metabolism, CO2 production by aerobic metabolism is shut down. However, hydrolysis of ATP generates massive amounts of H+ ions that are
no more used by cytochromes in oxidative phosphorylation. Hence, these accumulate in cell plasma where these
are buffered by bicarbonate. CO2 is generated by the
buffering of these anions (H+ + HCO3 , CO2 + H2O).
This anaerobically generated CO2 accumulates massively
in tissue, especially when hypoxia occurs in conjunction of
alterations in perfusion as CO2 elimination is insufficient.
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Fluorescence is proportional to PCO2

Tissue

Fluorescence

Illuminated
dye
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fluorescent
at low pH

↓ pH
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pH ~1/log PCO2
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CO2
CO2
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CO2
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Sublingual Capnometry. Figure 1 Factors influencing tissue PCO2. Tissue PCO2 represents the equilibrium between tissue CO2
production, CO2 inflow, and CO2 elimination. The arterial inflow in CO2 consists in the arterial content in CO2 (CaCO2), which is
approximated by partial pressure measurements of CO2 in arterial blood (PaCO2). It is only approximated as this relation is
not linear due to Haldane effect (see text for details). Tissue PCO2 is linearly related to tissue CO2 content as there is no
hemoglobin in tissues. Tissue CO2 production is affected by aerobic metabolism (VCO2 is proportional to VO2, at a given
respiratory quotient), but it can also be produced in anaerobic metabolism (direct CO2 production through respiration is minimal
but CO2 is generated by buffering by bicarbonate of H+ ions generated by hydrolysis of ATP). Venous content in CO2 does not
affect tissue CO2 measurements

As tissue PCO2 reflects flow stagnation, CO2 aerobic
and anaerobic generation, the measurement of an elevated
tissue PCO2 gradient does not indicate precisely its origin.
Mathematical models have shown that moderate increase
in PCO2 gradient (between 10 and 25 mmHg) are suggestive of a mismatch between perfusion and aerobic metabolism. PCO2 gradients above 25–30 mmHg are highly
suggestive of occurrence of tissue hypoxia associated
with some perfusion alterations [1].

Pre-existing Condition/Characteristics
Principle of Measurement
The extremity of the probe contains a dye in a buffered
solution and is surrounded by a silicon membrane (Fig. 2).
This membrane is permeable to CO2 so that CO2 freely
diffusing from surrounding tissue equilibrates with the
inner part of the probe. CO2 in the probe is buffered,
generating H+ ions and decreasing pH in the probe. The
dye is illuminated by the device and becomes fluorescent
when pH decreases. Fluorescence is proportional to probe
CO2 concentration allowing tissue PCO2 measurements.

The sensor element of the probe is placed in close
contact with the sublingual area, usually 2 cm laterally to
the frenulum of the tongue. Due to this close contact, it is
not influenced by ambient CO2.

Haldane Effect
The Haldane effect determines the relationship
between blood content in CO2 and PCO2. Due to
changes of affinity to CO2 between oxy and deoxy-hemoglobin, PCO2 is higher for a given CO2 content when
hemoglobin O2 saturation (SO2) is high than when SO2
is low.
The impact of the Haldane effect cannot be easily
estimated even though it is expected to mostly affect
venous blood (which has no impact on tissue CO2).
Changes in arterial SO2 are usually limited in clinical
setting and may thus be neglected. However, changes in
capillary SO2 may be wider. Indeed, the SO2 at the capillary is lower than arterial SO2 and it varies according to
local perfusion, vessels diameter. The exact contribution
of Haldane effect remains to be determined and may be
more theoretical than real.

Sublingual Capnometry
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Tissue CO2 content↑ when:
• ↑ aerobic metabolism
• ↑ anaerobic metabolism
(due to buffering of H+ ions by HCO3)
• ↓ perfusion
CaCO2
~PaCO2

CvCO2
~PvCO2

• ↑ CaCO2

CO2 content
= PtCO2

Sublingual Capnometry. Figure 2 Principle of measurement. The extremity of the probe contains a dye in a buffered solution
that is sensitive to CO2 and is surrounded by a silicon membrane which is permeable to CO2. CO2 freely diffuses from surrounding
tissue to the inner part of the probe. The dye becomes fluorescent when pH decreases. The pH of the inner part of the probe is
proportional to CO2 concentration, accordingly fluorescence is proportional to CO2 concentration and hence tissue PCO2

Buccal Capnometry
A small modification of the probe allows its positioning to
the inner part of the jugum, for measurements of buccal
PCO2.

Applications
Experimental Conditions

et al. [5] reported that sublingual PCO2 increased proportionally to blood lactate levels. Sublingual PCO2 was significantly higher in nonsurvivors than in survivors, with
a value of 70 mmHg being associated with a high risk of
death. Four other trials later confirmed these observations
in various types of circulatory failure [8–11]. Finally, it has
been shown that sublingual capnometry can be used to
monitor the response to therapy, with a rapid response
time [10, 12].

Several experimental studies have shown that sublingual
and buccal PCO2 increase in hemorrhagic or septic shock
[2–6]. In these trials, the alterations in PCO2 gap were
proportional to the severity of the disease (and in particular to lactate levels). More interestingly, these alterations
were rapidly improved under the influence of therapeutic
interventions while there was a huge time lag with lactate.
In a model of experimental hemorrhagic shock, there was
a progressive increase in PCO2 gap and lactate during
bleeding; however, sublingual capnometry only rapidly
improved after blood restitution, while arterial lactate
levels slowly decreased [3]. In addition, sublingual
capnometry was predictive of outcome of animals submitted to severe bleeding, both during bleeding and during fluid resuscitation phases, while end-tidal CO2
monitoring or blood pressure measurements were unable
to predict outcome in these animals [7].

In experimental conditions, the evolution of sublingual
PCO2 was contemporary and proportional to the alterations in microvascular perfusion [4, 5].
In patients with severe sepsis, Creteur et al. [12] demonstrated that there is an inverse and curvilinear relationship between microvascular perfusion, evaluated using
bedside videomicroscopy (Orthogonal Polarization Spectral imaging technique) and PCO2 gap. Moreover, they
observed that changes in PCO2 gap were associated with
proportional changes in microvascular perfusion induced
by therapeutic interventions.
These data suggest that sublingual PCO2 is an excellent
marker of the adequacy of microvascular perfusion.

Clinical Applications

Buccal Capnography

In patients, data are still relatively scarce. Measuring sublingual PCO2 every 30 min for 6 h after ICU admission in
46 patients with circulatory failure of various origin, Weil

The device is positioned on the sublingual area, but it has
recently been modified to allow measurement of buccal
PCO2 in internal jugal area.

What is the Link between Sublingual PCO2
and Microcirculation?
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Practical Aspects
Measurements can be obtained after a few seconds of
stabilization. Two types of devices have been developed:
single use for triage (at emergency department mostly)
and continuous measurement for monitoring. The latter
can be used for 2–3 days, desiccation of the probe by
inadvertent being the major reason for stopping monitoring. During continuous monitoring, measurements can be
displayed every 2–3 s.
Commercialization of these devices remains
confidential.

Limitations
The main issue is related to the representativity of the
sublingual area. This site is easily accessible and is not
influenced by the use of vasoactive agents and its temperature is representative of core temperature. However,
other beds and organs may be more critically altered,
due to their specific anatomy (e.g., kidney) or to
a specific pathologic condition (e.g., compartmental syndrome such as in abdominal compartmental syndrome)
[13, 14].
Several studies have shown that there is a good correlation between gastric and sublingual PCO2 measurements, both in animals [6, 15, 16] and in patients [8, 9,
12], even though individual variations were sometimes
observed. One can thus consider that the sublingual area
may be representative of other more critical organs even if
some beds may sometimes suffer from more severe
alterations.

7. Cammarata GA, Weil MH, Fries M, Tang W, Sun S, Castillo CJ
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loss. J Appl Physiol 100(1):304–306
8. Marik PE (2001) Sublingual capnography: a clinical validation study.
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▶ Sublingual Capnometry

Submassive Pulmonary Embolism
▶ Pulmonary Embolism

Substitution Fluid
▶ Replacement Fluids for CRRT

Subxiphoid Pericardial Window

Subxiphoid Pericardial Window
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Synonyms
Pericardial window

Definition
Subxiphoid pericardial window is a surgical procedure
designed to evaluate for the presence or absence of blood
in the pericardial sac. Its purpose is to surgically approach
the pericardium and under direct vision, incise it to ascertain if blood is present in the pericardial sac. It is usually
employed as a diagnostic tool in penetrating injury, but
may be warranted in blunt trauma.

Presentation
Any patient that sustains a penetrating injury in an area
inferior to the clavicles, superior to the costal margins,
and medial to the midclavicular lines should be suspected
of harboring a cardiac injury. This technique evaluates the
presence or absence of blood in the pericardium; it is indicated for suspected trauma in proximity to the heart.
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dissection after digitally palpating the transmitted cardiac impulse is used to locate the pericardium, which is
then grasped between two Allis clamps. At that time, if
the hemodynamic status allows, the patient may be
placed in a reverse Trendelenburg position to allow the
pericardium to descend and thus become more accessible. A better grasp is usually obtained by replacing the
Allis clamps and regrasping the pericardium.
Once the pericardium has been firmly grasped and
the adipose tissue has been cleared away, the surgical
field is lavaged with normal saline to remove any blood
that may bias the results of the window, and hemostasis
is once again controlled. Afterwards, a longitudinal incision measuring approximately 1 cm is made in the pericardium sharply with Metzenbaum scissors, meticulous
care is taken not to lacerate the underlying epicardium/
myocardium. After making this aperture, the field is
either flooded with clear straw-colored pericardial fluid,
signifying a negative window or with blood, which is
indicative of a positive window and thus an underlying
cardiac injury. Finally, the field may remain dry if blood
has clotted within the pericardium. Inexperienced surgeons are often misled into thinking that no cardiac
injury exists given this setting. We recommend passing
a Red Robinson suction catheter into the previously
made aperture when this situation arises. This move
often liberates pericardial clots and allows blood to
escape through the aperture, in which case the window
is positive and the surgeon should proceed to a median
sternotomy.
Other pitfalls encountered by inexperienced surgeons
include mistaking the central tendon of the diaphragm for
the pericardium or spending undue amounts of time in
performing this procedure.

Application

Discussion

Subxiphoid pericardial window should be performed in
an operating room under general anesthesia. As is routine with all trauma patients, the patient’s entire torso is
prepared from neck to mid-thighs. A 10-cm incision is
made in the midline over the xiphoid process. The
incision is sharply carried through skin and subcutaneous tissue and hemostasis is achieved, utilizing electrocautery. Electrocautery is utilized to dissect the xiphoid
process. Then, using a combination of blunt and sharp
dissection, the xiphoid process is grasped by an Allis or
Kocher clamp and displaced cephalad; blunt dissection
with a Kittner dissector separates adipose tissue beneath
the xiphoid. The xiphoid process is then transected with
curved Mayo scissors. A combination of blunt and sharp

The original technique to create a pericardial window
was described by Larrey in the 1800s. Remarkably
enough, only small variations in the original technique
have been added to this procedure. Trinkle et al. [1]
in 1974 published a series concerning 45 patients sustaining penetrating injuries to the heart; 21 patients
underwent subxiphoid pericardial windows, and 18 were
positive and 3 were negative in this series. Eighteen
patients also underwent pericardiocentesis, with seven
false negatives and three false positives. Although the
authors were still in favor of performing pericardiocentesis, they recommended the performance of a
subxiphoid pericardial window under local anesthesia in
the operating room.
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Subsequently, Arom et al. [2] in 1977, disillusioned
with the high rate of false positives and false negatives
obtained with pericardiocentesis, studied 50 patients
that underwent 50 pericardial windows, 46 of which
were positive owing to cardiac or major thoracic blood
vessel injuries and 4 of which were negative. They point
to one of the causes of high rates of false negatives in
pericardiocentesis, which is the presence of a clot in the
pericardium, thus rendering this procedure unreliable.
Furthermore, in this paper they described the surgical
technique and recommended pericardial window as the
technique of choice to evaluate patients with potential
cardiac injury.
Subsequently, Garrison et al. [3] in their series of 60
patients with combined thoracoabdominal injuries
described the technique of diagnostic transdiaphragmatic pericardial window to assess for possible cardiac injuries. In this series which consisted of 53 patients
sustaining penetrating injuries and 9 sustaining blunt
injuries, transdiaphragmatic windows were positive in
19 patients, 17 of which subsequently had documentation of cardiac injury. The authors recommended this
technique as a safe and rapid method of evaluation for
patients with combined thoracoabdominal injuries in
proximity to the heart and recommend this technique
in patients developing unexplained hypotension during
abdominal exploration.
This procedure is still being widely employed albeit
much less frequently in many urban trauma centers in
the USA; however it is widely used in foreign countries
where newer diagnostic modalities such as echocardiography are not as readily available. Andrade-Alegre and
Mon [4] in 1994 reported their experience in a series of 76
patients, 16 (21%) of which were positive windows, with
no false positives or false negatives. Asensio et al. [5] also
validated this technique in prospective cardiac injury
studies.
The advantages of this technique are safety and reliability in detecting hemopericardium. It is a relatively
simple surgical technique that belongs in the surgical
armamentarium of every trauma surgeon. Its disadvantages consist of having to subject the patient to a general
anesthetic and a surgical procedure. The role of the
subxiphoid pericardial window has been significantly
diminished by FAST (Focused Abdominal Sonography
for Trauma) although it is an invaluable tool in the trauma
surgeons’ armamentarium.
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Super-Selective Angiography
Percutaneous technique to visualize segmental branch
vessels after injection of a radio-opaque contrast. Allows
precise deployment of embolic agents.

Supplemental Parenteral
Nutrition (SPN)
SPN is a new concept of early optimization of nutritional
therapy in ICU patients. SPN consists in combining PN
with EN, when EN alone is insufficient to cover the energy
requirements. SPN allows preventing the onset of proteinenergy deficit. Randomized studies are underway to
demonstrate whether SPN could reduce undernutritionrelated complications, and improve the clinical outcome.

Suppurative Pelvic
Thrombophlebitis
▶ Septic Pelvic Thrombophlebitis

Suppurative Thrombophlebitis
Venous thrombosis with perivascular inflammation, bacteremia, and suppuration (pus) of the vein wall.

Cross-References
▶ Pericardiotomy

▶ Phlebitis, Septic

Supraventricular Arrhythmias

Supraglottitis
▶ Epiglottitis

Supraventricular Arrhythmias
C. DE SOUSA1, SUSANNA PRICE2
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Definition
Supraventricular arrhythmias are those that require the
atrial or atrioventricular (AV) nodal tissue for initiation
and/or maintenance.
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14.8% in surgical ICU [2] and 9–12% in the general ICU
setting [3, 4]. The reported incidence following coronary
artery bypass grafting ranges from 11% to 40%. [5]. In the
critical care setting, associated factors include age, hypertension, cardiac surgery, postoperative pneumonia,
prolonged mechanical ventilation >24 h [4], hypoxemia,
catecholamine excess, or electrolyte abnormalities [6].
Although usually not directly lethal, supraventricular
arrhythmias can contribute to ICU morbidity and indirectly therefore mortality. The commonest supraventricular arrhythmia is Atrial Fibrillation (▶ Atrial Fibrillation).

Classification
Supraventricular tachycardias can be divided into atrial,
AV, and junctional according to their origin and
maintenance.

Supraventricular Atrial Tachycardias
Atrial Fibrillation

See entry ▶ Atrial Fibrillation.

Incidence

Sinus Tachycardia

Supraventricular arrhythmias are common in the ICU
occurring in up to 78% of patients [1], although the
incidence depends upon the type of ICU, ranging from

This is a physiologically conducted regular rhythm, with
the standard cardiological definition, generally being
a frequency of >100 beats per minute (bpm) Fig. 1,
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although this may be an appropriate response to the
pathophysiological stresses of critical illness. Thus, the
presence of sinus tachycardia may alert the clinician to
an underlying stress response to factors including pain,
fever, anxiety, hypoxemia, and/or hyperthyroidism. Drugs
such as salbutamol, dobutamine, amphetamines, and
cocaine can also cause sinus tachycardia. It should be
noted that in the presence of some cardiac pathologies
where stroke volume is significantly limited, the development of a sinus tachycardia is the only way the patient can
maintain cardiac output. The treatment is directed to
resolving the underlying cause.

Atrial Flutter
Typical atrial flutter on a 12-lead surface ECG shows
negatively directed “sawtooth” waveforms in the inferior
leads II, III, and aVF with positive flutter waves in lead V1,
transitioning to negative waves in V6 (counterclockwise
atrial flutter). Clockwise atrial flutter is diagnosed when
flutter waves are positive in the inferior leads and negative
in V1 transitioning to positive wave in V6. The usual atrial
rate is between 250 and 350 bpm, but may be altered in
patients with significant atrial enlargement and with
amiodarone therapy. The ventricular rate is variable
depending on the degree on AV block (2:1, 3:1, 4:1) –
Fig. 2.
In the outpatient setting, atrial flutter is associated
with an increased risk of thromboembolic events and
current guidelines [7] suggest that anticoagulation should
be managed in the same way as atrial fibrillation. The
precise risk in the critical care setting is unknown. The

intensivist has two treatment options: rhythm control or
rate control.
Rhythm Control

Hemodynamically unstable: Where the patient is hemodynamically unstable, direct current (DC) synchronized
cardioversion should be performed.
Hemodynamically stable: The studies providing evidence for rhythm control strategy come from atrial fibrillation, with only a small group of patients in atrial flutter.
Chemical cardioversion can be achieved with ibutilide IV
(1–2 mg over 10 min) with a success rate of 63% [8].
It should not be taken in patients with structural heart
disease, prolonged QT interval, or sinus node disease [9].
Oral dofetilide can also be used to cardiovert recent onset
and persistent atrial flutter, including patients with structural heart disease [8]. Amiodarone is an alternative but its
effect is delayed by 24 h – hypotension, bradycardia, and
phlebitis are potential adverse effects. All these drugs can
prolong the QT interval; therefore, QT monitoring should
be performed specially if in association with other drugs
that prolong the QT interval – Table 1. Finally, atrial
overdrive pacing [9] (through the esophageal route or
through atrial electrodes) can be an alternative means to
cardiovert to sinus rhythm.
Rate Control

IV non-dihydropyridine calcium antagonists (verapamil
and diltiazem) or beta-blockers (esmolol, propranolol, or
metoprolol) can be used to control the ventricular
response rate, however, in the critical care setting

Supraventricular Arrhythmias. Figure 2 Atrial flutter with variable AV block (Note: the flutter waves at a frequency of
300 cpm)

Supraventricular Arrhythmias

Supraventricular Arrhythmias. Table 1 Drugs that are associated with QT prolongation
Quinidine

Ibutilide

Tricyclic
antidepressants

Disopyramide

Dofetilide

Imidazole
antifungals

Flecainide

Amiodarone

Antimalarials

Propafenone

Macrolides

Haloperidol

Sotalol

Fluoroquinolones

Arsenic trioxide

ventricular function and/or borderline cardiac output
may preclude their use. Digoxin is an alternative that is
frequently used; however, its benefits in the presence of
beta agonists are often negligible.

Focal Atrial Tachycardia [8, 9]
These result from enhanced automaticity, reentry, or triggered activity. As neither the sinus nor the AV nodes have
a role in initiating or maintaining the tachycardia drugs
acting on the AV node are ineffective. On the surface
electrocardiogram the p-wave morphology is different
from that in normal sinus rhythm and it is normally
obscured in the T wave from the preceding cycle. It is
a regular arrhythmia with a heart rate of 140–240 bpm
(rarely 300, which is a parameter that helps to distinguish
from atrial flutter). On occasion, severely impaired ventricular function is seen on presentation, with the potential diagnosis of a tachycardia-mediated cardiomyopathy.
Here, restoration of sinus rhythm can result in ventricular
remodeling and restoration of normal cardiac function.
Management can be difficult as it responds poorly to
medical treatment. Adenosine can often terminate this
arrhythmia that is rarely responsive to IV beta-blockers
or verapamil (although can achieve rate control). Atrial
pacing and DC cardioversion seldom terminate atrial
tachycardias. IV class IA, IC, and III drugs can sometimes
repress the focus but radiofrequency ablation is now considered one of the preferred methods [10] with a high
success rate, and early referral to an electrophysiologist is
recommended, particularly in the ICU where the arrhythmia is impeding patient recovery.

Multifocal Atrial Tachycardia
These tachycardias are characterized by an irregular heart
rate where three or more different p-wave morphologies
can be found, each with their own different rates. They are
more common in patients with chronic obstructive pulmonary disease (usually associated with theophylline
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administration), although electrolyte and metabolic
disturbances can also contribute. Cessation of theophylline and correction of magnesium and potassium levels are
measures that can help restore normal sinus rhythm.

Supraventricular AV Tachycardias
AV Nodal Reentrant Tachycardia (AVNRT)
[8, 9]
In this tachycardia, there is a reentrant circuit that includes
the AV node. It is one of the most frequent causes of
paroxysmal supraventricular tachycardia in the outpatient
population, but is relatively infrequent in the critical care
environment. The tachycardia is regular, with a rate of
140–250 bpm – Fig. 2. AVNRT is most frequently seen in
young women, and only rarely related to structural heart
disease – an example is shown in Fig. 3.
The pathological substrate is a result of the AV node
being divided with two pathways that form the reentrant
circuit. Two types can be distinguished:
Type 1, more common, (slow fast form) which uses the
slow pathway for antegrade propagation and the fast
pathway for retrograde conduction. Here, the activation
of the atria and ventricles is synchronous – thus, the
p wave is hidden in the QRS or appears soon after the
QRS (r’ in V1 or pseudo S in the inferior leads). The PR
interval is longer than the RP interval.
Type 2, called fast slow form, where the PR interval is
shorter than the RP interval.

Atrioventricular reentrant Tachycardia
(AVRT), Including Wolf–Parkinson–White
Syndrome
This form of arrhythmia depends upon the presence of
extranodal pathways that connect the atria to the ventricles. They are more frequent in males than females (2:1)
and patients are usually younger than those with AVNRT.
There is an increased prevalence of Ebstein’s anomaly in
these patients.
AVRT can be divided in orthodromic AVRT if the
accessory pathway is used for the conduction from the
ventricle to the atrium. In antidromic AVRT, the accessory
pathway conducts the impulse from the atria to the
ventricles.
The diagnosis of Wolf–Parkinson–White (WPW)
syndrome implies the presence of preexcitation and tachyarrhythmia. Here, AVRT is the most common arrhythmia –
Fig. 4A1 and A2. After conversion to sinus rhythm, delta
waves can be seen in the 12-lead ECG, relating to
preexcitation.
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Supraventricular Arrhythmias

A1

A2

Supraventricular Arrhythmias. Figure 3 (Continued)

Supraventricular Arrhythmias
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Supraventricular Arrhythmias. Figure 3 Narrow QRS tachycardia that responded to amiodarone (A1). This patient was referred
for an electrophysiologic study and catheter ablation. Atrial tachycardia (A2) and extranodal pathway (A3) were excluded – an
AVNRT was diagnosed and ablation of the reentrant circuit was performed. (Courtesy of Dr Luis Carpinteiro)

In patients with WPW, the presence of atrial fibrillation can be life-threatening as it can result in rapid ventricular response and lead to ventricular fibrillation.
Catheter ablation is potentially lifesaving in this situation.
The success rate of this technique is more than 90%.
Complications are infrequent (1%) being complete AV
block and myocardial perforation the most important.

Evaluation/Assessment
Patients can be asymptomatic or may complain of dizziness, palpitations, dyspnea, presyncope, and even syncope,
or may present with a tachycardia-mediated cardiomyopathy [9]. In the critical care setting, atrial arrhythmias
usually present the intensivist with the challenge of diagnosing the cause of an inadequate cardiac output associated with a rapid heart rate. The 12-lead surface ECG is
crucial and should be recorded in all patients on admission to the ICU, and whenever any new rhythm disturbance arises, as long as the patient is hemodynamically
able to tolerate this. If immediate DC cardioversion is
needed due to catastrophic hemodynamic instability,
then if possible a rhythm strip of the arrhythmia should
be obtained, preferably showing the onset of the tachycardia. Supraventricular arrhythmias present with a narrow

QRS complex (QRS<120 ms). If a broad QRS complex
tachycardia is seen, it can be supraventricular in the presence of bundle branch block (pre-existent or rate-related)
or an accessory pathway; antidromic AVNRT. Patients
with congenital heart disease warrant special consideration, as seemingly benign rhythms may rapidly result in
catastrophic hemodynamic deterioration, as may cardioversion. For more detail regarding this patient population,
see ▶ Antiarrhythmic Therapy.
Once sinus rhythm is restored, a new 12-lead ECG
should be obtained. An echocardiogram should be
performed to exclude structural heart disease; however, it
must be remembered that tachycardia may adversely affect
ventricular function relatively acutely. Finally, electrolyte,
metabolic disturbances, and thyroid function should be
assessed, and the chest radiograph re-examined for the
position of central venous catheters.

Acute Treatment
If there is hemodynamic instability immediate DCsynchronized cardioversion should be performed. Concomitantly, all potential contributing factors (electrolyte
disturbance, pro-arrhythmic drugs, etc.) should be minimized where possible.
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Supraventricular Arrhythmias. Figure 4 Broad QRS complex tachycardia (A1). After DC-synchronized cardioversion the 12-lead
ECG reveals delta waves (A2). This is a WPW syndrome and the patient was referred for catheter ablation

Acute Management of Narrow QRS Complex
Tachycardia
Where the patient is hemodynamically unstable,
DC-synchronized cardioversion should be performed.

Where the patient is stable, antiarrhythmic agents can be
used. 12-lead ECG monitoring should be instigated, and
adenosine IV 6 mg should be given and a 12 mg dose can
be repeated 2 min after the first dose if this does not

Supraventricular Arrhythmias

resolve the arrhythmia. Adenosine has a rapid onset of
action (less than 30 s) and a short half-life (1–2 min) –
Table 2. Side effects include facial flushing, sinus
bradycardia and AV block, dyspnea, anginal type chest
pain, nausea, and headache. If adenosine fails, then
IV beta-blockers or calcium antagonists should be
considered.
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Acute Management of Broad QRS Complex
Tachycardia
If the patient is unstable immediate DC cardioversion
should be performed.
If the patient is stable but ventricular tachycardia
cannot be excluded then this arrhythmia should be
treated as ventricular tachycardia until proven otherwise.

Supraventricular Arrhythmias. Table 2 Antiarrhythmic drugs most frequently used in supraventricular arrhythmias
Drug

Adverse effects

Contraindications/cautions

Adenosine

Facial flush, chest pain,
hypotension

Severe reactive airway disease

Bronchospasm

Third degree AV block

Heart transplant recipient

Atrial fibrillation (AF) (in WPW syndrome) AF or atrial flutter in WPW syndrome
Asystole
Propranolol/Metoprolol

Diltiazem/Verapamil

Bradycardia

Asthma

Hypotension

Second or third degree AV blocks

Bronchospasm

Heart failure

Deterioration of ventricular function

Cardiogenic shock

Bradycardia

Sick sinus syndrome

Hypotension
Deterioration of ventricular function

Second or third degree AV block
Heart failure
Cardiogenic shock
Caution in renal impairment

Amiodarone

Hypotension

Monitor liver function
Monitor liver and thyroid function

Bradycardia
QT prolongation
Phlebitis
Ibutilide

QT prolongation

Hypokalemia

Torsades de pointes
Digoxin

Bradycardia

Hypertrophic cardiomyopathy

AV block

Constrictive pericarditis

Atrial/ventricular arrhythmias

Ventricular arrhythmias
Atrial arrhythmias in WPW syndrome
Monitor digoxin levels
Monitor K and Mg levels
Caution in renal impairment

Dofetilide

QT prolongation

Flecainide

Torsades de pointes
Ventricular function deterioration if
organic heart disease
Rapidly conducting atrial flutter

Contraindicated if creatinine clearance
< 20ml/min
Second or third degree AV block
Recent MI
Caution if renal or liver impairment

A: atrio-ventricular, WPW: Wolff-Parkinson White, K: potassium, Mg: magnesium, MI: myocardial infarction
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Surgical Lung Biopsy

If supraventricular tachycardia with aberrancy is
certain then the treatment is identical to narrow QRS
complex tachycardia. If supraventricular tachycardia
with preexcitation is the case then verapamil and
digoxin are contraindicated [11]. If the rhythm is
irregular then DC-synchronized cardioversion is preferable. In alternative IV flecainide or ibutilide can be used,
subject to the usual cautions and contraindications –
Table 2.

Surgical Lung Biopsy
▶ Bronchial Fibroscopy and Lung Biopsy

Surveillance
▶ ICU, Infection Control

When to Refer to an Electrophysiologist? [11]
The scenarios where referral to a specialist electrophysiologist may be indicated in the critical care setting include:
● Tachycardia with broad QRS complex
● Supraventricular tachycardia in:
– Presence of syncope or severe symptoms
– Presentation with cardiomyopathy
– WPW/accessory pathway-related arrhythmias
resulting in ICU admission/new diagnosis during
ICU admission
● Difficulty in rate/rhythm control impeding patient
progress on the ICU
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SUV
Standardized uptake value, tissue concentration of
a radioactive tracer administered to a subject and measured by PET divided by the activity injected divided by
body weight.

SvO2 (Mixed Venous Oxygen
Saturation)
▶ Venous Oxygen Saturation, Central and Mixed

Swan–Ganz Catheterization
▶ Pulmonary Artery Catheterization

Sylvatic
The term “sylvatic” refers to pathogens or diseases that
affect only wild animals. It is derived from the word
“sylvan” which means forest or forest dwelling.

Sympathetic Denervation
▶ Neurogenic Shock

Syncope

Synchronized Assist
▶ Patient–Ventilator Interactions

Synchronized Ventilation
▶ Patient–Ventilator Interactions

Syncope
BENJAMIN SUN
Emergency Department, University of California, Los
Angeles/West Los Angeles Veterans Affairs Medical Center,
Los Angeles, CA, USA

Synonyms
Black-out; Collapse; Fainting; Loss of consciousness;
Near-syncope; Pre-syncope

Definition
Syncope is defined as a transient loss of consciousness,
associated with loss of postural tone, with spontaneous
and complete recovery. Syncope can be caused by many
conditions, but the common pathophysiological mechanism is a transient decrease or cessation of cerebral
blood flow.
Syncope is common and may be triggered by
a dangerous clinical condition; however, ascertaining the
cause is often difficult. By definition, patients with syncope have returned to their baseline state upon presentation to a health care provider, and it may be challenging to
identify a presumptive cause. As a result, an episode of
syncope often leads to multiple diagnostic tests and hospital admission.
Furthermore, the evaluation of syncope may be limited by poor patient recall and the lack of witnesses to the
event. Occasionally it may be unclear whether a patient
truly experienced loss of consciousness. Consequently,
complaints of near-syncope (a sensation of imminent
syncope without loss of consciousness) are often evaluated
in a similar fashion as syncope.
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Epidemiology
Syncope occurs frequently in the general population. Incidence of a first report of syncope in the Framingham Heart
Study cohort was 6.2 per 1,000 person-years, with a ten-year
cumulative incidence of syncope of 6% [1]. The incidence of
syncope increases sharply as a function of age; the incidence of syncope is 5.7/1,000 person-years in men aged
60–69; 11.1/1,000 person-years in men aged 70–79; and
16.9/1,000 person-years in men aged 80 and above [1].
Syncope is also a common reason for emergency
department (ED) visits and hospitalizations. In
a nationally representative survey of US EDs, syncope
was the primary complaint in 0.8% (740,000 visits annually) of all ED visits [2]. The overall US hospitalization rate
for patients presenting with syncope to the ED is 32%. The
annual costs for syncope-related hospitalizations exceed
$2.4 billion [3].

Differential Diagnosis
It is common practice to group the many potential causes
of syncope by organ system or pathophysiological mechanism. Table 1 summarizes the prevalence of common
categories of syncope. It is important to note that most
initial “diagnoses” for syncope are presumptive.
A definitive diagnosis requires concurrent occurrence of
syncope and a “gold-standard” diagnostic finding (e.g.,
arrhythmia on cardiac monitoring), which rarely occurs in
clinical practice.

Cardiac Causes
Arrhythmias
Arrhythmias are the most common cardiac cause of syncope. Tachyarrhythmias include ventricular and
Syncope. Table 1 Causes of syncope [4]
Cause

Prevalence
(Range)

Cardiac syncope
Arrhythmias
Organic heart disease

14% (4–38)
4% (1–8)

Neurologic disease

10% (3–32)

Orthostatic hypotension

8% (4–10)

Neurocardiogenic syncope
Vasovagal attack

18% (8–37)

Situational syncope

5% (1–8)

Carotid-sinus syncope
Unknown

1% (0–4)
18% (8–37)
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supraventricular tachycardias. The onset of tachycardia
may be associated with decreased atrial filling, reduced
cardiac output, and syncope or a sensation of near-syncope. Consciousness is restored when vascular compensatory mechanisms improve cerebral blood flow or when the
tachyarrhythmia spontaneously resolves. If cerebral blood
flow does not recover, then there is no spontaneous return
of consciousness; in such cases, the patient experiences
cardiac arrest rather than syncope.
Bradyarrhythmias can be caused by intrinsic or extrinsic cardiac conduction disease. Syncope may occur in the
presence of sinus node arrest combined with a failure of
a ventricular escape mechanism. Such pauses may be
encountered in tachy-brady syndrome, where an atrial
tachyarrhythmia is followed by sinus arrest. More severe
forms of atrioventricular (AV) block, such as complete AV
block and Mobitz II block, may often be associated with
syncope.
Medications may increase the likelihood of both
tachy- and bradyarrhythmias. QT prolongation is a risk
factor for torsade de pointes, and medications including
antiarrhythmics, antipsychotics, and antiemetics can
increase the QT interval. Extrinsic sinus node disease
leading to symptomatic bradycardia, pauses, or blocks
can be caused by medications such as calcium channel
blockers, beta blockers, and digoxin.

Structural Heart Disease
Structural heart disease includes a heterogeneous set of
conditions which may contribute to syncope. These
include myocardial infarction, valvular heart disease,
hypertrophic cardiomyopathy, cardiac masses, pericardial
tamponade, pulmonary embolus, pulmonary hypertension, and aortic dissection. These are low prevalence conditions which may be life threatening, and an important
goal of the initial evaluation of syncope is to exclude the
presence of clinically significant structural heart disease.
The mechanism of syncope varies by specific condition
type and often is multifactorial. For example, myocardial
infarction may lead to syncope through ischemia related
arrhythmias, reduced cardiac output, and vasovagal
response caused by pain.

Neurologic Causes
Neurologic conditions that may cause transient loss of
consciousness include seizures, transient ischemic attack,
or stroke. Most episodes of seizure are readily distinguished from “true” syncope, and the evaluation of seizure
is distinct from that for syncope. In unwitnessed episodes
of loss of consciousness, however, it may be difficult to
distinguish between seizure and syncope. Symptoms such

as witnessed tonic-clonic movements, tongue or lip laceration, incontinence, and post-event confusion lasting for
more than 5 min may be suggestive of seizure. Myoclonus
after syncope is common and may mimic seizure activity,
although these episodes are typically brief (<1 min) without an associated post-ictal phase.
Transient ischemic attacks and ischemic strokes
involving the vertebrobasilar circulation can cause
brainstem hypoperfusion and syncope. Such episodes
may be associated with vertigo, dysarthria, diplopia, and
other cranial nerve abnormalities.

Orthostatic Hypotension
Syncope can be caused by an abnormal blood pressure
drop with standing, leading to decreased cerebral perfusion and loss of consciousness. There are multiple potential contributors to orthostatic hypotension, including
volume depletion, age-related physiologic changes,
medications, and autonomic insufficiency. It is
important to exclude life-threatening, acute blood loss as
a cause of volume depletion, including gastrointestinal
bleeding, ruptured abdominal aortic aneurysm, ruptured
ectopic pregnancy, and thoraco-abdominal trauma.
More common reasons for volume depletion include
diarrhea, vomiting, poor oral intake, and concurrent
infection.
In the absence of volume depletion, orthostatic hypotension may be due to a combination of inadequate
peripheral vascular resistance and an inappropriate
cardioinhibitory response to gravity. A 20 mmHg reduction in systolic blood pressure associated with syncope or
near-syncope may suggest orthostatic hypotension as
a cause of syncope. However, care must be taken to
exclude other dangerous causes of syncope, as orthostatic
hypotension is a nonspecific finding in emergency department and elderly populations.

Neurocardiogenic Syncope
Often referred to as vasovagal syncope, neurocardiogenic
syncope is the most common cause of syncope. Neurocardiogenic syncope occurs through an exaggerated vagal
response, resulting in simultaneous parasympathetic stimulation and sympathetic withdrawal. A combination of
cardioinhibitory and vasodepressor response may lead to
bradycardia, hypotension, and syncope. Patients
experiencing neurocardiogenic syncope often will experience prodromal syndromes, including dizziness, nausea,
and diaphoresis.
Neurocardiogenic syncope is often triggered by painful or uncomfortable stimulus. Examples of common scenarios in healthcare settings include blood draws,

Syncope

intravenous line placements, and witnessing a family
member undergo an uncomfortable procedure.
Situational syncope can be caused by sudden increases
in intrathoracic or intra-abdominal pressure. Stimulation
of baroreceptors throughout the body, including the heart,
lung, bladder, and rectum may lead to an exaggerated
vagal response. Common situational triggers leading to
neurocardiogenic syncope include cough, micturition,
and defecation.
Carotid sinus hypersensitivity is a variant of neurocardiogenic syncope that occurs with stimulation of baroreceptors at the carotid sinus. Common triggers include
head turning, shaving, and a tight collar.

Evaluation
A diagnostic pathway for the evaluation of syncope is
presented in Fig. 1 [5]. This algorithm is intended to
provide a conceptual framework, rather than to replace
clinical judgment. The initial evaluation should be guided
by a careful patient history, physical exam including
orthostatic vital signs, and 12-lead electrocardiogram.
The goals of the initial evaluation are to differentiate
syncope from non-syncope conditions; identify the cause
of syncope; and in patients without an obvious cause of
syncope, perform risk stratification to determine which
patients should be admitted for a diagnostic
hospitalization.

Is It Syncope?
The first branch point in this framework is to distinguish
syncope from non-syncope conditions. Complaints such
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as coma, delirium, seizure, stroke, vertigo, generalized
weakness, alcohol/or drug intoxication, and loss of consciousness as a result of head trauma may cause alterations
in sensorium, and the evaluation and management of such
conditions differs from “true” syncope. In patients with
cognitive deficits or with poor recall of the event, it may be
difficult to determine whether syncope occurred. Common scenarios include loss of consciousness and retrograde amnesia associated with a motor vehicle accident
and the older adult with dementia who is found on the
ground. In cases of uncertainty, it is prudent to consider
causes of syncope in the diagnostic evaluation.
Syncope and near-syncope (an imminent sensation of
loss of consciousness) share similar causes, and differentiation between the two symptoms may be difficult when
there is poor recall of the event. Clinicians should consider
applying a similar diagnostic framework to evaluation of
syncope and near-syncope.

Is There a Presumptive Cause?
A careful patient interview, physical examination, and
12-lead electrocardiogram (ECG) may suggest diagnoses.
Although it has low diagnostic yield, the ECG can provide
important clues to specific conditions and should be routinely obtained in the evaluation of syncope. Additional
testing should be directed by the initial history, exam, and
ECG. Table 2 provides examples of how clinical features
may suggest a diagnosis [5]. Particular care should be
made to identify life-threatening illnesses, including cardiac syncope from arrhythmia or structural heart disease,
cerebral ischemia, and acute hemorrhage. Patients who

It is syncope?
Yes

No

Initial evaluation:
History, Exam, ECG

Symptom specific
evaluation and treatment

Is there a presumptive
cause?
Yes

No
Risk stratification

Dangerous condition?
Yes
Admit for
treatment

No
Likely
discharge

Syncope. Figure 1 Diagnostic approach to syncope

High risk

Non-high risk

Diagnostic
admission

Discharge or
observation
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Syncope. Table 2 Clinical features suggesting a diagnosis
Cardiovascular syncope
● Known structural heart disease (e.g., critical aortic
stenosis)
● Family history of sudden death
● Sudden onset of syncope without prodrome
● Association with exertion, chest pain, shortness of breath,
or palpitations
● Abnormal ECG findings, such as:
– Non-sustained ventricular tachycardia
– Bifascicular block
– Bundle branch block
– Right bundle branch block with ST elevations in V1–V3
(Brugada Syndrome)
– Q/ST/T changes consistent with ischemia
Neurologic syncope
● Association with vertigo, diplopia, dysarthria
● Cranial nerve or focal neurologic deficits
Orthostatic hypotension
● Occurrence with standing
● Recent vomiting/diarrhea/poor oral intake
● Recent initiation of medications predisposing to
hypotension (e.g., diuretics)
Neurocardiogenic syncope
● Prodromal symptoms of dizziness, nausea, sweating
● Associated with painful or unpleasant stimulus
● Triggered by cough, micturition, defecation, head rotation

have a dangerous condition identified in the ED should be
hospitalized for treatment.
Identification of cardiac syncope is of particular
importance. Cardiac syncope is associated with doubled
risk of long-term mortality [1]. Because arrhythmias may
be transient and not apparent on an initial ECG, patients
with syncope should be placed on cardiac monitoring
during their emergency department evaluation. Patients
with clinical features suggestive of structural heart disease,
such as abnormal heart sounds or ECG abnormalities,
should undergo echocardiogram testing. Exercise stress
testing should be considered in patients who experienced
syncope during or immediately after exertion, or who
have symptoms suggestive of cardiac ischemia (e.g., chest
pain). Clinical features consistent with pulmonary embolism, such as tachycardia, hypoxia, pleuritic chest pain,
or evidence of right heart strain on the initial ECG, warrant further investigation. Diagnostic algorithms for

pulmonary embolism is discussed elsewhere, but may
require a combination of D-dimer serum testing, duplex
ultrasound of the legs, perfusion/ventilation scan, and/or
CT angiogram of the chest. Finally, clinical features
suggesting aortic dissection, such as tearing chest pain,
asymmetric pulse, or a widened mediastinum on chest xray, require further testing by CT angiogram, MR angiogram, or transesophageal echocardiogram.
Syncope associated with associated neurologic complaints or exam findings should raise the suspicion for
vertebrobasilar cerebral ischemia. MRI/MRA imaging of
the brain and cerebral circulation may be indicated in such
cases.
Patients who experience syncope from a major hemorrhage usually will exhibit a low hematocrit and orthostatic symptoms. The most common cause is
gastrointestinal bleeding, and the diagnosis may be
supported by the presence of hematemesis, melena,
hematochezia, or a stool guaic test positive for blood.
Other sources of hemorrhage include ruptured ectopic
pregnancy, ruptured aortic aneurysm, and traumatic
thoraco-abdominal injury. A pregnancy test should be
ordered in all women of childbearing age who experience
syncope. Ultrasound and/or CT testing may be diagnostic
in identifying the presence and source of major bleeding.
Patients with a presumptive diagnosis of orthostatic
hypotension or neurocardiogenic syncope have excellent
prognosis and do not experience excess mortality compared to patients without syncope [1]. Patients with clinical features concordant with these categories of “benign”
syncope (Table 2), and who have a normal physical exam
and ECG, may be candidates for discharge from the emergency department. Clinicians should be aware, however,
that there are no gold-standard tests to confirm an orthostatic or neurocardiogenic diagnosis for syncope, and that
there may be important overlaps in the presentation of
cardiac and benign syncope. For example, orthostatic
hypotension is a nonspecific finding in older adults, and
the presence of orthostatic vital sign changes does not
exclude the possibility of other causes of syncope. It is
prudent to instruct discharged patients to follow-up with
their usual care providers as an outpatient and to provide
return precautions for worsening symptoms.

Risk Stratification
Even after initial evaluation with history, exam, ECG, and
directed testing, the cause of syncope will be unclear in
a significant proportion of patients. The treating clinician
should assess the short-term risk of sudden death or
a serious clinical event. High-risk patients should be
admitted for further diagnostic evaluation and

Synthetic Polymers

Syncope. Table 3 Short-term high-risk factors
Pre existing cardiac disease
Congestive heart failure
LV ejection fraction <40%
Severe aortic stenosis
Arrhythmias
Myocardial infraction
Abnormal electrocardiogram
Abnormal cardiac biomarker (Troponin, BNP)
Syncope resulting in trauma
Lack of prodromal symptoms
Advanced Age

▶ Abdominal Aortic Aneurysm
▶ Aortic Dissection
▶ Aortic Stenosis
▶ Gastrointestinal Hemorrhage
▶ Pericardial Tamponade
▶ Pulmonary Embolism
▶ Supraventricular Tachycardia
▶ Ventricular Tachycardia
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monitoring. Non-high-risk patients are candidates for
a brief observation admission or discharge with ongoing
evaluation as an outpatient.
Although several groups have published risk stratification models, none currently have been validated for
widespread clinical use. Risk stratification relies heavily
upon findings from the initial evaluation and clinical
judgment. Table 3 presents factors that may be associated
with increased risk of an adverse outcome. Evidence of
heart disease, including congestive heart failure, prior
myocardial infarction, ECG abnormalities, and cardiac
biomarker abnormalities, may indicate increased risk for
dangerous arrhythmias. Advanced age is associated with
greater incidence of serious events, and this association
may be driven by higher prevalence of structural heart
disease in older adults. Severe anemia may be a marker
for occult blood loss contributing to syncope. Finally,
patients who have abnormal vital signs, including heart
rate, blood pressure, and oxygen saturation, require further inpatient evaluation.

Summary
Syncope is a common complaint that generates many
emergency department visits and hospital admissions.
The clinical evaluation of syncope is challenging and
requires a careful history, physical exam, ECG, and
directed testing to identify potentially life-threatening
causes. For patients without an obvious cause of syncope,
clinicians should perform risk stratification to identify
patients who require hospitalization for further inpatient
diagnostic evaluation.
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Severe anemia (Hematocrit <30%)
Abnormal vital signs
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Synthetic Colloid
▶ Colloids

S
Synthetic Membranes
They are the most common material utilized during modern acute dialysis. They are manufactured polymers,
highly biocompatible, developed in response to concerns
related to the pronounced complement activation associated with unmodified cellulosic dialyzers.

Synthetic Polymers
▶ Adsorption
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Systemic Air Embolism

Systemic Air Embolism
▶ Bronchovenous Air Embolism

Systemic Inflammatory Response
Syndrome (SIRS) with Infection
▶ Sepsis, Overview

Systemic Inflammatory Response
▶ Burns, Sepsis

Systemic Vascular Resistance
▶ Afterload

Systemic Inflammatory Response
Syndrome (SIRS)
The condition when a patient develops two or more of the
following: body temperature >38 C or <36 C, heart rate
>90 beats/min, respiratory rate >20 breaths/min or
PaCO2 <32 mmHg, and a white blood cell count
>12,000 cells/ml or <4,000 cells/ml.
▶ Sepsis: Pathogenesis

Systolic Dysfunction
▶ Acute Heart Failure: Risk Stratification
▶ Ventricular Dysfunction and Failure

T
T3
Triiodothyronine, a hormone with three iodine molecules,
made in small amounts by the thyroid gland and in larger
amounts from T4 in other body tissues.

T4
Thyroxine, the main hormone made by the thyroid gland,
containing four iodine molecules.

Tamponade
A method to impede blood flow via the application of
external pressure.

TEG®/ROTEM®
TEG®/ROTEM® are viscoelastic coagulation monitoring
devices, which measure and graphically display the time
until initial fibrin formation, the kinetics of fibrin formation and clot development, and the ultimate strength and
stability of the fibrin clot as well as fibrinolysis.

Temporary Conduction Block
▶ Nerve Injury

Temporary External Fixation
▶ Musculoskeletal Trauma, Damage Control, and Pelvic
Binder

Tension Pneumothorax
TBI
▶ Traumatic Brain Injury-Fluid Management

TCD

WILLIAM G. CIOFFI, MICHAEL D. CONNOLLY,
CHARLES A. ADAMS, JR.
Department of Surgery, Rhode Island Hospital,
Providence, RI, USA

Synonyms
Pneumothorax

▶ Ultrasound: Uses in ICU

Definition

TED
▶ Esophageal Doppler

A tension pneumothorax results from a progressive accumulation of air within the pleural space that leads to
respiratory and circulatory collapse. Tension pneumothorax, unlike a simple pneumothorax, is characterized by
a lung parenchymal injury acting as a one-way valve leading to a worsening pneumothorax since the air is unable to
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Tension Pneumothorax

exit the pleural space. The increasing air in the pleural
space leads to lung compression and progressive respiratory failure, which is exacerbated by shifting of the mediastinum. This mediastinal shift compromises chest wall
compliance and respiratory function of the unaffected
lung as well as distorts the cavoatrial junction resulting
in inhibited venous blood return to the heart, decreasing
cardiac output, and ultimately death due to respiratory
and circulatory collapse.

Treatment
The treatment of a tension pneumothorax requires immediate decompression of the air trapped in the pleural
space. A catheter or tube is inserted into the pleural
space, which allows the air to escape into the atmosphere,
releasing the pressure exerted on the lung and mediastinum. Typically a rush of air is elicited at the time of entry
into the pleural space when the tension pneumothorax is
released.
Needle thoracostomy provides the fastest treatment of
a tension pneumothorax. One study of patients with thoracic injury demonstrated significant improvement in
oxygen saturation, blood pressure, and heart rate in
patients treated with this emergent thoracic drainage [1].
A large bore angio-catheter should be placed into the
pleural space at the level of the second intercostal space
in the midclavicular line. The needle is advanced through
the chest wall until air can be aspirated; the needle is then
withdrawn and the catheter left in place. By establishing
a connection with the atmosphere, the tension pneumothorax is converted into a simple pneumothorax. If a more
definitive tube thoracostomy cannot be immediately
performed, then the needle thoracostomy catheter should
be connected to a stop cock to allow for serial aspirations
to prevent re-accumulation of a tension pneumothorax.
Although a needle thoracostomy can be a life-saving
procedure, there are multiple potential pitfalls that need to
be anticipated. First, in patients with thick chest walls, it
may not be possible to reach the pleural space with a short
catheter, or after initially reaching the pleural space, the
catheter may kink or back out from the pleural space.
Measurement of chest wall thickness in a consecutive series
of trauma patients revealed that 9.9–35.4% of patients had
chest walls greater than 4.5 cm, the typical length of
catheters used for a needle thoracostomy [2]. Therefore,
the tension pneumothorax may not be drained or may reaccumulate unexpectedly. Second, the lung is susceptible
to laceration when blindly placing a needle into the pleural
space, which could lead to bleeding or air embolus.

The definitive treatment for a tension pneumothorax
is a tube thoracostomy and this should be performed as
soon as possible after diagnosis of a tension pneumothorax is made. This tube placed through the fourth or fifth
intercostal space in the anterior to midaxillary line provides more effective drainage of the pleural space than
a needle thoracostomy. The chest tube is left in place
until resolution of the “air leak” in the chest tube collection system is noted which signifies that the parenchymal
injury that caused the tension pneumothorax has healed.

Evaluation/Assessment
In most cases, the diagnosis of tension pneumothorax
should be made through history and physical exam only.
This is particularly important because a delay in treatment
may quickly lead to respiratory and circulatory collapse,
and death. A tension pneumothorax should be suspected
in any patient who has suffered chest trauma or an invasive procedure in which the lung or pleura might have
been injured. Tension pneumothorax has been described
complicating central venous catheterization, percutaneous lung biopsy, percutaneous tracheostomy, epidural
catheter placement, and laparoscopy. Additionally,
patients at risk for spontaneous pneumothorax have the
potential to develop a tension pneumothorax. Patients on
positive pressure ventilation are at high risk for rapid
deterioration because of the increased pressure gradient
across the injured lung, leading to rapid accumulation
of air in the pleural space, and collapse of lung and
ventilation–perfusion mismatch in patients who already
have compromised pulmonary function. It is often said
that the quickest way to convert a simple pneumothorax
to a tension pneumothorax is through positive pressure
ventilation. Patients who develop tension pneumothorax
in the ICU have an increased risk of mortality as well [3].
The classically described physical exam findings
include tachypnea, tachycardia, absent breath sounds
over the hemithorax with hyperresonance, tracheal deviation away from the affected side, distended neck veins due
to obstructed venous return, and elevation in airway pressures in a mechanically ventilated patient. However, these
findings are not always present or recognized, especially in
patients in the intensive care unit or those suffering acute
trauma because the signs and symptoms of tension pneumothorax often mimic those of other critical illness.
Therefore, the clinician must maintain a high index of
suspicion in any patient at risk for tension pneumothorax.
Although ideally the tension pneumothorax should be
diagnosed on clinical grounds alone, there are several signs
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seen on chest X-ray that should alert the clinician to the
possibility of a tension pneumothorax. Chest radiographs
of tension pneumothorax typically show a complete lack
of lung marking on the affected side, with flattening of the
hemidiaphragm or a “deep sulcus sign” due to downward
displacement of the diaphragm at the lateral phrenic
recesses [4]. Other radiographic signs include shifting of
the mediastinum or mediastinal structures such as the
heart, trachea, nasogastric, or endotracheal tubes away
from the affected side.
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The tube thoracostomy is left in place until the parenchymal injury that caused the tension pneumothorax has
resolved. In the majority of cases, the parenchymal injury
will resolve with tube thoracostomy. Occasionally in the
cases of significant parenchymal injury or bronchopleural
fistula, direct repair via surgical intervention is required.

The Federal Bureau of Investigation defines terrorism as,
“the unlawful use of force or violence against persons or
property to intimidate or coerce a government, the civilian
population, or any segment thereof, in furtherance of
political or social objectives” (http://baltimore.fbi.gov/
domter.htm, accessed July 23, 2010).

Prognosis

National Incident Management System

The prognosis after diagnosis and treatment of a tension
pneumothorax depends on the underlying disease process
that caused the tension pneumothorax. As long as the
tension pneumothorax is identified and treated in
a timely fashion, full recovery is expected. However,
patients developing tension pneumothorax often suffer
from significant other injuries or medical problems that
may affect outcome.

The National Incident Management System (NIMS) was
developed by the Department of Homeland Security as
a comprehensive, nationally accepted approach to incident management. Issued in 2004, it provides guidance
to response agencies at all levels of government
from multiple jurisdictions, non-governmental organizations, and the private sector to facilitate interagency
collaboration in preparation for, and response to,
major incidents (http://www.fema.gov/emergency/nims/
AboutNIMS.shtm, accessed August 1, 2010).
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Definition

Incident Command System
The Incident Command System (ICS) presents a standardized command and control structure characterized
by a modular organization, common terminology, limited
span of control, and clear lines of communication. It
delineates organizational structure and specific responsibilities for respondents to all types of emergency incidents,
both large and small. ICS is a component of NIMS
(http://www.fema.gov/txt/nims/nims_ics_position_paper.
txt, accessed August 1, 2010)

Characteristics
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Scope of the Problem
Because of the growing threat of terrorism in the United
States and abroad, it is mandatory that emergency
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response agencies have policies and procedures in place to
mitigate and respond to terrorist incidents. They must
also hold training exercises on a routine basis. Emergency
medical services (EMS) and hospital-based personnel
should be knowledgeable of the potential weapons and
tactics used by terrorists, likely targets within their jurisdictions, and the appropriate management of the incident
scene and resultant casualties.
Terrorists tend to select targets that are highly visible,
exploitable, and crowded so as to maximize media coverage and the number of victims. These may include large
public venues such as sports facilities; sites of economic,
historical, or symbolic significance; transportation systems; schools; and communications infrastructure. Illustrative examples are the targeting of the World Trade
Center in 1993 and 2001, the 1995 Tokyo sarin attack
and the bombing of the Alfred P. Murrah Federal Building in Oklahoma City, the Madrid train bombings of
2004, the bombing of the London subway in 2005, and
the attack on School No. 1 in Beslan, the Russian Federation, in 2004. Terrorists may strike a single target or
multiple targets simultaneously, an especially challenging
scenario for response agencies with limited resources.
Terrorists may also deliberately target first responders
arriving on scene at the first of multiple incidents,
as well as other key resources including hospitals as
secondary targets.

Terrorist Weapons
Potential terrorist weapons include explosives and incendiary devices; explosives combined with radioactive material (e.g., “dirty bombs”); firearms; chemical and
biological agents; passive radiological dispersal devices
(i.e., a passive emitter of radiation), and nuclear weapons.
Recent incidents in Iraq, Afghanistan, and Mumbai have
also involved a combination of weapons and tactics, such
as the use of improvised explosive devices (IEDs), suicide
bombers, and active shooters.
Traditionally discussed chemical weapons include
nerve agents (e.g., sarin, VX), vesicants (sulfur mustard,
Lewisite), cyanide and cyanogens, choking agents (phosgene, chlorine), and skin irritants (tear gas, pepper spray).
However, some of these materials may be difficult for
terrorist groups to acquire or manufacture. As an alternative, the large volumes of chemicals routinely stockpiled
in, or transported through, most communities around the
country may be a more tempting target or source of raw
materials.
Biological agents that are potential terrorist weapons
encompass bacteria, viruses, rickettsiae, and toxins.

Representative examples include Bacillus anthracis
(anthrax), the variola virus (smallpox), Coxiella burnetii
(Q fever), and Clostridium botulinum toxin (botulism).
The use of such agents by terrorists could potentially cause
many deaths and widespread panic, perhaps more so than
chemical agents because of the possibility of person-toperson transmission. However, governmental safeguards
in place on their acquisition, combined with the expertise
required to work with them, make biological agents an
unlikely choice for all but the most determined and
sophisticated terrorist groups.
The use of nuclear weapons by terrorist groups likewise has the potential to cause tremendous morbidity and
mortality but, as is the case with biological agents, is
technically challenging. Use of a dirty bomb is a more
likely scenario. While the death toll of such an attack
would be comparable to that of a simple explosive device,
the psychological effect and potential need for large-scale
decontamination of victims, material, and structures
could make a dirty bomb an appealing choice.
While considerable time, resources, and money have
been spent in the past two decades to train emergency
responders to recognize and manage terrorist attacks
involving chemical, biological, and nuclear weapons, history teaches that the vast majority of terrorist incidents
and fatalities have involved conventional weapons, especially explosives or incendiary materials. To illustrate this,
the 2001 dissemination of anthrax via the United States
postal system resulted in five deaths. The 1995 Tokyo
subway sarin attack took 12 lives. In contrast, the death
toll from the 1995 Oklahoma City bombing was 168, and
for the 2001 attack on the World Trade Center towers,
2,976. According to the National Counterterrorism Center, in 2009 there were 11,002 terrorist incidents worldwide. Of these, 8,343 (76%) involved explosives,
firebombs or other incendiary devices, grenades, or
IEDs. Suicide bombers are of particular concern. In
Israel in 2004, they accounted for only 0.6% of terrorist
incidents but 66% of fatalities. Essentially human IEDs,
suicide bombers are able to go where they can do the
most damage and then detonate. The suicide bomber
can be extremely difficult to interdict. If en route the
bomber detects a threat to mission success, he or she can
detonate prior to reaching the target, or a handler can
detonate the explosive remotely. Thus, while it is important that emergency response agencies have protocols
and training programs to address incidents involving
chemical, biological, radioactive, and nuclear weapons,
given the limited budgets and resources of many
agencies, an emphasis on conventional weapons seems
appropriate.

Terrorism Scene Control

Incident Response
Recognition
The execution of terrorist attacks may be overt or covert in
nature. Overt incidents include bombings; attacks involving firearms; and chemical incidents in which a visible
cloud, odor, or immediate onset of symptoms among
multiple victims are noted. In other cases, particularly
those involving biological agents, radiation emitters, and
some chemicals, recognition may be more challenging.
Therefore, emergency responders must be able to recognize tell-tale signs of a covert release so they can take
appropriate personal protective measures, communicate
a warning to inbound responders and area hospitals, and
provide proper treatment to victims. Such signs include
a large number of individuals with similar symptoms,
either of immediate onset or over a matter of hours to
days; geographic clustering of cases; classic toxidromes
such as the combination of salivation, lacrimation, urination, defecation, gastric distress, and emesis seen with
nerve agent exposure; a large number of victims who
have been in the same location or in contact with
a common source; or the widespread death of plants or
animals in one location.
Until the nature of the incident has been determined,
it is prudent for responders to secure the area and stage at
a safe distance, uphill and upwind if feasible. Because of
the potential for multiple devices or threats, staging areas
should be carefully checked. Results of their initial scene
survey should be relayed to the dispatch center for
dissemination.

Scene Safety
Early in their career, emergency responders learn the
importance of scene safety. They are trained to recognize
many of the hazards at an incident scene, such as fumes,
downed electrical wires, traffic, and structural instability.
However, the post blast scene of a terrorist attack may
present less familiar hazards. These include secondary
explosives, a second suicide bomber, booby traps targeting
the emergency responders, and toxic or radioactive materials. Because of this, emergency response agencies must
wrestle with, and develop policies to address, the issue of
whether to enter a scene to extricate victims or wait until
the scene has been cleared by an ordnance disposal or
hazardous material unit. Entering the scene may jeopardize their personnel, but a delay in entering may result in
the death of seriously ill or injured victims. This decision is
confounded by the reality that many jurisdictions do not
have their own ordnance specialists or must wait a long
time for them to arrive. Meanwhile, well-intentioned
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private citizens may be entering the scene to aid the
injured, as professional responders look on from the
sidelines.
Other potential hazards include shrapnel, razor-sharp
edges of twisted metal, body fluids from the dead and
injured, toxic materials, radiation in the case of a “dirty
bomb,” and secondary fires. Avoidance of these and other
hazards requires proper training, equipment, and tight
scene control.

Incident Management Structure
In the United States, incident management is based on the
National Incident Management System (NIMS), rolled
out by the Department of Homeland Security in 2004.
NIMS is an organizational template adopted by emergency response agencies nationwide, which addresses incident preparedness, communications, the management of
information and resources, and scene command and coordination. A key component of NIMS is the Incident Command System (ICS). ICS was developed following
a massive wildfire in California in 1970. The response
was hampered by a lack of coordination and poor communication among the many responding agencies from
multiple jurisdictions. ICS overcomes these issues by
presenting a modular organizational structure consisting
of an incident commander who oversees four sections:
operations, planning, logistics, and finance/administration. The structure can expand and contract based on
the size of the incident, presents a clear chain of command
and communications, involves a limited span of control,
and is appropriate for all hazards. ICS helps to avoid the
chaos that can otherwise prevail at a terrorist incident,
especially when multiple agencies are involved.

Triage and Field Care
The goal of triage is to prioritize patients at a multicasualty incident for treatment and transport. The underlying principle is to make the most efficient use of available
resources to optimize outcome for the greatest number of
individuals. Review of suicide bombings in Israel during
the second Intifada from 2000–2002 revealed an average of
57 victims killed or wounded per incident. Thus, while
a small percentage of terrorist incidents may be of a much
larger scale, the majority should be manageable with
resources available in most metropolitan areas. The goal
of triage therefore becomes ensuring that the sickest
patients get to the appropriate medical facility as rapidly
as possible.
Over the years many different triage tools have been
developed, but in most cases there is little evidence to
support the use of one tool over another. In addition,
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there is regional and interagency variation in choice of
triage tools, which can cause confusion at large incidents
with multiple responding services. Some examples of triage tools are Simple Triage and Rapid Treatment (START);
JumpSTART for children; the Sacco Triage Method; and
the Move, Assess, Sort, Send (MASS) system. Recently,
a consensus group in the USA undertook an examination
of existing triage systems and supporting literature. From
this, they proposed SALT (sort, assess, lifesaving interventions, treatment and/or transport) as a national triage
tool. The lifesaving interventions include hemorrhage
control, opening the airway, providing two rescue breaths
to children, decompressing a tension pneumothorax, and
administering nerve agent antidotes. Regardless of what
system is selected, emergency response agencies and
receiving hospitals should routinely practice its application on real or simulated patients.
Field care should be limited to lifesaving interventions,
such as those proposed by the SALT triage system. Exsanguination from extremity injuries or amputations is
a major concern among victims of bombings. This may
be prevented with the early and liberal application of
tourniquets. Keeping victims and emergency responders
on scene for protracted periods of time to perform more
advanced medical interventions only increases their
chances of being injured by a secondary device or exposed
to a hazardous material. Furthermore, most fatalities of
terrorist bombings die at the scene. Therefore, those who
are alive at the scene, but with critical injuries, may have
a good chance of surviving with early definitive care.
Rapid decontamination should be performed prior to
transport when victims may have come in contact with
toxic or radioactive solids or liquids. In most cases,
removal of clothing and washing with water, or soap and
water, for 5 min is sufficient. Disrobing of all victims of
bombings may be prudent as well because of the possibility of a secondary bomber wearing an explosive vest or belt
being among the victims.

Destination Decisions
Choice of destination hospital for victims of terrorist
incidents should ensure that patients get to the appropriate facility to care for their specific injuries, while at the
same time not overwhelming any given hospital. Both
ground and air ambulances may be involved in this process. In addition, secondary triage may take place at hospitals with patients potentially being transferred by air or
ground for definitive specialty care. Triage officers must
balance the needs of the patients with the needs of the
system. This will be assisted by ongoing communication
between area hospitals and the dispatch center regarding

current hospital capabilities and available resources. Careful patient tracking is also important. Triage officers must
also be cognizant of the fact that many victims, often the
least injured, will make their way to hospitals by means
other than EMS. Hospitals closest to the incident will
generally receive the bulk of these patients. EMS should
therefore consider transporting lower acuity patients to
more distant hospitals, reserving the closer hospitals for
the most critically ill. Furthermore, based on experience in
Israel, following a bombing, only about 10% of survivors
require urgent surgical intervention. The rest of the
patients have less severe injuries, such as minor fractures
or soft tissue injuries. Many of these patients are ultimately
discharged from the emergency department (ED). An
effort should be made to transport these lower acuity
patients to non-trauma centers, conserving trauma center
resources for those who most need them. In some cases,
depending on the nature of the incident and the resultant
injuries, it may be feasible to also transport patients
requiring an intensive care unit level of care to nontrauma centers if their primary insult is not traumarelated. Examples include burn victims and those suffering
from toxic inhalations or exposures.
In a very large-scale incident with many victims, in an
effort to conserve hospital resources it may become necessary to transport low-acuity patients to health-care facilities other than hospitals for their treatment. For example,
patients with minor fractures or wounds could be managed in physicians’ offices or in free-standing clinics.
Mobile field hospitals could also be an option. Deliberations about the use of alternative patient-care facilities are
best made in advance as part of an ongoing, regional
planning process.

Management of Available Hospital
Resources
A terrorist attack can place great strains on area hospitals.
In addition to receiving victims from the scene, either by
EMS or other means, hospitals should have in place plans
to handle the media as well as family members trying to
find their loved ones. Access to the facility should be
carefully controlled. Because of the real possibility that
terrorists may target receiving hospitals for a secondary
attack, people who are granted access, including patients,
should be screened for weapons.
Not all victims will arrive simultaneously. Based on
analysis of previous bombing incidents, the Centers for
Disease Control and Prevention estimates that approximately half of all victims will arrive at a hospital within the
first hour. The least injured tend to arrive first, followed by
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the more critically ill. This observation can assist hospitals
in allocating their resources.
Decontamination of patients may be necessary. Hospitals should not assume that this has already been
performed by local EMS or fire personnel. Also, because
many survivors will bypass EMS and come by private
vehicle or other means, hospitals must be prepared to
rapidly decontaminate a potentially large number of
patients before they enter the ED. Failure to do so may
jeopardize patients, staff, and the ability of the ED to
remain operational.
Once patients have entered the ED, the hospital’s primary objective should be to get them to definitive care, or
discharged, as expeditiously as possible while maintaining
overall hospital patient flow. This may be a difficult task
for hospitals that have not responded to terrorist incidents
previously. Therefore, hospitals should train for mass
casualty incidents on a regular basis so that their personnel
and administration become comfortable with triage tools
and with expediting patient care and throughput. Drills
are also a time for hospitals to identify and address bottlenecks in the patient-care system.
Hospital providers should be familiar with, and prepared for, the unique medical needs of victims of terrorism. For example, while most urban trauma centers are
highly skilled in caring for severely injured patients, they
may not be prepared for a rapid influx of a large number of
critically ill bombing victims, each of whom may have
a combination of blunt and penetrating injuries. Evaluation and management of these patients may be very
resource-intensive. On the other hand, many victims of
a terrorist attack involving a chemical agent will require
decontamination. Early administration of antidotes may
also be necessary. Care of victims exposed to radiation is,
at least initially, similar to that of chemically exposed
patients. However, early involvement of radiation safety
personnel is warranted to monitor levels in both patients
and hospital personnel. Finally, biological incidents usually evolve over a matter of days to weeks. Depending on
the nature of the agent, strict use of barrier precautions
and isolation measures may be required to limit transmission. In some cases, negative pressure isolation may be
needed, something that may be challenging if a hospital
receives a large number of affected patients. There may
also be a great demand for ventilators and additional
personnel trained in the use of ventilators as well as bagvalve-mask ventilation, if quantities of ventilators are
insufficient. Hospitals should have plans to rapidly obtain
more ventilators and other crucial equipment if they lack
the inventory on-site to meet patient needs. This may also
include large quantities of antibiotics and vaccines for
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post-exposure prophylaxis of their staff. Finally, hospitals
should have contingency plans in place to handle a high
rate of call-out by employees who may be fearful of coming to work.

After-care of Responders
It is not uncommon for emergency personnel who have
responded to a terrorist incident to develop symptoms
consistent with posttraumatic stress disorder (PTSD), at
times years after the event. This has been an ongoing issue
among responders to the World Trade Center in 2001,
which involved a protracted and both physically and emotionally exhausting effort. It has also been well
documented in hospital and prehospital personnel in
Israel, who have for decades cared for victims of terrorism.
Symptoms include extreme fear, re-experiencing the inciting event, avoidance behavior, and hyperarousability.
After the incident, emergency response agencies should
hold debriefing sessions and solicit their staff ’s input on
after-action reports. Supervisors should also be vigilant
for the development of symptoms of PTSD among their
staff. Resources should be made available to assist
responders in a manner that will ensure confidentiality.
Psychological First Aid is a recently developed method of
providing early intervention and is intended to reduce
initial stress and promote short- and long-term adaptation. A combination of behavioral therapy and pharmacotherapy may also be effective.

Evidence Considerations
Because terrorist incidents are, by their very nature, crime
scenes, both prehospital and hospital-based medical providers should be aware that as they care for survivors they
may be handling material that is potential evidence in the
associated criminal investigation. While patient care is the
top priority, it is recommended that medical personnel
work with their local law enforcement agencies to develop
policies for handling potential evidence. In addition, law
enforcement officers can be a valuable training resource
for medical providers who either respond to the scene of
a terrorist attack or care for victims in hospital.
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Synonyms
Lockjaw; Risus sardonicus

Definition
Tetanus (Greek tetanos, to contract) is a central nervous
system disease manifesting as severe muscular contractions sufficient to produce respiratory compromise and
death caused by a neurotoxin released by Clostridium
tetani that is generated under anaerobic conditions from
a spore inoculated into a wound. Worldwide currently
there are an estimated 293,000 deaths annually (18,000
neonatal), almost all in developing countries; and, these
figures may be higher due to poor reporting. These figures
are down considerably from the 1980’s data of one million
deaths (750,000 neonatal) due to the World Health Organization Global Elimination of Neonatal Tetanus Program
instituted in 1989. In the developed world only small
numbers of cases occur annually, for example, Canada, 4
(mean), UK (12–15), and the USA (50–70). Diagnosis is

made clinically. There are no tests to definitively diagnose
tetanus. Diseases in the differential diagnosis may be
excluded by clinical presentation, testing, or therapeutic
trials. Mortality rates range from 10% to 90%, depending
on several factors: incubation period duration (<5 days,
disease more severe), early diagnosis, lack of prior immunity, access to appropriate intensive care (mortality
decreases to 10–20%), and extremes of age. Immunization
(passive and active), properly administered, virtually
eliminates the disease, although there are documented
cases of tetanus in partially or fully immunized patients,
including deaths in both groups. Treatment involves
administration of tetanus immune globulin, primary vaccination completed or boosted, wound debridement, antibiotics, supportive care, control of spasms, airway
protection, and control of autonomic dysfunction [1–3].

Bacteriology
C. tetani is an anaerobic (strict), gram positive (variable
staining, possibly gram negative, in tissue and old cultures), motile (sluggish), spore-forming bacillus. The
flagellae are lost in maturity and a terminal spore forms,
giving the bacterium a squash-racquet-like appearance.
It grows best at 30 C/86 F–37 C/99 F, but can grow in
the range of 14 C/57 F–43 C/109 F. The spores are
extremely hardy, withstanding temperature extremes,
moisture, atmospheric oxygen, and ethanol. They can
survive for years and germinate to cause tetanus, if not
exposed to sunlight. Inactivation occurs after 15–24 h of
exposure to chloramines (1%), formalin (3%), hydrogen
peroxide (6%), or phenol (5%). They are killed by aqueous iodine or glutaraldehyde (2%; at pH 7.5–8.5) within
3 h. They are destroyed at 100 C/212 F for 4 h or autoclaving at 121 C/250 F at 15 PSI for 15 min. Spores are found
in soil, and the feces of herbivores and omnivores in
varying percentages. Humans are colonized at a rate of
0–40% (rural higher than urban). Tetanolysin, an
exotoxin, is released locally in the tissues leading to tissue
damage creating a more favorable environment for C.
tetani to grow. Numerous strains of C. tetani exist, but
not all of them cause tetanus. To do so, they must contain
an extrachromosomal megaplasmid (74-kb), which is
known to encode at least the tetanus toxin (tetanospasmin)
and its direct transcriptional activator. The estimated minimal lethal dose in humans is <2.5 ng/kg. The dose sufficient to kill all of humanity is estimated to be 240 g [1, 3].

Pathophysiology
Spores are inoculated through the epidermis. Seven to
25% of tetanus cases do not have an apparent wound.

Tetanus

The spores germinate in anaerobic or hypoaerobic conditions to become bacilli. Tetanospasmin accumulates in the
bacilli and upon autolysis is released into extracellular
environment where proteases (bacterial or tissue) cleave
it into two chains: a light chain and a heavy chain. The
chains remain linked by disulfide bonds: one between the
chains and another within the heavy chain. The light chain
is a zinc endopeptidase and is responsible for toxicity.
The heavy chain is responsible for endocytosis, intraaxonal transport, and translocation into the neuronal
cytosol. From the epidermis tetanospasmin enters the
peripheral nervous system by uptake at the neuromuscular
junction of a-motor neurons or is carried to other tissues
by gaining access to the blood via the lymphatics,
leading to a more widespread neuronal uptake. Since
tetanospasmin does not cross the blood-brain barrier, the
only access to the central nervous system (CNS) is through
peripheral nerves. Tetanospasmin travels by intra-axonal
transport (rate 72–264 mm/24 h) to the spinal cord ventral
horn cells or the motor nuclei of the cranial nerves and,
after transsynaptic transport, further CNS dissemination
occurs in the spinal cord and progresses to the brain.
Tetanospasmin can act at the level of the peripheral
nerve, the spinal cord, and the brain. Tetanospasmin’s
light chain is cleaved at the site of action from the heavy
chain and is translocated to the neuron cytosol, where it
cleaves synoptobrevin (vesicle associated membrane protein), which is responsible for neurotransmitter exostosis
by effectively blocking neurotransmitter release irreversibly. The predominant action of the tetanospasmin-light
chain is to block the release of glycine and g-aminobutyric
acid (GABA) in inhibitory neurons, leading to unchecked
excitatory reflexes, producing tetanic spasms in the
periphery and seizures in the brain. Autonomic instability
and cranial nerve flaccid palsy occur when the acetylcholine release is blocked in peripheral somatic and autonomic nerves. Autonomic instability is defined as labile
hypertension, persistent hypertension, persistent hypotension, persistent sinus tachycardia, and alternating tachyarrhythmia/bradycardia. Rapid alterations in systemic
vascular resistance from the spasms also contribute to
this instability. Other factors may be involved and remain
to be elucidated. Once in neurons tetanospasmin cannot
be affected by tetanus immune globulin or the immune
system; and, the disease continues until no new toxin
reaches the nervous system, new axon terminals are
formed, and the existing tetanospasmin is degraded.
Depending on the quantity of the tetanospasmin and its
distribution within the nervous system, this process can
take 1–6 weeks; and, if the case is severe, intensive care may
be necessary for most of this time [1, 3].

T

2201

Treatment
Management of Clinical Tetanus
The goals of tetanus management are fourfold: prevent
further production of tetanospasmin, prevent any further
CNS access of circulating tetanospasmin, provide supportive care until such time as the existing bound tetanospasmin
has degraded and new synaptic connections have generated (weeks), and treat any complications that arise
(see Evaluation and Assessment and After-Care) [1, 2].

Eliminate Circulating Toxin
At the time of the diagnosis of tetanus, tetanospasmin is
irreversibly bound in the CNS, is continuing to be produced locally in a wound, and is circulating in the lymphatics and blood en route to a neuromuscular junction to
gain access to the CNS, where it cannot be acted upon by
the immune system or parenteral human tetanus immune
globulin (HTIG). It is therefore imperative to administer
HTIG (500 units intramuscularly/IM) immediately upon
making the diagnosis of tetanus to begin to reduce the
burden of toxin in the body. There is no data that intravenous equine TIG is more efficacious than IM HTIG;
therefore, it is not recommended. Additionally, there is no
data to unequivocally support the administration of intrathecal TIG; therefore, it is not recommended, either. Tetanus vaccination (one dose) should be initiated,
completed, or boosted depending on the patient’s vaccination status (see Prevention of Tetanus for further
details) in order to maximize tetanus immunity [2, 3].

Eliminate Toxin Production
As noted above, tetanospasmin is continually being produced in a wound, which unfortunately, is not always
evident. Any site of ongoing infection should undergo
debridement. Administer metronidazole 500 mg intravenously every 6 h, considered the antibiotic of choice by
many, to treat any C. tetani that is producing
tetanospasmin. Penicillin has been used in the past, but
there is a theoretical disadvantage for its use due to its
activity as a central GABA antagonist. Other antibiotics
efficacious against C. tetani are clindamycin, macrolides,
and tetracyclines [2, 3].

Supportive Care
Aggressive supportive care is critical in the management of
tetanus to control muscles spasms and autonomic activity,
both of which can be rapidly fatal. Control of muscle
spasms begins with placing the patient in a quiet, dimly
lit room. Minimize all stimuli: emotional, sound, tactile,
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and visual, any of which can set off spasms, which are very
painful, as the sensorium remains intact in tetanus. Sedation is used to reduce spasms. The medication of choice for
sedation to reduce spasm frequency and intensity are the
benzodiazepines, particularly intravenous diazepam
(0.5–15 mg/kg/day), because of the GABAA agonist activity (inhibits an endogenous GABA inhibitor), which
directly counters tetanospasmin’s GABA blockade. Dosage
schedules vary between regular doses every 2–8 h spread
over 24 h to 5–10 mg/spasm. Lorazepam and midazolam
have been used alternatively. An advantage of midazolam
is the absence of ethylene glycol in the preparation versus
diazepam and lorazepam, which can contribute to lactic
acidosis, when high doses are required. Other sedative
medications that have been used either in combination
or alone include phenobarbital (enhances GABA activity),
chlorpromazine (or other phenothiazines), and propofol
infusion. Other muscle relaxants that have been used
include dantrolene (if successful, mechanical ventilation
is avoided) and intrathecal baclofen (coma and respiratory
depression are significant). Neuromuscular blockade and
artificial ventilation may be necessary, if sedation fails to
control spasms. Vecuronium (intermediate duration, less
ganglionic blockade, less histamine release) has emerged
as the drug of choice among the aminosteroid neuromuscular blocking (ANB) agents, because it causes
the least autonomic instability. Atracurium has been
recommended as an alternative. Other ANB agents have
been used as boluses, if long acting, and as infusions, if
shorter acting. Autonomic instability and critical illness
neuropathy and myopathy are known complications with
the use of this class of drugs. Pain control must be aggressive and sufficient, as the sensorium in tetanus is clear and
the pain from the spasms excruciating. Multiple medications are usually necessary to control spasms with close
monitoring and frequent dosage adjustments to minimize
them as much as possible [2, 3].
Autonomic instability has become more evident in the
management of tetanus now that spasms and the respiratory tract can be stabilized to a significant degree. This
instability is attributed to direct effects of tetanospasmin
on the peripheral sympathetic and autonomic nervous
system and to secondary effects of spasms. The effects
can be severe as noted above. More research needs to
done to fully characterize all the mechanisms involved,
and, particularly, regarding treatment. Several small
studies and case reports outline numerous strategies
for treatment, but there is no consensus treatment strategy. Intravenous fluid loading has demonstrated benefit
and may require up to 8 l/day. The sedative effects of
benzodiazepines, morphine (20–180 mg/day; replace

endogenous opioids, reduce reflex sympathetic activity),
and chlorpromazine (anticholinergic and a-adrenergic
antagonism) may contribute to cardiovascular stability.
Fentanyl has been used in place of morphine. Adrenergic
blockade has demonstrated benefit, but also problems.
b-blockade with esmolol has been more successful than
propranolol (hypotension, pulmonary edema, sudden
death), but should not be used without accompanying
a-blockade, for example, phentolamine (guanethidine
has also been used). Lobatelol has had success, but its
a-blockade activity is weak relative to its b-blockade activity and may require a-blockade supplementation. Clonidine (anxiolysis; sedation; central sympathetic outflow
reduction; reduction of norepinephrine release at prejunctional nerve endings) has had variable benefit. Spinal
and epidural anesthesia with bupivacaine has had some
benefit in extreme cases; but, may require intravenous
catecholamine to maintain blood pressure. Atropine infusion was beneficial in a small series of four cases where
a maximal dose of atropine was 100 mg/h. Magnesium
sulfate infusion has been used with benefit as an adjunct to
control spasms in non-ventilated patients and to reduce
autonomic activity in ventilated patients. Its effects
include calcium antagonism (myocardium, neuromuscular junction), anticonvulsant, catecholamine release
blocker (adrenal medulla and nerves), inhibition of parathyroid hormone release (lowers serum calcium), presynaptic neuromuscular blocker, receptor responsiveness
reducer to catecholamines, and vasodilator. It can,
thereby, cause bradycardia, hypotension, paralysis, and
weakness. When infusing magnesium in the management
of tetanus, it is essential to monitor blood levels of both
calcium and magnesium closely to avoid an associated
complicating toxicity. As with spasms, numerous medication strategies have been attempted to control autonomic
activity with the most important strategy being close
monitoring and frequent dosage adjustment of whatever
regimen is chosen [2, 3].
Because of tetanus’s extreme metabolic demands,
swallowing difficulties, gastrointestinal tract disturbances,
illness duration, and potential for complications, severe
weight loss is unavoidable; therefore, enteral or parenteral
nutrition should be started as soon as possible. Other
supportive measures include prophylaxis against
decubitus ulcers, gastrointestinal hemorrhage, and
thromboembolism. Psychological support is essential
throughout the illness [2, 3].

Prevention of Tetanus
Tetanus is almost universally preventable through vaccination and proper administration of tetanus immune
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globulin. The goal is to primarily vaccinate and then
maintain immunity with interval boosting. Primary vaccination against tetanus begins, ideally, in infancy at age
4–6 weeks and is completed by age 15–18 years, with
a total of five to seven injections being administered over
that time period depending on the age of initiation of the
vaccination and the recommending agency, whether the
Centers for Disease Control and Prevention (CDC),
another country-specific governmental health agency, or
the World Health Organization (WHO). The various
schedules have demonstrated efficacy. If primary vaccination is not initiated until age 18 years or later, the schedule
recommended by most of the world health agencies is two
vaccinations 1–2 months apart and a third 6–12 months
after the second vaccination. There is no loss of efficacy, if
these intervals are longer. See CDC webpage for details of
the US vaccination recommendations, which are updated
annually. After completion of the primary series boosting
is recommended every 10 years to maintain adequate
immunity. WHO has published specific booster recommendations for the prevention of maternal and neonatal
tetanus [3].
Although tetanus is considered almost universally preventable, tetanus can occur in the partially or fully vaccinated patient. US data published by CDC (see CDC Web
site) show that between 1972 and 2001, among 932 tetanus
cases, 69% were unvaccinated (mortality 28%), 19% had
received one to two vaccine doses (mortality 17%), and
12% had received three or more vaccine doses (mortality
4%). The overall mortality was highest among those age
60 years or older (40%). In serosurveys, a significant portion of the US population has been shown to lack protective antibody. At ages 60–69 years, 68% of men and 25% of
women have protective antibody; at ages 70 years or
greater, 44% of men and 22% of women are protected.
These numbers are a few percentage points lower for
Blacks and Hispanics. This can be accounted for by the
lack of tetanus vaccination of women during World War
II, decreased compliance with the decennial booster recommendation, the varying vaccination status of immigrants, and waning immunity with age [3].
Presentation for management of acute wounds and
infections provides the opportunity to update tetanus
vaccination status. Critical to this discussion is whether
a primary vaccination series has been completed, defined
here by the Immunization Practices Advisory Committee
of the CDC as 3 vaccine doses. If it has not, then consideration must be given to administering HTIG, as well as
tetanus vaccine. If a primary series was not completed or
not started at all and the wound is not clean and not minor
(defined below), HTIG (250 units IM) and tetanus vaccine
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should be administered. If the wound is clean and minor,
then only tetanus vaccine should be administered.
In addition, the primary series should be scheduled for
completion. If a primary series was completed, the wound
is clean and minor, and the last tetanus dose was received
in less than 10 years, no tetanus vaccine should be administered; if the last dose of vaccine was greater than 10 years,
then vaccine should be administered. If a primary series
was completed, the wound is not clean and not minor, and
the last tetanus dose was received in less than 5 years, no
tetanus vaccine should be administered; if the last dose of
vaccine was greater than 5 years, then vaccine should be
administered. A not clean and not minor wound, also
known as tetanus prone wound, is defined as (1) abscesses,
(2) cellulitis, (3) chronic ulcers, (4) containing devitalized
tissue (burn, crush injury, frostbite, gangrene), (5) contaminated (dirt, feces, saliva), (6) deep, (7) diabetesassociated wounds, (8) injection drug abuse site, and
(9) puncture [3].

Evaluation/Assessment
Tetanus is a clinical diagnosis. There is no definitive test
for its diagnosis; therefore, understanding the clinical
presentation and the signs and symptoms that distinguish
it from other diseases in the differential diagnosis is essential. There are four clinical forms: local, cephalic, generalized, and neonatal. Generalized and cephalic tetanus are
not difficult to recognize, if only the clinician considers
them. Localized tetanus can be difficult to recognize early.
Neonatal tetanus is difficult to recognize early, but its
rapid progression makes the diagnosis evident [1, 3, 4].
The incubation period (IP) correlates with the distance
from the CNS. For most cases it is 3–21 days and
ranges from 1 day to months. The period of onset (OP)
is the time from the initial symptom to the first reflex
severe spasm (tetanospasm, laryngeal spasm, trismus,
dysphagia, and other severe muscle spasms); this ranges
from <24 h to 4 days. An IP of less than 5 days or an OP
of < 48 h portends severe disease [1, 3, 4].
Virtually any wound can lead to tetanus: abrasions,
abscess, any surgery (particularly bowel surgery), body
piercing, burns, chronic otitis media, crush injury, fractures, gangrene, laceration, injection, intravenous drug
abuse, septic abortion, penetrating wound, puncture
wound, skin sores, skin ulcers, and tattoos; however,
7–25% of cases have no discernible wound [1, 3, 4].
Death usually results from one or more of the following: laryngospasm (severe; immediate death), pneumonia,
respiratory failure, renal failure, sepsis, sudden cardiac
event, and sustained tetanospasm [1, 3, 4].
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Recovery takes weeks, if the disease is not fatal
(see Prognosis and Pathophysiology).

Local Tetanus
Local tetanus involves muscles at or near the site of the
wound. The muscles are persistently rigid (mild to severe)
for weeks to months. If it remains local, resolution occurs
spontaneously without sequelae. More often it portends
the development of generalized tetanus. Existing partial
immunity may prevent the development of generalized
tetanus via hematogenous spread of tetanospasmin.
When local tetanus is suspected, HTIG should be administered immediately to limit hematogenous spread, and
hopefully, prevent generalized tetanus [1, 3, 4].

Cephalic Tetanus
Cephalic tetanus is rare. It affects the face, head, and neck,
usually involving the VII nerve, but III, IV, IX, X, and XII
can be involved, singly, or in any combination. The manifestation is atonia of the relative nerve. Trismus is almost
always present and there may be spasms of the neck
muscles. Generalized tetanus develops in some cases. The
incubation period is 1–2 days after a wound; but, a wound
may not be evident. It has also been associated with
chronic otitis media [1, 3, 4].

Generalized Tetanus
Generalized tetanus can present with any of the following;
trismus (50–90% cases), dysphagia, fever (38–69%),
hyperactive reflexes, irritability, muscle rigidity/stiffness
(abdomen, back, extremities, neck, and/or shoulders),
malaise, muscle pain (abdomen, back, chest, neck), myalgias, seizures (attributed to brain hypoxia), and sweating.
Persistent trismus produces the sardonic smile (risus
sardonicus; comparison with old pictures is useful). Disease severity progresses and muscle rigidity spreads
throughout the body. Episodic spasms are precipitated
by emotions, sounds, touch, and visual stimuli; or, they
may be spontaneous, which occurs more frequently as the
disease progresses. Spasms vary in intensity, frequency,
and involve any muscle group. The sensorium is not
compromised by the toxic effects of tetanospasmin, so
the spasms are experienced as excruciating. Any mental
status change that occurs in the course of the disease is
secondary to complications of the disease and not the
direct effects of the toxin. Involvement of the pharynx,
larynx, chest wall, and abdomen or a combination of
these, produces compromised respiration. Spasms are
severe enough to produce profuse sweating, a rise in
temperature of 4.24–8.4 F/2–4 C, lactic acidosis, and
rhabdomyolysis, which often is sufficient to compromise

kidney function. Severe laryngeal spasm can cause precipitous death. Bones can be fractured (long bones, vertebrae), tendons avulsed, oropharyngeal contents aspirated,
and swallowing compromised, the latter giving the
appearance of hydrophobia. Severe spasms involving the
back muscles produce opisthotonus. Tetanonspasms are
generalized tonic spasms producing opisthotonus, shoulder adduction, elbow/wrist flexion, and leg extension.
Spasms may take on the appearance of grand mal seizures
with the involvement of agonist and antagonist muscles,
but there is no mental status change, which clearly distinguishes the spasm of tetanus from a true seizure. True
seizures are not common, but, when they occur, are attributed to hypoxic cerebral insults [1, 3, 4].
A common overall progressive pattern is for muscles of
the head and neck to be affected early in the course of the
disease; and, subsequently, there is caudal spread to
involve the whole body, but any pattern is possible, and
the clinical course is highly variable [1, 4].
Autonomic instability usually starts several days into
the illness and manifests as fluctuating blood pressure in
the extremes, cardiac arrhythmias, salivation, increased
bronchial secretions, ileus, diarrhea, urinary retention,
and high output renal failure. “Autonomic storms” may
occur, where the signs are particularly severe, during
which catecholamine levels are raised tenfold (similar to
pheochromocytoma). Autonomic instability was less evident in the pre-ventilator era, because patients died of
respiratory failure early in the course of disease [1, 3, 4].

Neonatal Tetanus
Neonatal tetanus is the most common form of the disease
in developing countries and arises from an infected umbilical cord stump secondary to unsterile instruments used to
sever the cord and dressing the umbilical stump with rags
soiled with feces. During the first couple of days after
birth, the infant has a normal sucking reflex. Tetanus
begins on days 3–14 after birth manifesting with a poor
sucking reflex (lip muscle rigidity and trismus), excessive
crying, and vomiting. Muscle rigidity progresses throughout the entire body and spasms develop, initially in
response to stimulation and, subsequently, spontaneously
[1, 3, 4].

Laboratory and Other Studies
There is no laboratory test to diagnose tetanus. The presence of anti-tetanus antibody does not exclude tetanus as
a diagnosis. Electrophysiological studies demonstrate several phenomena characteristic of tetanus: normal nerve
conduction studies, exaggerated F-responses, almost continuous involuntary firing of motor units at rest,
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simultaneous action in both agonist and antagonist muscles on volitional movement, and shortened or absent
silent period. Electrophysiological findings can be used
to distinguish tetanus from extrapyramidal rigidity, hysteria, myotonia, and stiff-man syndrome [1, 5].

Differential Diagnosis
Tetanus is so rare in developed countries that the diagnosis
can easily be missed early; however, the prognosis is significantly improved by early diagnosis that its careful
consideration is needed to avoid missing it. Although
many conditions produce trismus, which is virtually
a constant in generalized and cephalic tetanus, the only
true mimic of generalized tetanus is strychnine poisoning;
but its diagnosis should not immediately rule out tetanus
[1, 3, 4].
In the USA strychnine is found in rodenticides,
wolficides, and street drugs of abuse, but not in commercial products for human consumption other than trace
amounts in some homeopathic products, where it is
undetectable by standard laboratory procedures. As
a result, it is rare in human poisoning in the USA. It
appears in the urine unchanged within minutes of ingestion. It competitively blocks the post-synaptic glycine
receptor of inhibitory neurons in the ventral horn motor
neurons of the spinal cord, leading to muscle spasms,
which is the main effect of toxicity; however, it does excite
all parts of the CNS. The spasms can compromise respiration sufficient to cause death. Other complications
include hyperthermia, lactic acidosis, and renal failure
from rhabdomyolysis. There is no persisting toxicity, as
with tetanus, because strychnine is detoxified and excreted
over 6–12 h [1, 3, 4].
Trismus often occurs with dental abscess, peritonsillar
abscess, parotiditis, and temporomandibular joint dysfunction, but these entities are clinically readily evident
and the progression to other manifestations of tetanus
does not occur. Bell’s palsy or trigeminal neuritis could
conceivably be confused with cephalic tetanus, but, neither causes trismus; and, as cephalic tetanus evolves,
including the manifestation of other cranial nerve palsies,
the diagnosis becomes more readily apparent. Grand mal
seizures are associated with a change in conscious level,
which does not occur with tetanus. Seizures may occur in
tetanus, but they result from hypoxic brain injury secondary to tetanonspasms or some other secondary effect of
tetanus. Encephalitis is not associated with trismus, typically, but is associated with mental status change. Meningitis should be distinguishable because of the other
stigmata of tetanus. Hypocalcemic tetany involves the
limbs and does not involve the axial muscles; additionally,
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a calcium level and the absence of other signs of tetanus
should make the diagnosis clear. Dystonia is easily distinguished by the presence of oculogyric crises and/or torticollis, the absence of reflex spasms, and its dramatic
response to benztropine or diphenhydramine. Rabies is
characterized by fluctuating mental status; opisthotonus is
very rare and persistent axial muscle rigidity is absent
[1, 3, 4].

After-care
With neonatal tetanus, neurological and behavioral
sequelae may require rehabilitation or chronic management depending on the severity of the conditions. With
neonatal and non-neonatal tetanus, fractures are uncommon, but require orthopedic management. There are
numerous complications arising from prolonged (weeks)
mechanical ventilation that will require specialty management including but not limited to acute respiratory distress syndrome, barotrauma, decubitus ulcers, fistula
formation (tracheoesophageal, tracheo-vascular), oxygen
toxicity, tracheal stenosis, thromboembolism, ventilatorassociated pneumonia, and vocal cord injury. Significant
weight loss is not unusual, despite best efforts during acute
management; and, follow-up nutritional support and
counseling may be necessary to restore prior nutritional
status. Significant psychological impairment is present in
40% of tetanus survivors, often necessitating follow-up
counseling.

Prognosis
Increased severity of disease and mortality are correlated
with the following: incubation period <5 days, onset time
<48 h (time from initial symptom to the first muscle
spasm), early autonomic instability, extremes of age, lack
of previous immunity, septic abortion, delayed diagnosis,
intravenous drug users, post-surgery, intramuscular injections (particularly quinine), and diabetes mellitus. Short
incubation period and onset time have the strongest correlation with severity and mortality [1, 3, 4].
Most patients recovering from non-neonatal tetanus
have no sequelae. Patients with long bone fractures and
vertebral compression fractures require orthopedic management. Uncommon chronic sequelae include:
hyperosteoses, memory difficulty, muscle fatigue, myositis
ossificans circumscripta, osteoarthritis, and speech difficulty. Sequelae after recovering from neonatal tetanus
include: cerebral palsy, psychomotor/developmental
retardation, and subtle behavioral and intellectual difficulties [1, 3, 4].
Mortality ranges from 10% to 90% for all forms of
tetanus, approaching 100% in the extremes of age. Local
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tetanus is fatal in <1% of cases. Appropriate intensive care
reduces mortality to 10–20%, but is still higher with
extremes of age; specifically, neonatal tetanus mortality
ranges from 10% to 60% and in the elderly from 14% to
52% [1, 3, 4].

information regarding trauma patients. Analyses of
selected samples of the NTDB are being used to establish
the standard of care for outcome. The NTDB is available at
the ACS Web site at http://www.ntdb.org. Accessed on 1
March 2010.
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Synonyms

Tetraplegia
▶ Quadriplegia

The 3-Element Windkessel Model
Describes the aortic input impedance to the left ventricular stroke output.

Induced hypothermia; Therapeutic temperature management (TTM)

Definition
Therapeutic hypothermia (TH) represents the intentional
lowering of patient body temperature in a controlled fashion for a defined period of time to achieve therapeutic
benefit, and then allowing temperature to return back to
baseline physiologic range. In this paradigm, TH can be
defined as having three phases: a cooling (or induction)
phase, a maintenance phase, and a rewarming phase (see
Fig. 1). TH is most strongly supported for use in patients
resuscitated from cardiac arrest, and the majority of this
chapter will focus on the use of TH in this patient
population.

The Epidemic Disease of Lying-in
Women
▶ Puerperal Sepsis
Arrest

The National Trauma Data Bank
Annual Report
The American College of Surgeons Committee on Trauma
sponsors the National Trauma Data Bank (NTDB). NTDB
contains trauma registry information on millions of
injured patients treated in trauma centers in North
America. The data recorded in the NTDB are the essential

1: Induction

3: Rewarming
2: Maintenance

Temperature
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Therapeutic Hypothermia. Figure 1 Schematic of the three
phases of TH

Therapeutic Hypothermia

Pre-existing Condition
Indication
TH is indicated for patients resuscitated from cardiac
arrest who remain comatose or markedly neurologically
impaired after restoration of spontaneous circulation
(ROSC). Patients who are rapidly resuscitated (e.g., via
prompt defibrillation from an automated external defibrillator in a public setting) with immediate wakefulness
and appropriate neurologic function do not require TH as
the prognosis for these patients is excellent. The most
specific indication, with the support of several large randomized controlled trials, is in patients suffering out-ofhospital cardiac arrest with ventricular fibrillation (VF) as
an initial arrest rhythm [1, 2]. TH may also be useful in the
setting of other life-threatening ischemia-reperfusion syndromes, such as cerebrovascular accident (CVA) or myocardial infarction (MI), although randomized controlled
trial data are lacking for these applications.
Patients resuscitated from cardiac arrest rapidly
undergo a cascade of reperfusion injury processes known
collectively as “post-resuscitation syndrome” [3]. This
syndrome is implicated in the high degree of morbidity
following resuscitation, including systemic inflammatory
response, hemodynamic instability, and ultimately crippling neurologic impairment. It is estimated that as many
as 30% of post-arrest patients who survive to hospital
discharge suffer a range of long-term neurologic injury,
from memory loss and coordination problems to persistent vegetative state. It is this post-resuscitation injury
process that is the target of TH, which must be initiated
within hours of successful resuscitation to mitigate its
damaging effects.

Epidemiology
Each year over 1 million people in Europe and North
America experience cardiac arrest, but only a small fraction are successfully resuscitated. It is therefore likely that
the potential pool of patients eligible for postresuscitation TH is less than 200,000 per year. This is
slowly changing, however, as improvements in CPR delivery and defibrillator access are leading to increasing numbers of initial survivors. If TH proves successful in the
treatment of CVA or MI, a much larger candidate pool
of TH recipients might exist.

Application
TH is thought to lessen post-resuscitation injury via its
effects on a number of varied mechanisms, including
pathophysiologic inflammation, endothelial compromise,
and mitochondrial dysfunction. In laboratory models,
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these damaging phenomena occur rapidly after
reperfusion – therefore the decision to induce TH should
be made expeditiously, and preestablished protocols for
TH utilization should be available in any given practice
setting. The development of TH protocols, with details on
equipment use, pharmacologic management, and monitoring, is a complex process and has likely contributed to
the slow update of this therapy despite strong evidence
supporting its use [4].

Induction
Induction of TH can be accomplished via a number of
methods, including the use of commercially available
devices that employ external cooling pads/wraps, or internal closed-loop cooling catheters. In addition, the bolus
intravenous infusion of chilled crystalloid is commonly
used as an “adjunct” to a commercial device, as target
temperature can be more rapidly achieved. Studies have
suggested that the rapid delivery of up to 30 cc/kg of
chilled intravenous fluid is safe in the majority of postarrest patients. Critical care settings that intend to offer
TH should maintain a ready supply of chilled crystalloid
for this purpose.
Paralytic agents are commonly used during TH induction, to prevent physiologic shivering as patients are
cooled. Shivering can generate large amounts of heat and
counteract the goal of rapid TH induction. In addition,
shivering may lead to increased tissue metabolism and
rhabdomyolysis, among other deleterious effects. Patients
receiving TH induction also require sedation and maintenance on mechanical ventilation.
The generally accepted TH target temperature is
32–34 C. In experienced hands, this can usually be
established within 2–4 h after TH initiation. During
induction, care must be taken to avoid “overcooling,” as
the risks of significant cardiac arrhythmia increase when
patient temperature drops below 31 C. Electrolyte shifts,
including renal potassium loss via “cold diuresis” also
require careful monitoring via serial blood sampling at
least every 6 h.

Maintenance
Once target temperature is achieved, TH should be
maintained for approximately 24 h in the post-arrest
setting; appropriate cooling duration for other applications such as CVA or MI remain to be elucidated. With the
use of commercial cooling equipment, this can easily be
achieved via the thermostatic controls inherent in the
devices, relying on either bladder or esophageal temperature probes, for example. The use of tympanic
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temperature probes are considered unreliable during the
TH process.
During maintenance, a number of potential adverse
effects require monitoring, in addition to the shivering
and electrolyte shifts noted above (see Table 1). These
include coagulopathy with clinically evident bleeding, bradycardia, and increased risk of infection. All post-arrest
patients, including those treated with TH, are at risk of
seizure, and therefore continuous electroencephalography
(EEG) is recommended during the post-arrest care time
period. It is estimated that 15–20% of resuscitated cardiac
arrest patients experience convulsive activity within the
first 72 h post-arrest. It is generally believed that the
presence of electrical seizure activity augers a poor prognosis, regardless of TH employment.
Patient evaluation during the maintenance of TH
should include arterial cannulation and continuous pressure measurement, central venous pressure assessment,
and EEG monitoring. The use of bispectral index (BIS)
monitoring, a simplified form of EEG, may also be useful
although remains under active investigation. Patients
should have frequent arterial blood gas and serum electrolyte measurement during the three phases of TH (commonly measured every 4–6 h in most protocols).

Rewarming

Rewarming to physiologic temperature (36–37 C) should
take place as a controlled, slow process, generally over
a minimum of 12 h. Rapid rewarming may lead to cardiac
arrhythmia, electrolyte shifts, and hypotension from vasodilation in dermal tissues. Once returned to normal temperatures, care should be exercised to aggressively treat
fever and/or rebound hyperthermia, as neurologic outcome may remain sensitive to temperature for several
days after rewarming.

Special Considerations
Increasing Scope of TH Eligibility
As stated earlier, randomized controlled trials strongly
support the use of TH in successfully resuscitated out-ofhospital VF patients. Eligibility of patients for TH who
suffer in-hospital arrest or other initial arrest rhythms
(e.g., pulseless electrical activity) remains without randomized controlled trial evidence, but increasing numbers
of case series publications support the use of TH in these
post-arrest patient cohorts as well [5]. In cases of inhospital arrest or non-VF arrest, the decision to utilize
TH must be carefully considered on a case-by-case basis
but should be generally encouraged.

TH and Pediatric Cardiac Arrest
Therapeutic Hypothermia. Table 1 Potential adverse effects
of TH and the post-arrest state
Category

Specific etiology

Cardiac

Bradycardia*
Ventricular arrhythmia
Myocardial stunning
(↓ ejection fraction)

Infectious

Ventilator-associated
pneumonia*
Bacteremia*

Hematologic

Coagulopathy*

Neuromuscular

Shivering*
Seizure activity

Biochemical

Hypokalemia*
Hypomagnesemia*

Renal

Cold diuresis*
Acute tubular necrosis

Items marked with an asterisk (*) are more likely attributable to TH
specifically; the remaining adverse effects are related to the post-arrest
state regardless of TH use. It should be noted that all of these adverse
effects are either uncommon or have only weak associations with TH
use in several large registry studies

A number of anecdotal reports and case series suggest that
TH may be useful in the pediatric post-arrest population.
A randomized controlled trial of pediatric TH post-arrest
is currently underway. In the very young, TH may be
effectively induced via extra-corporeal membrane oxygenation (ECMO) circuits. Pediatric cardiac arrest is more
often respiratory in origin rather than due to primary
cardiac arrhythmia; whether this will reduce the eventual
utility of TH in the pediatric population remains unclear.

Cardiac Catheterization and TH
Many successfully resuscitated cardiac arrest patients
require urgent cardiac catheterization. In the case of
post-arrest determination of ST segment elevation MI,
catheterization should not be delayed for TH induction
but rather should be the first course of action. TH can be
induced in the catheterization laboratory or subsequent to
percutaneous coronary intervention. In the case of nonST segment elevation MI or acute coronary syndrome, it is
unclear whether immediate catheterization is required or
whether it can be performed in delayed fashion (e.g., up to
24–48 h post-arrest). In these cases, it should be stressed
that catheterization can be safely and effectively
performed in conjunction with TH induction. TH

Third-Degree Burn

protocols should be carefully coordinated with catheterization laboratory physicians to ensure appropriate patient
flow. Further research will be required to determine optimal post-arrest patient selection for immediate
catheterization.

2.

3.

Intra-arrest Induction of TH
Laboratory evidence suggests that induction of TH during
cardiopulmonary resuscitation (that is, prior to reperfusion) may yield improved outcomes over post-arrest TH
induction. This remains technically difficult to accomplish
and does not have sufficient clinical evidence to recommend at this time. Intra-arrest TH induction will certainly
be a subject of intensive research in coming years.

4.

5.

6.

Regionalization of TH Care
Given the complexity of post-arrest care and the need for
carefully coordinated TH protocols, it has been proposed
that TH implementation be conducted in a regionalized
model, much like trauma centers or stroke centers. Rapid
referral of patients to “cooling centers” has already been
established in a number of municipalities and regions.
A nationally coordinated system for regionalization has
yet to be developed, although this process is under active
discussion [6].
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Therapeutic Plasma Exchange
(TPE)
▶ Plasmapheresis

Post-recovery Evaluation
After successful use of TH and patient recovery, careful
consideration should be given as to whether an implanted
cardiac defibrillator (ICD) is warranted. In VF arrest cases
in which cardiac catheterization reveals the absence of
coronary disease, ICD placement is generally required.
Electrophysiology consultation should be elicited for
most post-arrest patients who had VF as the inciting
rhythm.
Patients recovering after cardiac arrest and TH often
exhibit neurologic deficits that improve over days to
weeks. Therefore, patients should receive physical therapy
and/or occupational therapy evaluations before discharge,
and in many cases placement in subacute rehabilitation is
indicated. In addition, patients recovering from cardiac
arrest often suffer from psychiatric problems, including
adjustment disorder, post-traumatic stress disorder, and
depression. Post-arrest care should be coordinated with
psychiatric and social work services when available to
optimally guide recovery.
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Therapeutic Temperature
Management (TTM)
▶ Therapeutic Hypothermia

Thermal Injury
▶ Burn Injury, Primary Wound Excision

Thiazide Diuretics
▶ Diuretics for Management of AKI

Third-Degree Burn
▶ Burn Injury, Primary Wound Excision
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Thoracic Aortic Aneurysm

Thoracic Aortic Aneurysm
▶ Vascular, True Aneurysms

Thoracic Crush Injury
▶ Traumatic Asphyxia

Thoracic Cyanosis
▶ Traumatic Asphyxia

Thoracic Outlet
THOMAS H. COGBILL
Department of Surgery, Gundersen Lutheran Medical
Center, La Crosse, WI, USA

Synonyms
Anterior scalene syndrome; Cervical rib syndrome;
Cervicobrachial syndrome; First rib syndrome

types: (1) arterial TOS, (2) venous TOS, and (3) neurogenic TOS.
Arterial TOS results from compression of the subclavian artery and accounts for only 1% of all cases of TOS.
A cervical rib is often the cause of compression that occurs
at the costoclavicular space. Prior clavicle fracture with
deformity and narrowing of the costoclavicular space has
also been reported. Arterial compression causes subclavian artery pseudoaneurysms, ulcers, or stenosis. Patients
typically present with digital or hand ischemia due to
embolization from a subclavian artery pseudoaneurysm
or ulcer [1].
Venous TOS is caused by compression of the subclavian vein in the costoclavicular space, which leads to acute
subclavian vein thrombosis. This is also termed effort
thrombosis or Paget Shroetter syndrome. Patients experience severe arm swelling, pain, and cyanotic skin discoloration. Venous TOS accounts for 1–3% of patients with
symptomatic TOS [1].
Neurogenic TOS accounts for 95–97% of all symptomatic TOS. Compression of the brachial plexus nerve
roots may occur in the scalene triangle, the costoclavicular
space, or beneath the pectoralis minor tendon [1]. Many
authors have recently stressed the important role of antecedent neck or upper extremity injury, which results in
scalene muscle fibrosis or muscle spasm which, in turn,
causes brachial plexus nerve root compression [2]. Typical
symptoms of neurogenic TOS are predominantly
described in the ulnar and median nerve distributions
and consist of numbness, weakness, pain, and paresthesias. These symptoms are exacerbated by raising the arms
above the head in positions of abduction and external
rotation [2].

Definition
Thoracic outlet syndrome (TOS) encompasses those clinical entities that develop as the result of neurovascular
compression at the thoracic outlet. This relatively confined area is defined by the scalene triangle and the
costoclavicular space. The subclavian artery and five
nerve roots of the brachial plexus traverse the scalene
triangle, which is bounded by the anterior scalene muscle,
the middle scalene muscle, and the first rib. The subclavian
vein passes ventral to the anterior scalene muscle in the
space between the clavicle and the first rib. Compression
of these neurovascular structures can result from adjacent
bones (cervical rib, abnormal first rib, long seventh cervical transverse process, clavicle), muscles (anterior scalene,
middle scalene, subclavius), fibrous bands (congenital or
post-traumatic), or neoplasms. TOS is recognized more
frequently in females and the majority of patients are
30–59 years old. TOS has been classified into three distinct

Treatment
Symptomatic arterial TOS often mandates an arterial
operation to remove the proximal source of embolization.
This may require resection of the offending arterial segment with interposition arterial grafting or exclusion of
the arterial segment and concomitant arterial bypass. If
a cervical rib is present, it is usually excised. Complete
decompression of the thoracic outlet is reserved for
patients who also have disabling associated neurogenic
TOS [1].
The management of venous TOS is focused on treatment of the acute thrombosis first, followed by consideration of correction of the anatomic condition causing vein
compression. The acute thrombosis is most effectively
treated by transvenous thrombolysis followed by longterm anticoagulation. Many vascular surgeons also
recommend thoracic outlet decompression by first rib
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resection and/or scalenectomy with occasional direct
venous reconstruction for chronic venous occlusive
changes. This approach has recently been challenged in
favor of anticoagulation alone following thrombolysis in
most patients [1].
Physical therapy is the initial treatment for most
patients with neurogenic TOS. Physical therapy is designed
to achieve relaxation and stretching of the scalene muscles
while improving strength and range of motion of the neck
and shoulder muscles in an effort to elevate the shoulder
girdle. Improvements in posture while sitting, standing,
and sleeping are recommended. Nonoperative measures
are successful in 50–90% of patients. Indications for
a surgical approach to the treatment of neurogenic TOS
include failure of conservative management, progression
of sensory of motor symptoms, or demonstrable worsening of ulnar or median nerve function by nerve conduction
studies. Surgical decompression of the thoracic outlet
should be tailored to address all of the potential causes of
compression that have been identified preoperatively.
This may involve resection of the first rib, a cervical
rib, the scalene muscles, and/or a fibrous band. The two
most commonly performed surgical approaches are
transaxillary and supraclavicular. The advantages of the
transaxillary approach include excellent exposure for
first rib resection with a cosmetically placed incision [3].
The supraclavicular approach allows wider exposure of
all anatomic structures that may potentially cause TOS
with direct visualization of all five brachial plexus nerve
roots [3]. The supraclavicular incision also gives excellent
exposure for vascular reconstruction and cervical rib
resection.

Evaluation/Assessment
The diagnosis of arterial TOS depends upon a careful
history and physical examination. Patients describe digital
or hand ischemia in the absence of arteriosclerosis.
A pulsatile mass or bruit may be present in the subclavian
or supraclavicular areas. Distal arm pulses may be diminished, absent, or normal. Occlusions and stenoses may be
confirmed by blood pressure discrepancies or by noninvasive vascular laboratory tests. Ultrasound can be used to
identify subclavian artery pseudoaneurysms or poststenotic dilation. Conventional or digital subtraction arteriography is essential for identification of the proximal
embolic source and for careful planning of arterial
reconstruction.
Venous TOS is suspected with the acute onset of unilateral arm swelling, pain, and cyanosis. This often occurs
in a young patient after relatively minor exercise of the
affected arm. The symptoms and signs are paradoxically
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made worse by arm elevation, as this maneuver exacerbates the venous TOS compression. Ultrasound may
be helpful to identify subclavian vein thrombosis. Venography is essential for both diagnostic and therapeutic
reasons, as thrombolysis can be delivered via this route.
The dynamic and positional nature of neurogenic TOS
makes this diagnosis difficult. A host of other diagnoses
with similar symptoms must be excluded (Table 1). A history of antecedent trauma is present in 85% of cases.
Typical symptoms are pain, numbness, weakness, and
paresthesias in the ulnar and median nerve distributions
of the arm or hand. The symptoms are often intensified by
activities that require arm exercise above one’s head.
Although pulse changes at the wrist with arm abduction
or sharp turning of the head toward the affected extremity
have been described by many authors, these evocative
signs are neither sensitive nor specific as screening maneuvers. The most predictive evocative test on physical examination is an elevated activity stress test (EAST). This
involves the patient exercising their arms over their head
in an effort to reproduce symptoms. Tenderness on palpation of the scalene triangle is frequently observed in
patients with neurogenic TOS. No single adjunctive imaging study is available to unequivocally confirm the diagnosis of neurogenic TOS [4]. Chest radiograph should be
used to identify a cervical rib or to exclude a superior
sulcus thoracic neoplasm. Cervical spine radiographs are
ordered to exclude a cervical cause of symptoms. Both
computed tomography and magnetic resonance (MR)
scanning are often used to identify cervical disk or cervical
spine pathology. Nerve conduction velocity or electromyography testing may be helpful to determine the site or
level of neurologic involvement. MRI is probably the single best imaging modality to view all of the potential
components of TOS – bones, muscles, fibrous bands,
nerves, arteries, and veins [4]. Finally, several investigators

Thoracic Outlet. Table 1 Differential diagnosis of neurogenic
TOS (Adapted from [3])
Carpal tunnel syndrome
Cubital canal syndrome
Rotator cuff tendonitis
Cervical disk disease
Cervical spine arthritis
Brachial plexus injury
Superior sulcus tumor (Pancoast tumor)
Cervical muscle strain
Fibromyositis
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have used scalene blocks to confirm the diagnosis of neurogenic TOS and to predict success of surgical treatment.

After-care
Patients who have undergone arterial reconstruction for
arterial TOS should receive lifetime aspirin antiplatelet
therapy. They should be examined annually to assess
graft patency.
Following thrombolytic therapy for acute thrombosis
associated with venous TOS, patients should receive longterm oral anticoagulation.
Patients who have undergone surgical treatment for
neurogenic TOS are at risk for postoperative pneumothorax, lymphatic leak, and nerve injury. A chest radiograph is
obtained in the recovery area to look for pneumothorax or
thoracic fluid collections. Pneumothorax is more common following transaxillary thoracic outlet decompression versus supraclavicular approaches. Nerve injury to
roots of the brachial plexus also occurs more frequently
after transaxillary TOS decompression. Phrenic nerve
injury has been reported in 10% of patients after
supraclavicular TOS decompression [3].
After surgery, patients are advised to avoid heavy
lifting and extended periods of overhead work for several
weeks. Physical therapy is initiated 1 week after surgery.
Patients are usually allowed to return to work 4–6 weeks
after surgery.

Prognosis
Long-term outcomes after treatment of TOS depend upon
the type of TOS at presentation. Quality of life recovery
times are nearly twice as long after treatment for neurogenic TOS when compared to venous TOS recovery [5].
In one study, 77% of patients treated for venous TOS
returned to work versus 50% of those treated for neurogenic TOS [5].
The success rates of nonoperative management of
neurogenic TOS have been reported to be 50–90%. The
initial success rate after transaxillary and supraclavicular
TOS decompression have been documented as 91% and
93%, respectively [3]. Long-term (10–15 year) success rate
after transaxillary and supraclavicular approaches have
been reported to be 64% and 71%, respectively [3].
Patients in whom symptoms never improve postoperatively are diagnosed as having persistent neurogenic
TOS. Those in whom symptoms return after initial resolution are diagnosed as having recurrent neurogenic TOS.
Recurrent symptoms usually occur within 1–2 years of
initial operation [3].
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Thoracocentesis and Chest Tubes
STEFAN DE HERT, CHRISTIAAN KEIJZER
Department of Anesthesiology, Academic Medical Centre,
University of Amsterdam, Amsterdam, The Netherlands

Synonyms
Chest tube: chest drain or thoracostomy
Thoracocentesis: pleural tap or pleurocentesis

tube;

Definition
Thoracocentesis refers to the procedure of puncture of the
pleural cavity using a hollow needle or canula in order to

Thoracocentesis and Chest Tubes

remove fluid or air from the pleural cavity for diagnostic
or therapeutic purposes.
A chest tube is a flexible canula that is inserted through
the side of the chest into the pleural space to remove fluid
or air.
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Intercostal
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Pre-existing Condition
Anatomy and Physiology
The pleural space is the body cavity surrounding the lungs.
It is lined by a serous membrane that folds upon itself to
form a two-layered membrane structure: the pleura. The
parietal pleura is attached to the chest wall, while the
visceral pleura covers the lungs and adjacent structures,
such as blood vessels, bronchi, and nerves. The parietal
pleura is highly sensitive to pain, but the visceral pleura is
not, because of the absence of sensory innervation. The
pleural cavity contains a small amount of pleural fluid of
about 0.3 mL/kg body mass with a low protein concentration of about 1 g/dL. Pleural fluid is produced at the
parietal pleural level, and reabsorption is accomplished
by parietal pleural lymphatics in the most dependent
parts of the pleural space. Pleural fluid turnover is estimated to be around 0.15 mL/kg/h. The presence of the
pleural fluid allows the pleurae to slide against each other
during ventilation. The subatmospheric pressure within
the pleural space results in a close apposition of the lung
surfaces with the chest wall, allowing for optimal lung
expansion during respiration. There is no anatomical connection between the left and right pleural cavities. Therefore, in most cases of accumulation of air or fluid, the
problem is confined to one side, with the other lung still
functioning normally. However, in the presence of
a tension pneumothorax, the contralateral lung may
become compressed with displacement of the intrathoracic structures [1, 2].
The lungs and the pleural cavity are located within the
thoracic cage which separates these structures from the
outside by a lining of ribs with the intercostal muscles in
between. At the inferior side of each rib lies the costal
sulcus in which the intercostal vein, artery, and nerve are
located (Fig. 1). Due to the specific location of these
structures, puncture of the pleural space or positioning
of a chest tube has to be performed at the upper edge of
a rib.

Indications
Thoracocentesis is most frequently performed as
a diagnostic procedure to identify the nature of the
intrapleural fluid. Indeed, when accumulation of pleural
fluid is noted, cytopathologic evaluation of the fluid, as

Visceral
pleura

Parietal
pleura
Lung

Vein
Artery
Nerve

Skin

Thoracocentesis and Chest Tubes. Figure 1 Schematic
representation of the tract of chest tube insertion. The nervous
and vascular structures are located at the inferior site of the
ribs. It is therefore mandatory that chest tubes are always
introduced at the superior side or the rib in order to prevent
damage of these structures. The actual insertion point of the
chest tube should be one intercostal space above the incision
site in the skin (SC = subcutaneous)

well as clinical microscopy, microbiology, chemical studies, and identification of tumor markers may help determine the causes of the abnormal accumulation. Also the
gross appearance and color can be helpful in the diagnosis.
Sometimes, needle thoracocentesis is also used as
a therapeutic procedure. Therapeutic aspiration may be
sufficient in cases of a limited amount of fluid in the
pleural cavity. Larger effusion, however, will require the
insertion of chest tubes. In case of primary spontaneous
pneumothorax, single aspiration has been proposed as
being as safe and effective as chest tube treatment, taking
into account the additional benefits of shorter length of
hospital stay and fewer hospital admissions [3]. The only
indication for emergency needle thoracocentesis is
a rapidly deteriorating patient who is developing a lifethreatening tension pneumothorax.
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In contrast to thoracocentesis, chest tube insertion is
frequently performed as an emergency procedure. The
emergency situations include large pneumothorax or
hemopneumothorax and esophageal rupture. There are
also a number of non-emergent situations where its placement is indicated. These include drainage of pleural effusions, chylothorax, and as part of postoperative care
(Table 1).

nerves, subcutaneous emphysema and reexpansion pulmonary edema. Late complications mostly relate to the
occurrence of infection either at the level of the drainage
site or more generalized as pneumonia and empyema.
Finally, technical problems may also occur such as incorrect insertion, dislodging of the tube, intermittent blockage from clotted blood, pus, debris, all causing ineffective
drainage.

Contraindications

Application

The British Thoracic Society guidelines for the insertion of
a chest drain states that the only absolute contraindication
is when the lung is completely adherent to the chest wall
throughout the entire hemithorax [4]. Although there is
no evidence that coagulation disorders or abnormal blood
clotting tests affect bleeding complications of chest drain
insertion, it is considered good clinical practice to correct
any coagulopathy prior to drain insertion. Routine pretest
coagulation tests are only indicated in patients with
known risk factors [4].

Risks and Complications
Even if chest drain insertion is usually a therapeutic measure, its application may result in a number of complications, some of which may be life-threatening. The risk of
complications in experienced hands is estimated at 3% for
early complications and 8% for late complications. The
early complications include bleeding and hemothorax
from injury to the intercostal arteries and veins, the visceral organs (lung, heart, diaphragma, or intra-abdominal
organs), major vascular structures (aorta, subclavian vessels), intercostal neuralgia due to trauma of the intercostal

Thoracocentesis and Chest Tubes. Table 1 Indications for
insertion of a chest tube
Non-emergent indication
Recurrent pleural effusion (malignant, non-malignant)
Treatment with sclerosing agents – pleurodesis
Empyema
Chylothorax
Postoperative care (after thoracotomy or sternotomy)
Emergent indication
Pneumothorax: when → tension pneumothorax
→ in patients on mechanical
ventilation
→ large
→ clinically significant
Hemopneumothorax
Esophageal rupture with gastric leak in the pleural space

It is mandatory that chest drains are inserted only by
trained personnel. In all other instances the procedure
should be supervised by an appropriate skilled operator.
A strict aseptic technique for insertion is necessary. This
implies washing hands, the use of a face mask, sterile
gloves, gown, and sterile towels. The use of routine antibiotic prophylaxis for chest tube insertion is not
recommended except in trauma cases, where antibiotics
seem to reduce the risk of empyema and infectious complications [5, 6]. Most hospitals have presterilized, packaged chest tube insertion trays. Key components of such
a tray are a scalpel (11 size blade), dissecting instruments,
syringes and needles for superficial and deeper local anesthetic infiltration, strong, nonabsorbable sutures, a needle
driver, and scissors. Before the start of the procedure, an
appropriate sized chest tube and a pleural drainage system
should be present.

Preparation
If no life-threatening situation is present, the patient
should be informed about the procedure and consent
should be obtained. Patients are usually positioned in
supine or semirecumbent position with the body slightly
rotated to the opposite site of the puncture side. The
ipsilateral arm is maximally abducted and positioned
behind the patient’s head. Alternatively, the patient may
be put in a sitting position, leaning over an adjacent table
with a pillow on the legs or in the lateral decubitus
position.
Insertion of the drain should be in the so-called “triangle of safety.” This triangle is bordered by the anterior
edge of the latissimus dorsi, the lateral border of the
pectoralis major muscle, the apex just below the axilla,
and a line above the horizontal level of the nipple. The
most common site for chest tube insertion is at the midaxillary line or slightly anterior to it. This position minimizes the risk for injury to underlying vascular tissues
such as the internal mammary artery and avoids damage
to muscle and breast tissue. Usually the entry point chosen
is the fourth or the fifth intercostal space. It is useful to
mark the site of skin incision with a pen. It should be

Thoracocentesis and Chest Tubes

noted that the actual insertion point of the chest tube
should be one intercostal space above the incision site
(Fig. 1).
Sometimes, for drainage of an apical pneumothorax,
the second intercostal space at midclavicular level is chosen but this location is less comfortable for the patient and
leaves an unsightly scar.

Chest Tube Size
As a general rule, chest tube size selection should depend
on the nature of the problem present in the particular
patient, which implies an individualized approach based
on patient-related variables. There is a tendency to recommend the use of small bore tubes because they are more
comfortable than larger tubes but there is no evidence on
therapeutical superiority of either. Usually a pneumothorax is treated with a 16–22 F chest tube. Patients receiving
mechanical ventilation may require a larger size (24–28 F).
Drainage of fluid collections may also necessitate a larger
size chest tube. In the case of acute hemothorax, large bore
tubes (>30 F) are recommended both for the drainage of
the thoracic cavity as for the monitoring of continuing
blood loss. Obviously, children generally require smaller
tube sizes [4, 7].

Chest Tube Insertion
A large area of skin should be cleansed with iodine or
chlorhexidine containing solution. Then the sterile drapes
are applied leaving only the surgical field (triangle of
safety) free. Local anesthesia is applied using a 1% or 2%
lidocaine solution and a wheal of local anesthetic is
injected in the cutaneous tissue at the site of the skin
incision. Next, the deeper subcutaneous tissues and the
intercostal muscles are anesthetized. It is important to
locate the lower rib of the intercostal space where the
tube will be inserted and to anesthetize the peri-osteal
surface sufficiently. When the needle is slowly advanced
over the superior side of the rib this has to occur under
continuous negative suction. This allows to confirm entry
in the pleural space by the aspiration of either air or fluid.
At that moment the needle should not be advanced anymore and injection of the remaining lidocaine solution
will anesthetize the parietal pleura.
Following local anesthesia, an incision of 1.5–2 cm in
length is made parallel to the rib. Overall, the incision for
insertion of the chest drain should be similar to the diameter of the tube being inserted. Using a clamp the subcutaneous layers and intercostal muscles are dissected. The
path goes diagonally up from the incision toward the next
superior intercostal space. It is important to find the
surface of the rib below this space, once the subcutaneous
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tissues have been dissected. Then the dissecting instrument is slided up until the top of the rib and from this
point the intercostal muscles are gently dissected over
the top of the rib. Once the parietal pleura is reached,
the dissecting instrument is carefully pushed through the
pleura. Alternatively, one may also decide to digitally
penetrate the pleura, using the index finger. This may
help avoid damaging of adjacent lung tissue. It is of
prime importance that the pleural entry is digitally palpated to ensure that the lungs fall away from the pleura,
before an attempt is made to advance the chest tube. Of
note, the Trocar insertion is no longer advised and even
considered dangerous [8]. Small bore tubes may be
inserted using a Seldinger technique.
It is important to remind that in mechanically ventilated patients, especially when positive end-expiratory
pressure is applied, the ventilator should be disconnected
at the time of insertion of the chest tube. This is done in
order to avoid potential lung damage.
The distal part of the tube is clamped and with the help
of forceps, the proximal end is advanced through the
incision. Once the proximal part of the tube has entered
the pleural cavity, the forceps is released and the tube is
advanced manually toward the location of the collection.
Generally, for evacuation of a pneumothorax, the tube is
advanced apically, whereas for evacuation of fluid the tube
is advanced toward the basal parts of the pleural cavity.
Two sutures are usually applied: one for later skin
closure of the wound after drain removal, and secondly,
a suture to secure the drain (Fig. 2). The wound closure
suture should be applied before the blunt dissection of the
chest tube tract. Usually a “mattress” suture is employed.

T

Thoracocentesis and Chest Tubes. Figure 2 Schematic
representation of wound closure and fixation sutures for
a chest tube
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Complicated purse string sutures should not be used as
they will convert linear wounds into circular ones with
impaired healing, risk of skin necrosis, pain, and unsightly
scars after removal. Small bore tubes usually do not
require such a wound closure suture.
The drain should be secured in place to prevent its
falling out. Several techniques have been proposed but no
controlled comparative studies are available on the subject. As a general remark, the suture should be strong and
of nonabsorbable material, for instance silk. Then gauze is
wrapped around the tube at the insertion site and the tube
is taped to the side of the patient. The distal end of the
chest tube is connected to a sterile pleural drainage system
and only after connection the distal end of the chest tube is
unclamped. In case of a pneumothorax, air bubbling may
be seen; in case of a large fluid collection, this will start to
be collected. It is important to note that a too rapid
drainage of intrapleural fluid may cause re-expansion
pulmonary edema. Therefore, in the presence of large
intrapleural fluid collections, it is suggested to drain no
more than 1.5 L at one time and to slow drainage to
500 mL/h. A chest radiogram should always be performed
to confirm correct location of the chest tube.
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Chest Tube Removal
Timing of chest tube removal depends on the indication
for its placement. In cases of pneumothorax, bubbling
must have stopped and the lung should completely be
re-expanded on the chest X-ray. If suction was used, it is
common practice to apply an underwater seal to ensure
that the lungs remain expanded without suction. If a chest
X-ray after 12–24 h after clamping confirms this to be the
case, the chest tube can be removed.
If chest tubes were inserted for pleural fluid accumulation, tubes can be removed when the drainage volume
falls below 200 mL/day, the fluid is serous, the lung has
fully re-expanded on chest X-ray, and the clinical status of
the patient has improved.
It is obvious that removal of the tube should also be
performed under strict aseptical conditions. A concern
with removal of the chest tube is the occurrence of
a pneumothorax. It might be helpful to have the procedure performed by two people: one removing the chest
tube while the other immediately closes the insertion size
by knotting the closure suture and/or applying gauzes.
The spontaneously breathing patient should be instructed
to perform a Valsalva maneuver (or hold breath after deep
inspiration) during removal. In the ventilated patient,
chest tube removal should be timed at end-expiration.
Usually a control chest X-ray is performed 12–24 h after
removal to ensure that the lung stays expanded.

Thoracotomy for Trauma
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Synonyms
Delayed thoracotomy; Emergency thoracotomy; Immediate thoracotomy; Sternotomy for trauma; Urgent
thoracotomy

Definition
Thoracotomy for trauma can refer to any of a variety of
surgical incisions of the thoracic cavity to provide exposure of traumatic injuries (blunt or penetrating) for the
purposes of damage control or definitive repair. The specific nature of the incision (sternotomy, formal thoracotomy, or a combination of these two) and the location
(high or low, anterior or posterior) are determined primarily by the urgency with which the procedure is
performed, and also by the nature and extent of the anticipated underlying injuries. In broad terms, surgical
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intervention for thoracic trauma can be categorized in
three arbitrarily defined time frames: immediately (in the
emergency room), urgently (within hours of injury), or
delayed (>24 h post-injury). Emergency room thoracotomy (or resuscitative thoracotomy) is a heroic intervention performed on a patient in extremis, typically through
a left anterior thoracotomy or a bilateral “clamshell” thoracotomy (this procedure is considered separately in
another chapter). Surgical intervention for thoracic
trauma, in general, is an exercise in balancing the urgent
need for life-saving intervention with the need to more
clearly define the nature of the underlying injuries in order
to optimally plan the surgical approach.

Pre-existing Condition
Pre-injury comorbid conditions will rarely impact the
performance of a thoracotomy for trauma. Significant
systemic diseases will impact the patient’s physiologic
reserve and therefore the ability to withstand the insult
of traumatic injuries as well as the stress of an extremely
invasive surgical intervention, thereby impacting survival
outcomes. In terms of the performance of the procedure,
very few conditions will alter how it is carried out. These
would be conditions that alter the anatomic relations of
the chest wall and underlying structures such as previous
thoracic surgeries, intrapleural infections, or congenital
abnormalities. Aside from an obvious incisional scar, frequently a trauma patient’s past medical history is not
readily available prior to performing an urgent surgical
procedure. Ultimately, thoracotomy for trauma is an
emergency, lifesaving procedure and therefore preexisting
conditions become an issue of secondary relevance.

Application
Background
Trauma is a major cause of morbidity and mortality,
leading to approximately 150,000 deaths each year in the
USA, representing the leading cause of death in the population less than 40 years of age. In 75% of those deaths,
thoracic injuries are either the primary or a contributing factor. While most traumatic thoracic injuries can be
treated with just supportive care or simple procedures (i.e.,
chest tube thoracotomy), up to 15% of thoracic injuries
will require more invasive surgical interventions [1].
The nature and timing of surgical intervention is dictated primarily by the patient’s physiologic state upon
arriving in the emergency department. Roughly, these
interventions can be categorized based on the timing of
intervention. Patients who arrive in the emergency department in extremis or who deteriorate shortly thereafter are
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potentially candidates for an emergency department, or
resuscitative, thoracotomy. More commonly, thoracic surgical intervention occurs either urgently (within hours of
arrival) or in a delayed fashion (greater than 24 h of
admission). A patient will fall into the urgent category if
they have demonstrated at least partial hemodynamic
compensation (to avoid an emergency room thoracotomy) but have evidence of an underlying injury that is
an immediate threat to the ongoing ability to compensate
(such as an injury that threatens mechanical cardiopulmonary compromise or worsening shock through hemorrhage or contamination). A delayed thoracotomy is
typically employed in instances of missed injuries, complications of initial injuries (i.e., empyema or retained
hemothorax), intracardiac injuries that do not compromise global cardiac function, or injuries that can be temporized while more immediately life-threatening injuries
are addressed. Typically, as more information regarding
location and nature of injury is obtained, the type of
thoracic incision can be planned to optimize access and
exposure of the structures involved.

Urgent Thoracotomy
Indications for thoracotomy within hours of injury
include conditions that can be rapidly fatal or that continue to drive global hypoxia via inadequate perfusion
(due to hemorrhage or severe inflammation), or inadequate ventilation. Such conditions include compensated
cardiac injuries, ongoing hemorrhage from vascular or
pulmonary injuries, esophageal injuries, or tracheobronchial injuries. Clinically, these injuries can manifest as high
volume chest tube output, a persistent air leak, sudden
cardiovascular collapse with positive pressure ventilation
(indicative of air embolism), or cardiac tamponade [1].
Cardiac tamponade is classically manifested as Beck’s
triad of muffled heart sounds, distended neck veins and
hypotension. It is usually the result of a cardiac injury but
can be caused by any other source of bleeding into the
pericardial space and can become clinically apparent with
as little as 50 mL of blood. Its presence is suspected in
penetrating injuries within the “cardiac box,” which is
bounded by the clavicles superiorly, longitudinal lines
through the nipples laterally and the costal margin inferiorly. It is suggested by the aforementioned clinical findings
and can be detected during the pericardial view of the
focused assessment with sonography for trauma (FAST).
It must be remembered, however, that FAST cannot rule
out a cardiac injury in penetrating trauma as pericardial
blood can decompress into a pleural space.
A massive air leak that persists through all phases of
respiration can indicate a significant tracheobronchial
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injury. If the escape of air via the injury is large enough,
the ability to adequately ventilate and oxygenate the
patient can be compromised and requires urgent operative
intervention. Another manifestation of bronchial injury is
a bronchovenous fistula, which can lead to air embolism.
Although this is a relatively rare entity, it classically presents as a patient who decompensates with initiation of
positive pressure ventilation (mechanical or by bag-mask
ventilation) as air is forced into the venous system and
causes hydraulic disruption of flow through coronary
beds. This requires urgent thoracotomy to clamp the pulmonary hilum to prevent further embolism and repair of
the fistula [2].
Large volume or ongoing hemorrhage into a pleural
cavity from vascular or pulmonary injuries must be
addressed urgently as the patient will not respond to resuscitative efforts in the face of ongoing blood loss. Decisions
to intervene on intrathoracic bleeding are most commonly
based on initial output or ongoing output from a thoracotomy tube. Many authorities define 1,500 mL of blood on
initial insertion as the threshold for intervention while
some advocate for a lower trigger of 1,000 mL. Ongoing
bleeding manifested as >200–300 mL/h is another generally
advocated threshold for intervention. There is agreement
that these limits must be interpreted according to the individual circumstances of each case. For instance, the low
pressure bleeding from pulmonary parenchymal will often
lead to tamponade with re-expansion of the lung. Likewise,
an initial volume of 1,500 mL is very different in a victim of
blunt trauma who arrives at the trauma center several hours
after the injury, than in a victim of penetrating trauma who
is 15 min removed from the injury. Patients who have
known anticoagulation therapy may benefit from medical
reversal as opposed to surgical intervention which may
worsen the risk of hemorrhage.
Once an indication for thoracic surgical intervention
for trauma is apparent, the critical decision then becomes
one of planning the operative approach. As in any surgical
intervention, exposure can make or break the success of
the operation. Numerous factors influence the decision as
to which incision is optimal: the mechanism, the likely
trajectory and number of penetrating missiles, known and
anticipated injuries, as well as a knowledge of which
structures are best exposed through a given incision.
Median sternotomy offers exposure of the anterior
mediastinal structures and allows access to most of the
cardiac surface (exposure of the posterior aspect of the left
ventricle can be difficult) and the hilum of the right lung.
The superior vena cava, aortic root, and arch are readily
exposed whereas extending the incision along the anterior
border of the sternocleidomastoid or along the

supraclavicular fossa can enhance exposure of the origin
of the great vessels. Additionally, sternotomy provides
optimal exposure for cardiopulmonary bypass.
Left posterolateral thoracotomy gives access to the left
lung and hilum, as well as the lateral and posterior surfaces
of the heart, making it the incision of choice for suspected
air embolism. It also provides exposure of the descending
aorta, the left subclavian, proximal left common carotid,
and the distal third of the esophagus.
Right posterior thoracotomy provides exposure of the
right lung and hilum, the azygos vein, the carina and
bilateral main stem bronchi, suprahepatic inferior vena
cava, and proximal thoracic esophagus.
Often times, the patient’s instability or declining status
require urgent intervention before the underlying injuries
are able to be more precisely defined. In these circumstances, the best approach is a posterolateral thoracotomy
through the fifth interspace on the side that is most obviously or severely injured. Attempts at muscle-sparing incisions tend only to delay and impede exposure; however,
taking care to preserve the integrity of an intercostal muscle flap is prudent should a tissue buttress of tracheoesophageal repair be required. In ideal circumstances a dual
lumen endotracheal tube is placed to allow single-lung
ventilation to facilitate exposure. If it is necessary to evaluate the opposite chest cavity, options include extending
the thoracotomy to the contralateral side via a transverse
sternotomy (the “clam-shell” incision) versus temporary
vacuum-assisted closure of one side followed by
repositioning and creation of a second incision. With
evolving experience with damage-control surgical techniques, chest packing with vacuum-assisted closure
followed by definitive repair performed after resuscitation
is an option that is increasingly employed [1].

Cardiac Injuries
Injuries to the heart may be immediately life-threatening
due to exsanguinating hemorrhage or the cardiac compromise of cardiac tamponade. Additionally, these injuries
can have long-term ramifications due to the myocardial
insult from traumatic damage and ischemia. Many
patients with cardiac injuries expire at the scene before
reaching medical attention. Partly due to these facts,
the reported mortality in the literature ranges widely
from 10% to 70%. Often cardiac injuries present as cardiac
tamponade [3]. As blood accumulates (as little as 50 mL)
in the relatively noncompliant pericardial sac, a mass
effect leads to impaired cardiac filling and thus decreased
cardiac output and increasing pressure behind the
obstruction. These effects lead to the clinical signs of
Beck’s triad: muffled heart sounds, hypotension, and
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distended neck veins. The presence of pericardial fluid
suggesting cardiac injury can be confirmed by FAST.
A negative exam, however, does not rule out such injury.
If cardiac injury is suspected by mechanism, clinical
findings or by FAST, the initial approach is via
a subxyphoid pericardial window. A midline, upper
abdominal incision is made extending onto the inferior
aspect of the sternum. After entering the midline fascia,
the xyphoid process can either be amputated or elevated
and blunt dissection is used to expose the anterior surface
of the pericardium in the retrosternal location. The
exposed pericardium is grasped with forceps, elevated,
and then incised. Clear fluid rules out a cardiac injury
communicating with the pericardial space. The presence
of blood indicates the presence of a cardiac injury until
proven otherwise. Such injuries are then exposed, evaluated, and repaired through an extension of the existing
incision into a median sternotomy.
Injuries that communicate directly with the pericardial space include myocardial wall defects, coronary artery
injury, or injury to the root of the great vessels. Injuries to
the atria are controlled with direct pressure and clamping
followed by primary repair. Injuries to the ventricles are
traditionally repaired with a pledget to cushion the suture
and avoid tearing the forcefully contracting myocardium.
Injuries near the coronary arteries require a horizontal
U-stitch that passes deep to the course of the vessel to
avoid compression of the artery and resultant myocardial
ischemia.
Intracardiac injuries should always be suspected in the
patient with other known heart injury. Typically, these
injuries do no result in exsanguinating hemorrhage or
mechanical compromise of cardiac output. Over time,
they can lead to altered flow and congestive heart failure.
For this fact, they often can be repaired in a delayed
fashion but will require cardiopulmonary bypass to do
so. The best means of evaluating for intracardiac injuries
is echocardiography.

Injuries to the Great Vessels
Penetrating injuries involving the great vessels are rare
with an incidence of 4% in penetrating chest trauma [2].
Hemorrhage from one of these central vessels into
a pleural space can be an exsanguinating insult while
concomitantly compromising ventilation and thus many
of these patients expire prior to reaching the hospital. In
those patients that arrive to the emergency department,
the presence of an injury to a great vessel should be
suspected based on mechanism of penetrating trauma to
the base of the neck or chest, particularly those with
a transmediastinal trajectory. Clinical presentation can
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range from dramatic to subtle. The patient may be moribund from exsanguination or from impairment of cerebrovascular supply. These injuries may present as
pericardial tamponade, hemothorax, or hemorrhage
from external wounds. Deficit in the distribution of the
injured vessel may manifest as neurologic deficit, including coma, or as a vascular deficit in an upper extremity.
Detection of such injuries may occur during an emergency room thoracotomy in a patient presenting in
extremis. Otherwise, in a stable patient or one that
responds to resuscitative efforts, injury to a great vessel
can be diagnosed with angiography or computed tomographic angiography [4]. Identification of the vessel
involved and the location of the injury are critical in
surgical planning as different vessels are optimally exposed
through different incisions. Even injuries to the same
vessel may require different approaches depending on
the location of the injury along its course.
For right subclavian injuries or right parasternal injuries, a median sternotomy with extension into the neck or
a supraclavicular extension is recommended. A median
sternotomy provides excellent exposure of the ascending
aorta, the proximal right subclavian, the innonminate,
and the common carotid arteries. A left thoracotomy
provides optimal exposure of the descending aorta
and adequate exposure of the proximal left subclavian
and the proximal left common carotid arteries. For distal
control when dealing with left subclavian or left common
carotid artery injuries, classically a supraclavicular or
neck counter-incision is required. Alternatively, a median
sternotomy can be used to connect the incisions (“trapdoor” incision); however, this type of incision provides
poor exposure and is associated with significant morbidity. It should be used only when necessary. Comprehensive
knowledge of chest and neck anatomy is required when
exposing these vessels to prevent injury to the phrenic,
vagus, and recurrent laryngeal nerves which lie in close
proximity to these vessels and to protect the thoracic duct
when approaching the left subclavian artery.
Once proximal and distal control is obtained, many of
these injuries lend themselves to lateral repair or end-toend primary anastomosis. Interposition grafts composed
of polytetrafluoroethylene or knitted Dacron are the conduits of choice when needed. Associated venous injuries
(superior vena cava, internal jugular, innominate) are
common, and if possible these should be treated by lateral
repair or patch venography. Internal jugular or innominate injuries can be ligated with little ill effect except in
patients with closed head injury. Vena cava injuries can be
shunted if repair is not feasible and ligated only as
a measure of last resort.
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Lung Injuries
Operative indications for lung injuries tend to be for one
of two categories: hemorrhage or persistent air leak in the
setting of impaired ventilation. The optimal operative
approach for lung injuries is via a posterolateral thoracotomy in the fifth interspace on the involved side. Most
commonly, injuries can be addressed with either simple
suture repair or by using a stapling device to perform
a wedge resection of the involved tissue. In penetrating
injuries, where the hemorrhage or air leak is manifested at
the surface defect but originates deep in the injury tract, it
is not prudent to simply oversew the tract opening. The
deeper injuries are better exposed by performing
a tractomy. This is performed by inserting one arm of
the surgical stapler into the tract and deploying the device
to staple and divide the overlying tissue, thus unroofing
the tract and exposing the specific points of bronchial or
vascular injury. These areas may then be controlled by
suture ligation or oversewing of the length of the tract.
Blunt injury often results in more severe, less focal
injury and is thus usually difficult to adequately manage
with simple exposure or repair methods. More commonly,
anatomic resections such as lobectomy and pneumonectomy are performed if resection in needed after blunt
injury. Although thoracotomy for lung injuries is much
less common for blunt trauma compared with penetrating, the operative outcomes are worse in the setting of
blunt injuries [5].

Tracheobronchial Injuries
Injuries to the trachea and main stem bronchi have
a higher incidence in blunt trauma than penetrating [2].
This is due in part to the deep, relatively protected location
of these structures in the thoracic cavity and to the greater
overall energy transferred with blunt mechanisms. Stab
wounds tend to involve the cervical trachea whereas gunshot wounds may injure any part of the trachea or bronchial tree. Blunt injuries are due to shearing forces
experienced during deceleration and tend to occur at
points of fixation (cricoid and carina). Regardless of
mechanism, 85% of injuries involve the trachea or main
stem bronchi within 2 cm of the carina [2].
Symptoms depend on the location of the injury
and whether the injury communicates with the pleural
cavity. Cervical injuries may present with stridor, hemoptysis, cervical subcutaneous emphysema, hoarseness, or
respiratory distress secondary to an obstructed airway.
Thoracic injuries with pleural communication present
with pneumothorax that may or may not be under tension.
A pneumothorax that persists after chest tube placement or
has a continuous air leak is indicative of tracheobronchial

damage. In injuries with extrapleural communication, massive pneumomediastinum is typically encountered, occasionally without pneumothorax. In this case, the diagnosis
is more difficult to make on clinical grounds alone and
often requires bronchoscopy. Nonspecific symptoms of
tracheobronchial injury can include subcutaneous emphysema and hemoptysis; however, most subcutaneous
emphysema is a result of subpleural rupture of alveoli, not
tracheobronchial injury, and hemoptysis is more often
a result of aspiration of blood from facial and pharyngeal
injuries. Thus, the diagnosis of tracheobronchial injury is
made based on clinical findings and radiographic findings
(both chest x-ray and CT), and is confirmed with
bronchoscopy.
As with any trauma patient, the first priority is securing an adequate airway. Treatment of tracheobroncial
injuries is directed at ensuring or establishing adequate
ventilation.
Bronchoscopic-guided
intubation
is
suggested when intubation is necessary. Blind intubation
in these patients is extremely hazardous. In cases of small,
well-contained tracheal injuries with minimal tissue loss,
bronchoscopic guidance will allow placement of the endotracheal tube safely past the injury with the cuff placed
beyond the site of injury. Intubation past the site of injury
alone for 48–72 h occasionally may result in complete
resolution of the injury in selected cases.
As most intrathoracic injuries occur within 2 cm of the
carina, a right thoracotomy provides adequate exposure
for virtually all of these injuries except in cases of distal left
mainstem bronchial injuries >3 cm from the carina where
a left posterolateral thoracotomy is preferable. The incision should be placed over the fifth rib space to provide
optimal exposure. The intercostal muscle in this interspace is saved for later use as a muscle flap to buttress
the repair. Tracheobronchial injuries should be repaired
primarily using interrupted or running monofilament
suture with the knots placed on the outside of the lumen
to reduce granuloma or stricture formation. When limited
tracheal resection is required, up to 2 cm of trachea can be
easily and safely excised and primary repair performed.
Repairs should be buttressed with viable vascularized tissue, usually an intercostal muscle flap (as previously
suggested), pericardium, omentum or rarely rhomboid
or latissumus muscle flaps.
Postoperatively, barring other contraindications,
a thoracic epidural catheter should be placed to assist
with pain control and ensure adequate pulmonary toilet.
Patients on the ventilator should be extubated as soon as
possible, ideally immediately after the operation is complete. If ongoing positive pressure ventilation is required,
positioning of the endotracheal tube distal to the repair, jet
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ventilation, or occasionally extracorporeal membrane
oxygenation may be necessary to allow the repair to heal.
Routine postoperative use of proton pump inhibitors is
recommended as acid and pepsin exposure promotes
granuloma formation at the site of repair.

Esophageal Injuries
These injuries are rare and primarily involve the cervical
esophagus, typically as the result of gunshot wounds or
iatrogenic trauma. Blunt esophageal injuries typically
occur in the neck as a result of a direct blow or may
occur in the chest just proximal to the gastroesophageal
junction. Blunt injuries are associated with increased
intraluminal pressures against a closed glottis causing
a bursting-type injury.
Clinical signs and symptoms depend on the location
and size of the injury, time to diagnosis, and degree of the
resultant contamination. Symptoms can include dysphagia, hematemesis, and odynaphagia. Signs can include
subcutaneous or mediastinal emphysema, tachycardia,
fever, or an overtly septic presentation. Due to the rarity
of these injuries and nonspecific presentation many of
these injuries are initially missed unless a high index of
suspicion is maintained.
Mediastinal air or a pleural effusion on chest radiograph
can be suggestive of esophageal injury. Definitive diagnosis
can be made with esophagoscopy, or more typically, via
contrast esophagram. Rapid diagnosis is of the essence as
morbidity and mortality associated with esophageal injuries
correlate highly with time to surgical intervention.
Esophageal injuries should be treated early and aggressively. Cervical injuries should be approached through
a neck incision along the anterior border of the left
sternocleidomastoid muscle or with a collar incision.
These injuries may be repaired primarily, while more
complex wounds may require resection or combined tracheal repair. Upper and middle third thoracic injuries
should be approached through a right posterolateral thoracotomy in the fourth or fifth interspace, as the esophagus lies more in the right chest at this point and is
obstructed by the aorta and great vessels when approached
from the left. Distal third thoracic injuries are best
approached through left posterolateral thoracotomy
through the sixth intercostal space as the esophagus
courses back to the left pleural space before entering the
abdomen. Once the wound is identified, the esophagus is
mobilized sparingly but enough so that the injury can be
completely defined. Most esophageal injuries when diagnosed and operated on within 24 h, lend themselves to
primary repair with a single layer of absorbable monofilament suture and buttressing with muscle, pleura, or
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pericardial flaps. When contamination has been present
for longer than 24 h, the tissue is prohibitively friable and
the patient is too unstable to allow attempt at primary
repair. In these instances, esophageal resection with proximal diversion and placement of distal enteral access is
necessary. The patient then would have to undergo
a staged reconstruction after fully recovering from the
current insults. Regardless of timing of surgical intervention, an essential surgical premise when addressing esophageal injuries is adequate wide drainage of the
mediastinum and any contaminated pleural space.

Traumatic Rupture of the Thoracic Aorta
Traumatic disruption of the thoracic aorta is a highly
lethal injury, accounting for or contributing to many
deaths at the scene. Only 10–20% of patients with this
injury will survive to the emergency department. Of those,
there is a historical mortality of 50% within 24 h and 90%
within 30 days without repair. The aorta is fixed at the
ligamentum arteriosus as well as at the levels of the intercostal arteries while the heart and the aortic arch
are relatively mobile within the chest. Aortic disruption
is caused by the shearing force created in deceleration
injuries (i.e., high speed motor vehicle collisions, fall
from height, auto-pedestrian accidents) at these points
of fixation [4].
There are no signs or symptoms that are suggestive of
aortic disruption as virtually all of these patients have other
severe chest trauma. Chest radiograph, however, will provide some clues about the presence of this injury including
widening of the medistinum, presence of a left apical cap,
loss of the aortopulmonary window, depression of the left
mainstem bronchus, or deviation of a nasogastric tube to
the right. The gold standard has historically been angiographic aortography. However, with improvement of thinslice computed tomography, CT Angiography of the chest
continues to gain in acceptance.
Once the diagnosis is made, initial management is beta
blockade. The antihypertensive effect is necessary to
decrease the magnitude of the pressure experienced by
the injury. Almost as vital is the decrease in the ejection
slope which decreases the impulse (change in pressure
over time) that in turn causes the risk of further disruption
of this tenuous injury. Many other antihypertensive do not
address this issue of impulse and may actually increase the
risk of rupture if the pulse pressure is widened by
dropping the diastolic blood pressure. With appropriate
control of these two factors it has been found that surgical
repair can safely be delayed until other life-threatening
injuries have been addressed. In suitable candidates for
immediate repair, the injury is best approached through
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a left posterolateral thoracotomy. Given the unpredictable
nature of the aortic injury, often requiring complex repair,
the use of cardiopulmonary bypass is almost always necessary to decrease the risk of spinal cord ischemia induced
by aortic cross-clamping which would otherwise be necessary. Most cases require an interposition graft, although
15–20% may be treated with primary anastomosis. Alternatively, endovascular treatment of acute thoracic aortic
rupture is gaining in popularity. Immediate outcome data
in patients who undergo endovascular stent grafting
appears at least as good as after conventional surgical
repair. The long-term effectiveness of this management
are still not known, but in the future, this technique
may represent a viable alternative to surgery in patients
with significant coexisting injuries that would preclude
immediate repair.

Delayed Thoracotomy
The indications for delayed thoracotomy (>24 h) include
missed tracheobronchial injuries, traumatic aortic rupture,
intracardiac injuries, retained hemothorax, or posttraumatic
empyema. Persistent air leak or tracheal/bronchial stenoses
are typical manifestations of missed tracheobronchial injuries. The approach and principles of repair for these injuries
are as previously described, although they are technically
more demanding as a result of ensuing inflammation. The
traditional management of acute traumatic rupture of the
thoracic aorta endorses repair as quickly as possible. However, as we have gained a better understanding of the natural
history of this injury and the role of pharmacologic treatment, the concept of delayed repair of this injury, often
for hours sometimes for days, has gained in popularity.
The principle utility of delayed repair is that it allows the
more life-threatening injuries to be addressed initially and
allows one to avoid systemic heparinization in the immediate post-traumatic setting. Thus, in patients with major
intraabdominal or intracranial injuries, or significant pulmonary contusions, adopting the practice of early beta
blockade will allow delayed repair of their aorta. Likewise,
delayed repair of intracardiac injuries (atrioventricular valvular insufficiency, ventricular septal defects) is feasible,
unless the patient develops severe congestive heart failure,
in which case immediate repair is warranted.
Inadequately drained posttraumatic hemothorax and
contamination of the pleural space is often the result of
improper chest tube placement. An incompletely drained
hemothorax essentially has one of three possible outcomes: resolution, infection (posttraumatic empyema),
or fibrothorax/entrapped lung. Thus, retained blood in
the pleural space is a risk factor for the development of
posttraumatic empyema. As a result, every effort should

be made to place chest tubes correctly, under sterile conditions, and remove the tube as soon as possible after
insertion. If chest tube drainage fails to evacuate
a hemothorax, especially after penetrating trauma,
video-assisted thoracoscopy (VATS) or thoracotomy
should be considered as additional chest tube placement
is often not effective in evacuating clotted blood from the
pleural space. Thoracotomy is usually required in cases
when the hemothorax has been present for longer periods
of time and dense adhesions have formed. A posterolateral
thoracotomy on the affected side through the fifth intercostal space will typically provide adequate exposure.
Often, the clotted hemothorax has a fibrous peel necessitating decortication. Emphasis should be placed on
completely removing the peel from the visceral surface of
the pleural so that complete lung expansion may be
obtained postoperatively. Once decortication is complete
and the retained hemothorax has been removed, wide
drainage with chest tube is required to prevent
reaccumulation of blood and facilitate reexpansion of
the involved lung. Postoperatively, a thoracic epidural
will greatly assist with pulmonary toilet. Chest tubes
should be discontinued as soon as safely possible.

Summary
The timing and location for operative intervention in the
setting of thoracic trauma is dictated primarily by the
patient’s status upon arrival to the emergency department.
In those not requiring an emergency department thoracotomy, it is preferable to obtain as much information
about the underlying injuries as is safe for the patient.
Effective repair of these often complex injuries depends on
adequate exposure and therefore on the incision used for
the approach. More definitive identification of injuries
allows for optimization of timing of surgical intervention
as well as in planning the surgical approach thereby optimizing the patient’s chance for survival and meaningful
recovery.
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cardiologic ICUs or anticoagulant therapy significantly
increases the bleeding risk [1–4].

Etiology
The etiology of thrombocytopenia in critically ill patients
is multifactorial. Therefore, the differential diagnosis is
extensive as indicated in Table 1.

Laboratory and Clinical Evaluation
Since thrombocytopenia in critically ill patients is mostly
multifactorial, a detailed clinical and laboratory work-up
must be performed. In a first approach, a total cell count,
a peripheral blood smear, chemistry, and coagulation tests
should be performed. If there is a clinical suspicion, testing

Thrombocytopenia in Critically Ill Patients. Table 1 Etiology
of thrombocytopenia in critically ill patients

Introduction
Thrombocytopenia is a common finding and a strong predictor for mortality in critically ill patients. In most cases,
the thrombocytopenia is multifactorial. Many patients have
a preexisting disease associated with a low platelet count.
However, a careful workup of thrombocytopenia in these
patients is mandatory, since several underlying diseases
need immediate and specific treatment.

(A) Pseudothrombocytopenia
(B) Decreased production
Congenital
Fanconi’s anemia, Bernard–Soulier
Acquired
Bone marrow damage

 Drugs (cytotoxic drugs (alkylating agents),
immunosuppressive drugs)

Definition

Thrombocytopenia is defined as a platelet count <150 
109/L.

Epidemiology
Approximately 40% of the critically ill medical patients
present with a thrombocytopenia, half of these with platelet counts <100  109/L. In surgical and trauma patients,
the incidence of platelet counts <100  109/L reaches
40%. Whatever the etiology, thrombocytopenia constitutes an independent predictor for mortality on the ICU
and platelet counts inversely correlate with survival. It is
important to realize that the absolute platelet count is not
the only definitive predictor for fatality. A sustained
thrombocytopenia over more than 4 days after ICU
admission or a decrease of >50% of the platelet count
(also in case of normal platelet counts!) during the ICU
stay is associated a significantly increased mortality (fourfold). Platelet counts <50  109/L are associated with
a fourfold increased risk for bleeding. The bleeding risk
further increases in the presence of an inflammatory condition and/of disseminated intravascular coagulation.
Concomitant use of platelet aggregation antagonists on

 Chemicals (benzene)
 Radiation
 Infection (viral infection, e.g., HIV, CMV)
 Bone marrow infiltration (solid tumors, leukemia,
lymphoma)

 Myelofibrosis (myeloproliferative syndrome)
Failure of megakaryocyte maturation

 Vitamin deficiency (vitamin B12, folic acid)
(C) Decreased survival-increased sequestration
Antibody-mediated

 ITP
 Medication-induced thrombocytopenia (HIT)
 Posttransfusion purpura
Inflammation

 Disseminated intravascular coagulation
 Artificial heart valves
 Extracorporeal device
 Microangiopathic hemolytic anemia (e.g., TTP-HUS)
(D) Combined B and C
Abbreviations: idiopathic thrombocytopenic purpura, ITP; thrombotic
thrombocytopenic purpura, TTP; hemolytic uremic syndrome, HUS,
HIT: heparin-induced thrombocytopenia
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for heparin-induced thrombocytopenia (HIT) is indicated. In a second approach, diagnostic tests for viral
infections should be performed. Depending on de differential diagnosis made, a bone marrow punction might be
considered.
Clinical history: A history of hematological malignancy, chemotherapy, drugs (alcohol, medication), and
infection (HIV) may point to a decreased thrombocyte
production due to bone marrow failure. A history of
autoimmune disease may be suggestive for idiopathic
thrombocytopenic purpura (ITP). Recent heparin administration is suspect for HIT and a recent transfusion for
posttransfusion purpura. A positive family history of
thrombocytopenia with or without bleeding may point
to the presence of rare congenital diseases such as
Bernard–Soulier syndrome.
Physical investigation: Petechiae on the extremities or
in the oral cavity reflect hemorrhagic diathesis. A focal
neurological deficit strongly suggests cerebral bleeding
and prompts immediate diagnostic investigation. Splenomegaly suggests hypersplenism, and in combination with
lymphadenopathy may be a herald of hematological
malignancy.
Laboratory evaluation: A peripheral blood smear can
help to identify pseudothrombocytopenia as evidenced by
aggregated platelets or to diagnose rare congenital diseases
(giant platelets in Bernard–Soulier syndrome). An isolated
thrombocytopenia suggests an increased sequestration of
thrombocytes due to antibodies (ITP, posttransfusion
purpura, drugs), hypersplenism, or due a decreased production caused by drugs or alcohol. Acute viral infections
may frequently be accompanied by isolated thrombocytopenia as well. Disseminated intravascular coagulation
must be considered when abnormal coagulation tests
accompany thrombocytopenia. Pancytopenia points to
a primary disorder of the bone marrow, such as
myelodysplastic syndrome/leukemia or aplastic anemia.
However, infections and drugs can cause pancytopenia as
well. Bi- or pancytopenia together with leucoerythroblastic picture on the blood film indicates dysfunction
of the blood-bone marrow barrier due to tumor infiltration or infection. Thrombotic thrombocytopenic purpura
(TTP) must be suspected in the presence of thrombocytopenia together with the laboratory features of
microangiopathic hemolytic anemia. In contrast, thrombocytopenia together with a Coombs-positive hemolytic
anemia is suggestive for Evans syndrome.

Treatment
In order to prevent bleeding, prophylactic platelet transfusion are recommended at platelet counts <10 109/L in

nonfebrile and <20 109/L in febrile patients. In case of
therapeutic anticoagulation or heparin in a therapeutic
dose, prophylactic platelet transfusion is indicated to
maintain platelet counts >30 109/L. In TTP patients,
platelet counts must be increased by means of plasmapheresis and immunosuppression. Cessation of heparin and
start of anticoagulation with danaparoid or hirudin constitutes the first-line treatment in thrombocytopenia due
to HIT. Unless in case of bleeding or preparation of interventions (lumbar punction), platelet transfusions are
contraindicated in both entities. The same holds for
DIC, where platelet transfusions are relatively
contraindicated.
Refractoriness upon platelet transfusion is defined as
corrected count increment (CCI) <7.5 1 h after and <4.5
24 h after platelet transfusion. CCI is defined as platelet
count increment  body surface (m2)/number of transfused platelets (in 1011) (platelet count increment = [plts
after  plts before transfusion] (in 109/L)). Refractoriness
upon platelet transfusion can be caused by anti-HPA, HLA
antibodies, or rarely by not specific antiplatelet antibodies.
ABO-incompatible platelet transfusion to a recipient with
high anti-A/B titer may result in an insufficient CCI as
well. If HLA- or/and HPA antibodies can be identified in
a recipient, donor platelet must match accordingly to the
HLA and/or HPA phenotype. However, in more than 50%
refractoriness is due to increased platelet consumption
independent of antibodies (DIC, inflammation, splenomegaly, etc.).

Special Clinical Entities
In this section, only the most important clinical entities
will be discussed; DIC, TTP/HUS, and HIT will be
discussed in separate entries.

Idiopathic Thrombocytopenic Purpura (ITP)
ITP is an acquired autoimmune disorder characterized
by the presence of an isolated thrombocytopenia due
to autoantibodies to platelets in the absence of either
substances (medication) inducing thrombocytopenia or
clinical conditions associated with autoimmune thrombocytopenia (systemic lupus erythematousus (SLE),
chronic lymphocytic leukemia (CLL)). The incidence of
ITP in Europe ranges between 2.2 and 4.4 per 100,000 per
year depending on the cut-offs used to diagnose thrombocytopenia. ITP shows a female predominance and
a bimodal age distribution with a peak in patients younger than 18 years and patient older than 75 years [1, 5].
Childhood ITP is an acute mostly self-limiting disease
frequently proceeded by a viral infection. Being a chronic
disease in adults, asymptomatic ITP (>50 109/L) can
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persist for years and is detected by coincidence during
routine laboratory follow-up. However, diagnosis is frequently made after a sneaking onset with acute bleeding,
as evidenced by purpura, mucous membrane bleedings,
epistaxis, menorrhagia, or more severe bleeding complications (melena, hematuria, etc.). The estimated mortality
due to bleeding is <1%.
Pathogenesis: ITP is caused by autoantibodies to platelet antigens (mostly to GPIIb/IIIa) leading to decreased
platelet survival in circulation due to increased platelet
destruction in the spleen. Frequently, these autoantibodies
also mediate destruction of megakaryocytes in bone marrow resulting in inadequate magakaryopoiesis. Whereas in
children, autoantibodies are of IgM isotype, the prevalent
isotype in adults is IgG.
Diagnosis: ITP is diagnosed per exclusionem. Concomitant factors leading to isolated thrombocytopenia, such as
drugs, viral infections (CMV, HIV, hepatitis C), autoimmune, as well as lymphoproliferative disease, must be
excluded. In addition, splenomegaly must be ruled out.
Although many authors do not any longer recommend
bone marrow aspiration/biopsy as a first line diagnostic
procedure, other concomitant diseases potentially associated with isolated thrombocytopenia can be excluded
(e.g., myelodysplastic syndrome-5q minus syndrome).
Therefore, especially in patients older than 50 years,
bone marrow punction is strongly recommended. An
increased number of young megakaryocytes without
other pathological findings in the bone marrow (incl.
normal cytogenetics) together with the absence of conditions associated with isolated thrombocytopenia favor the
diagnosis of ITP. Normal thrombopoietin level in serum is
further supported ITP diagnosis.
Therapy: Treatment of ITP should not be prompted by
platelet counts only, but also by the clinical presentation.
Patients presenting with thrombocyte counts >50  109/L
in the absence of overt bleeding do not need treatment,
but must clinically be followed on a regular base. The same
holds for asymptomatic patients presenting with platelet
counts between 30–50  109/L. However, treatment is
recommended in patients with platelet counts between
30–50  109/L with comorbidities associated with an
increased bleeding risk or presenting with overt bleeding.
In patients with platelet counts between 20–30  109/L
and lower, therapy is recommended also in the absence of
bleeding. Steroids are the first choice of treatment.
Dexamethason (40 mg/day over 4 days) followed by
a maintenance therapy with prednisolon (20 mg/day) is
an efficient alternative to high dose prednisolon therapy
(1 mg/kg). Three weeks after normalization of platelet
counts, prednisolon can slowly be tapered. In 70–80% of
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the patients, this regime induces a quick rise in platelet
counts and results in a sustained response in 30–40% of
patients over 2 years. Intravenous gamma globulins (1g/kg
over 2 days) induce a transient increase in platelet
counts, but do not lead to long-term remissions. Due to
the risk of hemolysis, anti-RhD immunoglobulin is not
recommended. Recently, anti-CD20 as a second line treatment in patients with ITP turned out to be effective with
a high rate of complete and durable remissions. However,
the role of anti-CD20 in the treatment of ITP remains to
be established. Splenectomy remains the most effective
therapy leading the highest (up to 70%) and most durable
response rates in ITP. If splenectomy is considered, vaccinations against Pneumococci, Haemophilus influenzae,
and Meningocococci must be performed on time [6].
In case of acute life-threatening bleeding, platelet transfusions together with intravenous gamma globulins and
either high dose prednisolon or dexamethason are
recommended. In desperate situations (e.g., cerebral
bleeding), FVII-bypassing agents, such as recombinant
FVIIa must be considered.

Posttransfusion Purpura (PTP)
PTP is a rare transfusion complication occurring in
1:30,000 transfusions affecting patients sensitized to an
alloantigen mostly during pregnancy or less frequently
by prior transfusion, the former explaining the female
predominance with regard to the prevalence of antiplatelet
antibodies. The clinical picture is dominated by a severe
thrombocytopenia (frequently < 10  109/L) often complicated by bleeding 7–10 days after transfusion of blood
product
containing
incompatible
thrombocytes
(expressing an antigen not present in the recipient) to
a recipient with specific antibodies to thrombocytes. PTP
can occur after transfusion of whole blood, red blood cell,
or platelet product. The use of leukocyte-depleted blood
products seems to decrease the frequency of PTP [7].
Pathogenesis: Incompatible donor platelets are targeted
by specific human platelet antibodies (HPA) and are subsequently removed by phagocytes in the spleen. Most alloantibodies in PTP are directed against HPA 1a (GPIIIa), less
commonly HPA 1b (GPIIIa), 3a (GP IIb), and 5a (GPIa).
Moreover, recipient thrombocytes are destructed as well in
an innocent bystander reaction. One possible explanation
for this phenomenon could be that anti-HPA-donor
thrombocyte complexes might bind to Fc-receptors on
recipient thrombocytes, thereby promoting phagocytosis
of recipient thrombocytes in the spleen.
Diagnosis: the differential diagnosis of PTP should be
prompted by the time relationship of a severe thrombocytopenia several days after transfusion. Alloantibodies to
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platelets in serum or in the eluate can be detected by
specific ELISA methods (MAIPA: Monoclonal Antibody
Immobilization of Platelet Antigens). In addition, the
recipient should be genotyped for HPA-antigens (recipient should be negative for the transfused HPA antigen).
Therapy: Incompatible platelet transfusions should be
avoided. Due to innocent bystander, reaction transfusion
of matched thrombocytes are rarely effective. Intravenous
gamma globulins (0.5 g/kg bw over 5 days or 1g/kg bw
over 2 days) combined with steroids (1.5 mg/kg) are
recommended. If needed, only matched thrombocyte
products should be given. In addition, red blood cell
products devoid of soluble HPA antigens (e.g., washed
products) are recommended.

Drug-Induced Thrombocytopenia
Drug induced thrombocytopenia is a frequent complication in critically ill patients, since these patients mostly
receive multiple medication. Typically, the thrombocytopenia is isolated and may become overt by bleeding due to
platelet counts lower than 20  109/L. Especially in
patients on cardiologic ICU, medication-induced thrombocytopenia is associated with an increase risk of bleeding
due to (co-) medication interfering with thrombocyte
aggregation.
Pathogenesis: Drug-induced thrombocytopenia is
caused by antibodies directed to neo-epitopes expressed
on platelets either due to interactions of drugs with
integrins on platelets and/or to newly formed epitopes
consisting in a combination of drug and platelet surface
proteins. The antibody-coated platelets are subsequently
removed via Fc-gamma-mediated phagocytosis in the
spleen.
Diagnosis: a comprehensive history forms the hallmark in the diagnostic procedure to identify the culprit.
This must also include a detailed history of remedies,
which are available over-the-counter and on drinking
habits (tonic water containing quinine). Unfortunately,
a majority of drugs have once been reported to induce or
at least be associated with thrombocytopenia. Therefore,
only the “trial and error” approach, which means testing
whether discontinuation of the suspected drug lead to
an increase of platelet counts will finally help to identify
the culprit. Discontinuation of the respective drug will
mostly lead to a recovery of platelet counts within
1 week. George and coworkers published a nice and comprehensive overview on medication-induced thrombocytopenia [8] and also provided an overview on drugs
associated with thrombocytopenia on their website
(http://www.ouhsc.edu/platelets/DITP/Database_group/
Database_group.htm). The value of laboratory testing

to identify drug-induced antibodies leading to thrombocytopenia is limited. Besides technical limitations of
these kinds of tests, a negative result will not rule out
medication-induced thrombocytopenia. In case of a
co-medication with heparin, heparin-induced thrombocytopenia (HIT) must be considered as alternative diagnosis. Whereas the degree of thrombocytopenia, as well as
the clinical course in heparin-induced thrombocytopenia
type-1 (HIT-1) is mild, diagnosis of HIT-2 is essential due
to the life-threatening thrombotic complications associated with HIT-2.
Therapy: platelet transfusions are the therapy of choice
in case of bleeding or platelet counts <10∗  109/L. There
is little evidence for the effectiveness of high dose prednisone and/or intravenous gamma globulins in the treatment of medication-induced thrombocytopenia.
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Introduction
Thrombotic microangiopathies (TMA) comprise
a heterogeneous group of diseases characterized by hyaline
platelet rich thrombi in the microvasculature. Thrombotic
thrombocytopenic purpura (TTP) and hemolytic syndrome (HUS) are classical representatives of TMA. The
term TTP was originally used for patients presenting the
classical clinical pentade consisting of thrombocytopenia,
microangiopathic hemolytic anemia, fever, renal function
impairment, and neurological symptoms. In contrast, the
term HUS was used for patients, typically children,
presenting a clinical picture similar to that of TTP but
with severe renal insufficiency without evidence of neurological symptoms and frequently associated with diarrhea.
Other forms of TMA secondary to drug therapy or transplantation clinically resemble or are even indistinguishable from classical TTP or HUS. Discovery that
a functional deficiency of ADAMTS13 (A Disintegrinlike And Metalloprotease with ThromboSpondin type 1
repeats) is the underlying cause of idiopathic TTP has
contributed significantly to the understanding of some,
but not all form TMA [1].
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discussed in the present section. TTP-HUS syndromes
are characterized by the presence of microangiopathic
hemolytic anemia (MAHA) and thrombocytopenia,
which might be accompanied by other clinical symptoms,
such as renal failure, neurologic and cardiac abnormalities. In adults the majority of TTP-HUS is idiopathic
(37%), the remainder is associated with drugs, autoimmune diseases, infection, pregnancy, hemorrhagic diarrhea, and hematopoietic cell transplantation. Classical
TTP refers to patients with a severe ADAMTS13 deficiency
either due to a genetic mutation (congenital TTP, UpshawSchulman syndrome) or due to autoantibodies (acquired
TTP). In children, TTP-HUS syndromes are classified as
HUS associated with Shiga-like toxin (90%), non-Shiga
toxin associated HUS (10%), and idiopathic (very rare) [2].

Epidemiology
HUS-TTP syndrome is rare. Data from the U.S. report an
annual incidence of suspected HUS-TTP of 11 cases per
1 million inhabitants and 4.5 cases for idiopathic HUSTTP. The annual incidence of severe ADAMTS13 is estimated around 1.7 cases per million inhabitants. In all
three categories, the incidence rates were greater for
women and for blacks [2].
In the Oklahoma TTP-HUS registry (1989–2007),
patients with TTP-HUS syndrome were described in clinical categories at the time of their initial episode. Thirtyseven percent were classified as idiopathic, whereas the rest
of the cases were either associated with an underlying
disease or drugs (Table 1) [2].

Pathogenesis
Since the occurrence of TTP-HUS syndrome is associated
with a variety of diseases and drugs it is suggested to be
a multifactorial disease. Current concepts imply that in
susceptible individuals, an acute stress might disturb the

Thrombotic Micro-Angiopathies (TTP, Hus, etc.). Table 1
Clinical categories of patients enrolled in the Oklahoma
TTP-HUS registry 1989–2007
Clinical category

%

Definition

Idiopathic

39

The term thrombotic microangiopathy (TMA) is based on
the histological presence of hyaline platelet-rich thrombi
in the microvasculature. Primary TMA compromises
thrombotic thrombocytopenic purpura-hemolytic uremic
syndrome (TTP-HUS), which must be separated from
secondary TMA, such as (pre-) eclampsia, HELLP, and
malignant hypertension. Secondary TMA will not be

Drug associated

13

Bloody diarrhea associated

8

Pregnancy/postpartum

7

Allogeneic stem cell transplantation
Additional or alternative disorders
Source: Adapted from [2]
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homeostasis of von Willebrand factor and ADAMTS 13
resulting in endothelial damage and thrombocytopenia as
seen in adult TTP-HUS syndrome. Other concepts suggest
endothelial damage as primary event. This damage could
be due to inhibition of vascular endothelial growth factor
or not yet identified plasma factors.
Deficiency of functional active ADAMTS13: Under normal conditions, von Willebrand factor (vWf) synthesized
in endothelial cells is released and assembles to form
unusually large von Willebrand multimers (ULVWf) in
the circulation. These ULVWf multimers are rapidly
proteolyzed by ADAMTS13 to normal size vWf
multimers. A functional deficiency of ADAMTS13 activity
leads to an accumulation of ULVWf multimers in the
circulation. Under shear stress, these ULVWf multimers
lead to endothelial activation, as well as thrombocyte
activation and aggregation, the first being the base of
microangiopathic anemia, the latter of thrombocytopenia.
The role of ADAMTS13 in the pathogenesis of TTP-HUS
is illustrated by the fact that plasma ADAMTS13 activity of
patients with an acquired TTP-HUS is severely reduced,
whereas during remission normal ADAMTS13 activity
levels can be detected. Two forms of severe ADAMTS13
activity (<5%) can be differentiated: Upshaw-Schulman
syndrome represents a rare congenital form of TTP with
a severe deficiency of ADAMTS13 and is characterized by
multiple episodes of microangiopathic anemia, often at
young age. However, a first episode can occur in adulthood. Therefore, in an adult with a new onset idiopathic
TTP-HUS, a congenital defect must always be excluded.
More common, a severe reduction of ADAMTS13 activity
is caused by specific autoantibodies either inhibiting
ADAMTS13 activity or decreasing ADAMTS13 half-life
time by increasing ADAMTS13 clearance. Another interesting hypothesis suggests autoantibodies directed against
CD36, a thrombospondin receptor, to be involved in the
pathogenesis of TTP-HUS. CD36 expressed on platelets
and on endothelial cells in the microvasculature binds
ADAMTS13, hereby promoting rapid proteolysis of
ULVWf multimers. Antibodies to CD36 that can be
detected in some TTP-HUS patients may impair rapid
proteolysis of ULVWf multimers. Although quite specific
for TTP, decreased ADAMTS13 levels can be found in
other conditions like disseminated intravascular coagulation, idiopathic thrombocytopenia, systemic lupus
erythematosus, and infection. Whether these levels are
due to consumption or due to decreased synthesis is not
yet clear.
Childhood TTP-HUS syndromes are mainly caused by
Shiga-like toxin producing enterohemorrhagic Escherichia
coli (E. coli O157:H7) or Shigella sp. Shiga-toxin enters

endothelial cells via receptor-mediated endocytosis and
binds to glycosphingolipids on endothelial cells. Once
inside the cells, Shiga-toxin blocks protein synthesis leading to endothelial cell apoptosis compromising microvascular circulation. Non-Shiga toxin associated (atypical)
HUS is commonly associated with pneumococcal infections. Cleavage of sialic acid by neuraminidase leads to
exposure of Thomson-Friedreich (T-) antigen on endothelial cells, platelets, and erythrocytes. Binding of IgM
to the T-antigen induces complement activation finally
leading to endothelial damage, thrombocytopenia, and
hemolysis. There is emerging evidence that genetic factors
might underlie childhood TTP-HUS syndrome. In the
presence of an acute trigger mutations in the complement protein genes (C3, factor B, gain of function mutations) and complement regulation protein genes, such
as factor H, I, or membrane cofactor protein (MCP,
CD46) may lead to an uncontrolled activation of the
complement system resulting in a picture of thrombotic
microangiopathy.

Clinical and Laboratory Features
The classical clinical picture (“pentade”) of TTP includes
fever, microangiopathic hemolytic anemia, thrombocytopenia, neurological symptoms, and renal dysfunction.
Currently, the full clinical picture compromising the classical pentade is rarely seen. Patients often present with
clinical signs of anemia and thrombocytopenia, whereas
fever is frequently absent. Isolated clinical signs such as
petechia or a transient ischemic attack (TIA) might be
a clinical correlate of TTP-HUS, especially in patients with
relapsing TTP-HUS. The presence of microangiopathic
anemia combined with thrombocytopenia is considered
to be highly suggestive for the diagnosis of TTP-HUS, and
since fatality rate is high the start of immediate treatment
should not be delayed due to further diagnostic
procedures.
Thrombocytopenia is mostly severe (<30,000 mL) and
symptomatic with bruising, petechia, and hematuria.
However, it can be less pronounced especially in patients
where renal insufficiency predominates the clinical picture. Typically, thrombocytopenia is not accompanied by
coagulopathy due to diffuse intravascular coagulation.
Microangiopathic hemolytic anemia is based on
a nonimmune red cell fragmentation in the microcirculation, which is characterized by the presence of an increased
percentage of schistocytes in the peripheral blood smear
and laboratory signs of hemolysis (increased reticulocyte
count, indirect bilirubin, lactate dehydrogenase (LDH)
and decreased haptoglobin). The direct antiglobulin test
(direct Coombs) is negative.

Thrombotic Micro-Angiopathies (TTP, Hus, etc.)

Neurological symptoms are frequently present,
although the presentation might be very mild with confusion or headache. A TIA in the anamnesis is highly
suspicious for earlier TTP-HUS episodes. Serious neurological complications such as focal dysfunctions or even
coma are less frequent. About 30% of the patients do not
have any neurological abnormalities.
Renal insufficiency with microhematuria and proteinuria occurs in approximately 40% of the patients, however
urinalysis can be normal [3].
Cardiac involvement is frequent as evidence by chest
pain, ECG abnormalities, or increased troponin T [3].
Abdominal symptoms: some patients present clinical
and laboratory features of acute pancreatitis.

Special Clinical Entities
Classical TTP: In a majority of patients suffering from
idiopathic acquired TTP-HUS, decreased ADAMTS13
activity is due to autoantibodies or in very rare cases due
to a congenital deficiency of ADAMTS13 activity
(Upshaw-Schulman Syndrome, see above).
Pregnancy-associated TTP: Pregnancy and the postpartum period are established risk factors to cause TTP-HUS.
During pregnancy, ADAMTS13 activity decreases slightly
during the second and third trimester and normalizes
postpartum. Mostly, pregnant woman presenting with
acute TTP-HUS do either suffer from late onset TTP or
have an acquired TTP due to autoantibodies. The neonatal
morbidity and mortality in these cases is high.
Anti-platelet drugs (ADP-receptor antagonists): TTPHUS due to antiplatelet drugs is more often seen following
ticlopidine than after clopidogrel. Most cases occurred
after 2 weeks of treatment.
Immunosuppressive drugs: Cyclosporine and to a lesser
extent tacrolimus are reported to induce TTP-HUS. These
reports contrast many therapeutic algorithms for TTPHUS using cyclosporine in TTP-HUS refractory to
plasma-exchange. Generally, TTP-HUS induced by these
drugs improves after discontinuation of the drug and is
probably not related to ASDAMTS13 depletion. Plasmapheresis has not proven to be effective in these patients.
HIV-infection: Since the introduction of HAART therapy, TTP-HUS related to HIV infection became rare. It is
commonly associated with advanced disease as evidenced
by low CD4 counts and a high viral load. In these patients,
CMV prophylaxis with valacyclovir seems to be associated
with a higher incidence of TTP-HUS.
Allogeneic hematopoietic stem cell transplantation:
TTP-HUS can be observed after allogeneic stem cell
transplantation. The etiology of this post-transplantation
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TTP-HUS is multifactorial, since these patients receive
intensive conditioning before transplantation (radiation,
T-cell depletion), and intensive immunosuppression
(cyclosporine). Posttransplant complications such as
Graft-versus-host disease and infections might contribute
to the development of posttransplant TTP-HUS [4].
HUS syndromes in children: In childhood TTP-HUS
syndromes, Shiga-like toxin associated HUS accounts for
90% of all cases, which occurs mostly after a episode of
bloody diarrhea due to Shiga-toxin producing enterohemorrhagic E. coli (E. coli O157:H7) or Shigella. Pneumococcal infections are mainly responsible for the non-Shiga
toxin related (atypical) HUS. In rare cases, congenital
defects in complement regulation proteins are reported
(see above). Renal insufficiency accompanied by MHA
and thrombocytopenia (sometimes mild!) predominate
the clinical picture.

Treatment
Due to the high mortality (90% prior to the use of plasma
exchange), suspicion of TTP-HUS based on the combination of microangiopathic hemolytic anemia and thrombocytopenia must prompt immediate therapy, while
awaiting results from further diagnostic tests. Due to
immediate plasma exchange, mortality rate significantly
decreased below 20%.
Acquired classical TTP: If available, immediate plasma
exchange should be started. In centers where plasma
exchange cannot be performed, plasma transfusion
(>25 mL/kg) should be started immediately and the
patients must be transferred to a center with a plasma
exchange facility. Daily plasma exchange (40 mL/kg/die)
using fresh frozen plasma (FFP) should be performed
until complete remission, which is defined as resolution
of symptoms and normalization of both platelet count
and LDH. Thereafter, tapering plasma exchange over 2–3
weeks is advised, since abrupt cessation might bear the risk
of relapse. In addition to plasma exchange, immunosuppression in order to eliminate the autoantibodies is
started. A common protocol uses prednisolon 1.5 mg/kg/
day during 2 weeks, thereafter depending on the clinical
response, steroids are slowly tapered. In case of refractoriness (low platelet counts and/or elevated LDH after 7
consecutive days of plasmapheresis), plasma exchange is
continued until remission and a secondary immunosuppressive drug such as cyclosporine (5 mg/kg/day in two
doses) or vincristine (1.4 mg/m2, maximal dose 2 mg, one
to two times a week, maximal six times) can be started. It is
important to notice that cyclosporine itself can induce
a TTP-HUS like syndrome. As second line therapy, B-cell
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depletion by means of ant-CD20 antibodies (Rituximab)
is associated with a high rate of complete remission.
Although by means of splenectomy, high remission rates
have been achieved, the indication for splenectomy should
carefully be considered after other therapeutic approaches
have been tried first.
Congenital TTP: after the first episode, patients with
a congenital TTP frequently relapse. Patients with frequent relapses, a severe clinical course, severe neurological
or renal complications, or patients having a sibling who
died of TTP should be treated with prophylactic plasma
infusions [5]. This protocol includes 10–15 mL/kg FFP or
1–3 FFP units every 3 weeks.
Pregnancy induced TTP: plasma exchange is the treatment of choice (see above) but termination of pregnancy
is not a sine qua non under these conditions. However, in
cases with severe complications and/or if other pregnancyassociated TMAs remain an alternative diagnosis to TTP,
delivery must be considered.
Drug-induced TTP-HUS: Although the value remains
unclear in these situations, plasma exchange is frequently
initiated after clinical symptoms become apparent. Normally, the clinical picture resolves after cessation of the
respective drug.
Transplantation-induced TTP-HUS: the benefit of
plasma exchange is not proven [4].
Childhood TTP-HUS syndromes: Supportive care
including transfusion of packed red cells, adequate fluid
replacement, and treatment of hypertension or epileptic
seizures remain the hallmark of treatment. In case of renal
failure, dialysis is started. Although the benefit has not
been shown in prospective studies, plasma exchange
might be considered in patients suffering from Shiga-like
toxin associated HUS with severe complications. In nonShiga-like toxin, associated HUS plasma exchange is
considered to be effective, especially in patients with complement mutations (exception: patients with MCP/CD46
mutation).
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Thrombotic Microangiopathy
(TMA)
▶ Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura

Thyrotoxicosis
▶ Hyperthyroidism

Time Constant (t)
The product of resistance and compliance, which characterizes the mechanical properties of the respiratory system
and is defined as the time needed for the elastic element to
passively empty 63% of its volume.

Time to Antibiotics
▶ Antimicrobial Administration in Critical Infections

TIPS
Tranjugular intrahepatic portosystemic shunt.

TIPSS
A transjugular intrahepatic portosystemic shunt (TIPSS)
is a procedure whereby a connection is made radiologically, between the hepatic and portal veins and a stent

Torn Thoracic Aorta

placed to maintain the tract’s patency. The subsequent
shunt created aims to lower the pressure in the portal
venous system and is used in the treatment of complications of portal hypertension, such as variceal hemorrhage
or ascites.

Tissue Oxygen Saturation
▶ Near Infra-Red Spectroscopy

TOE
▶ Echocardiography
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a challenge to detect, control, and repair the injury. They
often have associated head, chest, abdomen, pelvic, or
extremity injuries, which frequently distract from the
aortic injury. The torn thoracic aorta will have a periaortic hematoma contained by pericardium, fibrous
alveolar tissue, or parietal pleura. The extraluminal hematoma is a pseudoaneurysm, with no parts of the wall of the
pseudoaneurysm being made up of layers of the native
aorta.
What the torn aorta is “NOT” is a dissection or an
aneurysm. The etiology, anatomy, and pathophysiology of
aortic dissection and true aneurysm formation are totally
different from that of a torn aorta. The terms “dissection”
and “aneurysm” should not be used in association with an
aortic transection secondary to trauma. On extremely rare
occasions, one may find an element of a limited dissecting
hematoma in the medial layer of the aorta. The appearance of what is often called a dissection on arteriogram or
CTA is blood contained in an extra-aortic location by the
parietal pleura lining of the mediastinum.

Etiology

Torn Thoracic Aorta
KENNETH L. MATTOX
Department of Surgery, Baylor College of Medicine Ben
Taub General Hospital, Houston, TX, USA

Synonyms
Aortic transection; Blunt
Decelerative aortic injury

injury

thoracic

aorta;

Definition
The phrase, “torn thoracic aorta,” refers to any injury to
the thoracic aorta secondary to blunt trauma, often associated with decelerative forces. Blunt injury to the aorta is
usually manifest by a tear through all three layers of the
aorta – the intima, media, and adventia. It is most often
caused by an “osseous pinch,” occurring when the thoracic
aorta is compressed between the bony anterior structures
and the spinal column. The thoracic aorta may be torn at
the aortic root, the ascending aorta, the transverse aortic
arch, the proximal descending thoracic aorta, and the
distal descending thoracic aorta near the diaphragm,
with the proximal descending thoracic aorta being the
most common location.
The majority (over 80%) of patients with this injury
die at the scene of an accident of massive uncontrolled
hemorrhage. Those arriving at a hospital alive present

Thoracic aortic transection has been found following
almost every mode of blunt chest trauma. It is a frequent
cause of death in crashes with massive decelerative forces,
such as airplane accidents. It most often follows frontal
motor vehicle impacts. Aortic transection has been seen in
patients who were kicked by a horse, side and rear impact
motor vehicle accidents, falls from significant heights,
motorcycle accidents, sports accidents, and many others.
Because of the wide array of etiologies, any person evaluating a patient with blunt injury to the chest should
suspect and appropriately manage patients for
a potential torn thoracic aorta.

Incidence
In the USA, of the total population (300 million), each
year, 7,000 persons with an ultimate diagnosis of torn
aorta make it to an emergency room alive. Many thousands more with this injury die at the scene or during
transportation. Most busy, designated Level I Trauma
Centers of the USA will see 3–10 such patients with torn
aortas annually, with an average of 4–5 per center. Large
regional referral trauma centers may see upward of 15–20
such patients.

Pathophysiology/Natural History
Subsequent to osseous pinch of the thoracic aorta, injury
may range from a minor disruption of the aortic intima to
a full thickness tear of all layers of the aorta. With a full
thickness tear, a contained pseudo aneurysm represents
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the extraluminal blood contained in the hematoma and is
a signal to the evaluating physicians that ongoing bleeding
might occur, especially if the patient develops a blood
pressure higher than pre-injury levels or has defibrination
of clot at the area of the injury. Untreated, this full thickness aortic tear can result in abrupt rupture into the
pleural space, sudden severe hypotension, and death.
Some patients, the exact number unknown, will present
years after a blunt chest trauma event with a chronic
pseudo aneurysm of the thoracic aorta, with slow expansion, and risk of ultimate rupture.

Presentation
A patient with a torn aorta most often has multisystem
injury, with the head, lungs, chest wall, abdomen, and
extremities all receiving a variety of injuries. Such patients
are often hypotensive (most often from associated abdominal injuries to the chest, abdomen, or head). Often these
other injuries distract the clinician from diagnosing the
torn aorta, unless signs of such injury are actively sought.
Hypotension is most often not secondary to the torn
aorta. In both, the evaluation and initial management,
the entirety of the injury complex must be taken into
consideration. Pain is rarely associated with a torn aorta
that is the only injury.

Evaluation
First and foremost, a complete and thorough examination
of any patient presenting with multisystem injury, using
primary and secondary surveys and available adjunctive
tests, is mandatory in evaluating the patient with
a possible torn aorta.

Screening
Screening for a torn aorta involves physical examination,
routine chest X-ray, and CT scan. All screening tests are
not required, and as soon as a positive screen is obtained,
the clinician should do definitive testing to confirm the
diagnosis of torn aorta and document the extent and
severity of the injury. Physical examination might reveal
a seat belt injury across the chest, fracture of multiple ribs,
upper extremity hypertension, loss of femoral pulses,
intrascapular murmur, or signs of left hemothorax. The
plain chest X-ray has traditionally been the major screening mechanism, with an eye toward discerning one or
more of the up to 18 different radiographic findings
associated with a torn aorta. Among the most common
are as follows:
● Widened mediastinum at the aortic isthmus
● Loss of aortic knob contour

●
●
●
●

Deviation of the trachea or esophagus to the right
Left apical cap
Loss of left mediastinal pleural stripe
Depression of the left main stem bronchus

Aortic tears of the ascending aorta and aortic arch
present with varying clues, including widening of the
mediastinum at the thoracic outlet, among others. Some
clinicians have also used a CT scan as a diagnostic tool,
looking for peri-aortic hematomas, intraluminal intimal
flaps, apparent flap dissections, and other radiologic clues.
Unfortunately, flow and motion artifacts are common,
leading, at times, to false positive impressions that an
injury is present. Unless there is other sound evidence
that a significant aortic injury is present, the CT scan,
and even its 3-D reconstruction, should not be considered
“diagnostic” and additional confirmatory diagnostic
testing should be done.

Diagnosis
The diagnosis of a torn aorta has traditionally been made
by three methods: formal aortography, operation, and
autopsy. For injuries limited to the proximal descending
thoracic aorta, many clinicians are using CT scanning as
a definitive test, confirmed by aortic dye injection at the
time of anticipated endograft deployment. Unfortunately,
when CT scanning alone has been used as a “diagnostic”
modality, up to 30% of the suspected “torn aortas” are
found to be trivial or nonexistent at the time of aortography, operation, or autopsy. There is no significant
literature supporting use of CT scanning for torn aorta
injuries of the ascending aorta or the aortic arch.

Major Decision Making
When confronting a potential torn aorta, consider several
important decision nodes in response to the following
questions:
● How strong is the suspicion and probability of an
injury to the thoracic aorta, and what steps should be
made to assure that the aortic injury remains
contained until treatment and control are achieved?
● What is the extent of associated injuries, and how
should they be prioritized for management?
● What are the blood pressure and after load targets to
achieve during screening and early evaluation phases?
● What are the crystalloid fluid management volumes
required (or to be restricted)?
● What is the optimal timing for open or intravascular
procedure on the torn aorta?
● Which procedure(s) are best suited for the patient
with a particular constellation of injuries?

Torn Thoracic Aorta

● What is the size (diameter) of the thoracic aorta and
the access site for any potential intraluminal therapy
and does this size accommodate the commercially
available approved prosthetic devices?
● Are there aortic anomalies present or is the torn aorta
in close proximity to a major aortic branch vessel so
that this vessel will be altered or occluded during any
procedure?
● What are the long-term consequences of the treatment
or procedure you are considering?
● Is the patient informed of these choices, decisions,
potential complications, and long-term implications?

Therapy
Multiple-level therapeutic options exist during the evaluation and treatment of a patient with a torn aorta, as well
as in treating any associated injuries. First, when a torn
aorta is suspected, begin infusing afterload reduction
agents to alter the sheer forces on the lateral direction of
the aortic wall. Next, determine/decide the urgency and
immediate need to diagnose and procedurally treat the
torn aorta. Very often the treatment of the associated
injuries (while the patient remains on afterload reduction
agents) is more pressing than performing a procedure on
the thoracic aorta. When timing has been decided, the
surgeon must determine if it is in the patient’s best interest
to perform an open versus an endovascular endograft
reconstruction. Each has benefits and potential
complications.
Historically, a torn aorta was repaired immediately following diagnosis via an open procedure:
mediansternotomy for ascending aortic and arch injuries,
and posterolateral incision for proximal descending
thoracic aortic injury. Debate focused on repair using the
clamp repair technique, a passive bypass shunt, or use of
cardiopulmonary bypass. Open repair was accomplished
using an interposition Dacron graft in over 80% of the
cases. The overall mortality rate was 14%, mainly from
associated injuries, and carried a paraplegia rate of 7%,
with a wide range in both deaths and complications across
the literature. In the future, open repair will be reserved
for the most complex of cases and for repeat operations
following complications from an endovascular repair,
with anticipated higher death and complication rates at
that time. Currently, most open repairs have a delay of
hours to days to optimize the operative team, as well as
improve the patient’s condition.
Currently, there is an endovascular option, by which
a catheter delivered thoracic endograft is deployed at the
area of the aortic injury to cover the injury. Although the
graft to aortic size can be “oversized” by 8%, larger
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oversizing can lead to enfolding of the endograft and
occlusion of the aorta. Currently only two commercial
grafts have been approved for repair of the torn aorta,
and many patients with this injury have an aortic diameter
smaller than the smallest of the grafts. Upward of 20% of
endografts used on “torn aortas” diagnosed only by CTare
found at the time of the flush aortogram during graft
deployment to have a trivial injury to the aortic intima.
Such patient would not be considered candidates for an
open repair. Although the case mix is different, with more
minor aortic injuries in the endovascular group, the mortality rate is 5% and paraplegia is almost nonexistent in the
endograft groups, making continuing improvement in the
technology very compelling.

Additional Issues
The long-term effectiveness of open repair is excellent.
There are very few suture line aneurysms and an extremely
rare infected graft. Many long-term concerns accompany
the endograft of the thoracic aorta. Endoleaks and growing aortas pose problems for patients with the current
endograft models. As a result, the FDA and device manufacturers recommend an annual CT scan of the endograft,
with the independent radiation risks from the CT followups required, not to mention significant added follow-up
costs. The current cost of a thoracic endograft is $12,000
or more, making cost a real concern during times of
restrained resources for health-care delivery.
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Torsemide
▶ Diuretics for Treatment of Acute Kidney Injury

Torso Trauma
▶ Abdominal Trauma

Torulosis
▶ Cryptococcosis

Total Enteral Nutrition
▶ Enteral Nutrition

Total Parenteral Nutrition
▶ Nutrition, Trauma

Toxic Alcohols
FREDERICK FIESSELER, RICHARD D. SHIH
Department of Emergency Medicine, Morristown
Memorial Hospital, Morristown, NJ, USA

Synonyms
Ethylene glycol; Intoxication; Isopropanol; Methanol

Definition
The category of toxic alcohols includes ethylene glycol
(1,2-ethanediol), methanol (methyl alcohol), and
isopropanol (2-propanol). In clinical practice, such toxins
are not uncommonly encountered. These substances are
either ingested for intentional harm, accidentally, or in
attempted inebriation when ethanol is unavailable.

Alcohols are colorless. Absorption is rapid, occurring
over 1–2 h and their high water solubility leads to rapid
bodily distribution. Each has its own unique compliment
of presenting symptoms and treatments.
The origin of such alcohols is highly variable. Ethylene
glycol is found primarily in antifreeze, though can also be
found in paints, pesticides, adhesives, brake fluid, fire
extinguishers, and air-conditioning systems. Methanol is
found primarily in deicing solution, windshield washer
fluid, carburetor cleaners, printing solutions, and paint
thinners. Methanol poisoning is also well known to occur
after ingesting “moonshine” liquor. Isopropanol is found
in topical disinfectants, cleaners, antifreeze, and solvents
(rubbing alcohol). Rubbing alcohol has a concentration of
about 70% isopropanol and is often referred to as “blue
heaven” when ingested as a substitute for ethanol. Presentation/treatment can be variable and dependent on coingestions.
Metabolism of these compounds occurs enzymatically
in the liver. In the case of ethylene glycol and methanol, the
metabolites are primarily responsible for toxicity and even
in small quantities can cause significant morbidity and
mortality. Isopropanol requires large ingestions for toxicity to occur. An elevated plasma osmolal gap should raise
one’s suspicion for toxic alcohol ingestion (Table 1).
The osmolar gap is the difference between the calculated
osmolarity and the measured osmolality. Osmolarity is
calculated by using the formula: 2  (Na) + (BUN/2.8)
+ (glucose/18) + (ethanol/4.6). A level greater than
10 mOsm/kg is considered abnormal. An elevated osmolar
gap is not specific for toxic alcohol ingestion nor is it 100%
sensitive for smaller, though still harmful ingestions.
Prompt recognition and appropriate treatment of these
substances can ameliorate their potentially fatal side
effects.

Pharmacology
The absorptions of toxic alcohols are rapid. Metabolism
occurs hepatically via alcohol dehydrogenase. The parent
alcohol compound is oxidized into an aldehyde with
regard to ethylene glycol and methanol. Isopropanol is
oxidized into a ketone. Each aldehyde is then further
oxidized. Their unique metabolites contribute to the different end-organ toxicities.
Ethylene glycol is oxidized by alcohol dehydrogenase
to glycoaldehyde (Fig. 1). Glycoaldehyde is further oxidized by aldehyde dehydrogenase to glycolic acid. Glycolic
acid is metabolized by lactate dehydrogenase or glycolic
acid oxidase into glyoxylic acid, which is the rate-limiting
step. This phase is thought to be thiamine and pyridoxine
dependent. The final end products include oxalic acid,
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Toxic Alcohols. Table 1 Osmolal gap and toxic alcohol ingestion
Ethanol

Ethylene glycol

Methanol

Isopropanol

Osmolar gap

No

Yes

Yes

Yes

Metabolic acidosis

No

Yes

Yes

No

Anion gap

No

Yes

Yes

No

Hypoglycemia

Yes

No

No

Yes

Elevated creatinine

No

Yes

No

No

Ketonuria

No

No

No

Yes

Ethylene Glycol

Methanol

Alcohol dehydrogenase

Alcohol dehydrogenase
Glycoaldehyde

Formaldehyde

Aldehyde dehydrogenase
Glycolic Acid

Glyoxal

Aldehyde dehydrogenase

Lactate dehydrogenase
Glyoxylic Acid

Formic Acid
Oxalomalic Acid

Oxalic Acid
ca++

Forrmic Acid

Toxic Alcohols. Figure 2 Methanol metabolism

Glycine

Calcium Oxalate

Hippuric Acid

Toxic Alcohols. Figure 1 Ethylene glycol metabolism

glycine, formic acid, and oxalomalic acid. Circulating
glycolic acid is predominantly responsible for the anion
gap metabolic acidosis, inhibition of oxidative phosphorylation, and protein synthesis disruption. Glycolic acid
can falsely elevate lactate levels, which has a similar chemical structure. Acidosis worsens cellular permeability and
the toxic effects. The metabolite oxalic acid combines with
ionized calcium in plasma to form calcium oxalate crystals. Calcium oxalate monohydrate crystal deposition in
the proximal tubule epithelium is thought to be at least
partially responsible for the acute tubular necrosis and
renal failure. The ensuing hypocalcemia may lead to prolongation of the QTc and tetany. Urinalysis may demonstrate blood, calcium oxalate, or hippurate crystals.
Examination of the urine for crystals or fluorescence is
neither sensitive nor specific. Metabolite elimination
appears to be first-order kinetics, in the absence of
treatment.

Methanol metabolism occurs initially by alcohol dehydrogenase hepatically, with the production of formaldehyde (Fig. 2). Formaldehyde is oxidized by aldehyde
dehydrogenase to formic acid. Formic acid is the major
toxic metabolite. Its elimination is folate dependent.
Formic acid causes both acidosis and lactic acidosis,
from inhibition of cytochrome C oxidase. The ratelimiting step in formate metabolism is the conversion of
tetrahydrofolate to 10-formyl tetrahydrofolate. Methanol
removal occurs via zero-order kinetics without treatment.
The parent compound isopropanol causes most of the
clinical symptomatology. Isopropanol is oxidized by alcohol dehydrogenase to acetone via first-order kinetics
(Fig. 3). Most acetone is renally excreted with a minority
expelled via the pulmonary system. Serum and urine acetone levels should be obtained and are usually elevated.
Low levels of acetone exclude significant toxicity. Concurrent ingestion of ethanol or fomepizole administration
decreases isopropanol elimination, lengthening toxicity
duration.

Presentation
The first sign of toxic alcohol ingestion is somnolence or
inebriation. Initial presentation may be benign and should
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Isopropanol
Alcohol dehydrogenase
Acetone

Breath

Hydroxymetobites
Urine

Toxic Alcohols. Figure 3 Isopropanol metabolism

not be considered reassuring. Ethylene glycol and methanol ingestions are associated with an elevated anion gap
metabolic acidosis, often severe. Isopropanol ingestion
does not cause an elevated anion gap acidosis.
The toxic dose of each chemical is variable. Ethylene
glycol is thought to be toxic at levels of 0.20 mL/kg and
lethal at a dose of 1 mL/kg. The lethal dose of methanol is
thought to be 2 mL/kg, though permanent visual loss and
toxicity can occur at 0.1 mL/kg. The toxic dose of
isopropanol is about 0.5–1 mL/kg, though naive patients
will be more symptomatic at lower levels.
Ethylene glycol toxicity occurs in three phases (neurologic, cardiopulmonary, and renal), classically described
by Kahn and Brotchner. The first phase begins with gastric
irritation. This is followed by CNS depression and altered
mental status, as the alcohol is absorbed. Phase two consists of cardiopulmonary complications related to the
severe acidosis. Calcium oxalate crystals are deposited in
the brain, heart, lung, and kidney leading to cellular death.
Clinical signs of hypocalcemia may develop, as can hepatitis or pancreatitis. A compensatory hyperventilation follows. If untreated, this is followed by multisystem organ
failure. Most deaths occur during this phase. Phase three
involves oliguria, acute tubular necrosis, and renal failure
[1]. Recently, a fourth stage has been observed referred to
as the cerebral phase, which occurs 6–13 days after ingestion. This includes neurological symptoms including
facial diplegia, anisocoria, and elevation of the CNS protein [2].
The presentation of methanol toxicity can be also
divided into three phases. The initial phase is one of
gastrointestinal upset, somnolence, and stupor occurring
as a direct effect of the alcohol. This is followed by phase
two, which is a latent period lasting about 24 h, coinciding
with formate production. Some mild visual complaints,
such as blurred vision or flashing lights may occur. During
this period, the retina can appear hyperemic and edematous. The final phase of intoxication is related to the
metabolites and ensuing severe acidosis. Tachypnea and

tachycardia are common, profound hypotension is usually
indicative of a preterminal state. The retina is further
injured by formate and can lead to irreversible blindness.
An absent afferent pupillary response indicates advanced
ocular disease. The incidence of blindness correlates with
the degree of metabolic acidosis. Headache, lethargy, seizures, and coma may occur in advanced disease. Frequently, patients who survive severe ingestions develop
bilateral basal ganglia ischemia or hemorrhagic damage,
particularly in the putamen [3].
Isopropanol toxicity primarily presents with CNS
depression, resembling ethanol intoxication. Isopropanol
is a two to three times more potent sedative than ethanol.
This compound is rarely unintentionally ingested though,
secondary to its poignant taste. Acetone production can
contribute to sedation, and also give a “fruity” odor to
one’s breath. The presence of acetone in the urine without
glucosuria may be important in the diagnosis of this
intoxication. Acetone can falsely raise serum creatinine
with calorimetric assays, blood gas analysis that utilizes
enzymatic assays will avoid this [4]. After large ingestions,
hypotension, bradycardia, gastrointestinal, and pulmonary hemorrhaging can transpire. Rhabdomyolysis occurs
from the severe somnolence.
An anion gap metabolic acidosis in the correct clinical
setting should raise one’s suspicion for toxic alcohol ingestion from ethylene glycol or methanol. If untreated,
multisystem organ failure, cerebral edema, and eventual
death will follow. Deaths from isopropanol ingestion are
not expected and extremely rare.

Treatment
All acutely ill patients initially require stabilization of the
airway, breathing, and circulation prior to initiation of
specific antidotes. If intubation is required, hyperventilation may assist in acidosis correction. Aggressive intravenous hydration may expedite toxin elimination.
Gastrointestinal decontamination and charcoal are not
typically warranted, secondary to alcohol’s rapid
absorption.
Initial laboratory evaluation should include electrolytes, kidney function, ethanol level, arterial/venous blood
gas, complete blood count, calcium level, serum osmolality, urinalysis, electrocardiogram, and acetaminophen/
aspirin levels. It is also recommended that toxic alcohol
levels be drawn even in well appearing patients when these
entities are suspected clinically. Urine/serum acetone
levels should be obtained in those suspected of ingesting
isopropanol. A normal osmolar gap cannot be used to rule
out significant exposure. The high anion gap metabolic
acidosis is a late finding and should not be used to exclude
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acute toxicity. Toxic alcohol metabolites contribute to the
anion gap acidosis.
The antidote fomepizole inhibits ethylene glycol and
methanol oxidation by blocking alcohol dehydrogenase. It
has an affinity of about 500 times that of toxic alcohols for
this enzyme. Fomepizole is recommended if serum toxic
alcohol levels are elevated (>20 mg/dL), history of ingestion with osmolar gap (>10 mOsm/L), or a history of
ingestion with two of the following: a serum bicarbonate
level < 20 mEq/L, an arterial pH less than 7.3, or presence
of oxalate crystals in urine for ethylene glycol.
Fomepizole should be initiated at 15 mg/kg intravenously, followed by a dose of 10 mg/kg every 12 h. All
doses should be administered as a slow intravenous infusion over 30 min. Fomepizole needs to be increased in
those patients receiving dialysis as this process also
extracts this agent. Fomepizole is considered to be superior to ethanol secondary to its enhanced safety profile,
ease of administration, and lack of sedative properties.
Fomepizole is rather expensive compared with ethanol
and can also cause bradycardia and hypotension.
Isopropanol’s intermediates are less toxic than the parent
substance, eliminating alcohol dehydrogenase inhibition
utilization.
If fomepizole is not available or the patient has
a hypersensitivity reaction to it, ethanol treatment can be
initiated. Ethanol indications are identical to those of
fomepizole. Ethanol’s mechanism of action is the same as
fomepizole as it also competes for alcohol dehydrogenase
with an affinity of about 100 times greater than the toxic
alcohols to this enzyme. Intravenous loading involves
administering 8 mL/kg of 10% ethanol bolus over 30 min.
This is followed by a drip of 10% ethanol solution at 1 mL/
kg/h in the non-drinker and increased to 1.5 mL/kg/h in
chronic alcoholics. The oral loading dose is 4 mL/kg of 20%
ethanol (40 proof) diluted in juice. This is followed by
a maintenance rate of 0.7 mL/kg/h of 20% ethanol.
A blood ethanol level of 100–150 mg/dL is recommended.
Frequent ethanol level evaluation and adjustments are paramount in the optimal care of these patients. Dialysis will
also remove serum ethanol and an increased administration
rate will be required during this process.
Ethylene glycol becomes primarily excreted by the
kidney when alcohol dehydrogenase inhibitors are used.
Also, glyoxylic acid elimination is thought to be at least
partially dependent upon pyridoxine and thiamine. Supplementation, utilizing thiamine (100 mg IV) or pyridoxine (50 mg IV) every 6 h until acidosis resolves or serum
ethylene glycol levels are absent is recommended. Hypocalcemic patients should receive calcium chloride or
gluconate.
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Methanol, after initiation of fomepizole, becomes
eliminated primarily via the renal route, with a small
pulmonary component. All patients who receive alcohol
dehydrogenase inhibition should receive folinic acid
(50 mg IV) or folic acid (50 mg IV) every 6 h for a total
of 24 h. Folic acid expedites the transformation of formate
into tetrahydrofolate, a less toxic compound.
Sodium bicarbonate should be utilized to neutralize
acidosis in ethylene glycol and methanol toxicity. Acidosis
increases cellular permeability, worsening toxicity. Specifically regarding methanol, sodium bicarbonate helps convert formic acid into impermeable formate, reducing
retinal complications. In ethylene glycol poisoning alkalinization enhances glycolate renal excretion. An initial
bolus of 1–2 mEq/kg, is followed by an intravenous drip
of 1,000 mL of D5W to which 100–150 mEq of sodium
bicarbonate has been added, administered at three times
maintenance. The goal is to normalize serum pH.
Dialysis is ideal for removing all toxic alcohols because
of their low molecular weight, small volume of distribution, and low protein binding. It should be initiated in
ethylene glycol and methanol overdose patients who are
symptomatic, acidotic (ph < 7.3), have elevated serum
toxic alcohol levels (>25 mg/dL), or evidence of endorgan injury. If pH is normal, antidote has been administered, and renal function is preserved, dialysis may be
withheld.
Multiple dialysis treatments may be necessary in
patients who develop renal failure from ethylene glycol.
It is unusual for a patient who ingests isopropanol to
require dialysis unless levels are extremely high such as
greater than 400 mg/dL. Dialysis remains the best way to
remove toxic alcohols from the human body and should
be continued until the toxin levels are absent. In patients
who are too unstable to tolerate dialysis, case reports have
demonstrated the efficacy of continuous venovenous
hemodiafiltration (CVVH-DF) [5]. If alcohol levels are
not available, then dialysis should continue until acidosis
resolves.

After-care
After management of acute medical consequences,
patients with intentional overdoses should be referred
for counseling.

Prognosis
The prognosis of poisoned patients is dependent upon the
complications of toxicity that develop. Most patients
treated early and appropriately will do well.
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Toxic Shock Syndrome
▶ Soft Tissue Infections, Life-Threatening

Toxic Shock Syndrome,
Skin Source
MARINA S. MORGAN
Department of Medical Microbiology, Royal Devon &
Exeter Foundation NHS Trust, Exeter, Devon, UK

Synonyms
Exotoxic shock; Staphylococcal toxic shock syndrome
(TSS); Streptococcal toxic shock syndrome (STSS)

Definition
Conventionally, Toxic Shock Syndrome (TSS) refers to
staphylococcal toxic shock syndrome, whereas STSS
refers to the more recently recognized streptococcal
toxic shock syndrome. Both can be menstrual-related
or due to an infected wound acting as a source of toxins.
Menstrual TSS presents during or within 2 days of
menstruation. Affecting some 3/100,000 women per
annum, up to 5% of women may be colonized with
a type of S. aureus containing the tst-gene responsible
for the production of TSST-1 (Toxic Shock Syndrome
Toxin-1). Historically, menstrual TSS was associated with
super-absorbent tampon usage in a normally anaerobic
environment, tampons increasing the vaginal partial pressure of oxygen, stimulating toxin synthesis. The decline in

menstrual-related toxic shock syndrome has been attributed to less tampon absorbency and better education.
Non-menstrual-associated TSS is due to TSST-1 (50%)
or Staphylococcal Enterotoxins B (SEB) or C (SEC) are all
able to cross mucosae. Described by Todd et al. in 1978,
non-menstrual toxic shock syndrome affected children,
with fever, mucus membrane hyperemia, desquamating
erythroderma, rapid hypotension, and multiorgan
involvement. Non-menstrual-associated TSS lesions or
wounds may be very small, and often appear relatively
benign. Little pus is present as TSST-1 and enterotoxin
superantigens (SAgs) prevent neutrophil and macrophage
influx by production of TNFa.
The recent fourfold increase in TSS has been attributed
to earlier age of onset of menstruation age, and an increasing emergence of MRSA, including the USA1100 strain,
which is TSST-1 positive [1]. Different toxin-producing
genes are introduced into the genome by phages, encoding
SAgs or SAg-like proteins. STSS is due to production of
Streptococcal Pyrogenic Exotoxins (Spe) such as Spe-A, B,
C, F, G, H, and J which are particularly associated with
STSS. SpeB, (cysteine protease) cleaves interleukin-1
(IL-1) into its active form and induce mononuclear cells
to produce TNF.

Pathophysiology and Causative
Organisms
Exotoxins are proteins generated within Gram-positive
bacteria then exported to the outside environment,
whereas endotoxic shock is due to Gram-negative cell
wall fragments (lipopolysaccharide) acting as the endotoxin. Historically, most TSS were due to staphylococci,
but now we are seeing more of STSS, particularly due to
group A beta-hemolytic streptococci (GAS). One of
the typing methods to differentiate GAS involves the
M-protein, a membrane-associated, anti-phagocytic
protein. GAS with M-protein types 1, 3, 12, and 28 are
responsible for most STSS.
Rarely, other streptococci, e.g., Group B, C, and G
beta-hemolytic streptococci produce infections fulfilling
the diagnostic criteria of STSS. However, despite fulfilling
the criteria for STSS, recent reports of a S. suis toxic shock–
like syndrome, noted particularly in pig farmers and
butchers, have not been associated with any Sags to date.
Finally, a handful of cases following septic abortion have
been associated with Clostridium sordellii infection.

Role of Exotoxins/Superantigens (SAgs)
Essentially, toxic shock is an exotoxin-driven disease.
Excessive T-cell activation by protein exotoxins (SAgs)
produces excessive amounts of cytokines, suppressing
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T-cells and augmenting the tissue damage resulting from
the many other exotoxins produced by the bacteria. Streptococci and staphylococci produce more than 20 exotoxin
superantigens (SAgs) able to bind both MHC class II
molecules and T cell receptors, bypassing the normal,
low-level stimulatory mechanisms. Bridging these molecules together activates 20–30% of T cells. Monocyte activation stimulates recruitment of neutrophils causing an
explosive increase in the expression of T-cell cytokines and
a massive cascade of pro-inflammatory mediators. These
mediators are responsible for the systemic toxicity of
evolving “toxic shock syndromes.” These cytokines
include lymphotoxin, interleukin-(IL) -1b (“endogenous
pyrogen”) interferon-g, IL-2 (cause of the rash) and
tumor necrosis factor TNF-a (cause of the capillary leak,
hypoalbuminemia, edema, hypotension, and respiratory
distress syndrome).

SAg Disease Associations
Slightly different clinical manifestations of TSS are due to
the structural differences between various SAgs. Perhaps
unsurprisingly, staphylococcal TSST-1 (responsible for
95% of menstrual and 50% of non-menstrual TSS) is
structurally similar to streptococcal erythrogenic toxin.
Additionally, streptococcal pyrogenic exotoxins such as
SpeA have 50% homology to staphylococcal enterotoxins
B and C, and cause STSS. GAS strains producing SpeA
are more common in the USA, whereas SpeB is more
common in the UK and Sweden.
The effect of endotoxin lipopolysaccharide (LPS) from
Gram-negatives can be magnified up to 45,000-fold by
synergy with Sags. This is the basis of the “double-hit”
theory, where coinfection in animal models results in
significantly more mortality.

Epidemiology
There is no significant seasonal variation. The median age
of menstrual TSS is 21 years, with approximately 98% of
patients needing hospitalization.
Non-menstrual TSS cases have a far higher mortality
(22%) versus almost 0% for menstrual TSS. The fourfold
increase in toxic shock syndrome is attributed partly to an
increasing emergence of MRSA, including USA1100
which is TSST-1 positive [1]. The prevalence of USA1100
has increased dramatically this century to represent 20%
of circulating S. aureus strains, and is able to produce
10–100-fold more TSST-1 in vitro than MSSA.

Streptococcal Toxic Shock Syndrome (STSS)
“Surgical scarlatina” with rash, fever, coma, and
vomiting was recognized early in the twentieth century
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to have an ominous prognosis, but the syndrome was
not recognized properly until the mid-1980s [2]. STSS
causes hypotension and tachycardia out of proportion to
fever, and if not present on admission develops rapidly,
often within 4 h [2]. A very severe abrupt onset of
pain, due to a cryptic focus and usually on an extremity
is common in cases where necrotizing fasciitis (NF) are
developing.
Some 10% of patients have hypothermia, whereas
>50% are confused. Shock and renal dysfunction usually
necessitate hemodialysis and usually precede significant
hypotension. ARDS occurs in >50% of patients, probably
a combination of capillary leak and the accumulation of
fluids given in an attempt to improve the blood pressure.
Unlike TSS, the majority (60%) of blood cultures will be
positive in STSS.
The overall mortality rate varies between studies,
from 11% to 30%. Mortality is related to age, immunosuppression, and, if streptococcal myositis is present, can
reach 83%.
The very low child mortality rate due to STSS increases
significantly with concomitant varicella, the lesions often
a portal of entry for GAS carried in the throat. Mortality
may also be affected by usage of nonsteroidal antiinflammatory drugs (NSAIDs) and chronic illness. Recent
Euro-surveillance data (Strep-EURO) revealed an incidence of 13% of STSS following invasive GAS infection
(iGAS) from any source, rising to 50% if associated with
NF, compared with 44% with STSS.

Risk Factors
Ninety-five percent of menstrual toxic shock syndrome
has its onset during or within 2 days of menstruation.
Absence of low residual antibody titers to the SAgs are
the major risk for TSS, and responsible for >90%
of patients with menstrual TSS. Happily >90% of females
aged 13–40 years have protective TSST-1 antibodies.
Suppression of immunoglobulin secreting lymphocytes
may explain why some women fail to develop protective
antibodies within 2 months of infection.
The role, if any, of estrogens in TSS is unclear. Men
may be more prone than women to variable
immunoparesis after the initial immune response to
non-menstrual-related TSS. Also, some HLA haplotypes
confer strong protection against iGAS whereas others
actually increase the risk of invasive GAS disease.
Non-menstrual TSS may arise from a seemingly very
minor skin lesion, and is associated with prior antibiotic
therapy, hospital-acquired infection, nervous system
manifestations, and renal complications. Risk factors
for non-menstrual TSS include skin trauma, including
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Case classification:a
‘Confirmed case’ all 4 clinical
criteria fulfilled plus
desquamation palms and
soles 1-2 weeks later
‘Probable’ Case meets 4 of
the 5 clinical findings

surgical wounds, varicella infection, and piercings
(Figs. 1–4).

Staphylococcal and Streptococcal TSS
Definitions
Staphylococcal TSS (TSS)

Streptococcal TSS (STSS)

1. Fever >/= 38.9 C/102 F

1. Isolation beta-hemolytic
Gp A streptococcus
(A) From normally sterile
site (blood CSF
peritoneal fluid tissue
biopsy)
(B) Non-sterile site (throat,
vagina, sputum skin)

o

o

2. Rash – diffuse macular
Clinical criteria:
erythroderma
A. Hypotension <90 mmHg
3. Hypotension – systolic bp
adults
< 90 mmHg adults
B. 2 or >2 of the following:
4. Multisystem involvement –
(a) Renal impairment –
3 or >3 of the following:
creatinine > or equal
(a) Gastrointestinal –
to 177 mmol/l, or
vomiting or diarrhea at
> 2 mg/dl or > twice
onset illness
the upper limit of
(b) Muscular – severe
normal for age
myalgia or elevated CPK
(b) Coagulopathy – plts
(c) Mucous membranes –
< 100  109/l or DICE
(c) Hepatic involvement –
vagina oropharyngeal
ALT, AST, or bilirubin
conjunctival hyperemia
twice normal upper
(d) Renal – blood urea
limit for age
nitrogen or creatinine
(d) ARDS: acute onset
twice upper limit of
diffuse pulmonary
normal
infiltrates and
(e) Hepatic – total bilirubin
hypoxemia in the
twice upper limit
absence of cardiac
normal
failure, diffuse capillary
(f) Hematological – plts
leakage manifest by
</= 100  109/l
(g) CNS disorientation or
acute onset of
alterations in
generalized edema,
consciousness without
pleural or peritoneal
focal neurological signs
effusions with
(in absence of fever
hypoalbuminemia
and hypotension)
(e) Generalized
5. Negative results of the
erythematous macular
following:
rash which may
(a) Blood throat/CSF
desquamate (10%)
culture (Blood cultures
(f) Soft tissue necrosis
may be positive)
including necrotizing
(b) Rise in titer to RMSF,
fasciitis myositis or
leptospirosis, or
gangrene
measles

Case classification:b
Confirmed: Case meets the
clinical case definition with
isolation of group A
Streptococcus from a
normally sterile site (i.e.,
blood or cerebrospinal, joint,
pleural, or pericardial fluid)
Probable: Case meets the
clinical case definition in the
absence of another
identified etiology for the
illness and with isolation of
group A Streptococcus from
a non-sterile site

a

Derived from the CDC definition.
Derived from the Working Group on Severe Streptococcal infection
(1993) JAMA 269(3):390–391

b

Toxic Shock Syndrome, Skin Source. Fig. 1 Rash of STSS

Toxic Shock Syndrome, Skin Source. Fig. 2 Purpura
fulminans of STSS

Toxic Shock Syndrome, Skin Source

Toxic Shock Syndrome, Skin Source. Fig. 3 Desquamation
following TSS
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culture results. Confusingly, since a rash is not always
present, and particularly in fit young men such as military
recruits who compensate well for developing sepsis, early
TSS or STSS may initially be confused with heat stroke or
gastroenteritis. The typical conjunctival suffusion and
hyperemia of mucus membranes accompanying an evolving sunburn-type rash is an early feature of TSS, but also
occurs in 10% of STSS.
Clues from the history pointing to staphylococcal TSS
therefore include whether menstruating, wounds, recent
surgery, or SSTIs. A common clinical mistake is to attribute the diarrhea and vomiting, manifestations of enterotoxin production, to simple gastroenteritis. Similarly,
exposure to streptococcal illnesses in the family, e.g.,
impetigo, cellulitis, or a history of NSAID usage for severe
and unexplained pain may point to a streptococcal infection, particularly incipient NF.
In women, a search for an infective focus should
include a vaginal examination and culture for both types
of TSS.

Comparisons Between Staphylococcal and
Streptococcal TSS
Staphylococcal
TSS (TSS)

Toxic Shock Syndrome, Skin Source. Fig. 4 Desquamation
following STSS

Evaluation/Assessment
Other diagnoses to be considered in sick patients with
hypotension and rash in the USA include Rocky Mountain
Spotted Fever (RMSF) and Hantaan virus infection. Renal
impairment associated with Gram-negative sepsis usually
follows hypotension. In STSS, hypotension usually follows
renal impairment. Although strains of USA300 (community associated MRSA)-producing Panton Valentine
leukocidin (PVL) can cause a purpura fulminans indistinguishable from meningococcal septicaemia, the pvl and tst
gene loci are rarely found together, hence PVL positive
staphylococci that also produce TSS are rare. However, in
the USA where the incidence of PVL-producing MRSA
infections is high, authorities have recommended adding
vancomycin for the empirical treatment of what initially
appears to be a meningococcal septicaemia, pending

Streptococcal TSS
(STSS)

Superantigens
responsible

TSST-1,
Streptococcal
Staphylococcal
pyrogenic
enterotoxins B & C exotoxins A & B

Bacteraemia –
blood cultures
(BC)

BC rarely positive

60% BC positive

Mortality (%)

3.3

>30

Common age
(years)

15–35

20–50

Sex

Female excess
Male > female
(especially
menstrual-related)

Obvious focus of
infection – skin/
soft tissue

Rarely local
invasive disease,
may be small,
insignificant
wound

Local invasive
diseases: myositis,
necrotizing
fasciitis

Rash

Erythroderma,
conjunctival
suffusion

Uncommon

Concomitant
enterotoxinrelated symptoms

90% nausea,
Less common
diarrhea, vomiting
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Staphylococcal TSS
An influenza-like prodromal fever with chills, myalgia, for
2–3 days is typically followed by gastrointestinal upset
(due to enterotoxins). Mild confusion, lethargy, or agitation is typical. Often hypovolemic at presentation, there is
usually an obvious skin focus, burn, foreign body, or
recent menstruation. A source may be difficult to find on
examination, since very small wounds can produce sufficient toxin to cause rapid demise. Survivors undergo
impressive desquamation 10–21 days after presentation,
especially involving hands and feet. The low positivity of
blood cultures (<5%) is because the infection is not primarily a septicemia but due to circulating exotoxins from
a tissue source. Any retained tampon or surgical focus of
infection should be addressed.
The hemodynamic profile is unlike typical Gramnegative shock. Exotoxins are effective myocardial suppressants affecting myocardial contractility, a major determinant of refractory shock supporting early dobutamine
usage. The systemic vascular resistance may not be markedly reduced. This can be reminiscent of a similar picture
to fulminant hantavirus infection. Despite adequate filling
pressures (normal to high capillary wedge pressure) and
significant inotropic support, diminished ventricular performance continues. Ultimately, global hypokinesis, consistent with toxic cardiomyopathy, may precede complete
heart block and death [3]. Histopathology usually reveals
little inflammatory infiltrate as the effects are toxin mediated, with patchy necrosis of myocardial cells and
scattered foci of basophilic degeneration.

Streptococcal TSS
GAS necrotizing fasciitis (GASNF) can be very difficult to
diagnose early on. Some patients appear initially well, with
little or no systemic toxicity but complaining of
nonspecific symptoms such as pain, myalgia, high fever,
and sometimes focal signs of erythema and edema. Others
with, despite severe, unexplained pain and appearing quite
unwell may only have mild erythema, cellulitis, or swelling
in the affected area. One-fifth of patients have influenzalike symptoms characterized by fever and myalgia, often
with nausea, vomiting, and diarrhea.
In GASNF, there is often a history of trauma followed
by a “flu-like illness” (actually due to incidental
bacteraemia) which seeds the inflamed tissue sites
and exposed vimentin, resulting in fever and eventual
visible signs of SSTI as the infection ascends to the skin
surface. Hypotension and MOF are rapidly progressive.
The majority (60%) of streptococcal toxic shock syndrome have positive blood cultures. Invasive GAS affects
1.5–5.2/100,000 of the population, of whom 8–14% also

have STSS, with 50% of these suffering concomitant
GASNF. The pathognomonic sign of necrotizing fasciitis,
whatever the organism responsible, is exquisite pain out of
proportion to the clinical signs, reported in 97.8–100% of
patients. Typically pain precedes skin changes by 24–48 h.
When searching for a focus, a developing SSTI, or
primary peritonitis (from ascending vaginitis), is likely.
Myositis and STSS in GASNF is common, with up to half
of patients needing amputation. Lymphangitis and
lymphadenitis are rare in GASNF because lymph channels
are obstructed early as intra-compartmental pressures
increase. Ultimately, an exquisitely tender area evolves
into a smooth swollen area of skin, with distinct margins
or demarcation from normal skin, progressing to dusky
blue/purple, “bruising” violaceous plaques. Finally fullthickness necrosis causes hemorrhagic bullae, the appearance of which is associated with increased mortality, since
this implies late diagnosis.
Generalized myalgia and temperature often provoke
self-medication with NSAIDs which serve to delay presentation, and affect granulocyte chemotaxis and phagocytosis. Finally, by preventing the respiratory burst, NSAIDs
prevent polymorphs from killing any ingested GAS.

Investigations
Blood cultures, a full blood count, urea and electrolytes,
liver function tests, clotting studies, C-reactive protein,
and creatine kinase are essential adjuncts when evaluating
the severity of the infection. Rapidly falling hemoglobin in
the presence of a stable hematocrit may suggest intravascular hemolysis, and the amounts of fluid used in resuscitation should be borne in mind when interpreting any
blood results. Relative lymphopenia may be present, and
the total white count very high or very low.
Chest radiology often reveals early changes of ARDS or
evidence of cardiac failure.

Antimicrobial Treatment of Toxic Shock
Syndrome
Fortunately, given the severity of the illness and the difficulties in diagnosis, essentially the same basic therapies
apply equally to all causes of TSS. Intensive supportive
measures, vasopressors, inotropes, intubation and
mechanical ventilation are usually required, and the massive third space loss necessitates intensive fluid replacement and monitoring.
Properly controlled, double-blind, statistically significant clinical trials comparing antimicrobial regimens in
such serious infections are nonexistent. Intravenous antimicrobials is essential to achieve maximal serum and
tissue levels. With a working diagnosis of a likely STSS,

Toxic Shock Syndrome, Skin Source

a beta-lactam antibiotic (cell wall active) combined with
clindamycin or linezolid (to prevent toxin production)
may be used pending culture and sensitivities. Note that
high-dose penicillin alone is no longer the drug of choice
in any iGAS infection. Although invariably penicillinsensitive iGAS infections present when organisms are usually at their maximum numbers in tissue and in
a nondividing (“stationary”) phase. These organisms are
then immune to cell-wall active agents such as penicillin
(the “Eagle effect”). Clindamycin however, by preventing
toxin synthesis, not only inhibits cytokine production by
monocytes but also overcomes the Eagle effect as protein
(exotoxin) production ceases completely. Clindamycin
also suppresses the lipopolysaccharide stimulation of
TNFa so may have a useful role in the “two-hit model”
of sepsis mentioned above. Linezolid and clindamycin
work similarly, both reducing exotoxin production effectively, in particular TSST-1 and SPEA production [2].
Combination therapy of beta-lactams and a protein
synthesis inhibitor is associated with a significantly better
survival rate than penicillins alone. Depending on local
resistance data, with increasing streptococcal resistance to
clindamycin, alternative agents include linezolid and
daptomycin – both covering streptococci and staphylococci including MRSA.
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neutralizing antimicrobials, source control and sepsis
management when these approaches have failed to elicit
a response.”
In our experience, when used in patient with GASNF
with myositis and myonecrosis, where otherwise the mortality can be >80%, IVIG can have a dramatic effect on
outcome. The major contraindication to using of IVIG is
selective IgA deficiency. In our hospital, where we see
20–30 cases of exotoxin-related shock annually, our practice is to use 2 g/kg, infused initially slowly at a rate of
20 ml/h, then increasing to a maximum rate of 160 ml/h if
administered on the wards. Only twice have we needed to
add a second dose. In the intensive care setting we follow
the Mount Sinai protocol for administration [6].

Role of Steroids
Steroids may inhibit cytokines as well as the toxin-related
alteration of vascular permeability. However, they are variably recommended in the treatment of STSS at the present time.

Effectiveness and Tolerance
With optimal antimicrobial therapy aimed at stopping
exotoxin production, early surgery to remove septic foci
and immunoglobulin, the mortality rate can be dramatically reduced.

Intravenous Immunoglobulin (IVIG)
There is very little evidence of any benefit from using IVIG
in endotoxic (i.e., Gram-negative) sepsis. However, in
Gram-positive/exotoxin sepsis, IVIG blocks the in vitro
T-cell activation by SAgs, suppressing SEB-induced cell
proliferation. IVIG neutralizes the super antigenic effect
of toxins, inhibits production of TNF and interleukins,
and in vitro affects lymphokine production.
In a trial of where patients with TSS were treated with
IVIG and compared with historical controls, a 30-day survival of 67% (IVIG treated patients) versus 36% (controls
not given IVIG) resulted, using a dosage of 0.4 g/kg [4].
Only one randomized, double-blind controlled trial of
immunoglobulin therapy has been reported to date.
Involving 21 patients with STSS +/ necrotizing fasciitis,
10 were treated with immunoglobulin and 11 given placebo saline; IVIG appeared successful. The primary end
point was mortality at 28 days, with a 3.6-fold higher
mortality in the placebo group. However, with few
recruits, the trial terminated early and statistical significance was not reached [5]. All but one patient given IVIG
achieved toxin-neutralizing levels in the plasma, with no
deaths or ill events related to the IVIG administration.
The UK Department of Health guidelines for the usage
of IVIG state that IVIG “may be added to adequate toxin-

Pharmaco-economics
In the UK, IVIG is cheaper to administer than activated
protein C, and can be administered despite recent surgery.

Surgical Intervention
Surgical exploration is useful to differentiate myositis
from NF. The so-called finger-test, where no resistance to
a finger inserted in the fascial plane is encountered as
positive in NF, and noncontractile muscle indicates
myonecrosis and the need for urgent debridement.
Early diagnosis and surgery is the key to survival,
especially in GASNF. By removal of the numerous proteolytic toxins and enzymes in the infected tissues, early and
adequate surgical debridement curtails the rapidly spreading infection. However, anesthesia may be difficult, complicated by cardiac arrhythmias due to exotoxins,
coagulopathy, and multi-organ failure.
Streptococcal myositis is very rare, with 21 recorded
cases between 1900 and 1985, and 4 cases documented
from 20,000 autopsies. All patients had complained of
severe pain, swelling erythema, and often had compartment syndrome.
It is our practice to stop NSAIDs immediately on suspicion of STSS or iGAS, since they inhibit renal
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prostaglandin synthesis and can potentiate the development of ARF in patients with necrotizing infection. In
addition, being antipyretic and effective pain killers,
NSAIDs delay presentation to clinicians, and mask signs
of pain and fever.

3.

Infection Control

5.

Secondary cases of STSS and other GAS infections of
healthcare workers following contact with respiratory
secretions and GASNF after a needlestick injury have
been reported. Hence strict infection control procedures
on intubation or handling of the patient are essential.
Morticians need to be alerted of the potential risk of
infection in any case where TSS or STSS is clinically
suspected. Should inoculation of GAS occur, postexposure penicillin prophylaxis is recommended.
The risk of secondary cases occurring in a close contact
of iGAS infection is 200-fold greater than if not in contact,
and a case can be made for penicillins prophylaxis of close
contacts of iGAS in certain circumstances, although this is
hotly debated at present.

4.

6.

Cone LA, Woodard DR, Schlievert PM, Tomory GS (1987) Clinical
and bacteriologic observations of toxic shock-like syndrome due to
Streptococcus pyogenes. N Engl J Med 317:146–149
Kaul R, McGeer A, Norrby-Teglund A, Kotb M, Schwartz B,
O’Rourke K, Talbot J, Low DE (1999) Intravenous immunoglobulin
therapy for streptococcal toxic shock syndrome – a comparative
observational study. Clin Inf Dis 28:800–807
Darenberg J, Ihendyane N, Sjolin J, Aufwerber E, Haidl S, Follin P,
Andersson J, Norrby-Teglund A, Streptococcal immunoglobulin
Study Group (2003) Intravenous immunoglobulin G therapy in
streptococcal toxic shock syndrome: a European randomised double
blind placebo-controlled trial. Clin Infect Dis 37:333–340
McCracken D (1998) Guidelines for the treatment of necrotizing
fasciitis (NF) and streptococcal toxic shock syndrome (STSS).
Mount Sinai Hospital. http://microbiology.mtsinai.on.ca/protocols/
pdf/k5a.pdf
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Prognosis
Predictors of poor outcome with TSS include infection
with M1 GAS (75% of fatalities) a low leukocyte count on
presentation, hypotension, and higher initial C-reactive
protein and creatinine levels. In survivors of STSS, renal
function usually returns to normal within 4–6 weeks.
There is a significant difference in mortality between
TSS and STSS: 6% mortality with staphylococcal TSS
compared with >70% for STSS [2].

Long-Term Effects
These are rare. One patient with STSS had exquisitely
tender anasarca as tense bullae developed, leading to the
“Michelin-man syndrome,” suffering an aseptic
oligoarthritis which persisted for months after the initial
infection. Recurrent non-menstrual toxic shock syndrome
is rare, whereas menstrual TSS may recur.
Recurrent streptococcal infections are not uncommon,
especially in patients with chronic lymphedema, and it is
our practice to offer routine prophylaxis of 500 mg oral
penicillin twice daily to such susceptible individuals after
one serious bout of streptococcal infection.
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Toxoplasma gondii
The parasite that can cause toxoplasmosis at acute infection or upon reactivation.

Toxoplasmosis
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Definition

▶ Toxoplasma gondii is an obligate intracellular protozoan
parasite found globally that infects up to a third of the
world’s population [1]. Feline animals are the definitive
hosts of T. gondii, and it most commonly infects humans
and other mammals following ingestion of material
contaminated with cat feces or undercooked meat from
an infected source. Seroprevalence of T. gondii rises with
increasing age and varies by geographical location and
dietary habits, with no difference between the sexes, but
an increase in areas with poorer sanitation and more
undercooked meat consumption [2].

Toxoplasmosis

Treatment
Treatment for toxoplasmosis depends on the setting and
host immune status and is directed toward the tachyzoite
form (see below). Other than acute maternal infection in
pregnancy for fetal protection, there is no role for
monotherapy in the treatment of toxoplasmosis [1–3].
Pyrimethamine is the most effective agent against
toxoplasmosis, acting as a folic acid antagonist. It is
usually administered with sulfadiazine, a sulfonamide,
and the combination exerts synergistic effects against the
parasite.
The treatment of congenital toxoplasmosis can be
considered in three stages. Should a mother acquire
acute infection in pregnancy, the macrolide antibiotic
spiramycin can be administered 1g tds from diagnosis
until delivery. Spiramycin concentrates in the placenta
and reduces placental infection by 60%, however, passes
across the placenta inconsistently [2]. In the unfortunate
event that fetal infection is demonstrated then the mother
should be switched to a combination of sufadiazine 1g qds
and pyrimethamine 25 mg daily with folinic acid 15 mg
daily to counteract the anti-folate effects of pyrimethamine.
Neonates infected with toxoplasmosis require at least
6 months of treatment to reduce the rate of chorioretinitis.
One regime is sulfadiazine 50 mg/kg bd with pyrimethamine 1 mg/kg/day and folinic acid 5 mg/kg/day [4].
Acute infection in immunocompetent patients does
not require treatment unless the illness is very severe,
protracted, or there is evidence of acute chorioretinitis
with severe inflammatory responses or lesions close to
either the fovea or optic disk [1]. In the event treatment
is needed, this should be for 2–4 weeks with sulfadiazine
1g qds, pyrimethamine 200 mg loading dose followed
by 50 mg/day with folinic acid 15 mg/day.
Acute chorioretinitis should be treated for 1–2 weeks
after resolution of symptoms which generally entails a
6–8-week period on treatment [1].
Immunocompromised patients are treated with the
same regime as immunocompetent patients for a longer
period. Treatment is generally continued for 4–6 weeks
after the resolution of all neurological signs and symptoms
and adjunctive corticosteroids should be administered if
there is evidence of cerebral edema. In patients intolerant
of or allergic to sulfadiazine, clindamycin 600 mg qds can
be substituted. A variety of other agents including
clarithromycin, azithromycin, atovaquone, and dapsone
have been used with pyrimethamine in immunocompromised patients; however, there is limited evidence to
support their use as first-line treatment [2].
After the initial treatment phase in immunocompromised patients, maintenance treatment with half the
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treatment dose of all three drugs should be continued
until the immune system has recovered. In patients with
HIV, this secondary prophylaxis is continued until the
CD4 count is above 200 cells/mm3 for 6 months as
a result of treatment with highly active antiretroviral
drugs [5] (Table 1).

Life Cycle
T. gondii exists in three natural forms – the oocyst, the
tachyzoite, and the tissue cyst. Oocysts are produced following sexual replication that occurs exclusively in the
feline small intestine [2]. The oocysts are excreted in
feces, and infected cats can shed up to ten million oocysts
in their feces daily. After maturing in the environment,
oocysts can infect mammals via contaminated food or
water. Other rarer routes of infection are transplacentally,
in tissues from seropositive organ donors, by transfusion
with contaminated blood products or very rarely, in
laboratory inoculation accidents.
After ingesting infective oocysts, mammalian hosts
become infected with the rapidly multiplying stages of
the parasite known as the tachyzoite. The tachyzoite enters
all nucleated cells and replicates, ultimately leading to cell
rupture and dissemination in the bloodstream. This is
how toxoplasma spreads through the body. The resulting
host immune response can cause inflammation and tissue
destruction and results in the clinical manifestations of the
acute disease discussed below. Immune pressure results in
cyst formation in the tissues during the first week of
infection. These tissue cysts in skeletal and cardiac muscle,
the eye, and the brain contain hundreds and thousands of
bradyzoites that can be released from cysts and then
transform back into tachyzoites resulting in recrudescence
of infection when immune surveillance wavers [1] (Fig. 1).

Evaluation and Clinical Assessment
T. gondii infection causes a range of clinical disease
depending on the host age and immune status. There are
three different forms of disease [3]:
1. Congenital infection
2. Acute extrauterine infection
3. Infection in the immunocompromised host
Congenital infection occurs following acute maternal
infection, and the risk of transmission to the fetus depends
on gestational age, with an increase from 15% to 25% in
the first trimester to 60–65% in the third trimester [4].
In contrast, clinical disease is worse with earlier infection. The characteristic symptoms of severe congenital
infection are hydrocephalus, cerebral calcification, and
chorioretinitis resulting in mental retardation, epilepsy,
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Toxoplasmosis. Table 1 Summary of treatment recommendations (Modified from [2, 4])
Clinical situation

Drug

Dose

Duration and rationale

Acute maternal infection
during pregnancy

Spiramycin

1g tds

Until delivery to prevent
fetal infection

Confirmed fetal infection

Pyrimethamine
Sulfadiazine
Folinic acid

25mg od
1g qds
15mg od

Until delivery to minimize
sequelae

Confirmed neonatal
infection

Pyrimethamine
Sulfadiazine
Folinic acid

2 mg/kg for 2 days then 1 mg/kg od
50 mg/kg bd
5 mg/kg od

For at least 6–12 months
to reduce the rate of
chorioretinitis

Acute infection in
immunocompetent
patients

Treatment not generally required unless infection severe/prolonged or evidence of end-organ
disease – if so, then:
Pyrimethamine
Sulfadiazine
Folinic acid

200 mg loading dose then 50–75 mg od
1–1.5g qds
15 mg od

2–4 weeks to minimize
symptoms
If acute chorioretinitis
generally for 6–8 weeks

Immunocompromised
patients

Pyrimethamine
Sulfadiazine
Folinic acid

200 mg loading dose then 50–75 mg od
1–1.5 g qds
15 mg od

Until 4–6 weeks after the
resolution of signs and
symptoms
Prophylactic treatment
thereafter

od: once daily, bd: twice daily, tds: three times daily, qds: four times daily.

and impaired vision. Other symptoms are recognized
including microcephaly, encephalitis, strabismus, thrombocytopenia, jaundice, anemia, diarrhea, pneumonitis,
and anemia [2].
Acute extrauterine infection is asymptomatic in
approximately 90% of patients; however, the remainder
can experience cervical lymphadenopathy or have a flulike illness. Acute infection can rarely cause ocular toxoplasmosis, which results in chorioretinitis characterized by
severe inflammation and necrosis [2]. Patients can present
with decreased visual acuity, pain, scotoma, or photophobia. Examination may reveal intensely white focal
lesions with an overlying vitreous inflammatory reaction.
Other rare manifestations of primary infection include
myocarditis, polymyosits, pneumonitis, hepatitis, and
encephalitis [4].
Toxoplasma infection in the immunocompromised
host results in the most serious disease and left untreated
has a very high mortality. There are two routes of infection
that cause problems in patients with impaired cellmediated immunity – firstly and most commonly, in
patients with the human immunodeficiency virus (HIV)
or bone marrow transplant recipients T. gondii can
reactivate. The most common site for this to occur is the
brain, and patients develop toxoplasma encephalitis (TE).
This is characterized by multiple foci of enlarging necrosis

and microglia nodules [1]. This can occur anywhere in the
brain; however, there does appear to be a predilection for
the basal ganglia. TE presents variably with symptoms
ranging from a subacute gradual process over weeks to
an acute confusional state that develops over days. Patients
can develop seizures, focal motor or sensory deficits, cerebellar signs, cranial nerve palsies, neuropsychiatric symptoms, or movement disorders with hemiparesis and
speech disturbance seen most commonly [5]. TE is an
AIDS-defining condition and is generally seen when the
CD4 count is persistently below 100 cells/mm3. It is estimated that in toxoplasma, IgG-positive patients with HIV
not on antiretroviral or prophylactic treatment against
toxoplasmosis with a low CD4 count, the risk of
developing disease is 20–47% [2].
Although the brain is the most commonly affected
organ, reactivation can also occur in the eye causing
chorioretinitis or the lung causing pnemonitis. Spinal
lesions are also recognized, presenting with motor or
sensory disturbance with or without sphincter dysfunction or local spinal pain [2].
Bone marrow transplant recipients are also at risk of
toxoplasma reactivation due to deficits in cell-mediated
immunity. The risk of reactivation in this cohort is highest
within the first 6 months of transplant with a median
presentation at 2 months post transplant. Allogeneic
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Toxoplasmosis. Figure 1 Life cycle of T. gondii and clinical manifestations of toxoplasmosis (Reproduced with permission from
[1] (http://www.thelancet.com))

transplant recipients are at much higher risk than autologous marrow recipients, with an estimated incidence of
0.31 cases per 100 transplants [3] and subsequent high
mortality rate of over 40%. This high risk of toxoplasmosis
is due to the intensity of the immunosuppressive
treatment that is administered.
The second route of infection in immunocompromised hosts is seen in solid organ transplant recipients

who are toxoplasma seronegative and receive an organ
from a donor who is toxoplasma seropositive. As a result
of immunosuppressive treatment, T. gondii can cause an
acute infection with fever, pneumonia, and neurological
disturbances recognized in recipients of renal transplants.
A similar picture also occurs in liver and heart transplant
patients, and cardiac toxoplasmosis is a recognized cause
of rejection in cardiac transplant recipients. In one series
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of heart transplant recipients from the United States,
toxoplasmosis was the most common cause of mortality
due to infection along with disseminated aspergillosis [3].

Diagnosis
The diagnosis of T. gondii infection is made by the
following:
1. Serology
2. Histology on biopsied specimens
3. Polymerase chain reaction (PCR)
Serological methods are most useful in immunocompetent patients; however, a positive IgG can suggest that an
immunocompromised patient is at risk of reactivation [1].
Immunocompromised hosts who are toxoplasma IgG
negative can be counseled about the routes of acquisition
and advised to minimize this risk. Patients with HIV, bone
marrow transplant recipients, and solid organ transplant
donors and recipients should therefore be screened
for toxoplasma IgG. IgG antibodies develop within
1–2 weeks of acute infection and persist for life. In acute
infection, IgM antibodies appear within 1 week of infection, rapidly increase and then decrease and potentially
disappear at very variable rates. A negative IgM test
excludes recently acquired infection; however, the converse does not apply as IgM antibody tests can be
nonspecific and false-positive rates are reported to be as
high as 60%. One other test that can be undertaken to look
for evidence of recent infection is the avidity of IgG antibodies. In infection acquired within the last 3–4 months,
IgG antibodies bind less strongly than in infection

acquired prior to this time. Testing the affinity of the IgG
antibodies may help delineate if the infection was acquired
recently; however, low avidity antibodies can persist
beyond 3 months [2].
Direct detection of the parasite tachyzoites in histological material can be useful in confirming the diagnosis
if the clinical picture is of toxoplasmosis; however, given
that the infection can lie dormant in latently infected
hosts, it should be borne in mind that the diagnosis should
be reviewed if the clinical picture does not fit the histological findings. Tissue should be stained with T. gondiispecific stains such as immunoperoxidase [3].
PCR for the detection of T. gondii DNA can be used to
diagnose cerebral, congenital, ocular, and disseminated
toxoplasmosis, and has been applied to body fluids such
as CSF or amniotic fluid and tissue from any site.
Reports of the sensitivity vary from 64% to 100% and
are affected by previous treatment and specimen handling,
transport, and storage conditions [3]. PCR on amniotic
fluid is particularly useful in diagnosing congenital toxoplasmosis, and after 18 weeks of gestation, PCR will detect
97% of toxoplasmosis infected fetuses if maternal infection occurred more than 4 weeks previously.
When patients present with symptoms suggestive of
toxoplasma encephalitis, neuroimaging should be undertaken using contrast-enhanced CT or MRI scans. Characteristic features are of multiple ring-enhancing lesions in
the brain, often with surrounding edema. In the context of
advanced immunodeficiency and known IgG positivity
empirical treatment for toxoplasmosis is acceptable
practice [3] (Figs. 2a, b).

Toxoplasmosis. Figure 2 Cerebral toxoplasmosis lesions can be seen on MRI scan and typically are ring-enhancing following
contrast and are commonly multiple (a), but can be single (b)

Tracheal Intubation and Airway Management

Prevention and Health Economics
Public health measures can be effective in preventing
primary infection if at risk populations are advised to
avoid handling cat feces and contaminated soil or litter.
Meat or contaminated vegetables should be thoroughly
cooked or frozen at 20 C for 24 h to kill off tissue cysts,
and a high standard of food hygiene is required to prevent
cross contamination between cooked and raw food [3].
Prophylactic
antibacterial
treatment
against
Pneumocystis jiroveci pneumonia (PCP) for patients with
advanced HIV using co-trimoxazole offers significant protection against toxoplasmosis and is generally continued
until the CD4 count is maintained above 200 cells/mm3 at
which time toxoplasmosis is no longer a risk [5].
Solid organ transplantation from a seropositive donor
to a seronegative recipient should be avoided if possible;
however, if this is not feasible, anti-toxoplasmosis treatment using either co-trimoxazole as above or pyrimethamine 25 mg od should be administered for 2 months [3].
There is some data to suggest that a combination of
a health education approach and a serum screening program for toxoplasma IgG-negative women in early pregnancy can reduce congenital infection and is cost effective.
The cost-benefit models showed benefit if fetal infection
was prevented by early detection of maternal infection and
subsequent effective maternal treatment resulting in
a reduction in congenital infections and the health and
social costs that are associated with these. This model has
resulted in formal screening programs for seronegative
women in early pregnancy in Austria and France [2].
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TP
Tertiary peritonitis (TP) represents a recurrence or persistence of a peritoneal infection following treatment of
a prior infection that was considered to be adequate.
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Definition

Untreated, toxoplasmosis in the immunocompromised
host is almost universally fatal [1]. Treatment with
sulfaxiazine and pyrimethamine results in 80% survival;
however, 50% of the survivors have neurological sequelae
[2]. Following initial treatment for toxoplasmosis in
patients with AIDS, 80% will relapse if not given prophylactic treatment; however, this figure falls to 5–10%
when prophylactic treatment is given until immune
reconstitution has occurred [4].

Airway management can be defined as maneuvers that
achieve and maintain a patent pathway to the patient’s
lungs, so that adequate gas exchange can occur. At the
same time, this pathway must be protected from aspiration. Practically, in all emergency situations, the algorithms (e.g., ACLS, ATLS) put airway management as
their first priority. Tracheal intubation is a procedure
defined as the placement of a flexible plastic tube into
the patient’s trachea. This procedure represents the gold
standard in airway management by guaranteeing
a protected airway and providing a means of mechanical
ventilation.
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All conditions in which an individual’s conscience level is
impaired (e.g., head trauma, anesthesia, intoxication)
potentially require the use of airway management skills if
the patency is compromised.
The ability to provide mechanical ventilation to critically ill patients represents a cornerstone to the practice of
contemporary intensive care medicine. Airway compromise or inadequate gas exchange is a frequently
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encountered phenomenon in the critically ill patient population. Consequently, intensivists must possess a secure
fund of knowledge and skill set in regard to airway management. As opposed to the practice of anesthesiology,
where most endotracheal intubations are performed electively, critically ill patients can deteriorate rapidly allowing
for only brief periods of preparation prior to performing
an urgent or emergent procedure. Preoxygenation is challenging in a delirious, hypoxic, and combatant patient and
spells of apnea that will result in hypoxia more rapidly
than expected. Traumatic airway edema from recent airway manipulations, labored breathing, and copious secretions make laryngoscopy technically more challenging
than in the elective setting. Additionally, limited organ
reserve makes ICU patients more susceptible to the side
effects of anesthetic/sedative agents used to provide optimal intubating conditions. Consequently, hemodynamic
instability is frequently encountered in the immediate
postintubation period.
This chapter focuses on airway assessment, pharmacological agents used to facilitate endotracheal intubation,
and an overview of devices that are available for airway
management in the ICU setting.

Airway Assessment
The “holy grail” that has eluded airway specialists for
decades is a clinical scoring system that is easy to use and
can adequately predict the presence of difficult mask ventilation or endotracheal intubation. While multiple scoring systems are in use today, they all lack adequate
sensitivity and specificity when used in isolation. Only
when multiple scoring systems are combined can
a model with predictive power be generated. This is,
however, cumbersome and time consuming for routine
use in daily clinical practice or in an emergency situation.
Kheterpal and colleagues [1] looked at over 22,000
attempts at mask ventilation and reported an incidence
of difficult mask ventilation in 1.4% of cases. Risk factors
associated with difficult mask ventilation included
severely limited mandibular protrusion, abnormal neck
anatomy, sleep apnea, snoring, presence of a beard, and
body mass index >30 kg/m2.
Rose and colleagues [2] looked at 18,500 patients and
found the following characteristics to be predictive of
a difficult tracheal intubation: decreased mouth opening,
shortened thyromental distance, poor visualization of the
hypopharynx, and limited neck extension.
While both of these studies can be applied to the
elective setting, many of the characteristics cannot be
examined in an emergency setting as is frequently

encountered in the ICU. A typical example would be the
Mallampati assessment, which requires the patient to sit
upright allowing the tongue to protrude.

Airway Devices and Management
A skill that should be mastered by all healthcare personnel
involved in the care of critically ill patients is the ability to
ventilate with the aid of a face mask connected to an Ambu
bag. The rim of the mask should provide an air tight seal
allowing for positive pressure ventilation once the bag is
squeezed. Inadequate ventilation can occur either by not
obtaining a proper seal or by allowing pharyngeal tissue to
obstruct the airway. Consequently, proper technique is
paramount and should be practiced in a nonemergent
setting. The mask is held by exerting downward pressure
by the left thumb and index finger while the digits III–V
should grasp the mandible and lift upward helping to
displace the tongue anteriorly, thus making the upper
airway patent. Positive airway pressures greater than
20 cm H2O should not be applied in order to avoid
insufflating the stomach, which in turn could lead to
aspiration of the unprotected airway. If despite proper
technique ventilation remains difficult an airway device
can be inserted either orally (oro-pharyngeal tube) or
nasally (naso-pharyngeal tube) to alleviate airway
obstruction.

Endotracheal Intubation
While mask ventilation can be used to temporarily stabilize a patient at risk of hypoxia, the “gold standard” for
airway management remains endotracheal intubation.
Contemporary endotracheal tubes are mostly made out
of polyvinyl chloride (PVC), are nonrigid and beveled at
the tip, which aids insertion past the vocal cords into the
patient’s trachea. The end of the tube also has a hole to the
side, commonly referred to as the “Murphy’s eye,” which
lessens the risk of complete obstruction. In order to enable
positive ventilation and reduce the risk of aspiration a cuff
at the end of the tube can be inflated, which in turn
guarantees a secure seal. Most endotracheal tubes on the
market today are high volume low pressure tubes. This
means that due to a large contact area of the cuff to the
patient’s tracheal mucosa only a low pressure is required to
obtain an adequate seal. While this is associated with an
increased risk of sore throat, the likelihood of ischemic
mucosal injury is reduced.
Endotracheal tubes are measured in “internal diameter
(ID)” size 7–7.5 ID endotracheal tubes are commonly
used in women, where 7.5–8.0 ID endotracheal tubes are
used in men. A tradeoff occurs between wanting the lowest
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airway resistance on the one hand and minimizing airway
trauma on the other.
The endotracheal tube is most commonly inserted
with the aid of a rigid laryngoscope. Laryngoscopes
come with an assortment of blades, which are interchangeable to the same handle. The handle contains batteries, which in turn power a light bulb located in the
blade. This light source enables direct visualization of
the larynx. The two most commonly used blades are the
straight blade (Miller blade) and the curved blade
(Macintosh). The choice of which blade to use is dependent upon expertise and comfort of the clinician and
patient anatomy.
Preparation for endotracheal intubation is key and
should never be compromised. The clinician must assure
himself that all material required is present and functional.
Suction, airway devices, and endotracheal tubes in different sizes with competent cuffs as well as laryngoscope
blades with working lights are all essential to perform
this procedure safely. In order to optimize the visualization of the larynx correct, patient positioning is required.
The “sniffing position” is obtained by elevating the
patient’s head while extending the atlanto-occipital joint.
In this position the laryngoscopist should obtain a direct
line of vision from the mouth to the glottic opening. Once
the vocal cords are visualized the endotracheal tube can be
passed between them. If, despite all preparatory maneuvers, a direct line of vision cannot be obtained, a flexible
stylette can be inserted into the nonrigid endotracheal
tube enabling the clinician to manipulate the tube in the
patient’s pharynx. Once the distal portion of the tube has
been placed passed the vocal cords the cuff should be
inflated and end-tidal CO2 checked. If a capnometer is
not readily available, disposable qualitative devices that
show a color change between inspiration and expiration in
the presence of fluctuating CO2 concentrations can be
used (e.g., Easy Cap).

Alternative Airway Devices
In patients who are inadequately ventilated by mask and
cannot be intubated the ASA difficult airway algorithm
recommends the use of an emergency nonsurgical airway
[3]. Laryngeal mask airways (LMA) are the most important development in airway devices that have occurred
over past 20 years and have become increasingly popular
in the OR setting. This supraglottic airway device consists
of a tube with an inflatable cuff at the patient’s end, which
is inserted into the pharynx. While LMAs are technically
easier to insert and are associated with less sore throat than
endotracheal tubes, they do not protect the patient from
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aspiration. Consequently, they should only be used as
a bridging device in the critical care setting until a more
permanent airway can be achieved. Originally, the LMA
was used for patients breathing spontaneously, however
with the recent development of a variety of supraglottic
devices (SGD) their use has been extended for a variety of
clinical scenarios such as positive pressure ventilation or
for rescue intubation and ventilation. The intensivist
should be familiar with the various devices and the specific
clinical indications. Figure 1 highlights the most commonly seen SGD, such as the LMA classic (LMA North
America, Inc) and the disposable Ambue LMA with
a special built-in curve that replicates natural human
anatomy. The ProSeal LMA and the LMA supreme are
ventilatory devices with gastric access to allow gastric
suctioning and are designed to be used with positive
pressure ventilation, thanks to a better laryngeal seal.
The Fastrach is an intubating LMA, which consists of
a laryngeal mask attached to a rigid steel tube curved to
align with the glottic vestibule. This allows the insertion of
a specially designed endotracheal (ET) tube. The LMA
CTrach has built-in fiber optics that allow visualization
of the endotracheal tube as it is passed between the vocal
cords.
Compitube (Covidien, Denver, Colorado, USA) is
another alternative supraglottic airway device that consists of two fused tubes. It is usually inserted blindly
into the oropharynx. Once the health care provider
inserts the device to the recommended marking, the
distal end enters into the esophagus in most cases.
The device has a low volume inflatable distal cuff and
a much larger proximal cuff designed to occlude the
oro- and nasopharynx. On the rare occasion that the
tube enters the trachea, ventilation is achieved through
the distal lumen. Usually, however, the device enters the
esophagus and ventilation is achieved through multiple
proximal openings situated above the distal cuff.
The laryngeal tube airway (King Systems, USA) is
a single lumen, double cuffed tube, similar to the
Combitube that is inserted blindly in the same fashion
as a LMA. The tube has an opening port for tracheal
ventilation and allows gastric suctioning through the
esophageal port (Fig. 2).

Video Laryngoscopy
Apart from alternative airway devices, multiple videoassisted devices have emerged in the market in the last
few years enabling the clinician to visualize the glottic
opening even in patients where conventional direct laryngoscopy has failed. The technology behind the first
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Tracheal Intubation and Airway Management. Figure 1 Highlights the most commonly used supraglottic devices. The lower
panel highlights their use in patients

generation of these devices, such as the Bullard and the Wu
scopes, is based on optic fibers. Due to difficulty in maintenance these devices failed to gain popularity in clinical
practice.
Contemporaneous video laryngoscopes use miniature
video chips, located at the tip of the intubating blade,
rather than fiberoptic fibers to capture the image, which
is then projected onto a dedicated monitor. The first video
laryngoscope, the GlideScope, was introduced in 2001 and
provided an easy, readily available intubating device. Since
then, several laryngoscopes were introduced for clinical
use. The rational for the increase in popularity of these
devices is displayed in Fig. 3. The use of the conventional
Macintosh curved or the Miller straight blade provides
a narrow view limited to a 10 visual field (Fig. 3a). Video
laryngoscopes, on the other hand, provide a non-line of
sight angel view of 60 , resulting in improved laryngeal
exposure, requiring less forced and cervical manipulation
(Fig. 3b). The GlideScope, the McGrath, and the Storz
video laryngoscopes are non-channeled blades that
require an intubating stylet to facilitate tracheal intubation. The Pentax and the disposable Airtraq are channeled
blades, which accommodate the ET tube, designed to

facilitate its delivery (Fig. 4). All these devices are highly
effective when used by an experienced operator. Some
have a stiffer learning curve than others. It is therefore
essential, that the intensivist becomes skilled with their
use. It is recommended that intensivists gain expertise
with these devices in the elective operating room setting
and by participating in airway workshops.

Tube Exchangers
In the ICU, in some circumstances, the endotracheal tube
needs to be changed. That can be secondary to a damaged
ET cuff, or the desire to convert a double lumen tube to
a single lumen tube after one lung ventilation.
Unlike the initial intubation, the airway management
of patients being on a ventilator for a prolonged period of
time can be challenging due to the presence of airway
edema from fluid shifts and secretions. Performing an
intubation with direct laryngoscopy may be difficult and
in rare cases catastrophic if airway control is lost. For these
reasons a tube exchanger can be useful to facilitate the
procedure and for added safety. The tube exchanger is
passed through the lumen of the existing tube, the tube
is removed and the new tube is inserted over the tube
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Laryngeal tube airway

Combitube

Tracheal Intubation and Airway Management. Figure 2 The combitube and the laryngeal tube airway are alternative
supraglottic airway devices inserted blindly and allow to managed the patient with positive pressure ventilation

exchanger, which is used as a guide. It is important to
practice the exchange as a “dry run” in vitro to confirm
that the tube exchanger can actually accommodate the
lumen of the new tube (Fig. 5).
In summary, the rapid development of devices to assist
and facilitate endotracheal intubation such as video laryngoscopes or rescue supraglottic devices requires continuous training and practice. Intensivists, particularly those
who do not spend much time in the operating room,
should be familiar with the art of airway management
(Fig. 6). Airway management is a vital skill that must
become second nature to physicians dealing with the critically ill. If the patient cannot be oxygenated, nothing else
matters!

Pharmacology
Endotracheal intubation is a painful procedure that
requires some form of sedation in an awake and alert
patient. Neuromuscular blocking agents can be added to
optimize intubating conditions. Unfortunately, due to
frequently encountered limited end-organ reserve, ICU

patients are more prone to hemodynamic instability
after endotracheal intubation when compared to elective
intubations preformed in the OR setting.
The pharmacological agents used to facilitate endotracheal intubation in the ICU can be divided into hypnotics,
analgetics, and neuromuscular blocking agents.

Hyponotics
Propofol
Propofol is one the most commonly used hypnotics. Its
short contact sensitive half time as well as its association
with a pleasant emergency and antiemetic properties have
made it popular in both the OR as well as in the ICU
setting. Dosages of 2–2.5 mg/kg are commonly
recommended for induction in an elective setting. In
ICU patients, however, caution must be used, especially
in patients with limited cardiovascular reserve as profound hypotension can occur after bolus administration.
Consequently, the use of propofol as an induction agent is
not recommended in patient with limited cardiac reserve.
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Conventional laryngoscopy

Light-fibres surround
view-fibres

Standard viewangle 10⬚

a
Video – laryngoscopy
Camera integrated
in handle

Video view-angle 60⬚
Cables to cold light source +
imaging processing module

b
Tracheal Intubation and Airway Management. Figure 3 The use of the conventional Macintosh curved or the Miller
straight blade provide a narrow view limited to a 10 visual field (a). The video laryngoscope provides a non-line-of sight angel
view of 60 , with improved laryngeal exposure (b)

Etomidate
Etomidate is an imidazole derivate that, in a similar fashion to propofol, provides general anesthesia with rapid
onset and quick emergence. The quality of hypnosis is,
however, in equipotent doses much less profound than
that seen with propofol. Induction dosages of 2–3 mg/kg
are recommended. Etomidate is characterized by hemodynamic stability even in the setting of severe myocardial
dysfunction. Consequently, it has emerged as the primary
induction agent of choice in many intensive care units.
Side effects include burning during injection, myoclonus,
and nausea. Drug-induced adrenal insufficiency is most

likely not of clinical relevance when administered as a onetime bolus; however, it precludes the use of the drug as an
infusion.

Ketamine
Ketamine is a phencyclidine derivate that can be considered a true general anesthetic providing both hypnotic as
well as sedative properties. Ketamine works by inducing
a dissociative state and not by increasing the activity of the
GABAergic system, as is seen with most other agents.
Consequently, ketamine can lead to falsely elevated readings when electroencephalographic monitoring is utilized

Tracheal Intubation and Airway Management
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MaGrath
GlideScope Cobalt
(portable)

GlideScope ranger

Tueview

Storz C-MAC

Tracheal Intubation and Airway Management. Figure 4 Currently available non-channeled video laryngoscopes that require
an intubating stylet to facilitated tracheal intubation

to assess the depth of anesthesia. Additionally, this dissociative state can be associated with severe emergence of
delirium, especially when other sedatives (benzodiazepines, propofol) are not jointly administered. The sympathetic nervous system is stimulated leading to an increase
in blood pressure and heart rate. An induction dose of
2 mg/kg is generally recommended. It is important to note
that in patients with depleted storage of neurotransmitters, ketamine can lead to a decline in blood pressure. The
use of the drug in the setting of increased intracranial or
intraocular pressure remains controversial and the benefits have to be weighed against the risks.

Dexmedetomidine
This newly FDA approved drug has rapidly gained wide
spread popularity in the critical care setting, because it
offers both sedative and analgetic properties. Patients who
appear asleep, however, can be easily aroused by minimal
stimulation. As opposed to opioids and benzodiazepines,

this a2-agonist does not change CO2 sensitivity. Dosing
can be started with a bolus of 1 mg/kg, followed by an
infusion of 0.3–0.7 mg/kg/h. Overdosing can result in
bradycardia and hypotension.

Opioids
Opioids are frequently administered in conjunction with
hypnotic agents in an elective setting in order to blunt the
painful response to direct laryngoscopy. Caution must
be emphasized in critically ill patients with limited
organ reserve; the combination of opioids with hypnotics
can lead to serious compromise of their hemodynamic
status. The most commonly used opioids are fentanyl,
hydromorphone, and morphine.

Neuromuscular Blocking Agents
In order to provide optimal intubating conditions neuromuscular blocking agents can be added to hypnotics during the intubation procedure. Depending upon the action
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Airtraq

Airtraq DL (DLT)

Pentax AWS-S100

Tracheal Intubation and Airway Management. Figure 5 Currently available channeled video laryngoscopes designed to
facilitate delivery of the ET tube

Single lumen/ DLT airway exchange catheter

ET tube

Small
(N 11)

Medium
(N 14)

Large
(N 19)

>5.0mm

>6.0mm

>7.0mm

DLT size:
35F
Satisfactory

37F

Borderline
Impossible

39F

41F

Tracheal Intubation and Airway Management. Figure 6 Possible combination between the endotracheal tube and the various
sizes of tube exchangers
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of these agents at the neuromuscular junction they are
subdivided into depolarizing and non-depolarizing
agents.

Succinylcholine
Succinylcholine is the only clinically used depolarizing
agent. Despite multiple side effects, including the triggering of malignant hyperthermia in genetically susceptible
subjects, as well as dangerous elevation of potassium in the
setting of major acute burns, upper or lower motor neuron
lesions, massive crush injuries, and various myopathies,
Succinylcholine remains in clinical practice because of its
unmatched ability to rapidly provide ideal intubating conditions. Additionally, this drug is characterized, not only
by rapid onset, but also by rapid offset, so that a return to
spontaneous ventilation is feasible if a “cannot intubate,
cannot ventilate” scenario is encountered.
A dose of 1 mg/kg IV will result in excellent intubation
conditions in 45 s. Most patients will recover neuromuscular function within 5–10 min after a single intubating
dose. If a difficult airway is anticipated, this neuromuscular blocking agent should be considered first, unless clear
contraindications are present.

Rocuronium
Multiple non-depolarizing neuromuscular blocking
agents are currently available, however only rocuronium
can be compared to succinylcholine in regards to its rapid
onset action. A dose of 1.2 mg/kg will provide optimal
intubation conditions within 60 s. Unfortunately, once
paralyzed patients will not be able to breathe spontaneously for 30–45 min, making this drug a bad choice if
a difficult airway scenario is anticipated.
In summary, airway skills are an essential part of
the contemporaneous practice of critical care medicine.
The fundamental ability of mask ventilation and endotracheal intubation has remained unchanged for decades.
Fiberoptic devices that have been validate in the OR setting are now becoming more readily available for the use
in critical medicine and can aid the intensivist in securing
a difficult airway. It is essential that ICU caregivers become
proficient in the use of these airway devices in order to
deliver the highest and safest quality of care.
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Synonyms
Airway control; Airway protection; Intubation; Life support; Ventilator support

Definition
Endotracheal intubation involves the placement of an
endotracheal tube into a patient’s trachea for the purpose
of maintaining a patent airway or to provide ventilatory
support [1, 2]. Emergent endotracheal intubation (EETI)
differs from routine endotracheal intubation (ETI), which
is commonly performed in the operating theater. EETI is
often undertaken in unstable patients with limited physiologic reserve, in contrast to the elective operating theater
setting where patients are generally fasted, and time exists
for planning and patient optimization. Furthermore, EETI
is often performed in chaotic environments with limited
equipment, by individuals with varying airway management expertise.
EETI can be performed in a number of differing
methods, but may be classified into (1) intubation of
a critically ill patient with spontaneous respiratory effort,
and (2) intubation utilizing rapid sequence intubation
(RSI). The choice of which approach to use is based on
physician’s experience, patient characteristics, and available resources.
An alternate technique to EETI is noninvasive positive
pressure ventilation (NIPPV). It is a less invasive mode of
ventilation that can be instituted via a face mask, and thus
does not require intubation. Although this may avoid
some of the adverse events (AEs) associated with EETI,
NIPPV does not provide a definitive conduit to the airway
and therefore does not protect the respiratory system from
the aspiration of gastric contents. Furthermore, NIPPV
requires an awake and cooperative patient. NIPPV is generally limited to readily reversible respiratory failure, as
occurs with congestive heart failure or exacerbations of
chronic obstructive pulmonary disease (COPD), and
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should be avoided in patients in whom the respiratory
failure will likely be prolonged, such as pneumonia and
shock states.

Pre-existing Condition
Physiologic alterations often present in critically ill
patients result in a myriad of conditions which mandate
emergent endotracheal intubation. Common indications
Tracheal Intubation in Acute Procedures. Table 1 Conditions that may require emergent ETI
Condition

Example

Failure of oxygenation or
ventilation

COPD exacerbation
Pulmonary embolus
Pneumonia
Pneumothorax
Pulmonary contusion

Airway protection

Cerebral vascular injury
Airway burns
Toxic ingestion/overdose
Agitation
Gastrointestinal hemorrhage
Patient transfer between
facilities
Patient transfer for
investigation
Bronchoscopy
Pulmonary toilet

Pneumonia
Pulmonary hemorrhage
Pulmonary aspiration
Foreign body retrieval

Shock

Application

Airway trauma
Head trauma with
compromised level of
consciousness

Procedure facilitation

for EETI in critically ill patients include: airway protection, the provision of oxygenation and ventilation, the
facilitation of procedures, pulmonary toilet, and shock
states (see Table 1).
Airway protection includes patients with decreased
level of consciousness in whom protective airway reflexes
are impaired, and are thus at risk for aspiration. EETI
may also protect a threatened airway from obstruction
that may occur with an expanding neck mass, laryngeal
injury, or airway burns. In critically ill patients with respiratory failure, EETI is used for oxygenation and ventilation. Compared with spontaneous respiration, positive
pressure ventilation is associated with decreased oxygen
utilization and improved left ventricular performance.
Thus, EETI with mechanical ventilation is often utilized
in various shock states due to this favorable hemodynamic
profile.

Septic shock
Cardiogenic shock

Planning
Despite the necessity of expedient airway control in critically ill patients, EETI should be approached in a methodical and systematic fashion to minimize operator error and
patient adverse events. Healthcare providers should rapidly
plan their approach to EETI based on patient assessment,
physical environment (including available resources), and
physician’s expertise [2]. Planning should consider patient
optimization, the assembly of appropriate personnel, rescue airway techniques in the event of difficult EETI, and
the management of peri-intubation AEs.
If possible, patients should have a thorough airway
history and physical examination for predictors of difficult
EETI (see Table 2). This should include an assessment of
the patient’s external anatomy (beard, short neck, prominent chin, obesity) and internal oralpharyngeal anatomy.
Unfortunately, physical examination features may be
unreliable in predicting a difficult intubation in any
given patient. Furthermore, physical examination features
have not been validated in the critically ill patient population. Thus, the physician must be prepared to manage an

Tracheal Intubation in Acute Procedures. Table 2 Patient assessment in EETI
Assessment

Favorable

Unfavorable

Mallampati score

1 or 2

3 or 4

Cervical spine mobility

Full range of flexion or extension

Limited flexion or extension

Interincisor distance

>2 finger breaths or 3 cm

2 finger breaths or <3 cm

Thyromental distance

3 finger breadths or 7 cm

<3 finger breaths or <7 cm

Tracheal Intubation in Acute Procedures

unanticipated difficult airway regardless of the physical
examination.
Although many techniques are available for EETI,
a paramount basic decision which should be addressed
early in the planning phase of EETI is whether the airway
should be secured while maintaining spontaneous ventilation (termed “awake intubation”), or facilitated with neuromuscular blockade. Generally, the latter is performed in
the context of a rapid sequence intubation (RSI).

Planning Awake/Spontaneous Respiratory
Effort Intubation
If history and/or patient physical examination is suggestive of a potentially difficult intubation, then an awake
intubation may be considered, time permitting. The components of an awake intubation include appropriate local
airway anesthesia, along with judicious use of sedative
medications. Sedative medications may be omitted if the
patient has severe cardiopulmonary compromise, or
impending airway obstruction. Airway anesthesia can be
achieved with a variety of airway blocks, or topicalization
with local anesthesia.

Planning Rapid Sequence Intubation
Raid sequence intubation is a common intubation
method utilized in EETI, and involves the administration
of sedative and paralyzing medications in order to rapidly
intubate a patient’s airway. Most patients requiring EETI
are generally not fasted and should be considered having
a “full stomach,” which increases the risk of pulmonary
aspiration of gastric contents. The time at highest risk for
pulmonary aspiration is between administration of sedative medication until the endotracheal tube is placed, and
its cuff inflated, in the trachea. The goal of RSI is to
minimize this time at risk. For an RSI, medications are
usually divided into pretreatment, induction, and muscle
relaxation (see Section “Medications Utilized Rapid
Sequence Intubation”).

Planning the Assembly of Appropriate
Personnel
If possible, EETI should not be performed by a sole
healthcare member. A physician skilled in EETI, in conjunction with a respiratory therapist and/or nurse
should be ensured so that healthcare team members
can focus on specific tasks. In addition, depending on
the clinical situation, individuals with more advanced
airway management skills may be sought. EETI should
be performed by the most experienced clinician available, in an attempt to maximize success and minimize
the incidence of AE.
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Planning of Rescue Techniques in the Event
of Difficult EETI
Due to the emergent nature, and therefore anticipated
difficulty of EETI, healthcare providers should ensure
that a “rescue/backup” or alternative EETI plan is in
place. This may include a laryngeal mask airway (LMA),
Bougie, or other equipment used to aid successful endotracheal intubation (see Section “Rescue Methods”). At
least one rescue technique, and possibly more, should be
immediately available as difficulty can arise unexpectantly
in any emergency ETI.

The Assembly of Intubation Equipment
It is useful to have a standard intubation bundle or kit
available for emergent endotracheal intubations. Table 3
lists possible equipment that may be present in such
a bundle. Airway bundles should be checked on a regular
basis to ensure that appropriate equipment is readily
available for EETI.

Patient Optimization
Despite the crisis situation often surrounding EETI,
a patient’s physiologic state should be optimized as much
as possible prior to intubation. Patients should be oxygenated with the application of high-flow oxygen by facemask
or by the using NIPPV. Intravenous access (preferably two
large-bore intravenous catheters) allows for rapid volume
expansion and the administration of medications. If time
permits, arterial line placement for beat-to-beat monitoring
of blood pressure may be useful in the early recognition of
peri-intubation hemodynamic instability, and the placement of a central venous catheter for intravenous fluid
and medication administration may be considered. In addition to intravascular fluid resuscitation, the use of vasopressor mediations administration in the peri-intubation
period may minimize hemodynamic instability.

Medications Utilized in EETI
ETI is an extremely noxious procedure due to stimulation
of protective laryngeal reflexes that occur with manipulation of the airway. This may result in patient coughing,
aspiration of gastric contents, and increased pleural pressures. Furthermore, EETI is associated with sympathetic
stimulation, which can lead to hemodynamic instability,
including tachycardia with resultant myocardial ischemia.
Medications that provide analgesia and amnesia are
used to facilitate EETI. However, many of the medications
which are available have adverse hemodynamic consequences that may limit, if not preclude, their use in critically ill patients. Thus, many factors must be considered
in the decision of medication use during EETI.
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Tracheal Intubation in Acute Procedures. Table 3 Common
equipment for an “airway bundle” or “airway kit”

Medications Utilized in Rapid Sequence
Intubation

Suction equipment (tonsil
suction catheter)

For RSI EETI, medications are usually divided into pretreatment, induction, and muscle relaxation.

Bag-valve-mask (connected
to oxygen supply)

Pretreatment Medications

Functioning laryngoscope
Multiple laryngoscope
blades

Curved, straight, other

Endotracheal tube of various Commonly size 7.0–8.0 on
sizes with functioning
adults. Should have both
balloon
larger and smaller sizes
available
Syringe for ETT balloon
insufflation
Magill forceps
Nasal and oral Airways
Drugs to facilitate EETI
Endotracheal tube stylet
(malleable)
End-tidal CO2 detector
Topical anesthetic spray
(lidocaine)
Mechanism to secure ETT in
place
Oral and nasal airways
Adjuvant airway equipment
(LMA, gum-elastic bougie)

See Section “Rescue
Methods”

Spare batteries
Syringe to inflate
endotracheal tube cuff
Headrest for patient
positioning
Stethoscope

Medications Utilized in Awake/Spontaneous
Respiratory Effort Intubation
For intubation in patients with spontaneously respiratory
effort, topicalization is favored for its ease and speed of
onset. During topicalization, patients are encouraged to
breathe deeply to promote glottic and subglottic delivery
of local anesthetic. Sedatives should be utilized judiciously
as they can result in respiratory depression, particularly in
patients who are in respiratory distress. Furthermore,
a synergic effect of respiratory depression can be seen with
the combination of drug classes such as opioid and benzodiazepine medications. Thus, small doses of midazolam
(0.5–1 mg IV) in titrated doses may be considered.

Pretreatment medications are used depending on the clinical
circumstances and generally include opioids (e.g., fentenyl)
and possibly intravenous lidocaine (see Table 4). Fentenyl
may be used to blunt the hypertensive response to EETI
and are often reserved for patients who are hemodynamically stable.

Induction Medications
Induction agents include propofol, ketamine, and
etomidate (see Table 4). Propofol (a non-barbiturate hypnotic) can be problematic in the emergent intubation due
to its peripheral vasodilatory and negative inotropic
effects, which can result in significant hemodynamic instability. These effects are exacerbated in patients who are
hypovolemic, or who have preexisting cardiovascular disease. Etomidate (a non-barbiturate hypnotic) is associated
with improved hemodynamic stability compared to
propofol, even in patients who are hypovolemic. However,
etomidate is associated with adrenal insufficiency for up
to 24 h following a single dose. This has lead to
a reluctance to use etomidate in patients who are critically
ill, particularly in the setting of severe sepsis or septic
shock. As such, there has been a renewed interest in
ketamine (NMDA receptor antagonist), which has similar
hemodynamic stability profile compared to etomidate,
but is not associated with adrenal insufficiency.

Muscle Relaxation
The final aspect of RSI is the administration of neural
muscular blocking agents (NMBM) (see Table 5). There are
two major classes: depolarizing (e.g., succinylcholine) and
non-depolarizing (e.g., rocuronium). NMBMs should
only be administered to patients following an amnesic
agent and should be used exclusively by clinicians facile
with advanced airway management. Succinylcholine is
generally the preferred agent due to its rapid onset time
(45 s) and short duration of action (approximately
6–8 min). Compared to succinylcholine, rocuronium at
1 mg/kg has a similar onset time, and provides comparable
intubating conditions, but has a much longer duration of
action. Contraindications to the use of succinylcholine
include: hyperkalemia (serum potassium  5.0 mEq/L),
malignant hyperthermia, severe burns older than 48 h,
prior stroke, spinal cord injuries, degenerative or dystrophic muscular diseases, and prolonged immobilization.

Tracheal Intubation in Acute Procedures
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Tracheal Intubation in Acute Procedures. Table 4 Common medications used to facilitate emergent endotracheal intubation
Drug

Class

Dose

Precaution

Midazolam

Benzodiazepine

0.02–0.20 mg/kg

Hypotension

Fentanyl

Opioid

0.5–3 mcg/kg

Respiratory depression

Etomidate

Hypnotic

0.20–0.30 mg/kg

Adrenal sufficiency

Propofol

Hypnotic

0.3–1 mg/kg

Hypotension
Myocardial depression
Respiratory depression

Ketamine

NMDA receptor antagonist

0.5–2 mg/kg

Increase ICP
Increase airway secretions
Emergence reactions

Lidocaine (IV)

Anesthetic

1–2 mg/kg

Seizures
Hypotension
Arrhythmias
Tinnitus

Lidocaine (topical)

Topical anesthetic

Maximum 5 mg/kg

Seizures
Hypotension
Arrhythmias
Tinnitus

Tracheal Intubation in Acute Procedures. Table 5 Commonly used paralytic medications
Drug

Class

Dose

Precaution

Succinylcholine

Depolarizing NMBM

1.0–2.0 mg/kg

Hyperkalemia
Increased intagastric pressure
Increased ICP
Malignant hyperthermia

Rocuronium

Non-depolarizing NMBM

0.6–1.2 mg/kg

Allergic reactions

Methods of Intubation
The goal of endotracheal intubation is to place the endotracheal tube through the glottic opening with its end
distal to the vocal cords. This can be done either through
the nasal passage or oral pharynx, although the latter is
generally preferred in emergent situations. The most common method for EETI is direct laryngoscopy [3]. A curved
laryngoscope blade is inserted into the right side of the
patient’s mouth and used to sweep and elevate the tongue
anteriorly (see Figs. 1 and 2). This allows direct visualization of the vocal cords at which point the styleted endotracheal tube is placed through glottis. The endotracheal
tube balloon is then inflated with air until no audible leak
is detected (usually 3–5 mL).
The ability of the laryngoscope to adequately displace
soft tissue in order to visualize the vocal cords is dependent on patient positioning, anatomy, and operator skill.

However, in some patients, direct visualization may be
difficult, if not impossible. Although external laryngeal
manipulation may be useful in this situation, alternate
intubation techniques may be required (see Section “Rescue
Methods”).
Optimal patient positioning in the “sniffing” position
is crucial for direct laryngoscopy (see Fig. 3). The sniffing
position consists of forward flexion of the neck with
extension at the atlanto-occipital joint. This can usually
be achieved by elevating a patient’s head with a pillow or
sheet so that the tragus of the ear is at the same level of the
patient’s sternum.
Confirmation of successful endotracheal intubation
should be a standard procedure after EETI, as unrecognized
endotracheal tube malposition may be fatal [1–3].
Although equal breath sounds at the lung bases with
a lack of breath sounds over the stomach supports
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Tracheal Intubation in Acute Procedures. Figure 1 Airway
anatomy in supine position

Tracheal Intubation in Acute Procedures. Figure 3 Insertion
of laryngoscope blade into the oropharynx

Rescue Methods
Many alternate methods are available for use as either the
primary approach to EETI, or as a rescue technique for
a failed or difficult intubation [1–3]. Although each
option has advantages depending on the clinical situation,
skill acquisition is required and thus should not be used
for the first time by a practitioner in an emergency situation (see Table 6)

Tracheal Intubation in Acute Procedures. Figure 2 Sniffing
position for optimal EETI

endotracheal placement, alternative confirmatory test
should be employed. End-expired CO2 detection may be
the most reliable method available. However, this can also
be misleading as end-tidal CO2 may be absent despite
endotracheal tube placement in the setting of cardiac
arrest. Conversely, CO2 may be detected if priori gastric
insufflation has occurred. As such, clinicians should have
a high index of suspicion for tube malposition. Finally
intubation of a mainstem bronchus may be avoided by
ensuring equal breath sounds on auscultation and by
confirming placement on a post-ETI chest x-ray.

(a) The Gum-elastic bougie is a 60 cm endotracheal
tube introducer whose tip is angled at 35 . The
bougie is initially placed in the trachea and then an
endotracheal tube is placed on top of the bougie,
which guides the tube into the trachea. The bougie is
useful in situations where there is poor glottic visualization, or small glottic aperture (e.g., swelling,
mass). Confirmation of endotracheal placement
can be achieved by feeling the tracheal rings as the
bougie makes contact with the inside of the trachea,
or encountering resistance when mainstem bronchi
is encountered.
(b) The Fiberoptic bronchoscopy is a commonly utilized
technique for an awake intubation. This technique
is facilitated by airway patency in a spontaneously
ventilating patient, because there is no mechanism
to separate tissues compared to other intubation
techniques. Following patient preparation, which
includes airway topicalization and the judicious use
of sedation medication, the bronchoscope is guided
through the nasal or oral pharynx until the glottis is
visualized, and then behind the epiglottis and

Tracheal Intubation in Acute Procedures
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Tracheal Intubation in Acute Procedures. Table 6 Rescue techniques for EETI
Rescue technique

Pro

Con

Gum-elastic bougie

Easy to use

Often blindly inserted and need to
ensure placement in trachea

Fiberoptic bronchoscope

Allows intubation when spontaneous
ventilation required. Allows intubation
with minimal neck movement

Advanced airway training required.
Limited usefulness when blood present
in the airway
Preoxygenation difficult

The lighted stylet (Lightwand)

Useful in patients with limited mouth
opening. Minimal neck movement
required

Blind technique and can damage airway.
Moderate training required

Videolaryngoscope

Improved glottic visualization

Despite adequate visualization, may be
difficult to pass the endotracheal tube
through the vocal cords. Can be difficult
in patient with a small mouth

through the vocal cords into the trachea. Once the
carina is visualized, the endotracheal tube (which
has been preloaded on the bronchoscope) is passed
over the fiberoptic bronchoscope and positioned to
2 cm above the carina.
(c) The lighted stylet (Lightwand) is a malleable stylet
with a bright light on the end. The lightwand is
placed into the mouth and the tip is advanced
directly down the midline behind the tongue. Once
the tip of the endotracheal tube passes through the
glottis, a light can be appreciated externally in the
anterior neck, termed “transillumination.” If the tip
enters the esophagus, the light remains diffuse and
dull. The lightwand is associated with less cervical
mobility compared to direct laryngoscopy, and thus
some have advocated its use in patients with potential cervical spine injuries.
(d) The videolaryngoscope is an indirect rigid fiberoptic
laryngoscope with the camera mounted at the end
of an angled blade that transmits an image
displayed on a video screen. The blade of the
videolaryngoscope is inserted into the mouth in
the midline and guided down the back of the
tongue until the glottis is visualized. A styleted
endotracheal tube, which has been bent to
a similar angle of the videolaryngoscope blade itself,
is then inserted into the mouth and follows
a similar path to the videolaryngoscope. The tip of
the endotracheal tube can then be visualized on the
video screen and is positioned to enter the glottic
inlet. Once this occurs, the stylet is removed and the
tube is advanced into the trachea.

Tracheal Intubation in Acute Procedures. Table 7 Adverse
events associated with EETI
Local AEs

Airway trauma (teeth, oral
soft issue, vocal cord)
Bleeding
Esophageal intubation
Mainstem bronchus
intubation
Trismus
Pneumothorax
Aspiration of gastric
contents
Bronchospasm

Systemic AEs

Cardiac arrest
Dysrhymias
Myocardial ischemia
Hypotension
Elevated intracranial
pressure
Hypoxia
Hypercapnia

AE, adverse events

Adverse Events
Adverse events in the peri-intubation phase of EETI are
common compared to elective endotracheal intubations
[4, 5]. The reasons for these increased rates of AEs are
multifactorial, and include patient conditions, the lack of
time for planning, the skill of the intubator, and the
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resources available. However, every attempt must be made
to minimize these AEs, as critically ill patients have little
physiologic reserve, and procedure-related AEs may
decrease patient survival.
AEs may be classified as local and systemic. Generally,
systemic AEs are viewed as more important as patient
outcome (mortality and morbidity) may be negatively
impacted (see Table 7). However, local AEs also have the
potential to cause significant morbidity and mortality.
Patient death secondary to cardiac arrest during endotracheal intubation occurs at a rate of 0.5–2%. Other
significant adverse events associated with emergent endotracheal intubation include hypoxemia, arrhythmia, and
hypotension. Postintubation hemodynamic instability is
common in clinical medicine, and may be directly attributed to medications used in EETI.
Clinician’s responsible for EETI should view the avoidance of AEs during EETI as a priority. Patient stabilization
and optimization, in addition to the appropriate planning
of the EETI should reduce the incidence of AE. However,
AEs are likely to continue to be associated with EETI, as
this patient population is critically ill and emergent airway
control is a technically challenging procedure.
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Definition
Tracheostomy refers to an artificial airway established by
creating a channel from the skin to the trachea through
which a cannula is inserted. In contrast, access to the

airway at the level of the larynx via the cricothyroid membrane is called a cricothyrotomy. Two general techniques
for tracheostomy need to be distinguished:
● Surgical tracheostomy: Access to the trachea is
achieved by stepwise surgical dissection of all tissue
layers from skin to trachea. Finally, a U-shaped portion of the anterior tracheal wall is used to create
a tracheal flap which is sutured to the skin.
● Percutaneous tracheostomy (synonyms: puncture tracheostomy, dilational tracheostomy): Access to the
airway is achieved by puncturing the trachea with
a needle, inserting a guidewire, and then withdrawing
the needle. The puncture channel is then widened by
dilation with a certain device, and finally the cannula is
inserted over the guidewire.
Recent meta-analyses of randomized, controlled clinical
trials comparing surgical to percutaneous tracheostomy
in critically ill patients give evidence that both
technique do not differ significantly in terms of overall
complications [1].

Pre-existing Condition
Tracheostomy in the intensive care unit (ICU) is mainly
performed to establish a temporary airway in patients who
require prolonged ventilatory support. Less common
indications include the need for frequent bronchial toilet,
swallowing disorders, and persistent coma.
The procedure is usually performed at the patient’s
bedside in the ICU, thereby eliminating the risks associated with transport of a critically ill patient from the ICU
to the operating room. Contraindications for both, surgical and percutaneous, tracheostomy are summarized in
Table 1.
Because with percutaneous techniques the puncture
channel is only dilated instead of created surgically, it
closes almost immediately within the first few days after
tracheostomy once the cannula is removed. Immediate
reinsertion of the cannula is usually impossible, and endotracheal intubation needs to be performed to secure the
airway. A history of or expected difficulties with endotracheal intubation are considered absolute contraindications for percutaneous tracheostomy. Even weeks after
percutaneous tracheostomy, cannula exchange can be difficult and challenging. Patients who require a permanent
tracheostomy, and those who are sent to home care while
being tracheostomized, should therefore receive surgical
tracheostomy, which guarantees permanent and stable
access to the airway.
If a percutaneous tracheostomy technique is applied,
continuous endoscopic control of the entire procedure,
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Tracheotomy. Table 1 Contraindications for tracheostomy in
the ICU
Surgical tracheostomy
Emergency airway access
Uncontrolled coagulopathy
Elevated intracranial
pressure

Percutaneous
tracheostomy
Emergency airway access
Uncontrolled coagulopathy
Elevated intracranial
pressure
Difficult endotracheal
intubation
Age < 13–15 years (physical
stature should appear
“adultly”)
Unstable cervical spine
Need for permanent
tracheostomy
Unidentifiable anatomic
landmarks

usually with flexible fiberoptic bronchoscopy, is mandatory to confirm:
● Tracheal puncture in midline (between 11 and
1 o’clock is acceptable)
● Intratracheal placement of the guidewire
● Adequate dilation of the anterior tracheal wall
● Integrity of the posterior tracheal wall
● Correct intratracheal position of the cannula
Although some studies suggest that percutaneous tracheostomy done without endoscopic control is equally safe,
a meta-analysis found a significantly increased risk for
perioperative complications if the procedure was
performed without endoscopic control [2].
Percutaneous tracheostomy must not be performed
without clear identification of anatomic landmarks.
These include the cricoid and thyroid cartilages as
well as the first two tracheal rings. It must be assured
by appropriate measures (e.g., diaphanoscopy, digital
palpation, endoscopy) that the trachea is punctured
distally of the first tracheal ring. Tissue dilation and
subsequent cannula placement either at the subcricoid
level, through the cricothyroid membrane, or the cricoid
cartilage itself may result in inflammation of the
cricoid cartilage with subsequent scarring. As scar formation means shrinking of the respective tissue, the
circumferential cricoid cartilage may narrow the airway
and produce severe subglottic stenosis. Any injury to the
cricoid cartilage during tracheostomy must therefore be
avoided.
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Application
Regardless of the technique used, the patient is in supine
position with his neck slightly extended. Controlled
mechanical ventilation with 100% oxygen is used. Muscle
relaxation should be performed during any tracheostomy
procedure to avoid coughing or gagging during airway
manipulation, which may result in serious airway injuries.
The surgical field is cleansed and draped in a typical
manner.

Surgical Tracheostomy
First, a skin incision is made along the relaxed skin tension
lines between sternal notch and cricoid cartilage. The
infrahyoid muscles are divided in midline by a vertical
incision, as is the thyroid isthmus. The cricoid cartilage
is then elevated with a hook. A tracheal incision is usually
made through the second and third tracheal rings to create
an inferior-based flap, which is sutured to the inferior skin
margin. The procedure concludes with insertion of the
tracheostomy cannula and concomitant withdrawal of
the endotracheal tube.
To avoid the risk of cuff damage, the endotracheal
tube should be pulled back to the glottic region
before incision of the trachea. Despite this protective
maneuver, cuff damage is common during surgical
tracheostomy.

Percutaneous Tracheostomy
All techniques for percutaneous tracheostomy are based
on Seldinger’s technique. After confirming a good glottic
view by direct laryngoscopy, the endotracheal in place is
either pulled back to the level of the glottic opening, or
removed and a laryngeal mask airway placed instead. The
trachea is then punctured, and a guidewire is advanced
into the tracheal lumen. Afterwards, the trachea is dilated
in one or multiple steps in either antegrade or retrograde
direction, and a cannula is finally inserted. The methods of
dilation and cannula insertion are mainly what distinguishes the different techniques. Table 2 gives an overview
of the principal technical properties of the different systems currently in use, the most recent technique being
illustrated in Fig. 1.
During the last 20 years, research efforts in the field of
percutaneous tracheostomy concentrated on the modification of the crucial steps of tissue dilation and cannula
placement. Single-step dilation techniques have become
the most popular. Despite the interest in all the different
techniques, there is at present little strong evidence to
suggest one technique is inherently safer than another
either in the short or longer term.
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Tracheotomy. Table 2 Currently available techniques of percutaneous tracheostomy
Technique and year

Characteristics

Manufacturer

PDT (percutaneous dilational
tracheostomy), 1985

Antegrade, multistep dilation with up to Cook Inc., Bloomington, IN, USA
seven dilators

GWDF (guidewire dilating forceps), 1990 Antegrade, two-step dilation with
modified Howard-Kelly forceps

SIMS Portex Ltd., Hythe, Kent, United
Kingdom

TLT (translaryngeal tracheostomy), 1997 Retrograde, single-step dilation with
a cone-cannula device

Covidien plc, Loughlinstown, Co. Dublin,
Ireland

CBR (Ciaglia Blue Rhino), 1999

Antegrade, single-step dilation with
a conically shaped, hydrophylically
coated dilator

Cook Inc., Bloomington, IN, USA

PercuTwist, 2002

Antegrade, single-step dilation with
a self-cutting screw

Willy Rüsch GmbH, Kernen, Germany

Ciaglia Blue Dolphin, 2008 (see also
Fig. 1)

Antegrade, single-step dilation with
a fluid-filled balloon

Cook Inc., Bloomington, IN, USA

Tracheotomy. Figure 1 Ciaglia Blue Dolphin technique: soft
tissues and trachea are dilated by means of a fluid-filled
high-pressure balloon at 11 atm

Tracheostomy Timing
A controversial discussion about the “optimal” timing of
a tracheostomy in critically ill patients is ongoing for
decades, yet no evidence-based recommendations exist
to date. A consensus conference statement in 1989 was to
perform early tracheostomy, that is, within the first few
days of endotracheal intubation, when the need for an
artificial airway was initially foreseen to exceed 21 days.
If the duration of endotracheal intubation was predicted
to be less than 10 days, the conference members
recommended not to perform tracheostomy at all. The
need for tracheostomy should be evaluated on a daily basis
in the remaining patients.

In 2004, Rumbak and colleagues randomized 120
medical ICU patients projected to need mechanical ventilation longer than 14 days to either early (within 48 h) or
late tracheostomy at days 14–16. The early tracheostomy
group showed significantly less mortality, pneumonia, and
spent significantly less time in the ICU and on mechanical
ventilation [3]. Griffiths and colleagues, in a meta-analysis
of five randomized controlled clinical trials comparing
early versus late tracheostomy in critically ill patients,
found some beneficial effects of early tracheostomy
regarding length of both mechanical ventilation and ICU
stay [4]. Nevertheless, data regarding tracheostomy timing
are rare, the terms “early” and “late” are not uniformly
defined, and the cohorts studied are too small to draw
definitive conclusions. Until significantly more data
become available, the indication for and timing of tracheostomy in the ICU will largely remain an individual decision based on personal preferences, institutional policies,
and “belief,” rather than an evidence-driven standard
operating procedure.

Complications
At the time when percutaneous techniques for tracheostomy were not yet available, surgical tracheostomy in
the ICU was frequently associated with serious, even
fatal complications, for example, significant tracheal stenosis, mediastinitis, stomal infection, and pneumonia.
In contrast, the risk of infectious complications after percutaneous tracheostomy is almost zero. Because the stoma
is only dilated, tissue tension against the cannula seems to
seal and entirely separate the lower airway from the skin.
There is no communication between body surface and
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Late Outcome
The number of patients who underwent late outcome
examinations after percutaneous tracheostomy is still
low, and for some techniques no late outcome data are
available at all. Significant tracheal narrowing of more
than 50% was detected in less than 1% of the patients
undergoing late outcome examinations at least 6 months
after decannulation. The degree of stenosis described in
the remaining patients was less than 50% at all times, and
in most cases less than 30%. Because clinical symptoms –
shortness of breath at rest or exercise, cough and stridor –
are unlikely to occur unless the degree of stenosis exceeds
75%, most of these findings were of minor clinical importance. Finally, the question whether post-tracheostomy
tracheal stenosis was primarily caused by the tracheostomy itself, previous endotracheal intubation, the endotracheal tube or tracheostomy cannula cuff, or
a combination of these factors, remains unanswered in
all such clinical outcome studies.

Cross Reference
▶ Tracheostomy
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Synonyms
Percutaneous tracheostomy; Tracheotomy

Definition
An operation or procedure to make an opening into the
trachea to provide an artificial airway. Although strictly
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speaking, there is a difference between the words tracheostomy, meaning creation of a stoma or more permanent
opening and tracheotomy, which is a more temporary
hole, these terms are often used interchangeably. Tracheostomy is one of the oldest surgical procedures having
been performed for over 3,500 years. The present text
will not address the use of surgical airways such as
cricothyroidotomy or jet ventilation.

Pre-existing Condition
Placement of a tracheostomy is usually an elective procedure and there are generally four reasons to place
a tracheostomy. These are: to relieve upper airway
obstruction (due to tumor, surgery, trauma or infection),
to prevent laryngeal and upper airway injury due to
prolonged tracheal intubation, to provide access to and
protect the lower airway from aspiration, and to provide
a stable airway for patients requiring prolonged mechanical ventilation or oxygenation support. Although there
are no randomized studies to support the first indication,
this was the reason one of the first emergency tracheostomies which was performed on the battle field in antiquity
and remains a common indication today.
Protection of the larynx from prolonged intubation is
an important reason to perform a tracheostomy, and to
consider early provision of this surgical airway. Vocal cord
edema and damage, laryngeal mucosal erosions, laryngeal
scaring and stenosis, and recurrent laryngeal nerve damage from intubation can lead to permanent disability and
are often very difficult to repair. Direct laryngeal examination demonstrates marked changes within several days
of intubation and gradual improvement after the tube is
removed from the larynx [1]. Patients experience discomfort with persistent translaryngeal intubation and are
more comfortable following tracheostomy [2]. Besides
protecting the larynx, early tracheostomy may shorten
duration of mechanical ventilation (due to the need for
less sedation) and ICU and length of hospital stay. Patients
requiring only extended mechanical ventilation or airway
support can often be safely moved to a less intensive care
environment once a tracheostomy is in place. This is
because if the tube becomes dislodged, no special equipment or skills are needed to replace it. After the stomal
tract has matured, usually within 3–7 days, the tube can
usually be easily reinserted without problem. It is often
clinical practice to electively change a tracheostomy tube
after a week or two to assess the stability of the tract and
reduce the likelihood of difficulty at reinsertion should the
tube inadvertently become dislodged later. Earlier movement of a patient from the intensive care unit remains the
major demonstrable benefit of tracheostomy [3].

There was hope that the incidence of ventilator associated pneumonia (VAP) would be decreased by early
tracheostomy as laryngeal competence could recover and
lessen the microaspiration believed to contribute to the
development of this problem. Reported data is mixed in
this regard – some studies have suggested a reduced VAP
rate while others indicate an increase in lower respiratory
tract infections following tracheostomy. Overall, if there is
an influence on VAP by from tracheostomy, it is small.
With advances in treating the critically ill, more patients
are requiring prolonged airway intubation and respiratory
support.
In the past, it was recommended that if intubation is
projected to be longer than 3 weeks, tracheostomy should
be considered at that time. Current recommendations are
that the decision of when to perform a tracheostomy
should be individualized by the patient and the disease
process. The decision of when to perform a tracheostomy
should be made by balancing the patient’s wishes, the
expected recovery course, the risks of continued
translaryngeal intubation, and risks of the tracheostomy.
Because tracheostomy offers several important patient
benefits over continued translaryngeal intubation, including improved comfort, better oral hygiene, improved
communication, better opportunity for oral feeding, and
easier, safer nursing care, it should not be inordinately
delayed. Additional benefits may accrue due to the need
for less sedation and analgesia, and the lower work of
breathing through the tracheostomy tube which may facilitate the weaning process [4].
The primary reason to place a tracheostomy is to avoid
the complications of prolonged translaryngeal intubation
which include dental damage, sinus obstruction, sinus
infection, mouth injury, laryngeal trauma, cricoid cartilage damage, tracheal injury (from cuff and tube tip),
and ventilator VAP. Accidental extubation with airway
loss and tube occlusion are additional risks of prolonged
translaryngeal intubation. These latter, potentially lethal
risks are believed to be less likely with tracheostomy. The
risks of continued translaryngeal intubation need to be
balanced with the acute surgical risks of performing tracheostomy and its long-term complications. One of the
serious problems of balancing the risks and benefits of
tracheostomy is that all studies of tracheostomy outcomes
include a variable period of translaryngeal intubation
prior to placement of the tracheostomy. This makes separation of contributions to risk from each device impossible. The risks of translaryngeal intubation undoubtedly
increase with duration, however, the magnitude and speed
of this increase is influenced by the patient, disease process, and environmental factors. Thus, when to perform
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a tracheostomy continues to be debated. Optimal timing
(early vs. late tracheostomy) remains controversial.
Most of the randomized controlled trials examining
early tracheostomy have not demonstrated any effect on
mortality with early tracheostomy. Rumbak et al. [5] did
demonstrate lower mortality and pneumonia rates, but
this trial was conducted on a very select group of critically
ill medical ICU patients and the prediction method for
identifying the need for prolonged intubation was not
specified. A few trials have shown improvements in other
outcomes including duration of mechanical ventilation
and time in the ICU, but these studies contained significant design limitations and did not indicate or control
their methods for ventilator weaning. The meta-analysis
by Griffiths et al. [6] suggests a reduction in these outcomes as well, but included trials had significant heterogeneity in inclusion and exclusion criteria, definition of
early tracheostomy, and study quality. These issues limit
the external validity of this literature and make its direct
application to a general ICU population impossible.

Application
There are two general ways to perform a tracheostomy.
These are direct neck dissection with surgical incision and
placement (surgical tracheostomy – ST) and percutaneous
dilation techniques (PDT). In high-risk patients needing
tracheostomy, it was believed that ST was the safest
approach. However, accumulating evidence suggests that
PDT may offer benefits in patients deemed to be at high
risk. Patients with morbid obesity, coagulopathy, and
those having a repeat procedure should now be considered
candidates for PDT in experienced hands [7, 8, 9]. Experience of the clinician and the care team should dictate
the specific choice of technique. Collaboration among
experts from various disciplines is helpful for the best
patient outcomes. Bronchoscopic-directed PDT (using
any of the several techniques described below) is rapidly
replacing routine ST in most settings. Should a long-term
complication such as tracheal stenosis occur, early
involvement of an experienced thoracic surgeon or head
and neck surgeon is imperative for good outcome.

Surgical Tracheostomy
ST is usually performed in the operating room on a patient
with local or under general anesthesia, but it may be
performed at the bedside in the intensive care unit as
well. The airway has usually been secured with a cuffed
endotracheal tube; however, patients with partially
obstructing pharyngeal or laryngeal lesions may undergo
tracheostomy with light (or no) sedation and local anesthesia. As with any elective surgical procedure, proper
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attention to sterile technique and positioning are essential
for success and safety. The patient’s torso is raised with
a shoulder or spine roll and the head is placed in extreme
extension (unless cervical disease or injury is present).
This elevates the larynx and exposes more of the upper
trachea. Prophylactic antibiotics specific for skin pathogens may be administered 30–60 min prior to the procedure to reduce the likelihood of a wound infection.
The skin from the chin to below the clavicles is sterilely
prepared, preferably with a solution containing chlorhexidine. If excessive facial hair is present, it should be
removed with electric clippers or controlled and directed
out of the operative field. Sterile drapes are placed, creating an opening from the top of the larynx to the
suprasternal notch. Local anesthesia with a vasoconstrictor is usually infiltrated into the skin and deeper tissues to
reduce the amount of bleeding and improve the anatomical visualization during the procedure. The skin over the
second tracheal ring is identified by palpation, and
a vertical incision between 2 and 3 cm in length is created.
Care to avoid cutting deeper than the subcutaneous tissues
must be exercised to avoid lacerating the thyroid isthmus
or a large neck vein. Intraoperative use of ultrasound may
improve safety and reduce the incision size by identifying
the tracheal anatomy and overlying structures prior to
incision. Sharp dissection is used to cut across the
platysma muscle, with bleeding controlled by hemostats
and ties or electrocautery. Blunt dissection parallel to
the long axis of the trachea is then used to spread the
submuscular tissues until the thyroid isthmus is identified.
If the gland lies superior to the third tracheal ring, it can be
bluntly undermined and retracted superiorly to gain
access to the trachea (Fig. 1). If the isthmus overlies the
second and third ring of the trachea, it must be mobilized
and either a small incision made to clear a space for the
tracheostomy (Fig. 2) or complete transection of the isthmus must be accomplished (Fig. 3) to achieve safe tracheal
entry. Blunt dissection is continued longitudinally
through the pretracheal fascia, and the desired ring (usually the second ring) is identified.
Tracheal entry can be made in one of two ways: complete removal of the anterior part of one of the tracheal
rings can be used to create a tracheal hole for the tube
insertion, or a flap made from the cut ring can be sutured
directly to the skin can be used to stabilize the soma. In the
ring-removal approach, the ring above is lifted with
a tracheal hook and two circumferential sutures are placed
laterally around the ring to be cut. The portion of ring
between the secured sutures is then cut and removed,
leaving a hole in the anterior tracheal wall for the tracheostomy tube. The sutures are left in place and used to
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Tracheostomy. Figure 2 Retraction the thyroid gland
superiorly to reveal the third or fourth tracheal ring
(Reproduced from Durbin CG Jr. (2005) Techniques for
performing tracheostomy. Respir Care 50(4):488–496.
With permission)

Tracheostomy. Figure 1 Undermining the thyroid isthmus in
preparation for tracheostomy tube insertion during surgical
tracheostomy (Reproduced from Durbin CG Jr. (2005)
Techniques for performing tracheostomy. Respir Care 50
(4):488–496. With permission)

provide counter traction on the trachea as the tube is
inserted into the tracheal lumen. This is illustrated in
Fig. 4. The ring sutures are left in place and brought out
of the wound. These can be used to secure the tracheostomy tube. They also may be used to identify the trachea
and reinsert an inadvertently dislodged tracheostomy tube
at a later time. After placement of a ST, the fistula tract is
not stable for at least 4–5 days, and a tube dislodged soon
after placement often cannot reliably be reinserted
through the fistula into the trachea. The ring sutures
may help reinsert the tube if this emergency occurs.
A second method for entry into the trachea involves
creating a tracheal wall flap which is sutured to the skin.
This is done by incising the fascia over the superior ring
and entering the trachea along its inferior margin. The
lower ring becomes the outer lip of the flap. Lateral cuts

Tracheostomy. Figure 3 Complete bisection of the thyroid
gland may be necessary to safely expose the area for the
tracheostomy placement (Reproduced from Durbin CG Jr.
(2005) Techniques for performing tracheostomy. Respir Care
50(4):488–496. With permission)

through the lower ring complete the sharp dissection. The
flap thus created is reflected downward and attached with
several sutures to the skin of the neck. This is shown in
Fig. 5. This fistula is truly a “stoma,” with tracheal mucosa
approximated to the skin. The stability of this tract is
believed to be superior to the ring resection-removal technique; however, no study has convincingly demonstrated

Tracheostomy

Tracheostomy. Figure 4 Complete resection of the anterior
part of the third tracheal ring creating the stoma. By leaving
two sutures in the trachea, mechanical stabilization of the
trachea during tube insertion is safely accomplished
(Reproduced from Durbin CG Jr. (2005) Techniques for
performing tracheostomy. Respir Care 50(4):488–496. With
permission)

Tracheostomy. Figure 5 A flap is created by cutting the
tracheal ring and incising the tracheal wall. Suturing this flap
to the inferior skin incision stabilizes the stoma (Reproduced
from Durbin CG Jr. (2005) Techniques for performing
tracheostomy. Respir Care 50(4):488–496. With permission)

this to be so. Replacement of the flap and ring at the time
of decannulation may reduce the incidence of tracheal
stenosis following tracheostomy.

Percutaneous Dilational Tracheostomy
As mentioned previously, an alterative to ST is PDT, which
has become a very common method of placing a
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tracheostomy in critically ill patients in the intensive care
unit. It is rapid, simple, easy to learn, and cost-effective.
While it seems superior to ST in some respects, some
studies suggest a higher incidence of short-term but
important problems with PDT [10]. Long-term problems
such as scar development, tracheal cutaneous fistula, local
infection, and tracheal stenosis may be less following PDT,
but more data are needed to fully quantitate these
issues [11].
There are several methods of performing PDT, the
most common is that of Ciaglia, in which a guide wire is
placed between the first and second or second and third
tracheal rings, and a series of increasing sized tapered
plastic dilators are inserted over the guide wire until
a stoma of sufficient size to accommodate the desired
tracheostomy tube is created [12]. PDT is usually
performed under deep sedation or anesthesia, can be
done in the intensive care unit or operating room, and
requires neck extension and use of a sterile field. Whether
prophylactic antibiotics are required when performing
PDT is not known. While some clinicians continue to
perform PDT blindly, most have adopted a technique of
observing and directing the needle and wire placement,
using fiberoptic bronchoscopy. This can optimize anterior
and midline entry and may prevent injury of the membranous part of the tracheal wall.
In order to visualize the upper rings of the trachea with
the bronchoscope, the endotracheal tube must be withdrawn until the tip is in the larynx. This creates
a substantial gas leak, as the cuff is no longer in the trachea.
Patients experiencing severe hypoxic respiratory failure
may deteriorate during this procedure and may benefit
from conversion to ST rather than persistence with PDT.
Patients requiring a tracheostomy only for airway access or
protection often can have a laryngeal mask airway replace
the endotracheal tube to provide the route for bronchoscopic visualization [13]. The view of the larynx is
unhampered by the endotracheal tube, making accurate
identification of the tracheal rings simple. The bronchoscopic view of the wire being placed, seen in Fig. 6, was
obtained this way. In Fig. 7 the tip of the dilator can be
seen passing over the wire. In addition to facilitating PDT,
bronchoscopy through a laryngeal mask airway often
reveals important pathology of the vocal cords which
would not be appreciated if the procedure were preformed
through a conventional ET tube.
An alternative to the sequential dilator technique was
developed by Griggs et al. [14], Using a tracheal spreader
modified to thread over the wire, this technique involves
forceps dilation to create the skin path and tracheal stoma.
As with the Ciaglia technique, the trachea is entered
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Tracheostomy. Figure 6 This bronchoscopic view allows the
entry point into the trachea to be accurately identified. Here is
seen the guide wire passing through the tracheal wall
between the first and second ring, precisely in the midline, and
diving inferiorly into the lung (Reproduced from Durbin CG Jr.
(2005) Techniques for performing tracheostomy. Respir Care
50(4):488–496. With permission)

between the chosen tracheal rings with an intravenous
catheter or a thin walled hollow needle. Aspiration of air
confirms tracheal entry although bronchoscopy is often
used to direct entry. The guide wire is threaded into the
trachea and used to advance the sharp-tipped dilating
forceps. Grigg’s device is spread and cuts the skin, soft
tissues, and the trachea creating a passage for the tracheostomy tube. Because of the blind nature and sharp dissection, tracheal injury and other complications may be
higher with this technique than with other PDT techniques [15].
With respect to complications, two of the more common complications of PDT are tracheal ring fracture and
posterior tracheal wall (membranous portion) injury. The
large amount of pressure needed to spread the tracheal
rings during dilation causes bending of the rings and is
believed to be a contributing factor to creating these
injuries. In order to prevent these injuries, Fantoni devised
a special tube with a tapered dilating tip that is placed
through the larynx and into the trachea [16]. It is then
pulled out (rather than pushed in) through the anterior
tracheal wall creating a stoma. The tip of the tube is cut off
and it is used as the tracheostomy tube. General anesthesia
with profound muscle relaxation is used because the special tube is inserted through a rigid bronchoscope which
provides tracheal protection and counter traction. This
requirement and the complexity of the procedure has
limited it acceptance and widespread use [17]. In addition,
the clinical impact of tracheal ring fractures is unknown
but is probably minimal.
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Transcranial Magnetic
Stimulation
▶ Electro-Neurophysiology

Transcutaneous CO2 Analysis
▶ Pulse Oxymetry and CO2 Monitoring

Trans-esophageal Doppler
▶ Esophageal Doppler
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Synonyms
EMTALA regulations; Transferring injured or critically ill
patients; Transfers

Definition

Transcatheter Arterial
Embolization
▶ Musculoskeletal Trauma, Pelvic Angioembolization

Transcatheter Embolization
▶ Musculoskeletal Trauma, Pelvic Angioembolization
▶ Renal Angioembolization

Transferring a critically ill or injured patient from one
institution to another has special significance. Common
sense and medical professional ethics demand that the
sending facility or agency must inform the receiving facility of their findings, interventions, and the physiologic
condition of the patient at the time of the transfer. There
also exist certain legal requirements in the transfer of
patients between facilities, and these legal requirements
may vary by state, region, or country.
In the USA, these legal requirements are most commonly addressed or referred to as EMTALA agreements, or
Emergency Medical Treatment and Labor Act of 1986, and
its subsequent rules interpretations. EMTALA is a US Act
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of Congress passed in 1986 as part of the Consolidated
Omnibus Budget Reconciliation Act (COBRA). It requires
hospitals and ambulance services to provide care to anyone needing emergency healthcare treatment regardless of
citizenship, legal status or ability to pay, although there are
no specific reimbursement provisions in the act. Patients
needing emergency treatment cannot be discharged unless
they agree to it, request a discharge, or when their condition requires transfer to a hospital better equipped to
administer the treatment.

Characteristics
One of the tenets of a regional trauma system is the
written agreement of hospitals that participate in
the trauma system to agree to transfers of appropriate
patients. Such transfer agreements, typically mandated
by the licensing of designating authority, are meant
to make the transition for one facility to another
smooth, and ideally, appropriately match a patients’
needs with the best resources available. Failure to abide
by such predetermined transfer agreements constitutes
a quality of care concern, and should prompt a regional
or interhospital review of the specifics involved. An
example of transfer agreement requirements in the
State of Washington, USA, is listed below, as of December 2009.
A facility with a designated trauma service must have:
1. Written transfer-in guidelines consistent with the
facility’s designation level and trauma scope of service.
The guidelines must identify the type, severity, and
complexity of injuries the facility can safely accept,
admit, and provide with definitive care.
2. Written transfer-out guidelines consistent with the
facility’s designation level and trauma scope of service.
The guidelines must identify the type, severity, and
complexity of injuries that exceed the resources and
capabilities of the trauma service.
3. Written interfacility transfer agreements with all
trauma services that receive the facility’s trauma
patients. Agreements must have a process to
identify medical control during the interfacility
transfer, and address the responsibilities of the
trauma service, the receiving hospital, and the verified prehospital transport agency. All trauma
patients must be transported by a trauma-verified
prehospital transport agency.
4. An air medical transport plan addressing the receipt or
transfer of trauma patients with a heli-stop, landing
zone, or airport located close enough to permit the

facility to receive or transfer trauma patients by fixedwing or rotary-wing aircraft.
In Washington state, the above administrative code
rules apply to all levels of trauma center status, both adults
and pediatrics.
The state rules for the transfer of trauma patients are
overridden by federal legislation that specifically applies to
any hospital with emergency rooms that receive federal
funds for healthcare via the Medicare acts. EMTALA
applies to “participating hospitals,” i.e., those that accept
payment from the Department of Health and Human
Services, Centers for Medicare and Medicaid Services
(CMS) under the Medicare program. However, in practical terms, EMTALA applies to virtually all hospitals in the
USA, with the exception of the Shriners Hospitals for
Children, Indian Health Service hospitals, and Veterans
Affairs hospitals. EMTALA’s provisions apply to all
patients, and not just to Medicare patients.
Medicare participating hospitals must meet the
Emergency Medical Treatment and Labor Act (EMTALA)
statute codified at }1,867 of the Social Security Act.
EMTALA requires hospitals with emergency departments to provide a medical screening examination to
any individual who comes to the emergency department
and requests such an examination, and prohibits hospitals with emergency departments from refusing to examine or treat individuals with an emergency medical
condition (EMC). The term “hospital” specifically
includes critical access hospitals, and would apply to
any hospital in a trauma system. The provisions of
EMTALA apply to all individuals (not just Medicare
beneficiaries) who attempt to gain access to a hospital
for emergency care of any nature, not just trauma. The
regulations define “hospital with an emergency department” to mean a hospital with a dedicated emergency
department (ED). In turn, the regulation defines “dedicated emergency department” as any department or facility of the hospital that either (1) is licensed by the state as
an emergency department; (2) held out to the public as
providing treatment for emergency medical conditions;
or (3) on one third of the visits to the department in the
preceding calendar year actually provided treatment for
emergency medical conditions on an urgent basis.
The enforcement of EMTALA is a complaint-driven
process. The investigation of a hospital’s policies/procedures and processes and any subsequent sanctions are
initiated by a complaint. If the results of a complaint
investigation indicate that a hospital violated one or
more of the antidumping provisions EMTALA,
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a hospital may be subject to termination of its provider
agreement and/or the imposition of civil monetary penalties. These penalties may be imposed against hospitals or
individual physicians for EMTALA violations.
Importantly, there are specific variations in EMTALA
and their interpretations that apply to hospitals that are
considered specialized centers of unique medical care.
A hospital that has specialized capabilities or facilities
such as burn units, shock-trauma units, neonatal intensive
care units, or, with respect to rural areas, regional referral
centers may not refuse to accept from a referring hospital
within the boundaries of the USA an appropriate transfer
of an individual who requires such specialized capabilities
or facilities if the receiving hospital has the capacity to
treat the individual.
A key feature of this provision of the EMTALA legislation is a statement that refers to specialized care hospitals including, but not limited to burn units, shocktrauma units, neonatal intensive care units, and rural
regional referral centers. This is largely interpreted as
saying lower levels of trauma centers (or neonatal centers
or burn centers, etc.) can freely transfer “up” to a higher
level of regional care from the emergency department,
but once the patient is admitted, interfacility transfer
agreements more directly apply. Hospitals must accept
appropriate transfer of individuals with an emergency
medical condition if the hospital has specialized capabilities or facilities and has the capacity to treat those individuals. The proviso is that the accepting hospital has the
ability to provide the care required, regardless of the
patient’s ability to pay for that care. However, if the
accepting hospital is full, has no available beds, or its
resources are at capacity, it is unclear how stringently this
rule applies.
The implication of this law is that hospitals with dedicated emergency departments are required to take the
following measures:
1. Post signs in the dedicated ED specifying the rights
of individuals with emergency medical conditions
and women in labor who come to the dedicated
ED for health care services, and indicate on the
signs whether the hospital participates in the
Medicaid program.
2. Maintain medical and other records related to individuals transferred to and from the hospital for
a period of 5 years from the date of the transfer.
3. Maintain a list of physicians who are on-call to provide
further evaluation and or treatment necessary to stabilize an individual with an emergency medical condition.
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Maintain a central log of individuals who come to the
dedicated ED seeking treatment and indicate whether
these individuals:
● Refused treatment
● Were denied treatment
● Were treated, admitted, stabilized, and/or transferred or were discharged
5. Provide for an appropriate medical screening
examination.
6. Provide necessary stabilizing treatment for emergency
medical conditions and labor within the hospital’s
capability and capacity.
It is specifically stated that hospital with emergency
departments cannot delay medical screening examinations and/or stabilizing treatment in order to inquire
about payment status.
In an effort to protect “whistleblowers,” the EMTALA
regulations also state that hospitals cannot penalize or take
adverse action against a physician because the physician
refuses to authorize the transfer of an individual with an
emergency medical condition that has not been stabilized
or against any hospital employee who reports a violation
of these requirements.
However, EMTALA does provide a way for hospitals to
transfer unstable patients. While the regulations on this
seem cumbersome, they are applied widely to trauma
patients. Hospitals with dedicated emergency departments can transfer an unstable patient to another medical
facility if:
1. The individual (or person acting on his or her behalf)
after being informed of the risks and the hospital’s
obligations requests a transfer.
2. A physician has signed the certification that the benefits of the transfer of the patient to another facility
outweigh the risks or
3. A qualified medical person (as determined by the hospital in its by-laws or rules and regulations) has signed
the certification after a physician, in consultation with
that qualified medical person, has made the determination that the benefits of the transfer outweigh the risks
and the physician countersigns in a timely manner the
certification. (This last criterion applies if the responsible physician is not physically present in the emergency
department at the time the individual is transferred.)
4. Provide treatment to minimize the risks of transfer.
5. Send all pertinent records to the receiving hospital.
6. Obtain the consent of the receiving hospital to accept
the transfer.
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7. Ensure that the transfer of an unstable patient is
effected through qualified personnel and transportation equipment, including the use of medically appropriate life support measures.
Interfacility transfers raise the question of liability of
the hospital and the providers sending the patients, as well
as those receiving the patients. The point at which the
sending hospital gives up legal responsibility of the patient
and the receiving hospital assumes responsibility may not
be clear. The sending hospital may send a patient with
emergency medical providers to the receiving hospital, or
the receiving hospital my effectuate the transfer with its
own staff or helicopter crew in order to ensure a seamless
transition. Transfer also can involve periods of joint consultation between staff at both hospitals over diagnostic,
treatment, and transfer decision. The allocation of responsibilities among the various parties can raise questions of
legal liability.
In general, a physician receiving a transferred patient is
not considered responsible for that patient until he or she
actually undertakes to treat the patient, even if the receiving physician consults with the sending physician regarding the patients’ care before the transfer. This precept is
supported by a policy statement from the American
College of Emergency Physicians regarding interfacility
transfers. This policy statement provides that sending
physicians are responsible for initial patient assessment
and determining the level of care for the patient during
the transfer, while receiving physicians are only responsible for ensuring that the receiving hospital is capable of
providing the necessary care.
The complexities multiply when the transporting
agency is affiliated or employed by a receiving hospital.
This is most often applicable where an aeromedical transport is affected by the receiving hospital. The transport
team members are not employees of the sending hospital
and may not have privileges to practice medicine at the
sending hospital. However, they may provide medical
treatment to the patient in preparation for the transfer
(e.g., intubation, iv access) while the patient is still under
the control of the sending hospital and prior to discharge.
Exactly who is liable in this circumstance is highly variable.
Malpractice liability and liability under EMTALA are
two different legal questions. If a patient is being transferred because the sending hospital is not capable of stabilizing the patient with the resources available there, the
hospital presumably will have satisfied EMTALS’s requirements that it provide the medical treatment within is
capacity and arrange for an appropriate transfer, with

agreement from the receiving hospital. However, the
treating physicians and the sending hospital may still be
legally responsible for the patient until the transfer is
complete, regardless of EMTALA.
These issues speak to the importance of the use of
contracts to clarify the relationships between providers
and hospitals and the duties that attend to that relationship. In particular, interfacility transfer agreements can
help establish the terms of the transfer in ordered to clarify
respective duties and methods for assuring the proper
execution of those duties.
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For a given solute/dialyzer combination, the KoA parameter is the maximal clearance attainable under a given set
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should be separated from the process of care issues. Certain physiological variables, such as incompletely resolved
respiratory and neurologic dysfunction, are associated
with an increased risk of unplanned ICU readmission,
despite highest available care provided in areas other
than the ICU. Perhaps more important are the issues
with continuity of care for complex ICU patients. The
quality of care on “the floor” may simply be too low for
these patients, and a higher acuity step-down or progressive care unit may be more appropriate. In addition,
awareness of ICU readmission risk and a better handover
process with overlapping rounds by outreach teams
may be necessary to prevent ICU readmission and its
consequences.

Patient-Related Factors
Recognition and Prediction

Definition
The field of intensive care medicine rapidly moves
forward with growing numbers of patients surviving
critical illness. Ultimately, patients surviving critical
illness are transferred to other ward areas. Depending
on individual patient needs and local policies (and/or
availabilities), intensive care unit (ICU) patients
are transferred to general care areas (“the floor”),
higher acuity step-down units or progressive care
departments.

Challenges with Transfer of Intensive
Care Unit Patients to Other Ward Areas
Unplanned or Unexpected ICU Readmission
Although most patients surviving critical illness no longer
require life-support interventions after ICU discharge,
4–10% of patients are reported to be readmitted to the
ICU [1]. Except in rare cases of staged surgical interventions, most of ICU readmissions are not planned [1].
Patients with unplanned ICU readmission have higher
mortality rates and longer length of stay than patients
who survive critical illness and stay out of the ICU after
transfer, even after adjustment for severity of illness, diagnoses, and comorbidities [1, 2].

Patient-Related Factors Versus Health Care
Delivery Factors
When evaluating the progression of ICU discharge to
unplanned ICU readmission, patient-related factors

Imbedded in the daily transfer populations are individual
patients who may clinically deteriorate in the coming
hours to days following ICU discharge. One complicating
factor is that the sometimes higher than recognized standards of care provided in the ICU may mask high demands
of these patients. Early recognition, preferably before
transfer, may allow for additional measures to prevent
clinical deterioration, and eventually ICU readmission.
In a prospective cohort study including 3,310 patients
who were at potential risk for deterioration after ICU
discharge, changes in patient’s severity of illness (as measured by admission, maximum and discharge Acute Physiology Scores), were compared between patients
readmitted to the ICU and those who stayed out of the
ICU after discharge [2]. Discharge Acute Physiology Score
was a strong predictor of readmission. Admission source
was another important and independent predictor of
ICU readmission: readmitted patients were significantly
more likely to have been admitted from “the floor” or
transferred from another hospital. Opposite (and not surprising) ICU admission for monitoring, at low risk for
active ICU treatment, as well as discharge with no resuscitate orders were associated with reductions in ICU
readmission.
In another analysis from a baseline population of
15,180 patients discharged from 30 intensive care units,
780 patients (5%) were readmitted [3]. In this analysis,
there was an inverse association between the elapsed time
following extubation until ICU discharge and the probability of readmission. The “lead time bias” (duration of
overall hospitalization and the ICU stay) have been associated with increased risk of ICU readmission in multiple
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studies, suggesting the disease complexity, the “chronicity” of critical illness, and issues with continuity of care as
important issues.

Decision Parameters for Transfer of ICU
Patients: from Objective Criteria to
a Definable Score
Critical care physicians vary decision parameters regarding who is “ready for transfer to other ward areas,” in part
because of absence of clear definitions of who is still
“critically sick” to suffice stay in the ICU. ICU discharge
criteria are often subjective and may not be reproducible –
even within the same unit these criteria could fluctuate
daily. Many practitioners rely on intuition and (subjective) clinical wisdom to determine who is “ready” (as
opposed to “safe”) to leave the ICU. Knowledge of which
patients are at risk for readmission, however, would enable
the transferring physician to postpone transfer or flag the
transferred high-risk patient to focus attention of the team
on “the floor.” Given the variety of decision parameters
regarding who is “ready” and “safe” to leave the ICU,
decisions based on objective criteria or a definable score
are more likely to be accurate than predictions based solely
on the experience and intuition of individual critical care
physicians.
In a recent prospective observational cohort study of
1,131 medical ICU patients, several risk factors were collected for unplanned readmission [4]. These factors
included: patient admission source (i.e., from the emergency department, transfer from a ward, or transfer
from an outside hospital); vital signs, other physiologic
variables and laboratory values at the time of intensive
care unit admission, and at the time of intensive care
unit discharge; patient functional status and requirements for specific nursing interventions at the time of
intensive care unit discharge (i.e., the ability to perform
activities of daily living; patient need for communications support; close observation requirements;
complexity of fluid management; complexity of medication management; complexity of pulmonary management; complexity of cardiovascular and neurologic
management; the need for preventive skin care; complexity of wound management; information, education,
and instructional needs of the patient; the need for
coping support by the patient; and the complexity of
care coordination). Univariate and stepwise, multivariate logistic regression was used to investigate the association between specific risk factors and ICU
readmission. These statistical methods also were used
to assign incremental, numerical weights to the gradations of the variables that made up the “Stability and

Workload Index for Transfer” (“SWIFT”) score. The
actual score employed only a small number of the
collected factors in order to estimate a probability of
unplanned readmission (calculated at the intended
time of unit discharge). The predictive elements of
the SWIFT score that were identified included: ICU
length of stay, patient admission source, Glasgow
Coma Scale score at the day of ICU discharge, PaO2/
FiO2, and the nursing demand for complex respiratory
care (Table 1). The SWIFT score predicted readmission
more precisely than the day of discharge APACHE III–
score.
It is important to outline the limitations of the SWIFT
score. While the units involved in the above-mentioned
study care for a broad cross section of critically ill patients,
it is uncertain if the findings are relevant to other,

Transfer of Patients to Other Ward Areas. Table 1 Decision
parameters for transfer of ICU patients – from objective criteria
to a definable score
The stability and workload index for transfer (SWIFT)
score calculation worksheet
Variable

SWIFT points

Original source of this ICU admission
● Emergency department

0

● Transfer from a ward or outside hospital
(any type of nursing care unit)

8

Total ICU length of stay (duration in days)
● <2

0

● 2–10

1

● >10

14

Last measured PaO2/FIO2 ratio (during this ICU admission)
● >400

0

● <400 and 150

5

● <150 and 100

10

● <100

13

Glasgow Coma Scale at time of ICU discharge
● >14

0

● 11–14

6

● 8–10

14

● <8

24

Last arterial blood gas PaCO2
● >45 mmHg

0

● <45 mmHg

5

Adapted from [4], see text for details
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specialized ICUs, and/or if regional differences in case-mix
or processes of care limit widespread applicability of the
score. Indeed, the SWIFT score performed better in the
North American medical ICU than in the European mixed
medical-surgical ICU. The high proportion of cardiac
surgery patients cared for in the latter ICU, with postoperative bleeding and cardiac arrhythmias being additional
common causes for unplanned readmission, is a possible
explanation of worse calibration of the model in the external validation cohort. Further investigations into the
influence of transfer scores on patient outcomes are
required.

Ward Areas Other Than “the Floor”
Quality and Quantity of Care on the Floor
Next to increasing early recognition of patients who may
need ICU readmission after transfer, critical appraisal of
local daily practice of transfer from the ICU to other ward
areas may optimize the process of transfer of ICU
patients. Quality and quantity of care on “the floor”
may simply be too low for patients after ICU discharge.
Examples include confused or delirious patients who
remove their “lines” or “tubes,” and then subsequently
fall behind on medication administration or other therapeutic interventions; or, patients who are unable to cooperate with respiratory care interventions like aerosol
administration, or noninvasive positive pressure mask
ventilation.

Wards Other Than “the Floor”
Use of higher acuity step-down or progressive care
units are suggested to prevent deterioration and ICU
readmission. At present, however, there is paucity of evidence whether transfer to such units indeed affects
readmission. A recent study of patients with severe sepsis
even suggests the opposite [5]. Although this study was
not performed to investigate the effect of transfer to stepdown units on ICU readmission, it showed an interesting
shift of mortality. While presence of a step-down unit was
not related to a difference of ICU mortality, it was related
to higher in-hospital mortality. Was transfer to a stepdown unit per se responsible for the higher mortality in
this study? It could be that changes in organization and
staffing that accompany the presence of a step-down unit
did not improve overall patient outcomes. It could also be
that the presence of a step-down unit leads to premature
patient discharge. Clearly, further investigations into the
influence of a step-down unit on patient outcomes, in
particular ICU readmission, are required.
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Handover Process
There is little evidence supporting the use of handover in
the transfer of ICU patients partly because of a paucity of
randomized controlled trial evidence on the best way to
transfer these patients. However, it sounds reasonable that
an adequate handover could increase the early recognition
of patients who may deteriorate after transfer to “the
floor” or to an higher acuity step-down or progressive
care unit. Both inter-physician and inter-nurse handovers
seem mandatory and should include thorough information on medical information (physician handover), management (physician handover), and (future) investigations
(physician handover), next to detailed information on
medication started on the day of transfer (nurse handover) and fluid balance in the preceding days (nurse
handover). Depending on individual cases, patient functional status and requirements for specific nursing interventions at the time of transfer could be included in the
handover (i.e., complexity of medication and fluid management; complexity of pulmonary, cardiovascular, and
neurologic management; close observation requirements;
disability to perform activities of daily living; patient need
for communications support; the need for preventive skin
care, and complexity of wound management).

Outreach Teams
Complex Care Requirements
Vital signs start to deteriorate before readmission to the
ICU. Institution of medical emergency or outreach teams
may improve patient care, since early identification and
prompt therapy aimed at restoration of vital signs may
reduce ICU readmission. The composition of such outreach teams and their precise working manner vary considerably: in contrast with England, where “patient at risk
teams” tend to be nurse-led, in Australia those teams are
physician directed [6–9]. Most common interventions by
outreach teams are guidance in tracheostomy management followed by performing tracheal suction and guiding
continuous positive airway pressure in the ward [6]. Other
interventions may include preoperative consultation,
assisting with intravenous infusion.
One recent study evaluated the effect of an outreach
team on patient survival and ICU readmission [6]. The
introduction of an outreach team improved survival to
discharge from hospital after ICU discharge by 7%. ICU
readmission decreased by 6%. Similar effects have been
described elsewhere showing a fall in the rate of ICU
readmission from 5% to 3% [7]. Others, however, did
not observe a fall in the rate of ICU readmission [8], but
outreach intervention reduced in-hospital mortality [9].
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Estimate risk of
readmission

Low risk of
readmission

or

Flag patients with risk of
readmission

or

Keep in ICU for a
longer time

or
Transfer to higher
acuity step–down
or progressive care
unit

Improve
handover

or

or

Outreach
teams

Transfer to “the
floor”

Transfer of Patients to Other Ward Areas. Figure 1 Steps involved with the transfer of ICU patients to other ward areas, see text
for details

Conclusions
Safe transfer of ICU patients to other ward areas involves
several steps (Fig. 1). Early recognition of patients who
may clinically deteriorate in the coming hours to days
following ICU discharge, preferably before transfer, may
allow for additional measures to prevent clinical deterioration, and eventually ICU readmission. In addition to
essential value of appropriate handover process, several
options may improve the care for patients at risk for
deterioration: patient transfer to a higher acuity stepdown or progressive care unit, if available; increased
supervision on “the floor” with overlapping rounds by
outreach teams; and keeping the patient in the ICU until
further improvement is observed.

5.

6.

7.

8.
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▶ Transfer of Patients to Other Ward Areas

Trauma Center

Transferring Injured or Critically
Ill Patients
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Transthoracic Echocardiography
▶ Shock, Ultrasound Assessment

▶ Transfer Agreement

Transfers
▶ Transfer Agreement

Trauma and Injury Severity Score
(TRISS)
The Trauma and Injury Severity Score (TRISS) combines
the RTS, ISS, and patient age to predict the probability of
survival.

Transitions of Care
▶ ED-ICU Handoffs

Trauma Care Systems
Translational Spine Injuries

▶ Trauma System

▶ Traumatic Spondylolisthesis

Trauma Center
Transpulmonary Pressure
Pressure spent to overcome the elastic load of the alveoli to
increase the lung volume, calculated as the difference
between plateau airway pressure and plateau pleural pressure, being the latter estimated by the esophageal pressure.

RICHARD J. MULLINS
Department of Surgery, Oregon Health & Sciences
University, Portland, OR, USA

Definition

Transpulmonary Thermodilution
(TTD)
A technique for the measurement of cardiac output, global
end-diastolic volume (GEDV), intrathoracic blood volume (ITBV), and extravascular lung water (EVLW).

Regionalized trauma systems are public healthcare policy
organizations intended to assure seriously injured patients
receive optimal care. In fully implemented trauma systems, legislated authority is assigned to public health
personnel to administer the regional (usually statewide)
trauma system. These administrators are government officials or appointees who have responsibility for designation
of hospitals as trauma centers.

Characteristics

Transpulmonary Thermodilution
Technique
Measures cardiac output and other variables such as the
global end-diastolic volume and the extravascular lung
water by injecting a cold indicator in a central venous
line and detecting the temperature change in by thermistor-tipped catheter placed in a systemic artery.

Trauma Centers the Central Components of
a Fully Developed Regional Trauma Systems
Following publication in 1979 of landmark studies that
reported implementing a regional trauma system in
Orange County, California substantially reduced preventable deaths, public health officials assigned authority by
regional governments (usually state legislatures) have
implemented regional trauma systems with a variety of

T

2282

T

Trauma Center

designs across the USA. In the past decade regional governments around the world have established trauma systems. Scholars have published multiple manuscripts
evaluating the effectiveness of statewide trauma systems.
These studies have consistently reported that implementation of a trauma system in a region was beneficial. Many
studies determined there was a 20% reduction in the odds
of death for seriously injured citizens in a region when
they were transported to ▶ designated trauma centers [1].
Triage to trauma centers is an essential component of
trauma systems operations. Patients identified at the scene
of injury as being seriously injured are transported by
prehospital care providers to a hospital that is
a designated trauma center. Patients are categorized as
seriously injured based upon ▶ triage guidelines promulgated by the regional trauma system authorities. Triage
guidelines are based upon physical findings indicative of
injury, physiological measures which indicate stress or
dysfunction, patients’ health status, and associated risk
factors including mechanism of injury. Population based
analyses of all hospitalized injured patients in major metropolitan regions consistently reveal that approximately
15–20% of injured patients when they are first examined
at the scene meet triage criteria for serious injury, and thus
are required to be transported to the closest appropriate
trauma center.
Scholars evaluating the effectiveness of triage guidelines have used the injury severity score (▶ ISS) to define
serious injury. An ISS of greater than 15, which corresponds to a death rate or 5% or greater, is used to identify
patients who are appropriately treated in a trauma center
that is a component of a trauma system. In a mature and
experience trauma systems, proper triage is an indication
that the trauma system has been successfully implemented
as public health policy. Triage can be measured quantitatively using sensitivity and specificity measures if the
investigator knows the total number of injured patients
hospitalized in a region, the ISS of all hospitalized injured
patients, and has a method for identifying if a patient was
hospitalized at a trauma center or non-trauma center.
A sensitive triage process would have over 80% of severely
injured patients in a region hospitalized in the trauma
centers. In major metropolitan areas with multiple acute
care hospitals, an ambulance with a patient who meets
triage criteria would drive past a non-designated acute
care hospital. A triage system with good specificity would
mean that over 80% of patients without severe injuries
(the majority are isolated extremity fractures) are hospitalized in non-trauma centers. Clearly a low rate of false
negative triage is the goal in a trauma system, thus
avoiding patients with serious injury being

inappropriately admitted to non-trauma centers. On the
other hand, low rates of false positive triage are also
desirable for two reasons. The higher the proportion of
false positive patients (i.e., patients without serious
injury) transport to trauma centers, the lower the triage
specificity. Trauma centers that are busy providing the
labor and resource-intensive care to life threatening
patients can be burdened by also treating a large number
of patients who have minor injuries. A second reason for
having the majority of patient with single system injuries
admitted to non-trauma centers is that many patients
(especially the elderly) have established relationships
with the hospital and providers where they normally
receive care, and it is good public policy to have these
patients hospitalized where they would prefer to be normally treated. To the extent that hospitals which are not
trauma centers still have an opportunity to provide care to
patients appropriately triaged to their hospitals, who are
their traditional patient clients, administrators and physicians at these hospitals will support a regional trauma
system. It has been repeatedly observed that in states
where trauma systems have not been implemented, there
can be resistance from hospital associations fearful
a trauma system will mean non-trauma center hospitals
loose patients with low ISS to trauma centers.

Definition of the Criteria for Trauma Center
Designation
In fully implemented trauma systems, legislated authority
is assigned to public health personnel to administer the
regional (usually statewide) trauma system. These administrators are government officials or appointees who have
responsibility for designation of hospitals as trauma centers. The American College of Surgeons Committee on
Trauma has provided leadership in promulgating standards that could be referenced by site surveyors of hospitals when evaluating whether these hospitals meet criteria
for categorization as a trauma center. The American
College of Surgeons verification criteria have been
published in their document Resources for the Optimal
care of Injured Patient [2]. Following the first publication
of the document in 1976, Committee of Trauma members
have revised and updated trauma center requirements
through 2006.
The resource document lists four levels of trauma
center verification, specified as Level I, Level II, Level III,
and Level IV trauma centers in descending order of capability to provide care to injured patients (Table 1). Level
I trauma center is a hospital fully capable of providing care
to the full range of seriously injured patients. Level
I trauma centers should have immediately available in
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Trauma Center. Table 1 Selected defining characteristics of trauma centers
Level

Scope of
capability

Research
required

Trauma
surgeon in ED

Surgical
specialists

PIPSa
Committee

OR availability

I

Comprehensive

Yes

Immediate

Full spectrum

Yes

Immediate

II

Comprehensive

No

Immediate

Full spectrum

Yes

Readily

III

Majority of
injuries

No

Within 30 min

Orthopedist
available

Yes

Available

IV

Single system
injuries

No

ATLSb
Trained doctor
is available

no

Yes

Available if
surgeon in
attendance

a

PIPS Performance Improvement and Patient Safety
ATLS, Advanced Trauma Life Support course

b

the emergency department a team to treat injured patients
who met triage criteria and were entered into the trauma
system. The trauma team in a Level I center is led by
a qualified general surgeon. Level I trauma centers are
required to have immediately available for consultation
specialty surgeons, especially in orthopedic and neurological surgery. Anesthesiologists must be immediately available to participate in promptly performed life-saving
surgical interventions. Level I trauma centers are expected
to also function within a trauma system as a regional
resource in areas such as continuing medical education
and injury prevention. Level I trauma centers are required
to be academic medical centers, involved in teaching and
trauma research.
Level II trauma centers must have a clinical response
capability similar to that available at Level I trauma centers. Level II trauma centers are required to have experienced trauma personnel, including a hospital appointed
trauma director with oversight control, who are prepared
to provide immediate and comprehensive care. Level II
trauma centers must have the resources and equipment
needed to provide care to any seriously injured patient.
A distinction between the criteria of a Level I and Level II is
that Level II are not required to have an academic commitment or expected to conduct research programs. Level
II trauma centers are located in large hospitals in cities
remote from major metropolitan regions, and many Level
II trauma centers provide tertiary care in the rural regions
of states with legislated trauma systems. There is controversy in the published literature whether the risk adjusted
outcome of patients in a Level II trauma center is equivalent to that in a Level I trauma center.
The Committee on Trauma members who prepared
the resources document included criteria for verification
of hospitals as Level III and IV trauma centers because

these small hospitals would be located in rural and remote
rural regions of a state, but still wanted to participate in
the trauma system. While the scope of expertise in personnel and range of resources were limited in these small
hospitals, the staffs of these rural hospitals are eager to
assure the patients in their communities get optimal
trauma care. The Level III trauma centers are expected to
be able to manage the majority of seriously injured
patients who are transported to the hospital. A general
surgeon and a staffed operating room should be promptly
available. Level III trauma centers may have an orthopedic
surgeon available to consult, but infrequently would have
a neurosurgeon. A Level III trauma center should have
well established transfer protocols with a higher level
trauma center. In a Level IV trauma center, the trauma
team called to the emergency department to respond to
a trauma system entry may not be led by a general surgeon.
Level IV trauma centers are located in remote rural
regions, and frequently transfer even moderately injured
patients to a higher level of care. A key to successful care of
a seriously injured patient first treated in the emergency
department in Level III and IV trauma centers is that there
is an established inter-hospital transfer agreement with
a tertiary center that always accepts in transfer patients
who meet triage criteria for entry into the trauma system.
Trauma center designation process should be robust,
transparent, and practical if all stakeholders in
a community are expected to support the regional trauma
system. Trauma centers are designated by an inspection
team of individuals from outside the trauma center’s
region, who conduct an onsite visit of the applicant hospital, and determine if the hospital meets the criteria that
are a matter of public record (Table 1). The inspection
team members determine if the hospital has the resources,
medical providers, and established processes of care
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needed to care for seriously injured patients. The hospital
applying for designation as a trauma center must prove
their trauma teams are qualified personnel who are immediately available at any time to respond to the emergency
department arrival of a seriously injured patient. Furthermore, the designation of a trauma center is status that
must be re-earned by regular inspections (typically every
3 years), where the trauma center must demonstrate it as
an effective quality improvement program. Trauma centers on follow-up inspections for designation must be able
to use ▶ trauma registry data to prove that the outcomes
of their patients are within standards.

Characteristics of Designated Trauma
Centers
Limiting the number of trauma centers in major metropolitan areas is appropriate policy because it assures
a sufficient number of patients are allocated to designated
trauma centers and consequently trauma team members
are able to sustain their expertise. Scholars have debated
the number of patients that need to be treated annually by
a tertiary care center to achieve this threshold of annual
volume of experience. The Committee on Trauma of the
American College of Surgeons supports the threshold of
240 seriously injured patients (i.e., ISS over 15) annually
admitted [2]. Nonetheless evidence indicates that there are
a substantial number of tertiary trauma centers that do
not achieve that level of annual trauma patient experience.
In the 2009 National Trauma Data Bank’s Annual Report,
among Level I facilities that reported annual admissions,
only 25% had more than 240 “valid trauma diagnosis
code” admissions (See Figure 51 in report).
Trauma centers depend upon team work. The most
challenging patients managed by tertiary trauma centers
are the multi-trauma patients who need multiple providers to deliver prompt, comprehensive, and continuous
medical and surgical care. An individual patient may
receive treatment from several specialists each providing
expert care to a specific injury. Trauma surgeons play
a fundamental role as “captain of the ship” in the care of
the multi-trauma patients. Trauma surgeons guide the
initial evaluation and resuscitative treatments and procedures. They are responsible for assembling a list of the
patient’s injuries and pre-injury medical conditions and
then assuring each problem is treated. Trauma surgeons
manage seriously injured patients in the intensive care
unit. Trauma surgeon must have the authority to insist
on team work among the multiple providers needed
by a multisystem trauma patient. It is an egregious error
in a trauma center for a specialist to treat a minor injury
first and consequently there is delayed management of life

threatening injuries. The trauma team must be ready to
treat a seriously injured patient who needs immediate
aggressive care, regardless of what time the patient
arrives at the trauma center. Furthermore, patients with
multiple complex injuries need uninterrupted care that is
sustained over days. Competent trauma surgeons form
teams who communicate effectively, cooperate in
a collegial manner, and participate in approved trauma
center guidelines. A Performance Improvement and
Patient Safety committee is often vital to a trauma center.
The committee meetings are used as a vehicle for multiple
participants in the care of injured patients to review cases.
In these meetings, providers who differed in their opinion
regarding optimal treatment review contested cases. These
discussions improve the trauma center’s performance by
establishing consensus and agreeing on guidelines.
A designated trauma center must have a Director of the
Trauma Service who has overall administrative responsibility, the authority to select (and thus also put off) providers who are place on trauma call schedule. The Director
of the Trauma Service leads the multidisciplinary discussions at the trauma program’s regularly scheduled quality
assurance meetings.
A stand-alone, self-appointed trauma center is an
aberration. Trauma centers must integrate into the
regional trauma system and be linked to other trauma
centers in the region with inter-hospital transfer agreements. Hospitals that self-appoint themselves as trauma
centers, that do not have a verification inspection, and that
do not participate in the region’s trauma system are not
legitimate in the model of regionalized trauma care as
public health policy. A trauma center is a necessary but
not sole component of a regional trauma system. Leaders
at a fully implemented trauma centers communicate with
prehospital care providers and rehabilitation medicine
specialists. The effectiveness of a trauma center should be
judged in the context of its contribution to regional
trauma care.

Trauma Centers Use Trauma Registries to
Evaluate Quality of Care
A responsible trauma center enters information into
a computerized trauma registry. The trauma registry
is a formatted electronic database that is a record of the
information needed to define the characteristics of
a patient’s injury, the process of care delivered, and that
individual’s outcomes (survival as well functional recovery). Information included in the trauma registry ranges
from data recorded by pre-hospital care providers to data
on the complications and recovery after the patient has
been discharged from the trauma center. The American
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College of Surgeons Committee on Trauma has substantially contributed the capacity of trauma centers to conduct risk adjusted quality review using trauma registry
data. The National Trauma Data Bank (NTDB) is
a repository of trauma registry data on millions of patients
treated in multiple trauma centers across the USA.
The NTDB’s integrity has been enhanced by a rigorously
developed data dictionary which provides guidance to
individuals who record data in the trauma registry.
The data dictionary increases the reliability and validity
of NTDB data. Investigators have used the NTDB to
develop logistic regression models that have been useful
in determination of risk adjusted factors that influence
survival of injured patients. These models provide a means
to predict outcome using an individual trauma center’s
trauma registry data. The outcome of interest is often the
risk adjusted expected number of trauma registry patients
who died. The number of observed deaths in a trauma
center divided by the number of expected deaths provides
a measure of the quality of care delivered. To the extent the
O/E ratio is significantly less than one, analysts can conclude a trauma center has sub-standard performance.
Poor performance can be the basis for trauma system
authorities to withdraw trauma center designation status.
The National Trauma Data Standard, a subset derived
from the NTDB, has been developed to provide a highly
reliable and minimally biased standard of care database for
measurement of the quality of care delivered in a trauma
center (see also Table 2). Responsible authorities at trauma
centers enhance their internal review of their institutional
outcomes by participating in regional reviews of the quality of care provided to all injured patients in the regional
trauma system. By participating in these system wide
reviews of outcome, the trauma center’s providers help
to improve the entire spectrum of care needed by injured

T

patients starting at the site of injury and ending with
rehabilitation. External review has been a hall mark of
a robust quality assurance process in a trauma center.
Evidence supports the conclusion that trauma systems
are effective. Considerable published scholarship supports
the conclusion that lives are saved by trauma systems
implemented in major metropolitan regions when the
number of Level I trauma centers designated by authorities is restricted to assure designated hospitals annually
admit sufficient numbers of patients to maintain expertise
[1, 3]. Sparse scholarship is available evaluating whether
designation of Level III and IV trauma centers saves lives
in rural communities. Analyses of death rates among
hospitalized injured patients in rural hospitals are complicated by selection bias. The bias occurs because the
majority of severely injured patients who are transported
to the emergency department of a non-tertiary care
trauma center are identified by the physicians as patients
at risk for death. The body of research on trauma system
effectiveness supports the conclusion that triage of seriously injured patients to designated trauma centers with
tertiary care capacity saves lives. However the influence
that an individual trauma center has on the population of
injured patients in a region is complex, and varies with the
characteristics of a patient’s injury, and specific circumstances of their sequence of medical care.

Evidence Supports the Conclusion That
Level I Trauma Centers Are Effective
MacKenzie and colleagues conducted an influential study
to evaluate seriously injured patients who were treated in
Level I trauma centers to determine if their outcomes were
different from patients treated in other regional acute care
hospitals defined as non-trauma centers [4]. The National
Study of Costs and Outcomes of Trauma (NSCOT) was an

Trauma Center. Table 2 Inclusion Criteria National Trauma Data Standard advocated by the American College of Surgeons,
Committee on Trauma. Available http://www.facs.org/trauma/ntdd/index.html
Inclusion criteria

Exclusion

800 to 959

905–909.9, 910–924.9, 930–939.9

Either

Admitted to hospital

Ward bed, ICU, telemetry/step-down,
observation unit, OR

Or

Transferred by EMS from ED to another
hospital

Or

Dies in hospital

ICD-9-CM Diagnosis code

2285

And must have one of the following:

Comments

Dead on arrival, died in ED, or dead after
failed resuscitation

ICD-9-CM International Classification of Diseases, Ninth Revision, Clinical Modification; in later editions may be changed to ICD-10. EMS is Emergency
Medical Services. ED is Emergency Department of a trauma center. ICU is intensive Care Unit. OR is operating room.
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observational study of seriously injured patient between the
ages of 18 and 84, who presented in 2001 and 2002 to
emergency rooms of hospitals across the USA for treatment
of their injuries. MacKenzie and colleagues evaluated over
5,000 patients. The NSCOT study investigators secured
detailed 1 year follow-up data among surviving patients.
Sophisticated methods in NSCOT study design assured the
sample included had minimal bias. Analyses of outcome
accounted for missing data, measured hospital and longterm survival as well as patients’ 1 year functional outcome
using a method which accounted for the problem of competing risk related to subjects who had died.
The results of the NSCOT study persuasively demonstrated that high risk patients receive superior quality of
medical care in Level I trauma centers compared to the
outcome of similar patients treated in non-trauma centers. After adjustment for differences in risk factors, the
analyses determined the hospital death rates for patients in
trauma center was 7.6% and this was lower than the death
rates of 9.5% in non-trauma center. After 1 year follow-up,
death rates in trauma centers’ population had increased to
10.4%. This death rate remained statistically significantly
lower than the 1 year death rate of 13.8% in non-trauma
centers. In their discussion, the authors summarized
“After adjustment for differences in the case mix, the
overall risk of death was 25% lower when care was provided at a trauma center than when it was provided at
a non-trauma center.” MacKenzie and colleagues enhance
the NSCOT study by examining outcomes other then
survival. For example, they have reported that functional
recovery from major “high-energy force” lower extremity
injury was superior for patients who had been treated in
trauma centers. MacKenzie and colleagues have conducted
analyses of subsets of the study population. Injured
patients 18 to 55 years of age benefitted from admission
to trauma centers. Patients in the age group 56 to 84 did
not benefit. The investigators have not identified a specific
explanation for why elder trauma patients did not achieve
the added benefits younger patients experienced from
admission to Level I trauma centers. The NSCOT study
provides compelling evidence that trauma system with
successful triage of seriously injured patients to designated
trauma centers is prudent healthcare policy. Nonetheless
the implication of the NSCOT study is that the role of
triage of elderly to trauma centers needs to be further
analyzed. In summary, the NSCOT study has identified
the specific population who benefit from care in
a designated Level I trauma center. Furthermore, the
NSCOT study has determined the measures of outcome
that can be used to provide a quantitative index of quality
of care delivered at a trauma center.

Cost of Care in Trauma Centers
Hospital administrators analyze cost-to-revenue ratios for
their hospital when they consider whether to proceed with
an application to be designated as a trauma center. For
a hospital to function as a trauma center, the extraordinary resources and always on-duty support personnel are
expensive commitments. Injured patients need immediate
care and there is no time for initial financial screening.
Thus hospital delivery of unreimbursed care is always
a consequence of the open access policy of a trauma center.
Trauma care is episodic, unpredictable and disproportionately at night and on weekends. These patterns and times
are factors that discourage provider participation. Consequently trauma centers increasingly pay bonuses or guarantee reimbursement to surgeons who participate in the
on-call schedules. Initial enthusiasm in the early 1990s by
hospitals to seek designation as trauma centers was
replaced a decade later by abandonment of trauma center
status because revenues failed to meet expenses and other
adverse economic considerations. The cost of functioning
has become a critical determinant of whether a hospital
petitions to be designated (or remain) a trauma center.
Government subsidies have been a ubiquitous financial solution to compensate urban trauma centers’ with an
onerous burden of unreimbursed care. Consequently politicians have been in a position to mandate that these
hospitals function as trauma centers. The US government
has encouraged state governments to finance trauma care
for indigent and low income patients through the disproportionate share hospital (DSH) programs. In DSH programs enhanced payments are made through Medicare
and Medicaid reimbursement to those hospitals which
are able to prove they provide a disproportionate share
of indigent care. Hospitals designated as trauma centers
have specifically benefitted in DSH reimbursement. However, most have also had to endure substantial fluctuations
and uncertainty in government payment for trauma care.
There are hospitals that have benefit economically
from trauma center designation based upon the economies of scale argument that being designated a trauma
center enables an already busy tertiary care hospital to
expand its business at times when the elective work load
is reduced. Breedlove et al. examined the financial data for
injured patients treated at a trauma center in 2005. In
a complicated analyses that depended on having full access
to the hospital’s revenues and expenses data, the authors
concluded that for their Level I trauma center “the investment in resources necessary to achieve and maintain
trauma center status makes economic sense in that the
trauma program contributes favorably to hospital net
revenue” [5].

Trauma Registry
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For many hospital leaders, functioning as a trauma
center is considered a service obligation to their community. Costs of optimal trauma care are perceived as a public
health mandate. A single definitive statement cannot be
made regarding the economic influence of being a trauma
center. Rather, the evaluation of trauma centers as economic entities is complex and should incorporate considerations of added prestige, retention of “acute care
surgeon” providers as well as options to offset the burden
of indigent care. In the future healthcare reforms and
associated legislation may determine whether functioning
as a trauma center is as a viable business plan.

3.

Summary and Conclusion

Trauma systems are public health-care policy intended to
assure that seriously injured patients gain access to optimal medical care.

In summary, implementation of trauma systems based
upon designation of hospitals with proven capacity to
function at trauma centers has benefitted patients with
serious injury who need immediate care by a team of
experts. Through a several decade experience, trauma
system authorities have established a reliable and formal
process for designation trauma centers. The defining
characteristics of a trauma center vary depending on the
circumstances of community and resources of the hospital, and trauma system authorities have recognized the
need for an inclusive system. Statewide trauma systems
that are responsible for the full range of geography from
major metropolitan regions to remote rural communities
designate a spectrum of trauma centers that are tailored
to the need of the seriously injured patients in entire states.
Key components of a designated trauma center program
include a transparent process for oversight, robust quality
of care review, and recording data into trauma registries.
In conclusion, in an era when healthcare reform is
debated, policy makers should recognize trauma systems,
and the designation of trauma centers based upon merit
and demonstrable proof of effective care, are the leading
paradigm of regionalized medical care. Healthcare reform
advocates call for improved efficiency, accountability
assigned to providers for adverse outcomes, a reduction
in variations in care, and rewards to providers who comply
with “evidence based practice.” As healthcare reform
evolves, policy makers can look to trauma centers as
examples of successful regionalized care.
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Trauma in Extremes of Age
▶ Geriatric Trauma

Trauma in Our Elders
▶ Geriatric Trauma

Trauma Laparotomy
▶ Laparotomy
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Characteristics
Objectives
Trauma registries usually collect information on
patient demographics, injury circumstances, pre-hospital
physiology and care, emergency department physiology
and care, diagnoses, injury severity, therapies, inpatient
care, and outcomes including disposition. A trauma
registry may represent all trauma admissions from one
hospital, multiple hospitals in a region, a state trauma
system, or national sampling. Inclusion criteria and data
collection methods must be standardized for all
hospitals and Emergency Medical Services (EMS) agencies
participating in a single registry.
The goal of the trauma registry is to improve the
efficiency and quality of trauma care by allowing the
aggregation and comparisons of injuries and their outcomes at the hospital, local, state, or national level,
allowing continuous quality improvement.

Historical Perspective
Trauma specific data collection was started by Boyd in the
Cook County, Illinois, trauma unit in the 1960s and 1970s.
This led to data collection at the hospital and state level [1].
The American College of Surgeons (ACS) coordinated
a national sample of approximately 160,000 trauma
patients from 139 North American hospitals aggregated
between 1982 and 1989 to form the US Major Trauma
Outcome Study (MTOS). The MTOS permitted early
attempts at severity adjusted outcomes research by
Champion, Copes, Sacco, and colleagues through the
estimation of survival probabilities using national norms
for a given injury and patient characteristics: patient age,
▶ injury severity score (ISS), and revised trauma score
(containing initial blood pressure, Glasgow coma score,
and respiratory rate) in what is known as the TRISS
model. This method was used to compare risk-adjusted
outcomes between, for example, an individual hospital
and national norms [2]. Since 1997, the ACS has organized
the National Trauma Data Bank (NTDB) to aggregate and
standardize data from registries across the USA. As of
2009, the NTDB contained over three million records
and gathered data from 567 hospitals. In addition to
data aggregation the NTDB performs de-identification of
data sets to protect patient privacy and facilitate research.
Entry into NTDB is voluntary [3].

State Trauma Registries
Maintenance of data for continuous quality assurance and
improvement initiatives is a fundamental component of
a trauma system and trauma registries are formally

required in the trauma center accreditation process.
As of 2004 there were 45 states with active or pending
registries [4]. Participation in the trauma registry may be
mandated, requiring all hospitals designated to provide
trauma care to submit their data, or voluntary.

Data Collection
Inclusion criteria are usually based on ICD 9 codes
(ICD9CM 800–959) with the goal of capturing all patients
with significant injuries: often those who were admitted to
the hospital, transferred to or from another acute care
facility, or died in the emergency room. They may also
oversample select age groups, like pediatrics. A trauma
registry record is then created by trained data abstractors
from the patient’s hospital record. The trauma registry
frequently includes: patient demographics and preexisting medical conditions with medication utilization;
information about the circumstances and mechanism
of injury; pre-hospital care details, including scene
physiology, interventions, and chronology; emergency
department physiology, diagnostics, and interventions;
injury descriptions including severity scores; and
outcomes including survival to discharge, length of stay
in the ICU and/or hospital, complications including
▶ multiple organ failure (MOF), and ultimate disposition.
Aggregation may then be performed: combining data
from multiple hospitals and ultimately at the regional,
state, or national level.

Role of Trauma Registries
There are many possible ways that trauma registries may
be used to improve the care received by the injured
patient. First and foremost, trauma registries allow quantification of the burden of injury at multiple population
levels of examination. This may be used to fuel injury
prevention campaigns and policies or used to optimize
the number and location of trauma centers within an area.
Data may be used to create standards or benchmarks for
trauma care and allow rapid quality assessment within
a trauma center or system. Trauma registries have also
been used to identify common medical errors suffered by
hospitalized trauma patients [5].
Registries may also be used to compare provider interventions and outcomes, determining best practices for
patients through clinical outcomes research, as the revered
▶ randomized controlled trial (RCT) is challenging and
expensive to perform in trauma care. Such outcomes
research is possible through risk adjustment based
on standardization via injury scores or trauma scores
(comparable to process of staging in other diseases) by
incorporating injury and physiologic data from trauma
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registries. Trends over time can also be compared to assess,
for example, how maturation of a trauma system impacts
outcomes.
More recently, trauma registries have been linked with
more detailed pre-hospital EMS databases to use
outcomes data to assess field interventions, triage
decisions, and transport processes. Additionally trauma
registries may be linked to death registries to assess
long-term mortality after trauma or even through use of
police crash reports to assess the true burden of motor
vehicle injury [6].

Challenges to Trauma Registry Research
The research above has also served to identify the
challenges that limit the utilization of trauma registries
as a research data source. Systematic patterns in registry
data errors, including missing data and coding errors, have
been demonstrated and represent a possible source of
▶ information bias [7]. Data collection must be standardized to minimize this bias and performed by well-trained
trauma abstractors with ongoing quality assessment. Data
validation is a responsibility shared at the hospital and
central levels. However, even if data collection is perfect for
registry patients, the sample itself may be biased when
registry entry is voluntary or in exclusive ▶ trauma
systems as it deviates from being a ▶ population based
sample [1]. To address these problems, the National
Sample Project, of the NTBD, is using weighting
techniques to be a more representative population based
sample [8]. However, to be truly representative of all
injured patients, not just those requiring hospital care,
would require linking with numerous other data sources.
Another challenge to trauma registries is the need to
protect patient privacy. Obtaining informed consent prior
to entry into a trauma registry would both be impractical
and impose another source of bias. Therefore, use of
trauma registry data for research purposes needs to be
evaluated and approved by institutional review boards
with special measures taken to protect any identifying
health information. Another major limitation to research
using trauma registry data is the difficulty in going beyond
survival to hospital discharge as the primary outcome
measure. Linking trauma registries with other data sources
has allowed several researchers to look at survival after
discharge and functional outcome measures, such as
return to work [1]. One final challenge to trauma registries
is the popularity of research using existing, albeit variably
limited, administrative discharge datasets, making the
extra expense of maintaining registries seem unnecessary.
Commercial software can be used to convert ICD9
codes to Injury Severity Scores (ISS) and body
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region abbreviated injury scores (AIS). Lacking, of
course, is physiologic data and Emergency Department
information, as well as some data key to trauma research,
including details on multiple therapeutic options such as
transfusion of blood products and nutritional support
therapy.
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Trauma System
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Seattle, WA, USA

Synonyms
Trauma care systems

Definition
A structured approach to the planning and delivery of full
and optimal care to acutely injured patients within
a geographic region and that is integrated with the local
or regional Emergency Medical Service (EMS).
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Characteristics
Objectives
A trauma system is based on the understanding that, like
other diseases, trauma has risk factors, predictable patterns of occurrence within a population, and is more than
a series of “accidents.” The goal of the trauma system is to
decrease the injury-related mortality and morbidity in its
community by matching patients’ needs to provider’s
resources to deliver timely and efficient care; defining its
boundaries and trying to make care uniformly effective
care throughout those boundaries; provision of the full
continuum of multidisciplinary care, from prevention,
preparedness, and pre-hospital care through post-injury
rehabilitation; and continuous quality improvement (QI)
and Quality Assurance (QA) through data collection,
outcomes research, and ▶ evidence-based medicine
(EBM) [1].

History and Development of US Trauma
Systems
It can be stated with little argument that modern trauma
systems developed based on the lessons provided during
military conflict. First and foremost being the principle
that rapid transport to definitive trauma care improves
survival. The American College of Surgeons (ACS) had
initiated an organizational approach to civilian trauma
care in the USA with the creation of the Committee on
the Treatment of Fractures in 1922. In 1949, the ACS
evolved the focus beyond orthopedic trauma and renamed
this the Committee on Trauma (ACSCOT). However it
was not until the US military experiences during the
Korean and Vietnam wars demonstrated the true impact
of efficient triage, timely evacuation and transport on
casualty outcomes that federal and state actions in the
1960s created the basis for the modern trauma system. In
1966, the National Academy of Sciences and National
Research Council (NRC) released a white paper entitled
“Accidental Death and Disability: The Neglected Disease
of Modern Society” calling attention to injury and injury
care. That same year, Congress passed the National Highway Safety Act, which also called attention to the prominence of injury as a disease, the importance of prevention,
and also mandated data collection and tracking of motor
vehicle injuries and outcomes. In 1969 Harborview Medical Center, in Seattle, directly applied lessons learned
from military trauma care to create the first fire department based pre-hospital care system for both trauma and
cardiac arrest victims. In 1973 Maryland, which had
already opened the first medical unit devoted to trauma
care in 1961, created the first statewide system for

organized injury care and similar efforts followed in Florida, Illinois, and Virginia. The ▶ Emergency Medical Services Systems Act in 1973 provided federal support for the
development of pre-hospital EMS systems [1, 2].
The first attempts to standardize the care delivered by
these new entities followed early studies, by Trunkey and
West, demonstrating improved outcomes by trauma systems. In 1976 the ACSCOT published “Optimal Hospital
Resources for the Care of the Seriously Injured” and
followed by the ▶ Advanced Trauma Life Support
(ATLS) course in 1980. Despite these efforts, post-injury
care still was decided to be less than optimal in the 1985
report by the NRC and Institute of Medicine “Injury in
America: A Continuing Health Care Problem,” calling for
new research and prevention strategies, eventually focused
through the Centers for Disease Control (CDC). Further
QA measures came through the development of the
ACSCOT Verification/Consultation program in 1987,
codifying the roles and responsibilities of ▶ trauma centers within trauma systems. Federal reinforcement came
again in 1988, from the National Highway Safety Administration (NHTSA), which developed standards for state
EMS care, including the provision of standardized prehospital trauma care. The 1990 Trauma Care Systems
Planning and Development Act awarded federal grants to
35 states to develop or improve trauma systems. This act
reinforced the state as the primary political entity to
oversee development of trauma systems [1–3].
The development of a trauma system requires an organization with legal authority to establish and enforce policy. This agency must conduct a needs assessment for
a defined geographic region. This is followed by the formal
designation of appropriate agencies to provide care and
the development of an inclusive communication and
transport network between these agencies and from the
field. All of this must function with continuous systemwide evaluation and improvement of the quality of care
delivered [1].

Components
As stated above, a trauma system must be backed by a lead
agency with legal authority and some tie to legislative
government at the state or regional level. Access to the
system is the second component with a goal of universal
access throughout the region served. A third component is
the development of rules or guidelines for pre-hospital
and interhospital care: triage, transfer, and transport
criteria. At the core of a trauma system are the trauma
centers, providing an efficient, tiered response to the
community’s needs with multiple institutions participating but directing more severely injured patients to
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optimally resourced lead centers. Each institution is evaluated and designated through an iterative process of external review using ACSCOT, state, or an alternative
authority’s guidelines following population based requirements identified by the needs assessment. Trauma systems
are also engaged in the task of education: including training providers as well as informing the public and
policymakers about the burden of injury and strategies
for prevention and optimal care. Also included is the
development of community disaster-preparedness,
a need more acutely realized following the 2001 terrorist
attacks on the World Trade Center in New York City.
Finally, trauma systems must be involved with the incorporation of data on the injuries and outcomes of their
patients into trauma registries, enabling continual, internal, system-wide QI as well as participation in formal
outcomes research [1, 2].

Evaluation and Performance of Trauma
Systems
The performance of trauma systems has been primarily
evaluated through studies of injury mortality. A large
study using nationwide data collection has demonstrated
lower mortality rates for patients treated at trauma centers
compared to non-trauma centers, even when follow up
was extended a year after discharge [4]. Similarly, large
studies have confirmed a lower motor vehicle collision
mortality rate within states following the development
and maturation of trauma systems [5] and between states
with an organized trauma systems compared to those
without [6]. The survival benefits of trauma systems
have also been affirmed through meta-analysis [7]. Additional survival benefit has also been demonstrated to
occur in trauma systems that have a greater proportion
of hospitals in the state participating in the trauma system
compared to those with fewer [8].

Challenges and the Future of Trauma
Systems
Trauma centers provide definitive care without regard for
ability to pay. Compared to elective medical practices,
individuals without health insurance or monetary means
to pay for care are overrepresented in the trauma population and their care is often consolidated in a few hospitals.
Trauma systems must usually rely on a variety of payment
sources, including a large proportion of public funds, and
care may ultimately be uncompensated. Financial deficiencies caused trauma center closures in the USA in the
late 1980s and early 1990s [9]. In the USA in 2010 new
legislation was passed to provide health insurance to 32
million people who were living without it. This action
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occurs in parallel with decreases in government reimbursements to trauma centers that provide a disproportionate share of the uncompensated or “indigent” care in
a region as well as challenges to “cost shifting” practices
from reductions in public or private payer plans. These
disbursements have been keeping trauma centers and systems functioning, and the impacts of cuts will likely not be
made up for by the compensation provided by the newly
insured as government reimbursements are subject to
regular decreases. While related legislation offers support
for regionalization of EMS care and some trauma centers,
the fiscal future of many trauma centers is, at best,
uncertain.
In addition to financial struggles, trauma systems are
challenged to make access uniform throughout the system.
Despite containing a minority of the population, rural
areas in the USA account for a majority of the deaths
from motor vehicles, for example. In rural areas EMS
response and transport times to major trauma centers
may be delayed and providers may have less training or
experience because definitive care has been concentrated
in few urban trauma centers. Increasing the proportion
of hospitals participating in the trauma system (i.e. making it more “inclusive”) theoretically decreases transport
time and maintains skills throughout the system and
may improve system-wide outcomes. This is, of
course, must be balanced by goals of system efficiency
and cost-effectiveness from the reduction of resource
duplication [2, 3].
Also argued are some of the fundamental objectives of
pre-hospital care. For example, methodologic challenges
have hindered researchers from defining when prehospital providers should spend time in the field with
advanced procedures and interventions like endotracheal
intubation and providing intravenous fluids and medications, or just “scoop and run,” minimizing time to definitive care by only performing basic procedures like cervical
spine stabilization [3].
Despite challenges, trauma systems remain models for
regionalization of healthcare delivery in the twenty-first
century. Community health leaders, politicians, and hospital providers are turning to lessons learned from trauma
systems to explore the potential benefits of regionalization
for acute cerebrovascular events, acute myocardial infarction, and other specialized high acuity care.
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Trauma Systems
Trauma systems represent a structured approach to the
planning and delivery of full and optimal care to acutely
injured patients within a geographic region and that is
integrated with the local or regional Emergency Medical
Service (EMS).

Traumatic Amputation
E. MARK HAMMERBERG
Department of Orthopaedic Surgery, Denver Health
Medical Center, University of Colorado School of
Medicine, Denver, CO, USA

Definition
A traumatic amputation is a severe extremity injury
resulting in the partial or total loss of the affected limb.

Assessment
Management of severe extremity injuries takes place
within the context of general trauma resuscitation, and
the relative priority of extremity injury is determined by
the overall status of the patient. In most cases, the surgeon
must decide whether or not proceed with amputation or

limb salvage. In the case of a hemodynamically unstable
patient, with a severe lower extremity trauma and blood
loss from an arterial injury, attempts at limb salvage with
revascularization may not be feasible. In such cases, emergent extremity amputation may be required to limit blood
loss and permit resuscitation. In other cases, when the
injured extremity does not pose a direct threat to survival,
the decision to amputate may not be as clear cut.
Patient-specific factors such as age and pre-existing
medical conditions must be balanced with an estimation
of the severity of the extremity injury. Factors to consider
include the presence of associated injuries as indicated by
the Injury Severity Score (ISS), presence of shock, and
response to attempts at resuscitation. Local factors include
the extent of fracture comminution and/or bone loss.
Distal neurovascular status should be assessed, and duration of limb ischemia should be recorded. Many cases
require arterial repair or grafting procedures, and ontable angiogram may prove useful in the determination
of the extent and level of arterial injury. Muscle injury
should be assessed before and after attempts at revascularization. The extent of irreversible muscle damage may
not be obvious at the time of initial debridement, as the
margin of muscle necrosis may advance after initial stabilization of the extremity injury. Therefore, assessment of
injury severity must be repeated and revised with serial
debridements.
A number of injury scoring systems have been developed to stratify extremity injuries, in order to aid in the
identification of those limbs that might be successfully
salvaged. One of the most widely used scoring systems is
the Mangled Extremity Severity Score (MESS, Table 1).
The MESS score ranks each injury based on an assessment
of the severity of the skeletal and soft tissue injury, the
severity of shock, severity and duration of ischemia, and
patient age. A MESS score  7 has been established to be
predictive of the need for amputation. However, a number
of studies have demonstrated successful limb salvage for
patients with scores greater than 7, so the MESS score
cannot be used to determine the necessity for amputation.
Other similar scoring systems have been proposed, including the Limb Salvage Index (LSI), the Predictive Salvage
Index (PSI), the Hannover Fracture Scale- 98 (HFS-98),
and the Nerve Injury, Ischemia, Soft-Tissue Injury, Skeletal Injury, Shock, and Age of patient (NISSSA) score. None
of these scoring systems has been proven to predict limb
function following limb salvage attempts.
The decision to amputate must incorporate a variety
factors relating to the severity of injury, overall health and
fitness of the patient, and the patient’s desires and expectations for recovery. Long-term outcome studies have
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Traumatic Amputation. Table 1 Mangled Extremity Severity
Score (MESS). Calculated by adding the scores for all four
component parameters of extremity injury
Component

Severity

Skeletal/soft tissue
injury

Low energy (stab, simple
fracture, low-velocity
gunshot)

1

Medium energy (open
fractures, multiple
fractures, dislocations)

2

High energy (high speed
collision, high-velocity
gunshot)

3

Very high energy (high
speed trauma with gross
contamination)

4

Limb ischemia
Pulse reduced/absent, but
(double score for
normal perfusion and
ischemia time > 6 h) capillary refill
Pulseless, parasthesia,
diminished capillary refill
Shock

Age

Score

1

2

Cool, paralyzed, insensate

3

Systolic BP > 90 mmHg

0

Systolic BP transiently
below 90 mmHg

1

Systolic BP persistently
below 90 mmHg

2

< 30 years
30–50 years
>50 years

0
1
2

demonstrated that patients experience severe persistent
impairment following traumatic amputation, and similar
impairment can be expected with successful limb salvage.
Limb salvage may require multiple surgical procedures,
spaced over several months to years, with an uncertain
result. Therefore, some patients may prefer to proceed
with amputation in the acute setting, even when successful
limb salvage is possible.

Treatment
Acute Management
After hemorrhage has been controlled and the patient has
been successfully resuscitated, the injured extremity
requires a thorough debridement to eliminate contamination and to remove all nonviable tissue. Empiric intravenous antibiotics should be initiated and tetanus
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prophylaxis should be administered as appropriate. All
devitalized bone, stripped of soft tissue attachments,
should be removed. Similarly, all frankly necrotic skin
and muscle tissue should be excised. After debridement,
the wound should be irrigated with copious normal saline
(9 L). In this process, one must take care to preserve viable
tissue that may prove useful for the definitive limb reconstruction and soft tissue closure.
Often, the full extent of soft tissue injury is not obvious immediately after injury. So, many patients require
multiple serial debridements, spaced days apart, in order
to assure that all nonviable skin, subcutaneous tissue, and
muscle have been removed. At the time of the initial
debridement, one should avoid creating final flaps for
soft tissue closure, as this may require shortening of the
limb if the flap develops subsequent necrosis. Instead, all
viable tissue should be preserved until final closure, as
irregular flaps may be required to provide optimum soft
tissue coverage.
Temporary skeletal fixation with an external fixator
may prove useful in the acute setting, even if limb salvage
is not pursued. External fixation minimizes additional soft
tissue trauma, and it may allow for preservation of distal
tissues that might otherwise be lost. External fixation may
also provide additional time for planning the definitive
amputation and reconstruction.
Wounds should be debrided every 48–72 h until it is
determined that the full margin of soft tissue injury has
been defined and all nonviable tissue has been removed.
During this time, open wounds can be managed by
a variety of methods. Simple dressing changes have been
replaced in many centers by negative pressure wound
therapy. Alternately, antibiotic “bead pouches” have demonstrated efficacy in reducing bacterial counts in open
wounds. These are constructed by adding heat-resistant
antibiotics to polymethylmethacrylate bone cement.
Beads fashioned from this cement are placed in open
wounds and secured with an adhesive impermeable
dressing.

Definitive Management
The goal of treatment of a traumatic amputation is to
maximize the function of the residual limb. In general,
ultimate function is proportional to limb length, and
below-knee amputations perform better than aboveknee or through-knee amputations. However, the aim
of preserving limb length must be considered along
with the quality of the remaining soft tissues. A longer
residual limb with poor soft tissue coverage is of little
benefit if it results in chronic non-healing wounds or
persistent pain.
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In the setting of a severely comminuted fracture, the
proximal extent of the fracture need not define the proximal extent of the amputation. Depending on the viability
of the associated soft tissues, fracture fixation may be
feasible and may allow for increased limb length in some
cases. Even in cases with segmental bone loss, it may be
possible to construct a residual limb by fixing the proximal
segment to the distal segment, so long as appropriate soft
tissue coverage can be secured.
In order to maximize limb length, irregular soft tissue
flaps should be preserved and utilized as possible to
obtain a robust soft tissue coverage. Ideally, tissue should
be retained as possible in order to accomplish a belowknee amputation. In younger, healthier patients, a freeflap procedure may be appropriate if it will allow for
preservation of the knee joint and eventual prosthetic
fitting. Compared to an above-knee amputation,
a through-knee amputation (knee disarticulation) provides for a more efficient gait. However, a through-knee
amputation may perform poorly if the soft tissue closure
is limited to skin and subcutaneous tissue. Therefore, an
above-knee amputation is preferred over a knee disarticulation if there is insufficient gasctocnemius muscle
available for closure.
Whenever possible, a myodesis (suturing muscle to
bone) should be performed. This secures soft tissue coverage in place, and it maximizes muscular control of the
residual limb. An alternative to myodesis, is myoplasty, in
which opposing muscle groups are repaired to each other
over the end of the bone. While this does allow for soft
tissue coverage, it is less secure. Vessels should be doubleligated with nonabsorbable suture at the level of the
amputation. One must take care to dissect nerves free
from their associated neurovascular bundles, in order to
avoid ligation of nerves to arteries, as this may produce
pulsating pain. Once dissected free, nerves should be tensioned and transected sharply, allowing the nerve to
retract from the site of soft tissue closure. The goal is to
prevent symptomatic neuroma formation at the site of
prosthetic wear.

After-care
The ultimate goal is to allow for prosthetic fitting and
ambulation. The timing of prosthetic fitting remains
a matter of debate. Some authors advocate for a rigid
plaster dressing that allows for an immediate postoperative prosthesis. However, this interferes with postoperative wound exam, and fitting of a prosthesis may not be
appropriate until traumatic wounds have healed. In the
setting of a traumatic amputation, the soft tissues are

likely to have been in the zone of injury and they may
remain threatened until fully healed. If complex soft
tissue procedures have been required, such as skin graft,
rotational, or free flaps, then prosthetic fitting is best
delayed until the soft tissue repair has matured sufficiently. In most cases, a soft dressing is recommended,
to allow for easy postoperative dressing changes and
exam. When appropriate, elastic “stump shrinkers” are
applied to control swelling and edema and to prepare for
prosthetic wear.

Prognosis
The long-term outcome following traumatic amputation
is variable. In general, the functional outcomes following
traumatic amputation are similar to the outcomes for
limb salvage. Outcomes for both groups are poor, with
many patients demonstrating long-term disability. Outcome is worse for patients with lower socioeconomic
status, and less education. For many patients, loss of
a limb can be expected to result in loss of employment.
Beyond the loss of extremity function, many patients
suffer from a disruption in their social support network.
In the aftermath following injury and recovery, many
patients become disconnected from their friends and family, and some lose their spouse to divorce. Such losses
contribute to the difficulties patients face as they attempt
to cope with their injuries over the long term.

Case Example
Figure 1 demonstrates the case of a 40-year-old male who
suffered a complex open hind foot and ankle fracture
dislocation as the result of a motorcycle collision. He
presented with a dopplerable dorsalis pedis pulse, distal
capillary refill of 2 s, and decreased sensation on the
plantar surface of his foot. His injuries included
a complex posterior laceration, grossly contaminated,
with a deep abrasion and disruption of his Achilles tendon. His posterior tibial artery was transected and his
tibial nerve was contused. Skeletal injuries included an
open ankle fracture-dislocation, with associated talar
neck fracture and talar body extrusion. In addition, he
had sustained a closed mid-foot injury, with disruption of
his tarsometatarsal joint.
Initially, he underwent debridement of his open
wound, and he was placed into external fixation frame
spanning the injury. He underwent serial debridement,
and the margin of his wound began to demonstrate interval necrosis of the skin and soft tissues. In addition, he
developed a deep infection. Limb salvage was contemplated. This would require a free-flap procedure to
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Traumatic Amputation. Fig. 1 (a) and (b) demonstrate the plain radiographs for a 40-year-old patient with a complex open
ankle and hind foot fracture dislocation. (c) demonstrates an intraoperative photograph at the time of initial debridement.
(d) demonstrates the spanning external fixation frame in place following the initial debridement

provide coverage of the soft tissue defect. In addition to
fixation of his skeletal injuries, he would require Achilles
tendon repair and/or reconstruction with possible lengthening. Given the severity of his foot trauma, a painless foot
could not be guaranteed. Rather than proceed with multiple reconstructive procedures, the patient decided to
proceed with a below-knee amputation.
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Traumatic Asphyxia
RAEANNA C. ADAMS, OLIVER L. GUNTER, JOHN A. MORRIS, JR.
Department of Surgery, Vanderbilt University Medical
Center, Nashville, TN, USA

Synonyms
Perthes syndrome; Thoracic crush injury; Thoracic
cyanosis

Definition
Traumatic asphyxia is an uncommon syndrome following acute crush or compression injury to the thorax
causing high-pressure reflux from the right heart and
superior vena cava to the venous system of the chest,
neck, and head. The primary venous drainage of the
head and neck is provided by the internal and external
jugular veins. The valves of the external jugular vein do
not prevent retrograde flow, and those of the internal
jugular vein are susceptible to incompetence at acute
reflux greater than 45 mmHg [1]. This effect is exacerbated by the presence of a closed glottis at the time of the
crush injury. The physical manifestations most commonly
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seen in this syndrome are craniocervical cyanosis and
edema, as well as capillary rupture, plethora, and petechiae of the face, head, and neck with subconjunctival
hemorrhages. There is also a high association with other
traumatic injuries [1, 2].

Treatment

Evaluation/Assessment
Effectiveness
Outcomes from traumatic asphyxia are related to the
duration and weight of the initial crush injury and other
associated injuries. Rapid extrication and evaluation with
prompt airway management minimizes the incidence of
hypoxia and secondary neurologic injury.

Initial Management
The initial field management of patients suffering from
traumatic asphyxia should incorporate rapid extraction,
elevation of the head or reverse Trendelenburg positioning
if concern for cervical spine injury, administration of
supplemental oxygen, and airway management if needed.
Rescue and management of concomitant injuries is crucial
to minimizing mortality and morbidity.

Airway
The medical provider should have a heightened awareness of potential for life-threatening airway edema, oropharyngeal injury, or tracheal fracture, depending on
the mechanism of injury. Early airway management is
vital in patients with any signs of stridor or progressive
dyspnea.

Breathing
Thoracic crush injury, associated with prolonged exposure
to a heavy object on the chest, may lead to hypoxia from
hypoventilation. Intrathoracic injuries commonly associated with a thoracic crush injury include pulmonary contusions, rib fractures, and hemo-pneumothoraces
requiring tube thoracostomy placement. Mediastinal injuries have also been reported [2, 3].

Circulation
Following a thoracic or upper abdominal crush injury,
associated intrathoracic or intra-abdominal injuries are
common. Hypotension should not result from acute thoracic crush syndrome itself but should be yet another
reminder to evaluate for additional injuries such as pelvic
fractures or splenic or hepatic injuries. Arrhythmias may
result from cardiac contusions and should be monitored
for 24 h or until resolution.

Neurologic
The most common neurologic signs reported include
altered mental status, seizures, or visual changes [4, 5].
Transient or permanent blindness may result from retinal
hemorrhages. Treatments for neurologic manifestations of
traumatic asphyxia are largely supportive.

Tolerance
Success of assessment after traumatic asphyxia is related to
the degree of airway impairment, the duration of respiratory distress, and the presence of secondary injury. Mental
status examination on presentation is a useful prognostic
tool. If mental status is significantly compromised, the
clinician should proceed with sedation and endotracheal
intubation to facilitate appropriate evaluation and resuscitation. If the patient survives the first 1–2 h after isolated
traumatic asphyxia, recovery rate is high.

Pharmacoeconomics
Costs of treating patients who suffer an injury causing
traumatic asphyxia syndrome are largely related to the
associated injuries and the need for supportive mechanical
ventilation. Recovery prospects are excellent if the patient
survives the initial event. In isolation, the patient suffering
from traumatic asphyxia has high probability to return to
baseline functionality.

After-care
After-care of patients with traumatic asphyxia is primarily
dictated by the additional injuries, the duration of hypoxia, and the magnitude of hypoxic injury. Though most
obvious neurologic effects resolve, cognitive evaluation
may be warranted in patients who present with altered
mental status, and cognitive rehabilitation may expedite
the return to baseline neurologic capacity.

Prognosis
If the patient survives the initial event, the prognosis for
recovery is largely dependent on the associated constellation of injuries and their sequelae. For isolated traumatic
asphyxia, potential for recovery is excellent in the absence
of prolonged hypoxia. Neurologic symptoms typically
resolve within a few days to weeks of the injury, though
retinal blindness may be transient or permanent [5].
Other physical characteristics of the syndrome, such as
subconjunctival hemorrhages, petechiae, and capillary
rupture, usually resolve over several weeks.
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Synonyms
Head injury; Head trauma

Definition
Over the last 50 years an evolving consensus in neurotraumatology has resulted in a change in nomenclature from
“head injury” to the more precise “traumatic brain injury,”
underlining the importance of injury to the brain, rather
than the cranium or soft tissues. However, there is currently
an increased awareness of additional injury mechanisms,
substantially (but not exclusively) associated with military
combat, that can cause TBI. In addition, there is increasing
recognition of the impact of mild TBI, and a better understanding of the subtle neurocognitive and neuroaffective
deficits that result from TBI in general, partly driven by
the development of new biomarkers and imaging tools.
This understanding that both milder insults and less “typical” presentations now fit under the TBI diagnostic
umbrella can result in diagnostic ambiguity, which may
confound precise epidemiological description, appropriate
clinical management, and rational research strategy development. A recent NIH expert conference therefore specifically formulated a definition of TBI as follows [1]:
"

Traumatic brain injury is defined as an alteration in brain
function, or other evidence of brain pathology, caused by
an external force.

In this context, an alteration in brain function includes
an alteration of consciousness, new neurological deficit,

T

and/or anterograde or retrograde amnesia; “other evidence of brain pathology” includes imaging and blood
biomarkers; and an “an external force” limits the diagnosis
to insults caused by a physical force (though, as in the case
of blast injury, this may be subtle).
It is also important to define and differentiate “primary injury” which occurs due to the mechanical impact
at the time of trauma, and “secondary injury” which
results from local and systemic host responses or physiological insults that occur after the patient presents for
clinical care.
The severity of TBI is typically graded as mild, moderate or severe, based on the Glasgow coma scale (Table 1).
While such notation provides useful shorthand, a more
complete assessment of TBI severity should include imaging data derived from X-ray computed tomography,
and there is increasing interest in using magnetic
resonance imaging to fully characterize the lesion burden
following TBI.
The increase in armed conflict and terrorist incidents
over the last decade, combined with the use of improvised
explosive devices, has resulted in the recognition of
a special category of TBI that affects both combatants
and civilians, in which blast trauma plays a large part
(Fig. 1). Such TBI has specific pathophysiological characteristics and management frameworks, which are beyond
the scope of this chapter. The interested reader is referred
elsewhere for details [5].
Finally, it is also important to characterize the assessment of outcome in TBI. Mortality, which is thought to be
a “gold standard” outcome measure in other critical illness, is an inappropriate measure in neurological disease.
The conventional approach to classifying outcome
depends on the Glasgow Outcome Scale and the extended
Glasgow Outcome Scale (GOS and GOSe, respectively;
Table 2). In many clinical trials, these five and eight
point outcome schemes are dichotomized as favorable or
unfavorable outcomes at a cut point around moderate
disability (which is characterized as disabled, but self
caring).

Treatment
Little can be done about the extent of primary injury to
the brain when patients present to intensive care following
head trauma, but the presence and severity of secondary
neuronal injury, much of which is triggered by physiological insults to the injured brain, can be a major determinant of outcome. Despite the success of many
neuroprotective interventions in experimental models of
TBI, no treatment has been shown benefit in the clinical
setting. There are many reasons proposed for this
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Traumatic Brain Injury. Table 1 Glasgow coma scale and score
Parameter

15 Point adult scale a

Eye opening

Spontaneous

4

To sound

3

To pain

2

None

1

Orientated

5

Orientated

5

Confused

4

Words

4

Best verbal response

Best motor response

Pediatric scale b
As for adults

Inappropriate words

3

Vocal sounds

3

Incomprehensible
sounds

2

Cries

2

None

1

None

1

Obeys commands

6

Obeys commands

5

Localizes pain

5

Localizes pain

4

Flexion-withdrawal

4

Flexion

3

Flexion-abnormal

3

Extension

2

Extension

2

None

1

None

1

Maximum sum

15

14

Mild TBI: GCS 13–15; Moderate TBI: GCS 9–12; Severe TBI: GCS  8
a
[2]
b
[3]
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Traumatic Brain Injury. Figure 1 Worldwide trends in terrorist explosive events from 1999 to 2006. Data obtained from
RAND®-MIPT Terrorism Incident Database. Note that the rate of rise of injuries and deaths exceeds the rate of rise of terrorist
incidents, implying a rising number of injuries and deaths per incident (Figure redrawn from [4])
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discrepancy, and the interested reader is referred elsewhere
for further information [7]. Notwithstanding the failure of
pharmacological neuroprotection, eloquent proof of the
importance of secondary neuronal injury is available from
the 30–40% of patients who “talk and die,” implying that
the primary injury was, on its own, insufficient to account
for mortality. The medical management of TBI has therefore focused on physiological insults that can worsen outcome. The most important of these are listed in Table 3,
and can be graded for severity with respect to their
expected effect on secondary neuronal injury. It is worth
pointing out that, when intracranial pressure (ICP) is
elevated, the driving pressure for cerebral blood flow is
not the mean arterial pressure (MAP), but the cerebral
perfusion pressure (CPP; calculated as MAP-ICP). Physiological insults are additive in their effect on outcome,
both when multiple insults (e.g., hypoxia and hypotension) occur at the same time point, or when the same
insult occurs repeatedly (e.g., hypotension in the
prehospital and ICU phases of the illness). The intensive
care of head injury centers on avoiding, detecting, and
treating such physiological derangements in the expectation that outcome will be improved.
Traumatic Brain Injury. Table 2 Glasgow outcome scale
Score

Outcome

1

Good recovery

2

Moderate disability

3

Severe disability

4

Vegetative state

5

Dead

Many studies dichotomize the scale to Good Outcome (1 & 2) and Poor
Outcome (3–5)
From: [6]

T

Targets for basic intensive care practice in this area
have been widely debated and been the subject of systematic review, with the publication of authoritative guidelines [9]. These involve monitoring for secondary
physiological insults, and preventing or treating these.
However, there appears to be much room for improvement in conventional clinical practice. Surveys suggest
that basic recommendations for monitoring and general
intensive care in severe head injury have not been consistently followed in many neurosurgical centers in the USA
and Europe. As an example, ICP was monitored in only
half the centers surveyed. While preliminary results suggest that this situation may now be improving, it is important to emphasize that the application of novel
neuroprotective therapies is futile if stable cardiorespiratory and cerebrovascular physiology cannot be achieved.

Defining Therapeutic Targets
Basic physiology suggests the benefit of maintaining cerebral blood flow and oxygenation, and hypotension
(systolic blood pressure <90 mmHg) and hypoxia
(PaO2 levels < 60 mmHg (8 kPa)) in the early and later
phases of head injury worsen outcome. Several studies in
patients with head injury have suggested preserved cerebrovascular autoregulation with maintenance of cerebral
blood flow (CBF) at cerebral perfusion pressures above
60–70 mmHg. Further, ischemia is a consistent postmortem finding in fatal head injury, and retrospective
studies from several groups have suggested that outcome
is improved in patients who have fewer episodes of CPP or
MAP reduction or aggressive CPP management. There is
however, emerging concern that the fluid loading and
vasoactive drugs needed to maintain relatively high perfusion pressures can contribute to major systemic cardiorespiratory complications, and may worsen cerebral
edema; indeed, at least one group have targeted relatively

Traumatic Brain Injury. Table 3 Physiological insults following head injury and their relation to outcome
Significant relation to
Insult

Mortality

Grades within GOS

Duration of hypotension (SBP  90 mmHg)

Yes

Yes

Duration of hypoxia (SpO2  90%)

Yes

No

Duration of pyrexia (Tcore  38 C)

Yes

No

Intracranial hypertension (ICP > 30 mmHg)

Yes

No

Cerebral perfusion pressure (CPP < 50 mmHg) Yes

No

o
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Significance was demonstrated using a logistic regression model except for CPP, where this was not possible due to the confounding effects of ICP
and MAP. However, a CPP < 50 mmHg was shown to independently predict outcome using nonparametric statistics. Over 90% of all patients had
one or more physiological insults during the course of their ICU stay (Data from [8])
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low cerebral perfusion pressures in order to minimize
edema formation. These findings emphasize the importance of maintenance of cerebral perfusion pressure,
rather than isolated attention to intracranial pressure as
a therapeutic target. There are however, data that show
that ICP is an independent, albeit weaker, determinant of
outcome in severe head injury, with levels greater than
20–25 mmHg constituting an appropriate threshold for
initiation of therapy. Other small studies show worse outcomes in patients who suffer episodes of jugular venous
desaturation below 50%, hypoglycemia or blood glucose
elevation, or elevations in body temperature.

Achieving Target CPP Values
Most centers agree on the need to maintain cerebral perfusion by keeping CPP above 60–70 mmHg, either by
decreasing ICP or by increasing MAP. While MAP is
usually maintained with volume expansion, inotropes,
and vasopressors, the relative efficiency of each of these
interventions in maintaining CPP have not been investigated. Drainage of CSF (where possible), osmotic agents,
hyperventilation, and the use of CNS depressants (typically barbiturates) have all been used to reduce ICP.

Ventilatory Support and the Use of
Hypocapnia for ICP Reduction

It is generally agreed that patients with a GCS  8 require
intubation for airway protection, and that such patients
should receive mechanical ventilatory support to optimize
blood gases. Airway control and ventilation are also
required for patients with ventilatory failure, central neurogenic hyperventilation, or recurrent/refractory seizures.
Once the mainstay of ICP reduction in severe head
injury, hyperventilation is now the subject of much
debate. Hyperventilation results in extracellular alkalosis
in the brain, resulting in cerebral vasoconstriction. The
aim of hyperventilation is to reduce cerebral blood volume
and hence ICP, but accompanying reductions in global
cerebral blood flow are common, sometimes below ischemic thresholds. Such ischemia can be documented using
jugular bulb oximetry, and may worsen outcome, especially when hyperventilation is prolonged or profound.

Fluid Therapy
Accurate fluid management may be complicated by continuing or concealed hemorrhage from associated extracranial trauma, but every effort must be made to restore
normovolemia and prevent hypotension. Maintenance
fluids are best administered enterally, but problems with
abdominal injury, gastric hypomotility, or poor absorption may necessitate intravenous fluid therapy, and if these

problems are persistent, parenteral nutrition. The choice
of hydration fluid is largely based on inconclusive
results from animal data. Fluid flux across the normal
BBB is governed by osmolarity rather than oncotic pressure. Consequently, hypotonic fluids are avoided and
serum osmolality is maintained at high normal levels
(300 mosm/L in our practice). Dextrose containing
solutions are avoided since the residual free water after
dextrose metabolism can worsen cerebral edema, and
because marked elevations in blood sugar may worsen
outcome (but see below). Where there is substantial disruption of the blood brain barrier, plasma osmolarity
ceases to be the primary driver of transcapillary fluid
flux and vasogenic edema, which are then dictated by the
balance between perfusion pressure and plasma oncotic
pressure.

Hyperosmolar Therapy
Mannitol (0.25–1 g/kg, usually as a 20% solution) has
traditionally been used to elevate plasma osmolarity and
reduce brain edema in the setting of intracranial hypertension. Side effects can be minimized if its use is
discontinued when it no longer produces significant ICP
reduction, volume status is monitored, and if plasma
osmolality is not allowed to rise above 320 mosm/L.
Recent reports also highlight the successful use of hypertonic saline (between 5% and 25%) for treatment of
intracranial hypertension refractory to mannitol. One
key advantage of hypertonic saline in this setting is that
it is not intrinsically a diuretic, and does not result in the
large urinary volume losses (and attendant hemodynamic
instability) seen with mannitol.

Sedation and Neuromuscular Blockade
Routine sedation: Intravenous anesthetic agents preserve
pressure autoregulation and the cerebrovascular response
to CO2, even at doses sufficient to abolish cortical activity,
and decrease cerebral blood flow, cerebral metabolism,
and ICP. While the reduction in flow and CBV are secondary to a reduction in metabolism, flow-metabolism coupling is not perfect, and the decrease in CBF may exceed
the corresponding decrease in CMRO2, with a widening
of the cerebral arteriovenous oxygen content difference.
Barbiturates have been largely replaced by other agents
such as propofol, which possess similar cerebrovascular
effects but better pharmacokinetic profiles. However,
propofol can induce hypotension and decrease in cerebral
perfusion pressure. Problems with lipid loading have been
substantially ameliorated by the introduction of a 2%
formulation of propofol. More recently, there has been
an increasing recognition of propofol infusion syndrome:
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a syndrome of arrhythmias, Brugada type patterns on
ECG, cardiovascular instability and acidosis, seen with
the prolonged use of high dose propofol (> 4–5 mg/kg/h
for prolonged periods). Consequently, there has been
a search for alternatives.
Etomidate has favorable cardiovascular, cerebrovascular, and neurometabolic properties, but can cause adrenocortical suppression and increase mortality. Midazolam is
often used as an alternative in combination with fentanyl
for sedating the patient with head injury, but is subject to
ceiling effects and tachyphylaxis. Opioids generally have
negligible effects on CBF and CMRO2. However, the
newer synthetic opioids fentanyl, sufentanil, alfentanil,
and remifentanil can increase ICP in patients with tumors
and head trauma due to changes in PaCO2 (in spontaneously breathing subjects) and reflex cerebral vasodilatation
secondary to systemic hypotension. These changes can be
avoided if blood pressure and ventilation are controlled.
Neuromuscular blockade: Neuromuscular blockade in
the head injured patient receiving intensive care is currently the subject of much debate. Neuromuscular
blockers can prevent rises in ICP produced by coughing
and “bucking” on the endotracheal tube. However, over
all, outcome is not improved, perhaps because of
increased respiratory complications and neuromyopathy
after long-term use (especially with the steroid based
agents). Atracurium is noncumulative and has not been
associated with myopathy, and theoretical concerns about
the accumulation of its metabolite, laudanosine, are
probably not clinically relevant.
Cerebral metabolic suppression: Intravenous barbiturates have been used for ICP reduction for over 20 years.
While they clearly result in cardiovascular depression,
increased ICU stay and increases in pulmonary
infections, it appears that they may benefit some patients
with intractable intracranial hypertension that responds to
intravenous anesthetics. They are administered as an intravenous infusion, titrated to produce burst suppression on
EEG. The prolonged recovery associated with barbiturates
suggests a role for other intravenous anesthetics (etomidate
and propofol) with more desirable pharmacokinetic profiles. However, the efficacy of these agents remains
unproven, and they have their own drawbacks.

Post traumatic seizures are commonest in patients with
a GCS < 10, an intracranial hematoma, contusion, penetrating injury, and/or depressed skull fractures. Such
patients may form the most appropriate subgroup for
acute (days to weeks) seizure prophylaxis following head
injury. The frequency with which prophylactic
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antiepileptic drugs are used has been highly variable,
with commoner use in North America compared to
Europe. While regional differences still exist, there is
increasing concern that such therapy (commonly with
phenytoin) may cause pyrexia and liver function test
abnormalities in the acute phase, and reduce plasticity
and recovery at later time points. Where such therapy is
indicated, there is emerging enthusiasm to use
levetiracetam instead of phenytoin.

Blood Sugar Control
Admission hyperglycemia has been associated with poor
outcome in severe TBI. In keeping with this, glucose levels
are included at least in one prognostic model in TBI.
However, it is important to note one caveat. While admission hyperglycemia may be a marker of poor prognosis,
this may not be a causative relationship, and should not
necessarily lead to attempts to ensure exceptionally tight
glucose control. Indeed, accumulating evidence suggests
hyperglycemia is a stress response to severe injury and
many believe may be beneficial. Modest reductions in
blood sugar in TBI can lead to critically low glucose
concentrations in the brain <0.5 mmol/l, which have
been associated with poor outcomes.

Other Interventions
While a variety of novel pharmacological neuroprotective
agents are currently under investigation, none of the drugs
that have been tested thus far in Phase III trials have
proved to provide benefit on an intention to treat basis
[7]. The most recent of these are the Medical Research
Council Corticosteroid Randomization after Significant
Head Injury (MRC CRASH) trial of corticosteroids in
TBI, and the recent industry sponsored trial of
dexanabinol in TBI, neither of which showed benefit.
Indeed, outcomes in the CRASH Trial were worse in
patients who were treated with high dose corticosteroids.
There is substantial debate about how the route from
experimental to clinical neuroprotection can be improved,
and there is some renewed enthusiasm amongst pharmaceutical companies in this area. Current large trials, however, have focused on two physical interventions:

Hypothermia and Temperature Control

Antiepileptic Therapy

T

Mild to moderate hypothermia (33–36 C) has been
shown to be neuroprotective intervention in animal studies which demonstrated improved outcome from cerebral
ischemia with small (1–3 C) reductions in temperature.
Early clinical studies demonstrated benefit from moderate
hypothermia in head injury, but the results of phase III
trials have been equivocal. It is recognized that

T
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hypothermia is very effective at controlling ICP, but its
outcome impact as an early neuroprotective intervention
in all patients with TBI remains unproven. An ongoing
European study of hypothermia in TBI targets its use to
patients with intracranial hypertension, and when completed, the results of this study (EUROTHERM3235 Trial;
http://www.eurotherm3235trial.eu/home/index.phtml)
may provide a definitive answer to this question.
Unlike the situation with therapeutic hypothermia,
there is a general consensus that significant hyperthermia
is undesirable in patients with brain injury, and
most centers would treat elevations of core temperature
> 38.5 C (although high quality evidence supporting this
approach is not available). However, there is less agreement on whether smaller rises in body temperature merit
treatment, and how aggressively temperature elevation
should be treated.

Decompressive Craniectomy
Following initial enthusiasm for decompressive
craniectomy in the 1970s, the procedure fell out of favor
because of concerns regarding the high proportion of
severely disabled and vegetative survivors. Over the last
10–15 years, there has been a renewed interest in using the
procedure for refractory intracranial hypertension, and
several case series have reported encouraging results.
However, a recently completed trial of decompressive
craniectomy (the DECRA Trial) reported worse outcomes
in patients who underwent craniectomy [9]. The completion of a second trial of decompressive craniectomy (the
RESCUEicp trial; http://www.rescueicp.com/) in 2012
may provide further data to inform the question. As things
stand, there is no evidence to support the routine use of
decompressive craniectomy in patients with refractory
intracranial hypertension following TBI.

Sequential Escalation Versus Targeted
Therapy for the Intensive Care of TBI
It is clear that a diverse range of pathophysiological processes operate in acute head injury, and that there exist
a wide range of therapeutic options, few of which have
proven efficacy. One of two approaches may be used in the
choice of therapy in such a setting. The first of these is to
use a standard protocol in all patients, and introduce more
intensive therapies in a sequence that is based either on
intensity of intervention or on local experience and availability. Alternatively, individual therapies can be targeted
at individual pathophysiological processes. Examples are
the use of hyperventilation in the presence of hyperemia,
mannitol for vasogenic cerebral edema, or the use of blood
pressure elevation in the presence of B waves.

In practice, many established head injury protocols
represent a hybrid approach. Initial baseline monitoring
and therapy are applied to all patients, and refractory
problems are dealt with by therapy escalation, with the
choice of intervention determined by clinical presentation
and physiological monitoring. Often, interventions that
are more difficult to implement or present significant risks
(e.g., barbiturate coma) are used as a last resort. Figure 2
represents one ICP/CPP management protocol that
embodies the discussion above.

Evaluation/Assessment
Evaluation: Assessment of severity, decisions regarding
the need for surgery, and prognostication following TBI
have classically based on the level of consciousness (as
defined by the GCS), and x-ray CT appearances. The
conventional grading of TBI as mild, moderate, or severe,
based on GCS ranges of  8, 9–12, and  13, may be
imperfect, but have substantial clinical and historical
currency. CT appearances are classically categorized
using the Marshall grading system (Table 4), which
seeks to identify and grade the presence of space occupying lesions, diffuse edema and midline shift, all of which
are known to have prognostic weight. One additional CT
finding which does have prognostic impact, but is
neglected by the Marshall Score, is the presence of traumatic subarachnoid hemorrhage (tSAH). Patients with
fractures involving the base of the skull are at higher risk
of intracranial vascular injury, and may benefit from vascular imaging to detect such injury (Fig. 3). More recently,
there has been an increasing appreciation that lesions
missed on CT may be detected by conventional magnetic
resonance imaging (MRI), diffusion tensor MRI, susceptibility weighted MRI, and magnetic resonance spectroscopy; especially in the context of mild TBI, brainstem
injury (Fig. 4), and traumatic axonal injury (Fig. 5). In
addition, considerable recent interest has focused on the
use of circulating biomarkers of brain injury, which hold
promise for diagnosis, management, and prognostication
of TBI [12]. Overall, there is an increasing realization that
the classification of TBI needs to be multidimensional in
order to provide best estimates of prognosis and selection
of therapies [13].
Assessment and Monitoring: None of the monitoring
interventions that are widely used by specialist centers
in severe head injury have ever been subjected to
prospective randomized control trials, but a large
body of clinical experience provides a physiological
basis for their recommendation as part of treatment
guidelines.
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Traumatic Brain Injury. Fig. 2 The ICP/CPP management algorithm from the Neurosciences Critical Care Unit at Addenbrooke’s
Hospital, Cambridge, UK

Monitoring Systemic Physiology
Monitoring of direct arterial blood pressure along with
measurement of ICP is essential for computing and
manipulating CPP. The need to rationally manipulate
mean arterial pressure with vasoactive drugs will also
require the placement of a right atrial or pulmonary artery
catheter. Continuous pulse oximetry, regular arterial

blood gas analysis, core temperature monitoring, and
regular measurement of blood sugar are also required in
order to optimize physiology in these patients.

CNS Monitoring Modalities
While the monitoring described above may help to ensure
the maintenance of optimal systemic physiology,
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Traumatic Brain Injury. Table 4 Marshall scoring system for CT appearances following TBI
Category

Favorable outcome (%) Definition

Diffuse injury I (DI-I)

62

No visible intracranial pathology seen on CT scan

Diffuse injury II (DI-II)

35

Abnormal CT, but cisterns are present, midline shift < 5 mm,
and no high- or mixed-density lesion > 25 cc.

Diffuse injury III (DI-III)

16

Cisterns compressed or absent, midline shift < 5 mm, no highor mixed-density lesion > 25 cc

Diffuse injury IV (DI-IV)

6

Cisterns compressed or absent, midline shift > 5 mm, no highor mixed-density lesion > 25 cc

Evacuated mass lesion (EML)

23

Any lesion surgically evacuated

Non-evacuated mass lesion (NEML)

11

High- or mixed-density lesion > 25 cc, not surgically evacuated

These categories have prognostic significance, and although modern outcomes are generally better than these historical data, worsening
outcome is seen in successive grades
Adapted from: [10]
Outcome data from: [11]

(typically for intracranial pressure, brain oximetry, and
microdialysis; Fig. 6).

Intracranial Pressure Monitoring

Traumatic Brain Injury. Fig. 3 CT angiogram following TBI.
Note the occlusion of the right transverse sinus (white arrow)
at the site of an occipital fracture line (black arrowhead)

detection of changes in global or local CNS physiology will
require other tools. Increasingly, specialist centers are
using multilumen intracranial access devices that allow
placement of several intracerebral monitoring sensors

ICP monitoring is needed because clinical signs of intracranial hypertension are late, inconsistent, and
nonspecific. Further, it has been shown that episodic
rises in intracranial pressure may occur even in patients
with a normal x-ray CT scan. While intraparenchymal
micromanometers (Codman, USA) or fiberoptic probes
(Camino, USA) are increasingly used due to ease of use
and a lower infection risk, they are more expensive than
ventriculostomies, and do not permit CSF drainage for
the reduction of elevated ICP. Brain Trauma Foundation
guidelines recommend the placement of an ICP monitor
in patients with TBI who have an abnormal X-ray computed tomography scan with a Glasgow Coma Score less
than nine; or in patients who have two or more of the
following features: age over 40 years, abnormal motor
responses, or a systolic blood pressure less than 90
mmHg.
Patients with head injury may also develop phasic
increases in ICP (Fig. 7), often triggered by cerebral vasodilatation in response to a fall in CPP. “A waves” tend
to occur on a high baseline pressure and elevate ICP to
50–100 mmHg for several minutes, usually terminated by
a marked increase in mean arterial pressure. Shorter-lived
fluctuations lasting about a minute are referred to as
B waves. In patients in whom autoregulation is preserved,
the frequency of both A and B waves may be decreased by
increasing MAP, thus preventing the reflex cerebral
vasodilatory cascade that initiates CBV increases and ICP
elevation.
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Traumatic Brain Injury. Fig. 4 Contemporaneous CT and MRI following TBI, showing a brainstem lesion clearly seen on MRI
(white arrow), which was poorly visualized on CT

CT

T1

FLAIR

ADC

SWI

Traumatic Brain Injury. Fig. 5 Diffuse traumatic axonal injury in TBI detected by Susceptibility Weighted MRI (SWI) which was
invisible on CT, and poorly visualized on conventional structural MRI sequences (T1 weighted and FLAIR sequences). The
Apparent Diffusion Coefficient (ADC) map, obtained from diffusion tensor imaging, shows the lesions, but has substantially
poorer resolution than SWI (Images provided by Dr Tonny Veenith, Division of Anesthesia, University of Cambridge)

Brain Oximetry and Metabolic Monitoring
Classically, right jugular venous oximetry has been used to
assess the adequacy of CBF in head injury as this tends to
be the side of the dominant jugular vein. However, venous
anatomy is variable, and a case can be made for targeting
the side of catheterization to the larger jugular foramen
(and hence the dominant jugular vein). Reductions in
SjvO2 or increases in arteriojugular differences in oxygen
content (AJDO2) to greater than 9 mL/dL provide useful

markers of inadequate CBF, and SjvO2 values below 50%
have been shown to be associated with a worse outcome
in head injury. Conversely, marked elevations in SjvO2
may provide evidence of cerebral hyperemia. The major
deficiencies of jugular venous oximetry are its invasiveness
and the poor reliability of signal obtained. More recently,
the availability of robust tissue oximetry probes has lead to
the use of brain tissue oxygen partial pressure (BtpO2)
monitors, which are commonly placed alongside ICP
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Other Monitoring Devices
Reductions in transcranial Doppler (TCD) middle cerebral artery flow velocity (MCA FV) provide a useful
marker of reduced cerebral perfusion in the setting of
intracranial hypertension, but episodic rises in ICP may
also be caused by hyperemia, which may be diagnosed by
increases in TCD FV. Transcranial Doppler ultrasonography can also be used as a noninvasive monitor of cerebral
perfusion pressure or the development of vasospasm. Near
infrared spectroscopy has been used as an investigational
tool in TBI for several years, but is still not seen as
a routine monitoring tool.

Traumatic Brain Injury. Fig. 6 Multilumen cranial access
device, with brain tissue pO2 probe and microdialysis catheter
in situ, and showing port for Codman intracranial pressure
sensor (closed by red Luer lock stopper in this image)

probes through a multichannel cranial bolt; and used with
a suggested BtpO2 treatment threshold of 15 mmHg. In
additions, several centers are using microdialysis catheters
to monitor brain tissue chemistry. Probably the most
commonly targeted measurement with microdialysis is
the lactate/pyruvate ratio (L/P), and treatment thresholds
described in the literature range from 25 (the upper limit
of normal in healthy subjects) to 40 (which has been
shown to correlate with late brain volume loss).

Continuous Electroencephalographic
Monitoring
Subclinical seizures have been reported in up to 33% of
patients following traumatic brain injury, although the
incidence may be less with the use of propofol for sedation. In any case, seizure activity may adversely affect
oxygen supply demand relationships, and increase intracranial pressure. Several centers therefore use continuous
EEG monitoring in critically ill TBI patients; however,
there is limited consensus on the treatment of EEG abnormalities in this setting. Continuous EEG monitoring is
essential when high doses of intravenous anesthetics are
being used for metabolic suppression. In such instances
the target is to achieve substantial burst suppression
(Fig. 8), with ~75–90% of the EEG trace being isoelectric
( 5 mV), thus optimizing the balance between the benefits
of metabolic suppression and the cardiovascular and other
side effects associated with prolonged use of intravenous
anesthetic agents.

Online Analysis of Physiological Data and
Multimodality Monitoring
Bedside computers allow trending and correlation of multiple monitoring inputs to provide information that
informs prognosis and guides therapy. Tests of
autoregulation involve recording ICP responses to spontaneous fluctuations in MAP. The pressure reactivity index
(PRx) is the moving correlation coefficient between mean
intracranial pressure and mean arterial blood pressure.
Normally, autoregulatory vasoconstriction in response to
MAP elevation results in a fall in ICP, while autoregulatory
vasodilatation in response to a fall in MAP results in
increases in ICP. In the autoregulating brain, therefore,
PRx has a negative value. PRx values greater than 0.2–0.3
are believed to provide clear evidence of impaired
autoregulation. Managing CPP in individual patients at
levels that minimize PRx (and hence target a “sweet spot”
at which autoregulation is optimal) may be associated
with improved clinical outcome (Fig. 9). Other tests of
cerebrovascular responsiveness measure TCD responses to
induced changes in mean arterial pressure (Mx) or carotid
compression (the transient hyperemic response test;
THRT). The correlation of data from several modalities
has several advantages in head injury management. Integration of monitored variables allows cross validation and
artifact rejection, better understanding of pathophysiology and the potential to target therapy.

After-care
It was generally believed that functional recovery from
TBI tended to plateau after 6 months, but this conventional wisdom has been challenged in two ways. First,
there are increasing data to suggest that many patients
continue to improve up to 2 years (and possibly 5 years)
post-injury. Second, some patients show a decrement
in functional outcome over time, raising the possibility
that (in some patients at least) TBI may initiate
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Traumatic Brain Injury. Fig. 7 Vasogenic waves in ICP. Multimodality monitoring showing mean arterial blood pressure (ABP),
intracranial pressure (ICP), transcranial Doppler derived middle cerebral artery flow velocity (CBFV), tissue hemoglobin index (THI;
a surrogate of regional cerebral blood volume derived from near infrared spectroscopy), tissue oxygenation index (TOI;
a surrogate of tissue hemoglobin oxygenation derived from near infrared spectroscopy), and partial pressure of brain tissue
oxygen (PbtO2). Note the plateau wave in the ICP trace at the end of the recording, associated with a reduction in cerebral blood
flow, regional hemoglobin oxygenation and tissue pO2. However, note the increase in THI, suggesting that this was associated
with an increase in local hemoglobin content (and hence cerebral blood volume) (Figure courtesy of Dr Marek Czosnyka,
Department of Clinical Neurosciences, University of Cambridge)

a chronic progressive illness. The mechanisms for such
progressive neurological deterioration remain unclear,
but possible candidates include amyloid deposition and
neuroinflammation.

Regardless of whether or not TBI is a progressive illness, it has chronic sequelae, and a persistent increase in
mortality above baseline levels that persists for decades
after injury. The most disabling deficits after TBI are not
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Traumatic Brain Injury. Fig. 8 Burst suppression EEG. Multichannel EEG showing periods of isoelectric EEG (< 5 mv)
interspersed with bursts of activity. The suppression ratio in this trace is approximately 70% (Figure courtesy of Dr Andrew
Michell, Addenbrooke’s Hospital)

physical, but cognitive and affective. TBI results in wellrecognized neurocognitive deficits (impaired sustained
attention, dysexecutive syndromes, and difficulty in
forming visuo-spatial associations). In addition, it is common for TBI survivors to develop neuroaffective abnormalities. While estimates vary, 30–70% TBI survivors
develop depression. TBI survivors also exhibit increased
impulsivity, poor decision making, and impulsiveaggressive behavior. Such impaired self-regulatory behaviors contribute to poor community and vocational integration, and may trigger chronic institutional placement.

Despite their major impact, data regarding the neural
basis of and therapeutic options for these deficits remains
limited.
Early and effective physical and cognitive rehabilitation
may substantially modulate physical recovery and functional outcome. Indeed, such rehabilitation should begin
on the ICU, and can include splinting of paralyzed or spastic
limbs, early passive physiotherapy, careful attention to airway competence, adequate nutrition, cessation of sedation
as early as is safely possible, minimizing the use of psychotropic drugs, and early initiation of rehabilitation.
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detect and treat physical and psychological sequelae in
patients and their families.
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Traumatic Brain Injury. Fig. 9 Plot of PRx against
spontaneous fluctuations in CPP in an individual patient. The
PRx varies with CPP, and is negative for a small range of CPP
values, at which autoregulatory efficiency is optimal (CPPopt)

There is an increasing recognition that TBI survivors
have a high incidence of long-term pituitary endocrine
abnormalities. Many patients show relative or absolute
insufficiency of the pituitary adrenal axis in the early
phase after TBI, and some may require physiological
steroid supplementation, but this is rarely a continuing
problem. Similarly, while diabetes insipidus is seen during the acute phase of the illness, chronic diabetes
insipidus is infrequent, and is usually easily diagnosed.
However, up to 30% of patients (depending on initial
injury severity) may suffer (often undiagnosed) insufficiency of other anterior pituitary hormone production,
especially growth hormone and gonadotrophins.
Detecting and correcting such deficiencies is important,
since this may materially improve cognitive and functional outcome.
Most patients with significant TBI will receive neurosurgical follow-up, but there is a growing appreciation that
even patients with mild TBI may have significant cognitive
and neuropsychiatric problems in the medium to longterm, and merit follow-up. There is also a strong argument
for dedicated critical care follow-up of these patients, in
order to provide rigorous audit of functional outcome
(mortality is not a meaningful end-point in TBI), and to

Recent data on prognosis in TBI comes from two datasets:
The International Mission on Prognosis and Analysis of
Clinical Trials in TBI (IMPACT) and Medical Research
Council Corticosteroid Randomization after Significant
Head Injury (MRC CRASH) trial [14]. The MRC CRASH
Trial database of 10,000 patients provides a useful multinational source of outcome data across the spectrum of
severity in TBI. Of all patients with TBI (mild, moderate,
and severe), 19% died in the first 2 weeks, 24% were dead
at 6 months, and 37% of the study cohort were dead or
severely dependent at 6 months. Mortality and functional
outcome were influenced by age, Glasgow coma score,
extracranial injury, brain imaging findings at admission,
and by the country of residence. Patients from low–middle
income countries experience a higher early mortality than
patients in high-income countries, but by 6 months the
rates of unfavorable survival are equal in the two groups.
The IMPACT database is limited to patients with moderate or severe TBI (GCS  12); a population that more
closely resembles that seen in critical care units. In this
severity of TBI, mortality is typically 30% and unfavorable outcome is seen in just under 50% of patients. Within
high-income countries, patients who are not treated in
specialist neuroscience centers may have significantly
worse risk-adjusted outcomes than those who are [15],
suggesting that specialist care may confer survival benefit.
Established general risk prediction models for critical
illness show significant limitations when applied to
neurocritical care patients. Development of specific risk
prediction models for TBI has been difficult due to the
variability of injury, which means that large sample sizes
are needed to construct robust models. Past efforts in the
development of prognostic models for TBI have been
largely unsuccessful due to small sample sizes, poor study
design and follow-up, difficulty in application to clinical
practice, and lack of external validation. The recent development and cross validation of two web-based prediction
models based on the IMPACT and CRASH Trial datasets
represents a significant advance in this area (Fig. 10). The
outcome prediction models that have evolved from these
databases are undergoing further refinement and validation, and it is likely that these advances will prove valuable
in training clinicians, counseling patients’ families,
auditing unit performance, designing better clinical trials,
and rational allocation of resources.
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Traumatic Brain Injury. Fig. 10 Web entry form for the CRASH TBI prognostic model. The model provides an estimate of 14 day
mortality and 6 month functional outcome, with confidence intervals for this prediction. It is essential to be aware that this is
estimate of mortality or outcome in groups of patients. It cannot provide a direct prediction of outcome for any individual, just an
estimate of the balance of probabilities
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Traumatic Brain Injury, Initial Management. Table 1
Glasgow Coma Scale
Component

Response

Eyes

Open spontaneously, tracking

4

Open to verbal command

3

Verbal

Traumatic Brain Injury, Initial
Management
JORDAN BONOMO
Departments of Emergency Medicine and Neurosurgery,
University of Cincinnati, Cincinnati, OH, USA

Synonyms
Brain trauma; Cerebral trauma

Definition
Traumatic brain injury (TBI) encompasses the spectrum
of injury from mild closed head injury (CHI) resulting in
concussions, to severe traumatic brain injury (sTBI) rendering a patient comatose. This chapter focuses entirely on
non-penetrating injuries. The categories of TBI are
divided by total Glasgow Coma Score (GCS) into mild
(13–15), moderate (9–12), and severe (3–8) (Table 1). The
use of the GCS allows for rapid, if somewhat blunt, communication about injury severity in the setting of TBI. It is
important to recognize that the categories of injury delineated by GCS may include a variety of injury patterns, in
isolation or in combination, the management of which
can vary greatly. In the past, all patients with an injury in
a given GCS category were included in generalized guidelines and outcomes research; however, the heterogeneity of
the disease process has been recognized to influence management decisions and outcomes, and a recent effort has
been made to further define and describe injuries beyond
the initial GCS in order to better define and target therapies (Fig. 1).
In addition to the GCS, CT classification of injury
provides significant information regarding acute
pathophysiology and likely outcome. Many studies of
interventions and outcome measures have relied on
a combination of clinical status represented by the
GCS and radiographic abnormality categorized by
the Marshall CT classification (Table 2). The Marshall
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Motor

Score

Open to painful stimulus

2

None

1

Oriented, conversant

5

Disoriented, conversant

4

Inappropriate responses

3

Incomprehensible, moaning

2

None

1

Follows commands

6

Localized to painful stimuli

5

Flexion/withdrawal to painful
stimuli

4

Abnormal flexion, decorticate
posturing

3

Abnormal extension,
decerebrate posturing

2

None

1

Total

15

system relies primarily on the status of the mesencephalic
cisterns and the degree of midline shift present.

Epidemiology
Severe TBI is a major cause of morbidity and mortality
with an annual death rate of 55,000 in the USA and yearly
US health-care costs surpassing $60 billion [1]. The distribution of TBI incidence in the population is bimodal,
with nearly 75% of injuries occurring between the ages of
15 and 24. In this younger population, males are more
than twice as likely as females to suffer a severe TBI.
Notably, much of the TBI inflicted in the young occurs
against a backdrop of intoxication. The second epidemiologic peak seen in TBI is in the elderly, with many cases
further complicated by medical comorbidities, including
the use of oral anticoagulant and antiplatelet therapy.
Over the past 30 years, the mortality of severe TBI
patients has decreased from a historical rate that was
greater than 50% to less than 25%, even when controlling
for age, injury severity, and comorbidities. This decrease
in mortality is attributed to advances in medical care and
the utilization of evidence-based management protocols
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EDH

Contusion/Hematoma

SDH

SAH/IVH

DAI

Diffuse Swelling

Traumatic Brain Injury, Initial Management. Figure 1. Heterogeneity of severe traumatic brain injury (TBI). Computed
tomography (CT) scans of six different patients with severe TBI, defined as a Glasgow Coma Scale score of 8, highlighting the
significant heterogeneity of pathological findings. CT scans represent patients with epidural hematomas (EDH), contusions and
parenchymal hematomas (Contusion/Hematoma), diffuse axonal injury (DAI), subdural hematoma (SDH), subarachnoid
hemorrhage and intraventricular hemorrhage (SAH/IVH), and diffuse brain swelling (Diffuse Swelling) (Reproduced from Saatman
et al. With permission)

Traumatic Brain Injury, Initial Management. Table 2
Marshall CT classification of head injury
Category

Definition

Diffuse injury I

No visible intracranial injury

Diffuse injury II

Mesencephalic cisterns
present with midline shift
0–5 mm and/or: lesion
densities present, no high- or
mixed-density lesion >25 mL

Mortality
9.6%
13.5%

Diffuse injury III Mesencephalic cisterns
compressed or absent with
midline shift 0–5 mm; no
lesions >25 mL

34.0%

Diffuse injury IV Midline shift >5 mm, no highor mixed-density lesion
>25 mL

56.2%

Evacuated mass Any lesion surgically
lesion
evacuated

38.8%

aimed at limiting secondary cerebral insults and
maintaining adequate cerebral perfusion pressures (CPP)
throughout the course of care.
There are two patterns of TBI injury: primary and
secondary. The primary injury pattern is the injury that
results from the initial traumatic insult, the degree of effect
being determined primarily by the force of the impact
trauma and any associated events relating to it. Secondary
injury is that which is sustained after the primary injury as
a result of physiologic derangements in both the brain and
the body. Examples of factors contributing to secondary
injury are cerebral edema, hypoxia, hypotension, reduced
cerebral blood flow, intracranial hypertension, and seizures.

Treatment
Surgical Intervention
Surgical intervention in the setting of TBI depends largely
on the type of injury suffered and the capabilities of the
center caring for the patient. General guidelines for
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Traumatic Brain Injury, Initial Management. Table 3
Guidelines for surgical intervention in acute EDH and SDH
Injury type Indication for surgical intervention
EDH

Any symptomatic EDH
Acute asymptomatic EDH >10 mm

SDH

Any SDH >10 mm or midline shift >5 m on CT
Any acute SDH with a GCS <9, thickness
<10 mm, and a midline shift <5 mm if GCS
decreased by 2 or more points since admission
Acute SDH with asymmetric or fixed and
dilated pupils and/or ICP >20 mmHg

surgical intervention in epidural hematomas (EDH) and
subdural hematomas (SDH) are found in Table 3.
There are no clear guidelines for the provision of
surgical decompression without mass lesions in the setting of TBI, but refractory ICP is the most common
indication for decompression. The surgical management
of TBI is often lifesaving, and patients with surgical
lesions must be transferred to the care of facilities with
neurosurgical capabilities as soon as surgical injuries are
identified.

Early Medical Management Overview
The majority of mild TBI patients are seen in an Emergency Department and discharged without requiring
admission to the hospital; however, all moderate and
severe TBI patients will require admission to the hospital
and should be cared for in Intensive Care Units with
expertise in treating acute neurologic injuries.
The fundamental principles of care for the severe TBI
patient are aimed at preventing secondary injuries and
limiting additional global physiologic insults. The cornerstones of therapy are to prevent hypotension (traditionally
defined in TBI patients as a systolic blood pressure of less
than 90 mmHg) and hypoxia (defined as an oxygen saturation less than 90% or an arterial partial pressure of
oxygen of less than 60 mmHg). In patients with invasive
intracranial monitoring, the maintenance of an intracranial pressure less than 20 mmHg and a cerebral perfusion
pressure (CPP; CPP = MAP-ICP) greater than 60 mmHg
represent the best available evidence-supported targets for
care. It is important to remember that up to 5% of patients
with significant TBI will have associated spine fractures,
with the majority in the C1–C3 level. This associated
injury pattern mandates that spine precautions be
maintained until complete radiographic clearance has
occurred.
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Specific Early Treatments
Intubation and Mechanical Ventilation: The management
of all severe TBI patients will necessarily include endotracheal intubation and mechanical ventilation for both airway protection and the provision of adequate ventilation
and oxygenation. Hypoxia and hypotension must be
avoided during the period of time required to secure an
airway and initiate mechanical ventilation. The method
for placement of an airway should take into account the
likelihood of first-pass success with an endotracheal tube,
and backup plans for the provision of adequate oxygenation and ventilation should be in place. Preoxygenation
should be employed, if possible, prior to attempts at
definitive endotracheal intubation. The provision of
100% FiO2 via a non-rebreather mask for 3 min prior to
paralysis for intubation will allow zero ventilation
normoxia for nearly 5 min in the moderately ill 70 kg
adult with normal pulmonary function. All patients
undergoing intubation in the setting of TBI ought to
have their airway managed by an experienced operator
and intubation facilitated by rapid sequence intubation
(RSI). The number of attempts needed to secure an airway
should be minimized, and manipulation of the glottis
limited as much as possible. Generally, the use of indirect
lifting forces applied to the vallecula with a Macintosh
laryngoscope blade will provide less glottic stimulation
than the use of a straight blade directly applied to the
epiglottis, perhaps limiting the rise in ICP known to
occur with glottic stimulation.
The decision to employ premedications during RSI,
thought to blunt the response of ICP to glottic manipulation during intubation, should be made on an individualized basis; however, the decision to use these agents
should not delay definitive airway management in the
unstable patient. Despite the controversy surrounding
the potential rise in ICP with airway manipulation, it is
unlikely that premedication will have a significant enough
effect on ICP to prevent herniation. However, a delay in
definitive control of the airway clearly has the potential for
harm in these patients. If premedication is employed, the
medications and doses in Table 4 should be considered.
Providing mechanical ventilation in the setting of
severe TBI is a complex undertaking. The effects of
mechanical ventilation on cerebral oxygen delivery, vascular caliber, intracranial pressure, and cardiac preload
must all be taken into account when choosing a mode of
ventilation. While there are no compelling data to suggest
a mode of ventilation (e.g., volume targeted or pressure
targeted) to be superior to another in the setting of TBI,
data do suggest that there is an overall increased incidence
of acute lung injury (ALI) in TBI patients even without
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Traumatic Brain Injury, Initial Management. Table 4
Adjunctive premedications for RSI with raised ICP
Medication

Likely mechanism of action Dosea

Lidocaine

Blunts reflex sympathetic
response to laryngoscopy

1.5 mg/kg IV

Fentanyl

Blunts reflex sympathetic
response to laryngoscopy

3 mcg/kg IV

Esmolol

Blunts reflex sympathetic
response to laryngoscopy

2 mg/kg IV

Vecuronium

Prevents defasciculation
prior to use of depolarizing
neuromuscular blockade

1/10th of
paralytic
dose IV

a

All premedications to be given 2–3 min prior to intubation

known direct thoracic trauma. Limiting additional lung
injury is critical, and it is important to consider that large
tidal volumes (Vt) and increased respiratory rate (f) are
both independently associated with the development
of ALI in TBI. Therefore, during the initial period of
mechanical ventilation in TBI, Vt should be limited to
6–8 mL/kg of predicted body weight and f manipulated
to maintain a minute ventilation (Ve) that will ensure
a normal PaCO2 in the absence of acute herniation. The
maintenance of a normal physiologic PaCO2 will ensure
there is no unintended decrease in cerebral vascular caliber
during the critical period immediately post-TBI when
cerebrovascular autoregulation is often severely impaired.
All modes of mechanical ventilation will have an effect
on transpulmonary pressures (Ptp). It is theoretically possible that very high driving pressures could adversely affect
venous return by elevating Ptp to a level that decreases
cerebral venous outflow. While this remains a theoretical
concern, attention must be paid to peak airway, plateau,
and transpulmonary pressures in the setting of acute TBI
when the possibility of increased ICP is a concern.
Empiric Limitation of Intracranial Pressure: Empiric
management of ICP in the acute setting is directed by
the assumption that the acutely injured TBI patient has
the potential for elevated ICP. There are several noninvasive means that should be employed in the initial management of TBI patients in an attempt to maintain a safe level
of ICP. These include raising the head of the bed to 30
(reverse Trendelenburg positioning should be used until
spinal injury has been definitively excluded), keeping the
head and neck midline at all times to augment cerebral
venous outflow via the internal jugular veins, loosening
cervical-spine immobilization devices to allow for jugular
venous return, and limiting the restriction of chest wall
expansion. While never subjected to rigorous prospective

trialing, the generally accepted target is to maintain ICP
less than or equal to 20 mmHg at all times. However, it is
important to realize that cerebral herniation can still occur
despite maintaining an ICP of 20 mmHg or less depending
on the particular injury pattern in question. In particular,
low-lying temporal lobe masses may cause herniation to
occur at pressures much lower than 20 mmHg.
Intracranial Pressure Monitoring: There are no
level I recommendations for the initiation of ICP monitoring in the severe TBI patient. However, the lack of
randomized controlled trial data likely reflects the widely
held belief that monitoring ICP in the setting of severe
TBI is the standard of care. Monitoring ICP allows for
both management of ICP itself as well as therapeutic
maintenance of CPP in the acute injury period. Current
guideline recommendations for the monitoring of ICP in
TBI suggest monitoring in (1) any patient with a postresuscitation GCS of 3–8 and an abnormal cranial CT
scan, or (2) any patient with a post-resuscitation GCS of
3–8 with a normal cranial CT scan if any two or more
of the following are present: (a) age >40 years, (b) motor
posturing, and (c) systolic blood pressure <90 mmHg [2].
Options for ICP monitoring include placement of
intraparenchymal, subdural, and intraventricular drains.
While all monitoring options will provide information on
ICP, only intraventricular drains will allow for therapeutic
removal of cerebrospinal fluid in the setting of elevated
ICP, a theoretical and practical advantage that should not
be overlooked when deciding which type of monitoring
device to employ.
Intracranial Pressure Therapy: The targeting of an ICP
<20 mmHg during the initial management of TBI often
requires multiple strategies and interventions. In addition
to the physical positioning and jugular outflow augmentation strategies described above, management of ICP may
require the use of hyperosmolar therapy, high-dose sedation and analgesia, acute hyperventilation, and other
adjunctive therapies such as hypothermia and barbiturates. Of the above-mentioned strategies, hyperosmolar
therapy and hyperventilation have been subjected to the
most critical scientific examination. It is clear that hyperventilation must be reserved for the setting of an acute
herniation syndrome. Utilizing acute hyperventilation
to lower PaCO2 may provide enough of an effect to reverse
or limit the effects of herniation, functioning as a
temporizing measure to allow for definitive surgical therapy. Outside of its role in acute herniation syndromes,
hyperventilation should no longer be employed in the
management of the TBI patient.
Hyperosmolar therapy, on the other hand, is a mainstay of the critical care management of TBI. The two most
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commonly used agents in modern practice are mannitol
and hypertonic saline. At this time, there are no compelling data to recommend one agent over the other. Both
hypertonic saline and mannitol are purported to have
neuroprotective and anti-inflammatory effects. Mannitol
is a free-radical scavenger that may limit lipid membrane
peroxidation, yet its function as an osmotic diuretic may
make it more prone to decrease circulating intravascular
volume. Hypertonic saline (HTS), on the other hand, is
a volume expander that may also have anti-inflammatory
properties and may decrease blood viscosity allowing for
improved cerebral blood flow; however, the therapeutic
effect of HTS is predicated on raising the serum sodium
concentration which could increase the risk of renal failure. The concomitant hyperchloremia may cause a significant non-gap metabolic acidosis.
Mannitol should be given in doses ranging from
0.25 to 1 mg/kg IV as a bolus. Effects of mannitol on ICP
may be seen in as little as a few minutes, should peak
in approximately 60 min, and may last for up to 6–8 h
after administration. Serum osmolarity should be measured when using mannitol, and values greater than
320 mOsm/L indicate that the effect of additional mannitol is likely to be muted, while values >340 mOsm/L are
indicative of significant physiologic risk to additional
mannitol dosing rather than likely benefit. Finally, mannitol ought to be administered as periodic boluses and not
as a continuous infusion.
HTS dosing ranges are established based on the concentration being used. Formulations of HTS have been
studied that range from 2% to greater than 30% NaCl by
volume. Any concentration of HTS >2% should be
administered via a central venous catheter except in
extreme situations, and converted to central administration as soon as possible. Since the effects of HTS are
exerted through the serum concentration of sodium
ions, frequent monitoring of serum sodium is required
when using HTS in either bolus form or as a continuous
infusion. One of the greatest advantages of HTS is the
ability to utilize it as both a volume expander and ICP
control agent. Continuous infusion of HTS allows for
both maintenance fluid administration and continuous
ICP control without the swings in ICP seen with bolus
therapy. However, HTS is not without risk, and
hypervolemia, acid–base disturbances, and renal functions
must all be monitored carefully when using HTS.
Sedation and Analgesia: The overarching goals of controlling anxiety and pain in the TBI patients must be
tempered with the knowledge that the majority of agents
used to do so are likely to obscure the neurologic exam.
However, noxious stimuli are likely to increase ICP, induce
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maladaptive physiologic responses, and complicate
mechanical ventilation. To limit these deleterious effects
of noxious stimuli, all severe TBI patients should receive
adequate analgesia as well as anxiolysis. Mainstays of therapy include continuous infusion of short-acting narcotics
such as fentanyl, and anxiolytics/sedatives such as
propofol and midazolam. Because of the risk of propofol
infusion syndrome, close monitoring of liver function and
blood lipids should be done when using propofol for
extended periods. Regardless of the agent chosen, all
severe TBI patients should receive continuous-dose analgesia and anxiolysis/sedation during the initial management period. Additionally, in light of the extensive data
related to post-ICU care cognitive and emotional deficits,
the utilization of a daily wake-up period from sedation
should be considered in all patients except those at greatest
risk for increase in ICP with the lightening of sedation.
Cerebral Perfusion Targeted Therapy: It is clear that low
cerebral blood flow and perfusion pressures are associated
with worsened outcomes in severe TBI patients. With the
advent of ICP monitoring, it becomes possible to target
a specific CPP in TBI patients. Historically, the initial level
for CPP targeted therapy was established at a pressure of
70 mmHg. However, despite many observational studies,
there was no clear benefit identified with this strategy,
while more complications were identified, including pulmonary and cardiac dysfunction. These observations led
to a revision of the most recent Brain Trauma Foundation
(BTF) Guidelines bringing the goal CPP to 50–70 mmHg.
Despite this revision, there is still considerable debate
regarding the optimal CPP for TBI patients. Recently,
there has been significant interest in identifying
a personalized CPP that best supports the cerebral physiology of an individual patient while maintaining ICP in
a safe range, effectively taking into account each patient’s
unique cerebral autoregulation curve. Until this controversy is further clarified, maintaining an adequate CPP of
50–70 mmHg should be the goal for the care of the TBI
patient.
Brain Tissue Oxygenation Monitoring: Despite
improvement in outcome with ICP and CPP goal-directed
therapy, TBI patients continue to suffer episodes of cerebral hypoxia that remain undetected with traditional
monitoring modalities. The advent of partial brain tissue
oxygen monitoring (PbtO2) has led to the identification of
occult regional cerebral hypoxia even in patients with
normal CPP and ICP parameters. PbtO2 technology allows
for the measurement of partial pressures of O2 in the area
surrounding the tip of the parenchymally inserted catheter. Absolute mortality reduction with PbtO2-driven therapy has been reported to be up to 37% with an odds ratio

2315

T

2316

T

Traumatic Brain Injury, Initial Management

for a good outcome of 2.09 [95% CI 1.031–4.24] [3].
When available, PbtO2 monitoring should be employed
in the management of severe TBI patients.
Seizure Prophylaxis: Seizures in the early post-injury
period in patients with severe TBI are likely to contribute
to secondary neuronal injury by increasing ICP, neuronal
excitotoxicity, and cerebral metabolic demands. Estimates
of the incidence of non-convulsive status epilepticus in
comatose patients in the neuro-ICU range as high as 30%,
and the likelihood of non-generalized electrographic seizures is much higher. In an attempt to prevent the development of early post-injury seizures, anti-epileptic drugs
(AEDs) should be given to all severe TBI patients in the
seven days following injury unless a clear contraindication
exists. For patients who have documented seizures or
diagnosed status epilepticus after injury, AEDs should be
continued for at least 30 days. There appears to be no
clinically relevant difference between the use of phenytoin
(or fosphenytoin) and levetiracetam for prophylaxis in the
setting of severe TBI, thus either may be used.
Adjunctive Therapies: There are additional therapies
that can be employed in the setting of ICP control failure,
if appropriate, before or after surgical management. Barbiturate therapy, for example, has no place in the primary
management of TBI patients with increased ICP; however,
it ought to be considered as salvage therapy when maximal
management strategies for ICP control, including surgery,
have failed. The effects of barbiturate therapy are
pleotrophic, including decreasing cerebral blood flow,
limiting cerebral oxygen consumption, suppressing cerebral neuronal excitation, and decreasing free-radical production. Despite these potential benefits, barbiturate
therapy is not without risk. Prior to initiation of therapy,
hemodynamic stability must be established and a system
created for close monitoring for infection. The decrease in
metabolic rate seen with high-dose barbiturate therapy is
likely also immunosuppressive, so clinicians must remain
vigilant for signs of infection in patients undergoing barbiturate-induced coma therapy. Induced hypothermia has
also been studied in the setting of refractory ICP. When
used as salvage therapy, it has many of the same effects
attributed to barbiturate therapy, with many of the same
risks of hemodynamic compromise and immunosuppression. The literature has yet to define a role for prophylactic
hypothermia in the management of TBI patients. However, patients with severe TBI whose ICP is refractory to
medical and surgical management may benefit from
induction of hypothermia. If hypothermia is instituted,
current data would suggest that the therapy be maintained
for at least 48 h to incur the greatest potential benefit in
neurologic outcome and survival. Nonetheless, actively

targeting cerebral and whole-body euthermia is
a reasonable and attainable goal, the benefits of which
include decreasing cerebral oxygen metabolic demands
and lowering ICP.
Deep Venous Thrombosis Prophylaxis: Patients with
severe TBI are at significantly increased risk of developing
venous thromboembolism (VTE). However, there are no
clear class I data to support recommendations on
type, timing, or duration of therapy. The theoretical risk
of cerebral hemorrhage enlargement as a result of
anticoagulation must be weighed against the risk of the
morbidity and mortality of VTE. In the absence of accepted
guidelines or robust data, the decision on when to initiate
prophylactic anticoagulation is left to the individual practitioner. There is no reason not to use sequential compression devices (SCDs) for mechanical thromboprophylaxis,
but it is likely that that the pro-inflammatory state seen in
severe TBI will render SCDs inadequate in many cases.
When choosing the type of prophylaxis to employ, the
ability to rapidly reverse the anticoagulation in the setting
of hematoma formation or expansion should be considered. Many institutions are initiating VTE chemoprophylaxis once two cranial CTs separated by >24 h have shown
injury stability; however, this approach has not been
subjected to rigorous review or examination.
Nutrition: Severe TBI patients are in a proinflammatory catabolic state with metabolic demands
approaching 140% of baseline. This increase in metabolic
demand exists even in the absence of spontaneous skeletal
muscle contraction. In order to meet these demands,
caloric needs must be met as soon after injury as possible.
The overwhelming majority of TBI patients will be able to
be fed via the enteric route. Although the Brain Trauma
Foundation guidelines recommend full caloric feeds by
day 7, there is compelling evidence that earlier nutrition
may be of even greater benefit than originally believed.
If an enteric feeding tube is placed into the jejunum, there
is little need to discontinue or hold continuous formula
feeding during procedures or supine positioning. The
earlier that full caloric support can be initiated in severe
TBI, the better the metabolic support of the patient. Clinicians should consider nutritional support in TBI to be
a fundamental component of early care.
Corticosteroids: Despite their inclusion in prior treatment algorithms for severe TBI, there is no role for acute
corticosteroids for the treatment of severe TBI. In 2004,
the results of the randomized controlled CRASH trial were
published. This trial randomized 10,008 patients to receive
either corticosteroids or placebo following TBI with
a primary endpoint of death at 2 weeks. The percentage
of patients who received corticosteroids and died at two
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weeks was significantly higher than the placebo group
(21.1% vs 17.9%, or 1.18 (0.09–1.27), p = 0.0001) [4].
This trial has definitively answered the clinical question of
corticosteroids in the setting of TBI; as a result, steroid
therapy has been removed from all management guidelines in TBI.

Evaluation/Assessment
The evaluation of the TBI patients begins with first contact
with the medical system, most often in the field with emergency medical services (EMS). The initial GCS, injury pattern, and mechanism will all contribute to the assessment.
Determination of hypoxia and hypotension in the
prehospital and early hospital setting will contribute greatly
to prognosis and planning. The cornerstone of evaluation in
TBI is cranial imaging once hemodynamic stability has been
achieved. The physical exam ought to identify life threats
and injuries requiring intervention, but the key to the
evaluation of TBI is the cranial CT. In settings in which
vascular injury is suspected, CT-angiography may be
employed early in the evaluative phase as well. There is
currently no role for acute magnetic resonance imaging
during the acute evaluation of the TBI patient. All decisions
related to TBI care and intervention will depend on the
physical exam, the GCS, and the cranial CT imaging.

Prognosis
The prognosis of patients with severe TBI is influenced by
factors as varied as prehospital hypoxia and hypotension
to the development of nosocomial infections during the
course of ICU care. When divided into general categories
of “good” versus “poor” outcome, the most predictive
early measure is the motor component of the GCS, with
patients scoring a 4 or better having the greatest likelihood
of a “good” outcome. Traditionally, it was thought that
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patients with a presentation GCS of 3 and fixed and dilated
pupils were non-salvageable. That teaching has been challenged recently, with multiple large centers reporting
“good” outcomes in up to 9% of patients who presented
with GCS of 3 and fixed dilated pupils. In one recent
report, nearly half of the patients with a presentation
GCS of 3 survived to discharge and 13–15% achieved
a “good” recovery defined by functional outcome. Older
patients, those with fixed and dilated pupils and increased
ICP, tend to have worse outcomes [5]. However, the overall likelihood of survival and the possibility of a “good”
outcome should challenge the traditional lack of enthusiasm for aggressively resuscitating severe TBI patients. As
an important corollary, many patients with isolated TBI
who do not survive their injury may ultimately become
organ donors. Aggressive initial management of all TBI
patients will provide not only the best care and likelihood
of survival for that patient, but the greatest likelihood of
organ function preservation in the event that brain death
does occur and organ donation is pursued.
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Definition
Statistics and Etiology
In the USA, 1.7 million people sustain a traumatic brain
injury (TBI) each year. Approximately 16% require admission to a hospital and the overall mortality rate is 3%.
The majority (80%) of these patients are evaluated and
treated in an Emergency Department then discharged.
Many cases (35%) of TBI result from falls, followed by
motor vehicle collisions accounting for 20% of the
remainder. TBI resulting from motor vehicle collisions
are noted to be the leading cause of TBI-related mortality.

Pre-existing Condition
Management Principles
Preventing secondary injury is central to the optimal
management of TBI patients. While patients’ neurological
outcome is related to cellular damage sustained at the time
of injury, it is believed that secondary insults such as
hypoxia and hypotension may be more important. Of
greater significance is the fact that secondary events can
be limited by good practice management strategies. Secondary insults may lead to a decrease in brain perfusion in
the hours to days following initial injury.

Initial Resuscitation
Standard trauma protocols should be observed when
evaluating a TBI patient. Patients will commonly be
brought to a trauma center following a fall, being in
a motor vehicle crash, or when “found down.” Because
providers never know what associated injuries TBI
patients have on arrival to hospital, it is important to
maintain protocol, avoiding the temptation to address
only neurologic assessments at the risk of missing other
potentially life-threatening injuries. The primary survey
should quickly evaluate the patient’s airway patency, ability to ventilate and oxygenate, and hemodynamic stability. The patient’s overall neurologic status is then assessed
with a Glasgow Coma Score (GCS) followed by a rapid,
focused exam to uncover any lateralizing signs
(anisocoria, focal findings). The primary survey concludes with completely exposing the patient to identify
any stigmata of life-threatening injury and obtaining any
adjunct imaging and laboratory studies necessary to aid
evaluation.
Fluid resuscitation is a key element in the early and
definitive management of injured patients. Landmark
studies have established that hypotension is devastating
to overall outcome with even a single observed prehospital

episode of systolic blood pressure less than 90 mmHg
resulting in doubled mortality rate for the TBI patient
[1]. Similar data supports avoiding in-hospital hypotension to prevent poor outcome.
The Advanced Trauma Life Support (ATLS) protocol
recommends 2 liters of isotonic fluids (Normal Saline or
Lactated Ringer’s) immediately following the arrival of the
unstable traumatized patient. This applies to all trauma
patients whether with isolated head injury or with other
concurrent injuries. Blood products (packed red blood
cells, fresh frozen plasma, and platelets) should also be
used early, rapidly, and combined in the bleeding patient
with a worsening coagulopathy.
Hypertonic saline (HTS) may also be a useful fluid as
part of subsequent resuscitation if intracranial pressure
(ICP) is elevated [2]. An algorithm using HTS in this
setting is currently used at the University of Pennsylvania
(Figs. 1 and 2).

Fluid Tonicity
Hypotonic fluids and dextrose solutions in free water
should be avoided at all costs in brain injury as they
promote cerebral edema. The blood brain barrier acts as
a semipermeable membrane. Infusions of hypotonic solutions lower plasma osmolality causing a water influx into
cerebral tissue through osmotic gradients. This results in
cerebral edema and increased ICP. Hyperglycemia after
brain ischemia has also been associated with increased
neurologic injury. Glucose is metabolized by ischemic
brain tissue into lactic acid. As lactic acid accumulates
in tissue, pH falls, contributing to increased ischemic
injury.

Fluid Balance
Carefully monitoring fluid balance is an essential element
in the management of the intensive care unit patient.
Aggressive fluid resuscitation is known to contribute to
peripheral and pulmonary edema. However, this has not
been shown to occur in brain tissue as well. In an effort to
minimize cerebral edema some centers have adopted
a fluid restrictive approach. Indeed, the “Lund Therapy”
of severe brain injury aims to reduce edema formation by
decreasing mean arterial pressure, cerebral blood volume,
cerebral energy metabolism, and maintaining even or
moderately negative fluid balance [3].
However, several other studies have demonstrated that
negative fluid balance may result in increased morbidity
and mortality. One report showed that negative fluid
balance exerted a comparable detrimental effect on outcome as a low admission GCS, advanced age, and mean
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Mean arterial pressure < 80 mmHg
Place central line.
Assess cardiac function.
Transfuse RBCs if active
bleeding or Hgb < 7 g/dL

ICP > 20
mmHg?

Yes
No
Serum Na+
<155 mEq/L

No
To restore MAP to > 80 mmHg:
1. Colloid (FFP if INR > 1.3) until
stroke volume ≥ 0.5 mL/kg
2. Additional crystalloid if ICP allows
3. If lactate not elevated,
phenylephrine 10–100 mcg/min,
other pressors prn
4. Goal: CPP ≥ 60 mmHg; call MD if
unsusccessful

Yes
5% Hypertonic
saline, 375 mL

CPP ≥ 60
mmHg?

No

Yes
Manage brain
hypoxia

Traumatic Brain Injury-Fluid Management. Figure 1 Fluid resuscitation in hypovolemic TBI patients

arterial pressure <70 mmHg, also being linked to
increased ICP [3]. Yet another study showed that refractory intracranial hypertension did not correlate to fluid
balance. Pulmonary complications such as acute respiratory distress syndrome (ARDS) and congestive pulmonary
edema were more likely in patients with increasingly positive fluid balance [4].
Euvolemia, erring on the side of positive fluid balance
when clinically warranted (e.g., multiple injuries requiring
resuscitation) with close monitoring to prevent secondary
injury is thus the goal in managing traumatic brain injury.
Clinicians must constantly balance fluid administration to
support blood pressure and maintain CPP with minimizing the development of pulmonary edema leading to
hypoxemia.

Osmotherapy
Currently only one class of drugs are available to reduce
intracranial hypertension. Osmotherapeutic agents including mannitol and hypertonic saline are used to lower ICP.
Osmotherapy should be employed only after universal measures (adequate sedation and analgesia; head-of-bed and
neck positioning; fever, seizure, and glycemic control; and
correction of intra-abdominal/intrathoracic hypertension)
have been addressed and intracranial hypertension persists. Osmotherapeutic treatment should proceed along a
stepwise approach: mannitol, then 5% hypertonic saline
(HTS) boluses, then 3% NaCl infusion. Figure 3 is a
recommended protocol employed to manage increased
ICP in a patient who is otherwise fluid resuscitated and
euvolemic. Note that this protocol only recommends HTS
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Does the patient qualify for HTS?
1. Diagnosis of TBI and GCS ≤ 8
2. Patient is in ICU
3. MAP < 80 mmHg
4. ICP > 20 mmHG
5. Hgb ≥ 7 g/dL
6. Neurocritical or Critical care
attending approved
7. Serum Na+ < 155 mEq/L
8. Central line placed – cardio
function assessed

YES to ALL

–
–
–
–

NO to ANY

Order 5% HTS 375 mL IV for one dose
Infuse 5% HTS via central line on a
delivery pump over 30 min
DO NOT repeat administration
Draw serum Na+ within 6 h of
completion of the infusion

Patient does not
qualify for HTSS
administration

Return to the
Fluid Resuscitation
In the ICU module

Traumatic Brain Injury-Fluid Management. Figure 2 Hypertonic saline solution (HTS) administration – qualifying questionnaire

infusion after HTS bolus therapy has failed. No data in
adults currently exist establishing whether bolus or infusion HTS osmotherapy is superior.

Mannitol
Mannitol has been used as an effective osmotherpeutic
agent for a decade. It is an osmotic diuretic, and as such
is not a fluid per se. Its use requires careful monitoring of
hemodynamics and fluid balance. A brisk diuresis should
be anticipated and urine output should be followed to
prevent intravascular depletion leading to arterial pressure
(and CPP) reductions and to allow for adequate fluid
replacement.
The recommended dose is 1 g/kg (0.5–1.25) administered over 10 min and should be avoided in hypotensive
patients. Faster or higher dose infusions have been shown
to cause transient episodes of hypotension. Mannitol creates an osmolar gradient across the blood brain barrier

drawing water out of the brain into the intravascular
space. It also affects blood rheology improving blood
flow efficiency leading to decreased cerebral blood volume
and lower ICP.
Mannitol should be infused no faster than 0.1 g/kg/
min. Doses can be repeated every 6 h, as needed, for ICP 
20 mmHg. Serum sodium and osmolality/osmolar gap are
monitored closely. Mannitol should not be administered
for osmolality >320 and osmolar gap >20, or sodium 
160 mEq/L. Urinary fluid losses should be replaced mL for
mL for 2 h after mannitol is given.
Osmolar Gap ¼ measured osm  calculated osm
Measured Osm ¼ value obtained from lab
Calculated Osm ¼ 2  ðNaþ Þ þ ðBUN=3Þ
þ ðGlucose=18Þ

Traumatic Brain Injury-Fluid Management

T

2321

Failure of universal measures to
lower ICP < 20 mmHg

Patient
eligible for
mannitol?

Yes

Administer
mannitol per
protocol

No

Patient
eligible for
5% NaCl?

No

Mannitol
effective?
Yes

No

Call MD.
Consider
hemicraniectomy

Yes

Continue
mannitol Rx

Administer
bolus 5% NaCl
per protocol

No

5% NaCl
effective?
No

Patient
eligible for
3% NaCl?

Yes

Continue
5% NaCl Rx

Yes

Start 3% NaCl
infusion per
protocol

T

Traumatic Brain Injury-Fluid Management. Figure 3 Osmotherapy for treatment of severe intracranial hypertension

Figure 4 is a recommended algorithm used for mannitol administration to manage intracranial hypertension.

Hypertonic Saline
Hypertonic saline (HTS) is another hyperosmolar therapy available to control ICP. HTS has several properties

that benefit TBI patients. Like mannitol it creates an
osmolar gradient across the blood brain barrier, drawing
water out of brain tissue into the intravascular space
improving cerebral blood flow and lowering ICP. Additionally, HTS may be administered as a resuscitative fluid
to improve hemorrhagic shock hemodynamics, which
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Administer
mannitol

Check Na+, BUN, glucose,
osmolality 5 h after dose.
Is osm > 320?

Yes

No

Calculate
osmolar gap

Is ICP ≥ 20?

Yes

Gap > 20 OR Na+ ≥ 160,
AND ICP > 20

Call MD.
Consider
hemicraniectomy

No

Gap < 20 OR Na+ < 160,
AND ICP > 20

Administer
bolus 5% NaCl
per protocol

Call MD.
Consider
hemicraniectomy

Traumatic Brain Injury-Fluid Management. Figure 4 Mannitol in the management of intracranial hypertension

may be present in patients with multiple traumatic injuries. The resultant combination of increased arterial pressure and decreased ICP improves cerebral perfusion,
thereby limiting secondary injury. Other studies have
described significant reductions in systemic inflammation after HTS administration following trauma or
hemorrhage.
HTS can be administered as small volume bolus
or as a continuous infusion. Multiple reports exist
in humans describing the use of different concentrations of HTS (from 3% to 35%) for osmotherapy.
There is no consensus on the optimal dose or delivery
method.

The University of Pennsylvania algorithm for administering 5% HTS as a bolus and 3% HTS as a continuous
infusion to manage intracranial hypertension is depicted
in (Figs. 5 and 6).

Albumin
The use of albumin in critically ill patients has long
been debated as a resuscitation fluid. As a colloid macromolecule, albumin provides rapid intravascular volume expansion, increasing oncotic pressure and
drawing fluid in from the extravascular space. However,
it is considered expensive and its effects are transient.
An influential report published over a decade ago in the
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ICP > 20 mmHg
AND
Mannitol is contraindicated or ineffective
AND
HTS has not been given in the past 4 h

Not eligible
for HTS.
Call MD

Yes

Contraindication to HTS?
(see checklist)

No

Has Na+ been
obtained in
last 2 h?

Has mannitol been
administered since
last Na+ obtained?

Yes

No
Yes

No

Obtain
STAT Na+

Not eligible
for HTS.
Call MD

No

Is Na+< 160?

Yes

Administer 150 mL
of 5% NaCl IV over
9 min

Traumatic Brain Injury-Fluid Management. Figure 5 Use of 5% HTS boluses in the management of intracranial hypertension

British Medical Journal suggested that it increased mortality when administered to SICU patients [5]. However, the landmark Saline Versus Albumin Fluid
Evaluation (S.A.F.E) trial published more recently in the
New England Journal of Medicine found no difference in
survival when albumin was compared to crystalloid in an
ICU population [6]. However, post hoc analysis of

critically ill TBI patients treated with albumin resulted in
increased mortality as compared to resuscitation with
saline [7]. The Lund protocol uses albumin in conjunction
with diuretics to maintain even to negative fluid balance
aiming to limit cerebral edema [3]. Currently, no other
report has investigated the use of albumin in TBI
management.
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ICP ≥ 20 mmHg
AND
5% NaCl bolus ineffective

Not eligible
for HTS.
Call MD

Yes

Contraindication to HTS?
(see checklist)

Obtain
STAT Na+

Not eligible
for HTS.
Call MD

No

Is Na+ < 160?

Yes

Start continuous IV
infusion 3% NaCL.
Check Na+ every 2 h
and adjust infusion rate
per sliding scale.

Serum Na+
<140
141 -150
151 -160
> 160

ICP
≥ 20
< 20
≥ 20
< 20
≥ 20
< 20

3% NaCl Rate
Increase rate by 20 mL/hr not to exceed 100 mL/hr.
Continue current rate
Increase rate by 10 mL/hr not to exceed 100 mL/hr.
Continue current rate.
Increase rate by 5 mL/hr not to exceed 100 mL/hr.
Continue current rate
Stop infusion; recheck serum Na+ in 2 hrs. Call MD.

Traumatic Brain Injury-Fluid Management. Figure 6 Use of 3% HTS infusion in the management of intracranial hypertension

Application
Fluid management of the TBI patients should follow the
same guidelines as resuscitation of any injured patient.
One should start with isotonic crystalloids and rapidly
proceed to blood products if the patient remains in
shock (Table 1). Hypotonic fluids should be avoided.

Once the patient is stabilized, it is recommended to maintain euvolemia and minimize large fluid losses or administrations. Hypertonic saline can be used as a resuscitant
and osmotherapeutic agent. Mannitol is used as
osmotherapy and may cause intravascular depletion if
urinary losses are not replaced.

Traumatic Spondylolisthesis

T
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Traumatic Brain Injury-Fluid Management. Table 1 Intravenous fluids (IVF) for management of TBI
IVF/Medication

Indication

Effects

Monitoring

Hypotonic solution/dextrose in water Avoid administration

Cerebral edema

N/A

Diuretics

Volume depletion

N/A

Avoid administration

Decreased MAP/CPP
Isotonic (NS/LR)

Initial/ongoing
resuscitation

Volume expansion

Maintain euvolemia

Mannitol

Increased ICP

Decreased ICP

Serum osmolality

Improved CBF

Osmolar gap

Increased MAP/CPP

Maintain euvolemia
Hypertonic saline

Refractory intracranial
hypertension

Volume expansion

+/ Hypovolemia

Increased MAP/CPP

Serum sodium

Decreased ICP
Improved CBF
Albumin

Avoid administration
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Traumatic Lateral Scapular
Displacement
▶ Scapulothoracic Dissociation

Traumatic Spine Dislocation/
Fracture-Dislocation
▶ Traumatic Spondylolisthesis

Volume expansion

N/A

Traumatic Spondylolisthesis
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Synonyms
Holdsworth slice rotational shearing injury; Locked facet
joint dislocation; Perched facet joint dislocation;
Rotational spine injuries; Translational spine injuries;
Traumatic spine dislocation/fracture-dislocation; Traumatic spondyloptosis

Definition
The term “spondylolisthesis” derives from the Greek
words spondyl (vertebrae) and olisthesis (slip). Spondylolisthesis thus describes the anterior displacement of
a vertebra or the vertebral column in relation to the
vertebrae below, which leads to a disruption of the spine’s
sagittal profile. A “traumatic spondylolisthesis” defines
a vertebral dislocation or fracture-dislocation due
a traumatic impact, most commonly related to a highenergy mechanism.
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Classification
Spondylolisthesis is classified into five distinct types
according to the Wiltse classification system: (1) dysplastic, (2) isthmic, (3) degenerative, (4) traumatic, and
(5) pathologic. The focus of this chapter is represented
exclusively by the entity of “traumatic spondylolisthesis.”
Traumatic dislocations, fractures, and fracturedislocations of the spine are classified by the comprehensive AO/OTA classification system [1]. This system is
based on the alphanumeric classification established by
Magerl and colleagues [2]. In brief, the spinal anatomic
region is defined by a number (C-spine: 51; T-spine: 52;
L-spine: 53), whereas the injury pattern and severity is
described by an alphanumeric combination (A,B,C and
1,2,3), which increases with injury severity. A-type injuries
represent axial loading trauma mechanisms that lead to
compression fractures (A1), vertebral split fractures (A2),
or burst fractures (A3). None of the A-type fractures lead
to a traumatic spondylolisthesis. In contrast, B-type injuries represent unstable fractures and fracture-dislocation
related to flexion/distraction (B1 and B2; the latter is also
termed a “chance” fracture) or hyperextension (B3) mechanisms. The “classic” entity of a traumatic spondylolisthesis is represented by C-type injuries, which are
rotationally unstable by definition. These include rotational wedge/split/burst fractures (C1), flexion/distraction
or hyperextension injuries with rotation (C2), or
complete rotational shearing injuries (C3). The latter represent the most severe and unstable spinal injuries and are
associated with a cord injury in up to 100% of cases.
Synonyms for the C3 type injuries are the “Holdsworth
slice rotational shearing injury” or a traumatic
spondyloptosis [3]. The C-type injuries with rotational
instability can be associated with a posterior dislocation
or fracture-dislocation of the facet joint, which may lead
to a so-termed “perched facet” or “locked facet” joint
dislocation.
The extent of vertebral displacement (spondylolisthesis) is classified by the Meyerding grading system.
This classification is based on radiographic measurements on lateral views of the according spine segment.
Hereby, the distance from the posterior edge of the
superior vertebral body is measured in relation to the
posterior edge of the adjacent inferior vertebral body.
The extent of spondylolisthesis is then calculated as the
relative percentage of displacement in relation to
the length of the superior endplate (Fig. 1). The
Meyerding classification describes four grades of severity
of spondylolisthesis, based on the calculated percentage of
vertebral slip:

L3

A
B

L4

A/B x 100 = % Slip

Traumatic Spondylolisthesis. Figure 1 Landmarks for the
calculation of the extent of spondylolisthesis (“vertebral slip”),
based on the Meyerding grading system. See text for details

●
●
●
●

0–25% (grade I)
25–50% (grade II)
50–75% (grade III)
75–100% (grade IV)

A traumatic spondyloptosis describes a Meyderding
grade IV spondylolisthesis, which corresponds to
a complete translational vertebral displacement, as
described above.

Application
Traumatic spondylolisthesis is almost exclusively related
to high-energy acceleration/deceleration trauma mechanisms. The cervical spine is particularly vulnerable due to
its flexible fixation between the head at the occipitocervical junction and the more rigid thoracic spine, related
to the stabilization by the anterior rib cage, at the cervicothoracic junction. For the same reason, the thoracolumbar junction is particularly vulnerable to traumatic
fractures and fracture-dislocations (Fig. 2).
While spine injuries are rare when compared to the
overall incidence of all skeletal injuries (around 1% of all
fractures) [4], their incidence increases in high-energy
trauma mechanisms, multiply injured patients, and in
patients with traumatic brain injuries.
The high risk of an associated spinal cord injury
emphasizes the potential detrimental impact of traumatic spondylolisthesis, particularly in younger victims
and high-energy trauma mechanisms. The primary
objective of the initial management of multiply injured
patients with suspected traumatic spine injuries is survival. During the primary survey, the injured patient is
rapidly assessed according to the algorithm of the
(Advanced Trauma Life Support) ATLS® protocol,
whereby life-saving procedures are performed
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Traumatic Spondylolisthesis. Figure 2 Incidence of spinal injuries at the different levels of the cervical (C), thoracic (T), and
lumbar (L) spine. The lower C-spine and thoraco-lumbar junction are particularly vulnerable to traumatic fractures and
fracture-dislocations, due to their flexible fixation relative to the more stable T-spine, associated with the anterior rib cage

simultaneously. The entire spine remains protected during
the primary survey, by the use of a long spine board and
a cervical collar. Spinal injuries are identified during the
secondary survey. Diagnostic strategies include plain film
X-rays, multislice CT scan, and MRI for selected indications, including traumatic spondylolisthesis. MRI is useful
in identifying associated ligamentous injuries, disc injuries
and herniation, spinal cord contusions, epidural hematoma, and possible dural tears.
A traumatic spondylolisthesis must be recognized
early and treated in a timely fashion, either by closed
reduction (C-spine) or by open reduction and spinal
fusion (T-/L-spine and irreducible C-spine dislocations).
The example of an institutional protocol for the surgical
management of thoracic and lumbar fractures/fracture-

dislocations is shown in Fig. 3. While there is a lack
of adequate science and evidence-based data from randomized trial related to the optimal timing of spinal
fixation for unstable injuries, common sense and anecdotal evidence suggest that any traumatic spondylolisthesis should be reduced and fixated within no
later than 24 h after admission [5]. This notion is reflected
by the very recent concept of “spine damage control,”
which implies the open reduction and posterior fixation
of unstable thoracic and lumbar spine fractures and
fracture-dislocations within 24 h, followed by a staged
anterior completion corpectomy and fusion, if indicated,
once the patient is fully resuscitated (Fig. 4). The “spine
damage control” protocol has been associated with
a reduced incidence of postoperative complications, such
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Traumatic Spondylolisthesis. Figure 3 Institutional protocol established at Denver Health Medical Center by the
interdisciplinary spine team (Orthopaedics/Neurosurgery) to guide the management of thoracic and lumbar fractures and
fracture-dislocations. Abbreviations: SCI, spinal cord injury; ASIA, American Spinal Cord Injury Association; Y, yes; N: no; F/D,
flexion/distraction
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Traumatic Spondylolisthesis. Figure 4 Case example of a 16-year-old patient who sustained a severe traumatic
spondylolisthesis at T12/L1 with translational and rotational instability (AO/OTA type C3.2) after a high-speed roll-over motor
vehicle accident (a). The patient presented with neurological deficits in terms of a cauda equine syndrome. A “spine damage
control” procedure was performed with open posterior reduction, decompression, and fixation on day 1 (b), followed by
a staged anterior L1 corpectomy and two-level fusion with an expandable cage on day 5 (c), after the patient was resuscitated
from traumatic-hemorrhagic shock and a chest injury with pulmonary contusions. The patient was then transferred to
a neurorehabilitation center

T
as the development of pressure sores, pulmonary infections, and thromboembolic events [5].
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Traumatic Spondylolisthesis of C2

Traumatic Spondylolisthesis of C2
▶ Hangman’s Fracture

Traumatic Spondylolisthesis of
the Axis
▶ Hangman’s Fracture

Traumatic Spondyloptosis
▶ Traumatic Spondylolisthesis

Treatment of Sepsis
▶ Sepsis: Management, Including Sepsis Bundles

Triage
Triage is the initial evaluation of an injured or ill person to
determine the level of medical care needed and their
priority for treatment.

Triage – Mass-Casualty
Prehospital
DAVID C. CONE
Department of Emergency Medicine, Yale University,
New Haven, CT, USA

Synonyms
Disaster triage; Mass-casualty triage; Multi-casualty triage

Definition
The process by which emergency medical services (EMS)
personnel sort and prioritize victims of mass-casualty

incidents at the scene, intending to identify those victims
most in need of immediate care, in order to make the best
use of limited treatment and transport resources.
Mass casualty triage is one of three types of triage
commonly used in EMS and emergency medicine. The
second is the process used by EMS personnel to determine
whether a given single trauma victim needs to be
transported to a trauma center, or can instead by
transported to a hospital that is not a trauma center. The
third is the process used in emergency departments to
determine the order in which presenting patients will be
seen. Since the word “triage” is unfortunately used to
describe all three of these processes, it is important to
understand exactly which of the three is being discussed;
this entry will only discuss what will henceforth be called
mass-casualty triage.
Example: EMS, fire, and police department personnel
are dispatched to a high-speed bus-vs-truck crash on an
interstate highway. There are 29 people on the bus, and
one in the truck. Several victims have already selfextricated from the bus and are walking around the
scene. The two paramedics on the first-arriving ambulance begin triaging the patients, using the START triage
system and color-coded triage tags. Within 10 min, they
have identified one “black” patient (deceased – the bus
driver), nine “red” patients needing immediate care and
rapid transport, eight “yellow” patients with moderate
injuries, and 11 ambulatory “green” patients with minor
or no injuries. As additional EMS resources arrive, the
“red” patients are tended to first, and are transported to
the three area trauma centers. The “yellow” patients are
then transported (some to trauma centers, and some to
hospitals that are not designated trauma centers), and the
“green” patients are then either transported to nontrauma facilities or released from the scene. All patients
are transported off the scene within 80 min of the crash.
Disaster: A situation in which the severity of damage
or the number of patients exceeds the ability of scene
responders and local management authority to provide
immediate management [1]. Often considered to involve
damage to response resources (such as structural damage
to hospitals in an earthquake) that renders the resources
useless in the response to the event.
Mass-casualty incident: A large incident typically
involving many victims and requiring a multi-service
response which, by its volume or characteristics, overwhelms or threatens to overwhelm the capabilities of the
local emergency response system [1]. Typically, this does
not involve damage to response resources.
SALT Triage: The Sort–Assess–Life saving interventions–Treatment/Transport triage guideline developed in
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SALT mass casualty triage
Walk
Assess 3rd

Step 1 – Sort:
Global sorting

Wave/Purposeful movement
Assess 2nd

Still/Obvious life Threat
Assess 1st

Step 2 – Assess:
Individual assessment
LSI:
Control major hemorrhage
Open airway (if child
consider 2 rescue breaths)
Chest decompression
Auto injector antidotes

Breathing

Yes

Obeys commands or makes
purposeful movements?
Has peripheral pulse?
Not in respiratory distress?
Major hemorrhage is controlled?

All
Yes

Minor
injuries
only?

Yes

Minimal

No

No
Any No

Dead

Likely to survive given
current resources

Delayed
Yes

Immediate

No

Expectant

Triage – Mass-Casualty Prehospital. Figure 1 The SALT triage algorithm

the mid-2000s by a workgroup convened by the National
Association of EMS Physicians and funded by the U.S.
Centers for Disease Control and Prevention. This system,
developed through a combination of expert consensus
opinion and the extremely limited research data available
on mass-casualty triage systems, is intended to help standardize triage and serve as a foundation for further development of a national standard for mass-casualty triage.
(See Fig. 1).

Characteristics
Historical Perspective
The concept of mass-casualty triage is generally credited to
Dominique Jean Larré (1766–1842), the surgeon-in-chief
of Napoleon’s army from 1797 to 1815, who is believed to
have initiated the concept of sorting battlefield casualties
based on severity of injuries, and irrespective of rank, and
providing treatment on the battlefield prior to evacuation
to field hospitals at the rear [2]. The word “triage” is
derived from the French verb “trier,” meaning “to sort.”
Triage remained largely a military concept until the 1980s
when, in what may be the first organized civilian application of the concept, a group at the Newport Beach Fire and

Marine Department and Hoag Hospital in Orange
County, California, developed a triage protocol called
Simple Triage and Rapid Treatment, or START[3]. This
system is likely the most widely used in the USA today, but
nearly a dozen mass-casualty triage systems have been
described and discussed in the literature[4, 5].

Triage System Principles
Most mass-casualty systems in use today share a number
of common characteristics. First, most triage algorithms
sort patients into color-coded groups, with red typically
signifying patients who need “immediate” treatment, yellow indicating those whose treatment can be “delayed” for
some short time, green for those with “minor” injuries
(initially determined in many triage systems as those who
are able to walk to a designated safe area), and black for
“deceased” victims. Some sort of colored tag or armband
is usually affixed to the patient, to signify his or her triage
level, to facilitate casualty collection, and to indicate to the
triage officers that these patients have already been
assessed. Some systems add an “expectant” or “dying”
category for patients who are not yet dead but who are
not expected to survive in the short term, typically designated with either blue or gray. Some systems also add
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a “contaminated” category for patients who have chemical
or other contamination that must be dealt with, and in
some systems pediatric patients are tagged differently.
Since the number of victims generally exceeds the
transport capacity of ambulances immediately available
at these events, patients are often moved to casualty collection areas where they are grouped by color; all of the
“immediate” patients may be placed on a large red tarp,
for example. Medical staff in this area provide whatever
treatment can be rendered with the limited personnel and
equipment available while awaiting transport capability.
Notably, however, most triage algorithms intentionally
limit the number and types of treatment and interventions
that the triage officers can provide while triaging the scene.
It is the intent of triage to rapidly assess and prioritize
large numbers of victims, so that limited treatment and
transport assets can be allocated to those who need them
the most, and it is thus important for the triage officer to
spend as little time as possible with each victim. The
START system, for example, intends for the triage officer
to take no more than 60 s at each patient, and allows that
officer to provide only rapid control of life-threatening
bleeding and a single attempt at opening the airway if
needed; no other interventions are permitted at the time
of triage.
Triage should be a dynamic process, with periodic reevaluation of patients. A “delayed” patient waiting at the
yellow casualty collection area may be found to have
deteriorated after an hour, and may need to be re-triaged
“immediate” and moved to the red area. All of the
“minor” patients who were able to walk to their designated
area should be more carefully assessed when resources
permit, as some ambulatory patients actually have
significant injuries.
Second, the clinical criteria used for assigning patients
to the specific groups are fairly similar among most of the
various triage systems in use. Most separate out ambulatory patients first (the green or “walking wounded”
patients), then rely on some combination of assessments
of mental status, respiratory status, and circulatory status
to evaluate nonambulatory victims. However, not all systems use all three of these components. For example,
a patient with a respiratory rate of >30/min is triaged as
“immediate” in the START, Homebush, and Triage Sieve
systems; patients who are unable to follow simple commands are considered “immediate” in the START and
Homebush systems; but mental status is not assessed in
the Triage Sieve system. Most triage systems avoid criteria
that involve equipment (such as measuring blood pressure), and some avoid criteria that involve counting over
time (such as measuring pulse rate – many use assessment

of capillary refill or presence/absence of a radial pulse
instead), to decrease the amount of time needed to triage
each victim. The criteria are typically placed in
a sequential algorithm that can be printed on pocket
cards or otherwise be made available to the triage officer
to assist in system recall and decision making (see example
in Fig. 1).
There are some systems that do not use these types of
physiologic criteria, however. For example, the Italian
system uses the acronym “CESIRA” to identify specific
injuries that are matched to specific triage levels, such as
“Rotture ossee” (broken bones – delayed/yellow) and
“Emorragie” (hemorrhaging – red/immediate). The
French triage system assigns patients to one of several
categories of severity based on a provisional field diagnosis
made by a physician.

Controversies
There are several significant problems with the masscasualty triage systems being used today, likely the greatest
of which is the surprising lack of research guiding the
creation, refinement, and use of these systems [6]. Despite
the nearly universal acceptance of the concept of triage,
we have no idea whether they are actually beneficial to
patients, or provide any meaningful logistical or operational benefits. The fairly extensive volume of anecdotal
reports of the benefits of triage is supported by only
minimal scientific analysis. Further, there is a concerning
paucity of meaningful comparisons of the triage systems
in use. Most of the current controversies grow out of this
lack of data.
1. What is the goal of mass-casualty triage?
Most say that the goal of mass-casualty triage is to
do the greatest good for the greatest number of victims, but the creators of the proprietary Sacco Triage
Method indicate that their goal is to maximize the
number of survivors [7]. Others note that clearing
casualties from the scene as quickly as possible and
maximizing the efficiency with which limited
resources are used are among the goals of triage, but
there have been no organized studies of these factors.
2. What interventions may the triage officer reasonably
provide?
Many existing systems limit the triage officer to
opening the airway if the patient is not breathing (the
JumpSTART system also allows the triage officer to
attempt two rescue breaths for pediatric patients),
and controlling major hemorrhage with direct pressure (preferably to be continued by another patient or
bystander). The SALT system adds chest thoracostomy
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and use of auto-injector antidotes when the equipment is available and the triage officer is credentialed
to provide the intervention. There are no research data
supporting any of these approaches.
3. What outcome measures should be studied?
Each proposed goal in controversy #1 above comes
with its own set of potential outcome measures, but
even when the discussion is limited to clinical outcomes for the victims (ignoring logistical, operational,
and financial outcomes for the moment), several different types of outcome measures have been used in
the limited number of research studies available in the
literature. These fall into two broad categories. The
first is physiologic scores, such as Injury Severity Score
(did the triage system correctly identify all patients
with an ISS greater than some threshold as “red”?)
and Glasgow Coma Scale (GCS) score (did all
“green” patients have a GCS score of 15?). The second
is resource utilization, such as intensive care unit
(ICU) length of stay (did the triage system incorrectly
identify any patients needing an ICU stay of greater
than some certain number of days as “yellow”?), or
operative needs (were all patients requiring operative
intervention in the first 6 h to correct a life-threatening
condition identified by the triage system as “red”?).
4. What are the criterion standards for these outcome
measures?
Once a researcher decides which outcome measure(s)
to examine, he or she must then determine what
threshold (e.g., what GCS score or number of days in
the ICU?) or criterion standard (e.g., all operative interventions, or only certain operative interventions?) to use.
Again, there is no agreement on these thresholds, and
essentially no meaningful literature on this problem.
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Triage Guidelines
Triage guidelines are used in the pre-hospital assessment
of an injured patient to determine those individuals whose
severity of injury mandate that they be transported to
a trauma center. Triage guidelines are based upon physical
findings indicative of injury, physiological measures which
indicate stress, associated risk factors including mechanism of injury and patient’s health status.

Tricuspid Valve Diseases
RUI P. MORENO
Unidade de Cuidados Intensivos Polivalente, Hospital de
Santo António dos Capuchos, Centro Hospitalar de
Lisboa Central, E.P.E., Lisbon, Portugal

Introduction
In recent years, the intensive care physician’s attention has
shifted from the left heart into the right heart, nowadays
an important source of cardiovascular functional compromise and disease in patients with critical illness, directly or
through the right–left heart interactions. These increases
are due in part to an increasing prevalence of right heart
infection (due to the growing number in of patients with
intravenous drug addiction and of patients with
implanted artificial intravascular devises), and in another
part with the development and application at the bedside
of noninvasive imaging techniques (especially the echocardiogram) to the right heart and in particular the tricuspid valve.
The tricuspid valve leans between the right atria and
the right ventricle and is constituted by three leaflets, with
the anterior being larger than the septal and the septal
being larger than the posterior. The rest of the valvular
structure (annulus, multiple chordae, and papillary muscles) presents a greater variation than their left-size
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counterparts and is in strong dependence from the right
atrium and from the right ventricle. Moreover, its location
between the systemic venous and pulmonary circulations
makes it a very common target (sometimes as an innocent
bystander, other times with an active involvement) in
diseases of other parts of the cardiopulmonary system.
As with other cardiac valves, the tricuspid valve can
become incompetent, leading to tricuspid regurgitation
(TR) or, much more rarely, too narrow, leading to tricuspid stenosis (TS). Also, as with any other cardiac valve, it
can become infected: tricuspid valve endocarditis is
a significant cause of morbidity and mortality, especially
in particular populations such as intravenous drug addicts
and patients with permanent intravascular devises (e.g.,
pacemaker leads) or with (usually long duration) central
venous catheters. This issue will be covered in another
chapter of this encyclopedia and will not be covered
here. Also, given the nature of this work, I will not cover
congenital alterations and diseases of the tricuspid valve,
including the Ebstein’s anomaly of tricuspid valve.

Tricuspid Regurgitation
TR can be due to organic valve disease or occur with
a structurally normal tricuspid valve, the so-called functional TR.
In organic TR, which represents at the maximum 25%
of the causes of TR, the valvular apparatus, especially the
valve leaflets, can be damaged or destroyed by a series of
processes such as infection, nonbacterial thrombotic
endocarditis, carcinoid syndrome, malignancy, or many
other systemic diseases, such as connective tissue diseases,
for example, in the antiphospholipid syndrome and in
Systemic Lupus Eritematous (however, it must be said
that in those cases usually the impairment of the valvular
function is due to a combination of valvular damage –
due, for example, to the Libman–Sacks endocarditis – and
functional impairment, secondary to the development of
pulmonary hypertension). Blunt trauma also can cause
significant TR, usually due to rupture of the chordae or
papillary muscles, which can pose a diagnostic challenge
to the intensivist due to the many atypical presentations of
the clinical picture [1] and to the extremely long time
(several years) that can mediate between the episode of
trauma and the manifestations of the vascular disease [2].
Rheumatic TR is extremely rare outside the context of
mitral valve rheumatic disease (with about two thirds of
patients with rheumatic mitral valve disease having evidence of tricuspid valve involvement). Rheumatic tricuspid involvement is usually mild and clinically associated
with pure regurgitation or mixed disease (insufficiency
and stenosis). As with mitral valve prolapse, tricuspid

valve prolapse may result in regurgitation if the prolapse
progresses to the point of causing leaflet separation. It may
happen in up to 50% of the patients with mitral valve
prolapse, but the isolated involvement of the tricuspid
valve, usually with mild associated TR, is rare (although
possible).
It deserves a special note on the frequency of the
involvement of tricuspid valve on carcinoid heart disease.
In opposition to most cardiac valve diseases, in which the
involvement of the left heart is usually greater than
the involvement of the right heart, the inactivation of the
vasoactive substances (principally serotonin) produced by
these tumors by monoamine oxidase in the lungs makes
the right heart more vulnerable. TR is the most common
lesion and is present in virtually all patients with carcinoid
tricuspid valve disease. The involvement of the heart is
progressive, and the disease can reoccur after tricuspid
valve replacement by a prosthetic valve. The involvement
of the valve in other primary or secondary cardiac tumors
has also being described.
Of particular importance to the intensivist is the
notion that catheter-induced TR is quite common if the
catheter crosses the valve (as it is the cause of pacemaker
leads or poorly positioned central venous catheters), but
usually it is associated with just minor and clinically
insignificant regurgitation. Also, the presence of severe
TR is associated with underestimation of cardiac output
measured by thermodilution, what precludes the use of
cardiac monitoring methods based on this technique to
evaluate the cardiac output [3].
Functional TR is usually much more common than
organic tricuspid valve regurgitation, and is usually caused
by diseases of the right ventricle (e.g., right ventricular
infarct, arrhythmogenic right ventricular dysplasia), of the
pulmonary vasculature (e.g., pulmonary hypertension),
or by diseases of the left heart (e.g., left ventricular dysfunction, mitral valve disease). The most common setting
for the tricuspid valve regurgitation occurs mainly from
annular dilation and right ventricular enlargement, which
is often secondary to left heart failure from myocardial or
valvular causes, right ventricular volume and pressure
overload, and dilation of cardiac chambers.
In arrhythmogenic right ventricular dysplasia, right
atrial disease can result in arrhythmias that alter the
timing of atrial and ventricular systole, leading to impairment of the annular narrowing and consequent tricuspid
valve regurgitation.
Right ventricular enlargement in dilated cardiomyopathies is also an important cause of tricuspid valve annular
dilatation. In this case, the dilatation of the tricuspid
annulus prevents the complete cooptation of the leaflets
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(which themselves may be normal), resulting in regurgitation, usually associated with right ventricular failure,
and papillary muscle.
Any cause of right ventricular hypertension due to
increases in pulmonary pressures (e.g., pulmonary artery
hypertension) or secondary to pulmonary valvular disease
can cause also TR.
With isolated TR, patients may experience fatigue and
decreased exercise tolerance as a result of decreased cardiac
output. They may also experience the classic symptoms of
“right-sided heart failure” from elevated right atrial pressures, such as ascites, congestive hepatopathy (up to
hepatalgia and at the extreme cardiac liver cirrhosis), peripheral edema, decreased appetite, and abdominal fullness. The
assessment of intravascular volume status in a patient with
severe TR can be difficult because of the pulsatile jugular
venous pressure on physical examination (that can even
extend to the superior limbs). Atrial fibrillation is common
as a result of right atrial enlargement [4].
Tricuspid valve disease can be difficult to recognize
and almost impossible to quantify clinically. The symptoms may be overshadowed by the underlying disease
process. The dominant presenting features may be symptoms that are usually not considered cardiac in origin:
abdominal discomfort, jaundice, wasting, and inanition.
In addition, patients with associated cardiovascular
disease may have nonspecific symptoms that deflect the
suspicion of tricuspid valve disease. In patients with mitral
stenosis, for example, tricuspid valve disease protects the
pulmonary circulation and exertional dyspnea, pulmonary edema, and hemoptysis are less commonly reported,
although a history of excessive fatigue may be elicited
(due to low cardiac output). A detailed clinical story is
mandatory, especially to discard trauma. Most often, however, the history is insufficient to diagnose tricuspid valve
disease, and only a careful physical examination provides
the necessary clues; the two most important pieces of the
clinical exam are:

– The jugular venous pulse (a good proxy for right atrial
pressure contours) evaluated either clinically or better
by the analysis of the pressure curves. In TR, the
x descent of the jugular venous pulse is interrupted
by an early v wave (c-v wave) with a rapid y descent.
The neck veins are distended, and the earlobes and
even the upper limbs may pulsate. Because venous
distention may obscure the jugular pulse contour, it
is important to elevate the patient’s head before the
exam. Right ventricular volume overload leads to
prominent pulsations over the left lower sternal border. Other characteristic, but less sensitive, findings
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include an enlarged, pulsatile liver and a systolic or
holosystolic murmur at the left sternal border that
increases with inspiration. In TS, jugular venous
pulse shows a dominant a wave (assuming sinus
rhythm) and a slow and shallow y descent.
– The cardiac auscultation: in TR, the associated murmur,
usually holosystolic, but that can be early, mid-, or late
systolic, augments with the inspiration (due to increased
systemic venous return and tricuspid valve flow), unless
the TR is very severe, in which case, due to markedly
increased right atrial pressures and right ventricular systolic failure, the murmur does not increase with inspiration, but may be decrescendo, reflecting presence of
a giant c-v wave; there may be a middiastolic flow rumble
that resembles TS. The murmur of TR is usually not
accompanied by a thrill because the systolic pressure
gradient across the tricuspid valve is relatively low. In
TS, the tricuspid opening snap is difficult to distinguish
from the mitral opening snap and so difficult to distinguish from existing mitral stenosis. Unlike mitral stenosis, however, the diastolic rumble of TS has a higher
pitch, increases with inspiration, and is usually loudest
at the lower-left sternal border. The TS murmur is often
scratchy; it ends before the first heart sound and has no
presystolic crescendo in patients with normal sinus
rhythm. A diastolic murmur from relative TS may be
heard with large atrial septal defects and severe TR. In
patients with normal sinus rhythm, a presystolic hepatic
pulsation may be felt; this is due to reflux from atrial
contraction against the stenotic valve. Unfortunately,
atrial fibrillation is frequently present. Both tricuspid
stenosis and regurgitation can, if chronic, lead to ascites,
jaundice, wasting, and muscle loss [5].
The diagnosis and assessment of the severity of TR
in clinical practice is usually made by echocardiography.
This is performed in an integrative manner using color
Doppler flow mapping in at least 2 orthogonal planes,
assessment of vena cava width, flow convergence calculations, and the direction and size of the jet. In addition,
the morphology of continuous wave Doppler recordings
across the valve and pulsed-wave Doppler of the hepatic
veins can be used. Serial assessments are often required
to take into account changes in volume status and
afterload. Since the right ventricular shape is complex as
compared with the left ventricle, and the changes complex, there exists still a lot of discussion about the best
integration of the data from the echocardiogram [6].
Magnetic resonance imaging is emerging as an improved
technique for assessing right ventricular diastolic and systolic volumes [7].
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Without treatment, TR may become worse over time,
leading to severe symptoms, biventricular heart failure,
and death [8]. However, not all patients with pulmonary
hypertension develop significant TR, and the mechanisms
of secondary TR in this population are multifactorial.
Other factors, such as atrial fibrillation, pacemaker leads,
and right heart enlargement, were also importantly associated with TR severity [4]. The timely correction of severe
TR carries an acceptable risk and can improve functional
capacity, but surgery should be considered before the
development of advanced right ventricle systolic dysfunction and before the development of anemia [9].
The role of surgery in the management of patients
with TR is based in very soft evidence, with most recommendations being based in class IIb and III recommendations (level of evidence C), especially in the context of
patients with pulmonary hypertension and moderate TR
(Table 1) [10].

Tricuspid Valve Diseases. Table 1 2008 ACC/AHA guidelines
pertaining to the surgical management of tricuspid valve disease/regurgitation
Class I
1. Tricuspid valve repair is beneficial for severe TR in
patients with MV disease requiring MV surgery. (Level of
Evidence: B)
Class IIa
1. Tricuspid valve replacement or annuloplasty is
reasonable for severe primary TR when symptomatic.
(Level of Evidence: C)
2. Tricuspid valve replacement is reasonable for severe TR
secondary to diseased/abnormal tricuspid valve leaflets
not amenable to annuloplasty or repair. (Level of
Evidence: C)
Class IIb
1. Tricuspid annuloplasty may be considered for less than
severe TR in patients undergoing MV surgery when there
is pulmonary hypertension or tricuspid annular
dilatation. (Level of Evidence: C)
Class III
1. Tricuspid valve replacement or annuloplasty is not
indicated in symptomatic patients with TR whose
pulmonary artery systolic pressure is less than 60 mmHg
in the presence of a normal MV. (Level of Evidence: C)
2. Tricuspid valve replacement or annuloplasty is not
indicated in patients with mild primary TR. (Level of
Evidence: C)
Source: Adapted from Bonow et al. [10]

In severe TR, elevated right atrial pressure is transmitted to the hepatic veins, which can result in congestive
hepatopathy, leading eventually overtime to cardiac cirrhosis (fibrosis). The development of liver dysfunction
in patients with heart failure and TR can also occur
from an ischemic liver disease secondary to decreased
cardiac output. In general, most patients with cardiac
cirrhosis present late in the disease state, at which time
correction of TR may not be helpful. In select patients, it
is conceivable that earlier correction of TR could lead to
resolution of liver function abnormalities, but this
remains to be shown.

Tricuspid Stenosis
TS is much more rare than TR, and it is usually of rheumatic origin and almost always accompanies mitral stenosis. Isolated rheumatic tricuspid stenosis is very rare (but
possible), and subvalvular disease is usually less severe in
tricuspid than in mitral stenosis.
In some patients, intracardiac tumors (such as right
atrial myxomas and sarcomas) or obstructing metastatic
tumors may produce hemodynamic changes that are
indistinguishable from TS. Unusual causes include systemic lupus erythematous, Whipple’s disease, Fabry’s disease, antiphospholipid syndrome, infective endocarditis,
endocardial fibroelastosis, and methysergide therapy [11].
Also, sequels of infectious endocardites can cause in rare
causes isolated TS.
The diagnosis must always be made against other
conditions that can simulate TS, either supra-valvular
(especially primary or secondary tumors invading right
atrium and the cava vein, such as right atrial myxomas,
metastatic lung or renal cell carcinoma, and large
thrombi) or subvalvular (e.g., primary or secondary
tumors affecting the body of the right ventricles may be
large enough to obstruct ventricular inflow) [11].
Since the development of mitral stenosis generally
precedes that of TS, many patients initially have symptoms
of pulmonary congestion. In fact, the amelioration of
these symptoms should raise the possibility that TS may
be developing. Also, the symptoms of right ventricle failure seem usually to be disproportionately important for
the degree of dyspnea they have.
The diagnosis of TS is mainly done by echocardiography, since in the clinical exam, in particular in the auscultation, it is very difficult because the murmurs of tricuspid
and mitral stenosis can be indistinguishable [12]. It is not
rare, even nowadays, that the diagnosis of TS be made only
after surgery for mitral stenosis being performed due to
the persistence of symptoms of right ventricular failure
after adequate mitral valvotomy.

Tubo-ovarian Abscess

Patients with TS generally exhibit marked systemic
venous congestion; so they should be treated with salt
restriction and diuretics before surgery, usually performed
at the time of mitral valve surgery.
Echocardiography is again the technique usually used
to make the diagnosis and to evaluate the severity.
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Trigger
The controller signal that initiates assist delivery.
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Tuberculosis (TB)
The term used to describe the clinical syndrome of disease
caused by Mycobacterium tuberculosis which may be pulmonary or extrapulmonary infection.
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Tubo-ovarian Abscess
SUSAN M. LAREAU, RICHARD H. BEIGI
Department of Obstetrics, Gynecology and Reproductive
Sciences, Magee-Womens Hospital of the University of
Pittsburgh Medical Center, Pittsburgh, PA, USA

Definition
A tubo-ovarian abscess (TOA) is an infectious, complex
mass of the adnexa which often involves the uterus,
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Tubo-ovarian Abscess

fallopian tube(s), and ovaries but can also encompass
surrounding abdominal-pelvic structures. TOA’s are
most commonly a severe complication of pelvic inflammatory disease (PID). They may occasionally also arise
from extension of an infected adjacent organ such as the
colon or appendix, a hematogenous spread from an distant nidus of infection, or rarely may be associated with
cancer in the pelvic organs.

Clinical Presentation/Diagnosis
Patients with a TOA often present with clinical evidence of
PID and are subsequently noted to have an adnexal mass
detected either on pelvic exam or imaging study. Women
with advanced PID (with TOA) frequently present with
abdominal tenderness, cervical motion tenderness, and/or
adnexal tenderness. Additionally, they often have
mucopurulent cervicitis or other evidence of genital tract
infection such as an elevated temperature, erythrocyte
sedimentation rate, C-reactive protein, or documented
Chlamydia trachomatis or Neisseria gonorrhoeae infection.
However, no single laboratory test or finding on physical
exam has been found to be diagnostic of PID, and the
diagnosis should be considered in any reproductive-age
woman with cervical motion tenderness and/or adnexal
tenderness. Occasionally, women with signs and symptoms of PID/TOA will present with evidence of sepsis,
and a ruptured TOA should be the primary diagnosis,
prompting rapid surgical exploration. Nevertheless, any
woman presenting with clinical evidence of PID that is
noted to have a mass on exam and/or imaging should be
considered to have a TOA until proven otherwise. Importantly, post-menopausal women diagnosed with a TOA
should be surgically evaluated for the possibility of an
underlying gynecologic or gastrointestinal malignancy
given the rarity of pelvic inflammatory disease in this age
demographic [1].

Etiology
TOA’s are commonly the most severe manifestations of
PID with significant infection and inflammation, leading
to a coalescence of pelvic structures producing an
inflammatory mass. While sexually transmitted pathogens
(N. gonorrhoeae or C. trachomatis) are commonly the
inciting agent for PID, the bacterial etiology of a TOA is
polymicrobial, often arising from a combination of pelvic
bacteria, including aerobic, facultative, and anaerobic
organisms. Many of the bacteria cultivated from these
abscesses represent part of the vaginal flora, including
a large contribution of anaerobes and facultative organisms commonly noted in women with bacterial vaginosis.

Treatment
Women with TOA’s require hospitalization for intravenous broad-spectrum antibiotics and close clinical observation for signs of improvement. Historically, the
mainstay of treatment for a TOA was surgical extirpation
with a total abdominal hysterectomy and bilateral
salpingo-oophorectomy. With the advancements in antibiotic potency and spectra of activity and the advent of
safe, effective radiologic guided drainage procedures, the
cornerstone of treatment for the majority of women with
a TOA has shifted to medical treatment with or without
the addition of minimally invasive drainage procedures.
This approach usually produces acceptable success rates in
appropriately selected patients. Broad-spectrum antibiotics with or without adjunctive parenteral drainage may
be used as primary treatment in women who are medically
stable, have no evidence of TOA rupture, and wish to
preserve their fertility. Progress (decrease in fever, clinical
improvement with less pain/tenderness) must be seen in
the initial 48 h of therapy in order to continue this
approach. However, diminishing success of medical therapy alone is seen in treatment of larger TOA’s, with 60%
of patients with a TOA greater than 10 cm ultimately
requiring surgical management. The decision to choose
medical therapy or surgical therapy should be made by
those clinicians experienced with this disease entity as well
as the risk and benefits of both approaches.
The suggested antibiotics for treatment of TOA’s
include those recommended by the Centers for Disease
Control and Prevention (CDC) for treatment of PID
and represent broad-spectrum coverage for this
polymicrobial infection. The CDC recommends use of
a second-generation cephalosporin with the addition of
doxycycline as one possible option. Regardless of the specific regimen chosen, it is important to include an agent
with extensive anaerobic coverage and significant ability
for abscess penetration (metronidazole, clindamycin,
second-generation cephalosporin).

After-care/Prognosis
The most severe complication of a TOA is rupture of the
abscess and spillage into the abdominal cavity. Rupture of
a TOA is a life-threatening emergency and requires immediate surgical intervention with debridement and removal
of the infected tissues. Nonsurgical management of
a ruptured TOA has an unacceptably high mortality rate.
Patients with ruptured TOA may quickly manifest signs of
septic shock and progress rapidly to multiorgan system
failure. Supportive care with critical care monitoring is
thus paramount in the perioperative period.

Tubular Injury

Despite this rare risk, the majority of TOA’s do however respond to prolonged appropriate antibiotic therapy
with/without drainage procedures (either minimally invasive or surgical), and most patients eventually recover. The
long-standing implications on future fertility depend on
the severity of the involvement and the extent of the
surgical procedure (if performed).
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Tubular Enzymuria
STEFAN HERGET-ROSENTHAL
Department of Nephrology, University of
Duisburg-Essen, Duisburg, Germany

Synonyms
Alkaline
phosphatase;
ALP;
GGT;
g-glutamyl
transpeptidase; a-Glutathione S-transferase; p-glutathione
S-transferase; aGST; pGST; Lactate dehydrogenase; LDH;
N-acetyl-b-(D)-glucosaminidase; NAG

Definition
Increased urinary excretion of renal tubular enzymes
released from injured tubular cells in AKI.
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biochemistry assays but require prior gel filtration of the
urine to remove small molecular inhibitors [3].
The latter step cannot automatically be performed, is
time-consuming, and requires an experienced laboratory
technician. Therefore, NAG should be considered the only
widely and routinely available tubular enzyme.
Tubular enzymuria indicates already mild tubular
injury due to its low threshold for release of tubular
enzymes in response to injury. As tubular injury is the
hallmark of renal AKI, increased urinary aGST and GGT
were consequently found as good to excellent early
markers to detect AKI up to 36 h prior to the increase of
serum creatinine and has been successfully used in a recent
study to implement preventive measures early [1, 2].
However, increased excretion of tubular enzymuria may
not discriminate acute tubular injury in AKI from tubular
injury in CKD. Further studies demonstrated a fair to
good diagnostic value of increased urinary NAG with
areas under the receiver operating curve of 71–81% to
predict poor prognosis as death or requirement of renal
replacement therapy in established AKI [1, 3, 4]. This may
be explained by more tubular injury in more severe AKI,
which is associated with a higher rate of adverse clinical
outcome in AKI and more pronounced tubular
enzymuria. Despite these promising results, the use of
tubular enzymuria as a marker (1) to detect AKI early
and (2) to predict the severity of AKI is still limited due
to analytical issues described above and the little data
available [1].
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Tubular Necrosis

Tubular Necrosis
▶ Epithelial Cell Injury

Tubuloglomerular Feedback
▶ Renal Blood Flow Regulation

Tubulo-Interstitial Nephritis
▶ Interstitial Nephritis, Acute

Tularemia
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Synonyms
Deerfly fever; Hare fever; Lemming fever; Market men’s
disease; Meat-cutter’s disease; Rabbit fever

Definition
Tularemia is a zoonotic disease causing acute febrile illness
when accidental human infection occurs.

History
Warnings against eating or touching the carcasses of hares
date from the Old Testament and, in the late seventeenth
century, a tularemia-like disease was described in
lemmings [1]. McCoy and Chapin first isolated Bacterium
tularense from squirrels in 1912, described the associated
pathology, and identified fleas as vectors. Despite the fact
that accounts of clinical disease consistent with tularemia
date from the nineteenth century, the first etiologically
proven case in humans did not occur until 1914 [2].

Dr. Edward Francis, a US Public Health Service surgeon,
later became the disease’s preeminent investigator
publishing an account of more than 600 cases in 1928
[2, 3]. The disease was named tularemia when he isolated
B. tularense from the blood. Francis isolated the organism
from both humans and jackrabbits and identified deer
flies as vectors. After having undergone multiple
taxonomic changes, the organism is now named
Francisella tularensis in honor of his work.

Epidemiology and Transmission
Tularemia is found throughout the northern hemisphere
at latitudes between 30 and 71 [2]. It has been reported
in Asia, Europe, and in all US states, except Hawaii [1].
In the year 2000, an outbreak of Tularemia was identified
on Martha’s Vineyard. Statistically, Tularemia peaks in the
summer, but disease occurs year-round and is largely
dependent on type of exposure. More illness is seen in
the winter in northeastern and eastern US states
(hunting season), while in the south and central states,
the disease is more common in the summer (tick season).
Seroprevalence studies have shown that up to 6% of
people have immunity to F. tularensis suggesting that
the number of actual human cases is significantly
underestimated [2, 4]. Furthermore, 80% of people with
positive skin-antigen tests had no previous history
of disease, suggesting that mild or subclinical disease is
common [4].
The ecology of tularemia and therefore its transmission are rather complex. One hundred species of wild
mammals, nine domestic animals, and many species of
birds, amphibians, and fish have been found to be
infected. The most frequent reservoirs of human infection
are rabbits, hares, muskrats, sheep, and voles. Human
transmission occurs via contact with infected animals
(animal bite or ingestion of undercooked meat) or by
bite of infected insects, particularly the tick or tabanid
(deer) fly. Ticks can serve as a reservoir because transmission is transovarian. The most common tick species
involved in transmission to humans include the wood
tick (Dermacentor andersoni), the dog tick (Dermacentor
variabilis), and the Lone Star tick (Amblyomma
americanum). Mosquitoes and mites have been less
commonly implicated in the USA. Infection has also
occurred by water contamination by infected animals
(particularly beavers, lemmings, voles, muskrats). Inhalation of aerosolized organisms either by farm workers,
landscapers, or laboratory personnel has been described.
Persons at highest risk are hunters, trappers, sheep
herders, farmers, landscapers, and laboratory workers.

Tularemia

Tularemia is not known to be transmitted from person to
person, and humans are terminal hosts.

Microbiology and Pathogenesis
Francisella tularensis is a small, pleomorphic gramnegative coccobaccillus. It is catalase-positive, nonsporeforming, and strictly aerobic. The bacterium is fastidious
but can be isolated on routine culture, enriched chocolate
agar and in thioglycolate broth. Because it requires significant amounts of cysteine or sulfhydryl compounds, it is
best grown on cysteine-glucose blood agar. Although
readily killed by heat (56 C for 10 min), it can survive
even prolonged freezing. There are four identified subspecies (tularensis, holarctica, mediasiatica, and novicida).
Of the four subspecies, Jellison type A (tularensis) is
thought to be the most virulent for humans, requiring
less than ten organisms to cause infection, making it
a prime ▶ bioterrorism agent. Francisella tularensis
subspecies tularensis is almost exclusively found in North
America, while Jellison type A is found throughout
the northern hemisphere (including Europe and Asia)
and tends to be more associated with aquatic
environments [1, 2].
Francisella tularensis is an obligate intracellular
organism that invades and replicates in host macrophages,
incapacitating their role in innate immunity. Although
the mechanism of pathogenesis is not completely
understood, specific receptor-ligand interactions (including complement receptors, FcgR, the mannose receptor,
and surfactant protein A) play an important role [1]. Lipopolysaccharide (LPS) has been identified as a virulence
factor of F. tularensis but induces low levels of cytokines.
A murine model demonstrated that the type A strain
seems to induce immunosuppression via blunting of
early proinflammatory responses in the lung. Additionally, transforming growth factor (TGF-B) is induced in the
lung by type A, perhaps creating a safer environment for
organism survival. The organism’s capsule is protective
during the bacteremic phase. Host genetics are also
thought to play a role in susceptibility to infection.

Transmission
Francisella tularensis can penetrate the dermis without
break in the skin and can be directly inoculated into the
dermis via insect or animal bite. A cutaneous ulcer or soft
tissue focus forms, and spread to regional lymph nodes
occurs within 96 h. The organism can also enter through
the conjunctiva or via the respiratory or gastrointestinal
tract. Transient bacteremia ensues within the first week of
infection but may be inhibited by host complement
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cascade. End-organ dissemination may result, including
to the liver, spleen, lungs, and, less commonly, to the
intestines and brain [1, 2]. The incubation period is
usually 3–4 days but may be as long as 3 weeks.

Clinical Manifestations
Historically, there were six clinical syndromes of tularemia
based on portal of entry (ulceroglandular, glandular,
oculoglandular, typhoidal, oropharyngeal, and pneumonic).
These classifications have been replaced by a binary system
that divides clinical disease into ulceroglandular (75% of
patients) and typhoidal (25%) [1].

Ulceroglandular Tularemia
This group includes the clinical syndromes of
ulceroglandular, glandular, and oculoglandular tularemia.
Patients have an abrupt onset of systemic symptoms
which include fever (39.4 C or higher), chills, myalgias,
and headache. Within 24 h, a painful papule up to 3 cm in
diameter may develop at the site of entry. The papule
becomes a typical ulcerated lesion with heaped-up edges,
and may remain for weeks if untreated. Forty-eight hours
later, patients develop tender lymphadenopathy. Lymph
nodes become large, tender, and persistent, or may rupture and drain. Conjunctivitis may be severe, with small
yellow nodules and ulcers. Twenty-five percent of patients
develop a non-exudative pharyngitis[1]. Thirty percent
develop pneumonia, which may occur from aerosolized
particles or via hematogenous spread. Chest x-ray
classically reveals bilateral infiltrates with hilar lymphadenopathy. Less commonly, tularemia manifests with
subcutaneous nodules, rhabdomyolysis, or meningitis.
Rarely, children may have local complications of pharyngeal infection such as retropharyngeal abscess.

Typhoidal Tularemia

Patients with ▶ typhoidal tularemia initially present with
high fever, often with a pulse-temperature disassociation.
Examination may reveal hepatosplenomengaly with no
skin or lymph-node involvement. Patients may also
complain of sore throat (without evident lesions), headache, meningismus, and change in mental status. If the
gastrointestinal tract is the site of entry, vomiting, diarrhea, and intestinal ulcers occur. Up to 80% of patients
with the typhoidal form will develop pleuropulmonary
symptoms, including dry cough and pleuritic chest pain,
and pneumonia or effusions on chest radiograph. Lung
lesions may necrotize, fibrose, or calcify. ▶ Pneumonic
tularemia, which occurs most frequently due to accidental
inhalation by laboratory workers, is highly lethal.
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Laboratory Diagnosis/Evaluation
Because tularemia can masquerade as other febrile
illnesses, a combination of exposure history, clinical
manifestations, and serologic testing is essential for
diagnosis. Family members and close contacts may be
simultaneously affected [2]. Because seroconversion does
not occur until at least 2 weeks into infection, the commercially available serologic agglutinating antibody test
for Francisella tularensis may be falsely negative. Furthermore, cross-reaction with Brucella, Legionella, and other
gram-negative bacteria may result in false-positive tests.
Diagnosis is made by at least a fourfold increase in
convalescent titers obtained 2 weeks apart. Titers of
1:1280 indicate active disease in the initial phase of
seroconversion. However, probable diagnosis should
be considered with acute titers of 1:160 or greater. Ulcer
or tissue aspirates may be tested via direct fluorescent
antibody testing, rapid slide agglutination testing, or
newer PCR-based tests (which are superior to culture).
Gram stain of pharyngeal or sputum samples are usually unrevealing. However, the organism has been cultured
from blood, skin, ulcers, lymph node drainage, gastric
washings, and respiratory tract specimen. Growth of the
small opaque colonies may occur within 24 h at 37ºC but
may take as long as 10 days. Due to the risk of contagion
for laboratory personnel, cultures should be performed
in appropriately equipped laboratories (biosafety P-3
facilities). The testing laboratory should be alerted to the
possibility of F. tularensis infection so that appropriate
safety measures may be taken.

Assessment
Tularemia is a rare illness with clinical symptoms that
mimic other illnesses. Ulceroglandular tularemia must
be differentiated from more common bacterial infections (including streptococcal and staphyloccal disease), typical and atypical mycobacteria, Bartonella
species, Bacillus anthrax, and HIV. In the setting of inguinal lymphadenopathy, sexually transmitted diseases must
be considered, including granuloma inguinale and lymphogranuloma venereum. Conjunctival disease could be
otherwise caused by common bacterial pathogens and
viruses, including herpes and adenovirus. Pharyngeal
infection has been confused with infectious mononucleosis, streptococcal disease, and diphtheria. Pneumonic
tularemia must be differentiated from more common
atypical and viral pneumonias, as well as rare infections
such as Q fever, Legionnaire’s disease, and fungal
pneumonia. Typhoidal tularemia is so named because of
its similarity to typhoid fever. It is also clinically

indistinguishable from pneumococcal and gram-negative
bacteremia, malaria, miliary tuberculosis, and brucellosis.

Treatment and Effectiveness
Rapid diagnosis and initiation of antimicrobial therapy is
important for this often protracted illness. As tularemia is
rare, randomized controlled trials of treatment regimens
remain impractical. Aminoglycosides are the mainstay of
treatment (streptomycin first-line and gentamicin
second-line). A 1994 literature review of the treatment of
tularemia suggests that first-line streptomycin therapy is
associated with a cure rate of 97% [5]. Although
streptomycin resistance is rarely reported, there have not
been accounts of clinical relapse post therapy once symptoms have resolved. Resolution of fever and alleviation of
symptoms generally occur within several days of initiation
of antibiotic therapy [2]. Inferior cure and relapse rate for
gentamicin when compared to streptomycin may
be related to delay in treatment and underlying medical
conditions. Alternative antibiotics include tetracycline
and chloramphenicol, which are bacteriostatic and tend
to have a high rate of relapse after cessation of therapy.
Newer antibiotics, including ciprofloxacin, norfloxacin,
imipenem/cilastatin, and erythromycin have been
shown in case reports to be efficacious but have not
been systematically studied. Despite in vitro susceptibility,
ceftriaxone has had frequent reports of in vivo treatment
failure (Table 1).
Supportive care remains the mainstay of care for
critically ill patients. Patients with typhoidal tularemia
may show signs of endotoxic shock. Additionally, patients
with pneumonic disease may require ventilatory support.
Lymphadenopathy can be severe, and persistently
suppurative nodes may require surgical intervention.

Tolerance
Antibiotic therapy is generally well-tolerated. Patients
treated with aminoglycosides should be monitored for
ototoxicity and renal toxicity. Because tetracyclines are
known to stain dental enamel, they should not be used in
children less than 8 years of age. Chloramphenicol is
known to have serious side effects, including aplastic
anemia, and has fallen out of favor. Because of the
theoretical risk for cartilage damage based on animal
studies, ciprofloxacin is not currently recommended for
children under the age of 12. However, clinical experience for safety of fluoroquinolones is increasing, and
their use should be considered in children with
preexisting hearing loss or other relative contraindications to aminoglycosides.

Tularemia
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Tularemia. Table 1 Recommended dosing [2, 6]
Antibiotics

Dosing

Durationa

Cure rate

Streptomycin

30–40 mg/kg/day div
BID, IM (max 1 g BID)

7–10 days

97%

0%

Streptomycin (milder
disease)

30–40 mg/kg/day

 3 days

15–20 mg/kg/day

then  4 days

Gentamicin

5 mg/kg/day div BID IM 7–10 days
(children (2.5 mg/kg/
dose TID))

86%

6%

Tetracycline

100 mg BID (or 2.2 mg/ (14–21 days)
kg BID if <45 kg)

88%

12%

Chloramphenicol

15 mg/kg four times
daily

(14–21 days)

77%

22%

Ciprofloxacin

15–20 mg/kg/day div
BID (max 400 mg BID)

10–14 days

83%

Doxycycline

Relapse rate

a

Consider longer courses for persistent symptoms or more severe illness

Pharmacoeconomics
The antibiotic therapy of tularemia is generally low-cost.
At the time of this publication, streptomycin has limited
clinical availability. The approximate cost for a 7-day adult
course of gentamicin is $1,900 (including drug administration costs). A 14-day adult course of oral ciprofloxacin
is approximately $350.

Prognosis
Without antibiotic treatment, tularemia has a protracted
course, lasting at times for months. Mortality in the preantibiotic era was as high as 30%. However, with effective
antibiotics, the mortality of ulceroglandular tularemia has
declined to approximately 1%. The pneumonic and
typhoidal forms of the disease continue to have high
mortality (up to 50%).

Prevention
Primary prevention measures include avoidance of vector
bites. Use of protective clothing and insect repellant is
indicated in endemic areas. Ticks should be removed as
soon as identified. Hunters and trappers should use
caution with animal carcasses and should cook meat
thoroughly. Landscapers and farm workers in endemic
regions should be aware of the possibility of aerosolized
organisms. Appropriate specimen processing will reduce
exposure to laboratory staff. Because human-to-human
transmission has not been reported, standard precautions

are adequate in the hospital setting. Tularemia is
a reportable disease, and both hospital infection control
and public health departments should be alerted of
suspected disease.
In a retrospective study of at-risk employees in
research facilities, the live-attenuated vaccine, originally
developed in the former USSR, was found to reduce the
incidence of accidental inhalational tularemia. Although
the incidence of ulceroglandular disease was not altered by
the vaccine, symptom severity was decreased. The vaccine
is not in currently in routine clinical use.

Tularemia as a Bioterrorism agent
Tularemia is considered a class A bioterrorism agent
by the Centers for Disease Control and Prevention
because of the following characteristics: easy dissemination, relatively high mortality rate, and potential
to cause public panic. Given difficulty with rapid laboratory diagnosis, front-line clinicians must report
suspected cases promptly. During the Cold War,
both the USA and the former USSR accumulated
Francisella tularensis reserves for their biologic weapons
programs. However, in the early 1970s, US stockpiles
were destroyed. Tularemia is not known to have been
used as a bioterrorism weapon, but since September 11,
2001, federally funded research has increased. The Working Group on Civilian Biodefense consensus recommends treatment and postexposure prophylaxis in both a
contained and mass-casualty setting [1].
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Tympanic Membrane Barotrauma
▶ Blast Injury

Typhoidal Tularemia
Refers to disease caused by Francisella tularensis without
skin involvement or associated lymphadenopathy. Clinically, it is similar to bacteremia due to more common
organisms and, in addition to fever, chills, and myalgias,
patients often have organomegaly.

Tunneling
Tunneling is a narrow opening or passageway underneath
the skin that can extend in any direction through soft
tissue and results in dead space with potential for abscess
formation.

Tylenol
▶ Acetaminophen Overdose

Typical or Diarrhea-Associated
Hemolytic Uremic Syndrome
(HUS)
▶ Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura

U
Ulceroglandular Tularemia
Refers to disease caused by Francisella tularensis involving
the skin or mucous membranes and associated lymphadenopathy. Most patients also have systemic symptoms,
including fever, chills, and mylagias, in addition to
a typical ulcerative lesion. This group includes the clinical
syndromes of ulceroglandular, glandular, and
oculoglandular tularemia.

Ultrafiltration
Ultrafiltration is the process by which a fluid passes
through a semipermeable membrane by the effect of
a hydrostatic, osmotic, or oncotic gradient. The ultrafiltrate is composed of the fluid that passed through the
semipermeable membranes and the solutes that followed,
according to their sieving coefficient.
▶ Convective Clearance

Ultrasonography
▶ Imaging for Acute Abdominal Pain

Ultrasound: Uses in ICU
NEKTARIA XIROUCHAKI, DIMITRIOS GEORGOPOULOS
Department of Intensive Care Medicine, University
Hospital of Heraklion, University of Crete, Heraklion,
Crete, Greece

Synonyms
Bedside ultrasonography; Echography; FAST; ICU ultrasound; TCD

Definition
In 1790, the Italian biologist and physiologist Spalanzani
demonstrated that bats, although blind, could navigate
using the echo-reflection of inaudible sound. Sound
waves are mechanical vibrations that induce alternate
refractions and compressions of any physical medium
through which they pass.
The interaction between ultrasound (US) and tissues
has been studied since the 1920s. From 1960 onward an
ever-increasing number of physicians began to accept and
employ ultrasound in clinical practice.
Ultrasound technology was introduced into intensive
care units (ICU) in the 1980s, and became an established
bedside technique in 1990. Over the past decade (2000–
2010), its use in ICUs has further increased, to the point
where it now plays a fundamental role in the management
of critically ill patients.

Characteristics
Echocardiography and Critically Ill Patients
Echocardiography is a vital diagnostic and monitoring
imaging modality for intensivists. For over 50 years, ultrasound has provided noninvasive information about the
structure and function of the heart. First introduced by
Frazin et al. in 1976, esophageal echocardiography has
since improved in terms of image quality and diagnostic
status, and is now an important informative tool for the
intensivist. Both transthoracic (TTE) and transesophageal
(TEE) echocardiography provide real-time bedside information in ICUs about a variety of structural and functional abnormalities of the heart.
Indications for transthoracic echo examination of the
heart in an ICU environment include: (1) hemodynamic
instability, (2) exclusion of pericardial tamponade,
(3) acute RV overload (e.g., pulmonary embolism, PE),
and (4) thoracic trauma (e.g., myocardial contusion) [1, 2].
In addition to common TEE indications (such as
endocarditis, source of embolus, and suspected aorta dissection), indications for transesophageal echocardiography in critically ill patients are: (1) inadequate depiction
by TTE, (2) hemodynamic instability, (3) unexplained
hypoxemia, (4) prone position, (5) post-cardiac surgery,
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(6) acute RV overload with hypoxemia or hemodynamic
instability and pulmonary emboli visualization, and
(7) suspected aortic injury in thoracic trauma [1, 2].
Echographic (TTE or TEE) heart evaluation should
include the dimensions and wall thickness of the left
ventricle, segmental wall motion abnormalities, overall
systolic function (including the injection fraction), and
diastolic filling. Important elements of echocardiography
examination should include the evaluation of aortic root
dimensions and appearance, aortic valve anatomy, and
evidence of regurgitation or stenosis. Mitral anatomy,
evidence of stenosis or regurgitation, and left atrial size
should also be evaluated. The right heart should be examined for right ventricular size and systolic function, valve
anatomy and function, and estimated pulmonary pressure. Finally, the pericardium should be checked for thickening or effusion [1, 3] (Video 1, Fig. 1).
Interpretations of echographic findings in critically ill
patients should take into account various factors affecting
the cardiovascular system, such as positive pressure ventilation, sedation, variation in loading conditions and
drugs, especially inotropic agents.
Unexplained hemodynamic instability is the main indication for performing TTE or TEE echocardiography in
critically ill patients. As the primary noninvasive means of
heart evaluation in unstable patients, examination should
include LV systolic function in terms of contractility, preload, and afterload; LV diastolic function; CO (cardiac
output) measurement; and RV dimensions and function.
Cardiac performance depends on the dynamic interaction
of preload, myocardial contractility, and afterload [1–4].

Ultrasound: Uses in ICU. Video 1, Figure 1 Pericardial
effusion seen from an apical four-chamber view in an ICU
patient

Preload: Hypovolemia is a common cause of reduced
preload, and incidence is high among ICU patients. Any
decrease in intravascular blood flow results in decreased
venous return to the heart. A further cause of preload is
abnormal distribution of blood volume, brought about by
high intrathoracic pressures that may impede venous
return (e.g., obstructive lung disease and positive pressure
ventilation). Finally, preload occurs when intrapericardial
pressure is so high as to influence diastolic volume (e.g.,
pericardial tamponade).
Assessment of LV contractility requires measurement of the ejection fraction (EF). Although good
image quality is a prerequisite for estimating this,
commercially available echocardiographic systems have
software packages designed to facilitate the necessary
calculations. EF measurement can be derived using the
classic formula:
EF ¼

end diastolic volumeend systolic volume
 100
end diastolic volume

In cases where image quality is poor, LV function is
estimated by visual inspection alone. This method is considered reliable when used by experienced physicians, and
permits an immediate functional diagnosis in ICU
patients.
Afterload is defined as wall stress during ventricular
contraction, or the load against which the ventricle ejects.
In the absence of mechanical obstruction to ventricular
emptying, such as aortic stenosis, it is a function of systolic
blood pressure.
CO is the blood pumped by the heart per minute, and
can be derived by calculating stroke volume. This is
obtained by multiplying cross-sectional area (CSA in
cm2) of flow by the velocity–time integral (VTI in cm).
SV = CSA  VTI.
Alteration in LV diastolic function may result from
systolic dysfunction. On the other hand, 40% of
patients with congestive heart failure may present with
normal systolic function, but have diastolic dysfunction
as primary cause. LV diastolic dysfunction should be
suspected in the setting of the elevated ventricular filling pressures with a normal or supranormal ejection
fraction. Evaluation of the diastolic properties of the
ventricle is mainly achieved by examining Doppler
echocardiography mitral inflow and pulmonary venous
flow patterns.
RV function: RV dysfunction is a common
echographic finding in critically ill patients. Massive pulmonary embolism (PE) and acute respiratory distress
syndrome (ARDS) are the two main causes of acute cor
pulmonale in ICU patients. In critical care settings, RV
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function is also altered by other conditions that increase
RV afterload, including high PEEP levels or increased
vascular resistance.
Sepsis-related cardiomyopathy: Incidence of this is
high among critically ill patients. Septic shock is considered a hyperdynamic state in which cardiac output (CO) is
normal or increased. Echocardiographic assessment of
myocardial function in septic patients has been known
to reveal markedly hypokinetic LV (EF<40%). Although
LV dilatation and systolic dysfunction are reversible in
patients who survive, recent studies have shown that
impaired LVEF is associated with poor prognosis [1, 3, 4].

Lung Echography in Icus
In 1964, Pell presented the ultrasound pattern obtained
from the chest of a patient with pleural effusion, and
discussed the pattern which might be anticipated following thoracentesis. Three years later, Joyner et al. published
the first study to determine the accuracy and reliability of
ultrasound in the diagnosis of pleural fluid. Considerable
progress in ultrasound technology has been achieved over
the past 2 decades. Despite the fact that the air contained
in the lung is not a good transmission medium, lung
ultrasound has become a very promising technique in
recent years, due to its high sensibility in the detection of
different lung and pleural pathologic conditions. The section below introduces US imaging of the lungs, and the
main findings associated with basic respiratory disorders
in critically ill patients.
The probe (3.5–10 Hz) is placed vertically over the
intercostal space. The resultant image depicts the superior
and inferior ribs, their acoustic shade, and the pleural line,
0.5 cm from an imaginary line connecting the ribs. The
pleural line corresponds to the pleural layers. Remaining
lines parallel to the pleural line are the A-lines, which
should not be confused with other lines or artifacts,
since their location is constant. Normal interlobular
septa can’t be detected.
Lung sliding: This is the most important sign of lung
echography, and indicates a sliding movement of the lung
toward the thoracic wall. In other words, it is illustrated by
the movement of the visceral pleura against the parietal
pleura during the respiratory cycle. On two-dimensional
US, lung sliding is detected as fleeting dots arising
from the pleural line in accordance with lung movements
during respiration. This is not always clearly revealed on
two-dimensional ultrasound, so time-motion mode is the
preferred method for lung movement imaging, producing
the characteristic “seashore sign.” Lung sliding becomes
vague in pulmonary overexpansion and parietal
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emphysema, while it disappears in pneumothorax, complete atelectasis, and apnea [5, 8].
Ultrasound lung comets, B-lines: B-lines can only be
seen in pathologic parenchyma, but are very common in
ICU patients. Their presence rules out certain emergency
conditions such as pneumothorax. B-lines are vertical
ultrasound artifacts arising from the pleural line
(isoechoic to the pleural line) and extending to the edge
of the screen; their intensity increases with inspiratory
movements. Ultrasound lung comets are generated by
the reflection of the ultrasound beam from thickened
subpleural interlobular septa [5, 8].
Lung ultrasound used in pathologic conditions: (a) Atelectasis is common among critically ill patients, and is
defined as a hypoechoid tissue structure produced by
massive loss of aeration. The following indicators are
used to characterize a specific lung area as atelectatic:
lung sliding abolition, abolition of dynamic diaphragm
movement and its elevation more than 2 cm, the presence
of air bronchogram within the consolidation, change in
the imagine location of the heart, and the presence of small
pleural effusion. One common ultrasound finding results
from the compression of the lung by pleural fluid and
floating lung, especially in dependent lower lung regions.
An air bronchogram is usually produced in atelectasis.
This is caused by entrapped air inside a lung area that is
no longer aerated, thus creating hyperechoic punctiform
images.
(b) Interstitial syndrome: The presence of ultrasound
lung comets or B-lines depends on the degree of lung
aeration loss. Multiple B-lines are caused by connective
tissue-thickened interlobular septa when they are 7 mm
apart, and by ground glass areas (water-thickened
interlobular septa), when they are 3 mm apart or less.
They are used for the good correlation with the extravascular lung water in the lung congestion.
(c) Pneumonia is characterized (1) by the presence of
lung consolidation with hyperechoic punctiform images
within a representative air bronchogram; or (2) by the
presence of ultrasound lung comets issuing from the pleural line located in a lung region, and corresponding to the
infected area. Recent work has described the quantification of aeration loss and reaeration in ventilatorassociated pneumonia under treatment with antibiotics.
Ultrasound is helpful in detecting antibiotic-induced lung
aeration (treatment success), or in identifying the extension of pneumonia (treatment failure).
(d) Pneumothorax is usually observed in
nondependent lung regions. It is defined by lung sliding
abolition, the presence of an A-line sign (only A-lines
visible), the lung point (inspiratory synchronized changes
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from lung patterns to pneumothorax patterns) or a static
ultrasound pattern devoid of B-lines. Pneumothorax can
thus be ruled out in regions where lung sliding or ultrasound comets are observed (Video 2, Fig. 2).
(e) Pleural effusion: US findings in pleural effusion are
constant and easily recognizable. Pleural fluid is visible as
a hypoechoic and homogeneous structure. When the lung
is compressed by pleural fluid, the lower lobe is collapsed
and floating in the pleural effusion. It is important to
determine whether the effusion is transudative or exudative. Transudates usually have an echo-free pattern,
whereas exudates contain fibrous strings and mobile or
immobile septations with encapsulated liquid. In many
cases, thoracentesis and biopsy of the parietal pleura is
essential for diagnosing and treating critically ill patients
(Video 3, Fig. 3).

Abdominal Ultrasound in the Critically Ill
Abdominal ultrasound is a noninvasive procedure used to
assess the organs and vessels within the abdomen, such as
the liver, kidneys, gallbladder, spleen, pancreas, and
abdominal aorta of critically ill patients. In ICU patients
with acute abdominal symptoms, ultrasound has a proven
sensitivity with regard to final diagnosis of 88.8%, and
achieves high levels of specificity (76.3%) and diagnostic
accuracy (83.7%) [3, 6].
Liver: Basic ultrasound examination of the liver includes
evaluation of liver surface, liver edge, and echogenicity.
A normal liver should have a smooth surface and a sharp

Ultrasound: Uses in ICU. Video 2, Figure 2 Ultrasound
presentation of pneumothorax. The diagnostic features in this
video are the lung sliding abolition and a static ultrasound
pattern devoid of ultrasound lung comets

edge and should be homoechogenic. Dimensions of the
right lobe from lower border to the posterosuperior aspect
should be between 13 and 15 cm. Hepatomegaly is determined when this dimension exceeds 17 cm, while the size of
the left lobe is more varied. Common causes of hepatomegaly in critically ill patients are right heart failure and cirrhosis. Focal pathologies like abscesses and tumors cause
enlargement of the lobe concerned.
Liver echogenecity should usually be the same as the
adjacent right kidney. Decreased hepatic echogenicity is
seen in acute hepatitis, while fatty liver and alcohol-related
changes cause the parenchyma to assume a hyperechoic
appearance. Numerous hypoechoic structures are seen
within the liver parenchyma. These include biliary radicals
and vessels – hepatic veins, branches of portal vein, and
hepatic artery. Biliary intrahepatic ducts are typically
much smaller than the portal venous radicals that accompany them. Color flow imaging can be used to differentiate vessels from biliary radicals.
Gallbladder evaluation involves measuring the gallbladder wall and overall dimensions. The wall is considered abnormal when thickness exceeds 3–5 mm; minor
thickening is rarely diagnostic. Evaluation of gallbladder
content includes the presence of stones, sludge, or blood.
The examination should also include pericholecystic fluid
identification. During US bile examination, any dilation
of the bile duct, loss of its continuity, or any contents in
the bile duct should be considered as pathologic findings,
while the presence of gas is a sign of a life-threatening
condition due to anaerobic microorganism colonization
(Fig. 4).

Ultrasound: Uses in ICU. Video 3, Figure 3 Empyema in
a critically ill patient needed surgery
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Ultrasound: Uses in ICU. Figure 4 Longitudinal view of the
gallbladder demonstrating a solitary stone and sludge

Spleen: The echogenicity of the spleen is similar to that
of the liver. There are vascular pedicles over the splenic
hilum. The normal size of the spleen has been reported as
being up to 12 cm in the long axis. Splenomegaly can be
seen in patients with hematologic diseases, liver cirrhosis,
and metabolic diseases. Other common ICU conditions
that should be examined are splenic abscess, splenic
infarction, splenic cyst, and a traumatic spleen rupture
(usually with a capsular hematoma).
Pancreas: As the pancreas is seated in retroperitoneum
space, bowel gas and obesity often make it difficult to
achieve satisfactory visualization. However, results from
advanced US transducers and machines suggest that partial pancreas display is possible in 95% of cases. Suggested
normal pancreas size is 25 mm over the head, 15 mm over
the body, and 20 mm over the tail, though dimensions
may vary. US examination of the pancreas focuses on
contour, echogenicity, size, and relationship with surrounding tissue or organs. Discontinuity of the normally
smooth pancreatic contour indicates an anomaly such as
tumors or inflammation. Cystic lesions including
pseudocysts appear as anechoic lesions. Pancreatic emergencies include acute pancreatitis with complications,
pseudocyst rupture, and biliary sepsis related to pancreatic
diseases. Chronic pancreatitis, pancreatic cancers, and
pancreatic cystic tumors are usually not emergent but
have a slow clinical course.
Renal ultrasonography includes the examination of
the longitudinal diameter of the kidneys, the echogenicity
and thickness of kidney parenchyma, kidney margins, and
corticomedullary echogenicity. Longitudinal diameter is
the easiest variable to observe because it has minor
interobserver and intraobserver variation and allows an
easy and repeatable follow-up. Values are dependent on
patient sex and size, ranging from 9 to 12 cm. Parenchyma
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thicknesses needs to be measured in different areas –
normal dimensions vary from 1.5 to 1.8 cm.
Renal ultrasound provides important information on
the kidney function of critically ill patients, particularly
with regard to the presence of stones, cysts, or tumors and
the presence of hydronephrosis. In cases of acute tubular
necrosis due to sepsis, ultrasound kidney evaluation shows
normal dimensions and hyperechoid parenchyma. In
color Doppler analysis, low peak systolic velocities and
very low or absent diastolic velocities are evident.
Finally, one further use of abdominal ultrasound in
critically ill patients involves ultrasound-guided paracentesis
for abdominal fluid analysis or cholecystostomy tube
placement.
FAST: Focus abdominal sonography for trauma
(FAST) is a technique developed for the ultrasound evaluation of abdominal trauma, and has been applied for
hemoperitoneum diagnosis. Echographic assessment for
blood is performed using three dependent regions: the
perihepatic, the perisplenic, and the pelvis. In addition,
a pericardial view is obtained to exclude cardiac
tamponade. This technique has been designed to aid
non-radiologist emergency physicians and surgeons in
detecting blunt abdominal trauma.

Central Line Catheterization
Central venous catheterization is an important procedure
in managing critically ill patients. The majority of physicians simply use anatomic landmarks to guide vascular
access, despite the fact that such methods have an associated complication rate in excess of 15–20% and a failure
rate of up to 35%. Ultrasound-guided central vein access
was introduced in critically ill patients in 1984, so as to
minimize vascular access complications and boost success
rates. The most commonly used veins for catheterization
in critically ill patients are the internal jugular vein, the
femoral vein, or the subclavian vein. When employed in
vascular access, a 7.5–10 MHz linear transducer provides
excellent resolution and sufficient penetration. The needle
can be guided through the tissue directly or indirectly. In
indirect ultrasound guidance, scans are performed prior
to puncture and the needle is then inserted without ultrasound. Direct ultrasound guidance displays the needle in
real time, throughout the puncture process. One technical
option is to use accessory needle guidance devices that fit
exactly on the probe to control needle trajectory.
According to many authors, the method most preferred
is direct free-hand puncture, which offers greater flexibility: the ultrasound probe is held in one hand and the
needle in the other. On the downside, this technique
demands a high level of expertise and experience [3, 5].
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Common complications related to central venous
catheterization are mechanical, such as arterial puncture,
hematomas, pneumothorax, and hemothorax. Infectious
complications arise from catheter colonization, bloodstream infections, and thrombotic complications. Serious
bleeding-related consequences of accidental arterial puncture include hematoma of the neck and hematoma of the
mediastinum or hemothorax. Damage to the stellate ganglion and phrenic nerves may also occur. Compared to
cannulation of the internal jugular and subclavian veins,
the highest rate of arterial puncture and hematoma
occurred in the femoral vein (9.0–15% and 3.8–4.4%,
respectively). “Failure to place” is defined as: “multiple
attempts without success.” More than two failed punctures
were significantly associated with an increased complication rate.
The risk of complications depends on factors relating
to both the operator (e.g., experience or urgency of placement) and the patient (e.g., obesity, prior difficult cannulation, or coagulopathy).
Central vein access using ultrasound in ICU patients
has been shown to shorten procedure time, reduce the
number of failed puncture attempts, and minimize
complications.

Neuroimage in the ICU
Transcranial Doppler
In the mid-1800s, Christian Andreas Doppler observed
that when a sound wave at a given frequency strikes a
moving object, it is reflected at a different frequency
(Doppler effect). Transcranial Doppler (TCD) ultrasonography is based on the same principles and physics as
any sound-producing device. Introduced in 1982, TCD is
used to evaluate cerebral hemodynamics in critically ill
patients [7].
Since it is known that skull bone attenuates ultrasound, the acoustic windows employed in TCD correspond to thin bone areas that permit the transmission of
a signal. The three commonest windows are: (1) the
transorbital approach, which allows the insonation of
ophthalmic artery and internal carotid artery (ICA)
siphon; (2) the transtemporal window, which permits
the insonation of the ipsilateral middle cerebral artery
(MCA), the anterior cerebral artery (ACA), and the posterior cerebral artery (PCA); (3) the transforaminal window, which allows the insonation of the intracranial parts
of basilar and vertebral arteries (Video 4, Fig. 5).
The identification of cerebral arteries is difficult, and is
based on the following parameters: (1) the window
through which the vessel is insonated, (2) transducer

Ultrasound: Uses in ICU. Video 4, Figure 5 Transcranial
doppler ultrasonography, recording the carotid siphon until
the bifurcation of the middle and anterior cerebral artery in
a critical ill patient underwent craniectomy

orientation, (3) flow direction, (4) the depth of sample
volume, (5) the shape of the waveform, and (6) the
response to dynamic maneuvers.
The main parameter that should be evaluated during
a TCD examination in critically ill patients is the mean
flow velocity (MV) of the studied artery using the spectral
waveform display, or the formula:
MV ¼ PV þ ðEDV  2Þ=3
where MV is mean flow velocity, PV is peak systolic velocity, and EDV is end diastolic velocity. Mean velocity is used
because it is considered the least dependent on systemic
factors, has a higher correlation with cerebral perfusion,
and exhibits less variability among individuals than systolic or diastolic velocity. Any arterial narrowing results in
an increase in blood flow velocity through the stenotic
segment; velocity is proportional to the degree of vessel
stenosis. In addition, important indexes for the evaluation
of cerebral hemodynamics are the pulsatility index, the
resistance index, and the Lindegaard ratio (flow velocity
in the MCA to the external carotid artery). Any ratio lower
than 3 is considered hyperemia, ratios of 3–6 are considered mild vasospasm, and ratios higher than 6 are evidence
of severe vasospasm.
The commonest indication for the performance of
TCD in ICU patients is the detection of vasospasm in
patients with subarachnoid hemorrhage (SAH). Clinically
important vasospasm occurs in 20–30% of patients within
3–14 days after bleeding. Angiographic vasospasm, however, can be demonstrated in up to 60% of patients. TCD
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mean flow velocities higher than 120 cm/s are defined as
mild vasospasm, while velocities higher than 200 cm/s are
indicative of severe vasospasm. Other indications for the
employment of TCD in ICUs include the assessment of
cerebrovascular autoregulation, and loss of cerebral function due to brain death.

Optic Nerve Ultrasound
Ultrasound may also be used to evaluate optic nerve
diameter as an index of intracranial pressure. The optic
nerve is a part of the central nervous system, and is
surrounded by subarachnoid cerebrospinal fluid. The
optic nerve sheath diameter changes in accordance with
variations in cerebrospinal fluid pressure. Recent studies
have found a significant correlation between optic nerve
sheath diameter and invasive ICP measurement in critically ill patients with traumatic brain injury. The sonographic method used is well described in the literature.
The probe (7.5 MHz linear/microconvex probe) is placed
over the closed upper eyelids of the patients. The transverse diameter of the optic nerve sheath is measured 3 mm
behind the globe. Optic nerve sheath diameter >5 mm is
considered abnormal and is associated with increase intracranial pressure.

Other Applications
Other applications of ultrasound in ICUs include percutaneous tracheostomy, regional blocks in intensive care
patients, skin and soft tissue infections, sinus evaluation
and drainage, and percutaneous nephrostomy.
New ultrasound applications in ICU patients
include feeding tube placement or pneumoperitoneum
recognition.
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Synonyms
Ultrasound-guided central line;
central venous catheterization

Ultrasound-guided

Definition
Ultrasound-guided vascular access refers to the process by
which either venous or arterial access is obtained or
manipulated using an ultrasound machine to guide the
procedure. Over the last decade, ultrasound has been
increasingly utilized to assist with vascular access as it
makes the procedure easier for the operator and safer for
the patient.

Pre-existing Condition
Indications
Central Venous Catheter
Placement of a central venous catheter (CVC) is indicated
when measurement of central venous pressure or mixed
venous oxygen saturation is necessary, when access to
a central vein is necessary for insertion of a device such
as a transvenous pacing wire or pulmonary artery catheter,
for infusion of medications or nutritional solutions toxic
to peripheral veins, and for delivery of blood, medications,
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and other intravenous therapy when peripheral intravenous access is impossible or inadequate.
Three veins are most commonly utilized for CVC
insertion: femoral, subclavian, and internal jugular. The
femoral route has a low risk of significant mechanical
complications aside from arterial puncture (at an easily
compressible site), but has a much higher risk of delayed
thromboembolic and infectious complications, and is to
be discouraged if alternatives exist. In cases of cardiac
arrest, however, it has the advantage of being remote
from the torso where other resuscitative efforts are being
conducted, as well as posing no risk to the patient of
pneumothorax. Ultrasound improves the operator’s success when placing a femoral CVC because it has been
demonstrated that in the pulseless patient, landmarkbased femoral CVC insertion has a higher likelihood of
arterial cannulation [1], as a result of the transmitted
pulsation from CPR in the venous system as well as the
low pressure, deoxygenated blood easily confused with
venous blood that can be found on arterial puncture.
The subclavian vein is typically cannulated without
ultrasound guidance because the clavicle obscures the
routine visibility of the vein with ultrasound. Two ultrasound “windows” are available, however, to demonstrate
the subclavian vein: the supraclavicular approach and the
lateral subclavian (or more accurately, the medial axillary
vein) approach.
The internal jugular vein is the approach with the most
data to support the use of ultrasound guidance compared
with the use of external landmarks alone. Studies across
specialties have conclusively demonstrated that ultrasound guidance of CVC placement in the internal jugular
vein is associated with a lower complication rate and
a higher success rate [2]. As a result, it is the CVC
approach that is most familiar to clinicians who have
performed ultrasound-guided central access.

Peripheral Intravenous Catheter (IV)
Placement of a peripheral IV by traditional methods can at
times be challenging. Previous IV attempts, intravenous
drug use, obesity, and tissue edema all make localization
and cannulation of a suitable vessel for IV access difficult.
Ultrasound guidance of peripheral IVs is useful in these
situations and enables cannulation of vessels otherwise
inaccessible by standard methods. Not all patients who
require vascular access are suitable candidates for peripheral IVs, yet not every critically ill patient requires central
venous access; ultrasound-guided peripheral IVs can be an
alternative in a subset of patients. In addition, as lack of
a suitable peripheral IV site is one reason central lines are
left in place in the intensive care unit, ultrasound guidance

of IVs can be instrumental in decreasing central line days.
This is a technique that has been taught to nursing staff
with success, reducing demands on physician time [3].

Arterial Catheter
Arterial catheters are indicated when continuous measurement of arterial pressure or frequent sampling of
arterial blood is necessary. These typically are placed in
the radial artery at the wrist, but can also be placed at the
brachial artery at the elbow, the femoral artery, or the
dorsalis pedis artery in the foot. These catheters are usually
placed by palpating the pulse in the respective artery and
using a Seldinger technique, but this can be difficult in the
obese or hypotensive patient. Ultrasound is very useful for
guiding the placement of these catheters, and the technique is identical to that described for CVC placement and
IV access under ultrasound guidance.

Application
Equipment
Aside from the equipment necessary for traditional
landmark-based vascular access, the additional supplies
needed for ultrasound guidance include an ultrasound
machine, ultrasound gel, a sterile ultrasound probe cover
kit, and a disinfectant approved for use on the ultrasound
transducer. If ultrasound is being utilized for peripheral IV
access, especially if the veins of the upper arm are to be
cannulated, a longer angiocatheter than normal (2 in. or
longer) may be useful to minimize risk of dislodgement.
Needle guides are available that guide the introducer needle in the plane of the ultrasound beam toward a target on
the screen, but are not necessary for the procedure and
most clinicians do not use them.
The ultrasound machine utilized in critical care is
usually dictated by what is available in the clinical setting.
Ideally, however, a machine prospectively chosen for critical care use would be easy to maneuver amongst equipment at the bedside, have a large screen, easily adjustable
controls, and multiple transducers for cardiac, abdominal,
thoracic, procedural, and vascular indications. While not
necessary, color Doppler can facilitate differentiation of
artery from vein. The transducer for vascular access
should be a high frequency (5–10 MHz or greater) linear
transducer to allow high resolution and easy identification
of the needle tip passing through the tissues. A non-sterile,
water-soluble ultrasound coupling gel is used for
a preliminary scan to identify vessels prior to sterile preparation and draping of the patient. A commercially available sterile probe cover kit contains an accordion-folded
sterile plastic bag of sufficient size to cover the probe and
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several feet of cord, as well as sterile elastic bands and
a packet of sterile ultrasound gel.

Procedure
Ultrasound Machine
Preparation of the ultrasound machine begins with
disinfecting the machine and transducer before the procedure. The machine is then set up in an ergonomic position
by the bedside, ideally with the screen directly facing the
person performing the procedure in the same line of
vision as the needle entry point. A preliminary scan is
done before sterile preparation and draping to optimize
the settings on the ultrasound machine. Depth should be
set so that there is not wasted screen space deep to the
vessels. Gain (brightness) should be adjusted for best
possible visibility of the vessel and any other relevant
anatomy. If the machine has an adjustable focal position,
it should be set at the approximate depth of the superficial
wall of the target vessel.
Once the settings have been optimized on the ultrasound machine, the non-sterile gel should be wiped off the
transducer and the patient. The transducer should be
disinfected, and the patient prepped and draped as usual.
After opening the central-line kit on an instrument tray,
the sterile ultrasound probe cover kit is then opened and
dropped onto the sterile field (Fig. 1). After the operator is
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gowned/gloved sterilely, they should pick up the probe
cover, insert their hand into the bottom of the probe
cover “bag” and invert it, squirting some gel into the
probe cover (Fig. 2). After that, a non-sterile assistant
takes the probe and lowers it by its cord into the sterile
gel in the cover (Fig. 3). The operator then grasps the
probe from the outside of the probe cover and extends
the cover up the cord. The two elastic bands can be used to
secure the cover in place near the probe face and at the
most proximal extent of the cover on the cord. Care
should be taken to move any air bubbles in the gel away
from between the face of the probe and the probe cover
with a sterile gloved finger, as they will dramatically
degrade the image.
Preparation for placement of a peripheral IV is similar
except for two differences. First, the depth adjustment is
typically to the shallowest depth available (approximately
2 cm with most machines). The second difference is that

Ultrasound-Guided Vascular Access. Figure 2 The operator
inverts the bottom of the sheath with a gloved hand and
places sterile ultrasound gel in the pocket formed, then grasps
the ultrasound probe from a nonsterile associate and pulls it
down into the sterile sheath

U

Ultrasound-Guided Vascular Access. Figure 1 Sterile probe
cover kit containing plastic sheath, rubber bands, and
packet of sterile ultrasound gel

Ultrasound-Guided Vascular Access. Figure 3 The operator
inverts the bottom of the sheath with a gloved hand and
places sterile ultrasound gel in the pocket formed, then grasps
the ultrasound probe from a nonsterile associate and pulls it
down into the sterile sheath
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the placement of a peripheral IV does not necessitate
a sterile probe cover. After locating an appropriate vein,
the gel is wiped away, the probe is disinfected, and the skin
is prepped using typical prep for intravenous access.
A water-soluble gel (Surgilube or K-Y are common brand
names) in a single-use sterile packet is utilized for the
coupling gel to minimize the risk of infection.

Vascular Anatomy
Femoral Vein

of the clavicle. At this point, the axillary vein typically lies
inferior and medial to the axillary artery, and the pleural
surface is usually visible deep to the vessels (Fig. 7).
Internal Jugular Vein

The internal jugular vein has a variable position in
relation to the carotid artery, but typically lies anterior
and lateral to the carotid artery, behind the sternocleidomastoid muscle (Fig. 8). This relative position also
changes with rotation of the patient’s head. If possible,
a location should be chosen for cannulation where the

The femoral vein is typically accessed just distal to the
inguinal ligament in the groin. At this location, the
common femoral vein lies medial to the common
femoral artery, and the greater saphenous vein joins the
common femoral vein medially (Fig. 4). Continuing
distally, the common femoral vein then bifurcates into
the deep and superficial femoral veins. As the superficial
femoral vein is followed toward the mid-thigh, it quickly
rotates to lie in a position directly deep to the superficial
femoral artery (Fig. 5), where it is much more difficult to
cannulate.
Subclavian Vein

There are two approaches for ultrasound-guided subclavian vein catheterization. The supraclavicular approach
places the ultrasound probe just cephalic to the middle
of the clavicle and lateral to the sternocleidomastoid
(Fig. 6), where the subclavian vein is visualized just lateral
to its junction with the internal jugular vein. The alternative approach is more accurately described as an axillaryvein approach, just lateral and inferior to the medial third

Ultrasound-Guided Vascular Access. Figure 4 From L-R
(medial to lateral): greater saphenous vein, common femoral
vein, and common femoral artery

Ultrasound-Guided Vascular Access. Figure 5 Superficial
femoral artery on top of superficial femoral vein

Ultrasound-Guided Vascular Access. Figure 6 Probe placed
lateral to sternocleidomastoid and just superior to clavicle to
get transverse image of subclavian vein

Ultrasound-Guided Vascular Access

Ultrasound-Guided Vascular Access. Figure 7 Transverse
view showing, from L to R, clavicle with shadow deep to it,
then the subclavian artery partially covered by the shadow of
the clavicle, then the subclavian vein. The pleural surface is the
bright white line found in the lower R corner

Ultrasound-Guided Vascular Access. Figure 8 Transverse
view of IJ vein superficial to carotid artery

internal jugular vein does not overly the carotid, in order
to minimize the risk of passing through the posterior wall
of the IJ and entering the carotid (“back-walling”) [4].
Radial Artery

In the volar wrist, the radial artery courses very superficially and is typically accompanied on either side by a pair
of veins. On ultrasound, the bright hyperechoic distal
radius will be seen sloping under the radial artery (Fig. 9).
Veins of the Upper Extremity

High-yield locations to look for veins for ultrasoundguided IV cannulation are similar to those sought using
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Ultrasound-Guided Vascular Access. Figure 9 Transverse
view of volar wrist, showing radial artery with paired
radial veins

Ultrasound-Guided Vascular Access. Figure 10 Transverse
view of medial upper arm, showing (L-R) bundle of deep
brachial artery and paired deep brachial veins, the
accompanying median nerve, and basilic vein

traditional methods – the antecubital fossa, the cephalic
vein at the radial aspect of the wrist, and the veins of the
volar forearm are excellent candidates. Ultrasound also
brings other vessels previously difficult to cannulate into
view in the medial aspect of the upper arm. The paired
deep brachial veins surrounding the deep brachial artery
as well as the basilic vein are acceptable targets in the upper
extremity, and are typically located by placing the probe in
a transverse orientation a centimeter or two proximal to
the medial epicondyle of the distal humerus (Fig. 10). Care
must be exercised to prevent inadvertent compression of
the veins of the upper extremity while searching for
a target vessel, as peripheral veins are very collapsible
with minimal pressure (Fig. 11).
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Probe Orientation

Ultrasound-Guided Vascular Access. Figure 11 Same
location as Figure 10 but with compression collapsing the
deep brachial veins and the basilic vein

Artery Vs Vein
It is important to determine whether a vessel is an artery or
a vein once a potential target vessel has been identified.
The simplest method to distinguish artery from vein is to
compress the vessel with the ultrasound probe – the vein
will collapse under the pressure of the probe, while the
thicker-walled artery will remain patent. Often, the
artery’s pulsations will be much more prominent with
gentle compression of the surrounding soft tissue by the
ultrasound transducer. The addition of color Doppler will
aid in the differentiation between vessel types as arteries
generally have clearly pulsatile flow.

Dynamic Vs Static
There are two potential techniques to guide vascular access
using ultrasound guidance: dynamic and static. In the
static technique, the ultrasound is utilized to confirm
landmark-predicted anatomy and to determine relative
positions of artery and vein as well as gage depth and
angles of approach. The static method does not require
a sterile probe cover for the ultrasound transducer, as the
operator simply takes the information gained from the
ultrasound scan and utilizes it during an otherwise traditional Seldinger approach to a central line. It saves the
operator the extra step of covering the transducer with
a sterile cover, but does not give real-time information
about needle tip position. The dynamic method necessitates covering the transducer with a sterile probe cover, but
offers the advantage of real-time guidance of the needle
through the tissues to the target vessel, and facilitates redirection of the needle if it gets off track. The dynamic
method is the preferred method, as with this method the
target vessel, needle, and structures to be avoided (i.e.,
nerve or artery) can be visualized in real time.

Orientation of the ultrasound probe is critical to understanding the three-dimensional anatomy of the target
vasculature that is being displayed on the screen in two
dimensions. There are two guidelines to deciphering the
two-dimensional image on the ultrasound screen. The
first guideline is that the top of the ultrasound screen
corresponds to wherever the transducer is touching the
skin. The second guideline is that the orientation mark on
the upper left corner of the screen (depending on the
manufacturer, this can be a dot, a company logo, or
some other mark) corresponds to the orientation mark
on the ultrasound probe. The orientation mark on the
probe is variously depicted as a raised dot or line,
a groove, or a light. When ultrasound is being used for
guidance of procedures in the transverse plane (see
below), the orientation mark should be pointing toward
the operator’s left, regardless of which hand is holding the
probe. In this orientation, the left side of the probe corresponds to the left side of the screen, and a needle visualized
to the right of the target vessel on the screen can intuitively
be redirected to the left. When ultrasound is being used for
guidance of procedures in the longitudinal plane (see
below), the orientation mark is usually towards the operator, but is not as critical a point as with the transverse
orientation.

Short Vs Long Axis
There are two potential techniques to visualize the needle
and the vessel in real time during the dynamic technique.
The transverse or short-axis approach displays the vessel
as a circle on the screen and the needle as a bright
hyperechoic dot. The advantages to this approach are the
relatively short learning curve, the easy visualization at all
times of the neighboring artery, and the superior lateral
discrimination – it is easy to see which side of the vessel the
needle is displaced towards. The disadvantage is the need
to ensure that the ultrasound image of the needle on the
display is in fact the needle tip and not the shaft of the
needle.
The longitudinal approach has the advantage of keeping the entire shaft and tip of needle visible as it passes
through the tissues. The main disadvantages are the lack of
simultaneous visualization of the artery and the vein, as
well as difficulty in keeping the ultrasound beam, the
vessel, and the needle parallel to one another. With experience, this technique is preferable to the transverse
approach, as the continuous visualization of the needle
tip minimizes the risk of passing through the posterior
wall of the vein and into the artery or other important
anatomical structures.

Ultrasound-Guided Vascular Access

Ultrasound Guidance of the Introducer
Needle
In the transverse approach, the probe is typically held
in the non-dominant hand with the orientation mark
on the probe pointing toward the operator’s left hand,
and the needle and syringe are held in the dominant
hand. The target vessel is identified and, by sliding the
probe side to side, is centered on the screen. At this point,
the center of the probe overlies the center of the target
vessel. The needle is inserted at a 30–45 angle, entering
the skin just behind the center of the ultrasound probe.
After penetrating the dermis, the advance of the needle is
stopped, and the needle tip is identified. The easiest way to
identify the needle tip is to slide the hand holding the
ultrasound probe away from the operator a few millimeters at a time until the needle disappears from the screen –
at this point, the beam has just slid past the end of the
needle. Sliding the ultrasound probe a few millimeters
back toward the operator will then bring the tip of the
needle back onto the image and the needle can then be
redirected if necessary and advanced toward the target
vessel while negative pressure is maintained by pressure
on the plunger of the syringe. When the needle tip abuts
against the anterior wall of the vessel, the pressure of the
needle will typically “tent” the anterior wall of the vessel
posteriorly until it penetrates into the lumen (Fig. 12).

U

2357

At this point, the negative pressure on the syringe plunger
will result in a flash of blood, the ultrasound probe can be
placed securely on the instrument tray in case it needs to
be used again, and the procedure can be completed in the
traditional fashion.
In the longitudinal approach, the probe is held in the
non-dominant hand with the orientation mark pointing
toward the operator, and the needle and syringe are held in
the dominant hand. The target vessel is identified and the
probe is rotated until the vessel is depicted as a tube going
continuously across the screen. An oblique orientation
will make the longitudinal technique more challenging,
so if the vessel walls do not appear parallel, small degrees
of rotation clockwise and counterclockwise may be necessary to create a true longitudinal view. At this point, the
needle is inserted at a 30–45 angle and can be visualized
going toward the anterior wall of the target vessel, while
negative pressure is maintained on the syringe. After the
vessel “tents” inward (Fig. 13) and a flash of blood is
visualized in the syringe, the probe is placed securely on
the instrument tray and the procedure is completed in the
traditional fashion.
If there is any question regarding whether the needle
tip is in the artery or the vein, placement of the guidewire
through the needle and subsequent ultrasound of the wire
can identify the wire prior to any dilation of the vessel.
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Ultrasound-Guided Vascular Access. Figure 12 Transverse
view of needle “tenting” the vessel as it penetrates the anterior
wall

Ultrasound-Guided Vascular Access. Figure 13 Long axis
view of needle entering vessel

2358

U

Uncalibrated Pulse Wave Analysis

Complications
The complications of ultrasound-guided vascular access,
while less frequent than traditional, landmark-based vascular access, are similar in character. Immediate mechanical
complications include arterial puncture with hematoma
formation and pneumothorax. Ultrasound-guided central
venous access of the internal jugular vein is especially prone
to “back-walling” [4], and care must be taken when possible to minimize this risk by utilizing the longitudinal view
and choosing a site where the internal jugular does not
overly the carotid artery.

Undermining
Undermining is an area of tissue destruction underneath
intact skin that can slow the wound healing process.

Undulant Fever
▶ Brucellosis
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Unfractionated Heparin
▶ Heparin

Unstable Angina (UA)
▶ Coronary Syndromes, Acute

Uncalibrated Pulse Wave Analysis
▶ Vigileo/FloTrac

Upper and Lower Extremity
Doppler
▶ DVT, Limited Compression Ultrasonography

Uncomplicated Parapneumonic
Effusions
Uncomplicated parapneumonic effusions are pleural fluid
collections in patients with pneumonia that will resolve
with antibiotic therapy alone.

Unconsciousness
▶ Coma

Upper and Lower Extremity
Duplex Ultrasonography
▶ DVT, Limited Compression Ultrasonography

Upper Tract Infection
▶ Urinary Tract Infections

Urinary Tract Infections

Uremic Bleeding
▶ Bleeding and Hemostasis in Acute Renal Failure
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Uremic Coagulopathy
▶ Bleeding and Hemostasis in Acute Renal Failure

Synonyms
Bacteriuria; Cystitis; Lower tract infection; Pyelonephritis;
Upper tract infection; Urosepsis

Definition

Urgent Thoracotomy
▶ Thoracotomy for Trauma

Urinalysis
▶ Urine Electrolytes
▶ Urine Sediment

Urinary Biochemistry
▶ Urine Electrolytes

Urinary Catheter Sepsis
▶ Catheter-Associated Urinary Tract Infection

Urinary Electrolyte
▶ Urine Electrolytes and Acid Base

Urinary tract infection is the presence of bacteria or yeast
in the normally sterile urine or tissues of the genitourinary
tract. Infection may involve the bladder only (lower tract
infection or cystitis), the kidneys (upper tract infection or
pyelonephritis) or, in men, the prostate. Asymptomatic
urinary tract infection, also known as asymptomatic bacteriuria, is isolation of organisms in the urine in appropriate quantitative counts when there are no signs or
symptoms attributable to urinary infection. Symptomatic
urinary tract infection is classified as either acute uncomplicated or complicated urinary infection. Uncomplicated
urinary infection may present as either cystitis or pyelonephritis and occurs in women with a normal genitourinary tract. Complicated urinary tract infection occurs in
individuals with underlying genitourinary abnormalities
which facilitate infection, often including urinary obstruction or the presence of an indwelling device. Uncomplicated urinary infection occurs rarely in men. Any man
presenting with urinary infection should be assumed to
have complicated urinary infection until underlying
abnormalities have been excluded.
In the critical care setting, the most frequent presentations of urinary infection will be urosepsis or catheteracquired urinary infection. Urosepsis is a presentation of
sepsis syndrome or septic shock when the urinary tract is
the source of infection. Catheter-acquired urinary tract
infection is bacteriuria or symptomatic infection occurring in a patient with an indwelling urethral catheter.

Treatment
Urosepsis

Urinary Sodium and Potassium
▶ Urine Electrolytes

The approach to the management of urosepsis is similar to
that for sepsis and septic shock attributable to any other
source. Initial management includes prompt institution of
supportive care, specimen collection for diagnostic tests,
institution of antimicrobial therapy, and source control.
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For urosepsis, urine and blood specimens to characterize
the infecting organism and susceptibilities must be
obtained for culture prior to institution of antimicrobial
therapy. Source control requires identification and localization of infected collections which may require drainage,
such as infected urine proximal to a site of obstruction or
a renal, perinephric, or prostate abscess.
The infecting organism and susceptibilities will usually
not be known at the time of clinical presentation, so
empiric parenteral antimicrobial therapy must be initiated. The specific antimicrobial regimen is selected based
on the suspected infecting organism, patient tolerance,
and renal function. The optimal antimicrobial for management of urinary infection in any patient will be an
agent which is excreted into the urine and achieves high
urinary levels. When the infecting organism is known,
antimicrobial therapy specific for the isolate is selected.
If the infecting organism has not yet been identified, broad
antimicrobial coverage should be initiated, encompassing
gram-negative organisms, Enterococci spp, group
B streptococci, and including resistant isolates. Appropriate antimicrobials for urosepsis include beta-lactam antibiotics (piperacillin, piperacillin/tazobactam, cefuroxime
axetil, cefotaxime, ceftriaxone, ceftazidime), carbapenems
(imipenem, meropenem, ertapenem), fluoroquinolones
(ciprofloxacin, levofloxacin), aminoglycosides (gentamicin, tobramycin, amikacin), or monobactams
(aztreonam). When Candida spp or other yeast infection
is a possibility, fluconazole is the preferred antifungal
agent as it is excreted in the urine. When a fluconazole
resistant strain is suspected or documented, amphotericin
B deoxycholate is the recommended second line agent.
The local prevalence of antimicrobial resistance in community or hospital-acquired uropathogens and recent
prior antimicrobial therapy received by the patient should
be considered in selecting the specific empiric regimen.
Patients with health care–acquired infections or who have
received antimicrobial therapy within the past few months
are more likely to have resistant organisms isolated. The
empiric antimicrobial regimen should be reassessed and, if
appropriate, altered to specific narrow spectrum therapy
once culture results become available.
Many individuals who present with urosepsis will have
either urinary obstruction or recent mucosal trauma,
often with hematuria. Unless preexisting abnormalities
are already characterized, every patient presenting with
septic shock from a presumed urinary source should
have prompt diagnostic imaging to determine whether
intervention for source control is necessary. Precipitating
events may include ureteral or urethral obstruction (e.g.,
ureteric stone or obstructed indwelling catheter) and

mucosal bleeding following urologic interventions or
trauma to indwelling catheters. Occasionally, patients
may have a renal or perinephric abscess, or emphysematous pyelonephritis. Computed tomography (CT) scanning is the preferred imaging study. When obstruction is
present, appropriate urologic intervention for drainage
should be undertaken promptly, such as percutaneous
nephrostomy, ureteric stent insertion, or placement of
a suprapubic catheter. Initial percutaneous drainage is
recommended for renal and perinephric abscesses, while
open surgical drainage, nephrectomy, or other interventions are reserved for when percutaneous drainage is
not possible or effective. Small (<3 cm) renal abscesses
usually respond to medical therapy alone. Antimicrobial
therapy should be initiated prior to any invasive urologic
intervention.

Catheter-Associated Urinary Tract Infection
Catheter-acquired urinary infection is a predictable outcome of indwelling catheter use, but most patients with
this complication are asymptomatic. The risk of acquisition of infection averages 3–7% per day while the catheter
remains in situ. Treatment of asymptomatic bacteriuria or
candiduria is not recommended. Randomized clinical trials comparing treatment or nontreatment of bacteriuria or
candiduria in patients with indwelling catheters consistently report no benefit of antimicrobial treatment in
decreasing the subsequent incidence of symptomatic urinary infection. However, antimicrobial therapy is invariably followed by reinfection with organisms of increased
resistance if the catheter remains in situ. A randomized
trial enrolled critical care patients with catheter-acquired
asymptomatic bacteriuria and compared clinical and
microbiologic outcomes when the intervention of catheter
change together with 3 days of antibiotics was compared
to no catheter change and no antibiotics [1]. The two
study groups had similar outcomes, including subsequent
episodes of urosepsis, duration of mechanical ventilation,
duration of urinary catheterization, and length of ICU
stay. In addition, a similar proportion of patients had
positive urine cultures at 7 and 15 days after enrollment.
Thus, there are no benefits with treatment of asymptomatic catheter-acquired bacteriuria in critical care patients,
but some potential harms with emergence of antimicrobial resistance.
The exception to the recommendation of
nontreatment of catheter-acquired bacteriuria is the
bacteriuric patient who is to undergo an invasive genitourinary procedure. When mucosal trauma or bleeding
occurs in a bacteriuric patient, there is an exceptionally
high risk for bacteremia (50–60%) and sepsis (5–10%)
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following the procedure. These complications are
prevented if antimicrobial therapy is initiated prior to
the procedure. The antimicrobial should be started within
1 h of the procedure, and usually only a single dose is
required. Conceptually, this is perioperative antimicrobial
prophylaxis to prevent urosepsis rather than treatment of
bacteriuria. Appropriate antimicrobials may include
aminoglycosides, fluoroquinolones, extended-spectrum
cephalosporins, or beta-lactam/beta-lactamase inhibitor
combinations. In many cases, a urine culture will be available prior to the procedure so the antimicrobial can be
selected to target the specific infecting organism. Antimicrobial therapy is not recommended for routine indwelling catheter replacement as this procedure is not
associated with increased patient risk.
When symptomatic infection is identified in a patient
with a chronic indwelling catheter, specific antimicrobial
therapy should be selected based on culture results, if these
are available. When empiric therapy is indicated pending
urine-culture results, the increased likelihood of resistant
organisms in critical care patients means broad spectrum
therapy with coverage for more resistant organisms should
usually be initiated. Results of prior urine cultures and any
recent antimicrobial exposure of the patient are considered in selecting the specific empiric regimen. Once culture results become available, usually by 48–72 h, empiric
therapy is modified to target the specific infecting organism. A chronic indwelling catheter should be replaced by
a new catheter prior to initiating antimicrobial therapy.
Catheter replacement is associated with a more rapid
defervescence and a decreased likelihood of early symptomatic recurrence post therapy.

Epidemiology/Pathogenesis
Urosepsis
The urinary tract is the third most common source of
infection in patients admitted to critical care units for
management of septic shock, accounting for 10% of
these admissions. Most of these patients have complicated
urinary infection, often with urinary obstruction,
abscesses, or bleeding within the genitourinary tract.
Severe bilateral pyelonephritis is rarely complicated by
septic shock in the absence of obstruction. Renal infection,
by itself, is also an uncommon direct cause of renal failure.
Renal failure in patients with urosepsis is usually attributed to decreased renal perfusion secondary to septic
shock or to the underlying genitourinary abnormality.
The few case reports of renal failure directly attributable
to pyelonephritis usually describe infections in diabetic or
elderly women.
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The most common infecting organisms are the
Enterobacteriaceae, primarily Escherichia coli and Klebsiella
pneumoniae. However, other gram-negative organisms,
including Pseudomonas aeruginosa, and gram-positive
organisms such as Enterococcus may be implicated.
Staphylococcus aureus is a relatively uncommon cause
of urosepsis. Risk factors for an increased likelihood of
isolation of more resistant organisms include preexisting
genitourinary abnormalities, repeated prior courses of
antimicrobial therapy, and previous health-care exposures, including urologic interventions. Patients in critical
care units are more likely to have infection with yeast,
usually Candida species. Risk factors for candida urinary
infection include diabetes, the presence of an indwelling
catheter, and receiving broad spectrum antimicrobials.

Catheter-Acquired Urinary Infection
From 85% to 95% of patients admitted to an intensive care
unit will be managed with an indwelling urethral catheter
for at least some time, usually for the indication of output
monitoring. Reported rates of acquisition of catheteracquired urinary infection in critical care unit patients
are 9–14/1,000 catheterization days [2, 3]. Symptomatic
infection, however, is uncommon. The rate of bacteremic
urinary infection is only 0.1/1,000 catheter days [4]. The
determinants of symptomatic infection in these
bacteriuric patients are not well characterized, but catheter
obstruction or mucosal trauma are important precipitating events. Critical care unit patients with catheteracquired urinary infection have increased mortality, but,
in multivariate analyses, catheter-acquired urinary infection is not an independent predictor of mortality [2–4].
Catheter-acquired urinary infection is usually
a consequence of biofilm formation, which develops on
both the interior and exterior surfaces of the catheter.
Indwelling urethral catheters become coated with
a conditioning film of host proteins and other components immediately following insertion. Bacteria enter the
urinary tract from the periurethral area, if there is interruption of the closed drainage system, or from
a contaminated drainage bag, and adhere to this conditioning layer. These bacteria grow along the catheter surface in an extracellular polysaccharide substance produced
by the organisms and ascend to the bladder. Urinary
components such as Tamm–Horsfall protein and Mg++
and Ca++ ions are incorporated into this biofilm. Organisms achieve very high concentrations in the biofilm,
where they exist in an environment relatively protected
from host defenses or antimicrobials. The initial episode
of bacteriuria is usually with a single organism, but
patients with chronic indwelling catheters for 4 weeks or
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more uniformly have bacteriuria with multiple organisms.
The most frequent organisms isolated from critical care
patients are E. coli, Candida spp, P. aeruginosa, and Enterococcus spp. (2, 4). Complications of biofilm formation, in
addition to urinary tract infection, include urolithiasis
and catheter obstruction.
About 80% of patients receive at least one course of
antimicrobials for presumed or confirmed infection at any
site during the critical care admission. Acquisition of
catheter-acquired bacteriuria is lower in patients receiving
antimicrobials for the first 4 days following catheter insertion. Subsequently, the rate of acquisition of bacteriuria is
similar to that observed in patients who do not receive
antimicrobials, and infection is with organisms of
increased resistance. Thus, while antimicrobial therapy
delays acquisition, bacteriuria will ultimately develop in
all patients if the catheter remains in place.

Evaluation/Assessment
Clinical
The classic clinical signs and symptoms of urinary tract
infection include lower tract symptoms of frequency,
urgency, and dysuria, and costovertebral angle pain and
tenderness in individuals with renal infection. These
symptoms, of course, may be difficult to appreciate in
patients with a decreased level of consciousness. The ascertainment of symptomatic urinary infection may be difficult in the critical care unit patient with an indwelling
urinary catheter because of multiple concomitant medical
and surgical problems, and decreased consciousness. The
usual presentation of symptomatic infection in patients
with indwelling urethral catheters is fever and, occasionally, rigors or acute confusion. Localizing findings such as
a history of recent genitourinary trauma, catheter obstruction, new onset of hematuria, or costovertebral angle pain
or tenderness may be present in some patients.
There is evidence of substantial overtreatment of positive urine cultures in the critical care setting. When the
urine culture is positive in a critical care unit patient with
fever and no obvious alternate source, urinary infection is
frequently diagnosed. However, unless bacteremia with
the urinary isolate is documented, the urinary tract is
unlikely to be the source of fever. In a study enrolling
patients admitted to a combined surgical and trauma
intensive care unit for less than 14 days, fever or leukocytosis was not associated with a positive urine culture [5].
In addition, lower urinary tract symptoms and fever occur
with similar frequency in catheterized patients with and
without positive urine cultures. Thus, most patients with
positive urine cultures and nonlocalizing genitourinary

findings, including fever, do not have urinary tract infection as a source for the symptoms.

Urine Culture
The definitive diagnosis of urinary tract infection requires
isolation of microorganisms in appropriate quantitative
counts from a urine specimen which has been collected in
a manner that limits contamination. Urine specimens
become negative within a very brief time after institution
of effective antimicrobial therapy, usually less than 1 h.
Thus, it is essential that specimens for culture be obtained
before the antimicrobials are initiated. If the urine specimen for culture has been obtained prior to antimicrobial
therapy, a negative urine culture effectively excludes urinary tract infection unless there is infection proximal to
a site of complete obstruction in the genitourinary tract.
If the urine specimen cannot be collected as a voided
urine specimen, a catheterized specimen should be
obtained by in and out catheter, when an indwelling
catheter is inserted, or by puncture of the catheter port
of patients with a short-term indwelling catheter in place.
Patients with a chronic indwelling catheter have a complex
polymicrobial biofilm present on the catheter. When
a urine specimen for culture is obtained through the
catheter, the microbiology of both the biofilm and bladder
urine are sampled. The chronic catheter should be
replaced by a fresh catheter, and a urine specimen which
samples bladder urine alone, and is more relevant for
therapeutic decisions, obtained through the new catheter.
Urine obtained from patients with an ileal conduit or
bladder augmentation with bowel interposition is also
usually always bacteriuric. Urine cultures from these
patients must be interpreted in the context of this anticipated persistent colonization. If complete urinary
obstruction is present, culture results of bladder urine
correlate poorly with culture of urine collected proximal
to the obstruction, usually from the renal pelvis. If there is
obstruction, a specimen of urine for culture should be
obtained from the renal pelvis, if possible, usually when
the obstruction is relieved.
The standard quantitative criteria for the microbiologic diagnosis of urinary tract infection is  105 cfu/mL
from a voided urine specimen. Lower quantitative counts
in voided specimens may be consistent with infection in
symptomatic patients. Bacteria require several hours’
incubation in the bladder to achieve the high quantitative
counts, so frequency or diuresis may result in lower quantitative counts in voided specimens. If a urine specimen is
obtained directly from the bladder or renal pelvis and
periurethral contamination is avoided, any quantitative
count is considered consistent with infection.

Urinary Tract Infections

Interpretation of the significance of the urine-culture
result should also consider the type of organisms isolated.
Coagulase negative staphylococci and Corynebacterium
spp are unlikely to be uropathogens, whereas gramnegative organisms are the most common uropathogens.
Thus, the urine culture is interpreted in the context of the
clinical presentation, the urine specimen collection
method, and the organisms isolated.

Other Investigations
Pyuria is a sensitive but nonspecific indicator for identification of urinary infection. It consistently accompanies
symptomatic urinary infection. However, pyuria is also
present in most patients with asymptomatic bacteriuria
and may result from inflammation attributed to an
indwelling urethral catheter, irrespective of the presence
of bacteriuria. Thus, pyuria does not differentiate symptomatic or asymptomatic infection in bacteriuric patients.
The absence of pyuria, however, may be useful to exclude
symptomatic urinary tract infection.
Blood cultures are indicated when patients present
with severe systemic symptoms and a suspected urinary
source. Isolation of an organism from the blood confirms
the severity of infection and is helpful in directing optimal
antimicrobial therapy if the urine culture subsequently
grows mixed bacterial flora or low quantitative counts of
organisms. Isolation of the same organism from both
blood and urine usually confirms a urinary source for
the bacteremia. However, bacteriuria may occasionally be
secondary to bacteremia from a source other than the
urinary tract. This is most frequently recognized with S.
aureus bacteremia.

After-care
The usual duration of antimicrobial therapy is 10–14 days.
Patients with early recurrent infection following discontinuation of antimicrobial therapy should be assessed to
confirm that the infecting organism is susceptible and
consider whether further diagnostic or urologic evaluation
is appropriate. Women with uncomplicated pyelonephritis who relapse after an initial course of antimicrobials for
a susceptible organism should be retreated for 4–6 weeks.
Genitourinary abnormalities which may have contributed
to the episode of urosepsis must be completely characterized and definitive urologic management pursued.
Women without underlying genitourinary abnormalities who experience recurrent pyelonephritis or cystitis
are candidates for low-dose prophylactic antimicrobial
therapy to prevent further episodes. Prophylactic antimicrobial therapy is not recommended for patients with
complicated urinary infection as this strategy has little
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impact on the frequency of subsequent symptomatic episodes in these patients, but is consistently accompanied by
rapid reinfection with more resistant bacteria. A few
selected patients without indwelling devices who experience recurrent relapsing urinary infection and cannot be
cured, or who have inoperable infection stones, may benefit by treatment with long-term suppressive antimicrobial therapy. Patients with indwelling urethral catheters
should have the device discontinued as soon as clinically
feasible.

Prognosis
With appropriate antimicrobial therapy and effective
source control there should be prompt resolution of infection for most patients. Mortality with septic shock from
a urinary source is only 10%. This relatively low mortality
compared with other sources of sepsis likely reflects the
straightforward source control achieved for most cases.
Patients with renal failure may not have sufficient antibiotic levels in the urine because of decreased perfusion of
antimicrobials into the kidneys. These patients may have
a delayed clinical response to treatment. Patients with
undrained infected collections of urine or abscess will
either fail antimicrobial therapy or experience rapid recurrence of infection once antimicrobials are discontinued.
Patients with persistent genitourinary abnormalities
remain at risk of reinfection.
For catheter-acquired urinary tract infection, there is
usually a prompt response to antimicrobial therapy if
adequate urine drainage is ensured. Catheter-acquired
infection is prevented by limiting use of an indwelling
catheter and, when the indwelling catheter is necessary,
minimizing the duration of use. Appropriate practices for
catheter insertion and catheter maintenance, particularly
ensuring a closed drainage system, delay acquisition of
bacteriuria, but the impact of these interventions on prevention of symptomatic urinary infection is not known.
Avoiding catheter trauma and early recognition of
obstruction will likely decrease the risk of symptomatic
infection in these patients.
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Context
The kidney is highly responsive to alterations in extracellular fluid volume and composition and responds by rapid
regulation of free water and electrolyte excretion. The
analysis of urinary electrolytes can, in selected circumstances, provide diagnostic information in critical illness.
Numerous tests of urinary electrolytes and derived indices
have been described across a range of clinical conditions.
This entry will focus on the clinical application of commonly used tests of urinary electrolytes in the patient with
acute kidney injury (AKI) and additional disorders of
acid–base and electrolyte homeostasis.

Fractional Excretion
The fractional excretion (FE) of a substance (e.g., sodium,
urea, uric acid, magnesium) represents the proportion of
the filtered substance that is excreted in the urine. Measures of FE may provide diagnostic insight into kidney
function by acting as a surrogate of the integrity of tubular
function by aiding in the diagnosis of a range of clinical
conditions. The FE of a substance can be calculated as:
FeX ¼ ½ðUX =PX Þ  ðPCr =UCr Þ  100%
where UX is the urine concentration of substance (x), PX is
the plasma concentration of substance (x), PCr is the

plasma creatinine concentration, and UCr is the urine
creatinine concentration.
Most commonly, the fractional excretion of sodium
(FENa) and urea (FEU) have been used for to distinguish
and classify AKI into prerenal azotemia (PRA) and acute
tubular necrosis (ATN) or established AKI.

Fractional Excretion of Sodium
The fractional excretion of filtered sodium (FENa) has
long been advocated for the discrimination between AKI
due merely to PRA versus ATN or established AKI
(Table 1). Filtered sodium is expected to avidly reabsorbed
by kidney tubular cells from glomerular filtrate in the
setting of “functional” PRA, resulting in a measured
FENa <1%. Contrary, in ATN or established AKI, there
occurs “structural” injury to the kidney parenchyma and/
or tubular cells that is expected to manifest by failure of
tubular cells to appropriately reabsorb filtered sodium,
translating into a measured FENa >1%.
However, the diagnostic value of the measured FENa
for discrimination of PRA and ATN or as a surrogate
measure for volume responsiveness in AKI has been challenged [1–3]. Several clinical observations and small studies have suggested that the FENa may be prone to bias in
critical illness and should be carefully interpreted in context. For example, the FENa is often >1% in patients
having received diuretic therapy regardless of the volume
status of the patient. Critically ill patients also receive large

Urine Electrolytes. Table 1 Traditional laboratory tests used
to help diagnose “established” acute renal failure
Test

Prerenal
azotemia

Established AKI
(ATN)

Urine sediment

Normal

Epithelial casts

Specific gravity

High: >1.020

Low: <1.020

Urine sodium
(mmol/L)

Low: <10

High: >20

Fractional
excretion of
sodium

<1%

>1%

Fractional
excretion of urea

<35%

>35%

Urine osmolality
(mosmol/kg H2O)

High: >500

Near serum: <300

Urine/plasma
creatinine ratio

High: >40

Low: <10

Plasma urea/
creatinine ratio

High

Normal

Urine Electrolytes

sodium loads during fluid resuscitation that may confound the measured FENa. Likewise, a FENa <1% has
been shown in conditions associated with established
parenchymal AKI including septic shock, rhabdomyolysis,
liver failure and following exposure to radiocontrast
media [1]. One plausible explanation for these “falsepositive” observations may be the nonhomogenous injury
that occurs to kidney parenchyma and tubular cells in
AKI. Evidence of “patchy” necrosis may result in sufficient
preservation of tubular function to retain capacity for avid
sodium reabsorption (FENa <1%) despite significant
injury and overall declines in kidney function. Accordingly, the routine use of the FENa as a diagnostic tool for
critically ill patients presenting with AKI or as a surrogate
for kidney hypoperfusion is flawed, in particular,
confounding is likely in the presence of active fluid resuscitation, vasoactive therapy (e.g., norepinephrine, vasopressin), relative adrenal insufficiency and/or
corticosteroid therapy, positive-pressure ventilation, and
in selected clinical circumstances (e.g., brain injury).

Fractional Excretion of Urea
The fractional excretion of urea (FEU) has been cited as
a more precise method for discriminating the underlying
etiology and/or severity of AKI as either PRA or ATN, in
particular when the FeNa is likely to be confounded by
diuretic therapy (e.g., furosemide, mannitol). In this context, a FEU <35% would be suggestive of PRA, whereas
values >35% would be considered consistent with ATN.
Carvounis et al. discovered a FEU <35% was evident in
90%, 89%, and 4% for PRA, PRA with diuretics, and ATN,
respectively. In identifying AKI cases, FEU had superior
sensitivity (90%), specificity (96%), and positive predictive value (99%) when compared with FENa [4]. However,
even with such evidence for it use, in some patients, the
diagnostic and/or prognostic value of this measure
remains debatable and largely unproven in critical illness.

Urinary Sodium
The urinary sodium (UNa) concentration is a widely cited
urinary measure for the classification of AKI. In kidneys
with preserved function, the UNa is normally low due to
active transport and reabsorption of nearly all of filtered
UNa. However, in states of kidney injury and/or dysfunction, tubular reabsorption of UNa is impaired, resulting in
a higher detectable UNa. In general, classic teaching would
suggest UNa values <10–20 mmol/L are suggestive of
a sodium avid state and/or prerenal azotemia (PRA) or
functional declines in kidney function, while values
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>40 mmol/L are more consistent with the diagnosis of
acute tubular necrosis (ATN) or structural and/or more
established AKI.
Several studies, however, have found UNa generally
performs poorly for discriminating PRA and ATN. In
one study, only 33% of patients classified as PRA had
a UNa <20 mmol/L, whereas 23% of those classified as
ATN had a UNa <20 mmol/L [5]. Fewer still have
reported changes to UNa over time or in response to
interventions applied in the ICU (e.g., fluid resuscitation,
vasoactive therapy, corticosteroids, mechanical ventilation). In addition, the assumptions about the use of UNa
to discriminate the etiology and/or severity of AKI may be
misleading in selected circumstances. The kidney response
to critical illness may, in part, be context specific. For
example, several small reports have described UNa values
<20 mmol/L in critically ill patients with hyperdynamic
septic shock and severe AKI. Similar data have been shown
in experimental studies of hyperdynamic septic AKI,
where early acute declines in UNa <20 mmol/L and
FeNa <1%, associated with severe reduction in GFR
have been observed [2]. Conventional teaching would
suggest this represents a state of PRA and/or kidney
hypoperfusion that may simply respond to fluid administration and/or vasoactive therapy. However, this paradigm
has been challenged recently by experimental studies
performed in septic mammals where Doppler studies of
renal blood flow (RBF) have shown RBF to be not only
preserved, but significantly elevated [6]. Such experimental data disputes the prevailing dogma of a low UNa and
FeNa merely reflecting a state of PRA characterized by
renal hypoperfusion. In addition, small clinical studies
have also found that the UNa and FeNa alone are very
poor prognostic predictors for the need for renal replacement therapy (RRT) and/or recovery of renal function
after an episode of AKI. The available data suggests UNa
has little diagnostic or prognostic value in the context of
AKI in critical illness, in particular for those with resuscitated septic shock.
Normally functioning kidneys will vary sodium excretion in order to preserve and/or maintain an adequate
effective circulating volume. Accordingly, the UNa also
been used as a surrogate measure of volume status and/
or responsiveness and in the evaluation of hyponatremia.
However, a low UNa concentration does not discriminate
true volume depletion (e.g., gastrointestinal losses) from
reduced effective circulating volume (e.g., congestive heart
failure, cirrhosis) or other states where RBF may be preserved as aforementioned (e.g., hyperdynamic septic
shock). In addition, it is important to recognize that
sodium excretion may still be elevated in states of marked
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true or effective volume depletion (e.g., use of diuretics,
adrenal insufficiency, non-oliguric AKI, glycosuria).

Additional Biochemistry/Indices
There are numerous additional urinary biochemistry tests
and derived indices that have been traditionally used to aid
in the detection and discrimination of AKI. These include
the urine/plasma creatinine ratio, urine/plasma urea ratio,
serum urea/creatinine ratio, urine uric acid/creatinine
ratio, fractional excretion of uric acid, fractional excretion
of chloride, and the renal failure index (RFI). However,
due to the lack of adequate studies evaluating their use,
these tests remain largely unproven and of questionable
value in the diagnosis or prognosis of AKI in critically ill
patients.

Urine Potassium
Disorders of potassium balance are common in
hospitalized and critically ill patients. Calculation of the
trans-tubular potassium gradient (TTKG) may aid in the
diagnosis and evaluation of the patient with hyperkalemia or hypokalemia [7] (Table 2). Persistent
hyperkalemia generally occurs as a consequence of
reduced urinary potassium excretion. The most commonly encountered causes of impaired excretion include
renal failure (e.g., oliguric AKI), volume depletion with
reduced distal tubular urine flow, and hypoaldosteronism
(e.g., renal tubular acidosis, potassium-sparing diuretics,
nonsteroidal anti-inflammatory drugs).
The TTKG can be calculated as:
TTKG ¼ ½UK =ðUOsm =POsm Þ=PK

where UK is the urine potassium, UOsm is the urine osmolality, POsm is the plasma osmolality, and PK is the plasma
potassium.
In hyperkalemia (or following a potassium load), the
normal kidney response would be to increase urinary
potassium excretion, which would be reflected by an
increase in TTKG to >7 and even as high as 11–12. The
presence of a low TTKG (<5–7) in this setting would
indicate impaired urinary excretion and suggest
hypoaldosteronism, tubular resistance to aldosterone,
use of potassium-sparing diuretics, or drug-induced
sodium channel blockade as causes. The diagnosis of
hypoaldosteronism could be confirmed by measurement
of serum aldosterone or administration of exogenous
aldosterone (e.g., fludrocortisone) with an associated
increase in the TTKG. Marked volume depletion can
cause hyperkalemia through diminished sodium delivery
to sodium–potassium exchange sites in the distal tubules.
In this setting, aldosterone secretion is preserved and the
TTKG usually elevated >7.
In hypokalemia, the normal kidney response would be
avid tubular potassium reabsorption (<25–30 mEq/day).
A low urinary potassium concentration, coupled with
a TTKG <2–3 would suggest an extrarenal cause for
potassium depletion (e.g., diminished intake, gastrointestional losses, intracellular shift). Common causes of
increased renal potassium losses may include diuretic
therapy, hyperaldosteronism, metabolic acidosis, druginduced (e.g., amphotericin B), and polyuria. A renal
cause of potassium depletion will generally be associated
with an inappropriately increased urinary potassium
excretion (>30 mEq/day) and an elevated TTKG (>3).

Urinary Chloride
Urine Electrolytes. Table 2 Trans-tubular potassium gradient (TTKG) in disorders of potassium balance
Disorder

TTKG

Cause(s)

Hyperkalemia

>7

True or effective volume
depletion

<7

Hypoaldosteronism
K-sparing diuretics
tubular resistance to
aldosterone
drugs

Hypokalemia

<3
>3

Poor dietary intake
Gastrointestinal losses
Hyperaldosteronism
Diuretics
Amphotericin B
Polyuria

Analysis of urine chloride may aid in the evaluation of the
patient with volume depletion and/or metabolic alkalosis
[8] (Table 3). In general, urine sodium and chloride
Urine Electrolytes. Table 3 Urine chloride in metabolic
alkalosis
Urine chloride concentration
<25 mEq/L

>40 mEq/L

Vomiting/nasogastric
suction

Mineralocorticoid excess

Use of diuretics (late)

Use of diuretics (early)

Post-hypercapnic alkalosis

Alkali load

Factitious diarrhea

Severe hypokalemia

Cystic fibrosis

Bartter’s or Gitelman’s
syndrome

Urine Electrolytes

excretion are similar in order to maintain electro-neutrality, however, differences may occur in the presence of
unmeasured anions (e.g., bicarbonate, penicillin) causing
elevated urine sodium excretion or unmeasured cations
(e.g., ammonium) causing elevated urine chloride excretion. These differences may provide clues to aid in the
diagnosis of underlying metabolic abnormalities.
Metabolic alkalosis is commonly encountered in hospitalized patients, mostly often attributable to gastrointestional acid losses (e.g., vomiting/nasogastric suction),
kidney acid losses (e.g., diuretics, mineralocorticoid
excess, milk-alkali syndrome, post-hypercapnic alkalosis),
systemic alkali administration, or contraction alkalosis
(e.g., diuresis, diarrhea). In patients with volume contraction and metabolic alkalosis, the urine sodium excretion
may be an unreliable indicator of volume status. In metabolic alkalosis, the filtered load of bicarbonate is increased.
Renal tubular cells require time to adapt to this increased
filtered load and the reabsorptive capacity for bicarbonate
may initially be exceeded, leading to bicarbonaturia. This
is manifest by an elevated urine pH (>7.0) and high urine
sodium and potassium concentrations. In this setting, the
presence of underlying volume depletion may be
suggested by finding a low urine chloride concentration
(<25 mEq/L), often referred to as sodium-chlorideresponsive metabolic alkalosis. The urine chloride concentration, however, can be elevated in circumstances of
a defect in chloride reabsorption, most commonly due to
use of diuretics, marked hypokalemia, or rare syndromes
(e.g., Bartter’s, Gitelman’s), often referred to as nonsodium-chloride-responsive metabolic alkalosis.

Urine Calcium
Urinary calcium excretion is not commonly performed in
critically ill patients; however, it may have diagnostic value
in patients presenting with systemic hypercalcemia. In
general, urinary calcium excretion is inappropriately normal or elevated in hypercalcemia due to hyperparathyroidism, in association with malignancy or other
conditions (e.g., hyperthyroidism, Paget’s disease, immobilization). However, there are three hypercalcemic syndromes associated with relative hypocalcuria due to high
urinary calcium reabsorption: the milk-alkali syndrome,
the use of thiazide diuretics, and familial hypocalciuric
hypercalcemia. Screening patients for hypercalciuria
(>200 mg/24 h) may aid in diagnostic approach to
hypercalcemia.

Urine Magnesium
Analysis of urine magnesium excretion can aid in the
evaluation of the patient with hypomagnesemia.
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Hypomagnesemia is relatively common in hospitalized
patients, and can be found in excess of 60% of critically
ill patients. The etiology of hypomagnesemia is predominantly due to nutritional deficiency (e.g., malnutrition,
chronic alcohol abuse, anorexia nervosa), gastrointestional losses (e.g., diarrhea, pancreatitis, malabsorption), or renal losses. Urinary magnesium losses may be
exacerbated by defects in tubular reabsorption of magnesium (e.g., recovery from ATN, post-obstructive diuresis,
hypercalcemia, nephrotoxins) and/or inhibition of
sodium reabsorption in the loop of henle (e.g., loop
diuretics). Hypomagnesemia is also often associated with
hypokalemia due to kidney potassium wasting or with
hypocalcemia due to reduced parathyroid hormone
(PTH) secretion and/or end-organ PTH resistance.
The fractional excretion of magnesium (FEMg) can be
calculated as:


 

FEMg ¼ UMg  PCr  100 = 0:7  PMg  UCr
where UMg is the urine magnesium concentration and PMg
is the plasma magnesium concentration. In the setting of
hypomagnesemia due to nutritional deficiency or
gastrointestional losses, the FEMg will be <4%, whereas,
in the context of urinary magnesium losses, the FEMg will
be >4–5%.

Urine Anion Gap
Measurement of the urine anion gap may aid in the evaluation of patients with non-anion gap (hyperchloremic)
metabolic acidosis. In general, non-anion gap metabolic
acidosis may be caused by primary loss of bicarbonate
(e.g., gastrointestinal losses, type 2 renal tubular acidosis,
use of carbonic anhydrase inhibitors), or diminished kidney acid secretion (e.g., chronic kidney disease [CKD],
type 1 or 4 RTA).
The urine anion gap can be calculated as:
Urine anion gap ¼ ðUNa þ UK Þ  ðUCl Þ
where UNa is the urine sodium concentration, UK is the
urine potassium concentration, and UCl is the urine chloride concentration. In metabolic acidosis, the appropriate
kidney response is to increase acid excretion in the form of
ammonium (NH4+). The urine anion gap provides
a surrogate estimate of urine ammonium excretion, an
unmeasured cation. With normal kidney response, the
urine anion gap becomes negative (<20 mEq/L) as chloride excretion must be increased in association with the
increase in NH4+ to maintain electro-neutrality. However,
in circumstances where kidney acid excretory capacity is
impaired, such as CKD or RTA, the urine anion gap will
remain positive (>20 mEq/L).
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Conclusion

Pre-existing Condition

In summary, the analysis of urinary electrolytes can provide valuable diagnostic information in critical illness in
selected clinical circumstances. The clinical utility of urinary electrolytes and the derived indices in classifying and
providing diagnostic and/or prognostic information in
the critically ill patient with AKI remains uncertain.
While these tests are often routinely used, there remains
no single test that can precisely and adequately predict and
classify AKI. Moreover, it remains uncertain whether there
is any prognostic value in discriminating PRA and ATN, as
these syndromes, for the most part, are not likely distinct,
but rather exist on a continuum on injury. Thoughtful
evaluation of urinary electrolytes can, however, provide
additional clinical data to aid in the diagnosis of a number
of disorders of acid–base and/or electrolytes homeostasis.

Critical illness is characterized by major disturbances
of homeostasis. Despite the focus of treatment is organ
dysfunction, efforts are ultimately aimed to restore or
maintain homeostasis at a cellular level. Endothelial
or epithelial cells, neurons or astrocytes, red blood
cells, or neutrophils, in fact, actively contribute to the
maintenance of organ function, hence homeostasis.
Irrespective of their peculiar role, cells are all under
the finely tuned control of pH, which is therefore
measured daily in association with base excess (BE),
anion gap (AG), or strong ion difference (SID) by
every critical care physician.
Classically, extra and intracellular buffering together
with respiratory changes in partial pressure of carbon
dioxide (pCO2) constitute the immediate frontline compensation systems to acid–base derangements, as opposed
to the supposed slower contribution of the kidney. However, the huge amount of blood (about one fifth of cardiac
output) that passes directly through the kidney arteries
every time unit, allows the kidney to obtain information
about the acid–base state of the organism on a “beat-tobeat” basis.
Reabsorption and secretion of electrolytes is one of the
main activities of the kidney, allowing it to contribute to
regulate plasmatic concentration of strong cations or
anions such as sodium (Na+), potassium (K+), or chloride
(Cl). Under the perspective of the so-called Stewart
approach [1], this is particularly relevant to acid–base
homeostasis. According to this hypothesis, in fact, the
difference of the dissociated ions of plasma (SID) is an
independent variable that, in association with pCO2 and
the total amount of weak acids (mainly proteins, ATOT),
can affect the hydrogen concentration of a solution, hence
contribute to regulate pH. Quantitatively, the most relevant plasmatic electrolytes are Na+, K+, and Cl. While
Na+ and K+ concentrations are physiologically maintained
within very narrow ranges, Cl concentration markedly
varies from 80 to 120 mEq/L without side effects. For this
reason Cl is the key electrolyte on which the kidney acts
(through excretion or shift from interstitial to plasma
compartment) to modify SID and therefore correct acid–
base disturbances.
From the kidney’s perspective, the counterside of
plasma electrolyte composition is the urinary compartment [2]. The simplified form of urinary SID (SIDU), also
called urinary anion gap (AGU), can be calculated as
the difference between the principal urinary cations (Na+
and K+) and the principal urinary anion (Cl). Urinary
SID can hence be defined as the difference between strong
ions that are excreted by the kidney.
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Urine Electrolytes and Acid Base

Notably, although most of the physiological studies
conducted to investigate the role of the kidney for correction of acid–base disturbances concern chronic conditions
[3, 4], the kidneys play an active role in acid–base homeostasis also during acute settings. In fact, several studies
have shown that the main changes in renal function take
place early on time during acid–base disorders: electrolytic
composition of urine changes rapidly, much earlier than
changes are appreciable on the plasmatic side. This implies
that urinary electrolytes may be used to assess rapid adaptation to different acid–base derangements.
Acid–base derangements under the perspective of
urine electrolyte composition are briefly described below.
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The analysis of urinary electrolytes reveals an augmented excretion of Cl frequently associated with an
increased urinary concentration of NH4+. It is important
to note that ammonia (NH4+) excretion is a relevant contributor to SID due to its high rate of excretion (up to
40 mEq/L). The kidney extract glutamine from plasma
and deaminates and oxidates it to form ammonia. This
process is constitutionally active and can be overdrawn in
conditions of acidosis or suppressed in conditions of alkalosis. Indeed, the role of ammonia is to increase the
elimination of “urinary nonvolatile acids” [5], i.e., to
give the opportunity to the kidney to excrete a chloride
ion sparing sodium and potassium. This response determines a lowered urinary pH, which can be even less than 5.

Metabolic Acidosis
Metabolic acidosis is defined as a clinical condition characterized by an increase in plasmatic H+ concentration
(reduction of pH), associated with a decreased concentration of HCO3 ions, therefore, decreased SID. Despite this
condition may be caused by multiple factors, the renal
response is always similar, unless a kidney dysfunction is
the cause of acidosis (see renal tubular acidosis and
chronic renal failure). Aim of the kidney is to increase
plasmatic SID to compensate the lowered plasmatic pH.
This is usually achieved through an increased anion excretion that ensues in a reduced urinary SID (Fig. 1).

Respiratory Acidosis
Respiratory acidosis is a clinical disorder characterized by
the accumulation of carbon dioxide (CO2) produced by
the endogenous metabolism due to a pulmonary disease,
i.e., impaired CO2 elimination. This excess carbon dioxide
causes an increase in plasmatic concentration of protons
(reduction of pH) and favors the hydration of CO2 to
bicarbonate ions (HCO3). A variable increase in HCO3
is therefore characteristic of this condition. Although an
alteration of strong ions is not the primary cause of this
type of acidosis, the kidney modifies its activity in order to

ACIDOSIS

Type
Main
alteration

Metabolic

ALKALOSIS

Respiratory

↓ SIDpl and/or ↑ATOT

↑ pCO2

Metabolic

Respiratory

↑ SIDpl and/or ↓ATOT

↓ pCO2

Aim of the
kidney

↑ SIDpl

↓ SIDpl

How?

↓ SIDU

↑ SIDU

↑NH4+ production
and Cl– excretion

↑ Na+ excretion and ↑ Cl– shift
from interstitium to plasmatic
compartment

Mechanism

Urine Electrolytes and Acid Base. Figure 1 Schematic representation of renal response to acid–base derangements. SIDpl –
plasmatic strong ion difference; SIDU – urinary strong ion difference; ATOT – total amount of weak acids; pCO2 – plasmatic partial
pressure of carbon dioxide; NH4+ – ammonium; Cl, – chloride; * – metabolic acidosis not caused by renal disease
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reduce plasmatic SID as a compensatory mechanism. An
increased chloride excretion coupled with elevated urinary
ammonia concentration and low urinary pH is the typical
finding in such a condition. Interestingly, the kidney reacts
to respiratory acidosis exactly as it does for metabolic
acidosis [3].

Respiratory Alkalosis
Respiratory alkalosis is a condition characterized by
a reduction of plasmatic H+ (elevation in plasmatic pH)
caused by a primary increase in alveolar ventilation. This
causes an increased elimination of the metabolically produced carbon dioxide leading thereby to a lowered plasmatic partial pressure. As HCO3 is the hydrated form of
CO2, during respiratory alkalosis a reduction of HCO3
ions is also a characteristic. Aim of the kidney during such
acid–base disorder is to lower plasmatic pH and, as already
mentioned, this can only be achieved through a change in
excretion/reabsorption of electrolytes, so as to modify
plasmatic SID. Studies about this issue [4] surprisingly
demonstrate that this modification is mainly achieved
through an increased urinary Na+ excretion, i.e., an
increased urinary SID that causes an elevation in urinary
HCO3 and hence urinary pH. Seen the increased Na+
excretion, one would expect a reduction of plasmatic SID
due to a lowered Na+. The net effect is, however, a reduction
of plasmatic SID through an elevation of plasmatic Cl.
This can be likely explained by an equivalent shift of the
Na+ excreted in excess, from the interstitium to plasma in
order to maintain the concentration of Na+ inside its strict
range. As the passage of a cation has always to be accompanied to an anion, it is conceivable that Na+ passes from
the interstitium to plasma coupled with Cl, therefore
causing a net reduction of plasmatic SID. Of note, this
effect is very similar to the acidifying mechanism of the
diuretic acetazolamide [2].

Metabolic Alkalosis
Metabolic alkalosis is a condition characterized by a
reduction of plasmatic H+ (elevation in arterial pH) due
to a lowered plasmatic strong ion difference (SID) and
hence coupled with an increased HCO3 concentration.
A compensatory hypoventilation that lowers pH by accumulating carbon dioxide produced by endogenous metabolism is usually present. Aim of the kidney is to lower
plasmatic pH through a reduction in plasmatic SID. Similar to respiratory alkalosis, this is achieved by increasing
the excretion of Na+, therefore augmenting urinary SID,
urinary HCO3, and urinary pH. On the plasmatic side,
however, an increase in Cl ion is typical of this condition,
i.e., plasmatic SID is lowered through an elevation of
anions (see explanation above).

Application
The kidney acts through slow modifications in plasmatic
electrolytic composition, both in conditions of altered
strong ion difference (metabolic disorders) and in conditions of modified partial pressure of carbon dioxide
(respiratory disorders). However, its function varies very
quickly, much earlier than the effect can be seen on the
plasmatic side. For this reason, integrating the analysis of
urinary electrolytes in the routine evaluation of critically
ill patients allows a better comprehension of acid–base
disturbances. Figure 1 summarizes the principal compensatory mechanisms to acid–base derangements as seen
from the kidney perspective.
It is important to remark that the kidney plays a major
role not only for the regulation of electrolytic composition, but also for the maintenance of effective circulating
volume and volemia. The compensatory rise of urine pH
as a response to an alkali load during hypovolemia is in
fact lost in favor of the dominant reabsorption of Na+.
A picture frequently encountered is therefore a reversed
ratio of Na+ to K+ concentration in the urine (i.e., Na+
lower than K+ concentration).
In addition to this, urine composition may also be
influenced by the electrolytic input coming from food,
beverages or infusions, and from the effect of multiple
drugs (e.g., diuretics, steroids). As a consequence, evaluation of urinary electrolyte concentration needs to be
coupled with clinical information about the acid–base
and volemic status of the patient, so as to be interpreted
profitably. In fact, the two information need to be
integrated.
From a practical point of view it is worth mentioning that a single random specimen may be difficult to
interpret, as factors such as the acid base itself, volemia,
and hormonal axes affect kidney’s function. For this
reason repeated determinations of urinary electrolytic
composition and therefore urinary SID/AG may be useful
for comprehension, diagnosis, and therefore treatment
of acid–base disturbances, especially in the critically
ill patient.
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Synonyms
Urinalysis; Urine macroscopy; Urine microscopy

Objectives
1. Understand the preparation of a urine sample and the
process of macroscopic and microscopic urinary
examination
2. Develop an understanding of the clinical information
that may be gained from each element of the urinary
examination including its limitations
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3. Review the role of urinary examination in acute kidney injury

Definition
Analysis of a patient’s urine can be helpful in the diagnosis
of both renal and systemic disorders. The procedure
entails both macroscopic, primarily employing gross
examination for color and the urine dipstick, and microscopic examination, looking at cellular elements, crystals,
and casts in the urine.
This entry describes the procedure for macro- and
microscopic urinary examination and discusses each element, focusing on the clinical information that can be
gained, especially data that is pertinent in the acute or
critical care setting.

Preparation of the Urine Sample
It is important to analyze a fresh sample with minimal
contamination. Most critically ill patients will have an
indwelling catheter providing easy access to urine. Because
cellular elements degrade over time, it is prudent to collect
a fresh sample from the proximal tubing of the catheter
and not the collection chamber. The sample should be
examined as soon as possible but if a short delay is
unavoidable, the sample should be refrigerated to minimize bacterial proliferation. In a non-catheterized patient,
a midstream sample should be obtained after the genitals
have been cleaned. This is especially important in females
to prevent contamination with vaginal secretions.
Once an appropriate sample is obtained, it is centrifuged
at 1,500–3,000 rpm for 5 min to allow concentration of
particulate matter for microscopic examination. It also
gives the clinician the opportunity to examine the supernatant before and after centrifugation (see below). Once examined, the supernatant is discarded or decanted into a separate
container, while the particulate matter is resuspended in the
half milliliter of urine remaining and a single drop is transferred by pipette to a microscopy slide for examination.

Urine Macroscopy
Macroscopic examination consists of gross examination
for color and a urine dipstick yielding information on
specific gravity, pH, and the presence or absence of protein, hemoglobin, leukocytes, glucose, and ketones in the
urine. The urine dipstick may be used on centrifuged or
non-centrifuged urine. It consists of a thin strip of paper
with several squares depicting each of the aforementioned
parameters. Each square is impregnated with a reagent
that reacts with a particular substance to provide
a graded result depicted by a range of colors.
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Color
Examination of urine color can quickly provide useful
clinical information. While not perfect, dark concentrated
urine suggests intravascular volume contraction or reduced
effective circulating fluid volume (ECFV). Alternatively,
dilute urine suggests appropriate diuresis in a volumeexpanded patient, impaired concentrating ability (e.g.,
post obstruction, recovering acute tubular necrosis [ATN],
acute interstitial nephritis [AIN], use of diuretics, osmotic
diuresis [e.g., mannitol, glucose], or diabetes insipidus).
Assessing urine volume in parallel may increase the clinical
yield in this situation.
Urine can also turn a multitude of colors secondary to
a number of different processes (Table 1). Red urine that
clears with centrifugation suggests hematuria, while urine
with a persistently red supernatant indicates myoglobinuria,
hemoglobinuria (from hemolysis), beeturia, rifampin ingestion, or a number of less common causes.

psychogenic polydipsia and “beer potomania”) and
hypernatremia (seen with diabetes insipidus). Higher
values suggest increasing ADH activity from decreased
renal perfusion (e.g., decreased intravascular volume or
ECFV) or SIADH. A caveat to this is the presence of high
molecular weight molecules such as glucose or contrast
media in the urine that will independently raise the specific gravity due to their weight.

pH
Urine pH varies from 4.5 to 8.0 and is primarily dependent
on renal compensation for systemic pH alterations. It is
therefore, a useful tool to ascertain the kidney’s role in
a systemic metabolic acidosis or alkalosis. It can also be
used to ensure adequate urinary alkalinization in patients
receiving alkali therapy for uric acid stones, salicylate
intoxication, or several other ingestions.

Protein
Specific Gravity
Urine osmolality can vary dramatically from 50 to
1,200 mOsm/kg dictated primarily by antidiuretic hormone (ADH) secretion and the renal medullary interstitial
solute concentration. Specific gravity is a weight ratio of
equal volumes of urine and distilled water that provides an
estimate of urine osmolality. Urine with a specific gravity
of 1.010 has an osmolality approximately equal to that of
normal plasma. Low values (especially <1.003) suggest
dilute urine with suppressed or absent ADH activity and
can be helpful in the diagnosis of hyponatremia (seen with

Proteinuria can represent significant glomerular damage
with loss of the filtration barrier leading to nonselective
proteinuria (e.g., glomerulonephritis), a diminished
tubular capacity to reabsorb low molecular weight proteins (e.g., ATN), or an overwhelming of tubular
reabsorptive capacity due to the presence of excessive
low molecular weight proteins in the urine (e.g., multiple
myeloma). Proteinuria may also be seen transiently during many medical illnesses. In fact, microalbuminuria is
present in up to 69% of medical ICU patients with 43%
of patients having sufficient albuminuria to be detectable

Urine Sediment. Table 1 Selected causes of abnormally colored urine
Red/brown/pink

Green/blue/purple

Orange/yellow

White

Hematuria

Propofol

Rifampin

Phosphate
crystals

Hemoglobinuria

Purple urine bag syndrome

Phenazopyridine

Pus

Myoglobinuria

Methylene blue

Bile pigments

Beeturia

Indigo carmine

Carrots

Porphyrins

Thymol (antiseptic mouthwash)

Bile pigments

Flourescin dye
Nitrofurantoin

Food colorings

Triamterene

Sulfsalazine

Laxatives (cascara/senna)

Chlorophyll

Riboflavin

Blackberries

Pseudomonas infection

Levodopa
Methyldopa
Phenytoin

Urine Sediment

by dipstick [1]. The etiology likely relates to increased
glomerular capillary permeability associated with systemic inflammation and its presence is predictive of need
for vasoactive therapy and ICU mortality [2].
The urine dipstick is a semiquantitative assessment of
albuminuria that is graded from absent to 4+ based on the
albumin concentration in the sample. Because the assay is
concentration dependent, the major pitfall of the dipstick
in quantifying proteinuria is the effect of urine volume on
the assay. For example, a patient with 1.0 g of proteinuria/
day, who excretes 1 L of urine in a day, will have a protein
concentration of 1.0 g/L. If, however, the same patient
drinks an extra liter of water in a day and the urine output
increases to 2 L, the protein concentration will drop by
half to 0.5 g/L despite the proteinuria remaining constant.
The lower threshold for detection of albuminuria is
approximately 500 mg/day. Alkaline urine may also
cause a false-positive dipstick result.
The dipstick is a specific test for albuminuria and is
therefore useful in assessing for glomerular damage. It
should, however, not be considered a substitute for
a quantitative assay for proteinuria such as the protein:
creatinine ratio or a 24-h urine collection. It is possible to
detect non-albumin proteinuria using the sulfosalycilic
acid test, the description of which is beyond the scope of
this text.

Hemoglobin
The urine dipstick is a sensitive method of detecting
hematuria. It detects even a small number of red blood
cells suggesting bleeding anywhere along the urinary tract
from the glomerulus to the urethral meatus (see Urine
Microscopy below for help differentiating glomerular
from non-glomerular bleeding). In addition to red cells,
the dipstick will detect hemoglobinuria and
myoglobinuria. The finding of dipstick positive urine in
the absence of red cells should alert the clinician to the
possibility of hemolysis or rhabdomyolysis and the need
for a complete workup for these two entities.

Leukocytes
Detection of leukocyte esterase and nitrates by dipstick
suggests the presence of leukocytes in the urine. This is
a common finding of cystitis, pyelonephritis, and prostatitis but may also indicate inflammation such as interstitial
nephritis or nephrolithiasis.

Glucose
Filtered glucose is usually completely absorbed, primarily
by the proximal tubule. Glucosuria represents an
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overwhelming of the glucose reabsorptive capacity secondary to hyperglycemia (blood glucose >10–12 mmol/L) or
dysfunction of the proximal tubule such as in Fanconi’s
syndrome or pregnancy.

Ketones
The dipstick is a rapid and useful test for detecting urinary
ketones. It is therefore a helpful tool in the diagnosis of
ketoacidosis secondary to type I diabetes mellitus, starvation, and alcohol as well as isopropyl alcohol ingestion.
False positives can be seen in patients taking captopril or
levodopa.

Urine Microscopy
Urine microscopy is a valuable part of a urine examination
that is best performed by a clinician familiar with the
procedure. After preparing the urine as described above,
it is examined first under low power (10) and subsequently under high power (40) to better classify findings
and provide a standardized reporting system (i.e., number
of elements per high power field [HPF]). The aim of
microscopy is detection and classification of cellular elements, crystals, and casts [3].

Cellular Elements
The main cellular elements identified on microscopy are
red blood cells (RBCs), white blood cells (WBCs), and
bacteria.
Red blood cells: Although the dipstick can identify
hematuria, only microscopic examination can confirm
the presence of RBCs and permit analysis of cellular morphology. As previously described, it is an important step to
help rule out hemoglobin or myoglobin as a cause of
a positive dipstick. Hematuria is reported as the number
of RBCs per HPF; greater than two RBC/HPF is considered diagnostic of microscopic hematuria.
RBCs can enter the urinary tract anywhere from the
glomerulus to the urethral meatus rendering the differential diagnosis of hematuria quite lengthy. Common etiologies are glomerular bleeding, malignancy, urinary tract
irritation (e.g., indwelling catheter), nephrolithiasis, infection, and trauma. One important question is whether the
blood is of glomerular origin. There have been many
descriptions in the literature over the past 3 decades of
distinguishing glomerular from non-glomerular bleeding
based on the RBC morphologies noted on microscopy.
It is thought that the 8 mm biconcave RBC is deformed
as it travels along the renal tubule and that the
presence of dysmorphic red cells is highly suggestive of
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glomerular bleeding in the appropriate clinical setting.
The examination is somewhat limited by the definition
of the multiple dysmorphic features and the experience of
the examiner. The acanthocyte, a ring-form with vesicleshaped projections, seems to be the most specific
dysmorphism for diagnosing glomerular bleeding.
Another limiting factor is the superiority of phasecontrast microscopy to characterize the red cell morphology, a technology that may not be available or familiar to
every clinician. Other urinary features that suggest glomerular bleeding are red cell casts (see below), lack of
clots, and nonselective proteinuria.
White blood cells: Pyuria suggests urinary tract infection or inflammation and may be caused by a lesion anywhere along the urinary tract or in the surrounding
tissues. Neutrophils are the most common leukocyte present and are readily identified by their multilobed nucleus
and large size compared to RBCs. In addition to neutrophils, eosinophils may be identified, most commonly with
the Hansel’s stain. Although often associated with AIN,
eosinophiluria lacks specificity and may be found with
acute glomerulonephritis, rapidly progressive glomerulonephritis, prostatitis, urinary tract obstruction, and
atheroembolic renal disease.
Bacteria: Bacteria are commonly seen on microscopy
and though they sometimes represent urinary tract

infection, they often are caused by contamination during
the collection process.
Other cells: A small number of renal tubular epithelial
cells may be seen in normal subjects; however, increased
numbers can be seen in disorders such as ATN and interstitial nephritis. They are two to three times larger than
leukocytes and have an egg or cuboidal shape with a round
nucleus. Transitional cell epithelial cells from the remainder of the urinary tract may also be seen in the urine. In
addition, malignant cells from a number of urinary tract
malignancies may be present and are best examined by
a pathologist trained in the field.

Crystals
Crystalluria is a common finding that is often of little
clinical importance, but can occasionally be helpful in
obtaining a diagnosis (Table 2). The formation of crystals
is highly dependent on urine pH and concentration. For
example, uric acid crystals will form in acidic urine while
alkaline urine enhances formation of triple phosphate
crystals. Complete examination for crystalluria involves
phase contrast microscopy with polarizing filters to differentiate similar appearing crystals.
Calcium oxalate crystals may be monohydrate or
dihydrate in form. The former take a bipyramidal or

Urine Sediment. Table 2 Select causes of urinary crystals
pH of
crystallization

Crystal

Appearance

Calcium
oxalate

Envelope-shaped/bipyramidal
(monohydrate) or dumbbell (dihydrate)

No specific pH

Seen in primary stone formers, excess
oxalate intake (including vitamin c),
increased intestinal absorption (e.g.,
Crohn’s), ethylene glycol ingestion

Uric acid

Pleiomorphic – commonly rhomboid,
needles, and rosettes

Alkaline

Seen in primary stone formers

Triple
ammonia

Coffin Lid (rectangular crystals with beveled Alkaline
edges)

Cystine

Hexagons

Acidic

Seen in patients with cystinuria

Calcium
phosphate

Pleiomorphic – most commonly needles
and stars

Alkaline

Seen in primary stone formers

Acyclovir

Birefringent needles

No specific pH

Prevent renal failure with hydration to avoid
urine saturation

Indinavir

Needle or rectangular crystal – may group
together as rosettes

Alkaline

Hydration may be protective against renal
failure

Acidic

Prevent renal failure with hydration to
maintain urine high output and urinary
alkalinization if crystals seen

Sulfonamides Needles, rosettes, and “wheat shock”

Comments

Seen in urine infected with urea-splitting
organisms

Urine Sediment

envelope shape while the latter are pleiomophic
consisting primarily of oval and dumbbell shapes and
are strongly birefringent. While they may be seen in
primary stone formers and in those who consume oxalate-rich foods, massive crystalluria in the appropriate
clinical setting can be highly suggestive of ethylene glycol
ingestion.
Uric acid crystals are birefringent and pleiomorphic
with rhomboid-shaped crystals being the most common.
Although they too may be seen in normal subjects or
primary stone formers, significant crystalluria can occur
with acute uric acid nephropathy from the tumor lysis
syndrome and can be a useful diagnostic clue.
Other crystals that are seen include the hexagonally
shaped cystine indicating cystinuria and triple phosphate
crystals with a “coffin lid” appearance that are seen in
urine infected with urease-producing bacteria.
Several therapeutic drugs including indinavir, acyclovir, triamterene, sulfadiazine, trimethoprim-sulfamethoxazole, methotrexate, vitamin c, cephalexin,
ampicillin, and ciprofloxacin have also been associated
with crystal-induced kidney failure. The finding of
crystalluria in patients taking these medications with
AKI may be helpful in establishing an etiology of
renal dysfunction.
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Urine Sediment. Figure 1 Red blood cell cast (Reproduced
by Dr. George deVeber. With Permission from http://www.
hdcn.com/vas.htm)

Casts
Casts consist of cellular elements or debris trapped in
a matrix of Tamm–Horsfall mucoprotein (THMP)
shaped as they move along the tubule. THMP is produced in the thick ascending loop of henle, therefore
only elements that appear in the tubule proximal to
the thick ascending loop will be included in a cast.
There are a number of casts with varying diagnostic
utility including RBC casts, WBC casts, granular casts,
epithelial casts, hyaline casts, waxy casts, and fatty
casts.
Red blood cell casts: Red cell casts contain whole RBCs
and are virtually pathognomonic for glomerular bleeding
secondary to glomerulonephritis and vasculitis (Fig. 1).
Even one RBC cast is abnormal and mandates a workup
for glomerulonephritis.
White blood cell casts: White cell casts contain whole
leukocytes, which are much larger than red blood cells.
They are often seen with interstitial nephritis or pyelonephritis but are not as specific as RBC casts and may be seen
with other lesions such as glomerulonephritis.
Granular casts: Granular casts consist of altered serum
proteins and sometimes degenerating cellular elements
(Figs. 2 and 3). They are much less specific than RBC or

Urine Sediment. Figure 2 Coarse granular (hemegranular or
muddy brown) cast (Reproduced by Dr. George deVeber. With
permission from http://www.hdcn.com/vas.htm)
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Urine Sediment. Figure 3 Fine granular cast (Reproduced by
Dr. George deVeber. With permission from http://www.hdcn.
com/vas.htm)
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WBC casts and may be seen with ATN or something as
simple as strenuous exercise. Granular casts may be classified into fine and course casts (also called hemegranular
or muddy brown casts) the latter of which may be more
specific for ATN or glomerulonephritis.
Epithelial casts: Epithelial casts contain sloughed tubular epithelial cells, which are larger than WBC. They may
be seen with ATN, glomerulonephritis, or may represent
a normal finding in concentrated urine.
Hyaline casts: Hyaline casts are clear, making them
difficult to see on microscopy. They contain only the
THMP with no other elements and are a nonspecific finding often seen in the urine of normal subjects.
Waxy casts: Waxy casts, also known as broad casts, are
seen in patients with chronic kidney disease arising from
dilated nephrons with low urine flow. Their appearance is
that of a hyaline cast with a much higher density; as such
they may represent degenerating cellular or granular
casts.
Fatty casts: Fatty casts consist of free lipids and epithelial cells that have taken up free lipid from the urine. The
lipid droplets are round and mostly clear with some green
tinge; under polarized light they have the classically
described appearance of a maltese cross. They are seen in
patients with the nephrotic syndrome and significant
lipiduria.

Cross-Reference to Disease
Microscopic Urine Examination in Acute
Kidney Injury
Acute kidney injury (AKI) is common and a source of
increased morbidity, mortality, and health resource consumption among critically ill patients. While the majority
of cases will be due to tubular damage secondary to ischemia, drugs, and sepsis, it is important to maintain a broad
differential diagnosis when approaching AKI. Urine
microscopy can be a valuable, rapid, and inexpensive
tool and aid in the diagnosis of kidney failure by identifying elements such as RBC casts in glomerulonephritris,
calcium oxalate crystals in ethylene glycol ingestion, or
WBC casts in AIN. It is important to note that urine
microscopy performed by a hospital-based laboratory is
not a substitute for an examination performed by
a trained clinician.
Although the presence of hemegranular and epithelial cell casts have long been taught to be useful in
the diagnosis of ATN, the validity of that teaching

has recently been challenged. A systemic review of
microscopic findings in septic AKI suggested that
there was no consistent and insufficient data to support
the use of urine microscopy to aid in the diagnosis or
differentiation of ATN from prerenal azotemia (PRA)
or for prognostic purposes [4] in sepsis. However, the
studies included in this review were significantly heterogeneous and prone to bias making clear inferences
difficult.
More recently, Perazella et al. found that a simple
scoring system using increasing numbers of hemegranular
and epithelial cell casts was effective at detecting differences in the urine sediment of hospitalized patients with
AKI that were suggestive of discriminating ATN from
PRA [5]. However, this study did not describe the association of the urine sediment findings, PRA or ATN, on
clinical outcome measures such as peak serum creatinine, time to peak serum creatinine, duration of AKI,
complications attributable to AKI, proportion receiving
RRT, and recovery of kidney function. These detectable
differences in urine sediment may have prognostic
value, and likely correlate with severity of kidney injury
and declines in function. However, their value at present
remains uncertain and additional investigations are
needed.

Conclusions
There is value in determining the pathology with which
a clinician is faced in order to make sound clinical
decisions. It is certainly useful to know if an episode of
AKI will respond to improvements in hemodynamic
parameters using fluid and vasopressor therapy, or if it
is more than just hemodynamic in origin and these
therapies will be of little help and may in fact cause
harm. Much like in most areas of medicine there is no
perfect test, but urine examination offers another piece
of information to help the physician make appropriate
clinical decisions. As we move forward, microscopy will
likely continue to have an important role, perhaps in
combination with novel urine biomarkers, an area that
clearly warrants further study.
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Synonyms
Urine extravasation; Urine leak
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of trauma include penetrating trauma, blunt trauma, and
intraoperative trauma. Causes of obstruction include congenital obstruction in children, ureteric tumor, stones,
blood clots, periureteric fibrosis, and subacute outflow
obstruction. In acute obstruction due to stones, the
calyceal fornix may distend, and if hydrostatic pressure
overcomes tissue strength, rupture and urine leakage may
occur.
Complications: Urine leaks including urinomas resolve
spontaneously in 87% of cases. Urinomas are typically
observed, and often resolve over time without complications. Urinoma resolution is maximized by minimizing
hydrostatic pressure through unimpeded antegrade flow
of urine. If antegrade flow is poor, double-J ureteral stents
or nephrostomy tubes may be administered to create low
intraluminal hydrostatic pressure. Although urinomas
often resolve, they may become infected. A patient with
a known urinoma and increasing signs of infection including fevers may have an infected urinoma. Signs of
a persistent urinoma include continued flank pain, adynamic ileus, and/or low-grade temperature. Persistent urinary extravasation may result in perinephric infection
and/or renal loss.

Diagnosis

Definition
A collection of urine surrounded by fibrous tissue.

Differential Diagnosis
Trauma: ureteral tear, renal pelvis tear, renal calyx tear,
bladder tear.
Obstruction: stones, congenital obstruction in children,
ureteric tumor, blood clots, periureteric fibrosis, and subacute outflow obstruction.
Radiologic differential: urinoma, hematoma, lymphocele,
abscess, biloma, seroma.

Cross-Reference to Disease
Presentation: Urinomas are encapsulated urine-filled fluid
collections originating from the urinary system and found
external to it. When the internal pressure of the urinary
system is greater than the structures holding urine, extravasation can occur into the surrounding spaces including
the perirenal space, retroperitoneum, and peritoneum.
These urinomas form either through trauma to
a portion of urinary system or by increased intrinsic
pressure from blockage within the urinary system. Causes

Diagnosis is typically made via computed tomography
(CT). MRI or ultrasound is also an effective modality in
the pregnant patient. Note, however, that single phase CT
done at the time of a trauma will not identify an urinoma
and likely urine leak. In this case, a follow-up CT
performed 3–5 days after the initial injury will diagnose
a urinoma. Because ureteral injuries are often detected
late, periureteral urinoma seen on delayed CT scans may
be diagnostic. If an urinoma is present, cystoscopy with
a retrograde pyelogram (RUPG) are indicated to identify
a ureteral injury.
On non contrast CT scan urinomas have the appearance of a soft tissue mass, when intravenous contrast (IV)
agent is given the extravasation of urine is detected as the
IV is seen outside the urinary tract (Fig. 1). Nephrogenic
urinomas can approximate a renal calyx. Large urinomas
may displace the kidney superiorly or push the lower pole
medially and the proximal ureter medially. Extravasation
is sometimes seen following injection of contrast material.
Periureteral urinomas are easily seen. Additional laboratory studies may be helpful to diagnose urinomas by
measuring the creatinine level of the fluid extravasate
that will demonstrate high levels of fluid creatinine compared to the serum plasma creatinine.
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Urosepsis
▶ Catheter-Associated Urinary Tract Infection
▶ Urinary Tract Infections

Urinoma. Figure 1 Urinoma after kidney (pelvic kidney)
trauma

Urosepsis, Empiric Management
Treatment
For a known non-resolving urinoma percutaneous or
endoscopic therapy may provide resolution. If antegrade
flow is poor, double-J ureteral stents or nephrostomy
tubes may be administered to create low hydrostatic pressure, as well as, placement of indwelling urethral catheter
for at least 4 weeks. If an urinoma becomes infected,
interventional radiology may place a percutaneous drain
and treat the urinoma like an infected fluid collection. Any
patient with hemodynamic instability and a known
urinoma should have the urinoma drained. Occasionally,
surgical repair is required. If the patient has extensive
injuries with urine leaks that do not respond to endoscopic or percutaneous therapies, the patient may require
surgical closure of the urine leak. Surgical indications are
rare. If the urine leak is communicating with a low hydrostatic pressure compartment such as the pleural or peritoneal spaces, primary repair may be necessary.
Extravasation from the bladder into the retroperitoneal space can be managed with Foley drainage for
14 days, while intraperitoneal leak must be dealt with
surgical repair. Despite the type of bladder injury when
concomitant pelvic injury occurred and surgical hardware
must be applied surgical repair of the bladder must be
considered to prevent hardware infection.
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Synonyms
Sepsis syndrome secondary to a urinary tract pathogen in
the absence of a clinically overt UTI; Severe complicated
urinary tract infection; Severe pyelonephritis; Uncomplicated urinary tract infection (UTI) with associated blood
stream infection

Definition
Urosepsis is a life-threatening, systemic infection attributable to a urinary tract infection (clinical or subclinical)
with a continuum of severity progressing from sepsis to
severe sepsis to septic shock (SEPSIS).
The body’s response to serious systemic insults, infectious and noninfectious, any of which may or may not be
life-threatening, is to develop the systemic inflammatory
response syndrome (SIRS). It is defined clinically in Table 1
and is thought to be cytokine mediated. Sepsis is defined
as the presence of SIRS (see Table 1) in response to an
infection or presumed infection. It has a mortality rate of
up to 16%. Severe sepsis is defined as sepsis in association
with any organ dysfunction, hypoperfusion, or hypotension (see Table 2). It has a mortality rate of 20% or higher.
Septic shock is severe sepsis accompanied by hypotension
that does not respond to an intravenous fluid challenge of
20–30 ml/kg over 30 min. It has a mortality of 46% or

Urosepsis, Empiric Management

Urosepsis, Empiric Management. Table 1 Systemic inflammatory response syndrome (SIRS) criteria: two or more positive parameters means SIRS is presenta
Physiological parameter Positive for SIRS
Temperature

>38 C/100.4 F OR
< 36 C/96.8 F

Heart rate

>90 beats/min

Respiratory function

>20 breaths/min OR PaCO2
< 32 Torr

White blood cell count

>12,000 cells/mm2 OR < 4,000
cells/mm2 OR > 10% immature
(band) forms

a

Adapted from Bone [1]

Urosepsis, Empiric Management. Table 2 Organ dysfunction criteriaa
Physiological parameter Organ dysfunction
Central nervous system

Altered mental status

Arterial hypotension

SBP  90 mmHg OR MAP < 70
OR SBP  40 mmHg below
known baseline

Arterial hypoxemia

PaO2/FIO2 < 300

Oliguria

Urine output < 0.5 ml/kg/h

Creatinine increase

>0.5 mg/100 ml

Coagulation abnormality INR > 1.5 OR PTT > 60 s
Thrombocytopenia

Platelet count < 100,000

Hyperbilirubinemia

>4 mg/100 ml

Hyperlactatemia

>3 mmol/L

Skin

Mottled

Capillary refill

>3 s

a

Adapted from Gaieski and Levy [2, 3]

higher. Cryptic shock has been defined as severe sepsis
with significant tissue-level hypoperfusion, identified by
a lactate >4 mmol/L. Noninfectious etiologies involving,
for example, the cardiovascular, pulmonary, gastrointestinal, endocrine, and neurological systems can present with
SIRS, as can trauma, making the early recognition of
SEPSIS difficult [1, 2, 4–6]. The common sources of
infection-producing SEPSIS are pulmonary (44%), genitourinary (9%), abdominal (9%), wounds/soft tissue
(7%), device (2%), and central nervous system (1%); in
17% of cases the source is unknown. The genitourinary
tract is a common source of SEPSIS in all large research
series. Antibiotic choice is guided by local resistance

U

patterns, recently used antibiotics (weeks to months),
any
documented
infections
(with/without
positive cultures), immune status, any hospitalizations
or other institutionalizations, drug intolerances, and comorbid conditions [1, 2, 4, 6–8].
Urinary tract infection in the potentially uroseptic
patient can usually be identified acutely by history, physical exam, urinalysis (both dip stick and microscopy), and
blood tests. Specialized imaging can be performed as indicated but is rarely needed in the early stages of urosepsis.
When urosepsis is in its early stage of uncomplicated
sepsis (sepsis, see above), it would seem that early
recognition, early appropriate antibiotic administration
(<1 h of recognition), and early aggressive intravenous
fluids (without necessitating Early Goal-Directed Therapy
(EGDT), see below) might forestall progression to severe
sepsis and septic shock; however, there is currently no
research to support this position. When sepsis progresses
to severe sepsis and septic shock, early recognition, early
appropriate antibiotic administration (<1 h of recognition), and EGDT (intravenous fluids, vasopressors, red
blood cell transfusions, and inotropes as needed) have
been shown to measurably reduce mortality. Corticosteroids (for hypotension unresponsive to EGDT), source
control (e.g., foley placement or suprapubic catheter;
diverting urostomy; perinephric abscess drainage), and
other supportive therapies are indicated as needed.
Together, all these measures have been codified by the
Surviving Sepsis Campaign (SSC)
(For further information see “▶ Goal-Directed Therapy” in this Encyclopedia, Ref. [3] under section “References”, and http://www.survivingsepsis.org/Introduction/
Pages/default.aspx, the SSC website).
SEPSIS is one of the leading causes of preventable
death. In the USA, the incidence is 751,000 cases and
215,000 deaths based on 1996 data published in 2001
[7]. When the same data is extrapolated to 2010, the
incidence is 934,000. SEPSIS often does not present in
a clear-cut fashion with a definitive time of onset like
other leading causes of preventable death in the USA
including stroke (1.5 million deaths/year), myocardial
infarction (MI; 100,000 deaths/year), and trauma
(150,000 deaths/year). The ability to objectively define
the onset of these conditions has led to the concept of
“the golden hour” for treatment of stroke, MI, and
trauma, which has been optimized by the development
of effective, high profile, treatment algorithms utilizing
a team approach that begins in the community with emergency medical services. “Door to needle time” of 3 h or less
for delivery of thrombolytics to stroke patients, “door to
balloon time” of 90 min or less for patients having acute
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MI, and trauma centers for the treatment of the most
severely injured trauma patients have markedly improved
outcomes for these three life-threatening conditions. The
analogous, aggressive, evidence-based 6 h treatment bundle for severe sepsis and septic shock promoted by the SSC
centers around the hemodynamic optimization strategy
known as EGDT (see above). It was first described in
a 2001 publication by Rivers and colleagues [6]. The goal
of EGDT is to aggressively restore tissue perfusion and
increase oxygen delivery at a time of great physiological
stress. This strategy produced a 16% absolute mortality
reduction in severe sepsis and septic shock mortality,
despite 13.7% in the EDGT group (n = 130) and 7.6% in
the standard therapy group (n = 133) not receiving antibiotics during their first 6 h of care. Subsequent trials,
several with attention to earlier antibiotic timing, at multiple institutions have demonstrated an absolute mortality
reduction of 20.3  12.7% improving upon the results of
the original trial. It is now apparent that EGDT coupled
with early, appropriate antibiotics (<1 h of recognition of
severe sepsis and septic shock) further reduces morbidity
and mortality, but timely implementation of these
measures requires vigilance and a high index of suspicion
[2, 4–7].

Evaluation/Assessment
Urosepsis is a common source of SEPSIS as noted above in
the definition. The history, physical exam, urinalysis,
blood tests (as needed), and imaging (as needed) often
suffice to diagnose urosepsis. The most important aspect
of diagnosing urosepsis complicated by organ dysfunction
is to recognize it early, resuscitate the patient, and then to
begin appropriate antibiotics within an hour of recognition; timing is critical to lowering mortality [2–4, 7, 9, 10].

Pharmacoeconomics
There are no cost comparisons of drug therapies.

Treatment
The current iteration of the SCC (2008) recommends that
“intravenous antibiotic therapy be started as early as possible
and within the first hour of recognition of septic shock and
severe sepsis without septic shock.” Several studies over the
past few years address why early recognition is important
and antibiotic administration within an hour of that recognition is life saving. Kumar (2006) [5] demonstrated in the
inpatient and intensive care settings that with septic shock,
every hour that passes after the initial documentation of
hypotension without the administration of appropriate

antibiotics leads to a decrease in survival of 7.6% per
hour over the ensuing 6 h. Gaieski (2010) [2] demonstrated in the emergency department setting that triage
time-to-appropriate antibiotics and EGDT qualification
time-to-appropriate antibiotics both had significant survival benefit, if the antibiotics were given 1 h versus >1 h
(19.5% mortality versus 33.2% in the former; 25% versus
38.5% in the latter) [1, 2, 4, 5, 7, 8].
All likely organisms should be treated with antibiotics
that can penetrate the urinary tract. When treating severe
sepsis and septic shock, the margin of error is very low and
it is recommended that at least two antibiotics of differing
mechanistic classes be used. All antibiotic choices depend
on local resistance patterns, drug intolerance, recently
documented infections and antibiotic sensitivities,
recently used antibiotics (weeks to months) with concern
for resistant organisms, co-morbidities, immune status,
and any hospitalizations or other institutionalizations.
Enterobacteriaceae (most often E. coli) are the most common urinary tract pathogens. For this group, ceftriaxone,
cefepime, or levofloxacin are good choices, with the first
choice dictated by local sensitivity patterns. Complicated
urinary tract infections can be caused by Enterococcus
species, Pseudomonas aeruginosa, or Staphylococcus aureus.
For these good choices include piperacillin/tazobactam,
ampicillin/sulbactam, imipenem, or meropenem coupled
with an aminoglycocide or aztreonam. Antibiotic choices
should be reviewed daily for optimization. Change to
a single drug therapy should be performed as soon as
susceptibility testing and a decrease in the patient’s
complexity allow [2, 5, 9, 10].
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Vacuum-Assisted Closure
A dressing pattern that creates a seal and applies negative
pressure to the wound. It is used for various wounds
including postoperative mediastinitis. The wound is
sealed with polyurethane foam dressing which is fitted to
the contours of a deep or irregularly shaped wound and
sealed with a transparent film. A draining tube is
connected to a vacuum source, and vacuum may be
applied continuously or intermittently. It turns an open
wound into a controlled, closed wound while removing
excess fluid from the wound bed to enhance circulation
and remove waste from the lymphatic system.

Variola Virus
▶ Biological Terrorism, Smallpox

Vascular Access for RRT
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Synonyms
Arteriovenous fistula (AVF); Arteriovenous graft (AVG);
Central venous access catheter (CVC); Dialysis catheter

Valley Fever
▶ Coccidioidomycosis

VAP
Ventilator-associated pneumonia: Pneumonia that arises
more than 48–72 h after endotracheal intubation.

Varices
Distended, submucosal veins that develop as
a consequence of portal hypertension, which leads to
redirection of blood away from the liver and the development of venous collaterals. These are most commonly
noted in the esophagus and proximal stomach although
they may develop in the abdominal wall, small bowel, or
rectum.

Definition
Effective renal replacement therapy requires efficient small
solute clearances, or removal of poisons or other toxins,
either by diffusion or convection, both of which are
dependent on blood flow. Thus, reliable vascular access
is required for all forms of renal replacement therapy.
Typically, this is now provided by dual lumen central
venous access catheters (CVCs). However, an increasing
number of established hemodialysis patients are now
admitted to the intensive care unit and require renal
support. These patients may have preformed vascular
access, with arteriovenous fistulae (AVF) or grafts.

Pre-existing Condition
Patients with acute or chronic kidney injury requiring
renal support due to fluid overload, acidosis, electrolyte
imbalance, and/or azotemia will require vascular access
for renal support. Other groups requiring vascular access
for dialysis include patients with acute poisoning who
have not responded to conservative management, following self-administered, or iatrogenic drug overdoses, or
ingestion of other toxins.

Jean-Louis Vincent & Jesse B. Hall (eds.), Encyclopedia of Intensive Care Medicine, DOI 10.1007/978-3-642-00418-6,
# Springer-Verlag Berlin Heidelberg 2012
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Application
After clotting in the dialyzer/hemofilter, access problems
are the next most common cause of extracorporeal
circuit clotting, and reduced solute clearances. Central
venous access catheters differ in design, biomaterials,
dimensions, and costs. Choice of catheter and insertion
site will affect the risk of early complications at the time
of insertion, catheter performance in terms of reliability
of blood flow, and later the risk of blood stream
bacteremia.

Catheter Insertion
Venous anatomy varies between individuals, and venous
narrowing or stenosis may arise from previous central
venous cannulation. As such central venous catheterization should be performed at the bedside under real-time
portable ultrasound guidance. Catheter insertion should
be undertaken with full aseptic technique to minimize the
risk of infection.
Short-term uncuffed catheters are easier to insert than
cuffed catheters, and nontunneled easier than tunneled
catheters. If patients are predicted to require renal support
for more than 3 weeks, then tunneled cuffed catheters
should be considered, otherwise uncuffed catheters suffice. The simplest catheter is uncuffed and not tunneled.
Typically, these catheters are short in length with
a preformed bend for internal jugular insertion. The decision to place a catheter has to be based on the ease
of insertion against the risk of infection and catheter
malfunction, and also reinsertion, as noncuffed catheters
can be replaced over a simple guidewire.
Uncuffed nontunneled catheters have been reported to
have the higher infection rates, with a catheter-associated
bacteremia of 3.8–6.5 per 1,000 catheter days compared to
tunneled catheters of 1.6–5.5 per 1,000 catheter days.

Catheter Insertion Site
The majority of CVCs are inserted into the jugular or
femoral veins. There has been debate as to whether one
site is preferable to the other. In a recent multicenter
trial, there was no significant difference in CVCassociated bacteremia rates between internal jugular
and femoral access (mean 2.3 vs. 1.5/1,000 catheter
days, respectively), but there was greater risk of catheter
colonization with coagulase-negative Staphylococci with
internal jugular access (55 vs. 33%), although no difference in infection rates. However, more infections
occurred with femoral access in patients with a very
high body mass index. Internal jugular insertion was
associated with more technical failures and periinsertion hematomas.

Subclavian access is often associated with reduced
blood flow due to the relative size of the dialysis catheter
relative to the vein, and has an increased risk of venous
stenosis in the longer term.

Catheter Size
The resistance to blood flow through a hollow tube is
proportional to the length and the radius to the
power 4. Thus for an increase in the internal CVC
diameter lumen of 19% and 50%, then flow increases
by 100% and 500%, respectively. For example, if the
internal diameter increased from 2.0 to 2.2 mm, then
flow would increase by 21%. Although flow falls with
increased CVC length, the fall in flow associated with
doubling the CVC length can be offset by increasing
the diameter by 19% [4].
When spontaneous arteriovenous CRRT circuits were
employed, it was important to reduce resistance to blood
flow through the vascular access catheter, as this was the
greatest pressure drop within the circuit, and as such
the ideal catheter was short with a wide bore and single
terminal lumen. Following the advent of pumped CRRT
circuits, catheter design is not as critical as it used to be.
However, to improve blood flows without risking higher
circuit pressures, CVCs of 13.5 French or larger gauge are
to be preferred for adults, as these reduce the risk of accessassociated dysfunction. At the relatively low blood flows
used during standard CRRT, catheter design has little
clinical impact, however when high volume CRRT is
performed, then it is more important to use a 13.5 French
or larger bore catheter to achieve the target blood flows to
limit the filtration fraction. In pediatric practice, catheter
diameter is a much more important factor in determining
CRRT circuit survival, than in adults. Studies in pediatric
patients have shown a marked reduction in CRRT circuit
survival with 5 French or smaller gauge dual lumen CVCs,
whereas there was similar CRRT circuit survival with 7–12
French gauge catheters [2].
The ideal length of a CVC depends upon the size of
the patient and the insertion site. To prevent thrombosis
and minimize recirculation, the ideal position of the
catheter tip, for internal jugular CVCs, is at the atrialsuperior vena caval junction, as this minimizes the risk of
catheter tip adherence to the wall of the vein. Thus, leftsided catheters need to be longer than right-sided catheters due to the difference in anatomy. Similarly for
femoral catheters, clotting is less likely if the catheter
tip lies in the inferior vena cava (IVC), around the level
of the hepatic vein, compared to low down in the IVC or
iliac veins. Thus, in adults femoral catheters should be at
least 20 cm in length.
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Catheter Biomaterials

Catheter Design

The ideal biomaterial would have a smooth non-thrombotic
surface, and malleable to follow the natural curvature and
flow of the central veins, and yet have sufficient stiffness to
allow percutaneous insertion under local anesthetic.
Currently, most short-term CVCs are made from
a polyurethane-based polymer compared to silicone for
longer-term catheters, as a trade off between stiffness for
ease of simple percutaneous insertion over a short
guidewire and blood flow. Polyurethane polymers are
quite stiff at room temperature and can be readily passed
through the subcutaneous tissues, and then soften at body
temperature. Even so, polyurethane is strong enough to
allow high negative aspiration pressures; permitting intermittent hemodialysis with relatively small lumen diameter
CVCs. Longer-term silicone-based CVCs should be considered when renal replacement therapy is expected to be
prolonged (NKF-KDOQI clinical practice guideline 3
weeks). These catheters typically have a greater internal
diameter, so allowing higher blood flows (400 ml/min
compared to 250 ml/min), and cause less endoluminal
damage on insertion. However, as they are made of
a softer material, often require a thicker wall to withstand
pressure and require a peel away sheath for insertion.
A new generation of CVCs are being developed based on
thermoplastic polyurethanes, which have the advantages
of polyurethane – ease of insertion, strong and thin walled,
and yet soften on entry into the blood stream, with the
biocompatibility and low thrombogenicity of silicone.
One such copolymer is carbothane, and has the added
advantage compared to polyurethane polymers of being
resistant to peroxide, alcohols, and iodine [6].
Depending upon the biomaterial composition, surface
topography and the duration of CVC insertion, biofilm
becomes deposited along the external surface of the catheter, resulting in the development of a fibrin sheath, which
may then occlude side holes or terminal ports, so reducing
blood flow with increased arterial or venous pressures.
To help prevent thrombus deposition on the CVC, two
manufacturers have currently developed a method of surface treating the catheter, effectively resulting in heparinbonded catheters (Carmeda® BioActive Surface, Spire
Biomedical catheter products and Trillium® Biosurface,
BioInteractions, Reading, UK). Surface heparinization has
been shown to reduce platelet adhesion and deposition,
inhibit the inflammatory response, and reduce thrombus
formation in vitro. Animal experiments have shown
reduced thrombus deposition and fibrin sheath formation
on the CVC. These CVCs are more expensive than standard CVCs and clinical trials in humans are awaited to
determine whether the additional cost is of benefit.

Although single lumen catheters can be used, either as
a single catheter with a blood pump that reverses blood
flow, or two single CVCs, the majority of centers use single
dual lumen CVCs. Although there has been a recent development of triple lumen catheters, with an additional small
diameter third lumen for drug administration or blood
sampling.
The majority of short-term dual lumen catheters are
coaxial, with one lumen outside the other (Fig. 1), whereas
the longer-term dual lumen CVCs vary from two lumens,
in any combination of one or two circular lumens, or
a “D” shaped or oval shaped lumen (Fig. 1). Catheters
may be truly dual lumen, or the terminal portion of the
catheter split apart, or the two lumens inserted separately.
The tip portion of the catheter may end simply with
a terminal hole, with or without a series of side holes.
Although in theory flow through “D” shaped and
oval lumens is more likely to cause non-laminar blood
flow, than circular lumens, and so more likely to lead to
thrombin generation from platelet and inflammatory cell
activation, this has not been confirmed by clinical studies.
Side holes were introduced to improve catheter flows,
in case flow through the terminal lumen was reduced
when the CVC tip abutted the vein wall. However, catheters with multiple side holes are more prone to develop
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Concentric or
co-axial

D-shaped

Cylindrical or double
barrel

Vascular Access for RRT. Figure 1 Catheter lumens may be
coaxial, circular, or “D” shaped
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thrombus deposition around the terminal tip, particularly
when used intermittently, as the catheter locking solution
leaks out of the catheter, with blood moving in a retrograde fashion into the CVC tip, and clotting due to the
low flow.
One of the main differences between short-term
and longer-term catheters is the relative position of the
terminal tips. When the tips are very close together,
recirculation occurs, that is, some of the blood that has
just returned from the CRRT circuit through the
“venous” port of the catheter, is then sucked up through
the “arterial” lumen back through the CRRT circuit, so
reducing the efficiency of solute clearance. During CRRT
with relatively slow blood flows, this recirculation is
modest, but increases with increasing blood flows, and
is therefore more relevant when patients are treated by
intermittent hemodialysis. To prevent access recirculation,
then the optimal distance between the catheter tips should
be 1.7 cm, with recirculation increasing as the distance
shortens.

Catheter Complications
Catheter complications are typically divided into early and
late. Early complications include technical problems
related to insertion, including arterial punctures,
pseudoaneurysm, hemorrhage, hematoma, pneumothorax, cardiac arrhythmias, hemopericardium, and death.
Catheter bacteremia may lead to systemic dissemination
resulting in endocarditis, discitis and ostemyelitis, and
cerebral abscess. Catheter-associated thrombus may lead
to atrial thrombus, with embolization.
Several studies have looked at the incidence of venous
thrombosis following central venous catheterization. Two
studies reported an increased risk of thrombosis with
femoral catheters (25% vs. 0% for internal jugular, and
21% for 2% subclavian), and one reduced risk of thrombosis with femoral catheterization (10.5 vs. 22% for jugular catheters) [5]. Subclavian vein catheterization is
associated with the highest risk of subsequent venous
stenosis.

Catheter Dysfunction
Poor blood flow through a short-term catheter is typically
due to thrombus formation. However, with tunneled catheters, the catheter curve in the subcutaneous tunnel may
be too acute, causing mechanical kinking of the catheter.
As the arterial lumen is the inner lumen, arterial flows will
be more affected than venous, so typically at blood flows of
200–250 ml/min, high negative arterial pressures will be
recorded, with relatively normal venous pressures, for
example an arterial pressure of > 170 mmHg compared

to a venous pressure of +100 mmHg. At higher flows,
pressures will be correspondingly increased.
Catheter thrombosis is more likely to occur when no
extracorporeal anticoagulant is used, and also during
regional anticoagulation with citrate, when calcium is
infused into the venous return blood line, rather than as
a separate infusion. Similarly, catheter thrombus is more
likely to develop when the catheter tip is adjacent to the
vein wall, typically left-sided internal jugular and short
femoral catheters.
When catheter blood flows are compromised leading
to access dysfunction or circuit clotting, then short-term
catheters should be replaced. This can be performed using
a sterile technique at the bedside over a guidewire, as
extensive fibrin sheaths are unlikely to have developed
within a few days. However, for longer-term cuffed
tunneled silicone catheters, replacement is more difficult,
and if there are no contraindications, then an infusion of
recombinant tissue plasminogen activator (4 mg/ml
diluted in 10 ml, infused into each lumen over 3 h) can
be tried to break up thrombus affecting the terminal and
or catheter side ports.

Catheter-Related Infections
Bacteria may colonize the exit site and the biofilm deposited on the dialysis catheter by periluminal spread, or by
intraluminal spread from hub contamination. Thus careful aseptic technique, exit site care (2% chlorhexidine
reduces exit site infections compared to iodine or alcohol),
and tunneled cuffed catheters may all help to reduce
periluminal spread. Similarly, topical application of
mupirocin or gentamicin ointment to the exit site may
also reduce the risk of periluminal bacterial colonization.
However, with intermittent dialysis techniques, hub
contamination due to repeated catheter connections and
disconnections leads to increased risk of intraluminal
infections. To reduce the risk of catheter-associated bacteremia due to hub contamination, antibiotic and antiseptic catheter locks have been introduced. These range
from low doses of antibiotics including gentamicin, vancomycin, ciprofloxacin, minocycline, or third-generation
cephalosporins dissolved in heparinized saline. Antiseptic
locks typically use citrate solutions (concentration varying
between 4% and 43%) or taurolidine, and more recently
a combination of low dose citrate, parabens, and methylene blue [3]. Catheter locks may leak out of the CVC,
particularly those with side holes.
Another approach to reduce catheter bacteremia has
been to coat the catheter with antibiotics or silver – which
acts as an antiseptic to reduce colonization of any biofilm,
and studies have reported a reduction in catheter
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colonization by up to 30–50%. Studies on antibioticcoated catheters have shown that the antibiotic coating is
effective for up to 14 days. The commonest antibacterial
coatings include silver sulphadiazine, chlorhexidine with
silver sulphadiazine, minocycline with rifampicin, and all
have been shown to reduce the risk of catheter colonization and bacteremia compared to standard catheters [1].
One small prospective trial suggested an advantage with
the combination of minocycline with rifampicin. However, in our own center using silver sulphadiazine-coated
catheters for CRRT access we have observed a marked
reduction in catheter-associated bacteremia rates.

Hemodialysis Patients
An increasing number of chronic hemodialysis patients
are now admitted to the intensive care unit, requiring
continued renal support. These patients may have existing
arteriovenous fistulae (AVF) or arteriovenous grafts. If
patients are treated by daily or alternate day intermittent
therapies, then their AVF or AVG can be used for access.
There has been a vogue for button hole needling of the
AVF, using “blunt” needles rather than the traditional
“sharp” metal needle. As such our current practice is to
continue to use “blunt” needles for those patients dialyzing with AVF who have created a preformed track for the
“blunt” needles. When these patients require CRRT, most
centers have inserted new temporary CVCs for access.
However, in patients with known difficult access problems, we and other centers have used the AVF for access,
typically using small plastic catheters (14–16 gauge),
changing catheters after 24 h, without damage to the
fistula. However, AVGs should not be used for CRRT
access, as this may result in permanent damage to the
graft material.

Economics
The cost of CVCs increases from short-term uncuffed
nontunneled catheters, through to cuffed tunneled catheters designed for longer-term usage, and similarly antibiotic and silver-coated catheters are more expensive than
standard catheters. However, cost analysis has shown that
in the intensive care unit, the initial additional cost of
antibiotic/silver coating is offset by reducing the cost of
treating catheter-associated bacteremias, particularly in
patients deemed high risk of catheter infections. As yet
there have been no trials to address the additional costs of
heparin-treated catheters.

Summary
Central venous access catheters have become the standard
vascular access for renal replacement therapies in the
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intensive care setting. Short-term catheters are typically
made of polyurethane, which adds stiffness and ease of
insertion, but uncuffed nontunneled catheters have an
increased risk of infection. Catheter coatings, particularly
with antibiotics and silver reduce the risk of catheterassociated infection, and antibiotic locks also reduce hub
colonization. If requirement for renal support is predicted
to last several weeks, then softer silicone-based tunneled
cuffed catheters should be considered.
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Vascular Contusion and Hematoma

Definition
A vascular contusion is defined as a bruise of the arterial
wall that includes a spectrum of severity. Contusions can
range from small injuries with little adverse sequelae to
more extensive damage resulting in occlusion or rupture
of the vessel wall [1]. A vascular contusion can cause
weakening of the arterial wall resulting in aneurysmal
dilatation. A vascular hematoma occurs from extravasation of blood from the within the lumen of the blood
vessel into the surrounding tissue space. Depending on
the area of the vascular injury, vascular hematomas can
become quite large and result in the loss of significant
blood volume, leading to hemodynamic instability and
shock. Any injury to the vasculature causing decreased
blood flow through the lumen of the vessel can cause
ischemia to distal organs and tissues. Therefore, vascular
contusions and hematomas may represent a surgical
emergency, which must be promptly diagnosed and
treated to prevent tissue loss.

Differential Diagnosis
Clinicians must have a high index of suspicion for the
presence of vascular contusion or hematoma as the initial
signs and symptoms may be subtle despite the presence of
significant vascular injury.

Physical Examination
A patient presenting with a history of active bleeding,
extremity pain, recent blunt trauma, or vascular access
for an invasive procedure may present with a vascular
contusion or hematoma. A complete physical examination should be performed including assessment of
motor and neurologic function, evaluation of distal
pulses, measurement of the arterial pressure index
(API), identification of hematomas, palpation for
thrill, auscultation for bruits, and examination of any
obvious penetrating injury, bony deformity, or soft
tissue trauma.
The initial evaluation of the patient should be
directed at identifying the “hard signs” or “soft signs”
of vascular injury (Table 1). The hard signs of arterial
injury include active external bleeding, presence of an
expanding hematoma, audible bruit, palpable thrill, or
evidence of arterial occlusion resulting in distal ischemia. Clinical signs and symptoms of distal ischemia are
characterized by the “6 P’s”: pain, pallor, pulselessness,
paralysis, paresthesia, and poikilothermia. The presence
of any of the hard signs on physical examination is
highly associated with major vascular injury. Therefore,
the patients exhibiting any hard signs should be presumed to have a significant vascular imaging and

Vascular Contusion and Hematoma. Table 1 Physical
examination findings in peripheral artery injuries
Hard signs
Active external bleeding
Expanding hematoma
Audible bruit
Palpable thrill
Arterial occlusion causing distal ischemia
Soft Signs
Decreased pulses distal to suspected injury
Decreased arterial pressure index (API) < 0.9
Neurologic deficit
Proximity of injury to a major artery
Small hematoma
History of arterial bleeding

immediately undergo angiography or be taken to
the operating room for exploration of the vascular
injury.
Soft signs of vascular injury include decreased pulses
distal to the suspected area of injury, abnormal API, neurologic deficit, small hematoma, proximity of a wound to
a major artery, history of hemorrhage at the scene of an
injury, or unexplained hypotension. Presence of soft signs
of vascular injury should raise the clinical suspicion of
a significant vascular injury and prompt the need for serial
examinations or the use of further diagnostic imaging
studies.

Imaging Studies
Imaging of patients with suspected vascular injuries is
important to both identify and localize the site of injury.
Contrast angiography is considered the gold standard for
imaging the arterial system as it is the most accurate
diagnostic technique for detecting arterial injury.
Radio-opaque contrast is injected into the artery which
is being studied, with fluoroscopy images taken to visualize movement of the contrast material through the
arterial system. Extravasation of contrast or occlusion
of the artery may indicate the need for surgical management (Fig. 1). Contrast angiography does have risks,
including contrast-induced nephropathy and arterial
injury at the site of catheterization for the injection of
contrast.
Improvements in the resolution of CT scan imaging
have led to the increased use of CT angiography. Newer
multi-detector CT scanners provide accuracy for

Vascular Contusion and Hematoma
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for arterial disruption when compared to contrast arteriography [3]. Patients with an abnormal API should
undergo contrast arteriography to further evaluate for
vascular injury. Duplex scanning is useful in the evaluation of vascular injury in the intensive care unit as it is
portable and less expensive than contrast or CT angiography. Small arterial injuries such as small intimal flaps
may not be detected by using noninvasive studies; however, this is an excellent technique to exclude major
arterial injury.

Cross-reference to Disease
Penetrating Injury

Vascular Contusion and Hematoma. Figure 1 Contrast
arteriography following blunt lower extremity trauma
resulting in occlusion of the distal superficial femoral artery
(arrow)

diagnosing vascular injuries similar to conventional contrast angiography, with three-dimensional reconstructions
that provide excellent anatomic detail of the arterial system. A recent study of trauma patients evaluated for
potential arterial injury showed that multi-detector CT
angiography was an effective alternative to conventional
angiography, with no false negatives or missed injuries in
the group of patients imaged with CT angiography [2].
These images can often be obtained more quickly than
conventional angiography without the need for arterial
access for contrast injection.
Duplex scanning is another important imaging
modality to diagnose vascular injury. Duplex scanning
consists of B-mode ultrasound imaging in addition to
Doppler flow, which is used to measure the velocity and
direction of blood flow at a discrete site. Arterial injury can
be screened by measuring the API, the difference between
the systolic blood pressure in the uninjured limb and the
systolic blood pressure in the injured limb. An API < 0.9 is
abnormal and correlates with a high probability of clinically significant arterial injury. In a study of trauma
patients evaluated for possible arterial injury, an API
< 0.9 had a sensitivity of 87% and a specificity of 97%

Gunshot wounds and stab wounds can cause significant
injury to the blood vessels within their path. Initial physical examination should focus on the mechanism of
injury and the suspected path of the missile by evaluating
entrance and exit wounds. History should include the
type of weapon used to create the injury. Gunshot
wounds from larger caliber weapons can cause high
velocity wounds, generating greater tissue injury to surrounding structures within the path of the bullet. Major
blood vessels can be damaged from the indirect force
generated by the energy produced by the missile despite
not being directly in their path. Penetrating injury caused
by stab wounds tends to result in more discrete injuries
to the blood vessel wall with less surrounding tissue
damage.

Blunt Trauma
Blunt trauma can cause complex extremity injuries that
are associated with both orthopedic and vascular injuries.
Vascular injury associated with complex extremity injuries
from blunt trauma results in a high risk of limb loss.
Associated soft tissue injury, multiple orthopedic fractures, and nerve injury increase the risk of limb loss in
this population of patients. Delay in diagnosis of vascular
injury causing delayed revascularization is a common
cause of limb loss in patients after blunt injury, highlighting the importance of early recognition and repair of these
injuries [1].
Certain orthopedic injuries should raise a high index
of suspicion for vascular injury including posterior knee
dislocations, pelvic fractures, and upper and lower
extremity long bone fractures. Posterior knee dislocations are most commonly associated with arterial injury
with a high incidence of popliteal artery injury. Contrast
arteriography was once recommended in all cases of
posterior knee dislocation due to the high risk of
popliteal artery injury. However, recent studies suggest
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that arteriography is only needed in patients with
physical examination findings (hard signs) consistent
with vascular injury [4].

Vascular Injury
▶ Vascular Contusion and Hematoma

Iatrogenic Injury
Iatrogenic vascular injuries have become increasingly
common due to the growing use of procedures utilizing
peripheral arterial access. Specialists in cardiology, vascular surgery, and interventional radiology are performing
peripheral arterial cannulation for cardiac catheterization,
angiography, and endovascular interventions for vascular
disease. These procedures require the placement of large
sheaths through the arterial wall with subsequent risk
of arterial laceration, arterial pseudoaneurysm, and
expanding groin and retroperitoneal hematoma formation. A recent analysis of the Nationwide Inpatient Sample
database found that the overall rate of iatrogenic arterial
injuries after peripheral arterial intervention was 0.6% [5].
They also found that arterial injury was more common in
women, and independently associated the type of specialist performing the intervention.
Femoral artery pseudoaneurysms are a common
complication after arterial access that occurs when the
arterial puncture site fails to seal. Femoral artery
pseudoaneurysms have become increasingly common due
to the frequent use of anticoagulant and antiplatelet therapy
in this population of patients. Ultrasound imaging should be
obtained on patients with a groin hematoma and suspected
femoral artery pseudoaneurysm as this modality can be both
diagnostic and therapeutic. Ultrasound-guided compression can be performed at the time of diagnosis by applying
pressure to the base of the pseudoaneurysm until the flow is
stopped. Percutaneous ultrasound-guided Thrombin injection can also be performed with the goal of thrombosing the
pseudoaneurysm. If percutaneous treatments fail, operative
exploration and primary repair of the injured artery is
indicated.
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Introduction
Peripheral vascular injuries (PVI), including blunt, penetrating, and the increasingly common iatrogenic causes,
contribute to significant loss of life and limb. PVI account
for 80% of all vascular injuries. Because of the potential
disabling sequela such injuries contribute to the rising cost
of health care. The total years of life lost is great given
that trauma is the leading cause of death up to 45 years
of age. Therefore, with trauma, we are faced with a disease
of the young, often with lifelong financial and social
consequences.
Acute vascular trauma may result in hemorrhagic
shock, ischemia, and coagulopathy, which in turn leads
to a cascade of physiological events that produce
multisystem organ failure. Deaths from PVI, which
include both arterial and venous injuries, are directly
related to the anatomic location, mechanism of injury,
age of the patient, accompanying injuries, and importantly, the time to definitive care. Delays and failures of
complete revascularization may result in ischemia and
reperfusion injury with the resultant devastating effect of
compartment syndromes.
Although most PVI will require intervention, there are
minor asymptomatic injuries that are best treated
nonoperatively. Examples of such injuries include intimal
flaps that do not produce significant segmental narrowing,
small arteriovenous fistula, and pseudoaneurysms [1].
These injuries may be safely watched and carefully
followed since many will spontaneously resolve.
Improvements in management of the patients with
vascular injury have been advanced by our greater understanding of the biology of the vessel wall, managing/
correcting coagulopathy, and early/aggressive resuscitation of the injured patient.
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Diagnostic advances in color flow Doppler, new generation multi-detector computed tomography scans, magnetic resonance angiography (MRA), and conventional
angiography have all provided significant improvements
in identifying even subtle vascular injuries. New technologies have decreased imaging time and provide far greater
resolution. More importantly, these improvements have
provided new therapeutic options in the management
of PVI.
Catheter-based or endovascular interventions are
increasingly being used to diagnose and treat vascular
injury. This rapidly expanding technology aids in rapid
identification of vascular injuries and subsequent repair.
This has led to significant improvements in survival
and limb salvage with fewer complications compared
with open surgery. The continued appropriate use of
endovascular interventions can decrease morbidity, costs,
and ultimately help improve the quality of care.

Historical Vascular Contribution
Many advances in the treatment of vascular injury have
been derived from our experiences on the battlefield.
There were original descriptions by Claudius Galen that
described the treatment of vascular wounds of Gladiators,
William Hunter described those of the arteriovenous
fistulas, and Alfred Exner and Alexis Carrel described
techniques for the revascularization and repair of
arteries. Dr. Carrel was awarded the Nobel Prize for his
work in 1912.
During World War I, George Makin, the English Surgeon General reported, On Gunshot Injuries to the Blood
Vessels. The discovery of Heparin by Jay Maclean in 1916
was subsequently purified by Best and Taylor in 1933. In
1924, Reynaldo Dos Santos performed the first angiogram. Svein Seldinger in 1953 described his innovative
technique of passing a catheter over a wire in order to
perform selective angiography. Thomas Fogarty and
Charles Dotter in the sixties described the use of balloon
catheters to extract clot and dilate obstructed arteries.
This ultimately led to the refinement of the techniques of
Dotter and Fogarty by Andrew Guntzig who reported his
success with transluminal angioplasty with a Silastic balloon. Dr. Rich et al. made a major contribution with the
creation of the Vietnam Vascular Registry, which
advanced the operative management of arterial injuries.
Julio Palmaz in 1985 introduced metal stents and Juan
Parodi in 1995 described the stent graft for abdominal
aneurysm repair. The rapid rise in endovascular procedures to treat the polytraumatic patient is based upon
these successes and are well-established for the treatment
of PVI.
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Biology
All arteries possess three layers: (1) The innermost, the
intima, a single layer of endothelial cells. (2) The media
that contains smooth muscle cells (SMC) imbedded in
a matrix of protein, collagen, elastin, and proteoglycans.
(3) The adventitia, the strength layer, composed of loose
connective tissue, nerve fibers, and fibroblasts. The inner
endothelium cell layer is the weakest and most fragile layer
of the vessel wall. It is dynamic and constantly synthesizes
substances that maintain an antithrombotic surface, regulate tone and flow, and permit nutrients to pass from the
lumen to the SMC layer. Even minor disruption to the
intima can lead to thrombosis.

Pathology
Vascular injuries may ultimately produce bleeding and/or
occlusion with accompanying ischemia. Both partial and
complete lacerations are common. Although somewhat
counter intuitive, complete transections may produce
less hemorrhage due to retraction of both ends of the
transected intima leading to total occlusion due to vasospasm. This may decrease bleeding but leads to distal
ischemia. Conversely, the partially transected vessel
remains open and continues bleeding, although usually
does not result in distal ischemia.
Pseudoaneurysms represent another complication of
vascular injury, and are becoming more prevalent related
to iatrogenic injuries. These result from “penetrating vascular injuries” secondary to arterial catheterization procedures. These traumatic or “pseudoaneurysms” represent
hemorrhage that is contained outside of the vessel wall by
surrounding soft tissue. They can expand leading to pain
and may rupture leading to major hemorrhage. Rarely,
they lead to ischemic complications.
Arteriovenous fistula (AVF) represents a less common
complication of penetrating trauma. This occurs when
both the artery and adjacent vein walls are breached creating an intravascular shunt. Such A-V fistulas produce
a characteristic bruit or thrill depending on the flow rate
across the fistula. If the flows are sufficiently high, in this
left to right shunt, it may lead to high output congestive
failure. More commonly they can lead to swelling of the
affected extremity from venous congestion or mild ischemic symptoms due to shunting of arterial blood.
Traumatic arterial dissections begin as an intimal disruption leading to formation of a flap that may obstruct
the lumen of the artery. Exposure of the subintima accelerates clot formation at the injury site that can lead to
thrombosis.
Vasospasm is identified as a dynamic narrowing and
tapering of the artery without identification of an
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occlusion or luminal injury. It may be identified angiographically in the setting of a compartment syndrome;
however, one must always first rule out thrombosis or
clot before explaining ischemia on the basis of “spasm.”
One axiom in the management of vascular trauma is that
“spasm” is spelled “clot” (until proven otherwise).

Penetrating or blunt extremity trauma
Active hemorrhage, expanding
hematoma, severe ischemia

No

Yes

Physical Findings
Peripheral vascular injuries may present with clinical findings ranging from pulsatile bleeding or an enlarging
hematoma, to more subtle signs of ischemia where
a distal pulse is diminished. The diagnosis of all vascular
injuries begins with the high suspicion for injury, based on
mechanism, location, and type of accompanying injury
(orthopedic, neurologic, soft tissue).
The clinical signs of ischemia include the six “p’s”:
pain, pallor, paresthesia, poikilothermia (cold), paralysis,
and pulselessness. The development of paresthesia is often
an early sign of ischemia compared to the late sign of loss
of motor function. Traditionally, hard signs of vascular
injury have warranted emergent surgical exploration with
the use of intraoperative angiographic evaluation. However, recently, the angiography suite has become an alternative to the operating room for both rapid diagnostic
evaluation and subsequent treatment of injuries/complications such as bleeding, pseudoaneurysms, dissections,
and arteriovenous fistulas. However, open operative intervention must remain in the surgeon’s armamentarium for
peripheral vascular trauma especially when other concomitant surgical interventions are required.
Vascular injury may be suggested by “soft signs”: such
as a history of hemorrhage, diminished extremity pulses,
related proximity orthopedic/soft tissue injuries, or neurologic deficit. In such cases, obtaining an ankle brachial
index (ABI) may be useful to better determine the need for
further testing [2]. An abnormal ABI <1.0 in patients with
high suspicion for vascular injury will identify significant
vascular injuries, which can be demonstrated on an angiogram. An normal ABI will avoid unnecessary angiographic
interventions (including CTA), decrease radiation exposure as well as significant morbidity related to contrast
exposure, and the cost that accompanies such imaging
studies (Fig. 1).

Open Techniques
Achieving the goal of successful intervention for vascular
injuries requires aggressive resuscitation including the
principles of ATLS (Advanced Trauma Life Support),
rapid diagnosis of the vascular injury, and correction of
profound anemia and coagulopathy. Fundamental surgical principles require adequate exposure to obtain

Intraoperative arteriogram
vascular repair
Risk classification
High
ABI < 1.00
pulse deficit

Low
ABI ≥ 1.00
no pulse deficit

Arteriography

Observation

Normal

Minimal arterial
injury

Major arterial
injury

Observation

Observation
± serial
arteriography

Operation
or
embolization

Vascular Injury, Classification. Figure 1 Diagnostic
algorithm for extermity arterial trauma. ABI ankle brancial
index (From Hood DB et al. [1995])

proximal and distal control to isolate and control the
injured segment of vessel. Vessel loops are an excellent
and atraumatic technique in this situation. Incisions
should be centered to facilitate satisfactory tissue coverage
and access to sites for harvesting autogenous tissue for
vessel patching or bypass. Using localized heparin, balloon
embolectomy of thrombus, and spatulating the ends of
a bypass are useful techniques.
The repair of accompanying large veins, early
fasciotomy, assessment of post-procedural success with
completion angiography, and Doppler assessment are critical to ensuring successful revascularization. Papaverine,
a potent intra-arterial vasodilator, may be helpful reversing vasospasm that may be present after repair.
The sequelae of long ischemic times (>6 h) prior to
revascularization or intervention, produces critical cellular
dysfunction, increased permeability, and local edema
lending to a compartment syndrome. This insidious complication of ischemia produces systemic complications of
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myonecrosis, hypercalcemia, DIC, renal and liver failure,
and may lead to amputation, profound neurologic deficits,
major postoperative wound problems, and even death.
Several catheters are available for assessment and measurement of compartment pressures. Although intracompartmental pressure greater than or equal to 30 mmHg are
recommended to perform four-compartment fasciotomy,
significant tissue injury can occur with pressures of
20–30 mmHg. Early compartment decompressions are
effective in minimizing the prolonged effects of ischemia,
reperfusion, and compartment hypertension. It is essential
that a complete four-compartment fasciotomy always be
accomplished in the lower extremity [3]. Acute ischemia is
addressed in detail in our Extremity, Ischemia/Reperfusion chapter.
In the case of open vascular repair with concomitant
long bone injuries (humerus, femur, tibia fractures, and
dislocations of shoulder, elbow, and knee), it is
recommended that, whenever possible, vascular repair
precede orthopedic intervention. This sequence of surgical
procedures will minimize ischemic injury and the possible
need for fasciotomy. When this sequence is not possible
temporary vascular shunts should be utilized. Popliteal
vascular injuries represent a significant challenge since
they are associated with the highest rates of limb loss,
disability, and mortality [4].
Primary repair of the artery with autogenous tissue is
generally preferable. However, the utilization of synthetic
graft material such as polytetrafluoroethylene (PTFE),
particularly in contaminated and even infected surgical
fields, may be necessary and can be done with good outcomes. Surgeons must be prepared to do extra-anatomic
bypass procedures to maintain perfusion when ligation of
a major artery is necessary. The improved management of
complex soft tissue wounds has been critical to achieving
successful limb salvage after vascular injuries. This management includes early, aggressive, and multiple debridement, use of devices that apply negative pressure wound
therapy, and the use of rotational and free flaps to achieve
wound coverage and closure [5].
There is increasing utilization of endovascular techniques in dealing with peripheral vascular trauma. Coil
embolization and covered stents are being used with
increasing frequency for active bleeding and vascular
injury. Embolization is particularly useful in the pelvis
where active bleeding can be addressed remotely. This
contrasts with open repair that releases the tamponade,
can exacerbate venous bleeding, and frequently requires
re-exploration and drainage. Covered stents are best used
in medium to large vessel injury. They can be used to
bridge a focal dissection or seal a pseudoaneurysm. Aortic
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stent grafts revolutionized the way abdominal aortic aneurysms are managed. This technology has been translated
to the trauma setting and is now the preferred method of
managing focal thoracic aortic pseudoaneurysms. Stent
grafts in the iliac artery and the inferior vena cava have
also been reported and can be considered as a surgical
option.
Long-term success of these interventions requires further study, but in the short term these procedures seem to
be safer than open repair. They are less invasive and are
associated with rapid recovery, fewer complications, and
decreased length of stay. Endovascular procedures do not
require systemic anticoagulation, which typically accompany major vascular reconstruction. This can be lifesaving
in a patient that has other severe injuries such as an
intracranial bleed. Finally, they can serve as a “bridge”
should definitive open repair eventually be required.
Endovascular therapies can represent elegant solutions to
complex problems in a critically ill patient.
Primary amputation, in the face of a severely mangled
extremity, particularly in a hemodynamically unstable
patient with multiple injuries, is a difficult but sometimes
necessary lifesaving decision that must be made urgently.
Complex orthopedic soft tissue and nerve injury may
dictate the decision to perform primary amputation, and
this is the preferable course of action if a successful functional result cannot be obtained.
Delayed amputations may also be necessary due to
complications following even successful vascular reconstructions. Successful limb salvage in patients with vascular injuries decreases with ischemic time, and therefore
arterial flow must be reestablished as quickly as possible.
This arterial flow may be accomplished by definitive
reconstruction of the injured artery or in some cases
with a temporizing vascular shunt. The use of shunts has
been utilized to great advantage in the war in Iraq and
Afghanistan while moving wounded warriors from field
hospitals to definitive vascular surgical care [5].
Nerve injury accompanies vascular injuries in approximately 50% of upper-extremity and 25% of lowerextremity injuries. Primary repair of the nerve that has
been transected can be performed in some cases, however,
tagging the ends of the nerve with non-absorbable suture
to facilitate future definitive repair is recommended.
Complications after peripheral vascular repair are
reported in up to 30% of cases. Thrombosis of the graft
or arterial repair may be catastrophic. Soft tissue infections, which may lead to disruption of the graft, mycotic
aneurysms, and even profound bacteremia, emphasize the
importance of postoperative wound management and the
appropriate use of antibiotics.
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Summary
From the work of Michael DeBakey and Frederick
Simeone in World War II, to Norman Rich and the
advances facilitated by Vietnam Vascular Registry, the
rate of amputation decreased from 46% to 13.5%. Aggressive management of extremity injuries with rapid transport from the field and immediate revascularization
thereby reducing ischemia time was critical to the
improvement in limb salvage.
The most recent advances in managing peripheral vascular injuries on the battlefields of Iraq and Afghanistan
have further reduced limb ischemia time. Temporary shunts
placed in the field have allowed perfusion while awaiting
definitive repair and restoration of arterial flow. Another
contribution has been the use of tourniquets in the field to
control exsanguinating hemorrhage until the wounded
warrior can be transported to a facility for definitive care.
All of these innovations in the treatment of PVI have been
facilitated by the highly efficient Critical Care Air Transport
Teams of the Joint Theater Trauma System.
Reconstruction of both arterial and venous injuries utilizing autogenous venous conduits and non-autogenous
graft (PTFE) combined with debridement of the wound,
maintaining tissue coverage of the graft, identifying compartment syndromes of the lower extremities, and treating
with fasciotomy and, more recently the use of negative
pressure wound therapy, have contributed to further success.
Some of the remarkable innovations in the field of
wireless technology will have a positive impact on the
management of peripheral vascular injuries. Topical sensors now exist and allow the measurement of all vital signs,
as well as total body water. This information can be transmitted via satellite from the field to the facility that will be
providing definitive care. Similarly there are wireless
handheld ultrasound devices that will allow both
prehospital and in-hospital surveillance of arterial and
venous flows, presence of aneurysms, etc., which will
expedite diagnosis and surgical interventions.
Management of peripheral vascular injury continues to
be a rapidly changing and innovative aspect of trauma
surgery. An important measure of success of these advances
will be the increased rate of limb salvage, rehabilitation, and
return to a functional and productive way of life.
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Vascular Laceration
▶ Vascular Contusion and Hematoma

Vascular Perforation of the Gut
▶ HIV-Related Diseases of the Stomach, Intestines, and
Colon

Vascular Trauma
▶ Vascular Contusion and Hematoma

Vascular, Interposition Grafts
DAVID V. FELICIANO
Department of Surgery, Emory University School of
Medicine, Grady Memorial Hospital, Atlanta, GA, USA

Synonym
Vascular interposition grafts inserted after trauma to
arteries or veins are known as substitute vascular
conduits, also. These conduits are either biological (greater
saphenous vein retrieved from an uninjured thigh or
ankle) or synthetic (polytetrafluoroethylene or Dacron)
tubes that will replace an injured segment of a vessel and
maintain arterial inflow or venous outflow [1].

Definition
Vascular interposition grafts are tube-like size-matched
replacements that are sewn in place to maintain blood
flow when there has been a need for segmental resection
of an injured artery or vein. They are inserted when

Vascular, Interposition Grafts

resection of an injured segment of an artery or vein leaves
the proximal and distal ends of the vessel too far apart to
be brought together as an end-to-end anastomosis. In the
current era, approximately 2/3 of peripheral arterial injuries will require a segmental resection and 2/3 of these
can only be reconstructed with a vascular interposition
graft [2].

Pre-existing Condition
Penetrating or blunt trauma to arteries and/or veins will
cause one of the following: (1) partial-thickness wall
defect with ballooning of the vessel at the site of injury
(traumatic true aneurysm); (2) full-thickness wall defect
with external (vessel in the neck or an extremity) or
cavitary bleeding (intrathoracic or intra-abdominal vessel) OR with an acute pulsatile hematoma (early traumatic
false aneurysm); (3) complete transection with either
thrombosis or bleeding from the separated ends; (4) arteriovenous fistula with a palpable thrill and audible bruit
on physical examination; and (5) injury to the wall of the
vessel (intimal flap) or spasm of the vessel with intact flow
beyond this. With injuries as described in 1, 2, and 4
above, a lateral suture repair (arteriorrhaphy or
venorrhaphy) will often result in severe narrowing of the
injured vessel and an increased risk of thrombosis in
the postoperative period. With transection of a vessel
(3 above), repair by an end-to-end resuturing of the two
ends may not be possible after debridement of injured
intima and frayed adventitia at the edges is completed.
Attempting to complete an end-to-end anastomosis under
tension will always result in hemorrhage as sutures pull
through the vessel or a narrowed “hourglass” appearance.
Therefore, injuries as described in 1–4 above are most
commonly managed with a segmental resection of the
injured vessel and insertion of a vascular interposition
graft.

Application
When active hemorrhage, a large hematoma, or absence
of distal pulses is present, it is presumed that injury to an
artery or vein is present. The first priority in the patient
with active bleeding is to save the patient’s life by
obtaining vascular control around the area of injury.
While exposures obviously vary depending on whether
the vascular injury is in an extremity or in the neck, chest,
or abdomen, pressure is applied to the area of bleeding as
the artery proximal to this (or distal vein if venous
hemorrhage alone is present) is exposed, elevated with
an elastic vessel loop, and a noncrushing vascular clamp
applied. As back bleeding from the artery distal to the
injury (or vein proximal to the area of injury) continues
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to obscure the area of injury, this end of the injured vessel
will have to be controlled in a similar fashion. With
vascular clamps around the area of injury, the injured
segment is dissected away from surrounding tissues.
Debridement of the injured area of the vessel back to
normal appearing intima and adventitia is performed.
Segmental resection of the injured vessel rather than
debridement is indicated when there are through-andthrough perforations, fractures of intima extending
proximally or distally, or the vessel is circumferentially
contused over several centimeters. After segmental resection is performed, a decision is reached on whether an
end-to-end anastomosis will be feasible if side branches
at either end are divided and ligated over a distance of
2–3 cm. Even with sacrifice of side branches on both
ends, there may be too much tension to bring the ends
together as an end-to-end anastomosis. This is often due
to the retraction of the ends of the vessel by the elastic
nature of an arterial wall and is less of an issue when
segmental resection of an injured vein has been
performed.
A vascular interposition graft or substitute vascular
conduit is inserted when an end-to-end anastomosis cannot be performed. A choice must be made at this point
between a biological or synthetic vascular interposition
graft. A biological graft is most commonly a naturally
occurring vessel in the body that can be removed without
harm to the already injured patient. Examples would be
the greater saphenous vein in an uninjured thigh or ankle,
the superficial femoral vein in the thigh, the jugular vein in
the neck, and the internal iliac artery in the pelvis.
The greater saphenous vein is an ideal vascular interposition graft to replace segments of many cervical,
intra-abdominal, and peripheral arteries and veins.
When retrieved from an uninjured thigh or ankle and
inserted into an injured artery or vein, there is denuding
of 60–70% of its endothelial cells within the first 48 h.
Fortunately, reendothelialization is 80–90% complete by 4
weeks and 100% complete by 6–8 weeks. Placing a conduit
that will eventually have normal intima into an injured
vessel leads to a marked increase in patency of the segment
over a patient’s lifetime. The other biological graft that has
been used more commonly in elective rather than
“trauma” vascular surgery is a glutaraldehyde-processed
human umbilical cord vein allograft obtained from
a hospital delivery suite. The long-term problem of
15–20% aneurysm formation in these grafts over time
has limited their usefulness. Synthetic vascular conduits
are either knitted or woven Dacron or expanded polytetrafluoroethylene (PTFE or Teflon). While either of these
is readily available off the shelf in appropriate sizes to fit
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all vessels, long-term patency with synthetic grafts in the
4–6 mm diameter range is less than that of a similarly sized
saphenous vein graft [3].
The greater saphenous vein is the vascular interposition graft of choice when its luminal diameter matches
that of the injured vessel [4, 5]. When the greater saphenous vein is too small, is diseased with varicosities, dilations, or stenoses, or has been retrieved previously,
a synthetic vascular interposition graft will have to be
used. Woven or albumin-coated Dacron grafts or PTFE
grafts are most commonly used to replace segments of the
thoracic or abdominal aorta. Ringed PTFE grafts are used
to replace the common or external iliac arteries in the
abdomen and most other larger truncal or peripheral
arteries or veins (subclavian, axillary, common femoral,
superficial femoral, popliteal).
Patients who have vascular interposition grafts
inserted after segmental resection of injured vessels are
placed on low molecular weight dextran at 40 mL/h intravenously for 72 h in the postoperative period. They are
advised to cease smoking and ingest 162 mg/aspirin per
day for 3 months.
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Vascular, Intimal Flap
DAVID V. FELICIANO
Department of Surgery, Emory University School of
Medicine, Grady Memorial Hospital, Atlanta, GA, USA

Definition
The wall of an artery is composed of a tunica intima,
tunica media, and a tunica adventitia. The intima is
the innermost layer of an artery (or vein) and is composed of endothelium (the cells lining the lumen),
a subendothelial layer of connective tissue, and an
elastica interna. Either blunt or penetrating trauma can
lead to a tear in the endothelium and other layers of the
intima. A piece of intima still attached to the media may
result and will project into the lumen of the artery as an
intimal flap.
Blunt trauma to a patient is a more common
cause of a vascular intimal flap than penetrating
trauma. Deceleration-type trauma or a side impact
in a motor vehicle crash can lead to disruption
of the intima alone or intima and media of the
descending thoracic aorta just distal to the
ligamentum arteriosum. With an intact media or
media and adventitia, there will not be any extravasation of blood from the aortic injury; however, there
may be a bulging or traumatic true aneurysm of the
descending thoracic aorta at this location. Similar
injuries resulting in intimal flaps have been noted to
occur in the abdomen including the following:
(1) deceleration injury to the renal artery; (2) compression injury from the lower rim of the steering
wheel or lap-type seatbelt to the proximal superior
mesenteric artery; and (3) shearing injury to the
external iliac artery from a severe pelvic fracture. In
the extremities, intimal flaps most commonly occur
in named arteries adjacent to the dislocation of
a major joint (posterior knee dislocation causing
intimal flap in popliteal artery) or the site of
a fracture (the fracture of the femur with a rare
associated intimal flap in the superficial femoral
artery).
Civilian penetrating trauma from low-velocity
handguns most commonly lacerates the arterial wall
directly. In contrast, high-velocity hunting and military
weapons create enough of a “shock wave” that the intimal
flap may result even without direct contact between the
missile and artery.

Characteristic
Differential Dx

Synonyms
An intimal flap in an artery can also be described as an
intraluminal flap or wall defect in an artery

An intimal flap in an artery may have no effect on distal
flow and can be described as nonocclusive. In the past, an
intimal flap in an artery mandated operation as there
was concern that the flap would initiate a local

Vascular, Spasm

thrombosis progressing to complete occlusion of the
artery. This is now known to be an uncommon
phenomenon, and nonocclusive intimal flaps in
major arteries have been managed without operation
for the past 20 years [1–3]. The use of an anticoagulant, such as heparin while the patient is being
observed, is controversial as so many patients with
blunt trauma have associated injuries to the brain
or solid organs in the abdomen. Heparin is mandatory, however, when a blunt intimal injury in the
internal carotid artery is present to avoid local
thrombosis or embolization of thrombus to the
brain. Data are clear that 87–95% of nonocclusive
injuries to arteries such as intimal flaps will heal
without operation as documented on follow-up arteriograms performed at 2–6 weeks following the original injury [4, 5].
A circumferential or large intimal flap may cause
an immediate or early occlusion of a named artery.
This is a particular problem on orthopedic trauma
services and mandates that arterial pulses distal to
relocated dislocations or realigned fractures be monitored every 2–4 h for the first day after injury when
such a complication is likely to occur. Occlusion of
a named artery secondary to an intimal flap mandates
operation with the following exceptions: (1) one artery
in the forearm and an intact palmar arch; (2) one
artery in the leg with a viable foot; and (3) the
profunda femoris artery in the thigh.

Differential Diagnosis
Full-thickness arterial injury without extravasation.
Artifact on vascular imaging study.
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Vascular, Spasm
DAVID V. FELICIANO
Department of Surgery, Emory University School of
Medicine, Grady Memorial Hospital, Atlanta, GA, USA

Synonyms
Transitory segmental narrowing of an artery or distal to
the area of injury, often in a beaded fashion

Definition
Elastic arteries such as the aorta, innominate, subclavian, common carotid, vertebral, pulmonary, iliac, and
popliteal have many elastic laminae in the media, and
spasm is unlikely to occur. Muscular arteries such as
the internal and external carotid, the brachial and its
branches, the femoral, and the tibioperoneals have less
elastic elements, a predominance of smooth muscle
cells in a circular arrangement in the wall, and are
more prone to the reflex myogenic response known as
spasm.
Either blunt or penetrating injury that is adjacent to
a muscular artery in an extremity can induce a transitory
segmental narrowing that is nonocclusive to distal arterial
flow. Injury to a proximal artery in an extremity in which
embolectomy catheters have been passed distally or in
which occluding vascular clamps have been necessary to
complete the proximal arterial repair can cause spasm in
distal muscular arteries such as the tibioperoneals in the
leg, as well.
If a post-injury or post-arterial repair arteriogram
demonstrates spasm and distal flow to the hand or foot
is intact, observation with warming of the affected part of
the extremity is appropriate [1]. Before arterial spasm is
thought to be the cause of an ischemic hand or foot,
however, distal in situ thrombosis, distal embolism, or
the presence of an advanced compartment syndrome
must be ruled out [2].
Severe limb-threatening arterial spasm has been
treated with a proximal intra-arterial bolus injection of
papaverine 60 mg followed by an infusion of 30–60 mg/h
in the past [3–5]. Another option used on rare occasions
has been a proximal intra-arterial infusion of a solution of
1,000 mL normal saline, 1,000 units heparin, and 500 mg
tolazoline at a rate of 30–60 mL/h. Currently utilized
vasodilators in angiography suites include intra-arterial
nitroglycerin (50–100 mg) or nifedipine (10 mg per os
or sublingual) [3].
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Differential Diagnosis
Arterial wall injury such as subintimal or subadventitial
hematoma
External compression from hematoma in soft tissue
Artifact of vascular imaging study
Advanced compartment syndrome
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Vascular, True Aneurysms
THOMAS H. COGBILL
Department of Surgery, Gundersen Lutheran Medical
Center, La Crosse, WI, USA

Synonyms
Abdominal aortic aneurysm; Acquired aneurysm; Atherosclerotic aneurysm; Femoral artery aneurysm; Iliac artery
aneurysm; Popliteal artery aneurysm; Thoracic aortic
aneurysm; Thoracoabdominal aortic aneurysm; Visceral
artery aneurysm

Definition
An aneurysm is defined as a permanent, localized
dilatation of an artery to a diameter greater than
1.5 times the normal expected diameter of that artery.
A true aneurysm is one in which the enlarged area of
the artery involves all three layers of the arterial wall
(intima, media, and adventitia). This is in contrast to
a false or pseudoaneurysm in which the dilated
portion of the vessel contains only adventitia. True
aneurysms are caused by a degenerative process of the
arterial wall involving elements of arteriosclerosis,
inflammation, aging, and localized activation of

proteolytic enzymes. Genetic predisposition to the
formation of true aneurysms has been described in
patients with Marfan syndrome, certain types of
Ehlers-Danlos disease, and other familial aneurysm
conditions. Pseudoaneurysms are most frequently
caused by injury to the arterial wall from trauma,
sepsis, or vascular procedures.
True arterial aneurysms may be described by their
morphology as fusiform or saccular. Fusiform implies
a gradual, symmetric dilation of the entire artery
over a given distance. Saccular aneurysms involve an
eccentric area of dilation and are more frequently
observed with pseudoaneurysms due to trauma or
infection. Generalized dilation of an entire arterial
tree is best termed as arteriomegaly, although the
pathogenesis is similar to that of true aneurysm
formation.
True arterial aneurysms are most often discussed by
location as follows.
Thoracic Aortic Aneurysm – Aneurysmal dilation
may involve a small portion of the descending thoracic
aorta or may be part of a more extensive process involving
the ascending aorta, aortic arch, or extend into the upper
abdomen as a thoracoabdominal aortic aneurysm. These
aneurysms are most often asymptomatic and are incidentally discovered on a chest radiograph or chest CT scan.
Less frequently, thoracic aortic aneurysms spontaneously
rupture with resultant hemorrhagic shock. Atheromatous
embolization into distal vessels can originate from shaggy,
atheromatous plaques within thoracic aortic aneurysms.
Thoracoabdominal aortic aneurysms may involve the origins of the celiac axis, superior mesenteric artery, and/or
renal arteries.
Abdominal Aortic Aneurysm (AAA) – Abdominal
aortic aneurysms are the most common true aneurysms.
They occur seven times more frequently than thoracic
aortic aneurysms. The male/female incidence is 4:1. The
number of patients with AAA increases with age. Each
year, approximately 15,000 people in the USA die from
AAA-related causes. The risk of AAA rupture is proportional to AAA size. For AAA <5 cm, the annual risk of
rupture is 1–2%. For AAA 5–6 cm in size, the annual risk
of rupture is 10%, and for AAA >6 cm in size, the annual
risk of rupture is 25% [1]. Like thoracic aortic aneurysms,
AAAs are most often asymptomatic and are discovered as
an abdominal mass palpated on physical examination or
incidentally found on an imaging study. As implied by the
mortality statistics above, AAA can acutely rupture,
causing hemorrhagic shock. In these cases, patients
may experience severe abdominal and/or back pain.
Chronic symptoms from perianeurysmal inflammation,
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compression of adjacent structures, or atheroembolization are less frequent clinical presentations of AAA.
Iliac Artery Aneurysms – These are most often associated with a coexistent AAA. However, isolated iliac artery
aneurysms can develop. Like AAA, most patients with iliac
artery aneurysms are asymptomatic. When iliac artery
aneurysm rupture occurs, patients experience lower
abdominal, back, or groin pain, and the development of
hemorrhagic shock. The mortality rate with ruptured iliac
artery aneurysms is even higher than following AAA rupture. Chronic symptoms from compression of adjacent
structures are uncommon with iliac artery aneurysms [2].
Popliteal Artery Aneurysms – Popliteal artery aneurysms are the most common true aneurysms involving
peripheral arteries. The male/female incidence is 30:1.
These aneurysms rarely rupture but are associated with
significant risk of limb loss due to acute thrombosis or
embolization. In these situations, patients experience
pain, pallor, paresthesias, and/or paralysis of the leg and
foot. Pulses in the affected limb are absent or diminished.
Large popliteal aneurysms can exert a mass effect with
compression of the adjacent tibial nerve or popliteal
vein. Popliteal aneurysms are often associated with
a contralateral popliteal aneurysm (50%) or AAA (30%).
Therefore, all patients with a popliteal aneurysm should
undergo imaging of the contralateral popliteal artery and
the abdominal aorta. Popliteal aneurysms may be focal or
associated with diffuse arteriomegaly [3].
Femoral Artery Aneurysms – Less common than
popliteal aneurysms, femoral artery aneurysms rarely rupture and are most likely to threaten limb loss due to acute
thrombosis or distal embolization. Large femoral aneurysms can exert a mass effect with compression of adjacent
nerves or veins. Femoral aneurysms may be focal or associated with diffuse arteriomegaly.
Visceral Artery Aneurysms – True aneurysms may
form in the splenic artery, hepatic artery, superior mesenteric artery, celiac axis, or renal arteries. The most common
visceral artery aneurysm involves the splenic artery, with an
overall incidence of 1%. Splenic artery aneurysms are four
times more frequent in women than in men. Although most
splenic artery aneurysms are asymptomatic, rupture is associated with significant risk of death. Twenty five percent of all
splenic artery aneurysm ruptures occur during pregnancy –
especially prominent in multiparous women during the
third trimester of pregnancy. The increased risk of rupture
in this group of patients is likely due to increased blood
volume, increased cardiac output, and increased intraabdominal pressure observed during the later stages of
pregnancy. The risk of death with acute rupture of splenic
artery aneurysms is 25% in nonpregnant patients versus up
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to 75% in pregnant patients. Many splenic artery aneurysms
are discovered incidentally on imaging studies performed
for other indications [4].

Differential Diagnosis
Because of the disparate locations of true arterial aneurysms, working differential diagnoses are best discussed
for each entity and further subdivided as asymptomatic
versus symptomatic.
Thoracic Aortic Aneurysm
Asymptomatic

Pseudoaneurysm of the
thoracic aorta
Mediastinal mass

Symptomatic
(chest, back pain)

Thoracic aortic dissection
Acute myocardial infarction

Abdominal Aortic Aneurysm
Asymptomatic
(mass)

Abdominal neoplasm
Pancreatic cyst
Pancreatic pseudocyst

Symptomatic
(Abdominal, back pain,
hemorrhagic shock)

Renal colic
Colonic diverticulitis
Gastrointestinal hemorrhage
Acute myocardial infarction
Perforated duodenal ulcer
Pancreatitis
Ruptured appendicitis
Acute cholecystitis
Bowel infarction
Solid organ injury
Ruptured splenic artery
aneurysm

Misdiagnosis occurs in 30% of patients with ruptured AAA
[5]. In patients with misdiagnosed ruptured AAA, an
abdominal mass was palpable in only 26% [5].
Iliac Artery Aneurysm
Asymptomatic
(lower abdominal mass)

Pelvic neoplasm
Abdominal neoplasm

Symptomatic
(Groin, abdominal, or back
pain, hemorrhagic shock)

Colonic diverticulitis
Perforated appendicitis
Bowel infarction
Renal colic
Incarcerated hernia
Tubo-ovarian pathology

Femoral Artery Aneurysm
Asymptomatic
(Groin mass)

Femoral pseudoaneurysm
Inguinal/Femoral hernia
Inguinal lymphadenopathy
Cystic adventitial disease

Symptomatic
(Thrombosis or
embolization)

Atherosclerotic occlusion
Thromboembolism of
femoral artery
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Popliteal Artery Aneurysm
Asymptomatic
(Popliteal mass)

Baker’s cyst
Popliteal cyst
Cystic adventitial disease

Symptomatic
(Thrombosis or
embolization)

Arterial thromboembolism
Atherosclerotic occlusion
Popliteal artery entrapment
Deep vein thrombosis

Splenic Artery Aneurysm
Asymptomatic
(Mass)

Liver cyst/abscess
Pancreatic cyst
Pancreatic pseudocyst
Splenic cyst
Abdominal neoplasm

Symptomatic
(Abdominal, back pain,
hemorrhagic shock)

Renal colic
Pregnancy
Ruptured AAA
Ruptured hepatic adenoma
Acute cholecystitis
Pancreatitis
Perforated duodenal ulcer
Acute myocardial infarction

Cross-Reference to Disease

▶ Aortic dissection
▶ Acute myocardial infarction
▶ Hemorrhagic shock, fluid resuscitation
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Vasoactive Therapy
▶ Inotropic Therapy

Vasoconstrictor Therapy
▶ Vasopressor Therapy

Vasoconstrictors
▶ Vasopressor Drugs in Acute Kidney Injury

Vasodilator Therapies
JEREMY CORDINGLEY
Adult Intensive Care Unit, Royal Brompton Hospital,
London, UK

Introduction
Vasodilators are used widely in critically ill patients for
many indications, most commonly in the management of
myocardial ischemia, heart failure, and systemic and pulmonary hypertension. Choice of drug should be informed
by predominant site of action, routes of administration
and elimination, and potential adverse effects. In general,
short acting drugs are preferred in critically ill patients
because drug elimination may be impaired due to hepatic
and/or renal dysfunction. Intravenous infusion of short
acting drugs allows the best control over drug effects, but
increases the risk of adverse events from accidental bolus
dosing. Invasive hemodynamic monitoring should be
employed in unstable patients or whenever drug treatment
may lead to rapid changes.
Vasodilators are most conveniently classified
according to their mechanisms of action [1–4].

Nitric Oxide Releasing Agents

Vasoactive Drugs
▶ Vasopressor Drugs in Acute Kidney Injury

Nitrates
Nitrate vasodilating drugs release nitric oxide (NO),
causing activation of guanylate cyclase, resulting in
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increased cGMP, decreased intracellular calcium concentrations, smooth muscle relaxation and therefore
in blood vessels, vasodilatation. Chronic exposure to
nitrates leads to tolerance, thought to be related to
reduced production of NO, and patients receiving
oral or transdermal nitrates should have a drug free
period each day.

Glyceryl Trinitrate (GTN)
Hemodynamic effects – GTN causes primarily venous
dilatation, particularly at low doses. Venous pooling of
blood leads to decreased preload and cardiac output.
Blood pressure may fall particularly if heart rate does
not increase to compensate for decreased stroke volume. Higher doses of GTN also induce arteriolar dilatation causing a reduction in systemic arterial blood
pressure.
Coronary blood flow to ischemic subendomyocardial areas is increased by nitrates and
overall myocardial oxygen consumption is decreased
because of reductions in cardiac pre- and afterload. If
blood pressure falls too much, myocardial oxygen
supply will be reduced and myocardial ischemia may
be worsened. Patients with fixed low cardiac output
are particularly prone to severe hypotension following
nitrate administration.
Indications – chronic stable angina, acute coronary syndromes, acute left ventricular failure, control of hypertension, induced hypotension (e.g., perioperative).
Dose and route – transdermal, buccal: according to
preparation.
Sublingual: 0.3 to 0.6 mg as required.
Intravenous infusion: start at 10 mcg/min and increase
according to clinical condition. Maximum dose of
400 mcg/min.
Contraindications – hypotension, fixed low cardiac
output (e.g., aortic stenosis cardiac tamponade
and hypertrophic obstructive cardiomyopathy
(HOCM)).
Adverse reactions – Headache, dizziness, postural hypotension, severe arterial hypotension, tachycardia, hypoxemia
(reduced
hypoxic
pulmonary
vasoconstriction), methaemoglobinaemia (prolonged
infusion).

Isosorbide Dinitrate (ISDN)
ISDN is a longer acting nitrate that is administered orally,
sublingually or by intravenous infusion, also available in
slow release formulation.
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Isosorbide 5 Mononitrate (ISMN)
ISMN is a longer acting nitrate available as an oral and
slow release formulation.

Sodium Nitroprusside (SNP)
SNP is a potent arteriolar and venous dilator acting
through release of NO and therefore reduces arterial
blood pressure and venous return. SNP is administered
by intravenous infusion and has a rapid onset and short
half-life, making it an ideal agent for emergency reduction
of systemic arterial blood pressure. SNP must be used in
association with continuous intra-arterial pressure monitoring, and care must be taken to avoid inadvertent bolus
doses. Reflex tachycardia and myocardial ischemia may
occur.
SNP is metabolized in red blood cells and plasma
to cyanide that is converted to thiocyanate in the
liver which in turn is renally excreted. Cyanide also
reacts with vitamin B12 forming cyanocobalamin. There
is a risk of cyanide and thiocyanate poisoning occurring
particularly in patients with hepatic or renal impairment
or with higher dose or prolonged treatment. Arterial
blood gas, lactate, and thiocyanate concentration should
be monitored. Expert advice should be sought for treatment of suspected poisoning.
Indications – acute hypertensive crises, induced hypotension peri- and postoperatively, acute heart
failure.
Dose and route – intravenous – start at 0.5–1.5 mcg/kg/min
and increase by 0.5 mcg/kg/min every 5 min
according to clinical response to a maximum dose of
8 mcg/kg/min.
Contraindications – congenital optic atrophy, severe vitamin B12 deficiency, high output cardiac failure, best
avoided in pregnancy, caution in patients with hepatic
and/or renal impairment.
Adverse reactions – headache, increased intracranial pressure, flushing, severe hypotension, cyanide and thiocyanate poisoning.

Directly Acting Vasodilators
Hydralazine
Hydralazine is a direct arteriolar smooth muscle relaxant that acts via mechanisms that are poorly understood. There is much less effect on venous tone.
Administration is associated with reflex tachycardia
and fluid retention that may require administration
of diuretics and adrenergic beta blocking drugs.
Hydralazine is metabolized in the gastrointestinal
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tract and liver by acetylation and has a half-life of
approximately 1 h, but hypotensive effects may last
up to 12 h. It is used with decreasing frequency
because of potential adverse effects. These include
tachycardia induced myocardial ischemia and immunological effects including a drug-induced lupus syndrome (usually after prolonged treatment).
Indications – hypertensive crises (particularly pregnancy 3rd trimester), severe hypertension, heart
failure.
Dose and route – oral: 25–50 mg bd for hypertension,
25 mg tds increased slowly to up to 75 mg qds for heart
failure.
iv injection: 5–10 mg repeated after 20–30 min.
iv infusion: start at 200–300 mcg/min with usual
maintenance of 50–150 mcg/min.
Contraindications – porphyria, SLE, high output cardiac
failure, myocardial ischemia, tachycardia, reduce dose
in hepatic or renal impairment.
Adverse reactions – many, including tachycardia, myocardial ischemia, lupus syndrome, skin rashes, hypotension, fluid retention, blood disorders.

Diazoxide
Diazoxide causes direct arteriolar smooth muscle relaxation, but is now rarely used. As with hydralazine, reflex
tachycardia and fluid retention may occur and it may
precipitate myocardial ischemia.
Indications – hypertensive crises.
Dose and route – slow iv injection: inconsistent effects,
start with 0.3 mg/kg, maximum 3 mg/kg or (no more
than 150 mg).
Contraindications – myocardial ischemia, high output
cardiac failure.
Adverse reactions – tachycardia, fluid retention, myocardial ischemia, hyperglycaemia.

Calcium Channel Antagonists
Calcium channel antagonists inhibit the function of
voltage sensitive calcium channels that control the
transfer of calcium ions from extracellular fluid into
smooth muscle, cardiac myocytes and sinoatrial (SA),
and atrioventricular (AV) nodal cells. Inhibition of
calcium entry into the cell decreases the normal contraction or excitation of these cells. Calcium antagonists are vasodilators, anti-arrhythmic, anti-anginal,
and myocardial depressants, although the effects vary
between individual agents. Three main chemical groups
of drugs are used clinically:

Dihydropyridines (nifedipine, amlodipine, nimodipine,
felodipine, nicardipine, isradipine, lacidipine)
Benzothiazepines (diltiazem)
Diphenylalkylamines (verapamil)
All compounds are arterial vasodilators, including
the coronary circulation, but have little effect on
venous tone. Dihydropyridines have little effect on
the SA and AV node, but verapamil and diltiazem
decrease the SA nodal rate and slow conduction across
the AV node. Verapamil is the most negatively inotropic agent. Nimodipine acts preferentially on cerebral
arterioles.

Nifedipine
Indications – angina, coronary vasospasm, hypertension,
Raynaud’s syndrome
Dose and route – oral: 5 mg tds increased to 20 mg tds.
Multiple slow release preparations are available
Contraindications – porphyria, cardiogenic shock, aortic
stenosis, recent myocardial infarction
Adverse reactions – severe hypotension, myocardial ischemia, edema, headache

Nimodipine
Indications – prevention and treatment of vasospasm
following subarachnoid hemorrhage (SAH).
Dose and route – oral: 60 mg every 4 h, starting within
4 days of SAH and continued for 21 days.
iv infusion: via cvc, 0.5 – 1 mg/h depending on stability, increased to 2 mg/h after 2 h if blood pressure
stable, and continue for at least 5 days.
Contraindications – as for nifedipine, plus caution
in patients with severely elevated intracranial
pressure. Dose should be reduced with hepatic
impairment.
Adverse reactions – as for nifedipine.

Verapamil and Diltiazem
These agents are used for their anti-anginal and
anti-arrhythmic properties rather than vasodilatory
actions. Patients with SA or AV node dysfunction of hypotension should not be treated with either of these drugs
because of the risk of further conduction disturbances.
Patients receiving beta adrenergic receptor blocking
drugs should not be given intravenous verapamil and
extreme caution with oral verapamil because of an
increased risk of AV block including asystole with or
without severe ventricular dysfunction.
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Angiotensin Antagonists
Angiotensin II is a potent vasoconstrictor causing
a rapid and slow pressor response mediated by direct
vasoconstriction and renal effects. In addition, angiotensin II causes longer-term cardiac hypertrophy and
remodeling.

Angiotensin Converting Enzyme Inhibitors
(ACEI)
ACEI cause vasodilatation by decreasing the conversion of angiotensin I to angiotensin II. Kinin production
is also increased. Many ACEI are available and differ
according to their potency, pharmacokinetics, or
whether the drug has a direct effect or an active metabolite. Most ACEIs are renally excreted, and renal impairment will significantly decrease their elimination.
Many critically ill patients will have increased sensitivity
to ACEI because of elevated plasma renin activity,
and a small dose of a short acting drug (captopril)
should be used for initiation of therapy and then
replaced with a longer acting ACEI. Captopril is
a potent orally administered ACEI with a short half-life
of about 2 h. Enalapril is a longer acting ACEI that is
metabolized in the liver to the active drug enalaprilat. In
some countries, enalaprilat is available as a drug for
intravenous injection.
Indications – Hypertension, left ventricular failure, myocardial infarction, diabetic nephropathy.
Dose and route – oral: 6.25 mg (or less) bd or tds, slowly
increased to a maximum of 150 mg per day. Reduce
dose in renal impairment.
Contraindications – renovascular disease, angio-edema,
pregnancy, aortic stenosis, HOCM. Caution in
patients already receiving diuretics.
Adverse reactions – hyperkalaemia, renal impairment,
severe hypotension, anaphylactoid reactions, cough,
rash, agranulocytosis.

Angiotensin II Receptor Antagonists
These agents block angiotensin II receptors and have similar effects to ACEI but do not have any action on kinins.
They therefore do not cause cough and have a much lower
incidence of angio-edema, but otherwise similar adverse
effects to ACEI.

Alpha Adrenergic Receptor Antagonists
Alpha-1 receptors mediate sympathomimetic-induced
arterial and venous smooth muscle contraction. Alpha-2
receptor stimulation decreases central sympathetic
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nervous system output and inhibits neuronal release of
noradrenaline and acetylcholine. Alpha-1 receptor antagonists cause arteriolar and venous vasodilatation resulting
in a fall in blood pressure, an effect exaggerated by
hypovolaemia and if the drug also antagonizes alpha-2
receptors.
Alpha adrenergic receptor antagonists vary in their
relative effects on alpha-1 and alpha-2 receptors.

Phenoxybenzamine
Phenoxybenzamine is an irreversible alpha-1 and
alpha-2 receptor antagonist that results in a gradual
fall in peripheral vascular resistance, reflex tachycardia, and increased cardiac output. There is decreased
blood pressure response to catecholamine administration, and exogenous adrenaline may cause hypotension because of unopposed beta-2 adrenergic receptor
agonism. Half-life of the drug is approximately 24 h,
but the effect half-life is longer because it is only
terminated by the production of new alpha receptors.
Indications – phaeochromocytoma
Dose and route – oral: 10 mg od increased by 10 mg daily
to maximum of 1–2/mg/kg daily in 2 doses.
iv: 1 mg/kg administered over at least 2 h, not repeated
within 24 h.
Contraindications – porphyria, recent myocardial infarction, history of cerebrovascular accident, hypotension,
hypovolaemia.
Adverse reactions – postural hypotension, profound
hypotension, tachycardia, myocardial ischemia.

Phentolamine
Phentolamine is a nonselective competitive alpha antagonist
with similar cardiovascular effects to phenoxybenzamine.
It has a rapid onset and duration of action of 10–15 min.
Indications – phaeochromocytoma, to manage hypertensive episodes
Dose and route – iv injection: 2–5 mg prn
Contraindications – hypotension, myocardial ischemia,
caution in patients with history of peptic ulcer
Adverse reactions – hypotension, tachycardia, myocardial
ischemia, peptic ulcer

Prazosin
Prazosin is a selective alpha-1 receptor antagonist and
does not usually cause a reflex tachycardia, partly because
there is little alpha-2 receptor antagonism. Venous return
and cardiac output are decreased. Doxazosin has a similar
mechanism of action and effects.
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Indications – Hypertension, heart failure, Raynaud’s
syndrome.
Dose and route – oral: 0.5 mg bd increasing slowly to
20 mg per day in divided doses.
Contraindications – Aortic stenosis, HOCM. Reduce dose
in renal and hepatic impairment.
Adverse reactions – Hypotension (particularly first dose).

Other Alpha Receptor Antagonists
Haloperidol and chlorpromazine are major tranquilizers
that also have significant alpha-1 and alpha-2 antagonistic
effects and may cause significant hypotension.

Mixed Alpha and Beta Adrenergic
Receptor Antagonists
Labetalol and carvedilol are antagonists at both beta and
alpha-1 adrenergic receptors and in addition have some
membrane stabilizing effects.

Labetalol
Labetalol has a much greater beta than alpha-1 receptor
antagonistic effect with the ratio being 5–10: 1. Labetalol
has a high first pass hepatic metabolism, and elimination
varies significantly according to hepatic blood flow.
Indications – Hypertension, induced hypotension
Dose and route – oral: 50–100 mg bd slowly increased
according to response to maximum 2.4 g/day in
divided doses
iv injection: 10–20 mg over 1 min, repeated to a maximum of 200 mg
iv infusion: 0.5–2 mg/min
Contraindications – Hepatic impairment, postural hypotension, bradycardia, hypotension, heart block,
Prinzmetal’s angina, severe peripheral vascular disease
Adverse reactions – Hepatocellular damage, hypotension,
bradycardia, bronchospasm

Carvedilol
Carvedilol has antioxidant effects in addition to alpha and
beta adrenergic receptor antagonism. It is administered
orally and is used in the management of heart failure
(shown to decrease mortality), hypertension, and angina.

Centrally Acting Alpha-2 Adrenergic
Agonists
Clonidine
Clonidine administration leads to a reduction in
blood pressure secondary to stimulation of alpha-2

receptors in the brainstem, decreasing central sympathetic outflow and leading to a fall in heart rate and
vasodilatation. Peripheral presynaptic alpha-2 receptors are also stimulated leading to a reduction in
neuronal noradrenaline release.
Indications – Hypertension, sedation, analgesia
Dose and route – oral: 50–100 mcg bd or tds increased to
maximum 1.2 g daily
iv infusion: 0.1–2 mcg/kg/h
Contraindications – porphyria, peripheral vascular disease, low cardiac output
Adverse reactions – Bradycardia, hypotension, rebound
hypertension, dry mouth, sedation

Methyldopa
Methyldopa is metabolized to alpha-methylnoradrenaline
in the brain which is an agonist at brainstem alpha-2
receptors, leading to reduced sympathetic outflow, vasodilatation, and reduction in heart rate.
Indications – Hypertension
Dose and route – oral: 125 mg bd increasing slowly to
maximum of 3 g daily in divided doses
Contraindications – Abnormal hepatic function, porphyria, depression, phaeochromocytoma
Adverse reactions – Positive Coombs test (20%), abnormal hepatic function, depression, hypersensitivity
reactions

Other Commonly Used Drugs in Critical
Care with Significant Vasodilator Effects
Other drugs commonly used intravenously in critically ill
patients that are not classified primarily as vasodilators
have this property as a secondary effect:
Adrenergic beta-2 receptor agonists – adrenaline (low
doses), isoprenaline, dopexamine, dobutamine
Dopaminergic receptor agonists – dopamine (low doses)
Phosphodiesterase (PDE) inhibitors – methylxanthines,
milrinone, enoximone, amrinone
Levosimendan
Magnesium sulfate

Pulmonary Vasodilators
The use of inhaled and intravenous pulmonary vasodilators in critically ill patients is largely for the management of acute right ventricular failure, mainly after
cardiac surgery, including post heart transplantation or
following insertion of a left ventricular assist device.
Inhaled pulmonary vasodilators have also been used to
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treat severe arterial hypoxemia in patients with ARDS,
but randomized placebo-controlled trials of inhaled
NO for this indication have failed to demonstrate
improved mortality.
Calcium antagonists, nitrates, sodium nitroprusside,
isoprenaline, and PDE-3 inhibitors may produce significant pulmonary and systemic vasodilatation, but in
practice PDE-3 inhibitors and/or inhaled pulmonary
vasodilators are used most frequently. Isoprenaline is
useful in patients where a significant chronotropic
effect is also required. Commonly, noradrenaline
infusion will also be required to prevent systemic
hypotension.

Nitric Oxide
Nitric oxide is an endogenously produced vasodilator in
both the systemic and pulmonary vasculature and an
inhibitor of platelet aggregation. Following inhalation,
NO is rapidly deactivated in the pulmonary circulation
by combination with hemoglobin thus preventing systemic vasodilatation. Because NO causes pulmonary vasodilatation only in ventilated areas of the lungs,
ventilation–perfusion matching is improved and oxygenation improves in approximately two thirds of patients
with ARDS. Sensitivity to NO usually increases during
therapy and it is normally possible to rapidly reduce
the dose to the lowest effective (usually<10 ppm).
When stopping NO therapy needs to be weaned slowly
as rebound pulmonary hypertension and subsequent
right ventricular dysfunction may occur on sudden
withdrawal.
NO is oxidated to toxic nitrogen dioxide (NO2) particularly in the presence of high oxygen concentrations
and exhaled NO2 concentrations must be monitored
during therapy.
Indications – Acute right ventricular dysfunction, “rescue” therapy for severe arterial hypoxemia.
Dose and route – inhaled: up to 50 ppm.
Contraindications – no exhaled gas scavenging available.
Adverse effects – systemic hypotension, methaemaglobinaemia, NO2 toxicity, increased left atrial pressure
(patients with already elevated LAP), and rebound
pulmonary hypertension.
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hypertension by continuous intravenous infusion.
Potential adverse effects include hypotension and hemorrhage due to epoprostenol induced platelet dysfunction. It is also used as an alternative to heparin in
critical care patients for anticoagulation during renal
replacement therapy.
Iloprost, a PGI2 derivative, has a longer duration of
action and is administered by intermittent nebulisation.

Sildenafil
Sildenafil is a PDE-5 antagonist used for management
of erectile dysfunction and chronic pulmonary hypertension. There have been a number of reports describing its use in critically ill patients with right
ventricular dysfunction. Sildenafil may cause significant systemic vasodilatation and hypotension and
should be started at a low dose with continuous
blood pressure monitoring. An intravenous preparation is available.
Indications – Right ventricular dysfunction secondary to
pulmonary hypertension.
Dose and route – oral: 12.5 mg tds increased slowly to
maximum 50 mg tds.
Contraindications – Hypotension, hypovolaemia, left ventricular outflow tract obstruction, severe hepatic
dysfunction.
Adverse reactions – Hypotension, visual impairment.

Chronic Pulmonary Vasodilator Therapy
Drugs used for chronic treatment of pulmonary hypertension include PDE-5 inhibitors (sildenafil), prostanoids
(epoprostenol, iloprost), calcium channel antagonists,
and endothelin receptor antagonists (bosentan,
ambrisentan, sitaxentan). For further information, see
▶ Pulmonary Hypertension.
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paraventricular and supraoptic nuclei of the hypothalamus [1, 2]. From here it is transported via axonal transport to the posterior pituitary gland where it is stored in
Herring bodies within nerve terminals (Fig. 1). The major
stimuli for release into the circulation include the
following:

Vasopressin
DARYL JONES, RINALDO BELLOMO
Department of Intensive Care, Austin Hospital,
Heidelberg, Melbourne, VIC, Australia

Synonyms
Antidiuretic hormone (ADH); Arginine vasopressin
(AVP); Argipressin

Trade Names

● Pitressin Link Pharmaceuticals, Parke-Davis, JHP
Pharmaceuticals
● Pressyn Ferring
● Vasopressin APP Pharmaceuticals, Watson Laboratories

Class and Category
Vasopressin is an endogenous peptide hormone produced
as part of a pro-hormone (preprovasopressin) in the

(a) Decreased circulating blood volume (e.g., in
hypovolemic shock) through baro-receptors in the
left atrium, aortic arch, and carotid sinus
(b) Increased plasma osmotic pressure (detected by
central osmoreceptors in the hypothalamus, and
peripheral osmoreceptors in the hepatic portal
vein)
(c) Pain and nausea
(d) Hypoxemia and hypercapnia
(e) Hypoglycemia
(f) Circulating hormones (e.g., angiotensin II)
Vasopressin is composed of nine amino acids and is
thus called a nonopeptide. It contains a disulphide bond
between the two cysteine residues (Fig. 2).

Increased oncotic pressure
hypovolemia
pain an nausea
Hypothalamus
Pituitary
gland

Vasopressin
Vasoconstriction

V1 receptors

Fluid retention

V2 receptors

Adrenal
gland

Kidney

Release vWF

Ureter

Decreased oncotic pressure
Increased blood pressure

Vasopressin. Figure 1 The major actions of vasopressin in restoring blood volume and blood pressure

Vasopressin

Cys – Tyr – Phe – Glu – Asn – Cys – Pro – Arg – Gly – NH2
Vasopressin

Vasopressin. Figure 2 Amino acid structure of vasopressin

Disease States Associated with Abnormal
Vasopressin Release
Abnormally high serum levels of vasopressin are seen in
association with [1]:
(a) The syndrome of inappropriate antidiuretic hormone secretion (SIADH)
(b) Congestive cardiac failure
(c) Decompensated hepatic cirrhosis
Inappropriately low serum levels of vasopressin may
be seen in:
(a) Central diabetes insipidus, which results from damage or dysfunction of the pituitary gland, for example, following traumatic brain injury, resection,
radiotherapy, infarction, replacement by tumor, or
granulation tissue.
(b) A subset of patients with septic shock. In contrast to
other forms of shock, patients with shock due to
infections have inappropriately low levels of vasopressin. This may be due to:
● Depletion of stores in the posterior pituitary
● Reduced production
● Impaired or inhibited release due to increased
nitric oxide (NO) levels in the pituitary and high
levels of circulating catecholamines
● Increased vasopressin degradation
Experimental endotoxin administration results in an
acute increase in AVP levels after 1–2 h, followed by
a decrease over the next few hours.
(c) Brain death

Indications
Vasopressin Analogues
(See Separate Chapter)
● Vasopressin analogues are used in the treatment of
● Diabetes insipidus (Desmopressin)
● Hepatorenal syndrome, bleeding esophageal varices, and vasodilatory shock in cirrhosis
(Terlipressin)
● Platelet dysfunction secondary to likely von
Willebrand factor deficiency (e.g., uremia)
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Cardiac Arrest and Cardiopulmonary
Resuscitation [3, 4]

● Vasopressin may improve myocardial perfusion pressure in the context of cardiac arrest. This is in contrast
to other shock states, where it can induce myocardial
ischemia.
● Patients who are successfully resuscitated following
cardiac arrest have higher endogenous levels of vasopressin than those who do not.
● A systematic review [3] assessed the efficacy of the
combination of epinephrine and vasopressin versus
epinephrine alone in the treatment of cardiac arrest
in achieving:
● Return of spontaneous circulation
● Survival to hospital discharge
● Only one of the three eligible studies showed significant improvements in these outcome measures. However, a large number of the survivors had severe
neurological impairment.
● Current evidence does not support the combination of
vasopressin and epinephrine for the treatment of cardiac arrest.
● The largest randomized controlled trial assessing the
combination of epinephrine and vasopressin versus
epinephrine for the treatment of cardiac arrest
enrolled 1,452 patients with out-of-hospital cardiac
arrest treated by emergency medical service workers
in France. The investigators found no difference in the
outcome measures of return of spontaneous circulation, survival to hospital discharge, good neurological
recovery, or 1 year survival [4].
● Accordingly, vasopressin cannot be recommended for
the routine treatment of either in-hospital, or out-ofhospital cardiac arrest.

Septic Shock

● The vasodilatory shock of sepsis [5] may, in part, be
due to activation of ATP sensitive Ca++ and K+ channels, activation of inducible NO synthase, and
depressed levels of vasopressin.
● Administration of vasopressin in vasodilatory shock is
associated with an increase in systemic arterial pressure and a reduction in catecholamine requirements.
● The vasopressin and septic shock trial (VASST)
enrolled 778 patients with septic shock to receive
either vasopressin (0.01–0.03 IU/min) or norepinephrine (5–15 mg/min) in addition to open label norepinephrine. There was no statistically significant
difference in 28- or 90-day mortality, or overall rates
of serious adverse events. Mortality was lower in

V

V

Vasopressin

patients with less-severe septic shock (defined as those
requiring <15 mg/min norepinephrine at the time of
randomization) [5].
● In patients who received vasopressin, serum levels of
vasopressin increased to levels similar to that seen in
other shock states. In the control group, serum levels
of vasopressin remained very low (Fig. 3).
● Patients with septic shock at risk of renal dysfunction
may also benefit from administration of vasopressin,
as shown in a recent post-hoc analysis of the VASST
trial.

Dosage
Vasopressin has a T1/2 of 10–35 min and is catabolized by
vasopressinases in the liver and kidney.

Cardiac Arrest

● The most commonly used dose of vasopressin in trials
of cardiac arrest was 40 IU as a statim dose.

Septic Shock

● Vasopressin is administered in septic shock as
a continuous infusion at a dose varying from 0.01 to
0.04 IU/min.

100

Preparation/Composition

● Clear colorless solution in 1 mL vial
● Inactive ingredients: chlorbutol (0.5%), water

Contraindications

● Cardiogenic shock
● Ischemic heart disease, particularly in the context of
acute and active myocardial ischemia
● Evidence of gastrointestinal or digital ischemia
● Pregnancy and breast feeding – safety unknown
● Severe peripheral vascular disease
● Asthma
● Migraines

Adverse Reactions
Vasopressin has a number of important side effects [6]. These
occur particularly at higher doses (above >0.1 IU/min)
● Digital ischemia
● Intestinal ischemia
● Reduced cardiac index (due to increased afterload and
myocardial ischemia)
● Myocardial ischemia
● Hyponatremia (drowsiness, listlessness, coma,
convulsions)
● Hypertension
● Tremor, sweating, vertigo, headache, abdominal
cramps, flatus, nausea and vomiting, wheeze
● Cardiac arrest
● Anaphylaxis

90
Vasopressin level (pmol/L)
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Drug Interactions
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Carbemazepine
Tricyclic antidepressants
Heparin
Lithium
H2 receptor blockers

30
20

Mechanism of Action [1, 2]

10
0
Enrollment

6h
24 h
72 h
Time from enrollment

Control group

7 days

Vasopressin group

Vasopressin. Figure 3 Serum levels of vasopressin in
a convenience sample of 54 of the 778 patients enrolled in the
VASST study. Patients in the control group had consistently
low serum levels of vasopressin. In contrast, patients on
vasopressin infusions had levels of vasopressin similar to those
seen in other forms of shock

Receptor Subpopulations
Vasopressin is a soluble nonopeptide that achieves
its actions by acting on a number of cell surface
transmembrane G-protein coupled receptors [1, 2]
(Table 1). Vasopressin acts on three known vasopressin
receptors, as well as on oxytocin and P2 purinergic receptors. The major action of vasopressin is to stimulate
water retention. Additional actions are diverse and
include effects on body temperature, insulin release,
corticotopin release, memory, platelet aggregation,
and glucose metabolism.

Vasopressin
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Vasopressin. Table 1 Location and major actions of vasopressin receptor types [1, 2]
Receptor
subtype

Location

Major actions

Second messenger

V1 (AVPR1A)

Vascular smooth muscle

Vasoconstriction, release of von Willebrand
factor and prostaglandin

Phosphatidyl inositol/Ca++

Platelets

Platelet aggregation

Liver

Glycogenolysis

Brain nuclei

Social behavior

Renal medulla

? Decrease blood flow in inner medulla

Adrenal gland

Steroidogenesis under conditions of stress

V2 (AVPR2)

Basolateral membrane of cells
lining collecting duct of
nephron

Water retention via insertion of aquaporin-2
(AQP2) channels

V3 (AVPR1B)

Central nervous system

++
Corticotrophin release, memory, temperature Phosphatidyl inositol/Ca
regulation

Pancreatic islet cells

Insulin release

Atrial myocytes

Natiuretic peptide release

Oxytocin (OTR) Uterine myometrium

P2 purinergic

Endometrial contraction

Vascular endothelium

Vasodilation

Breast

Contraction of mammary myoepithelial cells

Cardiac endothelium

Coronary vasoconstriction

Vascular smooth muscle

Vasodilatation

Mechanism of Action in Cardiac Arrest

● The use of vasopressin may avoid the deleterious
b-adrenergic effects of epinephrine in the treatment
of cardiac arrest [3], which include:
● Increased myocardial oxygen use
● Ventricular arrhythmias
● Ventilation-perfusion defects
● Post-resuscitation myocardial dysfunction
● In animal models of cardiac arrest [3, 4] vasopressin
has been shown to
● Increase vital organ blood flow
● Increase coronary perfusion incrementally with
successive doses
● Improve neurological outcome and short-term
survival

Mechanism of Action in Septic Shock [5, 6]

● Vasopressin may restore vascular tone by:
● Inducing smooth muscle contraction via the V1R
● Closing KATP channels
● Blocking the synthesis of NO

Adenylate cyclase/cAMP

Phosphatidyl inositol/Ca++

ATP

● Potentiating the action of other vasoconstrictors
via post-receptor G-protein interactions
● Vasopressin causes pulmonary arterial vasodilation to
reduce pulmonary vascular resistance
● Vasopressin improves creatinine clearance and urinary
output

Clinical Perspective and Recommendations

● Vasopressin is an expensive therapy with the
potential to induce organ ischemia, particularly
in high doses.
● In the treatment of cardiac arrest, it has not been
shown to improve survival or neurological outcome
in patients with an initial rhythm of ventricular tachycardia or ventricular fibrillation. In cardiac arrest
patients with an initial rhythm of asystole, vasopressin
may result in an improved resuscitation, but result in
survival of patients’ profound neurological impairment. Thus, the use of vasopressin in cardiac arrest
should not be routine, unless further evidence
becomes available.
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● In patients with septic shock, there is no evidence of
harm and some evidence of benefit. Vasopressin
should be considered in patients who are not
responding to high levels of catecholamines, but
should not be infused at levels greater than 0.04 IU/
min. Patients with septic shock who also have known
pulmonary hypertension may benefit from vasopressin, because it tends not to induce pulmonary
vasoconstriction.
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Desmopressin
Minirin

Ferring

DDAVP

Sanofi-Aventis

Oyxtocin
Orasthin

Aventis

Oxytocin

Wyeth Pharmaceuticals,
Watson Laboratories, Baxter
Healthcare

Partocon

Ferring

Pitocin

Parke-Davis

Syntocinon

Novartis

Class and Category
Terlipressin

● Terlipressin is an inactive pro-drug which is converted
to lys-pressin.
● It is a synthetic analogue of vasopressin (1-triglycyl-8lysine-vasopressin) (Fig. 1).
● The V1/V2 receptor ratio of terlipressin:vasopressin is
2.2:1. Thus, terlipressin has greater effects on hemodynamics than it does on water retention.

Desmopressin

Vasopressin Analogues
DARYL JONES, RINALDO BELLOMO
Department of Intensive Care, Austin Hospital,
Heidelberg, Melbourne, VIC, Australia

Synonyms
Desmopressin: DDAVP, 1-Desamino-cys-8-D-argininevasopressin; Terlipressin: Terlipressine, Terlipressinum

● Desmopressin is a synthetic analogue of vasopressin
(ADH)
● The first amino acid is deaminated
● The arginine in position 8 is in the dextro rather
than levo position
● Thus, desmopressin = 1-Desamino-cys-8-D-arginine-vasopressin
● It has minimal vasopressor activity and enhanced antidiuretic activity
● It is also more potent that vasopressin in releasing
factor VIII.

Oxytocin [2]

Trade Names [1]
Terlipressin
Glypressin

Ferring

Haemopressin

Curatis, Proreo, Torrex

Remestyp

Ferring

● This is a naturally occurring polypeptide hormone
produced in the supraoptic and paraventricular nuclei
of the hypothalamus and stored in the axon terminals
in the posterior pituitary.
● Like vasopressin it is a nonapeptide. It differs from
vasopressin by two amino acids. It also functions as
a central neurotransmitter.

Vasopressin Analogues
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Cys – Tyr – Phe – Glu – Asn – Cys – Pro – Arg – Gly – NH2
Vasopressin

Cys – Tyr – Ile – Glu – Asn – Cys – Pro – Leu – Gly – NH2
Oxytocin

Gly – Gly –Gly – Cys – Tyr – Phe – Glu – Asn – Cys – Pro – Lys – Gly – NH2
Terlipressin

Vasopressin Analogues. Figure 1 Structure of vasopressin analogues

● Oxytocin receptors are G-protein coupled and require
both Mg++ and cholesterol for their action.
● Oxytocin binds to specific receptors on smooth muscle cells in
● Uterine myometrium to induce uterine contractions
● Breast tissue to induce ejection of milk from the
breasts.

Indications
Terlipressin

● Hepatorenal syndrome [3, 4]
● Administration of Terlipressin in conjunction with
albumin and fresh frozen plasma is associated with
improvement in mean arterial blood pressure, urinary output and creatinine clearance.
● A meta-analysis of randomized controlled trials
[4] of terlipressin for hepatorenal syndrome
suggested that:
● Terlipressin is better than placebo in reversing
renal dysfunction in patients with hepatorenal
syndrome
● There was no apparent affect on patient
survival
● Large randomized controlled trials of the therapy are required
● The long term mortality of patients with
hepatorenal syndrome is poor. Thus, the main
role of terlipressin is to improve renal function in
those patients who are suitable for liver
transplantation.

● Vasoplegic shock [5]
● In cases series, administration of terlipressin has
been associated with restoration of mean arterial
pressure in patients with refractory shock from
sepsis.
● Side effects include decreased oxygen delivery and
consumption, rises in bilirubin and hepatic
enzymes, and thrombocytopenia.
● The benefits of terlipressin in patients
with vasoplegic shock have not been tested in
adequately powered randomized controlled trials.
● Variceal hemorrhage [6]
● A Cochrane review comparing the use of
terlipressin and placebo suggested that Terlipressin
reduced mortality by 34% (OR 0.66; 95% CI 0.49–
0.88).
● However, there no double blinded placebo controlled randomized controlled trials of sufficient
power to confirm this and the review is based on
small studies.

Desmopressin

● Central diabetes insipidus
● Hemophilia A (with factor VIII levels >5%)
● Von Willebrand disease type 1 (with factor VIII levels
>5%)
● Bleeding due to uremic related platelet dysfunction

Oxytocin

● Induction of labor
● Postpartum hemorrhage
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Dosage
Terlipressin

● Terlipressin is a pro-drug and is converted to lysinevasopressin by endothelial peptidases in the liver and
kidney [3].
● The mean plasma half life of terlipressin is 24 min, but
its effective half life is 4–6 h [5].
● The typical dose is 1 mg 4–6 hourly

Desmopressin

● For diabetes insipidus: 1 mg (4 IU)–4 mg (16 IU) statim
● For bleeding disorders (Hemophilia A, von
Willebrand disease, uremic platelet dysfunction):
3 mg/kg slowly over 30 min. Tachyphylaxis can occur
if given more than every 48 h.
● The elimination half live is approximately 70 min

● Coronary artery disease
● Severe peripheral vascular disease
● Patients with renal impairment or hyponatremia

Desmopressin
●
●
●
●
●
●

Psychogenic polydipsia
Cardiac failure
Renal failure with GFR <50 mL/min
SIADH
Hyponatremia
Known hypersensitivity to desmopressin or inactive
ingredients
● Pregnancy and lactation (relative contraindication)
● Patients with
● Type IIB von Willebrand’s disease (may induce
platelet aggregation)
● Hemophilia B
● Patients with factor VIII antibodies

Oxytocin

● The half life of oxytocin is approximately 3 min
● Postpartum hemorrhage: 10–40 units IM or IV statim
post delivery of placenta
● Induction of labor: commence 0.5–1.0 milliunits/min

Preparation/Composition
Terlipressin

● Glypressin
● Active ingredient: Terlipressin acetate 1 mg in
powder
● Inactive ingredient: D-Mannitol and hydrochloric
acid
● Reconstituted in 10 mL isotonic normal saline

Oxytocin

● Fetal distress where delivery is not imminent
● Hypersensitivity to the drug or its inactive ingredients
● Where vaginal delivery is highly likely to fail to progress or is contraindicated

Adverse Reactions
Terlipressin [5]
●
●
●
●
●
●

Hypokalemia and hyponatremia
Skin ischemia and necrosis
Abdominal pain, nausea, diarrhea, flatus
Bradycardia
Myocardial ischemia and reduced cardiac output
Metabolic acidosis and electrolyte disturbance

Desmopressin

● Minirin
● Active ingredient: desmopressin acetate (hydrated
ester).
● White powder which is soluble in water.

Contraindications
Terlipressin

● Pregnancy
● May induce spontaneous abortions
● Teratogenic in animals
● Lactation
● Asthma

Desmopressin
●
●
●
●

Hyponatremia, water intoxication and seizures
Hypertension
Thromboembolism
Allergic reactions

Oxytocin
●
●
●
●
●
●

Arrhythmias
Hyponatremia, water intoxication and fluid retention
Dysfibrinogenemia
Neonatal jaundice
Ruptured uterus
Allergic reactions and anaphylaxis

Vasopressin Analogues

Drug Interactions
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Terlipressin [3]

Desmopressin

● Drugs that induce SIADH
● Tricyclic antidepressants
● SSRIs
● Chlorpromazine
● Carbemazepine
● NSAIDs

Mechanism of Action

● Vasopressin analogues act on three known vasopressin
receptors, as well as on oxytocin and P2 purinergic
receptors.

● In patients with bleeding from esophageal varices,
terlipressin induces vasoconstriction of splanchnic vessels and may induce vasodilation of intra-hepatic vessels.
● Hepatorenal syndrome is thought to result from
a relative hypovolemia due to splanchnic shunting in
which there is reduced renal blood flow and activation
of the rennin-angiotensin system. Terlipressin may act
via induction of splanchnic vasoconstriction, to
decrease shunting and increase renal blood flow. It
may also have favorable affects on afferent and efferent
glomerular capillary tone, thereby increasing glomerular filtration pressure (Fig. 2).

Oxytocin
Desmopressin

● Desmopressin has very little vasoactive properties at
doses used clinically
● It binds to V2 receptors in renal collection ducts to
induce water absorption
● It also binds to V1a receptors on vascular endothelium
to stimulate the release of clotting factor VIII and von
Willebrand’s factor.

● The oxytocin receptor is a 389 amino acid protein that
also has 7 transmembrane domains and is linked to
a G-protein.
● It is a member of the rhodopsin G-protein receptor
family and induces production of diacyl glycerol and IP3.
● Vasopressin acts as a partial agonist at the vasopressin
receptor with an affinity of approximately 1% that of
oxytocin.

Cleavage point

Gly–Gly–Gly–Cys–Tyr–Phe–Glu–Asn–Cys–Pro–Lys–Gly–NH2

Terlipressin

Esophagus

Reduced variceal

Coronary V. bleeding
Cys–Tyr–Phe–Glu–Asn–Cys–Pro–Lys–Gly–NH2

Liver

Lys-Vasopressin

Splanchnic
vasoconstriction

Spleen
Portal vein
Splenic vein
Kidney

Altered renal blood flow and
glomerular filtration pressure
Left renal vein

Improved renal
blood flow, urine
output and
creatinine clearance

Inferior vena cava

Vasopressin Analogues. Figure 2 Metabolic conversion of terlipressin to lys-pressin and subsequent effects on splanchnic
vasoconstriction and renal hemodynamics
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Synonyms
Pressors; Vasoactive drugs; Vasoconstrictors

Vasopressor Drug Names
Norepinephrine
Epinephrine
Dopamine
Phenylephrine
Ephedrine
Metaraminol
Vasoressin
Terlipressin
Angiotensin II

Class and Category
All of these agents are able to increase mean arterial blood
pressure.
Most of their actions are based on alpha- and betareceptor stimulation. However, other less commonly used
agents (vasopressin, terlipressin, angiotensin II) work
through separate receptors.

Indications, Dosage, Preparation,
Contraindications
See individual drug chapters.

Context
Septic shock, systemic inflammation (trauma, major
surgery, cardiopulmonary bypass, and the like), or
pharmacological vasodilatation (phosphodiesterase
inhibitors, sedative drugs, epidural or spinal block)
often cause systemic hypotension despite a normal or
increased cardiac output. Under these circumstances,
hypotension may persist despite volume expansion.
Potent systemic vasopressor agents, such as noradrenaline (norepinephrine in North America) or so-called
high-dose dopamine or adrenaline (epinephrine in
North America) or phenylephrine or low-dose vasopressin or terlipressin can then be used to restore an
acceptable mean arterial blood pressure (see chapters
on ▶ norepinephrine, ▶ vasopressin, and ▶ vasopressin
analogs).
In the above clinical setting, acute kidney injury
(AKI) is common. When AKI is present, the use of
vasopressors is typically fraught with controversy because
of a belief that renal vascular vasoconstriction is responsible for AKI and because of the belief that such drugs
will make renal vasoconstriction worse and induce more
AKI.

The Rationale for Using Vasopressors
in AKI
The rationale for vasopressor therapy in hypotensive states
is based on the physiological knowledge that, in all
regional circulations, blood flow is pressure dependent
outside of the autoregulation values for a given regional
circulation. This means that, if cardiac output is preserved,
as long as blood pressure is maintained at a sufficient
value, organ blood flow is also preserved. However, when
blood pressure falls below a given value (autoregulatory
threshold), the ability of autoregulation to maintain vital
organ blood flow is lost. Then, as blood pressure falls,
organ blood flow also decreases in an almost linear fashion. This decrease in blood flow may be particularly
marked in those patients with critical renal, mesenteric,
carotid, or coronary lesions (atheroma, fibroplasia, and
the like). Furthermore, this fall in renal blood flow is likely
to occur at a higher blood pressure value in these patients,
as well as in those with long standing hypertension. The
mammalian kidney appears to do so at a mean arterial
pressure (MAP) of about 80 mmHg. In addition the

Vasopressor Drugs in Acute Kidney Injury

pressure–flow relationship for the kidney appears to follow a relatively steeper slope than that of other regional
beds (Fig. 1). Thus for a given fall in blood pressure, the
proportional fall in blood flow would be expected to be
particularly sharp for the kidney. Thus, restoration of
blood pressure is a logical and desirable therapeutic goal
in the pursuit of renal protection, particularly if a patient
remains hypotensive and oliguric after adequate fluid
resuscitation.

Possible Vasopressors in AKI
Noradrenaline (Norepinephrine)
Noradrenaline (norepinephrine) is very effective in raising
arterial blood pressure and, under almost all circumstances, can be titrated to achieve the desired MAP in
a given patient.
When given in conscious mammals, renal blood flow
is increased and renal vascular resistance decreased in
response to infusion.
The effects of noradrenaline infusion on renal
blood flow may not be unique to this vasopressor,
but representative of the effects of a group of potent

Perfusion pressure and organ flow
Renal Perfusion Pressure (RPP) = MAP – Tissue pressure
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Vasopressor Drugs in Acute Kidney Injury. Figure 1
Pressure–flow relationship for the kidney and the heart. Once
mean arterial pressure (MAP) falls below 80 mmHg, renal
blood flow becomes pressure dependent, particularly so in
patients with renovascular disease
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vasoconstrictor agents. However, there are no controlled experimental data or controlled human data
on the use of high-dose (alpha-dose) dopamine or
phenylephrine, but it is likely that, in vasodilated states,
they also have a beneficial effect on renal perfusion.
The data on low-dose vasopressin and terlipressin in
liver failure also support a potentially beneficial effect
of vasopressors in general on renal perfusion and
function.
All of the above studies support the notion
that vasopressors, when given to restore blood pressure
during hypotensive vasodilated state increase renal
perfusion.

Which Vasopressor?
Many clinical reports, however, support the notion that
the continuous infusion of noradrenaline may increase
urine output and improve creatinine clearance in
hyperdynamic septic shock compared to high-dose
dopamine. Of particular interest is a study by Martin
and coworkers because it is the only randomized controlled study available with a focus on kidney function
[1]. These investigators randomized 32 patients with
hyperdynamic and hypotensive septic shock to either
receive high-dose dopamine (up to 50 mg/kg/min) or
norepinephrine (noradrenaline) up to 1 mg/kg/min in
order to achieve a predetermined arterial blood pressure
(>80 mmHg). They studied the overall hemodynamic
response of these patients as well as lactate and urinary
output after 1 and 6 h of therapy. They found that highdose dopamine failed to restore the target blood pressure
in one third of patients while noradrenaline succeeded in
all patients (Fig. 2). In addition, in those patients whose
hypotension could not be corrected with dopamine, noradrenaline restored a MAP of >80 mmHg. Urinary output
was significantly and markedly improved from baseline
once blood pressure was increased. These effects are also
seen in experimental sepsis in conscious sheep. The controlled study by Martin and colleagues clearly suggests that
noradrenaline is superior to a-dose dopamine in restoring
blood pressure in septic vasodilated patients and that such
correction of blood pressure induces an improvement in
urine output. More recently, Martin also reported on the
outcome of 97 adult patients with septic shock, of whom
57 were treated with noradrenaline. Patients treated with
noradrenaline had a lower mortality than those treated
with other pressor drugs and noradrenaline use was identified as a predictor of survival on multivariate logistic
regression analysis. These findings support the argument
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Vasopressor Drugs in Acute Kidney Injury. Figure 2
Changes in urine output in patients with septic shock and AKI
with the infusion of noradrenaline (norepinephrine) or
dopamine at high dose. Noradrenaline is clearly more effective
in reestablishing urine output

that noradrenaline is safe and effective in hypotensive
vasodilated states and that its renal effects under
such circumstances are likely to be beneficial. Finally
and more importantly, a recent multicentre randomized
controlled trial comparing high dose dopamine to noradrenaline (norepinephrine) in the treatment of
shock found fewer adverse events with the use of
noradrenaline [2].
There are no controlled studies to directly compare
other vasopressor drugs like phenylephrine or adrenaline (epinephrine) to noradrenaline in terms of renal
function. However, more recently two medium-sized
randomized controlled trials showed similar or equivalent patient and renal outcomes when comparing
noradrenaline to noradrenaline + dobutamine [3] and
when comparing noradrenaline with adrenaline in
patients with septic shock. However, phenylephrine and
adrenaline are currently not recommended as first-line
agents because of concern regarding unbalanced alpha
vasoconstriction with phenylephrine and lack of sufficient human data and, in the case of adrenaline, concern
about its greater tendency to induce hyperlactatemia,
acidosis, hyperglycemia, and tachycardia. On the other
hand, low-dose vasopressin has been proposed as an
adjunct to noradrenaline to decrease its dose in the
treatment of septic shock.

Low-Dose Vasopressin
A relative AVP deficiency may exist in patients with septic
shock and such deficiency may contribute to the diminished vessel tone is seen in this setting. These observations
have established a biological rationale for AVP as a possible
effective vasopressor in septic shock patients when administered at low dose (0.02–0.04 IU/min). Its ability to
improve blood pressure at such low doses has been demonstrated in several small clinical studies. It has been
assumed that, at such low doses, AVP should have limited
adverse effects on regional blood flows.
However, infusion of a low dose of AVP infusion (0.02
units/min in sheep of approximately 40 kg) has no significant effect on systemic hemodynamics but induces significant mesenteric vasoconstriction with decreased
mesenteric blood flow in normal sheep. The same AVP
infusion, when given to septic sheep, decreased cardiac
output (CO) as well as mesenteric blood flow through
significant mesenteric vasoconstriction. Furthermore, in
normal sheep, AVP infusion was associated with
a nonsignificant increase in urine output. This increase
was more marked during sepsis and became statistically
significant, in combination with a significant increase in
creatinine clearance.
Low-dose AVP infusion also significantly decreased
mesenteric blood flow in both normal and septic sheep
(Fig. 3). These findings are indirectly supported by studies
in other clinical situations such as cardiopulmonary resuscitation and portal hypertension, where AVP has been
used at higher doses. They demonstrate that, even at low
dose, AVP reduces global mesenteric blood flow. The
observation that, even at low doses, AVP remains
a powerful mesenteric vasoconstrictor is supported by
several recent studies in humans and animals. The clinical
implications of such global mesenteric vasoconstriction
and decreased gut blood flow are unknown.
Low-dose AVP did not significantly affect renal blood
flow but showed a slight trend toward an increased flow in
septic animals. AVP, however, increased urine output and
creatinine clearance in the septic sheep and was associated
with similar trends in normal animals. Overall, it appears
that low-dose AVP infusion induces a significant increase
in mesenteric vascular resistance, decreases heart rate and
cardiac output, while it significantly increases urine output and creatinine clearance in septic animals. It is unclear
whether these systemic and regional hemodynamic effects
could add up to clinically important benefits in septic
man. In this regard, a recent relevant large international
multicenter trial called VASST sought to address the issue
of vasopressin support in ICU by comparing low-dose
vasopressin and noradrenaline to noradrenaline alone in

Vasopressor Drugs in Acute Kidney Injury
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Vasopressor Drugs in Acute Kidney Injury. Figure 3 Changes in mesenteric blood flow in sheep with low-dose vasopressin
(AVP) infusion. AVP significantly decreases mesenteric blood flow

the vasopressor treatment of septic shock. It found no
significant overall difference in clinical and renal outcomes. A recent retrospective analysis of the VASST data,
however, suggested that vasopressin may reduce the progression of renal failure in patients with AKI. Thus, the
addition of low-dose vasopressin to noradrenaline, while
not detrimental, may be of significant clinical and renal
benefit [4].

Adrenaline (Epinephrine)
There is now a medium-sized randomized controlled
study of adrenaline in septic man. In this study, on intention to treat analysis, there was no difference in patient
outcome. However, a significantly greater number of
patients had to swap from adrenaline to noradrenaline
because of clinicians’ concerns over hyperglycemia and
hyperlactatemia. There was, however, no evidence of
a differential effect on renal function. However, little
information exists in relation to its effects on regional
blood flows and on the kidney. In a model of
hyperdynamic septic shock, we found that adrenaline
significantly reduced renal blood flow and decreased
renal conductance (renal vasoconstriction), increased
overall urine output, and did not affect creatinine clearance. Our study found that adrenaline infusion resulted in
a significant increase in serum glucose concentration,
a significant reduction is serum potassium, and
hyperlactatemia. In conclusion, in sheep, adrenaline
decreased renal blood flow and led to severe metabolic
derangements. The findings of the recent trial and experimental findings argue that there are no physiological
advantages and that there are potential physiological
disadvantages in using adrenaline in severe sepsis with
associated AKI.

Terlipressin
Glycine vasopressin (terlipressin) is a modification of
the vasopressin molecule that confers a somewhat different property to this vasopressor, the most important
one being its long half-life and ability to be given
intermittently at dosages between 1 and 2 mg every
6 h. This vasopressor agent has been used for the
adjunctive treatment of sepsis in experimental studies
and several case reports. However, the available evidence
is insufficient to come to any conclusion about its
possible role in this setting. More interestingly, its
most frequent use is in the treatment of the hepatorenal
syndrome (HRS). This use is, of course, particularly
relevant to AKI.
In patients with HRS systemic vasodilatation, which
has been attributed mainly to splanchnic vasodilatation
is believed to play a critical role in the activation of
endogenous renal vasoconstrictor pathways. These pathways, in turn, are believed to induce functional AKI.
According to this logic, vasoconstrictors such as
terlipressin may improve renal function by reducing
splanchnic vasodilation and increasing central circulating blood volume and reducing endogenous renal vasoconstriction. In fact, although more studies have been
performed with terlipressin than with other agents,
other vasoconstrictors such as noradrenaline may be
equally effective [5]. These observations suggest that
terlipressin has a potential for benefit but also that more
rigorous multicenter blinded assessment of its renal and
systemic effects is needed.

Conclusions
The use of noradrenaline (and probably vasopressor
therapy in general) in ICU patients with hypotensive
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vasodilatation despite fluid resuscitation and evidence
of renal dysfunction (AKI) remains the subject of
much debate and controversy. Although there is concern about the use of these drugs, these concerns are
unfounded. At this time, the experimental and
human data strongly suggest that, in these patients,
vasopressor therapy is certainly safe and probably
beneficial from a renal (and probably general) point
of view. On the basis of currently available evidence,
in hypotensive vasodilated patients with AKI, restoration of blood pressure within autoregulatory values
should occur promptly with noradrenaline and be
sustained until such vasodilatation dissipates. The
additional role of other vasopressors in these situations remains unclear. The addition of vasopressin
may be helpful in individual patients and may have
protective effects on kidney function but widespread
use is not supported by evidence. Alpha-dose dopamine has no advantages over noradrenaline, is not as
reliably effective in restoring blood pressure and urine
output, and its use cannot be supported in patients
with vasodilatation and AKI. Other vasopressor drugs
such as adrenaline and phenylephrine may be similar
in efficacy to noradrenaline. However, experience and
available data with their use is vastly less than with
noradrenaline. Adrenaline, in addition, is associated
with hyperglycemia, hyperlactatemia, acidosis, and hypokalemia. Terlipressin appears useful in patients with AKI
secondary to hepatorenal syndrome. Whether it is superior to noradrenaline in this setting remains uncertain
and more studies are needed before recommendations
can be made.
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Synonyms
Pressors; Vasoconstrictor therapy

Definition
Vasopressor therapy is by strict definition any treatment
that raises blood pressure. As blood pressure is the product
of cardiac output and systemic vascular resistance, then,
any agent that increases either cardiac output or vascular
resistance could be termed a vasopressor. However, in
practice, vasopressor therapy refers to agents that cause
vasoconstriction. Agents that increase cardiac output are
known as inotropes and are dealt with in detail in another
chapter.

Characteristics
Pre-existing Conditions/Indications
Vasopressors are most commonly used when vasodilatation,
and thus hypotension are present. Most commonly within
a general intensive care unit, this will be septic shock but
other inflammatory conditions leading to vasodilatation
include pancreatitis, post-trauma and surgery, particularly
post-cardiopulmonary bypass, and anaphylaxis. Vasopressors may also be required to overcome the vasodilating
effects of other drugs used in the intensive care unit, for
example, inodilators or sedative agents, and also in conditions leading to vasodilatation, for example, spinal cord
injury.
Vasopressors may also be used when there is no
pathology causing hypotension but rather when hypertensive therapy is required. This is common in neurological
ICU when vasopressors may be used to achieve an
increased blood pressure to maintain cerebral perfusion
pressure in the presence of raised intracranial pressure or
to maintain perfusion in the presence of vasospasm due to
aneurysmal subarachnoid hemorrhage. Similarly, vasopressors are used in cardiac arrest in an attempt to maintain cerebral and myocardial perfusion.

Application
An important prerequisite to using vasopressor therapy is
to ensure that a patient has an adequate circulating
intravascular volume. Vasoconstricting a patient who has
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not been adequately fluid resuscitated and remains
hypovolaemic can lead to impaired organ perfusion and
worsening end-organ damage. In severe life-threatening
shock states, it may be necessary to start vasopressor
therapy while fluid resuscitation is still ongoing. In these
scenarios, it is important to repeatedly reassess fluid resuscitation status and vasopressor dose to ensure that excessive vasoconstriction is not occurring in the presence of
hypovolemia.
Another important aspect of vasopressor therapy is
to ensure adequate monitoring of blood pressure. Blood
pressure cuffs, particularly in shock states, can be
unreliable and an intra-arterial cannula provides more
accurate direct measurement. This also allows continuous monitoring, as well as repeated arterial blood sampling, in what may be a rapidly changing situation.
Therefore, an intra-arterial catheter should be inserted
as soon as practical in any severe shock state, when
vasopressors are used or when very accurate control of
blood pressure is required. Measurement of cardiac output and flow may also be useful to fully assess the effect of
vasopressors on the cardiovascular system in these
circumstances.

Goals of Therapy
The aim of vasopressor therapy is to raise systemic arterial blood pressure and maintain end-organ perfusion.
Therefore, vasopressor therapy is best titrated to blood
pressure.
Once blood pressure drops to a certain level,
autoregulation is lost and organ perfusion becomes linearly dependent on arterial pressure. The exact point at
which autoregulation is lost is not clear. A mean arterial
pressure of 60 mmHg is often quoted as the point when
autoregulation is lost in important vascular beds such as
the brain, heart, and kidney, but in acute illness this may
be altered and similarly in the presence of uncontrolled
hypertension this point may also be raised. Recommended
guidelines in septic shock are to maintain a mean arterial
pressure 65 mmHg [1], but in uncontrolled hypertensive
patients this may need to be increased and similarly in
young, normally healthy individuals lower targets may be
acceptable. Assessments of regional and global perfusion
(e.g., consciousness, urine output, and lactate) may also
help titrate vasopressor therapy.
In traumatic brain injury, even short episodes of hypotension are associated with a poor outcome. Therefore,
blood pressure must be strictly maintained with fluid
therapy and vasopressors as needed. Initially, systolic
blood pressure must be kept above a minimum of
90 mmHg, but subsequently, this will often be varied
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once intracranial pressure is monitored and therapy can
be directed at maintaining a targeted cerebral perfusion
pressure.

Categories of Vasopressors
Catecholamines (Adrenergic Agents)
These drugs increase blood pressure by directly stimulating adrenoreceptors and are currently the most commonly
used class of agent administered to increase blood pressure. The affinity for the drugs to differentially stimulate
a and b adrenoreceptors and dopaminergic receptors gives
rise to their individual clinical characteristics (Tables 1
and 2). They are rapidly metabolized to inactive metabolites and therefore have very short half-lives (few minutes),
requiring administration as a continuous infusion, via
a central venous catheter to avoid accidental peripheral
extravasation injury. Prolonged administration can lead to
a downregulation of adrenoreceptors, both reduced number and function, which may reduce response to the agents
over time.

Vasopressor Therapy. Table 1 Summary of major effects of
stimulation of adrenoreceptors and dopaminergic receptors
Receptor Location

Main action(s)

a1

Vascular smooth
muscle constriction

Postsynaptic

Inotropy
Mydriasis
a2

Presynaptic (also in
central nervous
system)

Inhibit norepinephrine
release

b1

Postsynaptic

Inotropy
Chronotropy
Renin release

b2

Postsynaptic

Bronchial smooth
muscle relaxation (and
uterine)
Vascular dilatation
Inotropy and
chronotropy
Glycogenolysis and
lipolysis

DA

Postsynaptic (also in
central nervous
system)

Vasodilatation
(especially renal and
mesenteric vascular
beds)
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Vasopressor Therapy. Table 2 Summary of clinical effects of most commonly used vasopressors
Drug

Typical dose

Epinephrine

Norepinephrine
Dopamine

Vascular
resistance

Cardiac output

Blood pressure

Other comments

0.01–1.0 mg/kg/min **

**

***

Risk of myocardial
ischemia,
arrhythmias, and
lactic acidosis. May
decrease
splanchnic
perfusion

0.01–1.5 mg/kg/min **

,

***

First-line therapy in
septic shock
Risk of arrhythmias

<2–3 mg/kg/min

,

, or *

, or *

3–10 mg/kg/min

*

*

*

10–20 mg/kg/min

**

**

**

Phenylephrine

0.5–8 mg/kg/min

**

, or +

***

Possible + in heart
rate

Vasopressin

Upto 0.04 U/min

**

, or +

**

Possible + in heart
rate

Terlipressin

1–2 mg, 4–6 hourly **
or 1.3 mg/kg/h

, or +

**

Possible + in heart
rate

Epinephrine (adrenaline) is an endogenous catecholamine secreted from the adrenal medulla. It stimulates
both a and b adrenoreceptors but at low doses b effects
predominate. This results in an increased heart rate,
increased stroke volume, and thus increased cardiac output. This can limit its clinical utility as these b effects may
exacerbate myocardial ischemia and arrhythmias.
At higher doses, a effects are more prominent so that
there is more peripheral vasoconstriction and further
increase in blood pressure. Epinephrine is a very potent
vasoconstrictor and there is concern that this may lead to
excessive vasoconstriction and thus reduced perfusion
particularly within the splanchnic circulation. Also lactic
acidosis is a common complication of epinephrine
infusion during septic shock. This may be due to increased
b2-mediated glycogenolysis and glycolysis, combined with
increased lactate production and impaired lactate clearance. This appears to be more pronounced with epinephrine than other catecholamines. The clinical significance
of this increased lactate level is not clear; however, it does
prevent the use of lactate levels as a marker of perfusion to
guide therapy in shock.
Despite these concerns, the potent vasoconstricting
effects combined with the inotropic effects make epinephrine a useful therapy in patients who have severe refractory
septic shock. It is also seen as a simple way of both

increasing blood pressure and cardiac output in septic
shock without requiring multiple drug infusions. In
a multicenter randomized controlled trial, there was no
difference in outcome when epinephrine was compared to
a combination of norepinephrine and dobutamine [2].
However, this trial was powered to detect an absolute
mortality difference of 20% between treatment groups
and so smaller differences in outcome cannot be excluded.
Specific Indications

Cardiac arrest: Epinephrine is recommended as part of
cardiopulmonary resuscitation (CPR) in cardiac arrest. Its
a adrenergic effects can increase coronary and cerebral
perfusion during CPR. It is unclear what effect the b receptor stimulation might have on myocardial work and perfusion. It is recommended that 1 mg of epinephrine should be
given intravenously at 3–5 min intervals during adult CPR.
In children, the dose is 0.01 mg/kg (IV or IO). If venous
access cannot be obtained, epinephrine can be administered
via the endotracheal route. In adults, the dose is 2–2.5 mg
and in children 0.1 mg/kg via the tracheal tube.
Anaphylaxis: Epinephrine is the catecholamine of
choice in life-threatening anaphylaxis. As well as its vasopressor effects, the b effects provide bronchial dilatation
and it also suppresses histamine and leukotriene release
via b2 receptors on mast cell.

Vasopressor Therapy

Outside of critical care settings, the intramuscular
route is preferred as it has a greater margin of safety,
does not require intravenous access, and can be more
easily taught to nonspecialist staff. In adults and children
over 12 years, the dose is 0.5 mg IM (0.5 ml of 1:1,000). In
children between 6 and 12 years, the dose is 0.3 mg IM
(0.3 ml of 1:1,000) and children <6 years 0.15 mg IM
(0.15 ml of 1:1,000). These doses can be repeated at 5 min
intervals if the patient’s condition requires. If experienced
in its use, epinephrine can be given intravenously to treat
anaphylaxis in 50 mg boluses (0.5 mls of 1:10,000) and
repeated as needed. In specialist pediatric settings, a dose
of 1 mg/kg can be used but should be titrated according to
response.
Norepinephrine (noradrenaline) is another endogenous catecholamine secreted from the adrenal medulla
and the synapses of postganglionic sympathetic nerve
fibers. It stimulates predominantly a1 adrenoreceptors
but does have some mild b1 agonist effects. It is therefore
used for its potent vasoconstricting effects and is commonly used to treat the vasodilatation in septic shock
when cardiac output is maintained. In these situations,
norepinephrine can restore or improve organ perfusion
notably of the splanchnic and renal vascular beds. The
increased systemic vasculature resistance and rise in
blood pressure increases afterload and thus cardiac output
can fall. Often, however, cardiac output is maintained or
can be increased, perhaps due to b1 receptor stimulation
and/or improved coronary perfusion due to the increased
coronary perfusion pressure. If cardiac output does fall,
then an inotropic agent (such as dobutamine) can be
added. Conversely, norepinephrine can be added to inotropic therapy (e.g., milrinone or dobutamine) to counterbalance the vasodilatory effects of these agents.
International guidelines for the management of sepsis
recommend both dopamine and norepinephrine as firstline vasopressors in the management of septic shock [1].
Since these guidelines were published, a large randomized
controlled trial has compared these two agents in the
treatment of shock [3]. Although there was no statistically
significant difference in survival, there was a far greater
incidence of arrhythmias in those patients treated with
dopamine compared to norepinephrine (24.1% vs.
12.4% respectively, p < .001) and the study drug had
to be stopped in 6.1% of patients in the dopamine
group compared to only 1.6% in the norepinephrine
group (p < .001). Therefore, norepinephrine should probably now be considered the preferred vasopressor in shock.
Dopamine is a natural precursor of both norepinephrine and epinephrine. Its effects are dose dependent. At
low doses (<2–3 mg/kg/min), dopaminergic receptors are
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stimulated leading to vasodilatation and increased
splanchnic and renal blood flow. At doses 3–10 mg/kg/
min b1 adrenergic effects predominate, producing
increased heart rate and cardiac contractility, and at
doses above 10 mg/kg/min a effects predominate producing vasoconstriction. In the clinical setting, there is a much
greater overlap of the pharmacokinetic effect of dopamine
than these specific dosing effects measured in healthy
volunteers. Also dopamine increases norepinephrine
release adding to its cardiac and vasopressor effects.
The effect of dopamine receptor stimulation on renal
blood flow led to the use of low-dose dopamine as a renal
protective agent. However, no evidence of any improvement in renal function (serum creatinine or need for renal
replacement therapy) has been seen in controlled trials of
low-dose dopamine [4] and it is therefore no longer
recommended [1].
As well as the higher incidence of arrhythmias seen in
a recent large controlled trial of dopamine (see above [3]),
there have also been reports that dopamine might reduce
splanchnic blood flow compared to norepinephrine and
also that it may suppress hormones secreted from the
anterior pituitary. Although the significance of this is not
fully understood, it is unlikely to be beneficial. Therefore,
there seems to be little reason to recommend dopamine as
the preferred vasopressor in septic shock. One potential
benefit is that dopamine can be administered via a large
peripheral vein. Therefore, if central venous access has not
been secured, or is technically not feasible, dopamine
might be considered initially.
Phenylephrine is a synthetic selective a1 agonist and is
almost a pure vasopressor with little or no direct cardiac
effect. It therefore has less effect on heart rate than norepinephrine and may cause a reflex bradycardia as well as
potentially decreasing stroke volume by increasing
afterload.
Ephedrine is a nonselective vasopressor stimulating
both a and b adrenoreceptors and also increases noradrenaline release from sympathetic nerve endings.
Metaraminol is a synthetic amine that acts as
a vasopressor via direct a-adrenoreceptor stimulation
and also indirectly via epinephrine and norepinephrine
release. Both ephedrine and metaraminol are rarely used
in the intensive care unit and are most commonly used in
anesthesia to counteract the hypotensive effects of anesthetic agents.

Vasopressin and Analogues
Arginine vasopressin is an endogenous hormone secreted
from the posterior pituitary. In health, vasopressin acts
primarily as antidiuretic hormone (ADH), resulting in
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free water retention by the kidney and has little effect
on arterial pressure. In shock, vasopressin concentration increases and maintains arterial blood pressure by
acting as a potent vasoconstrictor through stimulation
of V1 receptors, located on vascular smooth muscle
cells. However, in septic shock, a relative vasopressin
deficiency has been described possibly due to impaired
secretion and depletion of vasopressin stores in the
neurohypophysis.
Vasopressin may have a beneficial vasoconstrictor
profile due to its interaction with a family of vasopressin receptors. It has been suggested that heterogeneity of
the distribution of V1 receptors may lead to
a preferential constriction of renal efferent compared
to renal afferent arteries thus increasing renal perfusion
pressure. Also stimulation of V2 receptors and oxytocin
receptors (which have an equal affinity for vasopressin
and oxytocin) may lead to vasodilatation in some
vascular beds. Furthermore, patients who have septic
shock are very sensitive to the vasopressor effects of
vasopressin, in contrast to the blunted response to
catecholamines.
This has led to the use of exogenously administered
low-dose vasopressin, and its analogues, to treat the vasodilatation seen in septic shock. Despite a number of small
studies demonstrating the catecholamine sparing effect of
vasopressin and beneficial effects on organ function (most
notably renal function), a recent large multicenter study
(VASST) found no significant difference on outcome
between vasopressin and norepinephrine in established
septic shock [5]. However, in the predefined stratum of
less-severe shock (defined as 5–14 mg/min of norepinephrine prior to randomization), there was a significantly
lower mortality in the vasopressin group compared to
the norepinephrine group (26.5% vs. 35.7% respectively,
p = .05). Further studies are required to fully understand
exactly which patients may benefit most from vasopressin
therapy.
Although there have been a number of reports of
adverse effects of vasopressin, mainly due to its powerful vasoconstrictor effects, there was no difference in
reports of serious adverse events in the VASST study
between the norepinephrine- and vasopressin-treated
patients [5]. This has led to the Surviving Sepsis Campaign guidelines suggesting “vasopressin, 0.03 units/min,
may be added to norepinephrine subsequently with anticipation of an effect equivalent to that of norepinephrine
alone.” [1].
Terlipressin is a synthetic analogue of vasopressin. It
has a longer half-life than vasopressin (4–6 h compared to
10–20 min, respectively) and therefore can be given by

intermittent intravenous bolus dose (0.5–2 mg, 4–6 h).
There has been concern that this might lead to excessive
vasoconstriction and therefore continuous low-dose infusions have been proposed (1.3 mg/kg/h). It has been
suggested that its longer duration of action may prevent
rebound hypotension that has been reported using vasopressin infusions. It is also a more selective V1 receptor
agonist than vasopressin.
To date, there have been no large controlled trials
of terlipressin in septic shock and therefore there is
no evidence to support its use in preference to vasopressin. However, vasopressin is not commercially
available in all countries (particularly within Europe)
and therefore it is a logical alternative in these
circumstances.
Specific Indications

Cardiac arrest: Vasopressin has been proposed as
a possible vasoconstrictor in cardiac arrest. To date, there
is no evidence that the effect of vasopressin on outcome is
different to that of epinephrine. The American Heart
Association 2005 resuscitation guidelines state that “one
dose of vasopressin (40 units IV or IO) may replace either
the first or second dose of epinephrine” in the treatment of
cardiac arrest.
Bleeding esophageal varices: Both vasopressin (5–20
units IV, 4 h) and terlipressin (1–2 mg IV, 4–6 h) can be
used to control variceal bleeding in portal hypertension, as
an adjunct to more definitive treatment.
Hepatorenal syndrome: Another vasopressin analogue
ornipressin has been shown in a number of studies to
improve kidney function in hepatorenal syndrome, but
was complicated by ischemic side effects. More
recently, terlipressin, in combination with human
albumin solution, has been successfully used in
hepatorenal syndrome and without significant ischemic
complications.

Nitric Oxide Inhibitors
N-monomethyl-l-arginine hydrochloride (l-NMMA).
Nitric oxide (NO) production is increased in septic
shock and is partly responsible for the vasodilatation,
hypotension, and decreased responsiveness to vasopressors that result. Nitric oxide synthase (NOS) can be
inhibited with l-arginine analogues, reducing NO production and reversing the vasodilatation in septic shock.
l-NMMA (a nonselective NOS inhibitor) has been shown
to restore blood pressure in septic shock but also reduce
cardiac output. Despite its efficacy as a vasopressor agent,
in a phase III study there was a higher mortality rate in the
treatment arm leading to early termination of the study.

Venezuelan Hemorrhagic Fever

The exact mechanism of this excess mortality is not known
but possibilities include the worsening of cardiac function
in patients with hypodynamic shock and also the effect of
inhibiting other NOS isoforms, resulting in a loss of the
protective effects of NO on regional perfusion and the
immune system.
Methylene blue inhibits guanylate cyclase and therefore
blocks the guanylate cyclase-dependent actions of NO on
the vasculature in septic shock. It may also directly inhibit
NOS and have other effects such as reducing generation of
reactive oxygen species and proinflammatory cytokines.
Small clinical studies in septic shock have shown that
methylene blue can increase blood pressure, improve
myocardial function, and reduce catecholamine use. However, larger clinical trials need to be carried out before
methylene blue can be routinely used in the management
of septic shock.

4.

5.
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Vasopressors
Substances causing vasoconstriction. Generalized vasoconstriction usually results in an increase in systemic
blood pressure, but it may also occur in specific tissues
causing a localized reduction in blood flow.
▶ Vasopressor Drugs in Acute Kidney Injury

Other Vasopressor Agents
Corticosteroids have been extensively studied in septic
shock but there remains uncertainty about their role
in patient management. Physiological or low-dose
hydrocortisone (200 mg/day) improves vascular
responsiveness to both endogenous and exogenously
administered catecholamines, increasing blood pressure and leads to earlier resolution of shock. However, there is no clear effect on mortality. Therefore,
hydrocortisone is only recommended in septic shock
when the blood pressure is poorly responsive to
fluid resuscitation and other vasopressor therapy [1].
Corticosteroids are discussed in more detail in other
chapters.
Angiotensin is an endogenous peptide that is a very
powerful vasoconstrictor, directly acting on vascular
smooth muscle and indirectly by stimulating the sympathetic nervous system and increasing catecholamine production from the adrenal medulla. Its use has been
reported in severe refractory septic shock, but there are
concerns about its effect on cardiac output and regional
blood flow and it is therefore not currently recommended
for clinical use.

References
1.

2.

3.

Dellinger RP et al (2008) Surviving sepsis campaign: international
guidelines for management of severe sepsis and septic shock: 2008.
Crit Care Med 36(1):296–327
Annane D et al (2007) Norepinephrine plus dobutamine versus
epinephrine alone for management of septic shock: a randomised
trial. Lancet 370(9588):676–684
De Backer D et al (2010) Comparison of dopamine and norepinephrine in the treatment of shock. New Engl J Med 362
(9):779–789

Vasoreactivity Test [4]
It should be performed at the time of diagnostic RHC to
identify patients who may benefit from long-term therapy
with calcium channel blockers. Acute vasodilator challenge should only be performed with short-acting, safe,
and easy to administer drugs with no or limited systemic
effects. Currently the agent most used in acute testing is
inhaled nitric oxide. Intravenous epoprostenol or intravenous adenosine may also be used as an alternative but with
a risk of systemic vasodilator effects.

VAT
Ventilator-Associated Tracheobronchitis (VAT).

Vegetative State
▶ Coma

Venezuelan Hemorrhagic Fever
▶ Biological Terrorism, Hemorrhagic Fever
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▶ Venous Oxygen Saturation, Central and Mixed

Venous Oxygen Saturation,
Central and Mixed
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Synonyms
ScvO2 (central venous oxygen saturation); SvO2 (mixed
venous oxygen saturation); Venous oximetry

Definition
Mixed venous oxygen saturation is the oxygen saturation
measured in the blood taken from the pulmonary artery.
In general, a pulmonary artery catheter is necessary to
measure SvO2. The term “mixed” refers to the fact that
the pulmonary artery carries the venous blood from the
whole body as a mix of the blood from the inferior and
superior vena cava. In contrast, the central venous oxygen
saturation is measured in the blood taken from the superior vena cava usually via a central venous catheter, thus,
reflecting venous blood from the upper body only.

Pre-existing Condition
Venous oximetry is applied to monitor the adequacy of
tissue oxygenation. This indication is derived from the
Fick principle, where O2 consumption is equal to the
product of cardiac output and the arteriovenous O2 content difference. When the equation is solved for SvO2, this
parameter is proportional to the ratio of O2 consumption
and cardiac output. Therefore, SvO2 will decrease if
cardiac output falls or O2 consumption rises and vice
versa [1]. A drop in SvO2 is not necessarily an indication
of tissue hypoxia, as it is part of the body’s compensation
mechanism when a mismatch between tissue O2 needs and
O2 delivery occurs. However, progressive mixed venous
oxygen desaturation suggests that these compensation
mechanisms are exhausted. Several studies have demonstrated that such a condition is associated with a higher
mortality or increased rates of organ dysfunctions.
Resuscitation from shock is the most important application of venous oximetry. As the recommendation for

insertion of a pulmonary artery catheter has been limited
due to several negative studies for this monitoring technique, most current trials address central venous oximetry.
Although algorithms using ScvO2 as a treatment goal have
been developed and investigated in smaller studies, large
multicenter trials are missing for most applications.
Therefore, no high-grade recommendations for a general
application of venous oximetry can be made.

Common Indications
Septic Shock
The initial resuscitation from septic shock is the beststudied application of ScvO2. As septic shock is
a combination of hypovolemia, vasodilation, septic cardiomyopathy, and microcirculatory dysfunction, ScvO2 is
part of a complex algorithm also including serum lactate,
mean arterial blood pressure, and central venous pressure.
This concept is called Early Goal-Directed Therapy
(EGDT) and was successfully studied in a prospective
study [2].
The initial therapy of septic shock should aim to
achieve a ScvO2 of 70%. As the SvO2 is lower than the
ScvO2 in patients with septic shock, a treatment goal of
65% has been defined when using the SvO2. This goal has
also been adopted by the international guidelines for the
therapy of sepsis [3]. The application of venous oximetry
in patients with septic shock addresses a time frame of the
first 6 h of resuscitation. However, venous oximetry for
maintaining adequate circulation is often used beyond
initial resuscitation. Although such an approach makes
sense, it remains yet unproven by prospective studies.
Main criticism of the study addressing EGDT is that
this was a monocentric study whose results were never
proven somewhere else. So far, effectiveness of EGDT has
been further studied in some observational trials. The
ScvO2 goal of 70% was also part of research about
implementing international guidelines of sepsis therapy.
Further large multicenter studies about this issue are currently ongoing.

Perioperative Setting
Patients with major abdominal surgery have an increased
risk of postoperative complications when central venous
desaturation occurs during surgery. Indeed, frequency of
organ dysfunction and hospital length of stay can be
reduced when applying a treatment algorithm where the
ScvO2 is maintained above 70% in these patients [3].
Measurements of ScvO2 were taken hourly. Postsurgical
patients in an ICU setting are also prone to complications
in case of low SvO2 or ScvO2 saturations. A treatment goal
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of SvO2 >70% and lactate 2 mmol/l in patients after
elective heart surgery during their first 8 h after surgery
was associated with a shorter ICU and hospital length of
stay in a large randomized trial [4]. ScvO2 may also be
used in the postoperative care of cardiac surgery patients
as shown in a smaller study. Other postsurgical patients
may profit from normalization of ScvO2 as shown in small
studies in abdominal surgery patients. However, such
treatment algorithms have not been verified in larger
trials.

Other Indications
Venous oximetry for monitoring cardiogenic shock was
already implemented in the 1960s. Indeed, a drop in the
SvO2 correlates well with a decrease in cardiac output.
However, the treatment goals for venous oximetry have
not been tested prospectively in the therapy of cardiogenic
shock. Venous oximetry is not explicitly recommended as
treatment goal in the current guidelines for therapy of
acute heart failure.
Venous oximetry has also been applied in emergency
medicine (polytrauma and cardiopulmonary resuscitation). Studies could show that a low ScvO2 despite normal
blood pressure suggests inadequate resuscitation and is
related to poor outcome. Again, there are no prospective
studies available where venous oximetry is part of
a treatment algorithm.

Application
Venous oximetry can be applied by continuous as well as
intermittent measurements. For intermittent measurement of SvO2, blood is sampled from the distal line of
a pulmonary artery catheter. The oxygen saturation is
measured by conventional blood gas analysis. Similarly,
blood for ScvO2 measurement is obtained from the distal
line of a central venous catheter positioned in the superior
vena cava. Oxygen saturations are different between the
upper and the lower vena cava. Thus, the treatment goals
of ScvO2 generated by the currently available studies,
which always used upper vena cava catheters, cannot be
transferred to central venous catheters introduced via
a femoral vein.
Continuous measurement of the oxygen saturation is
achieved by infrared oximetry. Light is transmitted into
the bloodstream through a fiberoptic and reflected by the
erythrocytes (reflection spectrophotometry). The amount
of light reflected at different wavelengths depends on
the concentration of oxyhemoglobin and hemoglobin.
The reflected light is again transmitted back through
the fiberoptic to a photo detector and the result is
displayed on an external monitor. Infrared oximetry
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needs calibration with blood gas analysis at least once
after the initiation of the measurement. However, further
calibrations each 8–12 h are recommended due to shifts in
the measured saturations. Both central venous as well as
pulmonary arteries equipped with fiberoptics are commercially available. Central venous oximetry can also be
applied by fiberoptic catheters that can be introduced into
the distal line of a conventional central venous catheter
already in place.
The continuous measurement technique is more
costly due to the higher technical complexity and the
necessity to use special catheters. However, intermittent
measurements may be laborious for the nursing staff
when measurements are done frequently. This needs to
be taken into account when deciding about the choice
of monitoring technique in patient with inadequate
circulation.

Limitations
Measurement of SvO2 is the gold standard of venous
oximetry. ScvO2 more and more replaces SvO2 in the
daily practice due to the ease of application. However,
many studies pointed to the fact that both parameters
are not equal. ScvO2 is greater than the ScvO2 in healthy
humans since O2 extraction of the upper body is higher
than O2 extraction of the lower body. This physiological
condition does not hold true under most clinical conditions where ScvO2 exceeds SvO2 (Table 1). That is, sedation or general anesthesia reduce cerebral oxygen need
and, thus, ScvO2 increases more than SvO2. It is therefore
not possible to predict SvO2 from ScvO2 measurements.
Nevertheless, ScvO2 changes are closely mirrored by
changes in ScvO2. This was verified in a large study
under varying hemodynamic conditions [5]. Figure 1
shows continuous recordings of SvO2 and ScvO2 during
the development of septic shock.
Venous oximetry reflects whole body tissue oxygenation and is therefore unable to detect inadequate oxygen
supply to single organs. Thus, normal ScvO2 or SvO2

Venous Oxygen Saturation, Central and Mixed. Table 1
ScvO2 exceeds SvO2 under clinical conditions
Condition
Elevated intracranial
pressure

Difference between SvO2
and ScvO2 (%)
10.7

Sepsis

7.9

Sedation

7.3

V

V

Ventilation-Associated Pneumonia

100
SvO2

95

ScvO2

90
Saturation (%)

2426

85

Ventilation-Associated
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Venous Oxygen Saturation, Central and Mixed. Figure 1
Course of mixed venous (SvO2) and central venous (ScvO2)
oxygen saturations over several days in a septic patient who
developed septic shock on day 3

values do not always outrule tissue hypoxia. If there is
progressive organ dysfunction or increasing serum lactate
values despite normal venous oximetry, this technique is
at its limits and other hemodynamic endpoints need to be
chosen.
Venous oximetry can assess adequacy of tissue oxygenation only if O2 extraction occurs. Venous hyperoxia suggests that tissue O2 extraction has ceased. Such conditions
are associated with a very high mortality.
Patients with chronic heart failure commonly show
ScvO2 and SvO2 values of about 50% since their O2 need
mainly depends on changes in O2 extraction. A treatment
goal of ScvO2 greater than 70% is usually not achievable in
these patients.
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Ventilator Circuits
DEAN HESS
Respiratory Care, Massachusetts General Hospital,
Boston, MA, USA

Synonyms
Ventilator hose; Ventilator tubing

Definition
The ventilator circuit is used to deliver gas from a positive
pressure ventilator to the patient. It is typically comprised
of tubing that is 22 mm of inside diameter, but can be
smaller for neonatal and pediatric circuits. A humidifier,
a nebulizer for inhaled drug delivery, and gas-monitoring
devices such as an oxygen analyzer and a spirometer can be
added to the circuit.
There are three types of circuits commonly used
(Fig. 1). For critical care ventilators, dual limb circuits
are used and these have inspiratory and expiratory valves.
The expiratory valve closes during the inspiratory phase
and the inspiratory valve closes during the expiratory
phase. There are separate hoses for the inspiratory and
expiratory gas so that there is segregation of the inspiratory and expiratory gases. In modern critical care ventilators, the inspiratory and expiratory valves are usually
incorporated into the ventilator. For portable ventilators,
a single-limb circuit is used with an exhalation valve near
the patient. The expiratory valve is closed during the
inspiratory phase to prevent loss of delivered tidal volume. During exhalation, the expiratory valve opens and
the inspiratory valve closes. Because the expiratory valve
is near the patient, rebreathing is minimized. For bilevel
ventilators, a single limb circuit is used. A leak port is

Ventilator Circuits

Leak
Patient

Ventilator
Single limb

Patient

Ventilator
Single limb

Ventilator

Active exhalation
valve

Patient

Ventilator Circuits. Figure 1 Circuits used with positive
pressure ventilators

V

2427

pre-use check and adjust ventilator output for the effects
of compressible volume. Thus, the volume chosen by the
clinician represents the actual delivered VT after correction
for the effect of compressible volume.
The effect of compressible volume on delivered tidal
volume is given by the relationship:
VT ðptÞ ¼ ½1=ð1 þ Cpc=CrsÞ  VT ðventÞ
where VT(pt) is the VT delivered to the patient, Cpc is the
compliance of the ventilator circuit, Crs is the compliance
of the respiratory system, and VT(vent) is the VT from the
ventilator circuit. The effect of compressible volume on
auto-PEEP is calculated as:
PEEPi ¼ ðCrs þ CpcÞ=Crs  estimated PEEPi
where PEEPi is the patient’s actual auto-PEEP and estimated PEEPi is that measured (including the ventilator
circuit). The effect of compressible volume on plateau
pressure can be calculated as:
Pplat ¼ ðCrs þ CpcÞ=Crs  estimated Pplat

present, which serves as a passive exhalation port for the
patient. In some configurations, the leak port is incorporated into the circuit near the patient. In other
configurations, the leak port is incorporated into the
interface.

Pre-existing Condition
A clean and sterile ventilator circuit should be used when
positive pressure ventilation is initiated. In some cases,
a single-patient-use circuit is used. In other cases, the circuit
is cleaned and sterilized between patients. Current evidence
suggests that the frequency of in-use ventilator circuit
changes does not affect the risk of ventilator-associated
pneumonia. The current standard is that circuits should
not be changed on a routine interval but only when they are
soiled, when they malfunction, and between patients [1].
It is important to perform the pre-use circuit check
before attaching it to the patient. The pre-use check determines that the circuit is leak-free. It also determines
the compressible volume of the circuit. Because of the
gas compression within the ventilator circuit and
the compliance of the ventilator circuit tubing, as much
as 3–5 mL/cm H2O can be compressed in the ventilator
circuit. In other words, at a peak airway pressure of 25 cm
H2O, about 100 mL of the gas delivered from the ventilator will not be delivered to the patient. For patients ventilated with a small VT, compressible gas volume can
greatly affect alveolar ventilation. Most modern ventilators determine the compressible volume during the

where Pplat is the patient’s actual plateau pressure and
estimated Pplat is that measured (including the ventilator
circuit). Finally, the effect of compressible volume on
mixed exhaled PCO2 is calculated as:
PECO2 ðptÞ ¼ PECO2 ðpcÞ  ½VT ðventÞ=VT ðptÞ
where PECO2 ðptÞ is the patient’s actual PECO2 and
PECO2 ðpcÞ is the mixed exhaled PCO2 from the ventilator
circuit.
The mechanical dead space of the circuit should also
be considered. Dead space is that part of the ventilator
circuit through which the patient rebreathes and thus
becomes an extension of the patient’s anatomic dead
space. Mechanical dead space decreases alveolar ventilation and increases the PaCO2 [2]. This is particularly an
issue when low-tidal-volume lung-protective ventilation
is used.

Application
The circuit should be configured to provide humidification of the gas delivered to the patient. There are two
general types of humidifiers: passive humidifiers and
active humidifiers.
Passive humidifiers, also called heat-and-moisture
exchangers or artificial noses, are attached between the
circuit and the artificial airway. They collect heat and
humidity from the exhaled gas and return it to the patient
on the subsequent inhalation. Some passive humidifiers
have both humidification and antibacterial filtering properties. Because the patient breaths through the passive
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humidifier, resistance and dead space are important issues.
The resistance of these devices at 1 L/s varies among
manufacturers, from 0.4 cmH2O/L/s to 3.9 cmH2O/L/s.
The dead space of these devices ranges from 22 to 101 mL.
The authors of a recent study [3] concluded that the
humidification performance of many passive humidifiers
was much lower than recommended, which puts patients
at risk for endotracheal tube occlusions.
An active humidifier passes the gas over a heated water
bath inserted into the ventilator circuit. In some cases, the
circuit is heated to reduce condensation in the circuit.
Active humidification systems are designed to deliver
100% relative humidity at body temperature (44 mg/L).
Because current systems only measure temperature, and
not humidity, there is the potential to deliver gas of sufficient temperature, but insufficient humidity. This is of
particular concern with the use of heated circuits, which
are designed to keep the circuit dry but might result in
inadequate inspired humidity. Clinicians should inspect
the circuit for the presence of condensation in the inspiratory circuit near the patient, which suggests that humidity delivery may be adequate.
Aerosolized medications are commonly administered
to mechanically ventilated patients. Since many factors

Ventilator-related
• Ventilation mode
• Tidal volume
• Respiratory rate
• Duty cycle
• Inspiratory waveform
• Breath-triggering mechanism

influence the amount of drug deposited in the lower
respiratory tract (Fig. 2), administration technique needs
to be carefully controlled. The available evidence supports
that a metered dose inhaler or nebulizer can be inserted
into the ventilator circuit and used to effectively deliver
inhaled medications during mechanical ventilation. With
proper technique of administration, drug deposition in
the lower respiratory tract of ventilator-supported patients
is comparable to that achieved in ambulatory patients [4].
The details of aerosol delivery during mechanical ventilation are described in detail elsewhere [5].
For many current-generation ventilators, a bias flow is
passed through the circuit during exhalation. This is done
to improve patient triggering. However, with this configuration, it is difficult to accurately analyze gasses collected
from the exhalation port of the ventilator for dead space or
metabolic studies. Monitors are available to measure CO2
at the proximal airway. This allows measurements of dead
space and carbon dioxide production that are unaffected
by the bias flow in the circuit.
It is important that the ventilator circuit is unobstructed,
which might be due to a kink in the circuit or accumulation
of water in the circuit. Water that accumulates in the circuit
should be drained at regular intervals and the use of water

Device-related MDI
• Type of spacer or adapter
• Position of spacer in circuit
• Timing of MDI actuation
• Type of MDI

Device-related Nebulizer
• Type of nebulizer
• Fill volume
• Gas flow
• Cycling: inspiration vs continuous
• Duration of nebulization
• Position in the circuit

Drug-related
• Dose
• Formulation
• Aerosol particle size
• Targeted site for delivery
• Duration of action

Patient-related
• Severity of airway obstruction
• Mechanism of airway obstruction
• Presence of dynamic hyperinflation
• Patient–ventilator synchrony

Circuit-related
• Endotracheal tube size
• Humidity of inhaled gas
• Density of inhaled gas

Ventilator Circuits. Figure 2 Factors influencing aerosol delivery in mechanically ventilated patients (From [5])
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traps may be helpful. The water removed from the circuit
should be treated as contaminated waste. Care should also
be taken to avoid contamination of the interior of the
ventilator circuit when water is removed or when the circuit
is opened for any reason.
Care must also be taken to avoid the circuit pulling on
the artificial airway. A support arm on the ventilator can
be used to hold the circuit to minimize this problem. The
circuit must also be securely attached to the airway to
avoid inadvertent disconnection. This connection should
be snug enough to minimize disconnection but not so
snug that the circuit cannot be disconnected when
necessary.
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Ventilator-Associated Pneumonia
ANDREW M. MORRIS
Mount Sinai Hospital and University Health Network,
University of Toronto, Toronto, ON, Canada

Synonyms
Hospital-acquired pneumonia; Nosocomial pneumonia

Definition
Ventilator-associated pneumonia (VAP) is generally defined
as pneumonia acquired more than 48 h after being
intubated. Numerous criteria for defining VAP (including
the increasingly used clinical pulmonary infection score or
CPIS) have been proposed, but most lack proper validation.
The pathogenesis of essentially all forms of bacterial pneumonia is colonization of the upper airway with potentially
pathogenic organisms, followed by aspiration and subsequent replication of these bacteria in the lower respiratory
tract. The environment, healthcare providers, and the
patient’s sinuses and stomach have all been implicated as
the initial bacterial source.

Epidemiology
VAP is suspected in 9–27% of all ventilated patients, with
the risk believed to be highest during the earliest period
following intubation and diminishing thereafter [1].
In Ontario, Canada (population 13 million), there are
2.95 cases of VAP per 1,000 ventilation days. Most recent
estimates are approximately 52,543 cases of VAP each year
in the USA [2].

Prevention
Known risk factors in the development of VAP include the
method of ventilation, type of ventilation circuitry, patient
positioning, gastric pH, and oral microbial ecology.

Method of Ventilation

Ventilator Support
▶ Tracheal Intubation in Acute Procedures

Although self-evident, it is worth mentioning that the best
way to reduce VAP is to reduce the use of endotracheal
intubation by means of aggressive weaning strategies
coupled with liberal use of noninvasive positive pressure
ventilation (when safe to do so).

Ventilation Circuitry

Ventilator Tubing
▶ Ventilator Circuits

Changing the ventilation circuitry less frequently than
every day reduces the incidence of VAP, and it is safe
to change the circuitry as infrequently as once weekly.
Additionally, ventilator circuits equipped with heat
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moisture exchangers confer lower rates of VAP than
circuits equipped with heat humidifiers. It is unclear if
there is a difference in incidence of VAP between open
and closed suctioning systems. Ventilation systems
with subglottic secretion drainage appear to reduce
the incidence of VAP.

Patient Positioning
Elevating the patient’s head by maintaining the bed at an
angle of 45 above horizontal has been widely advocated as
a measure to reduce VAP, although it is only supported by
one study (with a second, lower quality failing to show
evidence of benefit); harm from this maneuver seems
unlikely.

Gastric pH
The risk of VAP is inversely correlated with the degree of
gastric acid suppression. In a trial comparing ranitidine
(which raises gastric pH) and sucralfate for stress ulcer
prophylaxis, VAP occurred in 19.1% of patients in the
ranitidine group, compared with 16.2% in the sucralfate
group. The benefit of sucralfate on VAP was offset, however, by a 2.1% increased absolute bleeding risk compared
to ranitidine.

Oral Microbial Ecology
Selective decontamination of the digestive tract (SDD)
involves preventing secondary colonization of the digestive tract by using nonabsorbable antibiotics in the
oropharynx and gastrointestinal tract, along with preemptive treatment of possible respiratory tract infections with cephalosporins in the first 4 days in the
ICU, and maintaining intestinal flora by using antimicrobials without anaerobic activity. Selective oropharyngeal decontamination (SOD) uses topical antiseptics or
antibiotics in the oropharynx alone. Underpowered
studies demonstrated benefit of both strategies, and
meta-analyses suggested that SOD reduces VAP, whereas
SDD reduces VAP and mortality in critically ill patients,
but that the effect may be limited to surgical patients.
A recent large multicentre trial failed to demonstrate
crude in-hospital mortality benefit, despite demonstrating a 3.5% reduction of 28-day mortality with SDD,
and a 2.9% reduction with SOD after adjustment for
prognostic factors. With additional concerns of antibiotic resistance and group imbalance, it is unlikely SDD
or SOD will be universally adopted.

Treatment
Discussion of management here is limited to antimicrobial therapy. If one accepts the premises that optimal

therapy demands an understanding of local microbiology,
and that microbiology varies among locations, development of generic recommendations for specific antimicrobial therapy for the treatment of VAP should be avoided.
Because of the inherent limitations of such an approach,
such guidelines often recommend very broad-spectrum
empiric therapy, including agents active against
methicillin-resistant Staphylococcus aureus and drugresistant Gram-negative organism (such as Pseudomonas,
Acinetobacter, etc.). Treatment should be guided by the
following principles:
(a) Initial treatment should be active against organisms circulating in your ICU at the time, and
likely to colonize your patient. This demands
close collaboration with the microbiology laboratory. Whether all potential organisms should be
treated up-front is unclear at present, although few
would question the need to cover most potential
organisms.
(b) Therapy for 8 days is sufficient for most cases of
VAP (and many centers assume 7 days would
suffice). In a randomized controlled trial,
patients with VAP due to S. aureus or non-lactose-fermenting agents (e.g., Pseudomonas) were
more likely to have a recurrence with 8 days therapy
compared with 15 days, but resistance was less and
mortality was not different.
(c) Patients who undergo bronchoalveolar lavage
(BAL) with quantitative cultures can safely have
treatment tailored to the culture results. Patients
with negative cultures can have their antibiotics
discontinued.
(d) Patients with a low-risk of having VAP according to
a clinical pulmonary infection score (CPIS) 6 can
safely be treated with a short-course (3 days) of
antibiotics; withholding antibiotics altogether in
this group may also be reasonable, although has
not been formally evaluated.
(e) There are no clinical benefits apparent from combination antibiotic therapy compared to monotherapy
for VAP, as long as the spectrum of activity closely
mirrors the microbial ecology of the patients being
treated.

Evaluation
There are no reliable methods for diagnosing VAP. In
particular, clinical features have been shown to be
nonspecific and insensitive for VAP in patients proceeding to autopsy. Attempts at validating chest x-ray
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have also demonstrated limited ability to confirm the
diagnosis. Whether or not microbiologic diagnosis
from endotracheal specimens or bronchoscopy with
bronchoalveolar lavage are any better at making the
diagnosis is uncertain because of the lack of an acceptable gold standard. Bronchoalveolar lavage with quantitative cultures does appear to reduce unnecessary
antibiotic use without harming outcomes compared
with endotracheal aspirates, but the two strategies do
not differ in meaningful clinical outcomes if such
patients are at low risk for multidrug-resistant organisms and have been given very broad-spectrum therapy
up-front. Even pathologists appear unable to consistently make the diagnosis of VAP. The US Center for
Disease Control has published definitions for VAP
comprised of a combination of clinical and radiographic features that are decidedly vague and lack
validation. Strict definitions that combine modalities
are also problematic. Because of these problems,
I support the increasingly used “suspected VAP,”
which highlights the uncertainty of the diagnosis.
Using the CPIS to risk-stratify (rather than diagnose)
patients with suspected VAP – and then manage
accordingly – seems to be the best we can expect to
achieve.

Prognosis
The mortality of VAP ranges from 24% to 50%. Whether
or not there is an increased attributable mortality due to
VAP is uncertain because of inconsistent findings. Mortality associated with VAP from multidrug-resistant
organisms may be increased.

Economics
The attributable patient cost of VAP in the USA
ranges from $19,633 to $28,508, costing US hospitals
$1.03–1.50 billion annually [2].

Cross Reference
▶ Burns Infections
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Ventilator-Induced Kidney Injury
(VIKI)
▶ Pulmonary-Renal Syndrome

Ventricular Arrhythmias
DAVID BACON1, BARBARA J. PHILIPS2
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St. George’s University of London, London, UK

Synonyms
Ventricular dysrhythmias; Ventricular fibrillation; Ventricular tachyarrhythmia; Ventricular tachycardia

Definitions and Diagnosis
Ventricular arrhythmias are disordered cardiac complexes arising from the ventricles without atrial or
nodal influence. They range from single premature
ventricular complexes (PVC) through ventricular
tachycardias (VT) to ventricular fibrillation (VF)
(Table 1) [1, 2]. The QRS complexes are broad
(>120 ms) and may be monomorphic arising from
a single site or they may be multifocal and therefore
polymorphic.
PVCs are usually focal and may or may not indicate an underlying structural disease. Rhythms such as
single PVCs, bigemeny, and trigemeny, particularly if
the extra complexes are uniform, are rarely sinister in
the otherwise well patient, although in patients with
known ischemic heart disease, their presence may predict risk particularly if frequent (>10 per hour) [1].
More than three consecutive PVCs are considered ventricular tachycardia, nonsustained if lasting <30 s and
sustained if lasting >30 s or associated with cardiovascular
compromise. The significance and risk of nonsustained
monomorphic ventricular tachycardias (NMVT) varies
according to a variety of factors including age (>30
years), exercise-induced VT, and underlying heart
disease [1].
Multifocal, polymorphic rhythms are mostly sinister, regardless of history of underlying heart disease.
They are most often seen in patients with structural
abnormalities such as ischemic heart disease or cardiomyopathy but may also occur in structurally normal
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Ventricular Arrhythmias. Table 1 Ventricular arrhythmias
Ventricular
rhythm

Definition

Nonsustained VT >3 consecutive ventricular beats,
rate >100 bpm, terminating
spontaneously in less than 30 s
Sustained VT

Rhythm

ECG changes

ECG findings
suggestive of
VT

Atrioventricular dissociation

VT >30 s in duration and/or associated
with cardiovascular compromise
regardless of duration

Bundle branch
reentrant
tachycardia

VT due to reentry involving the HisPurkinje system, usually with LBBB
morphology

Bidirectional VT

VT with a beat-to-beat alternans in the
QRS frontal plane axis, often associated
with digitalis toxicity

Torsades de
pointes

Ventricular Arrhythmias. Table 2 Differentiation between
SVT and VT on a 12-lead ECG [1, 3]

Characterized by VT associated with
a long QT or QTc, and
electrocardiographically characterized
by twisting of the peaks of the QRS
complexes around the isoelectric line
during the arrhythmia

Ventricular
flutter

A regular (cycle length variability
30 ms) ventricular arrhythmia
approximately 300 bpm with
a monomorphic appearance; no
isoelectric interval between successive
QRS complexes

Ventricular
fibrillation

Rapid, usually more than 300 bpm/
200 ms (cycle length 180 ms or less),
grossly irregular ventricular rhythm with
marked variability in QRS cycle length,
morphology, and amplitude

patients. They are related then to conduction abnormalities such as Brugada syndrome, catecholamineinduced polymorphic VT syndrome, long QT syndrome, and idiopathic ventricular fibrillation. Within
critical care such conditions may be unmasked by
critical illness, particularly sepsis. Sustained ventricular
arrhythmias cause significant morbidity and account
for approximately 80% of cases of sudden cardiac
death.
Ventricular tachycardia is associated with rates
>120 bpm although rhythms with rates 100 but
<120 beats/min may also be of ventricular origin.
These repetitive rhythms are called accelerated
idioventricular rhythms (AIVR) or slow VT and
although considered mostly benign in healthy individuals, may indicate underlying stressors in critically ill
patients.

Fusion or capture beats
QRS width (LBBB >160 ms, RBBB
>140 ms)
Northwest axis
QRS concordance in chest (V)
leads, particularly if negative
concordance
LBBB morphology with right axis
deviation
Absence of RS complexes in
precordial leads

Findings
RBBB
suggestive of
SVT with
bundle branch
LBBB
block

Monophasic R QR or RS complex
in lead V1
R:S ratio <1 wave in V6
Initial R wave in V1 >0.03 s
Delay from R to nadir of S wave
<0.07 s
QR or QS wave in V6

Ventricular flutter and ventricular fibrillation are
rhythms normally associated with complete loss of cardiac
output and therefore constitute a cardiac arrest.
Not all wide complex tachycardias are ventricular
arrhythmias. A rate of >120 bpm increases the chance an
arrhythmia is VT but differentiating VT from a
supraventicular tachycardia (SVT) with aberrant conduction or associated bundle branch block can be diagnostically difficult. History and symptoms may be useful in the
differentiation; particularly if there have been episodes
prior to critical care admission. Congestive cardiac failure,
angina, and myocardial infarction are all predictive of
ventricular arrhythmias. Signs are less useful as SVTs
may induce significant cardiovascular compromise. In
emergencies, if diagnosis is difficult wide complex tachycardias with rate >120 bpm should be considered VT until
proven otherwise. In more stable patients, it may be possible to differentiate between wide complex tachycardias
on a 12-lead electrocardiogram (ECG). Expected changes
are summarized in Table 2 [1, 3].
Polymorphic VTs including the variant torsades de
pointes are easier to recognize. Torsades de pointes is
a specific form of polymorphic VT characterized by
a pattern of QRS complexes which appear to wind around
the baseline and is associated with conditions causing

Ventricular Arrhythmias

prolongation of the QT interval. Many factors within
critical care can lead to a prolonged QT interval
including drugs (e.g., macrolide antibiotics, antifungals,
amiodarone, haloperidol, and chlorpromazine), electrolyte abnormalities, and metabolic disturbance. Prolonged
QT intervals only account for 1–5% of cases of VT in the
wider population but may be more frequent in critically ill
patients [2]. VF arrest is characterized by loss of circulatory output and rapid loss of consciousness. The ECG
shows completely random electrical activity with no discernable complex or pattern. It is immediately life
threatening.

Treatment
Immediate management is dependent on the stability
of the patient. In the hemodynamically unstable
patient urgent DC cardioversion is indicated. The
ideal mode of shock indicated will vary according to
the rhythm being managed but if in doubt and life is
immediately threatened, a high-energy unsynchronized
shock is recommended, for example, 150–200 J from
a biphasic defibrillator (360 J if monophasic). In ventricular fibrillation, outcome is directly affected by
time to DC conversion. Underlying causes and triggers
should be sought and managed to maximize chance of
sustained success.
For rhythms without immediate threat to life there
are alternative treatment options including antiarrhythmic drugs, management of underlying cause,
and electrophysiological ablation and pacing techniques. This chapter will concentrate on immediate
management relevant to critical care. Therapies such
as overdrive pacing, ablation, and implantable cardiac
defibrillators (ICDs) will be briefly discussed in section
“After-Care.”

PVCs and Hemodynamically Stable
Nonsustained VT
Although these rhythms may be viewed as benign in the
general population, in critically ill patients their appearance should not be ignored as they may indicate underlying metabolic disturbance, acute ischemia, effects of
endogenous or exogenous catecholamine, or sepsis.
There is no evidence to support the use of antiarrhythmic
drugs or other therapies to reduce their occurrence but the
underlying cause should be managed.

V

managed and recurrence of the VT avoided by medication.
Beta adrenergic receptor blockade is first-line treatment,
(e.g., metoprolol). Amiodarone and sotolol are secondline drugs.

Sustained Monomorphic Ventricular
Tachycardia (SMVT)
Sustained VT (stable or unstable) is usually susceptible to
DC cardioversion. If the rhythm is monomorphic, then
synchronized shocks should be administered, starting at
100 J. If in doubt and patient is unstable, unsynchronized
DC conversion, starting at 150 J with a biphasic machine,
should be administered (see above). Patients are likely to
require sedation.
SMVT with hemodynamic stability may be managed pharmacologically. Similar medications are used
to support and sustain a normal rhythm after cardioversion. Recommended agents include amiodarone,
sotolol, lignocaine, procainamide, and ajmaline, the
choice largely being dependent on national availability
and practice in any given country. Little evidence
exists to separate them in terms of outcome survival,
although good data in acutely unwell patients is
lacking [4, 5]. Recent retrospective analysis suggests
that amiodarone may confer an increased risk of
death when used to manage ventricular tachycardia
after myocardial infarction but good prospective investigation is required before any change in practice can
be recommended [5].

Polymorphic Ventricular Tachycardia
Polymorphic complexes in VT suggest an acute cause
such as ischemia or metabolic disturbance. If the
patient is hemodynamically stable and the base line
QTc is normal, then therapy should focus on
correcting ischemia and electrolyte disturbances [1].
Beta-blockade is generally safe and effective in polymorphic VT. Intravenous loading of amiodarone may be useful in recurrent polymorphic VT, but only if no underlying
repolarization abnormality (long QT syndrome) is
evident.
In patients with hemodynamically unstable polymorphic VT, immediate DC cardioversion is indicated.
Synchronization is unreliable and a nonsynchronized
high-energy shock should be administered (see above).

Ventricular Fibrillation
Unstable Nonsustained VT
The VT may be self-limiting but instability during episodes warrants urgent management and prevention of
recurrence. Underlying triggers should be sought and
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Ventricular fibrillation is always associated with cardiopulmonary arrest. Robust data support the use of
a response team and their immediate activation on
discovery of a patient in VF, followed by basic life
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support (BLS) until their arrival. Advanced life support
has minor national idiosyncrasies but principles
remain constant and are summarized in recent consensus documents [1]. Survival is directly determined by the
time to successful cardioversion. Outcome deteriorates
sharply after only 1–2 min of VF arrest and in critical
care units the emphasis should be on immediate defibrillation. If the time from VF arrest to restoration of circulation is <30 s, survival is 90%. If the VF arrest lasts
>2 min, cerebral protection with cooling protocols may
be indicated to improve morbidity and mortality
outcome.

Evaluation
Ventricular arrhythmias may be triggered by many
factors in critical care and there is surprisingly little
difference between distinct critically ill populations
with the incidence of ventricular arrhythmias in
general and specialist intensive care units being similar. Previous history of myocardial infarction and
ischemic heart disease are the strongest predictors of
life-threatening arrhythmia. Other risk factors include
congenital heart disease, valvular heart disease, cardiomyopathy, and the ventricular arrhythmia syndromes (e.g., Brugada syndrome and arrhythmogenic
right ventricular dysplasia). Additional triggers for
ventricular arrhythmias in critically ill patients
include mechanical ventilation, exogenous catecholamines, increased sympathetic tone (e.g., caused by
pain and anxiety), various drugs (e.g., macrolide
antibiotics and antifungals), and underlying diseases
(e.g., sepsis, chronic obstructive pulmonary disease,
pulmonary embolism, and acute respiratory distress).
Detailed evaluation of the patient with ventricular
arrhythmias is important. Although during the acute
phase of critical illness management of ventricular
arrhythmias may be limited to resuscitation and pharmacological intervention, a number of other treatment
options may be considered if underlying structural or
electrophysiological abnormalities are identified. The
12-lead ECG after recovery may reveal a prolonged
QT interval syndrome or one of the various forms of
atrioventricular block. Echocardiography is important
for identifying structural abnormalities (e.g., regional
wall abnormalities, ventricular hypertrophy, cardiomyopathy, valvular disease) and formal electrophysiological studies may be necessary to identify aberrant
pathways.
A left ventricular ejection fraction <30% with QRS
of >0.12 s is strongly associated with sudden cardiac
death.

After-care
Patients with underlying structural disease causing
their ventricular arrhythmia may need long-term medication, interventional cardiology, or both. In patients
with heart failure, beta-blockers and angioconverting
enzyme inhibitors have been shown to decrease mortality. Amiodarone decreases the number of arrhythmia
events but has not been shown to improve outcome
and class I antiarrhythmics (e.g., flecainide) should be
avoided as they have been shown to increase mortality
[3, 4].
Marked improvements in mortality have been
achieved by the use of implantable cardiovertor –
defibrillator devices (ICD). They are unlikely to be
appropriate in acutely unwell, critically ill patients,
particularly if the patient has sepsis but ICDs should
be considered in patients with structural abnormalities,
once the acute phase of illness is over. Other interventional treatment options include revascularization of
obstructed coronary arteries (at angiography or by
surgery), catheter ablation of aberrant pathways, and
certain specialized permanent pacemaker systems. Such
decisions and assessments should be undertaken by
specialist cardiological services as the indications and
risks are various.
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Synonyms
Ventricular-assist devices

Definition
Ventricular assist device: Ventricular assist devices are
mechanical pumps that replace impaired heart ventricles
function and restore normal hemodynamics and endorgan blood flow.

Characteristics
Introduction
Despite major advances in pharmacologic treatments
for heart failure with left ventricular pump dysfunction,
the number of hospitalization for treatment of
decompensated heart failure is increasing, and most
patients will ultimately die of complications of the disease.
Heart transplantation remains the only treatment that
provides substantial individual benefit for patients with
advanced disease, but less than 3,000 donor organs are
available worldwide per year, making its impact epidemiologically limited. Therefore, alternative approaches to
myocardial function replacement such as mechanical circulatory support have been the matter of intense research
in the past decades [1–5].
Indeed, the development of mechanical circulatory
devices parallel that of cardiac surgery and cardiac
transplantation. The first clinical implantation of
a pneumatically driven ventricular assist-device
(VAD) was performed by De Bakey in 1966. In the
following 30 years, due to collaborative efforts
between scientists, engineers, and clinicians, major
improvements have been made in the conception,
biocompatibility, and performance of these machines.
Better selection and management of patients who
received such devices have also improved outcomes.
Traditional indications or strategies for mechanical
circulatory support included bridge to bridge, in
which a first device is used as a bridge to another
long-term machine, bridge to recovery of heart
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function, bridge to transplantation, and destination
therapy. However, current practices and the development of both economically affordable short-term
devices, apart from more expensive long duration
machines, have updated indications for mechanical
circulatory assistance in short-term support or longterm support.

Short-Term Indications for Mechanical
Support
Rescuing the “Crash and Burn” Patient and
Bridging Others to Recovery
Short-term mechanical circulatory support devices
are indicated in patients with medical (acute
myocardial infarction, myocarditis, intoxication with
cardiotoxic drugs, or end-stage dilated cardiomyopathy),
postcardiotomy or post-transplantation acute cardiogenic shock. Most of these “crash and burn” patients
receive a device as salvage therapy after having already
developed signs of multiple organ failure. In these situations, mechanical assistance is used as a bridge to decision making or to “whatever seems reasonable” if the
patient survives the first days following implantation to
reach the “decision-making” point. In patients with
potentially reversible cardiac failure (myocarditis, myocardial sideration secondary to myocardial infarction),
a short-term device might also be used as a bridge to
recovery [1].
Devices inserted in such situations are catheteror cannula-based pumps. The Impella CardioSystem®
AG is a catheter-based axial flow pump, that has
a propeller at the tip of the catheter and which is
positioned retrograde across the aortic valve into the
left ventricle (Fig. 1). The percutaneous pump inserted
via the femoral artery delivers up to 2.5 L/min and
the surgically inserted pump up to 5 L/min.
However, durability (only a few hours), hemolysis,
and limited flow are limitations of this technology.
The TandemHeart® is a percutaneous ventricular
assist-device which consists of an extracorporeal centrifugal continuous flow pump that sucks blood from
the left atrium via a cannula introduced transseptally
through the femoral vein. Blood is then pumped back
to the femoral artery at a flow up to 3.5 L/min. The
Levitronix CentriMag® is a continuous-flow, centrifugal-type rotary blood pump that is placed outside the
body (extracorporeally). The only moving component
within the pump is the impeller, which is magnetically
levitated and rotated in a contact-free manner.
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Ventricular Assist Device. Figure 1 ImpellaTM left-assist device

The pump can rotate at speeds of 1,500 to 5,500 rpm
and can provide flow rates of up to 9.9 L/min. However, in recent years extracorporeal membrane oxygenation (ECMO) has become the first-line therapy in the
setting of acute cardiogenic shock, because of its easy
insertion, even at the bedside, the elevated flow it
provides, and because it is associated with less organ
failures after implantation compared to biventricular
assist-devices.

ECMO as the First Line Support for
Refractory Cardiogenic Shock
The ECMO extracorporeal system (Figs. 2 and 3) consists
of venous and arterial cannulae, polyvinyl chloride tubing,
a membrane oxygenator, and a centrifugal pump. It provides both respiratory and cardiac support [1]. Using the
peripheral venoarterial configuration, where femoral
vein and artery are percutaneously cannulated, the circuit is perfectly suited for emergency situations. It can
be inserted in less than 30 min, under local anesthesia,
can supply blood flow up to 8 L/min and is either more
efficient and durable or less costly than other first-line
devices. Several considerations must be weighted in
making the decision to institute ECMO. First, the
device should be inserted before the patient has

developed multiple organ failure or myocardial failure
has led to refractory cardiac arrest, since these conditions have been associated with significantly poorer
outcomes. Second, highly unstable patients may benefit
from urgent and on-site ECMO initiation by a rapid
resuscitation team, able to operate a portable and
quick-to-prime ECMO circuit, before transportation
to the ECMO referral center. Third, cardiac failure and
other organ injuries should be deemed reversible and
the patient’s underlying condition should not contraindicate a bridge to a more permanent device or to
transplantation.
ECMO can also be configured using central cannulation where right atrium, ascending aorta, and sometimes pulmonary artery or left ventricle are directly
cannulated. This configuration is used first-line in case
of post-cardiotomy or post-transplantation cardiogenic
shock or if peripheral ECMO has failed to deliver
adequate flow or has been complicated by severe
pulmonary edema.

Management of the Patient Under ECMO
and Outcomes Following Implantation
Management of patients on ECMO for refractory
cardiogenic shock is complex and should be conducted
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Ventricular Assist Device. Figure 2 Femoral cannulation for venoarterial ECMO. An additional perfusion catheter is
sometimes inserted distally into the femoral artery to reduce the risk of limb ischemia

Ventricular Assist Device. Figure 3 ECMO circuit: top, electrical centrifugal pump and membrane oxygenator; bottom,
machine controller, which propels blood at a flow of 6.1 L/min at 4,100 rpm

V
in experienced medical-surgical centers. ECMO flow is
highly preload (volume) dependent and in case of
hypovolemia, the output of the pump will drop while
the venous tubing will display “kicking” movements.
The centrifugal pump is also afterload dependent, and
therefore hypertension should be avoided. ECMOrelated complications are many and can be life-

threatening. The most common complication is bleeding, which might be related to cannulation-related
vessel injuries or to ECMO-induced coagulopathy
and thrombopenia. Other complications include leg
ischemia (which might be prevented by inserting
a reperfusion line (Fig. 2) below the arterial cannulation
site), deep vein or inferior vena cava thrombosis, cannula
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insertion-site infection, ischemic or hemorrhagic stroke,
air embolism, or cardiac tamponade [1]. Pulmonary
edema is also a feared complication of peripheral
ECMO, which is related to insufficient unloading and
increased afterload of the left ventricle. In this situation,
inotropic support and intra-aortic balloon pumping
should be initiated to improve left ventricle contractility
and decrease afterload. A left ventricle venting cannula
might also be inserted percutaneously via the transseptal
route to decrease LV end-diastolic pressure. However,
switching from peripheral to central ECMO, with the
addition of a pulmonary artery or left ventricle cannula
to reduce LV distension is now our preferred option in
this situation.
In most patients, the duration of ECMO support is
approximately one week. However, ECMO can be
maintained for weeks, especially if the central configuration is used. ECMO weaning is discussed in the following circumstances: partial or full cardiac recovery or
bridge to transplantation or to VAD implantation
because of absence or LV function recovery. ECMO
can also be simply withdrawn in case of therapeutic
futility (severe brain lesions, end-stage multiple organ
failure, or absence of myocardial recovery in the context
of definitive contraindication to transplantation or to
VAD implantation).
Results of ECMO are highly dependent on initial
patient’s clinical status and on the indication for ECMO
insertion. In most recent series, ICU mortality was
50–60%, with significantly poorer prognosis for cardiogenic shock patients who had received ECMO under CPR
or after having suffered renal and/or hepatic failure, while
the prognosis of potentially reversible cardiopathies such
as fulminant myocarditis was significantly better [1]. To
improve outcomes, patients with rapidly progressing cardiac dysfunction should be urgently transferred to experienced centers, where cardiologists, heart surgeons, and
intensivists can implement all the complex medical and
surgical interventions required by these critically ill
patients, and can also rapidly diagnose and treat ECMOrelated complications. Finally, long-term outcomes after
successful ECMO weaning were good in a series of
81 patients who received ECMO, survivors reporting satisfactory health-related quality of life [1].

Long-Term Indications for Mechanical
Support

implantation at the time of surgery were bridge to transplantation in 80%, bridge to recovery in 5%, and destination therapy in 15% of the patients, respectively [3].
Before surgery, patients should undergo thorough clinical
and psychosocial evaluation, specifically assessment of
severity of cardiac failure, coexisting life-limiting or psychiatric illnesses and evaluation of surgery-associated risk.
The INTERMACS severity classification (Table 1) is commonly used to classify the different degrees of clinical
severity of patients with New York Heart Association
class IV symptoms and helps defining the appropriate
timing for inserting a device [3]. The two most common
indications for LVAD placement include: cardiogenic
shock (INTERMACS level 1 or “crash and burn”) and
worsening of symptoms in inotrope-dependent patients
(INTERMACS level 2 or “sliding on inotropes”), which
account for 80% of all implantations. However, as previously underlined, the most severe patients (INTERMACS
level 1, “crash and burn” or those at INTERMACS “level
0” “cardiac arrest, dying or severe MOF”) may benefit
from the insertion of a first-line device such as ECMO
and may later be bridged to a long term cardiac-assist
machine after clinical and hemodynamical stabilization.
For INTERMACS class 2 patients, the increase of inotrope
dose, use of vasopressors, or signs of end-stage organ
failure should indicate urgent device placement. Stable
but truly inotrope-dependent patients (INTERMACS
level 3) are those who might derive the greatest benefit
from heart transplantation or VAD insertion. At this stage
of the disease, VAD insertion may be elective, especially for
patients expected to have long waiting time on the transplantation list (large body size, anti-HLA antibodies, or
O blood group). VAD implantation in INTERMACS
class 4–6 patients is still controversial and will dependent
on the evolution of the disease, its impact on the patient’s
functional status, and quality of life. Newest generation
devices, which are better tolerated and have less complications may significantly increase the number of patients
implanted at that stage. Furthermore, since LV function
recovery has been demonstrated after prolonged VAD
support in limited series of patients, earlier implantation
may become more frequent in the near future. Finally,
LVAD implantation as destination therapy in nontransplant candidates should be discussed only in selected
groups of hemodynamically stable patients, considering
complications and high costs still associated with these
procedures.

Patient Selection and Indications

Device Selection

In the large Interagency Registry for Mechanically Assisted
Circulatory Support (INTERMACS), indications for VAD

Selecting the appropriate device is dependent on many
considerations, including the anticipated duration of
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Ventricular Assist Device. Table 1 Interagency registry for mechanically assisted circulatory support level of limitation at time of
implant
Time frame for
intervention

Profile

Description

1

Crash and burn: Patient with life-threatening hypotension despite rapidly escalating
inotropic support, critical organ hypoperfusion with increasing lactate levels and/or
systemic acidosis.

Needed within hours

2

Sliding on inotropes: Patient with declining function despite intravenous inotropic
support may be manifest by worsening renal function, nutritional depletion, and
inability to restore volume balance.

Needed within a few days

3

Stable but inotropes dependent: Patient with stable blood pressure, organ function,
Elective over a few weeks
nutrition, and symptoms on continuous intravenous inotropic support, but
demonstrating repeated failure to wean owing to recurrent symptomatic hypotension
or renal dysfunction.

4

Frequent flyer: Patient can be stabilized close to normal volume status but experiences
frequent relapses into fluid retention, generally with high diuretic doses. Symptoms are
recurrent rather than refractory. More intensive management strategies should be
considered, which in some cases reveal poor compliance.

5

Housebound: Patient is living predominantly within the house, performing activities of Variable, depends upon
daily living, and walking from room to room with some difficulty. Patient is comfortable nutrition, organ function,
at rest without congestive symptoms, but may have underlying refractory elevated
and activity
volume status, often with renal dysfunction.

6

Walking wounded: Patient without evidence of fluid overload is comfortable at rest and Variable, depends upon
with activities of daily living and minor activities outside the home, but fatigues after nutrition, organ function,
the first minutes of any meaningful activity.
and activity

7

Limited activity: Advanced NYHA III patients without recent unstable fluid balance,
living comfortably with meaningful activity limited to mild exertion.

support, the need for associated right-sided support,
patient’s body size, experience of the medical–surgical
team with the machine and its surveillance, and
the cost of the whole procedure. Devices can be categorized as extracorporeal or intracorporeal. The
Abiomed® BVS 5000 and the Thoratec® VAD (Fig. 4)
are pneumatic pulsatile extracorporeal pumps, which
can achieve flows up to 6 L/min and can be used for
univentricular or biventricular support. The main
advantages of these systems are their versatility for
mono or biventricular assistance and their ability
to be used in small patients. They have been extensively used worldwide as bridge to recovery after
postcardiotomy or medical cardiogenic shock or as
a bridge to transplantation. Their main disadvantages
are their high cost compared to ECMO machines, their
insufficient flow in case of severe multiple organ failure, the two large extracorporeal VADs that limit
autonomy and the four large percutaneous blood
lines that can contribute to the development of

Elective over weeks to
months as long as treatment
of episodes restores stable
baseline, including nutrition

Transplantation or
circulatory support not
currently indicated

infections. Intracorporeal devices include first generation pulsatile electric left-ventricular assist-devices,
new generation miniaturized electric axial or centrifugal flow pumps, and total artificial hearts. The
HeartMate® XVE (Fig. 5) and the Novacor® were the
first implantable LVAD approved as a bridge to transplantation and were used in thousands of patients
worldwide. Both used the pusher plate technology and
were able to propel pulsatile blood flow up to 10 L/min.
They permitted patients to freely deambulate and to be
discharged from the hospital. However, because of the
abdominal pocket which was made for housing the
device and the percutaneous driveline, hemorrhagic
and infectious complications were frequent. In the
first decade of the twenty-first century, they were
gradually replaced by miniaturized axial (DeBakey®,
Jarvik 2000® and HeartMate® II (Fig. 6)) and centrifugal
(DuraHeart®, Ventrassist® and HeartWare®) pumps.
These nonpulsatile devices deliver up to 10 L/min, their
small size facilitate placement and explantation, they have
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Ventricular Assist Device. Figure 4 ThoratecTM pneumatic
extracorporeal BIVAD

extended durability because of simpler mechanics, fewer
moving parts and points of friction, and they operate
more quietly than larger pulsatile pumps. However, successful implantation of both first and newest generation
left assist-device relies on preserved right ventricular function, which should be carefully evaluated prior to surgery.
Finally, two orthotopic artificial hearts have been developed. They have unique advantages over other machines
because they solve problems of persistent ventricular
arrhythmias, RV failure, or severe heart valves diseases.
The AbioCor® Artificial Heart is driven by an internal
motor using hydraulically coupled chambers so that
while the left side is ejecting, the right side is filling.
However, this system is still under clinical evaluation and
only few patients have received the machine as a bridge to
transplantation. The Cardiowest® (Fig. 7) Total Artificial
heart (formerly Jarvik® 7) was recently approved by the
FDA as a bridge to transplantation. It is a biventricular,
pneumatic, pulsatile pump that totally replaces the native
ventricles. Over 600 implantations have been made worldwide over the last three decades and the recent

development of a smaller driving console may allow
greater patient mobility and eventually discharge from
the hospital. Recent data from the large INTERMACS
registry indicate that 75% of the devices implanted are
LVAD, 20% BiVAD, and less than 10% are total artificial
hearts [3].

Outcomes
In the INTERMACS registry, 6-month and 1-year survival
after VAD implantation were 73 and 62%, respectively.
One year after implantation 35% of the patients had
been transplanted, 35% were alive with a device in place,
and less than 5% had been explanted because of LV function recovery [3]. Overall survival was poorer for older
patients, those who received the device in INTERMACS
class 1 status, patients with ascites and higher bilirubin,
and for those who received a BiVAD or a total artificial
heart because of more advanced disease or complicated
conditions such as RV failure. However, 1-year survival
was >70% for patients who received a machine in
INTERMACS stage 2–7. Device-related complications
were frequent with less than 50% of patients being free
of infection after 1 year.
Three landmark trials of patients implanted with
a VAD have been published in the last decade. The
REMATCH trial randomized 129 patients with end-stage
heart failure who were ineligible for cardiac transplantation to receive a left ventricular assist device (HeartMate®
XVE) or optimal medical management [4]. Survival analysis showed a reduction of 48% in the risk of death from
any cause in the group that received left ventricular assist
devices as compared with the medical-therapy group. The
rates of survival at 1 year were 52% in the device group
and 25% in the medical-therapy group (P = 0.002), demonstrating for the first time that the “destination therapy”
strategy with a left ventricular assist device was an
acceptable alternative therapy in selected patients who
are not candidates for cardiac transplantation. Later,
a nonrandomized prospective study showed that the
CardioWest® total artificial heart was able to rescue transplant-eligible patients at risk for imminent death from
irreversible biventricular cardiac failure [2]. The rate of
survival to transplantation was 79% for CardioWest
patients versus 35% in historical control patients who
met the same entry criteria but did not receive the artificial
heart. Overall, the 1-year survival rate among the patients
who received the artificial heart was 70%, as compared
with 31% among the controls (P < 0.001). One-year and
five-year survival rates after transplantation among
patients who had received a total artificial heart as
a bridge to transplantation were 86 and 64%, close to
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Ventricular Assist Device. Figure 5 Thoratec HeartMate-XVETM electrical intracorporeal LVAD, which was used in the
REMATCH trial [4]

V

Ventricular Assist Device. Figure 6 Thoratec HeartMate IITM implantable axial continuous flow pump [5]
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INTERMACS class 2–6 patients, implantation of a long
term VAD should be discussed before evolution to multiple organ failure. Most patients receive a VAD as bridge to
transplantation in this setting. However, implantations as
bridge to recovery and more recently as permanent heart
function support or “destination therapy” are increasing,
mostly because of major technological and engineering
advances making newer devices more reliable, less invasive, and associated with fewer complications than firstgeneration machines.
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Ventricular Assist Device (VAD)
▶ Circulatory Assist Devices

Ventricular Catheter
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Ventricular Catheter or
VentriculostomyRelated/Associated Infection
▶ External Ventricular Drainage (EVD)-Related CNS
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Synonyms
Acute heart failure; Cardiogenic pulmonary edema;
Cardiogenic shock; Diastolic dysfunction; Systolic
dysfunction

Definition

Please see also ▶ Heart Failure, Acute.
Many clinical situations encountered in the intensive
care unit (ICU) are associated with ventricular dysfunction,
which may affect both sides of the heart. It can be separated
into two totally different entities, systolic and diastolic
dysfunction, which are different in their patterns, the ways
they are evaluated and treated, and in their prognosis.
Diastolic dysfunction means that ventricular filling is
impaired, either because relaxation is prolonged or
because diastolic elastance is abnormally high. On the
left side of the heart, diastolic dysfunction may lead to
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cardiogenic pulmonary edema, especially in patients with
a history of hypertension, atrial fibrillation, or hypertrophic cardiomyopathy. Isolated left ventricular diastolic
dysfunction, that is, with preserved systolic function, has
been reported to be responsible for about half of cardiogenic pulmonary edema cases [1]. On the right side of the
heart, diastolic dysfunction is usually a consequence of
systolic dysfunction. However, injury to the pericardium
may induce isolated diastolic dysfunction. Pericardial
effusion, especially if it occurs quickly, may lead to
obstructive shock related to cardiac tamponade. Chronic
pericarditis may lead to congestive signs with peripheral
edema. Shock and congestion in these two situations are
due to severely impaired right ventricular filling.
Systolic dysfunction is defined as uncoupling between
ventricular intrinsic contractility and ventricular
afterload. This uncoupling occurs either because of
a decrease in intrinsic contractility, as in myocardial
infarction, or because of an excessive afterload resulting
in an obstacle to ejection. Most causes of right and left
ventricular systolic dysfunction are summarized in Fig. 1.
On the right side, systolic dysfunction is frequently related
to an acute increase in afterload, because the right
ventricle normally ejects blood into a low-pressure
circulation and thus is unable to adapt to an excessive
increase in pressure. This leads to acute cor pulmonale
(Fig. 2), encountered in cases of obstruction of the
pulmonary circulation, as observed in massive pulmonary

Ventricular dysfunction
RV dysfunction

Diastolic

LV dysfunction

Diastolic

Systolic

– Hypertension
– LV hypertrophy
– Arrhythmias
– Fluid overload

– Cardiac tamponade
– Chronic pericarditis

Increased
afterload
– ARDS
– Pulmonary embolism
– Mechanical ventilation
– Left heart failure

Decreased
contractility

Systolic
– Myocardial infarction
– Myocardiopathy
– Sepsis
– Myocarditis
– Adrenergic
cardiomyopathy
– Drug poisoning

– Myocardial infarction
– Post cardiac surgery
– Sepsis

Ventricular Dysfunction and Failure. Figure 1 Main causes of ventricular dysfunction. The list is nonexhaustive
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Ventricular Dysfunction and Failure. Figure 2 Transesophageal echocardiography in a patient ventilated for severe acute
respiratory distress syndrome who developed acute cor pulmonale. Panel A: the long-axis view demonstrated marked dilatation
of the right ventricle. Panel B: the short-axis view demonstrated paradoxical septal motion (arrow). RV: right ventricle; LV: left
ventricle

embolism and in acute respiratory distress syndrome [2].
Conversely, left ventricular systolic dysfunction is more
related to a decrease in ventricular intrinsic contractility
because the left ventricle is usually able to adapt to
a significant increase in afterload.
As suggested by the title of this chapter, there is
a difference between ventricular dysfunction and ventricular failure. Dysfunction is only a diagnosis, based on the
evaluation of cardiac function with different parameters
according to the device used. A dilated right ventricle at
echocardiography reflects systolic dysfunction of the right
ventricle. A decreased left ventricular ejection fraction
reflects systolic dysfunction of the left ventricle. But
a certain adaptation is possible, limiting the clinical
impact. For instance, a progressive impairment in left
ventricular contractility will induce a preload adaptation
of the ventricle, that is, a dilatation, permitting the cardiac
output to be kept constant. Acute cor pulmonale reflects
systolic overload of the right ventricle, but can actually be
associated with hemodynamic stability [3]. On the other
hand, ventricular failure means that the capacity of the
ventricle to adapt has been exceeded. It is then defined as
cardiac dysfunction-induced clinical manifestations of congestion or shock. In these situations, cardiac output usually
becomes inadequate. Adaptation may be overtaken either
because the pathological process is occurring too quickly, as
in severe myocarditis and in septic shock for instance, or
because the disease has reached its end stage, as in dilated
chronic cardiomyopathy or in aortic stenosis.

Treatment
From a hemodynamic point of view, except for very specific
situations, treatment is only essential in dysfunctioninduced failure. In other words, the aim of the treatment

is to improve patients’ status, not to “treat a diagnosis.”
The left ventricular dysfunction frequently observed in
septic shock has only to be corrected with an inotropic
drug if a low-flow state is considered to be responsible for
persistent hypoperfusion. So, respiratory and hemodynamic
status has to be evaluated to look for shock or pulmonary
congestion, before deciding whether or not to start
treatment.
Treatment can be separated into two parts, as illustrated in some situations in Table 1. The first part regards
specific treatment of the causes. In many situations, treatment of the cause is enough to improve ventricular function. This is especially true in situations where dysfunction
is related to excessive ventricular afterload. Decreased
blood pressure will improve diastolic function of the left
ventricle and so may correct cardiogenic pulmonary
edema. To perform fibrinolysis in massive pulmonary
embolism may unblock the pulmonary circulation and
then correct the right ventricular function and restore
good hemodynamics (Fig. 3). The second part of the
treatment is symptomatic. Pulmonary congestion requires
diuretics, whereas shock requires inotropic or vasoconstrictive drugs. This is considered in detail in the “▶ Heart
failure, Acute” chapter of this encyclopedia.

Evaluation/Assessment
Many devices are available at the bedside for assessing
cardiac function and hemodynamics (Fig. 4). They are
not equivalent regarding their invasiveness and effectiveness. Some allow continuous monitoring of cardiac function, and others only discontinuous. Some allow direct
evaluation of cardiac function, others mainly measure
cardiac output or estimate cardiac function. Whatever
the choice, the most important point is to incorporate

Ventricular Dysfunction and Failure
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Ventricular Dysfunction and Failure. Table 1 Specific and symptomatic treatment in most situations of ventricular failure
Treatment
Ventricular failure and causes

Specific

Symptomatic

ACP/pulmonary embolism

– Fibrinolysis

– Inotropic/vasoactive drug

ACP/ARDS

– Adapt mechanical ventilation, prone
position
– Antibiotics if pneumonia

– Vasoactive drug (norepinephrine)
– Nitric oxide

RV failure/myocardial infarction

– Coronary angioplasty

– Inotropic drug

RV failure/cardiac tamponade

– Aspirin
– Corticosteroids

– Fluid removal

LV failure/myocarditis

– Inotropic drug
– Extracorporeal assistance

LV failure/septic shock

– Antibiotics

– Inotropic drug

LV failure/myocardial infarction

– Coronary angioplasty

– Inotropic drug
– Intra-aortic balloon

LV diastolic dysfunction/cardiogenic
pulmonary edema

– Decrease blood pressure
– Correct arrhythmias

– Diuretics

ACP: acute cor pulmonale, RV: right ventricular, LV: left ventricular, ARDS: acute respiratory distress syndrome.

a

b

Ventricular Dysfunction and Failure. Figure 3 Short-axis view of the left ventricle by a transthoracic approach, before (panel A)
and 4 h after fibrinolysis (panel B) in a patient with massive pulmonary embolism. Note the disappearance of the paradoxical
septal motion (arrow) after fibrinolysis, associated with a decrease in right ventricular size. RV: right ventricle, LV: left ventricle

V
the device, and so the cardiac evaluation, into a rigorous
protocol to adapt the treatment.
However, it is true that echocardiography has gained
acceptance. It is minimal or noninvasive according to the
route, transthoracic or transesophageal. It allows a direct
evaluation of cardiac function. How is the left ventricle?
Does it contract well? Are filling pressures normal, low, or
elevated? Is there any acute cor pulmonale or is the right

ventricle dilated? Is there a large amount of fluid in the
pericardium? By answering these simple questions, the
physician can evaluate the diastolic and systolic function
of both ventricles.

Prognosis
In many situations, ventricular dysfunction is associated
with an increased mortality rate. In pulmonary embolism,
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Invasive

“Minimally”
invasive

Non
invasive
+

TEE

PAC

Transpulmonary
thermodilution

Clinical effectiveness

TTE

Bioimpedance
Arterial catheter

Esophageal
doppler

–

Ventricular Dysfunction and Failure. Figure 4 Main devices available at the bedside for cardiac function evaluation according
to two scales, a scale of invasiveness and a scale of effectiveness. Echocardiography appears as the best compromise. TEE:
transesophageal echocardiography, TTE: transthoracic echocardiography, PAC: pulmonary artery catheter

mortality is lower than 3% when the right ventricle does
not fail, but close to 20% when acute cor pulmonale is
present [3]. In myocardial infarction, mortality is significantly increased, more than 30%, when cardiogenic shock
occurs. In acute respiratory distress syndrome, right ventricular failure is clearly a poor prognostic factor [4].
Interestingly, in septic shock, a high mortality rate has
been reported in patients with a persistent hyperkinetic
state combining tachycardia and hyperkinetic left ventricle
[5]. This is attributed to persistent and profound
vasoplegia.
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Definition
Described by Guillaume and Janny in 1951 and
Lundberg in 1960, ventriculostomy is the surgical technique of placing a catheter into the cerebrospinal fluid
(CSF)-filled ventricles of the brain. The catheter passes
through the skull, meninges, and brain parenchyma to
terminate in a brain ventricle, and is typically tunneled
over the skull prior to exiting the scalp to connect to
a closed drainage system. The catheter can be connected
to a pressure transducer to measure intracranial pressure (ICP) as well as a filter-protected collection chamber to allow for CSF drainage. An external ventricular
drain (EVD), therefore, allows for continuous monitoring of ICP, analysis of ICP pulsation characteristics,
fluid access to the ventricular system for injection of
agents, sampling of CSF for diagnostic studies, and
therapeutic drainage for patients with elevated ICP
and/or hydrocephalus.

Pre-existing Condition
Ventriculostomy can be performed as an emergent, urgent,
or elective procedure for a variety of clinical conditions.
The most common indications for ventriculostomy
include ICP monitoring following severe head injury,
CSF drainage for hydrocephalus, or direct access to the
intrathecal space for drug delivery and/or diagnostic
studies.

Traumatic Brain Injury (TBI)

Ventricular-Assist Devices
▶ Ventricular Assist Device

Ventriculostomy
KIARASH SHAHLAIE1, J. PAUL MUIZELAAR2
1
Department of Neurological Surgery, San Francisco
Veterans Affairs Medical Center, University of California,
San Francisco, CA, USA
2
Department of Neurological Surgery, University of
California, Davis, CA, USA

Synonyms
External ventricular drain (EVD); Intraventricular catheter (IVC); Ventricular catheter

The mainstay of neurocritical care management of
patients with severe TBI is prevention of secondary insults
to the damaged brain by maintaining adequate cerebral
blood flow (CBF). CBF is derived from cerebral perfusion
pressure (CPP), a variable that is defined as the mean
arterial pressure (MAP) subtracted by ICP. A variety of
ICP monitoring techniques have been described for
patients with TBI, but the “gold standard” strategy continues to be a ventricular drain connected to an external
strain gauge (transducer). These recommendations are
based on four key characteristics of ventricular catheters:
they are extremely accurate, can be recalibrated any
time after implantation, allow for therapeutic CSF
drainage, and are the least costly strategy for reliable ICP
monitoring [3].
Once transduced, a ventricular catheter provides
valuable information about intracranial compliance (by
waveform analysis) as well as pressure (by amplitude analysis). Current TBI management guidelines recommend
interventions to maintain ICP<20 mmHg and CPP
50–70 mmHg following severe head injury [1–2].
A variety of clinical interventions are used to reduce
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ICP following head injury, including drainage of ventricular CSF. The efficacy of CSF drainage is based on the
Monroe-Kellie Doctrine of intracranial physiology, which
describes the pressure inside the cranial vault as the result
of volume changes in three distinct “compartments”:
brain, blood, and CSF. According to this doctrine, increase
in one “compartment” following head injury (e.g., brain
swelling) or the addition of a fourth “compartment” (e.g.,
hematoma) will result in an increase in ICP unless there is
a compensatory decrease in a different intracranial “compartment.” Therapeutic drainage of CSF, therefore, can be
highly effective ICP-lowering strategy by allowing for
additional space for expansion of other intracranial
volumes.

Hydrocephalus
Hydrocephalus results from increase in the CSF intracranial “compartment,” typically due to interruption of the
normal flow of CSF through the ventricular and subarachnoid spaces. Chronic hydrocephalus causes a gradual
and sustained increase in ICP, resulting in headache,
nausea/vomiting, and papilledema. In contrast, acute
hydrocephalus results in sudden, dramatic increase in
ICP with resultant lethargy, coma, and death. Hydrocephalus can be characterized as “communicating” if it results
from obstruction at the level of the arachnoid granulations
and does not disrupt flow through the brain ventricles.
Obstructive or “non-communicating hydrocephalus”
results from obstruction of CSF flow through the lateral,
third, and/or fourth ventricles. Both obstructive and nonobstructive hydrocephalus can be treated with CSF
diversion.
In the critical care patient population, ventriculostomy
for hydrocephalus is typically performed for patients with
subarachnoid hemorrhage (communicating), intraventricular hemorrhage (noncommunicating), intracerebral
hemorrhage/stroke (noncommunicating), or meningitis
(communicating). Less frequently, ventriculostomy is
performed emergently in patients with intra- or periventricular brain tumors who experience abrupt neurological decline due to sudden obstruction of CSF flow
(noncommunicating). In these clinical scenarios, CSF is
“diverted” through the EVD system while the underlying pathology is treated or allowed to resolve. If longterm CSF drainage is needed, a valve-controlled internalized shunt is surgically implanted to drain CSF to
the abdomen (ventriculoperitoneal) or right atrium
(ventriculoatrial); less frequent strategies include drainage to the intrapleural space (ventriculopleural), gall
bladder (ventriculo-cholecystic), or urinary bladder
(ventriculo-cystic).

Medication Administration
In addition to measuring ICP and draining CSF,
ventriculostomy is also performed to provide access to
the ventricular cerebrospinal fluid for diagnostic and
therapeutic procedures. For example, some cases of
ventriculitis can be treated with direct infusion of antibiotics into the ventricular system, and some cases of intraventricular hemorrhage can be treated with direct infusion
of thrombolytic agents. In patients with intraventricular
lesions or loculations due to adhesions, injection of radiopaque dyes or radioactive tracers can be a useful diagnostic strategy to characterize CSF flow patterns through
the ventricular system. In rare cases of chronic pain,
a ventricular drain can be used for test administration of
morphine or meperidine prior to pump implantation. If
prolonged access is needed, such as in patients requiring
intrathecal delivery of chemotherapeutic agents, an
Ommaya reservoir can be attached to a ventricular drain
and implanted under the scalp for repeat transcutaneous
needle access.

Application
Surgical placement of a ventricular catheter can be
performed in an operating room, intensive care unit,
or emergency department. The procedure requires
local scalp and periosteal anesthetic, followed by
a short linear or curvilinear (2–4 cm) incision to
expose the underlying cranium. A burr hole (12–14
mm diameter) or twist drill craniotomy (3–4 mm) is
then performed, followed by sharp cruciate opening of
the dura mater (Fig. 1). The underlying arachnoid and
pia are pierced using a small knife or needle, allowing
for blunt passage of a ventricular catheter through the
brain parenchyma. Using a “free hand” technique or
a commercially available disposable guide (e.g., Ghajar
guide [5]), a perpendicular trajectory is followed until
a change in tissue resistance is felt with entry into the
ventricular space. The catheter stylet is then removed,
spontaneous CSF drainage is confirmed, and the catheter may be passed an additional 1–2 cm to place its
tip close to the intraventricular foramen of Monroe.
A tunneling device can then be used to pass the proximal catheter through the subgaleal space to an exit
site 4–6 cm from the scalp incision, where it is then
secured to the skin with anchor stitches and/or skin
staples. The ventricular catheter is connected to a CSF
collection device primed with preservative-free saline,
and a side-port is connected to a pressure transducer
that is set to the level of the tragus or lateral canthus
of the eye (surface landmarks for the location of the
intraventricular foramen of Monroe). The EVD system

Ventriculostomy
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Ventriculostomy. Figure 1 Overview of operative technique for ventriculostomy placement (Adapted from [4])

can be intermittently set to monitor ICP or drain
CSF, and drainage can be adjusted to various heights
relative to the intraventricular foramen to generate
different degrees of outflow resistance (and subsequent
ICP).
Placement of a ventricular catheter can be
performed through various entry sites, with the unifying
objective of limiting the risk of injury to “eloquent”
brain areas (motor, sensory, visual, and language cortex). In the ICU setting, occipital and parietal-occipital
approaches are not appropriate and most patients
undergo placement through a frontal approach (most
common in general). The frontal entry site that is most
commonly used is one that was described by the Swiss
surgeon Emil Theodor Kocher (1841–1917), a Nobel
Prize winner best known for his work on the physiology, pathology, and surgery of the thyroid gland (he was
also recognized for his skill in stomach, gall bladder,
and brain surgery). Termed “Kocher’s point,” this entry
site is approximately 2.5–3 cm lateral to midline and
1cm anterior to the coronal suture, or 11–13 posterior
to the nasion. Kocher’s point can be quickly approximated by moving a few centimeters behind the patient’s
native hair line and aligning with the ipsilateral midpupil. This approach places the entry point over the
prefrontal cortex, lateral to the superior sagittal sinus,
and anterior to the primary motor cortex. In general,
a trajectory that is perpendicular to the brain surface
almost automatically leads to intraventricular access. To
assume a perpendicular trajectory at Kocher’s point, the

catheter should be aligned with the ipsilateral medial
canthus in the coronal plane and the ipsilateral tragus in
the sagittal plane (Fig. 2). From Kocher’s point, the
ventricle is typically accessed 3–5 cm below the brain
surface and the final implanted length of catheter is at
most 5–7 cm below the brain surface. A ventricular catheter placed at Kocher’s point is typically tunneled under
the scalp to the parietal region, where it exits above the
superior temporal line, is secured to the scalp, and is
connected to an external transducer and/or collection
chamber.
The main risks associated with ventriculostomy
include cerebral injury, hemorrhage, stroke, and infection. Routine administration of antibiotics before, during, or after placement of an external ventricular
catheter has not been shown to be of clinical benefit;
similarly periodic replacement of EVDs is not supported
by the literature and prolonged drainage can be safely
achieved with a single catheter [8]. More recent evidence
suggests that newer ventricular catheters that are impregnated with antibiotics (minocycline and rifampin) or
silver (silver nanoparticles and an insoluble silver salt)
may be an effective strategy for reducing CSF infection
rates [6, 7].
If there is poor CSF flow or absence of a transduced
waveform following placement, a CT scan of the head
should be obtained to confirm catheter location. Obstruction of the tubing in the drainage system, distal to the
connection between the ventricular catheter and the
drainage system, can be flushed using preservative-free
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Ventriculostomy. Figure 2 Coordinates and trajectory for ventricular drain placed at Kocher’s point

saline. Obstruction that is proximal to this connection,
involving the ventricular catheter itself, may require gentle
aspiration by an experienced clinician. In rare situations,
carefully administration of thrombolytic agents may be
necessary to treat a catheter occluded by blood clots. It is
important to note, however, that flushing into a ventricular
catheter can be extremely dangerous as it may result in
acute elevation of ICP, particularly in patients with poor
intracranial compliance. In generally, close involvement of
a neurosurgeon or neurointensivist is prudent when troubleshooting a malfunctioning EVD system.
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Venules
▶ Microcirculation

Verified Trauma Center
A hospital is verified in an external review process
as meeting criteria that have been published, and are
considered necessary for a hospital to be capable of
providing care to injured patients. (see Designated
Trauma Center)

VerifyNowTM Analyzer
VerifyNowTM analyzer has been successfully used
to determine thienopyridines in clinical trials and
its results correlated well with those of platelet
aggregometry.

Videoendoscopy
▶ Gastrointestinal Endoscopy

Vigileo/FloTrac

Vigileo/FloTrac
CHRISTOPH K. HOFER, ANDREAS ZOLLINGER
Institute of Anaesthesiology and Intensive Care Medicine,
Triemli City Hospital Zurich, Zurich, Switzerland

Synonyms
Minimally invasive hemodynamic monitoring system;
Uncalibrated pulse wave analysis

Definition
The FloTrac/Vigileo system (Edwards Lifesciences, Irvine,
Ca, USA) is one of the different minimally invasive hemodynamic monitoring devices, which became recently
available as an alternative to the Swan-Ganz pulmonary
artery catheter for assessing a patient’s hemodynamic status [1]. The emergence of minimally hemodynamic monitoring was promoted because the use of the invasive
pulmonary artery catheter has been scrutinized in
the last years based on a variety of conflicting study results
regarding patient outcome. However, this controversy
underestimated for a long time the fact that
a monitoring device, per se, does not influence patient
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outcome, but rather the therapeutic actions based on
hemodynamic measurements.
The FloTrac/Vigileo system consists of a sensor
unit (FloTrac, Fig. 1a) and a stand-alone monitor
(Vigileo, Fig. 1b). It is a pulse wave analysis technique
estimating flow, that is, cardiac output as a major
determinant of oxygen delivery, from the arterial
pulse pressure waveform. In contrast to other systems,
no external calibration by an indicator dilution technique is required.
In order to assess the relationship between oxygen
delivery and consumption, that is, global tissue oxygenation, central venous oxygenation can be additionally measured on a continuous basis using a dedicated central
venous oximetry catheter (PreSep catheter, Edwards
Lifesciences, Irvine, Ca, USA, Fig. 1c) via the Vigileo
monitor.

Pre-existing Condition
In patients at risk for hemodynamic instability
resulting in end-organ hypoperfusion or in hemodynamic compromised situations, hemodynamic monitoring is typically required in order to detect any
changes of the patient’s hemodynamic conditions and
to improve and maintain end-organ perfusion by

b
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c

Vigileo/FloTrac. Figure 1 The FloTrac/Vigileo system. (a) FloTrac sensor. (b) Vigileo monitor. (c) PreSep catheter
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adequate therapeutic means. Based on its minimally
invasive nature, the FloTrac/Vigileo system can be
used without any of the typical problems related to
more invasive devices. It can therefore be applied to
patient populations previously excluded from more
sophisticated hemodynamic monitoring techniques.
A typical indication might be the use of the monitoring system with the goal to optimize the hemodynamic
situation in a perioperative setting.
In severely and critically ill patients, the FloTrac sensor
and the PreSep oximetry catheter for continuous assessment of central venous oxygen saturation can be a useful
combination to better reflect the patient’s hemodynamic
situation considering the properties and limitations of the
system.

a multivariate hemodynamic model based on the
modelflow theory using Otto Frank’s fundamental
hemodynamic concept [2], which indicates that blood
pressure fluctuations around mean arterial pressure
are the result of the cardiac action, that is, stroke
volume driven into the vascular system during each
systole. Thus, the model has to adjust for the unsteady
intermittent nature of blood flow, effects of pulse
pressure propagation, vascular distensibility, and peripheral resistance.
As with other monitoring devices, cardiac output
is calculated by the FloTrac/Vigileo system from
the variables of the basic equation for measuring
perfusion:

Application

Pulse rate (PR) is determined from the pressure waveform
changes and stroke volume (SV) can be considered to be
a two-step process after manually entering individual
patient variables (age, gender, height, weight).
As a first step, the contribution of pulse pressure on
stroke volume is assessed. This is assumed to be proportional to the standard deviation of arterial pulse pressure
(SDap) taking the principles established by Frank into
account. The recording of SDap has the advantage that
the SDap is less influenced by random variation of the
arterial pressure signal or the physical properties of the
catheter conducting system than the raw arterial pressure
signal. SDap is correlated to stroke volume using an underlying database consisting of anthropomorphic and hemodynamic data. These data were collected using the
thermodilution technique via pulmonary artery catheter
in a variety of patient populations and settings during the
initial development process and later on during the
enhancement of the algorithm from the first to the actually
third generation of the device. Pulse pressure is recorded at
a frequency of 100 Hz and SDap is determined during
a window of 20 s.
The second step is the integration of the vascular
tone and the influence of pulse pressure on vascular
tone (i.e., aortic compliance and vascular elastance,
i.e., the phasic equivalent of vascular resistance) that
are assessed as single variable (w). Therefore, the cardiac
output equation of the FloTrac/Vigileo system reads as
follows [3]:

Setup
The FloTrac sensor, which consists of two electromechanical transducer units, one for the standard arterial
pressure signal and the other for the determination of
cardiac output, is attached to an existing radial or
femoral arterial line. The sensor is connected to the
Vigileo monitor and after manually entering specific
patient data (age, gender, height, weight) and zeroing
the pressure signal of the arterial line to ambient
pressure conditions, cardiac output assessment and
measurement of stroke volume variation automatically
starts. The PreSep oximetry catheter requires an in
vitro or in vivo calibration process of the oxygen
saturation before use.

Hemodynamic Variables
The FloTrac/Vigileo system provides continuous cardiac
output and stroke volume readings. In addition, it allows
the automated quantification of the dynamic parameter
stroke volume variation (SVV) in order to determine fluid
responsiveness. Moreover, systemic vascular resistance
(SVR) can be continuously calculated from cardiac output
and central venous pressure, when either the signal is
slaved to a standard monitoring system and a central
venous catheter is in place or a dedicated PreSep catheter
is being used. The PreSep catheter enables a continuous
monitoring of the central venous oxygenation saturation
(ScvO2).

Cardiac Output Algorithm
The FloTrac/Vigileo system uses a proprietary algorithm for cardiac output assessment relating flow
to arterial pressure considering vascular tone. It is

½CO ¼ PR  SV 

½CO ¼ PR  SDap  w:
w is adjusted every 1 min using the latest software
generations. For the calculation of w, different characteristics are utilized in the multivariate model, the most
important components being aortic compliance and

Vigileo/FloTrac
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Vigileo/FloTrac. Figure 2 Components of the FloTrac algorithm (statistical moments of pulse pressure analysis). MAP = mean
arterial pressure, SDap = standard deviation of arterial pulse pressure, Pavg = average pulse pressure

different statistical moments of arterial pressure (mean
arterial pressure [MAP], SDap, skewness, and kurtosis;
Fig. 2):
Aortic compliance has shown to be correlated to age,
gender, and MAP and can be calculated using these variables and aortic anatomy (diameter and length). The
FloTrac algorithm uses anatomic estimates based on
anthropomorphic data including weight, height, and
body surface area.
MAP increases correlate with increases of vascular
resistance, whereas SDap changes in combination with
aspects of kurtosis are indicative for compliance and
wave reflectance of different arterial locations, (i.e., radial
and femoral).
Skewness is a measure of the arterial pressure
wave symmetry, which varies with changes in vascular
tone, primarily vascular resistance. Kurtosis on the
other hand is a measure of the waveform distribution,
that is, pulse-pressure height indicating vascular
compliance.

Validation
A variety of validation studies in different clinical
settings have been performed comparing cardiac output
measurement by different generations of the FloTrac/
Vigileo system with the clinical standard that is
intermittent thermodilution via pulmonary artery

catheter. Generation 1 of the system revealed conflicting
results regarding measurement accuracy and reliability
was questioned. As a major source of error, a long timewindow for the adjustment of the vascular tone (w) was
identified. For Generation 2, the rate of adjustment of w
was reduced (from the initial interval of 10 to 1 min) and
consistently better cardiac output assessment of the system
was noted in a perioperative setting predominantly in
patients undergoing cardiac surgery [4, 5]. However, for
both generations limited precision and agreement correlating with the degree of decreasing SVR was found in
hyperdynamic situations, that is, liver transplant patients
or patients with septic shock. This could eventually be
explained by the phenomenon of peripheral decoupling
of the arterial pressure signal. Under regular physiological
conditions usually a typical amplification of the pulse
pressure amplitude travelling form the aorta towards
smaller peripheral arterial vessels can be observed. By
contrast, under hyperdynamic conditions a reversed reaction regarding pulse pressure can be found and the amplitude starts to decrease with increasing distance from the
aorta. Generation 3 takes this phenomenon into account
and more hyperdynamic patients were added to the
underlying database of the system. Preliminary data let
us suggest that these modifications may result in a further
improved performance of the FloTrac/Vigileo system. No
validation data are currently available for the PreSep
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catheter. However, the same established fiber-optic measurement technique is being used in modified pulmonary
artery catheters for years.

Limitations
The FloTrac/Vigileo system shares some typical limitations with other hemodynamic monitoring systems
based on pulse wave analysis. It has to be emphasized,
that optimal arterial pressure signal, that is, optimal
damping of the tubing system, is crucial for appropriate
measurements for all pulse wave analysis devices. Function
is typically limited during supplemental cardiac support
by an intra-aortic balloon pump or when major cardiac
arrhythmias occur, because the algorithm is not able to
adapt to pulse wave altered by artificial augmentation and
series of different extra beats. Moreover, rapidly changing
hemodynamic situations may result in a misinterpretation
of actual cardiac output. Furthermore, readings of the
system still need to be cautiously interpreted during severe
hyperdynamic conditions although the recent modifications of the system may improve performance. It might be
of help to enhance measurements when a femoral instead
of a radial arterial access is being used in these situations.
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Viral Hemorrhagic Fever
Viral hemorrhagic fever is an acute systemic illness classically involving fever, a constellation of initially nonspecific
signs and symptoms, and a propensity for bleeding and
shock.

Viral Infection, Severe: Overview
CHARLES-EDOUARD LUYT
Service de Réanimation Médicale, Institut de Cardiologie
Groupe Hospitalier Pitié-Salpêtrière, Paris, France

Synonyms
Virus disease

Definition
Viral infection represents a wide range of diseases in the
intensive care unit (ICU), from “benign” (infection of
the upper respiratory tract responsible for exacerbation
of chronic obstructive pulmonary disease (COPD)) to
life-threatening diseases (fulminant myocarditis or acute
respiratory distress syndrome). Recently, new viruses or
strands of old ones were responsible for epidemic
or pandemic and shed the light on these difficult to treat
diseases: coronavirus for severe acute respiratory distress
syndrome, avian influenza A (H5N1) virus; and more
recently swine-origin influenza A (H1N1) virus. Besides
these emerging diseases, viral infection can be roughly
divided in two categories: community-acquired viral
infection and nosocomial viral infection.
We will not develop the HIV-related viral infections and
those occurring in immunocompromised (such as solidorgan or bone-marrow transplants), which are specific diseases developed in other entries of this encyclopedia.

Community-Acquired Viral Infection
A wide range of viral infection can lead to ICU admission.
Specific severe diseases are developed in other chapters of
this book, ranging from fulminant myocarditis requiring
mechanical circulatory support to herpes simplex virus
(HSV) encephalitis, dengue hemorrhagic fever, and West
Nile virus. However, these conditions are not common
and the main causes of viral infections leading to ICU
admission are respiratory tract infections: from infection
of the respiratory tract leading to COPD exacerbation or
decompensation of heart failure to viral pneumonia.
The viruses responsible for these infections are
mainly respiratory viruses, such as influenza,
parainfluenza, rhinovirus, adenovirus, echovirus respiratory syncytial virus (RSV), coronaviruses, and human
metapneumovirus [1].

Nosocomial Viral Infection
Except the rare cases of nosocomial transmission of viral
disease (influenza, herpes simplex virus), nosocomial viral
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infections are due to latent viruses that are reactivated in
critically ill individuals. Actually, prolonged critical illness
impacts on immune function: although both pro- and
anti-inflammatory responses are activated early in sepsis,
the pro-inflammatory response predominates [2]. Later in
the course of the disease, the anti-inflammatory response
becomes predominant, leading to “immunoparalysis,”
nosocomial infections, and viral reactivation [2].
The viruses responsible for these episodes of nosocomial
infections are mainly Herpesviridae, namely, HSV and
CMV [1, 3, 4]. The exact role of the newly discovered
Acanthamoeba polyphaga mimivirus (mimivirus) remains
to be determined.

Epidemiology
Community-Acquired Viral Infection
Whereas specific viral infection such as fulminant
myocarditis and HSV encephalitis are rare, the incidence
of viral infection of the respiratory tract in ICU patients is
quite high. Respiratory viruses (influenza, parainfluenza,
rhinovirus, adenovirus, echovirus, respiratory syncytial
virus (RSV), coronaviruses, human metapneumovirus)
can trigger up to 40% of COPD exacerbations requiring
ICU, and are responsible for roughly 10% of communityacquired pneumonia cases, influenza being the most frequent [1]. Thus, these pathogens have to be suspected in
case of flu or pneumonia during the influenza season, or
during an epidemic or a pandemic. Other viral diseases,
such as dengue or West Nile virus, are seen in travelers of
specific endemic zones.

Nosocomial Viral Infection
Based on observational cohort studies, 22–54% of ICU
patients had HSV in the throat [1, 3]. In a recent study on
201 nonimmunocompromised patients ventilated for at
least 5 days, HSV reactivation in the throat was diagnosed
in 109 patients (54%), asymptomatically in 56% of them,
whereas it was associated with herpetic ulceration of the
lip or gingivostomatitis in 48 (44%) [3]. HSV can be
detected in the lower respiratory tract of 5–64% of ICU
patients, depending on the population and the diagnostic
method used. In most cases, HSV recovery from lower
respiratory tract samples of nonimmunocompromised
ventilated patients corresponds to viral contamination of
the lower respiratory tract from mouth and/or throat, but
for some patients, a real HSV bronchopneumonitis
(corresponding to HSV infection of the lung parenchyma)
can develop; a recent study performed in nonimmunocompromised patients with prolonged MVexhibited a rate
of 21% [3]. Although HSV reactivation in the throat can
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occur early in ICU patients, HSV bronchopneumonitis
occur generally later, after a mean of 14 days of mechanical
ventilation.
CMV reactivation seems also frequent in ICU patients.
A recent large multicenter study of critically ill
nonimmunocompromised patients found that up to
33% of them experienced CMV viremia at any level during
their ICU stay, and that 20% had a CMV viremia greater
than 1,000 copies/mL [4]. These data confirmed other
previously published data that underlined the role of
CMV in unexplained fever, pneumonia, or acute respiratory distress syndrome [3]. In ICU patients, CMV can be
detected in the blood early (after a median of ICU stay of
12 days), the highest viremia being detected after a median
of 26 days of ICU stay. For patients with CMV lung
disease, the infection occurs after prolonged mechanical
ventilation, roughly after a mean of 3 weeks of mechanical
ventilation [1].
Recently, Acanthamoeba polyphaga mimivirus
(mimivirus) has been considered a possible cause of pneumonia, but its responsibility as pathogen responsible for
real cases of pneumonia has never been categorically
demonstrated. Because of conflicting data, no definite
conclusion can be drawn concerning a possible
role of mimivirus in CAP or nosocomial pneumonia
at present [1].

Treatment
In most cases, treatment of severe viral infection in the
ICU is based on supportive therapy for organ failures. For
example, mainstay of therapy for fulminant myocarditis is
supportive therapy for left ventricular dysfunction,
including inotropic support and mechanical circulatory
support such as ventricle assist devices or extracorporeal
membrane oxygenation.
Although antiviral treatments are not active against
a large part of viruses, a few of them are available for the
clinicians and their use in the ICU is progressively increasing in recent years. Principal molecules and indications in
the ICU are given in Table 1. Some of these drugs have
indications only in immunocompromised.

Treatment of Community-Acquired Viral
Infection
As seen above, most community-acquired viral infections
involve the respiratory tract. For most of these episodes, no
specific antiviral drug is available, and only symptomatic
treatment is required. Influenza can be treated by neuraminidase inhibitors, oseltamivir, and zanamivir. Oseltamivir is
the first-choice drug, although its efficacy is probably limited. It should be given in the first 48 h of symptom onset,

V

2456

V

Viral Infection, Severe: Overview

Viral Infection, Severe: Overview. Table 1 Antiviral treatment in the ICU: main indications
Virus

Drug: name, usual dosage, duration of treatment Main indications

Influenza A or B

Oseltamivir, 75 mg bid, 5 days

Severe influenza, in the first 48 h

RSV

Ribavirine (aerosol): 6 g/day, 7–14 days
Aciclovir: 10 mg/kg tid, 14–21 days
Foscarnet (second-line therapy): 90 mg/kg bid,
14–21 days

Meningoencephalitis

HSV

Severe VRS pneumonia in immunocompromised
Disseminated infection
Bronchopneumonitis

CMV

Gancyclovir: 5 mg/kg bid, 14–21 days
Foscarnet (second-line therapy): 90 mg/kg bid,
14–21 days

VZV

Aciclovir: 10 mg/kg tid, 8–10 days

Disseminated infection

Adenovirus

Cidofovir: 5 mg/kg once a week

Severe disease in immunocompromised

Hemorrhagic fever Ribavirine: loading dose 30 mg/kg then 15 mg/kg
q6 h for 4 days then 7.5 mg/kg q8 h for 6 days

Severe CMV infection in immunocompromised
patients

Lassa fever
Hemorrhagic fever with renal syndrome

VRS respiratory syncytial virus, HSV herpes simplex virus, CMV cytomegalovirus, VZV varicella-zoster virus

and only in patients with proven influenza, or in special
situation (epidemic or pandemic influenza). Vaccine is
probably the best way to fight against seasonal influenza,
especially in selected populations (elderly, care workers,
immunocompromised), by decreasing the number of severe
cases, including viral pneumonia requiring ICU admission,
and by reducing the mortality rate [5].
Hemorrhagic fever or of HSV encephalitis can be successfully treated with antiviral drugs (Table 1), but for
other viral diseases, such as dengue hemorrhagic fever or
West Nile virus, no specific antiviral drugs are available.

Treatment of Nosocomial Viral Infection
Data on the relevance of nosocomial viral infection treatment are scarce. In immunocompromised patients (as
classically defined, i.e., HIV, solid-organ or bone-marrow
transplant, and patients receiving immunosuppressive
including corticosteroids), treatment with either aciclovir
or ganciclovir for HSV or CMV infection is obvious. In
nonimmunocompromised patients, few data are available.
In cohort studies, aciclovir treatment of patients with viral
reactivation in the lower respiratory tract (with or without
bronchopneumonitis) did not seem to impact outcome
[3]. Moreover, a small randomized, placebo-control trial
showed no impact of prophylactic aciclovir for patients
undergoing mechanical ventilation [1]. Thus, prophylactic or curative aciclovir cannot be recommended for
nonimmunocompromised patients with HSV reactivation
detected in the upper and/or lower respiratory tract.
This treatment should be reserved for patients with symptomatic oropharyngeal reactivation (gingivostomatitis) or

with true organ involvement, such as bronchopneumonitis [3]. For nonimmunocompromised patients
with CMV reactivation or pneumonia, although these
conditions seem to be associated with poor outcome [4],
no convincing data on the relevance of a curative treatment with ganciclovir are available in the literature.

Evaluation and Assessment
Effectiveness
The incidence of viral infection has been long
underestimated because of the scarcity of diagnostic
tests. Modern diagnosis methods, such as polymerase
chain reaction (PCR) that can detect small amounts of
viral nucleic acid, have markedly improved the identification of viral infections. However, the reliability of PCRpositive samples could be doubtful. Like other diagnostic
tests, there are false positive results, caused by contamination of PCR reactions with amplification products from
previous tests or by carryover of homologous genomic
DNA. Alternatively, false positive results may arise from
nonspecific binding of primers to irrelevant sequences. On
the other side, the relevance of viral detection in diagnostic
samples may be also doubtful. Viral excretion does not
mean viral infection. For example, in mechanically ventilated patients, HSV detection in the lower respiratory tract
does not necessarily mean HSV bronchopneumonitis: it
might be a local virus excretion or a contamination from
mouth and/or throat. Thus, the results of a positive viral
sample must be confronted with the clinical status of the
patient.

Viral Infection, Severe: Overview

Community-Acquired Viral Infection
Given the wide range of viruses responsible for respiratory
infection and the absence of effective treatment (except for
influenza), diagnostic tests are not routinely performed.
They can be done for epidemiological data or academic
interest.
Regarding influenza, the diagnostic tests are
performed in case of clinical suspicion either during the
influenza season, or during an epidemic or a pandemic.
Most common diagnostic tests are rapid tests, based on
direct antigen detection. Samples to be tested can be nasal
swabs, nasopharyngeal aspiration, or, in mechanically
ventilated patients when an influenza-specific pneumonia
is suspected, tracheal aspirate or bronchoalveolar lavage
fluid. When positive, or in case of high suspicion, confirmation by a more specific test is mandatory: either virus
isolation in cell culture, or detection of influenza-specific
RNA by real-time reverse transcriptase-polymerase chain
reaction (rRT-PCR).

Nosocomial Viral Infection
In nonimmunocompromised patients, most of nosocomial
viral infections are due to Herpesviridae. Although they are
frequent in ICU patients, screening every patient is probably not meaningful. Diagnostic tests should be reserved
in particular subsets. For HSV reactivation and or infection of the respiratory tract, it is justified to test patients
with suspected pneumonia: immunocompromised,
nonimmunocompromised with clinical reactivation of
HSV (herpes labialis or gingivostomatis), and those with
unexplained acute respiratory distress syndrome (ARDS).
For CMV reactivation in the blood, the exact timing and
frequency of test remain to be determined for
nonimmunocompromised patients, whereas a weekly
assay is sufficient in immunocompromised [4]. For
CMV pneumonia in nonimmunocompromised patients,
BAL fluid should be tested for CMV in case of unexplained
ARDS or pneumonia symptoms without pathogen
identified.
The diagnosis of HSV reactivation in the throat can be
done by virus isolation in cell culture. HSV can be isolated
in tracheal aspirate, BAL, or mini-BAL samples by cell
culture or PCR. Recently, the virus load, performed
by real-time PCR, has been highlighted, and might, in
the future, become a way to diagnose HSV lung
involvement [3].
For CMV reactivation, DNA can be detected in the
blood by PCR, and quantified by real-time PCR [4]. In the
BAL fluid, CMV can be isolated by cell culture or PCR.
However, virus isolation in BAL fluid does not necessarily mean viral infection or viral disease. For example,
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HSV recovery in the lower respiratory tract might be
a local virus excretion or a contamination from mouth
and/or throat. For suspected viral pneumonia, cytologic
examination of the cells collected during bronchoscopic
BAL is the cornerstone for HSV bronchopneumonitis and
CMV pneumonia diagnosis [1, 3]. Actually, Herpesviridae
lung infections can be confirmed by a histological involvement, that is, a HSV- or CMV-specific cytopathic effect on
cells collected during bronchoscopic BAL. The cytopathic
effect seen depends on the Herpesviridae considered:
nuclear inclusions are specific of HSV infection whereas
cytoplasmic inclusions are specific of CMV infection.

Pharmacoeconomics
The cost of viral infection in the ICU is not known, but
insofar as they can trigger COPD exacerbation or be
responsible for severe pneumonia, the attributable cost
of viral infection should be estimated on the basis of the
cost of ICU stay. The estimated cost of 1 ICU day is
roughly around $7,000 the first day, and is decreases
after 3 days to approximately $3,000 per day. Thus, the
cost of a viral infection that increases the durations of
mechanical ventilation and ICU stay should be estimated
on this basis.
The attributable cost of ventilator-associated pneumonia is approximately $11,897. Because CMV and HSV-1
can cause viral pneumonia, and because their reactivation
is associated with an increase in mechanical ventilation
duration [1, 3], the attributable cost of nosocomial viral
infection could also be estimated on this basis.

After-care
After-care of patients having developed viral infection is
not different from that of other ICU patients.
These patients, due to prolonged mechanical ventilation
(especially for those having developed nosocomial viral
infection), present asthenia, sleep disturbance, weight loss,
ICU-acquired weakness, and nutritional deficit. Moreover, a large proportion of them suffer of posttraumatic
stress disorder, anxiety disorder, sexual dysfunction, and
impaired quality of life, as other ICU patients. As every
ICU patient after discharge, they require a complete evaluation and a multidisciplinary treatment approach
including prolonged rehabilitation and psychological
assessment.

Prognosis
Community-Acquired Viral Infection
The prognosis of community-acquired infection depends
upon the disease and the initial presentation: Quite good
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for fulminant myocarditis when supported by circulatory support, the mortality and morbidity rates of
HSV encephalitis remain high despite the use of
aciclovir. For respiratory diseases, and in particular
viral pneumonia, it depends on the pathogen: avian
influenza A (H5N1) virus has a mortality rate of 60%,
but swine-origin influenza A (H1N1) virus seems to be
more contagious and less virulent, with a higher number of cases but a lower mortality rate. For much more
frequent disease, prognosis depends upon the severity
of the disease. As an example, seasonal influenza,
which affects 5–15% of the world population with an
estimated severe disease rate of 3–5 million per year,
has an estimated mortality rate of 250,000–500,000
deaths per year in the world.

Nosocomial Viral Infection
Although few data are available on this disease, all
studies seem to show that viral HSV or CMV
reactivation and/or infection in immunocompromised
or nonimmunocompromised patients is associated
with prolonged mechanical ventilation and ICU stay.
Some studies have shown that HSV reactivation or
infection could be associated with poorer outcome.
However, whether HSV infection in ICU patients is
responsible for or only associated with higher mortality remains to be determined [1, 3]. For CMV, this is the
same concern: CMV reactivation in critically ill patients
has been associated with higher mortality rate in prospective, observational studies. However, the pathogenic role
of CMV – that is, benign colonizer activated in proportion
to the severity of the underlying illness or infectious agent
with a true attributable morbidity and/or mortality –
remains unclear.
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Voltage-Sensitive Calcium
Channels (L-type)
A group of calcium ion channels that are activated or
opened when the cell is depolarized. They are located on
many excitable cells, including cardiac and smooth muscle, neuronal cells, and endocrine cells. They can be antagonized with therapeutic drugs in the class of calcium
channel blockers.
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Volume Overload in Children
STUART L. GOLDSTEIN
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Synonyms
Fluid excess; Fluid overload; Volume excess

Definition
The definition of volume overload can be viewed in either
absolute or relative terms. Absolute volume balance refers
to the cumulative total volume input minus the total
volume output over a given period of time. Relative volume balance is defined as the absolute volume balance (in
liters) divided by the patient’s body weight (in kilograms),
and is expressed as percent volume (or fluid) balance.
Positive fluid balance refers to a net fluid accumulation.
The concept of volume overload has received extensive
attention in the recent pediatric acute kidney injury and
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critical care literature. In multiple pediatric studies, percent volume overload from ICU admission to dialysis
initiation was independently associated with patient
mortality, irrespective of patient severity of illness
(Table 1)[1–5]. The link between increasing percent
volume overload and mortality is not completely clear,
but published data suggest that cumulative fluid overload
may lead to worsening pulmonary mechanics.
While a precise degree (i.e., percent) of positive volume
accumulation cannot serve to define a dangerous degree of
volume overload, data from these studies have shown
increased risk of mortality at greater than 10–20% fluid
overload and have prompted recent pediatric guidelines for
septic shock to suggest consideration of continuous renal
replacement therapy or extracorporeal membrane oxygenation provision at 10–20% positive volume accumulation in
patients who do not respond to standard pharmacological
management [6]. Institution of mechanical volume balance support can allow for provision of nutrition, blood
products, and necessary medications without incurring
further increased percent volume overload.
Children with acute kidney injury after stem-cell transplantation require special consideration, since they may have
increased susceptibility to pulmonary edema after total body
irradiation. Pediatric studies have shown maintenance of less
than 10% fluid overload or early CRRT in this cohort may be
associated with improved survival [7, 8].

Differential Diagnosis
The differential diagnosis of volume overload is similar to
that for oliguria. In the intensive care setting, oliguria and
resultant fluid overload usually result from hypotension
and multiorgan failure and present as acute tubular
necrosis.

Volume Overload in Children. Table 1 Volume overload at CRRT initiation and outcome
p

Author

Cohort (n)

Outcome

Goldstein

Single center (22)

Survivors 16% FO
Non-survivors 34% FO

Gillespie

Single center (77)

%FO>10% with OR death 3.02

0.002

Foland

Single center (113)

Three organ MODS patients
Survivors 9% FO
Non-survivors 16% FO

0.01

Goldstein

Multicenter (116)

2+ organ MODS patients
Survivors 14% FO
Non-survivors 25% FO

0.002

Hayes

Single center (76)

Survivors 7%
Non-survivors 22%

0.001

0.03
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Cross-Reference to Disease

▶ Acute Kidney Injury
▶ Continuous Renal Replacement Therapy
▶ Oliguria in Children
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▶ Prerenal Azotemia

Volume Responsiveness
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Synonyms
Fluid responsiveness

Definition
Volume responsiveness is defined as the ability to respond
to volume expansion by a significant increase in stroke
volume and cardiac output. In normal physiologic conditions, an increase in ventricular preload is associated
with a significant increase in cardiac output. Only about
50% of critically ill patients respond to volume expansion
[1]. The shape of the Frank–Starling curve, which
describes the nonlinear relationship between ventricular
preload and ventricular stroke volume (Fig. 1), accounts
for the variety of responses to fluid loading [1]. When the
heart is operating on the initial and steep limb of the
curve, the stroke volume is highly dependent on ventricular preload, and administering fluid will actually result in
a significant increase in stroke volume. When the heart is
operating on the terminal and flat portion of the curve, the
stroke volume is no longer dependent on ventricular preload, and fluid administration will not increase significantly the stroke volume. In addition, the Frank–Starling
curve shape is strongly influenced by the ventricular contractile function (Fig. 1). Consequently, a given value of
preload can be associated with volume responsiveness in
the case of normal cardiac function (Fig. 1), or with the
absence of volume responsiveness in the case of failing
heart (Fig. 1).

Pre-existing Condition
The clinical interest in predicting volume responsiveness is
highly dependent on the clinical situation that the physician has to face. Four different scenarios must be
distinguished.
The first clinical situation refers to patients admitted to the emergency room for evident and acute fluid
losses (hemorrhage, diarrhea). In such cases, the diagnosis of hypovolemia is almost certain, and a positive
hemodynamic response to volume expansion should
occur.
The second clinical situation refers to patients admitted to the emergency room for high suspicion of septic
shock. A positive hemodynamic response to volume
expansion is also expected at this early stage of septic
shock where relative and absolute hypovolemia are very
likely to exist. In these two clinical situations, administering fluid is obviously necessary and there is no need for
searching sophisticated parameters to predict volume
responsiveness.
The third clinical situation refers to patients who have
been in the intensive care unit for several hours or days
and who still experience hemodynamic instability after the
initial resuscitation phase of acute circulatory failure
(sepsis, trauma, postoperative condition, etc.).

Volume Responsiveness
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Volume Responsiveness. Figure 1 The Frank–Starling relationship. The same increase in cardiac preload (from A to B) can result
in a significant (from a0 to b0 ) or in a negligible (from a to b) increase in stroke volume depending upon the shape of the
curve. A static value of preload (A) cannot predict in which extent stroke volume will respond to increased cardiac preload.
Functional hemodynamic monitoring consists of observing the resulting effects on stroke volume of a preload variation

The fourth situation refers to high-risk surgical
patients during the perioperative periods.
In these last two situations, only 50% of patients still
have some ventricular preload reserve and thus can significantly respond to fluid loading [1]. This emphasizes the
need for predictors of volume responsiveness to distinguish between patients who can still benefit from volume
expansion and those in whom volume expansion is ineffective, could delay appropriate therapy such as vasopressor and/or inotropic support, and could be detrimental
through the development of peripheral tissue edema
including pulmonary edema.

Application
Static Indices of Preload
Considering the Frank–Starling relationship (Fig. 1), the
response to volume expansion is more likely to occur
when the ventricular preload is low than when it
is high. Thus, measures of ventricular preload have
been proposed to predict volume responsiveness. This
includes central venous pressure measured via a central
venous catheter, pulmonary artery occlusion pressure
measured by a pulmonary artery catheter, left ventricular end-diastolic dimensions and early to late diastolic
wave ratio assessed by echocardiography, and global
end-diastolic volume obtained by transpulmonary
thermodilution. However, none of these preload
markers enables accurately predicting volume responsiveness [2, 3]. This is probably related to the fact that the
slope of the ascending part of the Frank–Starling curve

also depends of the contractile function such that a given
value of cardiac preload can be associated with ▶ preload
responsiveness in patients with normal contractile function or with preload unresponsiveness in patients with
a failing heart (Fig. 1) [1].

Dynamic Indices of Preload Responsiveness
Using the concept of functional hemodynamic monitoring, new indices have been developed and validated for
predicting volume responsiveness. This concept simply
relies on inducing transient changes in ventricular preload
and observing the resulting effects on stroke volume:
volume responsiveness is expected to exist if preload
changes result in significant changes in stroke volume.
Transient changes in ventricular preload can occur in
a frequent clinical circumstance, which is a positive pressure ventilation, and can be provoked during two tests,
namely passive leg raising (PLR) and tele-expiratory
occlusion (TEO) tests [1, 4, 5].
In mechanically ventilated patients, the magnitude of
the respiratory variation of stroke volume (or of any
surrogate) has emerged as the most commonly used
▶ dynamic index of preload responsiveness [1, 5]. As
a resultant of heart–lung interactions, each mechanical
insufflation produces a decrease in venous return at inspiration. If the right ventricle is preload responsive,
a decrease in right ventricular outflow will occur at the
inspiratory time, and a resulting decrease in left ventricular preload will occur after the few cardiac cycles required
for the blood to transit through the lung, that is, at the
expiratory time when using conventional mechanical
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ventilation. If the left ventricle is also preload responsive,
a decrease in left ventricular stroke volume should then
transiently occur. A marked cyclic variation of stroke
volume under mechanical ventilation is thus an indicator
of preload responsiveness of both ventricles. The respiratory arterial pulse pressure variation (PPV) has been first
proposed as a surrogate of stroke volume variation [1]. Its
use for predicting volume responsiveness is supported by
an important level of evidence [1]. It can be automatically
calculated by several bedside hemodynamic monitors.
Many studies have consistently demonstrated that the
magnitude of respiratory variation of other hemodynamic
variables, such as systolic pressure measured from the
arterial pressure tracing, aortic blood flow measured by
esophageal Doppler, subaortic velocity time integral measured by echocardiography, and stroke volume estimated
from pulse contour analysis, could be used to predict
volume responsiveness [1]. A systematic review has
shown that the diagnostic accuracy of PPV was significantly greater than that for stroke volume variation [5].
This finding may be related to the fact that arterial pulse
pressure is measured directly from the arterial pressure
tracing using advanced digital software, whereas pulsecontour derived stroke volume is calculated after making
a number of assumptions [5]. Recently, it has been proposed to estimate stroke volume variation by using noninvasive devices that measure the amplitude of the
plethysmographic signal and the photoplethysmography
estimation of arterial pulse. Confirmatory studies are still
required. Based on a similar approach, it has been also
proposed to quantify the respiratory variation of preload
markers to assess volume responsiveness. Accordingly,
respiratory variations of the inferior vena cava diameter
measured by transparietal ultrasonography and of the
superior vena cava diameter measured by transesophageal
echocardiography have been validated as accurate predictors of volume responsiveness in patients receiving
mechanical ventilation [1].
There are some limitations to use the heart–lung interaction indices. Importantly, they cannot be used in cases of
persistent spontaneous breathing activity [1]. Under these
conditions, the changes in intrathoracic pressure are irregular and of variable amplitude and may result in variation
of stroke volume independent of preload responsiveness.
The second limitation concerns the presence of cardiac
arrhythmias. In such cases, the variation of stroke volume
is more likely related to the irregularity of diastole than to
heart–lung interactions [1]. The third limitation refers to
the use of a low tidal volume, as recommended in acute
respiratory distress syndrome (ARDS). In line with the
hypothesis that a low tidal volume is unable to generate

sufficient changes in ventricular preload for testing volume responsiveness, it has been shown that the predictive
value of PPV is lower in case of low tidal volume ventilation than in case of normal tidal volume ventilation [1].
However, in patients with severe ARDS characterized by
reduced chest and lung compliances, low tidal volume
ventilation should most often be associated with sufficiently high changes in transpulmonary pressure and
intrathoracic pressure, for heart–lung interaction indices
being still able to predict volume responsiveness. Nevertheless, when tidal volume is lower than 8 mL/kg, the
respiratory variation of stroke volume (or of surrogates)
should be interpreted with caution. Open-chest surgery is
another situation where the heart–lung interaction indices
lose their predictive value for volume responsiveness.
Finally, some authors have raised the possibility to observe
a significant PPV in spite of a negative hemodynamic
response to volume expansion in patients presenting
a right ventricular dysfunction. Nevertheless, an excellent
predictive value of PPV has been reported in the vast
majority of studies that addressed the issue of volume
responsiveness including those performed in ARDS
patients [1, 5]. The real role of right ventricular dysfunction in the interpretation of pulse pressure variation definitely deserves further studies.
The PLR test is a maneuver that transiently and reversibly increases venous return by inducing a gravitational
transfer of blood from the lower limbs and the abdominal
compartment toward the intrathoracic compartment [1].
PLR results in an increase in right and left ventricular
preload supporting the assumption that the volume of
blood transferred to the heart is sufficiently large for
challenging the Frank–Starling curve. The increase in cardiac preload induced by PLR reverses once the legs have
been laid back to the baseline position. Therefore, PLR
acts as a reversible and short-lived “self ” fluid challenge
and can mimic the effect of volume expansion. As the test
exerts its effects over several cardiac and respiratory cycles,
it remains a good predictor in patients with spontaneous
breathing activity or cardiac arrhythmias. The excellent
ability of PLR to serve as a test of volume responsiveness
was demonstrated in patients with acute circulatory failure even in those experiencing cardiac arrhythmias or
ventilator triggering. Monitoring devices that estimate
cardiac output on a real-time basis (pulse contour analysis
device, esophageal Doppler, transthoracic echocardiography, or ultrasound device) are appropriate for assessing
the hemodynamic response to PLR. The best way to perform PLR test is to elevate the lower limbs at 45 , starting
from the 45 semi-recumbent position rather than from
the supine position. This technique has the advantage to

Volume Responsiveness

mobilize not only the blood contained into the legs but
also that contained into the splanchnic reservoir, what
significantly improves its sensitivity.
The TEO test is another alternative for testing volume
responsiveness in mechanically ventilated patients [4].
During mechanical ventilation, each insufflation interrupts the venous return. Interrupting the respiratory
cycle at the end of expiration precludes this cyclic impediment in venous return. The resulting increase in cardiac
preload might help for predicting preload responsiveness
with the advantage that the TEO test exerts its effects over
several cardiac cycles and could be used in patients
with some degrees of spontaneous breathing and/or
arrhythmias. It has been shown that the effects a 15-s
airway occlusion at end-expiration on the arterial pulse
pressure as well as on the pulse contour-derived cardiac
output allow predicting the effects of a 500 mL saline
administration with an excellent accuracy in arrhythmic
patients or in those experiencing mild triggering of the
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ventilator. This TEO test is only limited by the fact that it
cannot be used if an excessive triggering patient’s activity
interrupts the end-expiratory occlusion.
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is characteristic of critical illness polyneuropathy but there
is very scant neurological and histological data on each of
these syndromes or their combinations.

Characteristics
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Synonyms
Critical illness myopathy and/or neuropathy (CRIMYNE);
Critical illness neuromuscular abnormalities (CINMA);
Critical illness polyneuropathy (CIPN); Intensive care
unit acquired paresis (ICUAP); Intensive care unit
acquired weakness (ICUAW)

Definition
Efforts to formulate a discrete definition for ICUAW are
thwarted by the reality that the physical manifestation of
weakness may be due to: a myopathic syndrome,
a polyneuropathic syndrome, or some unspecified combination of the two. The myopathy may manifest as
a spectrum of histological changes including necrotizing
and thick filament myopathic changes in addition to disuse atrophy. Axonal polyneuropathy in the absence of
albumino-cytological dissociation on cerebrospinal fluid

Increased proteolysis and atrophy of muscle may occur
within hours of the onset of mechanical ventilation and
patients have demonstrable weakness on clinical exam
after 1 week in the ICU. Incidence rates for ICUAW
range from 37% to almost 80% across different studies.
This range in incidence relates to the multiplicity of factors
contributing to the development, exacerbation, regression, and ascertainment of these lesions. Variability may
also be linked to true differences in severity of illness,
or individual vulnerability across different populations,
process or practice pattern variability, co-interventions
and surveillance and ascertainment of new cases and the
diagnostic limitations of confirming this diagnosis. Identified risk factors currently include the following: multiple
organ failure, muscle immobilization, ICU length of
stay, hyperglycemia, and exposure to corticosteroids
and neuromuscular blockers. However, an exhaustive
list of risk factors is not known given the marked uncertainty about the pathophysiology of this nerve and muscle
lesion.

Treatment: Early Mobility and Rehabilitation
Definitive prevention and treatment of this condition is
limited by lack of data on the pathophysiology of these
lesions. However, recent work has focused on the atrophic
aspect of muscle weakness and early mobility in the ICU
has been highlighted as an initial intervention. There are
data that support safety of early mobility across multiple
centers and recent work that shows improved functionality at hospital discharge in patients undergoing early
mobility during their ICU stay.

Evaluation/Assessment
ICUAW may be identified through clinical assessment
using manual muscle testing (Medical Research Council
Score from 0 to 5) and hand dynamometry. These
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techniques are limited to the awake and cooperative
patient. Electrophysiological methods including nerve conduction studies, needle electromyography, neuromuscular
junction testing, and isometric force assessment have been
used. The utility of these methods has been limited by the
need for dedicated equipment, appropriately trained personnel, change in temperature in different muscle groups,
presence of marked edema in the critically ill patient, and
interference with electrical signal in the ICU environment.
These tests are often too sensitive and may lack specificity.
Two predominant skeletal muscle pathologic patterns
have been described in biopsy specimens from patients
with ICU-acquired muscle dysfunction. The most common variant is a selective thick (myosin) filament loss in
contrast to thin (actin) filament loss under electron
microscopic evaluation, with selective type II muscle
fiber atrophy or generalized Type I and Type II fiber
atrophy, on light microscopic evaluation [1, 2]. The second less common variant presents as muscle necrosis with
or without an inflammatory infiltrate. It is possible there
exists a spectrum of injury between these two variants as
single biopsy specimens can demonstrate fiber atrophy
with thick filament loss and necrosis. It remains controversial whether the recovery from, and risk factors for,
these two pathologies differ.

Basic Science of Muscle Wasting and
Weakness
Over the past decade, animal models of ICU-acquired
weakness, muscle dysfunction, and atrophy have contributed some early knowledge on the molecular mechanisms
that underlie skeletal muscle wasting and weakness associated with critical illness. Increased activation of proteolytic degradation signalling pathways within muscle, loss
of muscle mitochondrial content, diminished activity and
abnormalities in sodium channel function, and maintenance of the muscle membrane potential are key phenomena contributing to the development of marked muscle
atrophy and weakness in rodent models of critical illness
muscle dysfunction. Studies of the molecular mechanisms
underlying the peripheral neuropathy associated with
critical illness have demonstrated an axonopathy associated with mitochondrial dysfunction, abnormalities of
electrical excitability and enhanced neuronal apoptosis
and necrosis. With the exception of a handful of
studies in small cohorts of select patients, these important
observations remain to be reproduced in the muscle
and nerve of a large population of survivors of critical
illness.

Molecular Mechanism Underlying Muscle
Dysfunction in Critical Illness
Muscle Proteolysis
Muscle mass is determined by the balance struck between
muscle protein synthesis and muscle proteolysis. In multiple animal models of muscle atrophy, ranging from the
normal physiologic phenomenon of disuse and aging, to
traumatic denervation injury, models of critical illness
(sepsis and combined systemic corticosteroid/denervation) and metabolic derangements associated with
chronic renal insufficiency, diabetes mellitus, and cancer,
four main proteolytic systems are activated to degrade
muscle proteins: caspases, lysosomal proteases (cathepsins), calcium-dependent calpains, and the ubiquitinproteasome system [4]. While all contribute to the loss
of muscle mass, it is activation of ubiquitin-proteasome
dependent proteolysis that is the predominant mechanism
responsible for the development of muscle atrophy across
these multiple rodent models.
Protein ubiquitination is a highly ordered process
whereby multiple ubiquitin moieties, which act as recognition tags, are conjugated to proteins destined for subsequent proteolytic cleavage by the 26S proteasome or
lysosome. Ubiquitin ligases are the essential enzymes
that link the ubiquitin molecules to the target substrate
and confer system specificity by interacting with the target
protein through well defined protein–protein interaction
domains. The ubiquitin ligases atrogin-1 and MuRF1
(muscle-specific RING finger protein 1) are essential critical regulators of muscle atrophy in multiple rodent
models of disease, and more recently a third ubiquitin
ligase, Nedd4 (neural precursor cell expressed developmentally down-regulated 4) has also been identified as
ubiquitin ligase of potential importance in the induction
of muscle atrophy. These ubiquitin ligases are significantly
up-regulated in atrophying muscle, and their constitutive
over expression in tissue culture models and in skeletal
muscle in vivo by gene transfer induces the loss of skeletal
muscle mass. Loss of atrogin-1 or MuRF1, either in knockout mice or via siRNA knockdown, or inhibition of the
26S proteasome, significantly inhibits the development of
muscle atrophy across multiple rodent models of disease.
While the substrates of atrogin-1 and Nedd4 that are
critical to the development of muscle atrophy are not yet
known, initial studies suggest the MuRF1 substrates
myosin-binding protein C (MyBP-C), and myosin light
chains 1 and 2 (MyLC1 and MyLC2) may be important
mediators of muscle atrophy. Muscle is made up of

Weakness, Post ICU

myofibrils that are composed of aligned filaments in sarcomeres. The primary constituents are myosin in thick
filaments and actin in thin filaments. MyBP-C, MyLC1,
and MyLC2 stabilize the thick filament, and their
ubiquitination by MuRF1 and resulting subsequent degradation by the proteasome facilitates thick filament disassembly and leads to loss of muscle mass. In contrast, the
thin filaments (composed of predominantly actin) are not
degraded by a mechanism involving MuRF1. As noted
previously, muscle from individuals with ICU-acquired
muscle dysfunction frequently demonstrate fiber atrophy
with selective loss of myosin containing thick filaments
relative to actin containing thin filaments, suggesting that
increased activation of ubiquitin-proteasome-mediated
proteolysis via the expression of MuRF1 specifically, may
be involved in the development of ICU-acquired atrophy
and weakness.
While ubiquitin-proteasome proteolysis is critical to
the development of muscle atrophy, there is data to suggest that the intact myofibril is resistant to degradation by
the 26S proteasome, and a preliminary step of myofibril
disruption is necessary to provide the component myosin
and actin substrates to the proteasome for complete proteolysis. Experimentation in vitro and in animal models of
muscle wasting reveal that caspase-3 and calpains degrade
intact myofibril actinomyosin complexes as the initial
phase of muscle proteolysis providing substrate for subsequent ubiquitin-proteasome-mediated proteolysis.
Recently, select studies have demonstrated that activation of autophagy may contribute to the development of
muscle atrophy, more than was previously appreciated.
Two proteins within the autophagy signalling pathways,
LC3 and Beclin-1, have been shown to be increased in
rodent models of denervation and unloading-induced
muscle atrophy. In C2C12 myotubes in vitro, autophagy
and ubiquitin-proteasome-mediated proteolysis both
substantially contribute to the degradation of muscle proteins. However, these studies remain limited to primarily
culture work and animal models, and the importance of
autophagy to the development of muscle atrophy in the
human, in any disease state, remains unknown.

Upstream Regulation of Proteolysis
Several upstream intracellular signalling networks (e.g.,
cytokine activation of NFkB signalling, oxidative stress
responses, stimulation of apoptotic cascades, energy stress
stimulation of AMP-activated protein kinase signalling)
activate the proteolytic machinery in myocytes that results
in loss of muscle mass in vitro and in animal models of
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disease. The NFkB signalling pathway has been of particular interest and is known to mediate muscle degradation
in rodent models of muscle atrophy associated with cancer
cachexia, sepsis and systemic inflammation, denervation,
and unloading through the combined effects of stimulated
proteolysis and impaired muscle growth. p65 is the primary NFkB subunit known to regulate inflammation and
muscle wasting associated with generalized inflammatory
states and cachexia. Phosphorylation and nuclear retention of NFkB(p65/p50) heterodimers binds the MuRF1
promotor, inducing MuRF1 transcription and thus 26S
proteasome-mediated muscle degradation. Recently
NFkB(p50) has been shown to mediate muscle atrophy
associated with unloading, independent of activation of
p65. The downstream substrate targets of p50 that mediate
this effect in muscle remain unknown at this time.

Reciprocal Link Between Hypertrophic and
Atrophic Signalling in Skeletal Muscle
Phosphorylation and activation of AKT (protein kinase B)
by the upstream mediators insulin and/or insulin-like
growth factor 1 (IGF-1) is well known to induce skeletal
muscle hypertrophy and thus increase power. AKT activation results in the recruitment and subsequent phosphorylation of multiple direct and indirect downstream targets
including, for example, mTOR (mammalian Target of
Rapamycin), p70S6kinase (70 kDa ribosomal protein S6
kinase), and GSK3b (glycogen synthase kinase-3 beta), all
of which contribute to the development of muscle hypertrophy via inducing protein synthesis. It has also been
recently appreciated that activation of AKT signalling concurrently suppresses the expression of atrogin-1 and
MuRF1. Activated AKT phosphorylates FoxO (Forkhead
transcription factor O) transcription factors, thereby
inhibiting their nuclear translocation. The FoxO family
of proteins mediate transcription of MuRF1 and atrogin-1
and thus inhibition of FoxO nuclear localization actively
suppresses ubiquitin ligase expression and muscle proteolysis. Conversely, down-regulation of AKT signalling is
known to occur in rodent models of disease where muscle
is atrophied by denervation, disuse, and glucocorticoid
administration, demonstrating that there is reciprocal
communication between cellular signalling pathways
mediating muscle atrophy and hypertrophy.
While the relevance of muscle proteolysis and activation of the cellular signalling networks determined to be
responsible for muscle wasting are well established in
rodent models of muscle atrophy, including models of
critical illness, it is only recently that investigation in
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humans has begun. Limited studies demonstrate increased
proteasome activation and/or increased mRNA levels for
proteasome components in muscle atrophying as a result
of cancer, trauma, sepsis, and chronic obstructive pulmonary disease (COPD) in humans, and a single study has
demonstrated proteasome activation in the muscle of
individuals suffering from ICU-acquired muscle dysfunction in the short term [3, 4]. MuRF1 and atrogin-1 transcripts have been noted to be increased in the muscle of
ALS and COPD patients, and a single study to date interrogated the critically ill population noting increased levels
of transcripts in the muscle of ICU patients with acute
myopathy [3, 4, 5]. The status of autophagy in human
muscle remains unknown, and upstream signalling networks regulating muscle mass such as NfkB and IGF1/
AKT signalling have not been assessed in individuals with
ICU-acquired weakness.

Muscle Membrane Inexcitability in Skeletal
Muscle in Critical Illness
Muscle membrane inexcitability is a second phenomenon
that contributes to the development of ICU-acquired
muscle dysfunction as determined by animal studies.
Investigations, conducted predominantly in a rodent
model of critical illness myopathy that combines denervation with systemic steroid administration (SD model),
reveal a “sodium channelopathy” that leads to the loss of
muscle excitability [4]. There is an approximately twofold
decrease in the density of sodium channels in SD muscle
compared to control, which diminishes muscle excitability
by reducing the number of sodium channels available to
generate an action potential. The resting membrane
potential of SD muscle is altered and modulation of the
voltage dependence of channel activity is also evident,
such that the sodium channels activate and inactivate at
hyperpolarized membrane potentials. This alteration in
sodium channel function is the primary failure that results
in membrane inexcitability in the SD muscle. There is
evidence of skeletal muscle inexcitability in septic patients
and individuals suffering from ICU-acquired muscle dysfunction. Whether molecular mechanisms underlying
muscle membrane inexcitability in patients are those identified in rodent models of critical illness, remains to be
determined.

Mitochondrial Toxicity in Critical Illness
Myopathy
Mitochondrial dysfunction and diminished mitochondrial
content has been demonstrated short term in the ICU
patient. Small pilot studies have demonstrated that skeletal
muscle mitochondrial content is 30–40% lower and

mitochondrial function, as determined by measurement
of activity of several enzymes including citrate synthase
and mitochondrial respiratory chain complexes I, II, and
IV, and SOD, is impaired in the ICU patient with sepsis and
multiple organ failure. The master regulatory gene for
mitochondrial biogenesis, PGC-1a, is down-regulated
across numerous animal models of muscle atrophy [2].
Mitochondria are the major mechanisms for cellular
ATP generation, and lower mitochondrial content and
cellular energy status will accelerate muscle fatigue.
Indeed, increased muscle fatigability is evident in the
critically ill individual and contributes to ICU-acquired
muscle dysfunction. Interestingly, hyperglycemia is
known to incite mitochondrial toxicity and thus, one of
the proposed mechanisms whereby muscle dysfunction in
the ICU patient is improved by intensive insulin therapy is
the normalization of “toxic” glucose levels, with presumed
subsequent suppression of its detrimental effects on muscle mitochondrial function.
While skeletal muscle mitochondrial content and
function has been assessed in small, specific cohorts of
ICU patients in the acute setting, no long-term investigation have been undertaken. Thus, it is unknown whether
diminished mitochondrial content and function contribute to the persistent ICU-acquired muscle dysfunction
noted in some long-term survivors.

Critical Illness Polyneuropathy (CIP)
Pathological findings in CIP vary widely and range from
completely normal peripheral nerve structure, to mildly
reduced myelin-fiber density with sporadic axonal degeneration, to abundant axonal degenerative changes with
marked fiber loss in the absence of primary
demyelinization or inflammatory infiltrates [1, 2]. Distal
nerve segments are typically most severely affected. Nerve
biopsies, however, are seldom performed and these discrepant reports of nerve pathology may well reflect the
small number of studies performed in largely divergent
patient populations of critically ill patients.
Critical-illness polyneuropathy is most frequently
described in patients with sepsis, SIRS, and multiple
organ failure. Motor neuropathy has also been described
in asthmatic patients with respiratory failure necessitating
ICU admission and mechanical ventilation. Electrophysiologic testing reveals reduced motor and often sensory
nerve action potentials on nerve conduction testing, and
muscle fibrillation on EMG that is suggestive of
denervation.
While significant advances have been made in animal
models determining the molecular mechanisms underlying critical illness myopathy, less data is available on the
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molecular events that lead to the development of CIP. In
sepsis, the pathogenesis of this lesion has been linked to
a perturbation in the systemic microcirculation induced
by endothelial cell activation with inflammation/thrombosis, such that peripheral nerves suffer impaired perfusion leading to energy deficits, increased permeability of
the blood nerve barrier to circulating toxins and distal
axonal degeneration. Increased expression of E-selectin
on the endoneurial and epineurial vessels of peripheral
nerves, mediated by TNF-a and IL-1, has been described
in septic patients and supports the concept of endothelial
cell activation contributing to CIP.
In the rodent model of sepsis, diminished mitochondrial activity is reported in the peripheral nerve, which
increases sensitivity of the nerve to oxidative stress and
apoptosis, with resultant degeneration. Hyperglycemia
has been reported to enhance this process in the septic
rat, and treatment with insulin has been noted to
diminish sensory nerve axonopathy by inhibiting
pro-inflammatory transcription factors and actively
promoting sensory nerve regeneration.
More recently, reduced excitability of peripheral
nerves has been demonstrated to contribute to
critical illness poylneuropathy in septic rat model.
A hyperpolarized shift in the voltage dependence of neuron sodium channel inactivation in the septic subjects
resulted in diminished channel activation and thus,
reduced excitability of the peripheral nerve. This acquired
sodium channelopathy seems similar to that seen in
inexcitable muscle in critical illness myopathy and may
be the mechanism underlying nerve dysfunction in early
stages of neuropathy, prior to the development of any
pathologically identifiable lesions.

Prognosis: Outcome and Societal Costs
ICUAW represents one of the most important and lasting
legacies of an episode of critical illness [1, 6–8]. Muscle
wasting and weakness, diminished exercise capacity and
physical quality of life persist for years after an episode of
critical illness, and many patients are unable to return to
their premorbid functional status. Protracted physical
dysfunction has economic consequences, as it has been
associated with an increased need for inpatient rehabilitation after critical illness as well as an increase in hospital
readmission. This increases health care utilization and its
cost above what might be predicted for an age- and sexmatched control population.
Persistent weakness and functional disability also
have important implications for the family caregiver.
Research demonstrates that 57% of ICU survivors who
received long-term mechanical ventilation still required
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the assistance of a family caregiver 1 year after their critical
illness. Providing such care imparts a negative impact
on caregivers, as evidenced by their high prevalence of
post-traumatic stress disorder, depression, anxiety, and
poor health-related quality of life.
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Weaning
The process of freeing or liberating a patient from
mechanical ventilatory support.
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Synonyms
Discontinuation; Liberation
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Definition
Invasive mechanical ventilation provides essential support
as the respiratory system recovers from acute respiratory
failure. Unfortunately, invasive ventilation is associated
with complications including ventilator-associated pneumonia, increased duration of mechanical ventilation, and
increased mortality. Therefore, with significant clinical
improvement focus shifts to rapidly removing the patient
from the ventilator.
The term ▶ weaning has been used to describe the
process of freeing the patient from the ventilator. The
initial step is “▶ readiness testing,” recognizing that respiratory failure has partially or totally resolved, respiratory
muscle function has improved, and the patient is suitable
for spontaneous breathing. Approximately 75% of patients
meeting readiness criteria tolerate spontaneous breathing
(on no or low levels of support) indicating that mechanical ventilation is no longer required. Approximately 25%
fail to tolerate spontaneous breathing and require a more
prolonged process, one that ultimately consumes 40–60%
of total ventilator time. Successful weaning depends on
identifying and correcting treatable causes for weaning
failure. Once spontaneous breathing is tolerated, consideration is given to extubation.
A new classification of the weaning process has been
suggested that divides patients into three categories. Simple weaning characterizes the 60–70% of patients who
tolerate the initial trial of spontaneous breathing (SBT)
and are successfully extubated [1]. Difficult weaning
describes the 25% of patients intolerant of the initial
SBT who then require up to three SBTs (over 7 days or
less) before they can be successively liberated from the
ventilator. Initial studies indicate that though difficult
weaning requires more time on the ventilator and
increased length of stay mortality is not higher than that
seen with simple weaning. Prolonged weaning is defined as
the failure of three or more SBTs or taking more than
a week to be successfully weaned from the ventilator.
Approximately 15% of patients experienced prolonged
weaning with a mortality rate nearly three times that of
the other groups.

Application
Readiness Testing: Using Clinical Factors and
Weaning Parameters or Predictors
Rapid weaning must be weighed against the risks of
allowing a patient to prematurely breathe spontaneously.
Those risks include precipitating cardiac dysfunction, psychological discouragement, and development of respiratory muscle fatigue or structural injury. Unless the cause

Weaning from Mechanical Ventilation. Table 1 Criteria used
to determine readiness for trials of spontaneous breathing
Required criteria
PaO2/FiO2  120–150 or SaO2  88–90% on FiO2  40–50%
and positive end-expiratory pressure (PEEP)  5–8 cmH2O
Hemodynamic stability (no or low dose vasopressor
medications)
Additional criteria (optional criteria)
Weaning parameters: respiratory rate  35 breaths/min,
spontaneous tidal volume > 5 ml/kg, negative inspiratory
force < 20 to 25 cmH2O, f/VT < 105 breaths/L/min
Hemoglobin  8–10 mg/dL
Core temperature  38–38.5 C
Mental status awake and alert or easily arousable

for intubation is rapidly reversible, full ventilatory support
and respiratory muscle rest should be employed for
24–48 h before readiness testing is conducted. Objective
criteria, surrogate markers of recovery, should serve as
guidelines rather than inflexible standards as 30% of
patients never satisfying objective readiness criteria are
still weaned successfully (Table 1).
Objective physiologic tests (▶ weaning parameters)
have been used as predictors of readiness for spontaneous
breathing, but the studies are plagued by numerous design
problems, often inflating the accuracy of the tests. To be
clinically beneficial predictors must expedite weaning
from mechanical ventilation while avoiding adverse consequences of failed weaning. Unfortunately, few predictors
are associated with clinically significant changes in the
probability of weaning success or failure. Only five predictors measured during ventilatory support (negative
inspiratory force, minute ventilation, respiratory frequency, tidal volume, frequency/tidal volume) have been
sufficiently studied and have possible value in predicting
weaning outcome. The frequency tidal volume ratio, f/VT,
measured during the initial few minutes of spontaneous
unassisted breathing, is the most accurate but results in
only a moderate change in the probability of
weaning success or failure. An elevated f/VT (e.g., >100–
105 breaths/L/min) is thought to signify an imbalance
between respiratory load and capacity, and thus a patient
unready for spontaneous breathing. But this interpretation is complicated by the observation that many other
factors can cause a pattern of rapid shallow breathing
including female gender, narrow endotracheal tube,
fever, sepsis, anxiety, and airway suctioning. Ultimately,
the value of weaning parameters rests in their ability to
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improve outcome. To date only one randomized controlled trial examined the specific role of weaning predictors in determining outcome [2]. Patients underwent
a five-component daily screen, including, PaO2/FiO2 
150, PEEP  5 cmH2O, hemodynamic stability, mental
status, adequate cough, and f/VT. Those passing the screen
automatically underwent a 2-h SBT, and were considered
for extubation if the SBT was tolerated. Based on randomization, in one group the f/VT was not used for weaning
decision making while in the other only patients with f/VT
< 105 breaths/L/min underwent an SBT. The group randomized to use the f/VT experienced longer time to wean,
without any benefit in other outcome variables. The
absence of benefit resulted either from the limited
predicted value of this weaning predictor or from the
inherent safety of a closely monitored SBT. In terms of
the latter it appears that patients failing a T-piece trial do
not develop clinically relevant forms of diaphragmatic
muscle fatigue. This absence of fatigue is explained by
recruitment of accessory respiratory muscles to share the
work of breathing and the timely return of patients to
ventilatory support as soon as signs of weaning intolerance occurred (Table 2). This approach is further
supported by the Awakening and Breathing Controlled
(ABC) Trial where the authors successfully used SBT
screening criteria that did not include weaning predictors
[3]. Indeed, this study used very liberal oxygenation
criteria (SpO2  88% on FiO2  0.5 and PEEP  8
cmH2O) and still observed that more than 50% of patients
passed their first SBT.

Weaning from Mechanical Ventilation. Table 2 Criteria
indicating that a patient is not tolerating a trial of spontaneous
breathing
Objective criteria
SaO2 < 0.90 or PaO2 < 60 mmHg on FiO2 > 0.40–0.50 or
PaO2/FiO2 < 150
Increase in PaCO2 > 10 mmHg or decrease in pH > 0.10
Respiratory rate > 35 breaths/min
Heart rate > 140 bpm or an increase > 20% of baseline
Systolic blood pressure < 90 mmHg or > 160 mmHg or
change of > 20% from baseline
Subjective criteria
Presence of signs of increased work of breathing including
thoracoabdominal paradox or excessive use of accessory
respiratory muscles
Other signs of distress such as diaphoresis or agitation
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Readiness Testing: The Spontaneous
Breathing Trial
Direct extubation after satisfying readiness criteria alone is
unwise, as 40% of such patients require reintubation.
Therefore, a trial of spontaneous breathing (SBT) is
strongly recommended. The SBT can be performed on
low level pressure support (PSV  7 mmHg), PSV using
automatic tube compensation (ATC), continuous positive
airway pressure (CPAP), or unassisted through a T-piece,
with the techniques yielding similar rates of success in
unselected patients. T-piece has been thought to best
approximate post-extubation work of breathing. Conversely, PSV more effectively counterbalances endotracheal tube-related resistive workload, though the level
required varies widely (from 3 to 14 cmH2O). A given
PSV
level
may
either
overcompensate
or
undercompensate for imposed work. CPAP (or PEEP during PSV) can improve ventilator triggering in the setting
of significant intrinsic PEEP. Automatic tube compensation (ATC) adjusts PSV level based on endotracheal tube
characteristics. Comparisons of PSV to T-piece and CPAP
to T-piece have shown equivalence in terms of successful
weaning and extubation. Although comparable in unselected patients some patients may preferentially benefit
from one approach. For example, patients not tolerant of
T-piece can be immediately switched to low-level PSV
(7 cmH2O) with approximately two thirds progressing
quickly to successful extubation. In this instance, PSV
may allow the patient to overcome the imposed work of
breathing through a functionally narrow endotracheal
tube. There are practical advantages to conducting an
SBT through the ventilator: no additional equipment is
required; and ventilator alarm and monitoring systems
promptly identify weaning intolerance allowing for the
rapid reinstitution of ventilatory support, if needed.
In general, tolerance for a 120-min SBT indicates that
a patient is no longer in need of ventilatory support. That
said, for the initial SBT attempt, it appears that a 30-min
trial of either T-piece or PSV 7 cmH2O is an adequate test
to determine whether ventilatory support is still required.
The ideal duration of the SBT may depend on the duration
of ventilation or the underlying cause of respiratory failure. For example, in COPD patients ventilated for at least
15 days, the median time to trial failure of 120 min suggests that a longer trial may be appropriate.
Careful assessment during an SBT is based on both
objective and subjective criteria, though these have not
been rigorously validated (Table 2). Some criteria are
nonspecific (tachypnea, tachycardia) and may reflect processes other than physiologic weaning intolerance (e.g.,
anxiety). The criteria are also insufficiently sensitive in
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detecting incipient respiratory failure, as some patients
satisfying criteria for weaning tolerance fail to tolerate
extubation with signs of increased work of breathing and
reduced respiratory muscle function. More sophisticated
analyses of breathing pattern during the trial (e.g., minute
ventilation recovery time) may assist with decision making for weaning.

Pathophysiology of Weaning Failure
Up to one third of patients fail their initial SBT and should
undergo a thorough investigation to identify, and treat,
reversible factors (Fig. 1). Adequate oxygenation (e.g.,
PaO2/FiO2 > 150) is a prerequisite for initiating SBTs,
thus hypoxemia is an unusual cause for weaning failure.
Depressed central respiratory drive (oversedation, neurologic process) can delay weaning initiation or lead to
weaning intolerance. Indeed, as a consequence of capacity-load imbalance patients with weaning failure usually
manifest elevated respiratory drive, detected by an elevated airway occlusion pressure (P0.1). Excessive load
may be imposed by the endotracheal tube, heat and moisture exchange devices, or the ventilator tubing and valves.
Intrinsic factors are more commonly responsible for
patients failing weaning experiencing higher loads
(increased resistance, elastance, and intrinsic PEEP) and
demonstrating reduced respiratory muscle capacity

(decreased PImax) during weaning failure compared to
observations made during weaning success.
This decreased respiratory muscle strength in weaning
failure patients may result from reduced diaphragmatic
function secondary to dynamic hyperinflation, phrenic
nerve injury after cardiac surgery, critical illness
neuromyopathy (ICU acquired paresis), respiratory
muscle remodeling secondary to inactivity or muscle
atrophy (especially with neuromuscular blocking agents),
the effects of endocrinopathy (e.g., hypothyroidism, adrenal insufficiency), or malnutrition. Respiratory muscle
fatigue is often not a manifestation of weaning failure,
when the patient is well monitored and rapidly returned
to full ventilatory support at the first sign of trouble.
Cardiac disease causes failed weaning through several
mechanisms. As detected by nuclear techniques and continuous EKG monitoring, myocardial ischemia can occur
likely secondary to the increased work of breathing and the
associated release in catecholamines during weaning. The
stress of weaning is substantial and results in increased
levels of plasma insulin, cortisol, and glucose. Shifting
from positive pressure ventilation to spontaneous breathing (negative pressure) increases left ventricular preload
and afterload, elevating transmural pulmonary artery
occlusion pressure and causing pulmonary edema.
Patients intolerant of SBTs also fail to appropriately

↑ Elastic load

↓ Ventilatory drive

↑ PEEPi, Pneumoria
Pulmonary edema
Atelectasis
PTX, pleural effusions
Abdomen distension

Over-sedation
Metabolic alkalosis
CNS process
OHS
Capacity

↑ Resistive load
↑ Secretions
Bronchoconstriction
Endotracheal tube problems

Load

↑ Ventilatory demand
↑ Dead space, ↑ VCO2
Metabolic acidosis
Anxiety, pain

Cardiac disease
Psychological disease

↓ Neuromuscular capacity
↓ Mg,Ca,K,PO4
Steroids
Malnutrition
Sepsis, medications
Hypothyroidism
Phrenic n. injury
CIP, myopathy

Weaning from Mechanical Ventilation. Figure 1 Potential etiologies of weaning failure. VCO2, carbon dioxide production;
PEEPi, intrinsic positive end-expiratory pressure; PTX, pneumothorax; Mg+, magnesium; Ca++, calcium; K+, potassium; PO4 ,
phosphorus; CIP, critical illness polyneuropathy; CNS, central nervous system; OHS, obesity hypoventilation syndrome
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increase cardiac output and stroke volume during the trial.
Patients at risk for latter may demonstrate an elevated
BNP or N-terminal pro-BNP prior to the weaning trial
or an elevated N-terminal pro-BNP at the end of the trial.
A decrease in left ventricular ejection fraction has been
observed in COPD patients undergoing T-piece trials and
this can be partially overcome by using pressure support.
Positive fluid balance has also been associated with
weaning failure.
Psychological factors can limit weaning but few data
exist to define how often this occurs. Delirium is present in
the majority of ventilated patients and its presence is
correlated with prolonged duration of intubation.
A confounding factor is that criteria used to indicate
weaning intolerance (e.g., agitation, diaphoresis, tachycardia, and tachypnea) are also manifestations of anxiety or
psychological distress. Nevertheless, small uncontrolled
reports found that biofeedback, relaxation techniques,
hypnosis, or therapy for depression contributed to successful weaning.

Modes of Progressive Withdrawal
Once reversible causes of weaning intolerance are
corrected, further efforts to discontinue mechanical ventilation are indicated. When clinical evidence of respiratory muscle fatigue is absent, multiple daily weaning
attempts can be appropriate. If evidence for fatigue is
evident, 24 h of rest on full support should precede the
next weaning effort.
The next decision entails whether to perform another
SBT or to more gradually reduce ventilatory support
(▶ Progressive Withdrawal). The latter approach theoretically slowly shifts work from ventilator to patient. Yet, it
remains unproven whether this process reconditions (or
trains) the respiratory muscles or simply allows time
needed for recovery (e.g., reduction in respiratory load
or increased respiratory muscle strength and endurance).
Direct comparisons of progressive withdrawal techniques
(in patients who satisfied readiness criteria but failed to
tolerate a 2-h SBT) have found that either T-piece (single
or multiple daily, or trials of increasing duration) or PSV
(daily reductions) can be effective [4]. These comparisons
also demonstrate that SIMV alone slows the process;
a finding concordant with physiologic investigations demonstrating the degree of respiratory muscle rest on SIMV
is not proportional to the level of ventilatory support.
Indeed, at SIMV rates below 60% of the total respiratory
rate, the ventilator does not offload the respiratory muscles; work of breathing is similar for intervening
(unsupported) and mandatory (supported) breaths. This
effect can be overcome by adding PSV to the unsupported
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breaths during SIMV. Computer-driven ventilator
weaning is now possible though has not been convincingly
shown to be superior to conventional approaches. The
technique involves continuous adjustment of the level of
pressure support based on respiratory rate, minimal tidal
volume, and maximal PetCO2 to keep the patient in
a “zone of comfort.” A trial of spontaneous breathing is
automatically conducted at the point a minimal level of
PSV is achieved.
Noninvasive ventilation (NIV) has been used successfully in a selected group of patients with acute or chronic
respiratory failure (COPD). Patients failing to tolerate
a full 30–120-min SBT are extubated to NIV (PSV mode)
delivered via a full-face mask and either a standard ICU or
portable bilevel ventilator. NIV-facilitated weaning can
shorten the duration of intubation and length of stay,
reduce the need for tracheostomy, decrease the incidence
of nosocomial pneumonia, and improve survival. Important caveats include the following: SBT readiness criteria
must be satisfied; extubation criteria must be satisfied
(e.g., adequate mental status, effective cough, and manageable volume of respiratory secretions); and, the patient
must be a good candidate for NIV (able to breathe spontaneously for at least 5–10 min and not deemed a difficult
reintubation).

Application of Weaning Protocols
Weaning driven by protocol and implemented by physicians, respiratory care practitioners, or ICU nurses
improves outcome [5]. These protocols require adequate
oxygenation, hemodynamic stability, strong cough, minimal secretions, and good mental status, and may include
weaning parameters. Protocols have been used to perform
a daily screen of readiness criteria to determine suitability
for an SBT and to determine the pace of weaning using
methods of progressive withdrawal. Nevertheless, protocols must be tailored to the environment where they will be
employed. This entails modifying the protocol for application to a distinct patient population. Studies performed in
a neurosurgical ICU, in a pediatric ICU, and in a medical
ICU at a leading academic medical center found no superiority to a protocolized approach. Protocols may serve as
the default approach to weaning, but flexibility and clinical
judgment are recommended as too rigid an approach
needlessly prolongs weaning and extubation.
Protocols designed to avoid oversedation by limiting
the use of continuous infusions either through sedation
assessment scoring or by daily cessation of sedative infusions, decrease duration of mechanical ventilation and
duration of ICU stay. A strategy that combines a daily
awakening trial followed by a ▶ spontaneous breathing
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trial decreases the duration of mechanical ventilation,
length of stay, and improves survival at 1 year. The
improved outcome with this approach appears to result
from patients being awake and ready for extubation once
they passed the SBT.
Additional factors are important as studies show
reduced duration of mechanical ventilation when nurse
to patient ratios improve and when a bedside weaning
board and flow sheet is used to enhance communication
between critical care practitioners.

Extubation
Once a trial of spontaneous breathing is tolerated attention shifts to determining if the patient is ready for
extubation. Approximately 25% of patients develop significant respiratory distress with 72 h of planned
extubation and 50% or more of these require reintubation.
Risk factors for ▶ extubation failure include the type of
patient (medical, general surgical, pediatric, and neurologic), age >70 years, pneumonia as etiology of respiratory
failure, increased severity of illness, abnormal mental status, decreased cough, increased respiratory secretions,
hypercapnia at SBT conclusion, and less favorable ICU
staffing. Reintubated patients experience increased hospital mortality, prolonged ICU and hospital stays, increase
placement of tracheostomies, and more frequently need
long-term acute care. In contrast, unnecessary delays in
extubation increase risk for pneumonia, prolong ICU stay,
and increase hospital mortality.
As both extubation delay and extubation failure result
in adverse outcomes, accurate prediction and strategies to
prevent post-extubation respiratory failure are desirable.
Extubation failure often results from an inability to protect
the airway and manage respiratory secretions. This likely
explains why weaning predictors perform poorly in
predicting extubation outcome. The upper airway can be
assessed by quantifying the difference between the inspired
and expired tidal volume during assist control ventilation
(cuff leak volume [CLV]). When the CLV is reduced (<24%
of inspired tidal volume or <110 mL), the risk for postextubation upper airway obstruction increases. Treatment
of these high-risk patients with intravenous corticosteroids
(methylprednisolone 20–40 mg every 6 h) 12–24 h prior to
extubation reduces the incidence of stridor and need for
reintubation. False test results occur from secretions adhering to the external surface of the endotracheal tube.
The ability to protect the airway is also dependent on
cough strength and volume of respiratory secretions,
parameters that can be qualitatively and quantitatively
measured. Mental status is also important though studies
looking exclusively at this parameter have come to

conflicting conclusions. Indeed, the presence of only one
of these factors usually does not preclude successful
extubation. The integration of parameters has been
found most useful. The risk for extubation failure is
highest when cough is reduced (e.g., less than 60 L/min
using a spirometer), secretions are increased (e.g., suction
needed more often than every 2 h) and mental status is
abnormal (inability to follow simple commands).
Despite these advances, accurate prediction of
extubation outcome remains challenging. The success of
NIV for acute respiratory failure and its successful use in
facilitating weaning has led to interest in application to
prevent extubation failure. Unfortunately, routine use of
NIV after extubation (e.g., in all extubated patients) or in
heterogeneous populations with overt or those with early
signs of extubation failure has not decreased the need for
reintubation or improve survival. In contrast, NIVappears
to effectively reduce reintubation in COPD patients with
early evidence of post-extubation hypercapnic respiratory
failure. Similarly, immediate post-extubation application
of NIV in patients at highest risk for extubation failure
(elderly patient, chronic heart failure, failed previous SBT,
hypercapnia after extubation, and weak cough) especially
when there is underlying COPD, is effective in preventing
reintubation.

Weaning Patients with Prolonged
Mechanical Ventilation
Approximately 10–20% of patients with acute respiratory
failure require ventilatory support for greater than
3 weeks. Once stable, patients with prolonged mechanical
ventilation may be transferred to a chronic ventilator or
long-term acute care unit, where more than 50% will be
successfully weaned from mechanical ventilation. Standard weaning parameters appear to lack sufficient accuracy in predicting weaning outcome for patients with
prolonged mechanical ventilation. Assuming clinical stability efforts to wean should begin as soon as possible after
transfer because nearly 30% of patients with prolonged
mechanical ventilation will tolerate their initial trial of
spontaneous breathing. For the remaining patients who
require a slower process, an imbalance between respiratory
load and neuromuscular capacity typically forms the basis
of ventilator dependence. As in the acute setting, efforts
must be made to identify, and correct, causes of increased
work of breathing and respiratory muscle weakness. These
patients also have a high incidence of anxiety, which may
hinder or slow the weaning process. Weaning protocols
appear to be superior to routine care in shortening the
duration of ventilation though the most effective algorithm has yet to be defined.

Wound Dressing
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volumes of polyethylene glycol electrolyte solution. This
invasive procedure, frequently requiring a nasogastric
tube and an infusion pump, is best utilized when ingested
poisons are absorbed from the GI tract in a delayed
fashion.

Whole Bowel Irrigation (WBI)
A therapeutic modality used to treat some overdosed
patients. It involves oral administration of large volumes
of an osmotically balanced polyethylene glycol solution to
attempt to flush out the gastrointestinal tract to minimize
systemic absorption of potential poisons. It is clearly indicated in overdoses involving sustained release pharmaceuticals such as calcium channel blockers, lithium, and iron.

Weaning Parameter
An objective physiologic measurement designed to identify
when a patient is ready for a trial of spontaneous breathing.

Widened Mediastinum
▶ Mediastinal Hematoma

Wegener’s Granulomatosis
▶ Pulmonary-Renal Syndrome

Woolsorter’s Disease
▶ Anthrax

White Lung
▶ Acute Respiratory Distress Syndrome and Acute Lung
Injury

Woolsorter’s Pneumonia
▶ Anthrax

Whole Bowel Irrigation
Is a technique intended to shorten the transit time of
intestinal contents – from days to hours ideally – in an
effort to limit absorption via the enteral infusion of large

Wound Dressing
▶ Dressing

W

Y
Yellow Fever
▶ Biological Terrorism, Hemorrhagic Fever

Yersinia pestis
▶ Biological Terrorism, Plague
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Z
Zeolites
▶ Adsorption

Zymogen
A precursor form of an enzyme which requires activation.
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